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• S
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exhibits a parabola-like relationship
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• The effects of capillary and
collisional stresses need to be
captured in debris flow models to
improve hazard delineation
Correspondence to:
C. E. Choi,
cechoi@hku.hk
Citation:
Song, P., & Choi, C. E. (2021). Revealing
the importance of capillary and
collisional stresses on soil bed erosion
induced by debris flows. Journal of
Geophysical Research: Earth Surface,
126, e2020JF005930. https://doi.
org/10.1029/2020JF005930
Received 4 OCT 2020
Accepted 28 APR 2021

and Clarence Edward Choi1

1

Department of Civil Engineering, The University of Hong Kong, Pok Fu Lam, Hong Kong SAR, China

Abstract Climate change is increasing the frequency of extreme rainfall events and the snow cover
to melt at high altitudes, which may exacerbate the threat posed by debris flows. Soil bed erosion, the
process by which the bed material fails under loadings from a debris flow, is perhaps the most important
momentum exchange process that governs the destructive potential of debris flows. Existing erosion
theories adopt saturated soil mechanics to describe the failure of soil bed and place a strong emphasis
on the basal friction induced shear stress as the driving mechanism. However, soil beds in nature are
rarely saturated and field observations have hinted at the importance of collisional stresses as a driving
mechanism. In this study, an unsaturated soil mechanics framework is used to characterize soil bed
erosion by collisional flows. Experiments were conducted to model the erosion of unsaturated sandy
beds with a wide range of initial matric suction values, which is a measure of capillary stresses, by gravel
flows. Contrary to the existing literature, the rate of erosion does not increase linearly but demonstrates
a parabola-like relationship with the bed water content because the shear strength of unsaturated soil is
governed by capillary stresses. The importance of collisional stresses on soil bed erosion is demonstrated
by a newly proposed dimensionless number. Findings indicate that existing erosion models largely
underestimate channel bed erosion, especially for soil beds with low water content, and stress the
importance of hydro-mechanical coupling to advance the current state of debris flow hazard delineation.
1. Introduction
Debris flows (Hungr et al., 2014) surge downslope at high velocities under the influence of gravity. Such
flows may cause fatalities (Froude & Petley, 2018) and damage to infrastructure (Jakob et al., 2012). The
destructive potential of these flows is enhanced by their ability to erode bed material along their flow paths
(Hungr et al., 2005). Thus, reliable predictions of erosion are central to the delineation of debris flow hazards. Despite a multitude of erosion models proposed in the literature (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), erosion remains one of the most difficult momentum exchange processes to
predict (Hungr et al., 2005; Iverson, 2012). Thus, fundamental research is essential to improve our understanding of the erosion process.
Unique measurements of debris flows in Switzerland suggest that coarse particles at the flow front (Figure 1a) generate high collisional stresses (McArdell et al., 2007) and that soil bed erosion predominantly
occurs during the passage of the collisional flow front (Berger et al., 2011). More interestingly, the basal
shear stress measured by the force plate (Figure 1b) remains nearly constant as the debris flow passes over
it (Berger et al., 2011), and the strength of the soil bed estimated from the reported data is higher than the
basal shear stress measured by the force plate when erosion occurs. These field observations hint at the conjecture that basal friction induced shear stress is not the only driving mechanism causing soil bed erosion.
In fact, collisional stresses may also play a significant role in erosion by imposing large point loads on the
soil beds (Figure 1c). Collisional stresses generated by coarse particles have been reported to cause bedrock
erosion (Stock & Dietrich, 2003). Given that bedrock is significantly stronger than soil, it is reasonable to
assume that the grain collisional stresses should play a dominant role in soil bed erosion as well.
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Another common idealization made in the theoretical representation of soil bed erosion is that saturated
soil mechanics (Terzaghi, 1936) can describe the failure of the soil bed. However, channel beds are seldom
fully saturated in nature when debris flows occur (McCoy et al., 2012). A strong foundation of work in
unsaturated soil mechanics has shown that capillary stresses due to the presence of air-water interfaces
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Figure 1. Conceptual figures. (a) Typical structure of a debris flow; (b) Instrumentation including a force plate, a soil
moisture sensor and a pore pressure transducer installed at the field observation station at the Chalk Cliff, USA (McCoy
et al., 2012), (photo is used by permission of the Journal of Geophysical Research: Earth Surface); (c) Point loads induced
by basal collisional stresses of the flow on soil bed.

significantly contribute to the shear strength (Fredlund et al., 1978). 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 (Skempton, 1954). However, for unsaturated soils, the compressibility of pore air affects
the transfer of undrained loading to the soil bed (Hasan & Fredlund, 1980).
In this study, we propose a new theory on soil bed erosion based on unsaturated soil mechanics and the assumption that soil bed erosion is driven by collisional stresses. A series of unique experiments were carried
out to evaluate the proposed theory. Dry gravels are used to model flows that are dominated by collisional
stresses to mimic the flow front of a natural debris flow. The water content of the soil beds was varied in
the experiments to study the effects of matric suction, which is a measure of capillary stresses, on soil bed
erosion caused by flows dominated by collisional stresses.

