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Abstract Flow resistance against gravity-driven forces is a key factor controlling debris-flow mobility,
which is an important parameter for hazard risk assessment. In practice, Manning's formula is widely used for
debris-flow mobility analysis. However, this formula depends on the boundary conditions (channel roughness)
and neglects the physical mechanisms of debris flow. Based on the systematic analysis of the field observation
data of 93 debris-flow events at Jiangjia Ravine (Yunnan Province, China), this study investigates the dynamic
mechanisms and sources of flow resistance of debris flow. As the flows tend to be liquefied, the fluid viscous
effect and particle collisions are the main sources of flow resistance. Flow resistance can be described by a
visco-collisional scaling law. Under fixed channel boundary conditions, this law is further incorporated into
Manning's formula, bridging the gap between the resistance model based on physical mechanisms and the
empirical formula of flow resistance. The modified Manning's coefficient is closely related to flow regimes,
giving Manning's coefficient an explicit physical meaning. The modified Manning's coefficient provides a more
reasonable basis for the mobility analysis and risk assessment of debris flow.

Plain Language Summary Debris flows are the common geological hazards composed of solid
particles and fluids. Debris flows with different volumetric solid concentrations result in distinct mobility.
Flow resistance is a key factor controlling mobility, and the flow resistance of debris flow mainly comes from
the contribution of solid and fluid phases. However, in practical applications, the flow resistance is estimated
using empirical formulas that do not consider the solid-fluid interaction. To provide a more reasonable basis
for debris-flow risk assessment, this study systematically analyzes the field observation data of 93 debris-flow
events in Jiangjia Ravine (Yunnan Province, China), explores the physical mechanisms of the movement of
natural debris flows and reveals the source of flow resistance. A physical model that reflects the resistance
characteristics of natural debris flows is proposed. Furthermore, the resistance model is substituted into the
empirical formula. The modified empirical formula (Manning's formula) has a clear physical meaning and is
helpful for debris-flow risk assessment.

1. Introduction

For geophysical flows, such as debris flows and lahars, flow resistance against gravity-driven forces is the key to
flow mobility analysis. The accurate quantification of flow resistance provides a basis for catchment-scale hazard
risk assessment as well as key parameters for engineering mitigation. Based on energy conservation in a steady
flow, the mechanical energy required to overcome the flow resistance is equal to the head loss along the path. For
steady flow, the expression of flow resistance is

T = pghS ey

where 7 is the shear stress (Pa), p is the bulk density of flow (kg/m?), £ is the flow depth (m), g is the acceleration
of gravity (9.81 m/s2), S = sin 6, and @ is the channel inclination (°).

External and internal factors jointly affect the flow resistance of debris flow. The former includes the roughness
and geometry of the channel, and accordingly, the resulting flow resistance is the result of the interaction between
the channel boundary (bed and sidewall) and debris flow (Nikora et al., 1998; Rickenmann, 1999; Stewart
et al., 2019). The latter is related to the material composition and flow regime of the debris flow. The resulting
flow resistance comes from the fluid viscous effect and solid particle interactions, which finally transfer to the
interface between the debris flow and boundary (Ancey, 2007; Bagnold, 1954; Iverson, 1997). Accordingly, the
research methods can be categorized into empirical approaches and physical models. The former originates from
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the open channel flow in hydraulics, where the roughness coefficients are used to quantify the flow resistance of
geophysical flows (Huybrechts et al., 2011; Julien & Paris, 2010; Rickenmann, 1999). The latter focuses on the
contribution of internal stresses (solid-fluid interaction) to the flow resistance (Bagnold, 1954; Boyer et al., 2011;
Du et al., 2021; Iverson, 1997; Trulsson et al., 2012).

The empirical approach for characterizing flow resistance by boundary roughness adopts equations widely
used in hydraulics, including Chézy's formula and Manning's formula (Ozgen et al., 2015; Stewart et al., 2019;
Yen, 1992). In practice, Manning's formula is widely used for flash floods and debris flows because of its simple
form and limited input parameters (Julien & Paris, 2010; Rickenmann, 1999; Yen, 1992). The expression of
Manning's formula is

v= %hZ“Sl/Z )

where v is the velocity (m/s) and n is Manning's coefficient (m~'s). Based on Manning's formula calibrated
by field observation data, many improved equations for calculating debris-flow velocity have been proposed,
and their applicability has been compared (Julien & Paris, 2010). In these modified empirical equations,
Manning's coefficient is a function of channel roughness, flow depth, channel slope, and characteristic particle
(Ferguson, 2005; Rickenmann, 1999) size. In addition, the shape of protrusion and vegetation at the channel
bottom are also considered (Huthoff, 2012; Stewart et al., 2019).

Although the empirical approach characterized by roughness coefficients is widely used in sediment transport
and debris flow, most of them are empirical equations (Chézy's formula and Manning's formula) modified by the
field observation data of specific valleys. These empirical equations do not consider the mechanisms of geophysi-
cal flows, resulting in roughness coefficients that are highly empirical and site specific. In numerical simulations,
Manning's coefficient is artificially set as a constant to back-calculate documented debris-flow events as well as
to predict the consequences of potential hazard scenarios (Delaney & Evans, 2015; Sairam et al., 2021; Turzewski
etal., 2019). In general, Manning's coefficient is a comprehensive coefficient of various factors that characterizes
the boundary condition influencing the flow resistance without clear physical meaning (Cui et al., 2016).

The physical models of flow resistance can be traced back to the pioneering work of Hans A. Einstein in the early
twentieth century. Adding particles to Newtonian fluids increases their viscosity and the relationship between
effective viscosity and solid concentration is quantified (Einstein, 1905). In the case of neutrally buoyant particles
under steady shear, the linearity of the Stokes equation implies that shear stress 7 and shear rate y are linearly
related, that is, 7 =n (¢ ny, where 7 is the viscosity of Newtonian fluid (Pa-s) and 7, is the shear relative viscosity.
The relative viscosity 7, increases with increasing solid concentration ¢, and diverges at the jamming transition
where the solid concentration reaches its maximum ¢, (Stickel & Powell, 2005; Wildemuth & Williams, 1984).
The above description of flow resistance is derived from the traditional fluid rheology framework, where the
geophysical flows are equivalent to single-phase fluids and the shear stress (resistance) depends on the shear rate.

With further study on geophysical flows, researchers have found that the two-phase flow models that consider
the interaction between particles (collision and friction (Bartelt et al., 2012; Iverson, 1997)) and the fluid viscous
effect are potent in explaining the characteristics of geophysical flows. In dense two-phase flows, the feedback
between the effective stress and pore fluid pressure caused by particle dilation plays a significant role in the
movement of debris flow (Iverson, 2000, 2005; Pailha & Pouliquen, 2009), and a resistance model linking the
microscopic solid-fluid interaction and the macroscopic dilation behavior is proposed (Iverson & George, 2014).
Therefore, the contact friction provided by the effective stress is the main source of flow resistance, which
shows longer coherence lengths (Lanzoni et al., 2017). The flows dominated by particle collisions are termed
Bagnoldian flows, in which the shear stress is proportional to the square of the shear rate (Bagnold, 1954), and
the constant coherence length value is 1-2 particle diameters (Lanzoni et al., 2017). The dependence of flow
resistance 7 on the particle normal stress ¢ promotes the macroscopic friction coefficient 4 = 7/6, which is a
breakthrough for exploring the rheological relationship. The rheological relationship of dense two-phase flows is
unified within the framework where the macroscopic friction coefficient u is related to the time scale of particle
interaction and viscous time scale, such as the u(J) law (Boyer et al., 2011) and u(K) law (Trulsson et al., 2012).

To reveal the flow mechanism, physical models of flow resistance mostly come from specific physical experi-
ments (Bagnold, 1954; Boyer et al., 2011) or numerical simulations (Trulsson et al., 2012). Focusing on flows
composed of specific particles and fluids, most physical models have not been applied to well-graded geophysical
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flows in natural settings. In addition, existing physical models are mainly suitable for dense two-phase flows with
nontrivial effective stress, rather than dilute cases without effective stress.

These resistance models are often embedded in depth-averaged equations to simulate the movement of debris
flow, and their performances have been compared (Hungr & McDougall, 2009; Major et al., 2005; McDougall
& Hungr, 2004; Naef et al., 2006; O'Brien et al., 1993). At present, there is no universal resistance model avail-
able to represent the flow resistance of debris flow. Debris flow is considered a quasi-homogeneous fluid, and
the flow resistance is quantified by single-phase flow models. For example, the turbulent flow model is char-
acterized by Manning's coefficient, the Bingham model depends on the fluid viscosity, the viscoplastic model
considers the yield stress, and the friction-dominated Coulomb model. Alternatively, to reveal the contribu-
tion of solid and fluid phases to the flow resistance, the quantification of flow resistance is a combination
of multiple submodels. In depth-averaged two-phase flow models, in order to close the governing equations,
the conventional and effective practice is to divide the total basal resistance into the respective resistances
imposed on the solid and fluid phases (Berzi & Larcan, 2013; Egashira, 2011; Iverson, 1997). The solid phase
resistances are often assumed to satisfy the Coulomb friction law (J. Li et al., 2018; Ouyang et al., 2013),
and the resistances of fluids are treated as non-Newtonian viscous stresses (Pudasaini, 2012; Pudasaini &
Mergili, 2019) or estimated from empirical formulas with roughness coefficients, such as Manning's coeffi-
cient (Cao et al., 2015; Delaney & Evans, 2015; Sairam et al., 2021). These approaches of dealing with flow
resistance appear to capture the movement of debris flow in depth-averaged equations; however, they do not
bridge the gaps between current empirical approaches and physical models of flow resistance and the move-
ment of natural debris flows.

In view of the above gaps in the empirical approach and physical models of flow resistance, this study systemat-
ically analyzes the field observation data of 93 debris-flow events at Jiangjia Ravine (Yunnan Province, China)
and investigates the source of debris-flow resistance for cases with negligible effective stress. In this study, the 93
debris-flow events are divided into two groups to explore the influence of solid-fluid interactions on flow resist-
ance. Based on a set of 34 debris-flow events from 1999 to 2001, a visco-collisional scaling law of flow resist-
ance is established. Another set of 59 debris-flow events from 2002 to 2017 is used to verify this law. Manning's
coefficient is further modified by this physical model, denoting an explicit physical meaning.

2. Field Observation of Debris Flow at Jiangjia Ravine
2.1. The Jiangjia Ravine

Jiangjia Ravine is located in Yunnan Province, China. It is a tributary of the Xiaojiang River in the upper reaches
of the Yangtze River. As shown in Figure 1la, the specific geographical location is between N26°13'-N26°17’
and E103°06’'-E103°13’. The main channel is 13.9 km long with a drainage area of 48.6 km? and extends from
the drainage divide at 3,269 m altitude west to the junction with the Xiaojiang River at 1,042 m (Cui et al., 2005).

The bed rocks of the Jiangjia Ravine are Proterozoic shallow metamorphic slate and phyllite, which are poor in
strength and easy to weather. Slate and phyllite are widely distributed upstream of the channel and are strongly
affected by the tectonic activity. As a result, there are substantial number of loose materials stored in these valleys,
up to 12.3 x 10° m3 (Cui et al., 2005). The annual rainfall at Jiangjia Ravine varies from 700 to 1,200 mm, show-
ing significant seasonality and vertical zonality. Approximately 85% of the total annual rainfall is concentrated
from May to October, and approximately 40% of the rainfall occurs between altitudes of 2,500 and 3,000 m (Cui
et al., 2005; Guo et al., 2020). Abundant loose materials and concentrated rainfall have created favorable condi-
tions for the occurrence of debris flow. Under heavy rainfall, the debris in the valleys is eroded and entrained,
forming debris flows (Cui et al., 2005; Zhou & Ng, 2010). Jiangjia Ravine is known for its high frequency of
debris flow. On average, dozens of debris-flow events occur every year (28 events in 1965), and each event
contains tens to hundreds of surges (Kang et al., 2004). Therefore, Jiangjia Ravine has become an ideal place for
a debris-flow observation and is known as the “Debris flow Museum” in China (Davies, 1990).

In the 1960s, the Institute of Mountain Hazards and Environment, Chinese Academy of Sciences established the
Dongchuan Debris Flow Observation and Research Station (DDFORS) at Jiangjia Ravine. Since the establish-
ment of DDFORS, long-term observations and research on the initiation, transportation, and accumulation of
debris flow have been carried out, and a relatively complete debris-flow database has been established, which
contains more than 400 debris-flow events (Cui et al., 2005; Kang et al., 2004).
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Figure 1. Jiangjia Ravine: (a) plan view (Guo et al., 2020) and (b) observation of debris flow at Dongchuan Debris Flow
Observation and Research Station.

2.2. Debris Flow Observation at DDFORS

In DDFORS, the observation focuses on the kinetic parameters of debris flow. The measured physical quantities
include the frontal velocity v (m/s), flow surface width W (m), flow depth /4 (m), and bulk density p (kg/m?). The
specific measurement methods for these parameters are described as follows.

Before a debris flow occurs, a straight channel with a length of L is selected and marked to measure the debris
flow velocity. Time ¢ (s) refers to the time for the front of the debris flow to pass the distance and is recorded with
a stopwatch. The frontal velocity is used to represent the debris-flow velocity, that is, v = L/t. The flow surface
width W (m) refers to the surface width of the front, which is determined based on the field observation data of
the cross section before the debris flow breaks out, the marks of the cross-section width, and the mud traces. The
flow depth £ (m) is the depth of the front. The flow depth of part of the debris flows is measured using ultrasonic
sensors (Figure 1b), and the remainder are determined based on cross section marks and mud traces. The bulk
density p (kg/m?) of each debris flow is determined by sampling at the flow front (Figure 1b). In addition, accord-
ing to field observations, the flow patterns (surge flow and continuous flow) of the debris flow are recorded.
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Table 1
Information of the 16 July 1999 Debris Flow at Jiangjia Ravine