2. Theoretical Analysis of Erosion of Unsaturated Soil Bed by Collisional
Flows
Soil bed erosion is the failure of the soil bed material under the influence of external stresses. The core of
any theoretical representation of soil bed erosion requires the characterization of the dominate driving and
resisting mechanisms. In this section, the driving mechanism (i.e., basal collisional stresses) and the resisting mechanism (i.e., unsaturated soil bed strength) are characterized.
2.1. Erosion of Soil Bed Caused by Collisional Stresses
Revealing the dominant driving mechanism of soil bed erosion is central to elucidating the underlying
mechanism of erosion. Field observations show that collisional stresses at the base of a flow may drive
erosion by generating point loads that are as high as 10 MPa (Okuda et al., 1980). Such loads are sufficient
to cause soil bed failure, which leads to erosion. The magnitude of the point loads is proportional to the
SONG AND CHOI
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collisional stresses, which is as follows (Hsu et al, 2008, 2014; Stock & Dietrich, 2006; Yohannes et al., 2012)
defined by Bagnold (1954):
2

2

(1)
 i   s s De 
where vs is the solid fraction of the debris flow, ρs and De are the density and characteristic grain diameter
of the solid particles, respectively, and  is the shear rate near the flow base. Thus, the erosion rate of soil
beds by collisional stresses is proposed to be 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:
z
(2a)
  K  N SNCS
t
2

2

  D 
(2b)
N SNCS  s s e
f

where K is a coefficient related to the properties of the flow material and may be interpreted as the ratio of
the stress from point loads imposed on the soil beds to the collisional stresses defined by Bagnold (1954).
Since the magnitude of point loads, which causes soil bed failure, cannot be directly measured, it is expressed as the product of the collisional stresses and a proportionality coefficient. τf is the shear strength of
the soil bed at failure. 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
NSNCS. However, the failure mechanisms for soil and rock are different. For soil beds, failure occurs when the
induced shear stress exceeds the shear strength of the soil (Terzaghi, 1936). After which, the 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 needs to be modified to cater for soil.
2.2. The Shear Strength of Unsaturated Soils
Since soil beds in nature are rarely saturated, unsaturated soil mechanics is required to yield a more accurate estimation of the bed shear strength, which in turn improves predictions of the erosion of soil beds. In
this section, we first present the shear strength equation for unsaturated soils, followed by the influence of
undrained loading on the shear strength of unsaturated soils. Then, the influence of bed water content on
the unsaturated shear strength is discussed.
2.2.1. The Initial Strength of Unsaturated Soil Bed
The stress state parameters governing the shear strength of saturated and partially saturated soils are different. The shear strength of saturated soils is governed by a single stress state parameter, namely, the effective
stress (σn − uw), where σn and uw are the normal stress and pore water pressure, respectively. The pore water
pressure in saturated soil generally has a positive value (Terzaghi, 1936). Any increase in pore water pressure will push soil particles apart and reduce the shear strength of the soil (Terzaghi, 1936). However, air
flows into the voids when the soil desaturates. 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 & Morgenstern, 1978). Furthermore, capillary effects result in a negative pore water
pressure when referenced to the atmospheric pressure (Fredlund & Morgenstern, 1978). Unlike a positive
pore water pressure, a negative pore water pressure in unsaturated soils tends to hold soil particles together.
The surface tension exerted by the contractile skins and the negative pore water pressure provide additional
shear resistance for unsaturated soils (Fredlund et al., 1978; Lu, 2008). The shear strength of unsaturated
soils can be expressed as follows (Fredlund et al., 1978; Lu, 2008):

 
(3)
 n  ua  tan     ua  uw  tan  b
where ua and uw are the pore air pressure and pore water pressure, respectively, ϕʹ is the internal friction
angle of the soil and tanϕb quantifies the effect of the matric suction (ua − uw) on the shear strength.
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Equation 3 shows that the shear strength of unsaturated soils is governed by two stress state parameters,
specifically the net normal stress (σn − ua) and the matric suction (ua − uw).
2.2.2. Influence of Undrained Loading on the Shear Strength of Unsaturated Soil Beds at Failure
Debris flows travel at high speeds and impose rapid loading on soil beds (Hungr et al., 2014; Takahashi, 1978).
Rapid loading influences the shear strength of unsaturated soil beds by inducing changes in pore pressure
(Skempton, 1954). If the rate of loading is higher than that at which the pore fluid drains from the soil matrix, then the loading is considered undrained and the pore pressure will increase. The increase in pore pressure will decrease the strength of the soil (Atkinson, 2007). Furthermore, the normal stress, instead of the
shear stress, induced by a debris flow on a soil bed is responsible for generating high excess pore pressure
during undrained loading. Thus, the response of the pore air pressure and pore water pressure to external
loading can be calculated as follows (Skempton, 1954):
u
Ba  
(4a)
a
u
Bw  
(4b)
w
where Δσ is the incremental normal stress, Ba and Bw are the pore air pressure parameter and pore water
pressure parameter, respectively.
Pore pressure parameters are inversely proportional to the ratio of the compressibility of the pore fluid to
the compressibility of the soil skeleton (Bishop, 1954; Skempton, 1954). 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 (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. More specifically, both Ba and Bw are smaller than unity (Hasan
& Fredlund, 1980). For unsaturated soils subjected to undrained loading, the pore pressure parameters can
be expressed as follows (Hilf, 1948):