Front time Ending time Flow depth Flow width  Flow velocity v Flow discharge O  Bulk density p Total solid
No. Flow type (hh:mm:ss) (hh:mm:ss) h (m) W (m) (m/s) (m?/s) (kg/m?) concentration ¢
1 Continuous flow 01:12:34 01:14:50 0.50 30 8.00 120.0 1,900 0.55
2 Surge flow 01:15:00 01:15:30 0.50 30 8.44 126.6 1,900 0.55
3 Surge flow 01:17:00 01:17:14 0.70 51 8.33 297.4 1,900 0.55
4 Surge flow 01:17:14 01:17:42 0.70 51 7.41 264.5 1,900 0.55
5 Surge flow 01:18:24 01:19:02 0.70 51 6.75 241.0 1,900 0.55
6 Surge flow 01:19:51 01:20:28 0.80 50 6.90 276.0 1,900 0.55
7 Surge flow 01:21:25 01:21:55 1.00 52 8.57 445.6 1,900 0.55
8 Surge flow 01:22:23 01:22:56 1.00 52 8.70 4524 1,900 0.55
9 Surge flow 01:23:36 01:24:16 0.80 51 7.30 297.8 1,900 0.55
10 Surge flow 01:25:14 01:25:38 0.70 51 7.02 250.6 1,900 0.55
11 Surge flow 01:26:11 01:26:36 1.00 52 9.46 491.9 1,900 0.55
12 Surge flow 01:28:02 01:28:35 0.70 51 7.41 264.5 1,900 0.55
13 Surge flow 01:29:27 01:30:06 0.50 50 7.33 183.2 1,900 0.55
14 Surge flow 01:31:23 01:32:00 0.50 50 6.50 162.5 1,900 0.55
15 Surge flow 01:32:18 01:32:52 0.70 51 7.41 264.5 1,900 0.55
16 Surge flow 01:33:22 01:34:04 1.20 52 7.58 473.0 1,900 0.55
17 Surge flow 01:35:09 01:35:49 1.50 52 7.05 549.9 2,200 0.73
18  Surge flow 01:36:28 01:36:56 0.70 51 5.89 210.3 2,200 0.73
19 Surge flow 01:37:22 01:38:08 0.70 51 6.95 212.4 2,200 0.73
20 Surge flow 01:38:45 01:39:00 0.40 50 5.19 103.8 2,200 0.73
107  Surge flow 06:09:24 06:09:49 0.60 40 3.73 89.5 2,040 0.63
108  Surge flow 06:11:40 06:12:15 0.60 50 5.13 153.9 1,800 0.49
109  Continuous flow 06:15:38 06:17:36 0.60 35 5.19 109.0 1,800 0.49
110  Continuous flow 06:17:36 06:19:08 0.60 30 5.56 100.1 1,800 0.49
111  Continuous flow 06:22:51 06:25:01 0.70 30 6.25 131.2 1,800 0.49
112 Continuous flow 06:25:49 06:26:01 0.60 30 5.67 102.1 2,080 0.66
113 Continuous flow 06:26:49 06:30:01 0.60 30 5.46 98.3 1,870 0.53
114 Continuous flow 06:30:01 06:40:00 0.60 30 6.91 124.4 1,870 0.53
115  Continuous flow 06:40:00 06:41:32 0.40 20 5.10 40.8 1,870 0.53
116  Continuous flow 07:07:03 07:40:00 0.40 10 4.09 16.4 1,870 0.36

When there is an obvious interval between two debris flows, it is regarded as a surge flow. When the continuous
discharge is large or the duration of one debris flow is long, it is regarded as a continuous flow.

2.3. Characteristics of Debris Flow at Jiangjia Ravine

In the 93 debris-flow events at Jiangjia Ravine from 1999 to 2017, there were 3,470 surge flows and 582 contin-
uous flows. Information about one debris-flow event as an illustration of the records of an individual event is
listed in Table 1.

In DDFORS, a debris-flow event consists of more than a dozen surge flows and several continuous flows
(Kang et al., 2004). Based on the on-site ultrasonic measurements, the hydrographs of two debris-flow events
(16 July 1999 and 24 July 1999) are shown in Figure 2, reflecting the periodicity of surge flows. The flow
patterns of debris flow are controlled by upstream variations in the channel slope. When the sediments stored
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Figure 2. Flow depth hydrograph of surge flows: (a) surge flows on 16 July 1999 and (b) surge flows on 24 July 1999.

in the low-slope section exceed their storage capacity, the channel blockage-breaking effect occurs, and then
the discharge of the debris flow suddenly increases, forming a surge flow downstream (Kean et al., 2013). The
periodic blockage-breaking effect is an important reason for the formation of surge flow (Guo et al., 2020; Kean
et al., 2013). A typical surge flow (Figure 1b) shows a steep front with the densest slurry and the highest concen-
tration of particles, followed by a tail where the solid concentration gradually becomes diluted and the flow depth
becomes shallower (Iverson, 1997; McArdell et al., 2007). The wide gradation is also one of the obvious char-
acteristics of Jiangjia Ravine debris flows. The particle size ranges from 10~°~10 m, the bulk density is between
1,600 and 2,300 kg/m?3, and the total solid concentration is as high as 0.85 (Cui et al., 2005).

Surge flow and continuous flow show distinct differences in material composition and flow regimes. The debris
materials were sampled and sieved, and the particle size distribution curves of surge flows and continuous flows
were obtained (Figure 3). The average particle size distribution curves of surge flows and continuous flows are
shown in Figures 3a and 3b, respectively. The insets show the particle size distribution curves of 16 surge flows
and 16 continuous flows. In the particle size range of 0.5-100 mm, the particle size distribution curves of surge
flows are steeper than those of continuous flows, and the sorting is poor. The important reason why debris flow
cannot be regarded as a simple Newtonian fluid is that the fluid phase of debris flow is not water but a slurry
composed of fine particles (clay and silt) and water. Slurry plays an indispensable role in the movement of debris
flow (Coussot, 1995; Fei et al., 1991; Kaitna et al., 2016). Thus, determining the critical particle size between the
solid phase and the fluid phase becomes a fundamental problem.

The critical particle size is a characterization of the suspension competence of a debris flow (Pierson, 1981).
During the movement of a debris flow, the critical particle size varies with the flow regime. In a fast-flowing
state, larger particles are suspended and move together with the fluid, being treated as a slurry. Therefore, for
a debris flow with a wide gradation in nature, the critical particle size should be determined cautiously. In
DDFORS, it was found that the solid mass content of particles <2 mm generally does not vary with the total solid
concentration (approximately 680 kg/m?, (Fei et al., 1991)), indicating that particles <2 mm could be regarded as
slurry. In this study, the critical particle size of the debris flow was 1.2 mm, as suggested by Cui et al. (2005). In
the following analysis, the solid concentration ¢, excludes fine particles with a particle size of less than 1.2 mm.

Since fine particles below 1.2 mm are considered the fluid phase, the median diameters of solid particles ds;, in
surge and continuous flows are 12 and 6 mm, respectively, regarded as the characteristic diameters 6. For surge
flows, the d, and d,, of particles are 17 and 2 mm, and for continuous flow, the d, and d,, of particles are 7.6
and 1.7 mm, respectively (Figure 3). The nonuniform coefficients (d,/d, ) of particles of surge flows and contin-
uous flow are 8.5 and 4.5, respectively, which indicates that the solid particles of Jiangjia Ravine debris flows are
nonuniform, especially for the surge flows.

The parameters of the Jiangjia Ravine debris flows used in this study are summarized in Table 2. For the 3,470
surge flows, the range of flow depth is 0.1-3.0 m, and the range of flow velocity is 1.7-14.3 m/s. For the 582
continuous flows, the range of flow depth is 0.2-2.0 m and the range of flow velocity is 1.6-14.0 m/s. The
viscosity of interstitial fluid varies by several orders of magnitude, from water (103 Pa-s) to a slurry composed of
fine particles (10! Pa-s) (Coussot, 1995; Hsu et al., 2014; Sosio & Crosta, 2009; Sosio et al., 2007). Rheological
tests show that the ranges of viscosity # of surge flows and continuous flows are 0.14-5.61 and 0.05-4.66 Pa-s,
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Figure 3. Particle-size distribution of debris flows at Jiangjia Ravine: (a) average particle-size distribution of surge flows and
(b) average particle-size distribution of continuous flows. The insets in panels (a and b) show the particle-size distribution
curves of 16 surge flows and 16 continuous flows, respectively.
respectively. The internal friction angle ¢ of the solid particles is 29.8° (Kang et al., 2004), and the density of
solid particles p, is 2,650 kg/m>.
2.4. Manning's Coefficient of Debris Flows at Jiangjia Ravine
For the field observation data of the 93 debris-flow events, the variations in flow depth 4 and velocity v against
solid concentration ¢ are shown in Figure 4. The flow depth and flow velocity are positively correlated with
the solid concentration. Moreover, the flow depth and velocity of surge flows are generally higher than those of
continuous flows, and are distributed in the range of higher solid concentrations.
Based on the flow depths and flow velocities of the 93 debris-flow events, Manning's coefficient n is back-calculated
(Equation 2). For surge flows, the range of Manning's coefficient n is 0.01-0.08, with an average of 0.03. For
continuous flows, the range of Manning's coefficient n is 0.01-0.13, also with an average of 0.03. The variation in
Manning's coefficient n with flow depth % is shown in Figure 5. Manning's coefficient increases with increasing
flow depth. Under the fixed channel conditions (only the Jiangjia Ravine considered), combined with the positive
correlation between flow depth and solid concentration (Figure 4b), Figure 5 indicates that Manning's coefficient
CHEN ET AL. 7 of 22
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Table 2