1  S0  n0 
(5)
1 1 
B

B
a
w
mv  ua 0  ua  

where S0 and n0 are the initial degree of saturation and initial void ratio of the soil, respectively, mv is the
compressibility of the soil obtained from an odometer test, ua0 is the initial pore air pressure and Δua is the
incremental 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:
u
Ba  
(6a)
a
uw 
  ua  uw   Bw  
(6b)
0
where (ua − uw)0 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) (to be discussed in Section 5).
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 τf can be expressed as follows:

f 
 n tan     ua  uw 0 tan  b  Ba n tan  
(7)
Equation 7 can then be substituted into Equation 2 to estimate the erosion rate of an unsaturated soil bed
subjected to collisional stresses:
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Figure 2. Experimental setup. (a) Side view of the flume; (b) Top view of the flume; (c) Front view of the
pneumatically controlled gate; (d) Top view of the erodible section with erosion columns without soil. All dimensions
are in meter. The Pneumatically controlled gate lifts vertically to simulate dam-break during each experiment.

z


K · NSNCS
(8a)
t
2

2

 s s De 
N SNCS 
(8b)
 n tan     ua  uw  tan  b  Ba n tan  
0

2.2.3. Variation of Shear Strength of Unsaturated Soil Bed with Bed Water Content
The shear strength of unsaturated soil is significantly influenced by the water content, which governs the
matric suction. Understanding the relationship between the unsaturated shear strength of the soil and its
water content is critical to reveal the influence of bed water content on soil bed erosion. With decreasing water content, the matric suction increases, however, tanϕb decreases from tanϕʹ to 0 (Vanapalli et al., 1996).
SONG AND CHOI
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The reduction in tanϕb is because both the contact area of the solid-water
interfaces, which quantifies the influence of the negative pore water pressure on shear strength, and the quantity of the contractile skins, which
quantifies the influence of the surface tension exerted by the contractile
skins on the shear strength, decrease with the water content (Lu, 2008; Lu
& Likos, 2006). Thus, at a saturated state, (ua − uw) = 0 and tanϕb = tanϕʹ,
the shear strength of the soil can be captured by using classical shear
strength theory for saturated soils (Terzaghi, 1936). However, when a soil
desaturates, the shear strength increases until a peak value is reached.
With a further decrease in the water content, the shear strength decreases to that of a dry soil, where tanϕb = 0 (Fredlund et al., 1996; Gan
et al., 1988). Thus, the initial shear strength of the soil bed (Equation 3)
increases with the water content until a peak value is reached and then
decreases with the water content.

Figure 3. The particle size distribution of the soil bed material. The
vertical axis represents the mass percentage of the soil particles passing the
sieve with a specific mesh size.

Apart from influencing the initial shear strength, the bed water content
also affects the shear strength of soil beds at failure by varying the pore
pressure increase during undrained loading. Both Ba and Bw decrease
with water content (Equation 5). A smaller Ba and Bw results in a smaller increase in both pore air pressure and pore water pressure (Equation 4), and a smaller decrease in the shear strength (Equation 7) during
undrained loading.

3. Physical Modeling of Erosion of Unsaturated Soil Bed by Gravel Flows
3.1. Scaling Considerations
In this study, flume experiments were conducted to evaluate the effects of capillary and collisional stresses
on the erosion of an unsaturated soil bed. Scaling considerations in the design of the flume experiments
ensure that the lab-scale experiment results will have relevance to real debris flow events. Field observations report that the front of a debris flow can be characterized as a permeable assembly of coarse grains
that sustain little to no excess pore fluid pressure (Iverson, 1997). Thus, the viscous stress caused by the
interstitial fluid is negligible compared to the large collisional inter-particle stresses generated by the coarse
Table 1
Summary of Experimental Program and Bed Properties
Bed material properties
Dry density,
ρd (kg/m3)

Void
ratio, n

Volumetric water
content, θ

Initial matric suction,
(ua − uw)0 (kPa)

Pore pressure
parameter, B

Shear strength at
failure, τf (kPa)

θ_0

1,305

1.01

θ_006

1,307

1.00

0.00

-

0.48

0.62

0.06

97.8

0.51

1.10

θ_011

1,315

θ_013

1,329

0.99

0.11

79.5

0.54

5.60

0.97

0.13

68.0

0.55

7.38

θ_016
θ_018a

1,319

0.99

0.16

26.0

0.58

6.74

1,319

0.99

0.18

14.0

0.59

4.12

θ_018b

1,310

1.00

0.18

10.8

0.59

3.24

θ_020

1,339

0.96

0.20

5.0

0.60

1.93

θ_021

1,327

0.97

0.21

1.7

0.61

0.95

θ_022

1,329

0.97

0.22

1.3

0.63

0.85

θ_024

1,323

0.98

0.24

0.9

0.64

0.71

θ_028

1,329

0.97

0.28

0.4

0.68

0.53

θ_030

1,340

0.96

0.30

0.1

0.71

0.37

Test ID
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Table 2
Summary of Flow and Erosion Data
Flow dynamic properties

Erosion data

Basal
shear rate,
 (1/s)

Savage
number,
NSav

Strength
normalized
collisional
stress, NSNCS

Erosion
depth, e
(10−3 m)

Erosion
rate, ė
(10−3 m/s)

θ_0

50.47

0.37

0.89

32.06

13.98

θ_006

53.50

0.42

0.57

24.22

10.19

θ_011

51.09

0.38

0.10

13.15

3.50

θ_013

55.49

0.45

0.09

9.94

2.96

Test ID

θ_016

47.35

0.33

0.07

5.82

1.68

θ_018a

50.20

0.37

0.13

10.64

3.04

θ_018b

43.11

0.27

0.12

6.90

2.42

θ_020

49.00

0.35

0.27

7.06

3.22

θ_021

43.18

0.27

0.43

8.60

4.39

θ_022

43.34

0.28

0.48

10.33

5.13

θ_024

42.55

0.27

0.55

13.15

7.58

θ_028

45.38

0.30

0.85

18.82

13.02

θ_030

41.51

0.25

1.03

23.38

16.17

10.1029/2020JF005930

grains typically observed at the front of a debris flow (Iverson, 1997;
McArdell et al., 2007). Mesoscopic scaling was adopted to achieve dynamic similarity between the model flows and the flow front of a natural
debris flow. This type of scaling considers the grain-scale interactions,
which ultimately gives rise to the macroscopic behavior of a debris flow
(Iverson, 1997). The Savage number NSav, which characterizes the relative
importance between collisional and frictional inter-particle stresses, is
the most relevant dimensionless number for scaling the collisional flow
fronts in this study:
2

2

  D 
(9)
N Sav  s s e
 gh tan  
where ρ is the bulk density of the flow, h is the flow depth and ϕʹ is the effective friction angle of the solid grains in the flow. The numerator of the
right side of Equation 9 represents the characteristic collisional stresses
of the flow and the denominator represents the frictional stress of the
flow. The inter-particle collisional stresses dominate the interaction of
solid grains when the Savage number NSav is greater than 0.1 (Savage &
Hutter, 1989). The configuration of the experimental setup was selected
based on the aforementioned scaling considerations (to be discussed in
Section 3.2).
3.2. Experimental Setup
The flume model used in this study adopts a typical configuration for
studying soil bed erosion (Estep & Dufek, 2012; Haas & Woerkom, 2016;
Wu et al., 2018). The flume is 2 m in length and was developed specifically for this study (Figure 2). The channel width is 0.2 m. The channel bed
has a 1.3-m long smooth non-erodible section, followed by a 0.7-m long
erodible section. The transition from a rigid to an erodible section in the
flume can be idealized as the transition from a rock bed to an erodible
soil one in a natural channel (Haas & Woerkom, 2016). During each test,
a mass of gravel with an initial depth h0 of 0.48 m and a width r0 of 0.5 m
(i.e., an aspect ratio h0/r0 of 0.96) was prepared in the storage container,
which is located at the upper end of the flume model. It is acknowledged
that the grain size distribution for natural flows may vary significantly.
However, the grain size of the gravels used in this study only ranges from
10 to 15 mm (i.e., effective diameter, De, is 12 mm). The narrow range of
grain size adopted in this study made it easier to characterize the effective
grain diameter (Hsu et al., 2008) for scaling (Equation 9) and to improve
the accuracy of the PIV analysis. The PIV technique is less reliable when
analyzing the velocity fields of granular flows with particles that cover a
wide range of sizes (Sanvitale & Bowman, 2016).

Figure 4. Measured flow depth h and the measured depth-averaged
velocity v just before the flow reaches the erodible bed. The flow depths
are measured using an ultrasonic sensor with a sampling rate of 2,000 Hz.
The lower and upper bound data series are the minimum and maximum
flow depths out of the 13 tests carried out in this study. The depth-averaged
velocity is extracted from the images captured by the high-speed camera at
the side of the flume using the particle image velocimetry (PIV) technique.
The error bars show the range of the velocity at the interface between the
non-erodible and erodible beds for all 13 tests.

SONG AND CHOI

The gate was pneumatically controlled and lifts vertically to simulate
dam-break initiation (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 was designed to be 0.17 m in depth to ensure an unlimited supply of the bed material so that all the erosion potential of the flow
was utilized. Wang et al. (2013) reported that the particle size distribution
of soil may influence the internal friction angle and inter-particle cohesion, which in turn governs the shear strength of the soil bed. Thus, the
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erodible bed was prepared using sandy soil with negligible clay content,
which is a common composition of channel bed deposit observed in the
field (Chen & Lee, 2004). Excess clay content would increase inter-particle cohesive forces and capillary stresses, and consequently increase the
shear strength of the bed material (Lu & Likos, 2006). The particle size
distribution of the bed material is shown in Figure 3. The erodible bed
was prepared in 9 separate layers. For each layer, dry sandy soil of the
same weight was prepared via the pluviation technique (Raghunandan
et al., 2012). Water was then applied to each layer with a handheld water
sprayer. The tests were carried out 18 h after the preparation of the erodible bed to ensure a uniform bed water content. The volumetric water content of the erodible bed was varied from 0 to 0.3, corresponding to initial
matric suctions from 97.8 to 0.1 kPa. The dry density of the bed material
was controlled and only varied by less than 3% for each test.

Figure 5. Observed flow kinematics captured using the high-speed
camera with PIV analysis with a bed volumetric water content θ = 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. The left edge of the snapshot is the interface between non-erodible
and erodible beds. The bottom edge of the snapshot is the initial elevation
of the erodible soil bed. A vertical section located 0.35 m downstream
from the interface between the non-erodible and erodible beds is used to
measure the vertical velocity profile of the flow (shown in Figure 6 below).