Parameters of Surge Flows and Continuous Flows

Parameters Surge flow Continuous flow
Density of solid particles p, (kg/m?) 2,650 2,650
Bulk density p (kg/m?) 1,600-2,390 1,360-2,350
Fluid density p; (kg/m®) 1,275-2,076 1,230-2,193
Fluid viscosity n (Pa-s) 0.14-5.61 0.05-4.66
Volumetric solid concentration of coarse grain ¢, 0.24-0.55 0.10-0.34
Volumetric solid concentration of fines ¢, 0.13-0.30 0.13-0.47
Characteristic diameter 6 (m) 0.012 0.006
Flow depth £ (m) 0.1-3.0 0.2-2.0
Velocity v (m/s) 1.7-14.3 1.6-14.0
Slope angle 6 (°) 3.7 3.7
Stokes number St 0.5-91.1 0.2-32.3
Bagnold number N, 0.5-28.3 0.1-5.3
Density ratio r 1.1-1.4 1.0-1.5

varies with the physical properties of debris flow, for example, the internal shear rate and solid concentration.
The internal resistance is proven to be the main source of the flow resistance (Cui et al., 2016). Therefore, it is
imperative to further analyze the flow resistance from the perspective of the physical mechanisms of debris flow.

2.5. State of Liquefaction of Debris Flows at Jiangjia Ravine

The slope of the field observation section is approximately 3.7° in DDFORS. However, on such a gentle slope,
there are debris flows with velocities higher than 10 m/s. An obvious reason is the state of liquefaction (When
the pore fluid pressure is equal to the total normal stress, the effective stress disappears fully and the solid-fluid
mixture behave like a liquid). The pore fluid pressure in a debris flow can remain elevated well above the hydro-
static pressure levels. In other words, excess pore fluid pressure is generated to maintain the debris flow in a
nearly liquefied state and leads to lower flow resistance. The Darcy number N, . can be used to describe the
maintenance of excess pore fluid pressure, which is expressed as the ratio of the solid-fluid interaction stress to
the particle collisional stress (Iverson, 1997; Lanzoni et al., 2017)

3

where 7 is the average shear rate (1/s), for viscous flows, y = 3v/2h, and for inertial flows, y = 5v/3h (Cassar
et al., 2005); k is the hydraulic permeability of the sediments (m?), which is related to the solid concentration and
its empirical expression is

“

k(¢s) = ko exp<m>

0.04

For natural debris flows, the reference permeability k, ranges from 107'% to 10~'* m? (Iverson & George, 2014),
and k, is taken as 107> m? in this study. According to Equation 4, the hydraulic permeability of sediments in
Jiangjia Ravine is 3.7 X 10712-3.6 x 10~° m2. Adopting Equation 3, the range of Darcy numbers of Jiangjia
Ravine debris flows is 6.3 X 10'-9.8 x 10°. The Darcy number increases with increasing solid concentration
(Figure 6a). Debris flows with solid concentrations lower than 0.40 are close to liquefaction (Iverson, 1997; Song
et al., 2021); obviously, debris flows with solid concentrations of approximately 0.10 are liquefied. However, to
preserve the integrity of the field observation data of the Jiangjia Ravine debris flows, debris flows in the entire
solid concentration range (0.10-0.55) is considered in the analysis of the liquefaction state. For debris flows
with a high fraction of fines, the excess pore fluid pressure is significant, which is characterized by N, . > 50-60
(Lanzoni et al., 2017). The high Darcy number indicates that the Jiangjia Ravine debris flows show high excess
pore fluid pressure and are close to liquefaction.
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The liquefaction ratio is defined as the ratio of the pore fluid pressure P to the normal stress o, that is, LR = P/e.
When LR is close to unity, it indicates that the debris flow is in a completely liquefied state. Equation 5, which
considers the contributions of both solid phase frictional and fluid phase
0.10 viscous effects, is a common formula for the flow resistance of debris
:?:urg? flow flow (Ancey, 2007; Ancey & Evesque, 2000; Rauter et al., 2016), and it
= ° ontinuous flow i ; . ]
< 008 | e can be used to estimate the liquefaction ratio LR (Hungr, 1995; Hungr &
g §,22 L McDougall, 2009).
S ooos | jart Rt g
§ ’ ABp°® . ° . i ',»!"’ ° T = Upoe + 71 (®)]
8:‘2 8 ° <87 S =
A ae
§ 0.04 H l ':' where p, is the friction coefficient of particles, u, = tan ¢, ¢ is the internal
El - s3e ‘ friction angle of solid particles, and o, = 6 — P represents the effective stress
g 0.02 . ? (Pa), for steady flow, 6 = pgh cos 6. In Equation 5, y,o. is the resistance
= 3 provided by particle contact friction, indicating that flow resistance is related
0.00 " i é ; to effective stress; y7 is the contribution of the fluid viscous effect to the flow

Flow depth /2 (m)

Figure 5. Relationship between Manning's coefficient and flow depth.

resistance, which depends on the shear rate. By substituting the above rela-
tions into Equation 5, the liquefaction ratio LR of debris flow can be deduced
from a back-of-the-envelope approach.
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Hppgh cos 0 Hp

LR=1+ (6)

Note that the contribution of collisional force is not considered. In other words, the contribution of frictional
stress (effective stress) is exaggerated in Equation 5. Therefore, the liquefaction ratio calculated by Equation 6
should be the lower limit. According to Equation 6, for Jiangjia Ravine debris flows, the range of liquefaction
ratio is 0.89-0.95, indicating that the debris flows are close to liquefaction (Figure 6b). Under the premise of
considering the effective stress, the calculated liquefaction ratio is still very high, that is, close to unity, indicating
that the state of debris flow is close to be fully liquefied. Based on the above two arguments, the contribution by
particle contact friction is not the main source of flow resistance. Therefore, the main source of flow resistance

under such a gentle slope remains unclear at Jiangjia Ravine. This problem will be explained in detail in the next

section.

3. Flow Regime and Flow Resistance of Debris Flow

3.1. Flow Regime of Debris Flow at Jiangjia Ravine

In the framework of traditional rheology (r = #ns(gs)ny), geophysical flows are regarded as equivalent fluids,
and rheological properties only depend on the solid concentration. Increasing the solid concentration enhances
the viscosity of a fluid (Batchelor & Green, 1972; Einstein, 1905; Stickel & Powell, 2005). Traditional rheology
is only applicable to single-phase flow, in which particles and fluid move together at the same average veloc-

10000 -
e Surge flow 4 Continuous flow
Maron and Pierce (1956) -<Krieger (1972)

< 1000

> A

Z

S

2 100

o

=

=

® 10 f

1 L i
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Normalized solid concentration ¢ /¢,

Figure 7. Relationship between relative viscosity and normalized solid
concentration of Jiangjia Ravine debris flows. Viscosity laws: 7, = (1 — ¢/
@,)"% (Maron & Pierce, 1956), 1, = (1 — @5/ @m) 2" (Krieger, 1972).

ity. However, in many flow configurations, there is obvious relative motion
between particles and fluid, and debris flow is a typical example.

In DDFORS, the natural setting of a straight channel with a slope of 3.7° can
be regarded as an inclined plate rheometer to explore the rheological charac-
teristics of debris flows. For traditional rheology, the performance of the two
viscosity laws (Krieger, 1972; Maron & Pierce, 1956) is evaluated. Figure 7
shows the relationship between the relative viscosity #s (= 7/ny ) and the
normalized solid concentration ¢ /¢, . The maximum solid concentration ¢,
of the Jiangjia Ravine debris flow is approximately 0.74 (Yang et al., 2012).

The dependence of the relative viscosity #_ on the normalized solid concen-
tration ¢ /¢, is not obvious for Jiangjia Ravine debris flows (Figure 7). There
is a large deviation on the low-concentration side, where the velocity and
shear rate are both high. The two viscosity laws of Krieger (1972) and Maron
and Pierce (1956) regard debris flows as equivalent fluids, regardless of the
interactions between particles or between particles and fluid. In other words,
the fluid viscous drag is the source of flow resistance. However, for natural
debris flows, both the fluid viscous effect and particle interaction contribute
to the flow resistance (McArdell et al., 2007; Nagl et al., 2020). Therefore,
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Figure 8. Flow regimes of Jiangjia Ravine debris flows: (a) flow regimes in (St, r) space; (b) relationship between Stokes
number and solid concentration; (c¢) relationship between density ratio number and solid concentration; and (d) relationship
between Stokes number and Darcy number.

the equivalent-fluid approach cannot explain the dynamic characteristics of debris flow, and the solid-fluid inter-
action must be explicitly considered.

The solid-fluid interaction in debris flows, that is, the coupling among the particle contact friction, instantane-
ous collision (inertia) and hydrodynamic effects of fluid viscosity, is the key to studying debris-flow dynamics
(Boyer et al., 2011; Iverson, 2000; Trulsson et al., 2012). There are three time scales for particle motion: free-fall,
inertial, and viscous. These three time scales correspond to the three regimes of free fall, inertial, and viscous
and are distinguished by the Stokes number St, the density ratio r, and the particle Reynolds number Re, (Cassar
et al., 2005; Courrech du Pont et al., 2003). The Stokes number St is defined as the ratio of particle inertia to the
fluid viscous effect:

_ P5752
n

St @)

The Stokes number St represents the ability of particles to follow a fluid. The lower the St is, the stronger the
following trend of particles. The density ratio is expressed as follows:

s
pr

r=

®

where p_ is the density of the solid particles and p; is the fluid density (kg/m?).

As shown by Courrech du Pont et al. (2003), for St << 1, r >> 1, a viscous regime where the particle reaches the
viscous limit velocity during the motion of the particle. For St >> 1, r << 1, an inertial regime where the particle
reaches the inertial limit velocity. For St >> 1, r >> 1, a free-fall regime where the particle follows an acceler-
ated motion. Density ratio r = 4 separates the free-fall and inertial regimes, and Stokes number St = 10 separates
the free-fall and viscous regimes (Courrech du Pont et al., 2003). The boundary between particle inertia and the
fluid viscous effect is determined by Re, = St/r = 2.5, where Re,, < 2.5 is the viscous regime and Re,, > 2.5 is the
inertial regime (Courrech du Pont et al., 2003). According to the thresholds of Stokes number St, density ratio r,
and the particle Reynolds number, the flow regimes of surge flows and continuous flows are shown in Figure 8a.
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In Figure 8a, the flow regimes of the Jiangjia Ravine debris flows spread in the viscous and inertial regions, indi-
cating that the flow regime of natural debris flows is not dominated by either viscous or particle inertial effects.
Instead, as the solid concentration and viscosity vary, the flow regime gradually transitions from the viscous to
particle inertial effects, and there is a continuous transition between these two flow regimes.

As elaborated in Section 2.5, either for surge flows or continuous flows, the particle contact friction contributed
by effective stress is negligible. Moreover, in the (St, r) space, the flow regime of a debris flow varies from
viscous to inertial. Therefore, it can be inferred that the flow resistance of the Jiangjia Ravine debris flow is
weakly related to particle contact friction (u,6,) but comes from the fluid viscous effect and inertial collision.

3.2. Visco-Collisional Scaling Law of Debris-Flow Resistance

In the viscous regime, the viscosity of the slurry is recognized as the main source of flow resistance, that is,
7 ~ yn. In the inertial regime, the flow resistance is caused by particle collisions, and the shear stress is propor-

tional to the square of the shear rate and characteristic particle size, that is, the Bagnoldian scaling: 7 ~ psy26°.
With increasing solid concentration, the Strokes number St decreases (Figure 8b). This indicates that for debris
flows with high solid concentrations, the volumetric concentration of fine particles (clay and silts) is relatively
high, and the fluid-phase viscosity tends to dominate (low St). Since the density of solid particles is constant
(p, = 2,650 kg/m?), the density ratio decreases with an increase in the solid concentration, which means that the
increase in the solid concentration helps to increase the fine particle content and can increase the fluid density
(Figure 8c). As the Darcy number N, . increases, the Stokes number St decreases, indicating that the excess pore
pressure can buffer particle collisions (Figure 8d). These results indicate that the slurry attenuates particle colli-
sion through fluid viscous damping, the inertial effect, and the maintenance of high excess pore pressure, so that
solid particles and fluid tend to move together. In addition, the suspension competence of fluid increases with
increasing fine content (Pierson, 1981), which makes some settled clasts become neutrally suspended particles.
For debris flows dominated by inertial collision, the suspension competence of the fluid is reduced. The follow-
ing of particles to fluid is weak, which makes the relative motion between the solid and fluid phases obvious, and
particle collisions become intense.

The flow regime of a debris flow depends on the relative magnitudes of the viscous and inertial stresses. Assum-
ing steady flow conditions, the relationships between flow resistance 7 (=pgh sin 0) and viscous stress y# and
particle collisional stress psj25? are plotted in Figure 9a and Figure 9b, respectively. The data points are highly
scattered, and there is no unique relationship between the flow resistance and the calculated internal stresses.
The flow resistance shows an increasing trend with increasing viscous stress (Figure 9a). The more significant
the particle collisions are, the lower the flow resistance. In surge flows, this decreasing trend is even obvious
(Figure 9b). This means that neither the viscous effect nor the collisional effect alone can unify the flow resist-
ance of the Jiangjia Ravine debris flow.

Dimensional analysis shows that the solid-fluid interaction of debris flow can be quantified by dimensionless
parameters consisting of two physical effects, namely, viscous stress and collisional stress (Iverson, 1997).
The Stokes number shows a clear physical meaning and can be used to divide the flow regime. However, the
Stokes number does not consider the effect of the solid concentration. To fully consider the two-phase flow

CHEN ET AL.

12 of 22



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journ

al of Geophysical Research: Earth Surface 10.1029/2022JF006712

Dimensionless shear stress

109

10*

102

109

(a) (b
e Surge flow @ o Surge flow
. @ . p
2 Continuous flow X .A‘ 0 & » Continuous flow ‘:.‘ A“ .
¢ 5 108 N WOl T
0% An*=T43.8Ng! e 2 9 02 7n?=884.6Ng22 , say f:: o 32 e
g 4
g
A, Apd 5 102
A /" BA 5
‘ab =) 7
A = ’
a
® 1p 8 in?=37.9N, ! " . Flip=51.8Ng10
10°
102 107! 100 10! 10? 102 107! 100 10! 102

10°

Bagnold number Ny Bagnold number Ny
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characteristics affected by the physical composition, the Bagnold number Ny is further used to quantify the
contribution of solid-fluid interaction to flow resistance. The expression of the Bagnold number Ny is as follows:

_ Apy8?
n

Ns (©))

where 4 = ¢ /(1 — ¢,). From Equation 9, the Bagnold number can be regarded as a modified Stokes number.