The flume inclination and the effective grain size of the flow material
play important roles in scaling. The flow is required to have a characteristic Savage number NSav greater than 0.1 to ensure dynamic similarity with collisional debris flow fronts. According to Bagnold (1954), the
collisional stresses are proportional to the square of the effective grain
size. Also, higher flume inclination results in shallower flow depths
(Pouliquen, 1999). Thus, the developed model flows are more collisional with coarser grains and higher channel inclination. Correspondingly,
flow material with particle sizes ranging from 10 to 15 mm (an effective
grain size of 12 mm) and a flume inclination of 34° were selected based
on the aforementioned scaling considerations. Table 1 shows a summary
of the test program.
3.3. Data Acquisition

A pore pressure transducer was buried in the erodible soil bed at an
inclined distance of 0.4 m downstream from the interface between the
non-erodible and erodible beds at a depth of 0.12 m for each experiment.
A high-speed camera was installed at the side of the flume to capture
the flow depth, flow velocity and kinematics of flow-bed interaction. The
camera captured images at a rate of 320 frames per second. An ultrasonic sensor was mounted on top of the
channel bed at the interface between the non-erodible and erodible beds 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 in the erodible section of the channel (Figure 2d). The erosion columns were essentially threads of washers with inner and outer diameters of 3.1
and 7 mm, respectively. The washers were threaded through rods that were removable from the base of the
erodible section. The columns of washers were initially prepared to the same height as the initial elevation
of the erodible bed. The soil bed was then prepared. Afterward, the rods were removed without disturbing
the washer columns and soil bed. The 12 columns were installed along the centerline of the channel at
distances of l = 0.04, 0.08, 0.12, 0.16, 0.20, 0.26, 0.32, 0.38, 0.44, 0.50, 0.56, and 0.62 m from the interface
between the non-erodible and erodible beds. During each test, the washers near the surface of the erodible
bed were carried away along with the bed material. The erosion depth was deduced by the difference in the
height of the columns before and after the test.
3.4. Particle Image Velocimetry (PIV) Technique

The PIV technique (Thielicke & Stamhuis, 2014; Willert & Gharib, 1991) has been broadly used to study
the kinematics of granular flow (Baker et al., 2016; Jiang & Towhata, 2013; Pudasaini et al., 2007; Sarno
et al., 2018). The technique adopts an algorithm that compares two images taken at a known time interval
SONG AND CHOI
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(0.003 s in this study) to deduce the instantaneous velocity field. Each
image is divided into sub-regions and the cross-correlation functions
of each sub-region are calculated to deduce the displacement (White
et al., 2003; Willert & Gharib, 1991). The instantaneous velocity field can
be deduced by dividing the displacement by the time interval between
images. Thus, the shear rate can then be calculated based on the velocity
gradient (White et al., 2003; Willert & Gharib, 1991). With reliable estimates of the shear rate, the collisional stresses at the base of the flow can
be reliably obtained.
The uncertainty in the PIV measurements mainly stems from any motion
blur observed in the captured images and the size of the sub-region selected for analysis. In each test, the shutter speed was set to be 300 μs and
the speed of the flow is around 1.5 m/s. The estimated maximum motion
blur is 0.6 mm, which is only 4% of the effective grain size of the flow
particles. Furthermore, Sanvitale and Bowman (2016) assessed the error
of the PIV technique in measuring the velocity profile of polydisperse
granular flows and demonstrated that PIV analysis can be unreliable if
Figure 6. Measured vertical velocity profiles at an inclined distance of
the flow material is highly polydisperse (the uniformity coefficient, Cu, of
0.35 m away from the interface between the non-erodible and erodible
the flow material is larger than three). Therefore, the flow material with a
beds. Time t = 0 s corresponds to the arrival of the flow front at the
narrow grain size range was selected in this study. The size of the sub-reinterface between the non-erodible and erodible beds. The vertical axis is
gion was then set as the effective grain size for the slightly polydisperse
the flow depth and the horizontal axis is the velocity measured using PIV
technique.
flows modeled in this study to minimize the error from image analysis
(Sanvitale & Bowman, 2016). The approach proposed by Ashwood and
Hungr (2016), whereby a grid was overlaid on two successive images to
estimate the velocity was used to compare and assess the error of the PIV results. The difference between the
velocity magnitudes using the approach proposed by Ashwood and Hungr (2016) and PIV is less than 6%.

4. Test Results
4.1. PIV Analysis, Flow Kinematics and the Erosion Profile
The flow kinematics over the erodible soil bed during each test were captured by the high-speed camera
installed at the side of the flume through the clear acrylic sidewall. The flow depth, basal shear rate and the
erosion duration can be deduced from high-speed imagery. Based on image analysis with the PIV technique
(Thielicke & Stamhuis, 2014; Willert & Gharib, 1991), the Savage number NSav and strength normalized
collisional stress NSNCS can be estimated. Table 2 shows a summary of the experimental results including the
quantitative description of the flow kinematics and erosion.