Based on the observation data of 34 debris-flow events (1,844 surge flows and 433 continuous flows) from 1999
to 2001, the relationship between the dimensionless shear stress 7p §%/An? and Bagnold number N, of surge flows
and continuous flows is obtained (Figure 10a). As more data points concentrate in the lower range of Ny, the fitted
line of surge flows deviates from its apparent trend. A strong correlation between dimensionless shear stress and
Bagnold number is found

7ps6% [ An* = aN} (10

Based on Equation 10, the relationship between shear stress and the Bagnold number can be further obtained, that

An?
T=U<E>Ng

Both a and b are fitted constants. Equation 11 is further verified by the observation data of 59 debris-flow events
(1,626 surge flows and 149 continuous flows) from 2002 to 2017. As shown in Figure 10b, although the fitting
coefficients a and b are not exactly the same as those in Figure 10a (this might be affected by the scattered
field data), the trend of the fitting expressions of 59 debris-flow events from 2002 to 2017 are close to those in
Figure 10a, which proves that visco-collisional scaling law (Equation 11) is appropriate for predicting the flow
resistance of natural debris flows. Substituting the expression of the Bagnold number (Equation 9) into Equa-
tion 11, this relationship can be further expressed as

B </11+b’12 ) <,0s}'/52 >b
t=a| — —_—
psé n

— 1+bs,b,,2—b ,b—1 ¢2(b—1
= aA*ytybpl ! 520D

is, the visco-collisional scaling law

1)

12)

For Equation 12, when b = 1, 7 = aA’*yn, the flow resistance is fully contributed by the viscous stress, that
is, 7 ~ yn. When b = 2, 7 = al’p,j?62, the flow resistance is fully dominated by the collisional stress, that is,
T ~ psy?8%. For surge flows, b = 1.1, indicating that the flow resistance mainly comes from the viscous effect.
For continuous flows, b = 1.9, indicating that the flow resistance is mainly dominated by particle collisional
stress (Figure 10). Therefore, b is in the range of viscous flows (b = 1) and Bagnoldian flows (b = 2), indicating
that both viscous effect and particle collisions contribute to the flow resistance, but the contributions of these
two stresses differ. In other words, for Jiangjia Ravine debris flows, the visco-collisional effect becomes the main
mechanism of solid-fluid interaction (Song et al., 2021) rather than the sustained contact friction in experimental
dense two-phase flows (Iverson, 2000; Pailha & Pouliquen, 2009).
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The above analysis indicates that the flow regimes of Jiangjia Ravine debris flow are distributed in both viscous
and inertial regions. Adopting the 34 debris-flow events from 1999 to 2001, a visco-collisional scaling law is
proposed. Based on the verification using 59 debris-flow events from 2002 to 2017, it is proved that this law is
suitable for predicting the flow resistance of natural debris flows. In addition, in this law, the constant b is essen-
tial as it provides the physical meaning to the flow type.

4. The Empirical Description of Flow Resistance With Physical Mechanisms
4.1. The Empirical Description of Flow Resistance

Jiangjia Ravine debris-flow observation data come from a straight rectangular channel. Assuming that debris
flow is a steady and uniform flow, an empirical description of the flow resistance of open channel flow is
adopted. Manning's formula characterizing flow resistance with a comprehensive roughness coefficient has been
widely used. The bed slope S derived from Manning's formula (Equation 2) is
v*n?

S = o (13)
By substituting Equation 13 into Equation 1, the relationship between flow resistance 7 and Manning's coefficient
n can be expressed (Bellos et al., 2018; Hungr & McDougall, 2009)

_ pevln

e (14)

For debris flows, flow resistance is not only affected by channel boundary conditions but also controlled by
solid-fluid interactions (Cui et al., 2016). Thus, Manning's coefficient should include both the external factors
(channel boundary conditions) and the intrinsic dynamics of debris flow. However, Manning's formula reflects
the dynamic characteristics of debris flow by defining the comprehensive roughness coefficient, which obscures
external and internal factors and thus is not conducive to further understanding the flow resistance. Introduc-
ing physical mechanisms could compensate for the deficiency of Manning's formula in terms of clear physical
meaning.

4.2. Manning Formula Modified by the Visco-Collisional Scaling Law

The purpose of this section is to introduce the flow resistance model with physical mechanisms into the empirical
formula of flow resistance. The debris-flow field observation data used in this study are from the same site, so
the effect of channel roughness on the flow resistance is fixed. Under this premise, the physical mechanisms of
flow resistance can be further combined with empirical descriptions to fully reflect the dynamic characteristics
of debris flow. Combining Equation 11 with Equation 14, the relationship between Manning's coefficient n and
the Bagnold number Ny is derived

173 5,2\ /2
n= (2R C A (N)"? (15)
pspd2vg

Equation 15 adopts the Bagnold number N, which characterizes the visco-collisional effect of debris flow,
to unify the physical mechanisms and empirical description of flow resistance. For one debris-flow event, the
parameters representing the intrinsic properties of the debris flow (bulk density p, density of solid particles p,,
solid concentration ¢, viscosity #, and characteristic particle size 6) are known. Flow depth / and flow veloc-
ity v need to be measured or estimated on site. The Bagnold numbers Ny, a, and b can be obtained from these
determined physical parameters. Then, combined with the field-observed flow depth 4 and velocity v, the flow
resistance of the debris flow can be determined.

Under fixed channel boundary conditions, Equation 15 indicates that Manning's coefficient is controlled by the
flow regime of the debris flow, and its value can be determined by the intrinsic properties of the debris flow,
which provides a basis for practical applications. To illustrate this comprehensive effect intuitively, Manning's
coefficient is calculated by adopting the typical values of the parameters involved in Equation 15. The values of
flow depth £ are 0.1, 1, 10, and 100 m (for illustration purposes only). The values of flow velocity v are 1, 8, and
15 m/s. The range of fluid viscosity # varies from water to slurry: 0.001, 0.01, 0.1, and 1 Pa-s. The remaining
parameters are listed in Table 3. In Figure 11, the planes constructed by flow depth 4, flow velocity v, and fluid
viscosity # are the theoretical relationship between Manning's coefficient n and the Bagnold number Ny, that is,
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Table 3
Parameters for the Theoretical Planes of Manning's Coefficient n and Bagnold Number N,

Parameters Surge flow Continuous flow

Density of solid particles p, (kg/m?) 2,650 2,650

Bulk density p (kg/m?) 2,146 1,858

Fluid density p; (kg/m®) 1,744 1,647

Fluid viscosity 7 (Pa-s) 0.001, 0.01, 0.1, 1 0.001, 0.01, 0.1, 1
Volumetric solid concentration of coarse grain ¢, 0.45 0.22
Characteristic diameter 6 (m) 0.012 0.006

Flow depth £ (m) 0.1, 1, 10, 100 0.1, 1, 10, 100
Velocity v (m/s) 1,8, 15 1,8, 15
Bagnold number Ny 4.7%x107-7.8 x 10° 3.9 x 107-6.5 x 10*
Constant a 379 743.8
Constant b 1.1 1.9

n(Ng), which are the visual representations of Equation 15. The theoretical planes of n(Ny) with velocities of 1,
8, and 15 m/s are plotted separately for surge flows (Figures 11a—11c) and continuous flows (Figures 11d—11f).
These theoretical planes show the upper and lower limits of Equation 15 and cover the range of debris flow in
natural settings. It is apparent that Manning's coefficient could be a result of different combinations of debris
flow parameters.

In addition, the field data of 59 debris-flow events from 2002 to 2017 also confirm the comprehensive effect of
Equation 15. In Figure 11, the red and green data points show the relationship between Manning's coefficient
n and the Bagnold number Ny of surge flows and continuous flows, respectively. For surge flows, Manning's
coefficient decreases with increasing Bagnold number. Nevertheless, this does not indicate a linear relationship
between Manning's coefficient and the Bagnold number. Empirical curve fitting does not reflect the physical
mechanisms. Rather, from Equation 15, Manning's coefficient is affected by the intrinsic properties of debris
flow. The calculated Manning's coefficients of Jiangjia Ravine debris flows fall within the theoretical planes of
n(Nyp), validating the predictability of Equation 15.