Figure 7. Erosion profile measured by the erosion columns (Figure 2d). Four representative curves, representing four of the 13 experiments with different bed
volumetric water contents θ are shown. A complete set of the erosion depths is shown in Table 3.
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The Savage number NSav of the 13 experiments conducted in this
study range from 0.28 to 0.49 (Table 2), demonstrating that a collision-dominated flow regime was achieved for the flows modeled. The
flow depth obtained from the ultrasonic sensor and the depth-averaged flow velocities extracted from PIV at the interface between the
non-erodible and erodible beds are shown in Figure 4. The flow depth
increases from 0 to a peak value of 0.58–0.64 m upon the arrival of
the flow front. The flow depth increases from 0 to peak values that
range from 0.58 to 0.64 m upon the arrival of the flow front. The flow
depths eventually decrease to 0 as the supply of gravel from the storage container is depleted. The depth-averaged velocity at the interface
between the non-erodible and erodible beds increases from 1.8 m/s
to a peak value of 2.2 m/s, and then decreases to a velocity of around
1.5 m/s.

Note. l represents the distance of each erosion column from the interface between non-erodible and erodible beds.
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Table 3
Summary of Individual Erosion Column Data for Each Test
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l = 0.38 m

l = 0.44 m

l = 0.56 m

l = 0.62 m
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The flow kinematics and the PIV analysis are shown in Figure 5. The
arrival of the flow front, where the gravel particles are dispersed, is
observed in Figure 5a. Enduring contacts between the gravel particles were not observed. Instead, the gravel particles at the flow front
collide with the erodible bed and some bed material was observed
to be picked up and eroded. Figure 5b shows the deceleration stage
of the flow. In this stage, the flow height gradually increases as the
velocity of the gravel particles at the base of the flow gradually decreases. Figure 5c shows the deposition stage, where the velocity
of gravels at the bottom layer of the flow decreases to 0 near the
downstream end of the erodible section and the gravels eventually
deposit. The deposition forms from the bottom layer upwards and
toward the upstream direction. Figure 5d shows the final deposition
profile.
Velocity profiles were extracted 0.35 m away from the interface between the non-erodible and erodible beds (i.e., in the middle of the
erodible bed) from the PIV analysis. The profiles are shown in Figure 6.
At t = 0.22 s, the velocity profile is representative of the flow front. At
t = 1.19 s, the flow exhibits partial slippage at its base. The flow velocity
is around 0.15 m/s at the base and increases to around 2.3 m/s at the
surface of the flow. The reciprocal of the slope of each profile represents the shear rate of the flow. It is evident that the shear rate is the
highest at the base and gradually decreases with height. At t = 2.16 s,
the flow velocity is smaller compared with that measured at t = 1.19 s.
The basal flow velocity is nearly zero and the velocity profile of the
flowing gravels above the deposited layer is similar to that of a plug
flow (Hsu et al., 2008). At t = 3.14 s, deposited gravels are observed and
the flow has come to rest.
Figure 7 shows the erosion depth as a function of the distance from
the interface between the non-erodible and erodible beds. Generally,
erosion increases sharply at the interface. The peak erosion occurs
shortly after the interface in the downstream direction. Further downstream, the erosion gradually decreases with inclined distance along
the channel. The erosion depth along the downstream half of the erodible section is smaller than that of the upstream half of the section. For
the tests carried out in our study, the maximum erosion depth occurs
within the first 0.3 m of the erodible bed and nearly 75% of the erosion
occurs within the upper half of the erodible bed.
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4.2. Pore Water Pressure Variation During Erosion
Undrained loading causes an increase in pore pressure in the erodible
bed, and the detectable positive pore water pressure was only captured
in soil beds with a volumetric water content of 0.24 or higher. Below a
water content of 0.24, positive pore water pressure was barely detected
(Figure 8). The peak values of the measured positive pore water pressure
are extracted from each test, and the corresponding theoretical values are
calculated by using Equation 6b. It is evident that the theoretical positive pore water pressure calculated with Equation 6b agrees well with
the measured values (Figure 9). The general notion is that there is a critical bed water content around 0.24 where positive pore water pressure is
generated when the critical value is exceeded. This observation agrees
with Iverson et al. (2011) in that there is a critical bed water content that
distinguishes whether positive pore water pressure can be generated in
the soil bed or not.
4.3. Correlation Between Matric Suction and Erosion
Figure 10 shows the relationship between the average erosion rate, the
shear strength of the soil bed at failure and the initial matric suction. The
variation in the average erosion rate with initial matric suction exhibits
an inverted left-skewed relationship. The average erosion rate decreases
with increasing matric suction until a minimum is reached. Afterward,
the average erosion rate increases with the matric suction. It is worthwhile to point out that the variation of the shear strength with the initial
matric suction also exhibits a left-skewed relationship. This observation
agrees with Equation 2 in that the erosion rate should be inversely related
to the bed shear strength.

Figure 8. Measured time series data. (a) Flow depth; (b) Pore water
pressure. The measured time series at the cross-section 0.4 m away from the
interface between the non-erodible and erodible beds are shown for three
experiments, that is θ = 0.24, θ = 0.28, and θ = 0.30, where positive pore
water pressure was detected. The pore pressure transducer is buried along
the centerline of the channel at a depth of 0.12 m in the erodible section.

Iverson et al. (2011) suggests that the average erosion depth increases
linearly with the bed water content from the large-scale flume experiments (Figure 11a). However, a linear trend only tells part of the story.
More specifically, the erosion depth tends to increase monotonically with
the bed water content only when the bed water content is higher than a
specific value, as shown by the parabola-like relationship proposed in this
study (Figure 11a). By comparing the measured data reported by Iverson
et al. (2011), it appears that the reported data may also hint at a potential
parabola-like relationship between the average erosion depth and the bed
water content (Figure 11a).