Furthermore, by substituting Manning's coefficient n(V,) (Equation 15) into Manning's formula (Equation 2), the
expression of flow velocity can be obtained:

2/b

1/2 (1-b)/2 ¢1-p,1-2/b
oo P89 T 6 PO+D/b (16)

al/2 j(1+b)/2

Despite its complexity, Equation 16 demonstrates that, since the physical quantities within the square brackets
are known, flow velocity v is solely a function of flow depth /. Once the flow depth 4 is obtained from real-time
observation or postevent survey, the flow velocity can be calculated accordingly. The flow velocities of 59 debris-
flow events from 2002 to 2017 were calculated using Equation 16. Figure 12 shows the relationship between the
calculated velocities v, and the observed velocities v. The field observation data of debris flow are scattered, and
the calculated velocities generally match the observed velocities.

In summary, under the same channel boundary conditions, the visco-collisional scaling law is introduced into the
empirical equation of flow resistance, and a relationship between the Manning coefficient and Bagnold number
is established. This relationship shows that the Manning coefficient is related to the flow regime of debris flow,
which gives the Manning coefficient a clear physical meaning.

5. Discussion
5.1. The Discreteness of Field Observation Data

The essential value of the field observation data is that it is free of the scale effect, but there is inevitable discrete-
ness, for example, in the measured flow depth and velocity (Figure 4). The spreading of the fundamental obser-
vation parameters was further transferred to the relevant deduced parameters, such as Manning's coefficient
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Figure 11. Comparison between field data and model prediction n-Nj relationship by Equation 15. For surge flow, (a—c) are
the (N, n) theoretical planes with flow velocity v = 1, 8, and 15 m/s, respectively. For continuous flow, (d—f) are the (N, n)
planes with flow velocity v = 1, 8, and 15 m/s, respectively.

(Figure 5) and relative viscosity (Figure 7). Given the idiosyncrasies of natural settings, the interpretation of
field observations is often hindered by the discreteness resulting from the following three aspects. (a) The inclu-
sion of large boulders (Imaizumi et al., 2016), particle-size segregation (Johnson et al., 2012), and complex
boundary conditions (Iverson, 2003). (b) Ideal steady-state parameters are needed for analyzing the flow regime,
which are easy to achieve in controlled experiments. However, the transient traits of natural debris flows indicate
that the measurement is less accurate, especially, for the measurement of surge-flow height with splash (Wang
et al., 2022) and the timing of flow fronts for determination of velocity (Nagl et al., 2020). (c) In addition, for
the field observation data of debris flows, how to determine the critical particle size remains an open question.
Its magnitude directly affects the accuracy of subsequent dynamic parameters, for example, the Stokes number
(Figure 8b) and density ratio (Figure 8c).

The discreteness of field observation data is ubiquitous, but the debris flow dynamics behind the discreteness could
still be revealed through appropriate statistics-based or physics-based (e.g., dimensionless groups) approaches.
Based on the statistical analysis of a large number of field observation data, Rickenmann (1999) proposed the
empirical relationships of debris flow, and these empirical relationships provided guiding significance for the
mitigation of debris flow. Through the dynamic analysis of field observation data of Illgraben debris flows, the
characteristics of the pore pressure response during movement (McArdell et al., 2007) and the erosion process
of natural debris flows were revealed (Berger et al., 2011). Based on the field observation data of debris flows
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in Chalk Cliffs (Colorado and Arroyo Seco, California), the power spectrum,
and physics-based analysis showed that the periodic blockage-breaking effect
is a significant reason for surge flows (Kean et al., 2013). Using field obser-
vation data of Jiangjia Ravine debris flows, probabilistic analysis showed
that debris flow materials satisfy a universal grain size distribution, which
strongly affects dynamic properties such as flow density, velocity, and
discharge (Y. Li et al., 2014). Similarly, the discreteness of field observa-
tion data of Jiangjia Ravine debris flows cannot conceal the visco-collisional
scaling law. Through physics-based analysis, the analysis of the flow regime
shows a smooth transition from the fluid viscous effect to particle collisions,
and the visco-collisional scaling law is further established.

e Surge flow
a Continuous flow 5.2. The Visco-Collisional Scaling Law

10 100 The total solid concentration of Jiangjia Ravine debris flows could be as high

Measured velocity v (m/s) as 0.85, and such high-density (up to 2,300 kg/m?) debris flows can move fast

on a gentle slope (€ = 3.7°), which prompts us to explore the source of flow

Figure 12. Comparison between the calculated velocities v, and observed resistance. With the transition from dense to dilute debris flows, the effective

velocities v of Jiangjia Ravine debris flows.

stress diminishes, and the flow gradually liquefies. In practical applications,
flow resistance models (e.g., Equation 5) suitable for dense debris flows
would be reduced to viscous fluid models. However, this study demonstrates
that the flow resistance not only comes from fluid viscosity but also from the visco-collisional effect jointly
resisting the gravity that drives debris-flow movement.

Flow resistance can be well described by a visco-collisional scaling law (Equation 11). The flow-regime analysis
shows that, regardless of surge or continuous flows, the flow regimes are distributed in both viscous and inertial
regions (Figure 8a). However, for surge flows, the fitted constant b = 1.1 and is close to unity (note that this might
be affected by the scattered field data). For continuous flows, the fitted constant b = 1.9. This indicates that the
flow resistance of surge flows is mainly controlled by the viscous effect, while continuous flows mainly exhibit
the characteristics of Bagnoldian flows (b = 2). Note that the viscous effect of surge flows is not exactly the same
as the viscous drag of pure fluids, but a macroviscous regime of fluids containing a large number of particles
(Bagnold, 1954; Davies, 1986). In other words, the macroscopic phenomena of surge and continuous flows can
be quantitatively distinguished by the b value. For debris flows of other sites, macroscopic flow patterns (surge,
continuous, and transitional flow) could also be quantitatively analyzed through this approach.

5.3. Phase Diagram of Natural Geophysical Flows

Solid concentration provides fundamental information concerning the mobility of debris flow. By comparing the
rheologies of flows with different solid concentrations, a phase diagram can be summarized for natural debris
flows (Figure 13). The overall trend of this phase diagram matches that of two-phase flows from the controlled
laboratory experiments, which correlate the fluid viscosity with the change in solid concentration. However, for
natural debris flows, the fluid viscosity is closely related to the fines (clay and silts) in the total solid content,
which enriches the trends of viscous and collisional stresses in the phase diagram.

As shown in Figure 13, when the solid concentration is lower than 0.20 (McAnally et al., 2007), the sediment-laden
flows are regarded as equivalent fluids. The flow regime is characterized by the relative viscosity of the equiv-
alent fluid, #.. The relative viscosity is solely a function of solid concentration, that is, (¢, (Krieger, 1972;
Maron & Pierce, 1956). For flows dominated by the viscous effect, the flow resistance is rate-dependent and can
be expressed as 7 ~n (@ )ny.

As the solid concentration is higher than 0.60 (Major et al., 2005), the effective stress (6,/pgh cos 6) shows an
increasing trend (pink line in Figure 13), so the contact friction (u,0,) contributes to the flow resistance. In this
regime, fluid viscosity, particle collisions, and friction coexist. The increase in contact friction results in weaker
dependence of flow resistance on the shear rate but stronger dependence on normal stress. Flow resistance is
described by the macroscopic friction coefficient 4 and dimensionless parameter I1 that characterizes the flow
regime, that is, 7 ~ u(/I). One example of the flow resistance models is the p(K) law (Trulsson et al., 2012),

CHEN ET AL.