To corroborate our findings, a more comprehensive field data set reported
by McCoy et al. (2012) can be borrowed to validate the proposed parabola-like relationship between the erosion rate and the bed water content
(Figure 11b). The field data were obtained from an observation station at
Chalk Cliffs, Colorado, United States from September 2009 to June 2011,
when the properties of the bed material were strongly influenced by the
bed water content due to rainfall. The field data further supports the parabola-like relationship between the
average erosion rate and the bed water content.
4.4. Correlation Between Basal Collisional Stresses and Erosion
To characterize the mechanics of erosion of a soil bed by collisional particles, traditional shear-induced erosion theory (Hungr et al., 2005; Iverson & Ouyang, 2015) may need to be reconsidered and perhaps supplemented with collision-induced erosion theory proposed in Equation 8. In the flume experiments carried out
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in this study, the strength normalized collisional stress NSNCS can be calculated using Equation 8b with the basic property parameters of the flow
and bed material and data extracted from PIV analysis. The experimental
data exhibit a positive linear correlation between the average erosion rate
ė and NSNCS (Figure 12). This trend shows that the erosion of a soil bed
is strongly influenced by the collisional stresses at the base of the flow.

Figure 9. The plot of the measured peak positive pore water pressure uw,p
generated in the experiments in this study against the measured initial
volumetric water content θ of the soil bed material. The theoretical value
of the pore water pressure was calculated using Equation 6b. (ua − uw)0 is
the initial matric suction of the bed material; Bw is the pore water pressure
parameter and σn,m is the maximum normal stress calculated with the
maximum flow depth. Subscripts p and m denote peak and maximum
values.

In the flume experiments carried out in this study, the maximum basal
shear stress can be estimated as 1.42 kPa based on a flow depth of 0.1 m,
which is approximately the maximum flow depth in all tests, and a friction angle of 43.5° for the gravel adopted. Even though the shear strength
of the soil bed, with water contents from 0.11 to 0.20, is larger than the
estimated maximum shear stress induced by the flow, erosion still occurs. Therefore, traditional shear-induced erosion theory may need to be
re-evaluated to consider collisional stresses. Another interesting observation supporting the notion that collisional stresses play an important role
in erosion is that the dispersed flow front in the experiments conducted
in this study picks up washers and bed material (Figure 5a). Since the
dispersed fronts observed from high-speed imagery do not have enduring
contacts among the grains, the shear stress imposed on the soil bed can
be assumed to be negligible, leaving only collisional stresses to induce
failure of the soil bed.

Similar evidence supporting collision-induced erosion was reported
based on the field measurements by Berger et al. (2011) at Illgraben,
Switzerland. For the debris flow that occurred on the first 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, 2, 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° (typical value
of internal friction angle for soils), then the shear strength calculated for saturated conditions is approximately 22.5 kPa, which is still larger than the measured basal shear stress. This simple back-of-the-envelope
calculation shows that aside from friction-induced shear stresses, there
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 from the field data reported
by McArdell et al. (2007) and Berger et al. (2011). The basal shear stress
measured by the force plate remains relatively stable during the entire
flow process. However, erosion predominantly occurs during the passage
of the flow front, where most collisional stresses were reported.

5. Discussion

Figure 10. The plot of measured erosion rate ė and the calculated shear
strength of bed material at failure τf against the measured initial matric
suction of the erodible bed (ua − uw)0. The shear strength at failure τf is
calculated using Equation 7.

SONG AND CHOI

Revealing a critical bed water content that significantly enhances erosion
can be advanced using unsaturated soil mechanics. Before a debris flow
event, unsaturated soil beds have negative pore water pressures due to
capillary effects. If the pore air pressure is assumed to be atmospheric,
then the absolute value of the negative pore water pressure is equal to the
matric suction, and the pore water pressure decreases with the bed water
content. When a debris flow overrides the soil bed, it induces undrained
loading and causes the pore water pressure to increase. The increase in
pore water pressure is equal to the product of the normal stress and the
pore water pressure parameter, which also decreases with the bed water
content (Equation 5). Thus, according to Equation 6b, a positive pore water pressure will only be detected when the bed water content exceeds a
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critical value, which is when the matric suction of the unsaturated soil
bed equals to the pore water pressure increase during undrained loading.
Given the importance of capillary stresses, perhaps tensiometers can be
used to systematically measure the matric suction of the channel bed soil
to improve erosion predictions in high-risk catchments.
The experimental results from this study also show that most erosion
occurs near the transition from the non-erodible to the erodible section.
A similar spatial erosion pattern was observed by both Haas and Woerkom (2016) and Wu et al. (2018). In the experiments carried in this
study, the basal collisional stresses calculated with the velocity gradient
near the base of the flow do not change much along the whole erodible section. The rather peculiar erosion profile can be attributed to the
shielding effects by the deposition layer. The deposition of gravel initially occurs near the downstream end of the erodible bed and propagates
toward the upstream direction. The gravels shield the erodible bed from
basal collisional stresses. Thus, the soil bed near the interface between the
non-erodible and erodible sections experienced a longer timescale for erosion compared to the rest of the bed, and thus, resulted in more erosion.
The findings from this study demonstrate that soil bed erosion may not
necessarily increase linearly with the bed water content as demonstrated
by Iverson et al. (2011). Instead, erosion exhibits a parabola-like relationship with the bed water content for unsaturated soil beds. Consequently,
the parts of channel that are nearly saturated or dry will be more easily
eroded because of their low shear strength.