17 of 22



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface 10.1029/2022JF006712

. r
H 2 '
= | Equivalent fluid: 7 ~ ny(os )y EVisco—collisional flow:7 = a[ }“';7 JNgi Macroscopic friction: 7 ~ 4£(I7)
=] 5 ] 2
| E0S T fow Ps ! 055
E : ' — Surge flow ' - (K) Trulsson et al., 2012
o -*-Krieger, 1972 H ---Continuous flow 7 b=19 |
g| 10 o104 P 1045
. '
S |s ! o "
BZ] H| > P v
21 10t Vo102 . 1035
= | e '
| ;
E 100 : . 3 T i i 025
=) 00 02 0.4 06 08 102 10 1011 108 10 104 102 10°
Ps i Ng : K
Viscous, b: 1 E Visco~collisional, b: 1~2 E Visco~collisional~frictional
Q | ! rate-independent
ogo E i ] o/pghcosd
:
2 !
g ,
B 0 {Vn/pghsing
- | % .
0 0 0 / py26%/pghsing
- 0 . .
0.0 Dilute 0.20 Dilute-dense 0.60 Dense

Figure 13. Phase diagram of geophysical flows, where fluid viscosity (fine content) increases with solid concentration. With
the increase in solid concentration ¢,, the fluid regime undergoes viscous, visco-collisional, and visco-collisional-frictional
dominance. Blue line, orange line, and pink line represent dimensionless viscous stress (yn = pgh sin 6), collisional stress
(ps728%/pghsin 0), and effective stress (o./pgh cos 6), respectively.

where K is a mixed dimensionless number, K = J + al?, J is the viscous number, [ is the inertial number, and «
is a constant.

When the solid concentration is within the range (0.20, 0.60), debris flows transition from dilute to dense flow.
The solid concentration of the Jiangjia Ravine debris flows is within this range. In this range, the flow resistance
is not dominated by equivalent fluid viscosity, for example, the two viscosity laws of Krieger (1972) and Maron
and Pierce (1956) for geophysical flows with lower solid concentrations, and the particle contact friction does
not play a key role. For this transitional flow regime, the flow resistance is rate-dependent, b is between 1 and
2, and it can be well described by a visco-collisional scaling law (Equation 11), which bridges the gap between
dilute and dense flows.

In Figure 13, viscous stress (71/pgh sin 0, blue line) shows double peaks, and collisional stress (p;726%/pgh sin 0,
orange line) exhibits a single peak. When the solid concentration is lower than 0.20, with increasing solid concen-
tration, the viscous stress and collisional stress both show increasing trends. However, the spacing between parti-
cles is much larger than the particle size, and the probability of particle collisions is low. Thus, the viscous effect
dominates over particle collisions. At solid concentrations of 0.20-0.60, with increasing solid concentration and
decreasing spacing between particles, collisional stress peaks. However, as the solid concentration approaches
0.6, the enhanced fluid viscosity by the fine content (clay and silts) enhances the viscous effect. When the solid
concentration is higher than 0.60, the viscous stress and particle collisional stress decrease continuously, and
particle contact friction starts to dominate.

In these above evolutions, the increasing viscous stress as the solid concentration approaches 0.6 marks the major
difference between natural debris flows (Figure 13) and ideal two-phase flows in controlled experiments. For
natural debris flows, the increase in fine content with increasing solid concentration enhances fluid viscosity.
This cannot be observed in physical experiments because controlled experiments isolate the dependence of fluid
viscosity on solid concentration (fine content).

In summary, in the series of flow regime evolutions, the particle interaction is gradually strengthened. Corre-
spondingly, the flow resistance model is transformed from an equivalent fluid rheological framework (z ~ 7 (¢,)
ny) to a visco-collisional scaling law (z ~ a(Ng)?) and then to a friction law (z ~ u(IT)) where the shear stress
is strongly related to the normal stress. More importantly, the fluid viscosity is closely related to the total solid
concentration, thus the phase diagram of natural flows is distinct from that of the controlled experiments. The
nontrivial evolution of the viscous effect and particle collisions in natural geophysical flows indicates that it is
difficult to unify complex geophysical flows with a single flow resistance model.
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5.4. The Modified Manning's Formula

Under fixed channel boundary conditions, by introducing physical mechanisms (visco-collisional effect) into
the empirical description of flow resistance, the relationship between Manning's coefficient and flow regime
(Bagnold number) is established. This relationship indicates that Manning's coefficient varies with the flow
regime of debris flow. Therefore, compared with empirical Manning's coefficient, the modified Manning's coef-
ficient n(Ny) exhibits an explicit physical meaning, which is theoretically similar to the relationship between
the drag coefficient and the Reynolds number. Therefore, for natural debris flows, the theoretical relationship
between Manning's coefficient and flow regime should be universally applicable, although the parameters would
be site specific.

The mobility of debris flow is an integral part of risk assessment (Kwan et al., 2021). In practice, Manning's
coefficient is regarded as a constant in simulating the runout of geophysical flows (Delaney & Evans, 2015;
Turzewski et al., 2019). However, based on the findings of this study, Manning's coefficient varies with the inter-
nal resistance associated with the flow regime. Thus, it is inappropriate to set Manning's coefficient as a constant
to calculate the whole process of geophysical flow. In Equation 15, Manning's coefficient varies with flow depth
and flow velocity. This can be improved by embedding this relationship in a numerical program.

6. Conclusions

For geophysical flows in natural settings, due to changes in solid concentration and fluid viscosity, distinct
dynamic characteristics are exhibited. From dense debris flows to dilute debris flows, mobility demonstrates
significant differences. Therefore, flow resistance has been the focus in the fields of geophysical science and fluid
mechanics. Based on the field observation data of 93 debris-flow events at Jiangjia Ravine, this study explores the
source of flow resistance from physical mechanisms and elaborates its potential application. The key conclusions
are as follows:

1. For Jiangjia Ravine debris flows, the contribution of particle contact friction to flow resistance is negligible;
rather, flow resistance comes from the particle collisional stress and the fluid viscous effect. The traditional
equivalent fluid approach is invalid for debris flows with strong solid-fluid interactions.

2. Flow resistance can be well described by a visco-collisional scaling law. In this law, the exponent b reflects the
properties of debris flow, and can be used as a feasible index for quantitatively distinguishing between surge
flow and continuous flow. For the high-concentration surge flows, b is close to unity (b = 1.1), indicating
that the viscous effect is more significant than the interaction of solid particles. This phenomenon is different
from the general knowledge from controlled experiments where the effect of particles is dominant at higher
solid concentrations. This is because the fluid viscosity increases with the fine content in high-concentration
flows. For the low-concentration continuous flows, b is close to 2 (b = 1.9), indicating that the particle inertial
collision dominates over the fluid viscous effect.

3. The flow resistance of the Jiangjia Ravine debris flow belongs to arheological framework that strongly depends
on the shear rate (7 ~ y*). The visco-collisional scaling law is more conducive to explain the flow behavior
than the pure-fluid rheological model. Thus, the governing equations considering the visco-collisional scaling
law may yield more reasonable predictions for the dynamic evolution, mobility, and risk assessment of debris
flow.

4. The theoretical relationship between Manning's coefficient and flow regime (as quantified by the Bagnold
number) is established, where Manning's coefficient is assigned an explicit physical meaning and varies with
the flow regime. Compared with the empirical Manning's coefficient, the modified Manning's coefficient
provides a solid basis for the mobility and risk assessment of debris flow hazards.

Data Availability Statement

The field observation data of debris flows at Jiangjia Ravine from 1999 to 2017 were obtained from the Dong-
chuan Debris Flow Observation and Research Station (DDFORS), Chinese Academy of Sciences. All the field
observation data used in this study are available at the National Cryosphere Desert Data Center via https://doi.
org/10.12072/DDFORS.024.2019.db, https://doi.org/10.12072/ncdc. DDFORS.db0068.2020, https://doi.org/10.
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