Figure 11. Variation of the measured average erosion depth e (Figure 11a)
and measured average erosion rate ė (Figure 11b) with the measured
volumetric water content of the erodible bed θ. The average erosion
depth is obtained by taking the average of the erosion depth measured
by the 12 erosion columns in each test. The average erosion depth is then
divided by the duration of erosion to yield the average erosion rate. The
time is estimated by taking the average of the time that erosion occurs at
each erosion column based on the high-speed camera videos. Erosion is
assumed to cease when the base of the flow reaches a velocity of zero.

Based on the unique field observation data (Berger et al., 2011), the
theory of collision-induced erosion can help to explain the deficiencies
of theory relying on purely friction-induced erosion. We know that the
magnitude of stresses generated from the interparticle collisions of large
boulders can be up to 10 MPa (Okuda et al., 1980), which is expected to
exceed the basal frictional shear stress, which typically ranges from 3 to
18 kPa (Berger et al., 2011). Based on this deduction, collisional stresses should be the major contributor to the erosion of soil beds caused
by the debris flow front. This finding explains 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 (McArdell
et al., 2007). Therefore, highly erosive debris flows may develop in channels with boulder-enriched sediments. It is acknowledged that collisional
stresses may not be the sole mechanism that drives erosion, but collisional stresses are in fact important and often overlooked. Notwithstanding,
based on the current state of research, it remains a scientific challenge
to distinguish between the effects of basal collisional stresses and basal
shear stress on soil bed erosion. A rigorous erosion model for complex
debris flows is perhaps required given the complexity of the mechanics
involved in the erosion of a soil bed caused by short-duration point loads.

Modeling of debris flow erosion is a complicated problem that 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 modeling this problem are the effects of three-dimensional channel geometries and the
non-uniform spatial distribution of bed water content (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
SONG AND CHOI
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the hydrological and mechanical effects of soil behavior to advance the
current state of debris flow hazard assessment.
Existing erosion models that do not explicitly capture the effects of collisional stresses or unsaturated soil beds are likely gross simplifications
of the actual phenomena. These existing models are unlikely to be able
to replicate field observations and measurements without extensive calibration. Therefore, jumping directly to the field to calibrate numerical
models may not be a reasonable approach. Instead, it may be more sensible to generate high-quality experimental data to bridge the gap between
computed results from numerical simulations and field observations.
Well-controlled experiments looking at a small subset of variables are
perhaps the most favorable for ensuring high fidelity numerical models.

6. Conclusions
We interpret the erosion of unsaturated soil beds by debris flows that are
dominated by collisional stresses. A new expression that considers both
capillary and collisional stresses is proposed. A total of 13 unique physical experiments were carried out to systematically evaluate the proposed
theoretical expression. Detailed conclusions may be drawn as follows:
Figure 12. The plot of the erosion rate ė against the strength normalized
collisional stress NSNCS. NSNCS is calculated using Equation 8b, where vs
is the solid fraction of the generated flow, ρs and De are the density and
characteristic grain diameter of the solid particles,  is the shear rate,
σn is the normal stress imposed by the flows, Ba is the pore air pressure
parameter, (ua − uw)0 is the initial matric suction, tanϕʹ is the effective
internal friction angle of the soil and tanϕb quantifies the effect of matric
suction on the shear strength of soil bed.

(1)	Contrary to the existing literature, the rate of erosion increases approximately parabolically with the bed water content instead of linearly. This parabola-like relationship is attributed to the nonlinear
relationship between the shear strength of unsaturated soil and the
bed water content under the influence of capillary effects. This finding implies that the traditional erosion theory may not always yield a
conservative estimate of erosion, especially when the bed water content is low.
(2)	Existing work in the literature mainly focuses on basal shear stress as the driving mechanism for soil
bed erosion. This study shows that collisional stresses also play a significant role in soil bed erosion, as
demonstrated by the positive correlation between the erosion rate ė and 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. This finding is consistent with hypotheses from field observations and highlights the
importance of modeling a flow front with coarse particles to replicate the prototype flow kinematics.
(3)	A critical water content exists for the generation of positive pore water pressure. The critical value corresponds to the water content, at which the initial matric suction of the soil bed equals to the increase in
the pore water pressure during undrained loading. When the bed water content is lower than the critical
value, positive pore water pressure is barely generated and detectable.
(4)	Modeling of debris flow erosion is a complicated process because of the non-uniform spatial distribution
of collisional stresses in a debris flow and the non-linear effects of water content on the shear strength
of unsaturated soil. Existing rheological models that do not explicitly consider collisional stresses or unsaturated soil beds are likely gross simplifications of the actual phenomena. This means that there is a
pressing need to couple the hydrological and mechanical effects of soil behavior to advance the current
state of debris flow hazard assessment. Also, high quality and systematic physical experimental data is
essential to bridge the gap between numerical models and field data to ensure high-fidelity predictions
of debris flow hazards.
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