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flows in China

Abstract Debris flows are considered one of the most hazardous
types of mass movement. China has a long history of monitor-
ing debris flows, which has enhanced the understanding of debris
flows and the development of strategies for their prevention. This
study reviewed case studies and outputs related to debris flow
monitoring in China. The monitoring systems are set in seven
catchments, with area between 2 and 40 km?, covering various
types of debris flows in different climate conditions. This review
also introduced the definitions and classifications adopted for
debris flows in China for comparison with those used in Western
literatures. A comprehensive analysis was conducted of debris flow
parameters, including the grain size distribution, density, Froude
number, velocity-depth relationship, volume-peak discharge rela-
tionship, volume-drainage area relationship, and velocity and peak
discharge calculation methods. Additionally, the rainfall inten-
sity-duration thresholds were compared. Accurate identification
of such information is fundamental for enhancing comprehen-
sion of debris flow characteristics, facilitating monitoring, and the
implementation of early warning and alarm systems.

Keywords Debris flow - Monitoring - Definition and
classification - Flow features - Empirical equations

Introduction
Debris flow is a phenomenon intermediate between landslides and
fluvial sediment transport (Rickenmann 1999) and represents a
major hazard in mountainous regions. They occur frequently in
western China where there are topographic transitions, dense faults,
strong tectonic activities, frequent earthquakes, deep-cut landforms,
and fragile ecological environments (Cui et al. 2011,2014). For exam-
ple, debris flows in 2010 in Zhouqu (Gansu Province, Northwest
China) resulted in 1765 fatalities (Cui et al. 2013), and debris flows
in the Wenchuan earthquake area (Sichuan Province, Southwest
China) have repeatedly destroyed structures and caused hundreds
of human fatalities (Tang et al. 2012; Guo et al. 2016a; Yang et al. 2021).
In situ monitoring is fundamental for acquisition of the data for
the dynamics of debris flows, early warning systems, and prevent-
ing structures. Numerous monitoring systems have provided valu-
able scientific data and facilitated comprehensive understanding of
regional variations in debris flows over the world (e.g., Berti et al.
2000; Marchi et al. 2002; Hiirlimann et al. 2003, 2014; Imaizumi et al.
2005; McArdell and Badoux 2007; Badoux et al. 2009; Suwa et al. 2009, 2013;
Hiibl and Kaitna 2010; Yin et al. 2011; Navratil et al. 2013; Comiti
et al. 2014; Gregoretti et al. 2016; Palau et al. 2017; Coviello et al.
20193, b). Typically, monitoring parameters are categorized into
two groups: triggering factors and dynamic parameters. Precipita-
tion, temperature, snow depth, channel water runoff, soil moisture,
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pore pressure, and soil matric suction in potential source slopes fall
under the category of triggering factors, and the dynamics param-
eters include flow depth, flow velocity, ground vibration, basal stress,
and impact force (e.g., Arattano and Moia 1999, Arattano et al. 2015;
Berti et al. 1999, 2000; Imaizumi et al. 2005; Itakura et al. 2005;
Badoux et al. 2009; McCoy et al. 2010, 2012, 2013; Kean et al. 2011,
2013; Abancé et al. 2012, 2014, 2016; McArdell 2016; Cui et al. 2018).
Measurements of relevant parameters can be obtained using either
direct-contact or non-contact sensors (e.g., Hiirlimann et al. 2019a,
b). The non-contact approach is more secure but requires care-
ful site selection to ensure effective collection of data. For exam-
ple, ultrasonic, radar, laser devices and large-scale particle image
velocimetry are widely used to measure flow parameters (e.g., stage
and velocity) (Jacquemart et al. 2017; Hiibl et al. 2009, 2018; Hiibl
and Mikos, 2018; Cui et al. 2018; Marchetti et al. 2019; Coviello et al.
2019a, b; Wei and Liu 2020; Allstadt et al. 2020; Belli et al. 2022).
Direct-contact monitoring devices are used to measure basal stress
or impact force. They are often positioned in the middle of a chan-
nel, which makes them highly susceptible to damage (Wendeler
etal.2007; McArdell and Badoux 2007; Hiibl et al. 2009; McCoy et al. 2010;
Nagl and Hiibl 2017; Nagl et al. 2018; Yan et al. 2023). Additionally,
technological advancements have enhanced the appeal of certain
monitoring devices. For example, geomatic and remote sens-
ing techniques are increasingly utilized for detecting debris flow
sources, while photography with unmanned aerial vehicles enables
high-resolution topography reconstruction (e.g., Bremer and Sass
2012; Catani et al. 2014; de Haas et al. 2014; Cook 2017; Cucchiaro
et al. 2018; Morino et al. 2019; Huang et al. 2021).

Benefiting from technological advancements, the scope of
approaches applicable to monitoring debris flows is increasing
steadily. Most devices can perform with satisfactory accuracy. How-
ever, obtaining effective data remains a challenge owing both to the
sudden occurrence and destructive power of debris flows and to
the harsh environmental conditions. In certain situations, manual
approaches remain necessary. Particularly in the decades follow-
ing the 1960s, manual observation played a crucial role in China.
The flows monitored using manual approaches exhibited diverse
behavior and a range of characteristics across different sites, even
when compared with those of flow patterns globally.

This work provides a review of rainfall-induced debris flow
monitoring in China, with an introduction of some special Chinese
terminologies and classifications. Additionally, the characteristics,
e.g., grain size distribution, density, and velocity of flows observed
in monitoring basins, are analyzed, and the empirical formulas
derived for calculation of velocity, discharge, and volume are intro-
duced, together with the comparison of the rainfall thresholds. This
work also compares the derived findings with those from other
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monitoring basins worldwide for a better understanding of debris
flow characteristics specific to China.

Definition and classification of debris flows in China
Interpretation of debris flows in China has been subject to diverse
perspectives and varying definitions. Generally, the descriptions
provide an overview of two-phase (solid-liquid) flows that typi-
cally exhibit sudden onset, rapid movement, and relatively short
duration; contain a mixture of water, fine clay particles, sands, and
large boulders with a density of 1.2-2.3 g/cm’; and occur in gul-
lies or on slopes. The liquid phase here represents a homogeneous
slurry composed of water and fine sediment particles, whereas the
solid phase consists of coarser particles (Chen et al. 1983; Qian and
Wang 1984).

The behavior of a debris flow depends on the concentration of
the solid component and the flow viscosity. A flow with low solid
content and low viscosity exhibits turbulent characteristics simi-
lar to those of mountain flood. Conversely, a flow with high solid
concentration and high viscosity may behave as a viscoplastic flow,
generally intermittent and highly unstable in response to spati-
otemporal variations of solid and water concentration (Chen et al.
1983). A debris flow has its own structure, specifically the initial
shear strength that distinguishes it from a hyperconcentrated flow,
and the fluidity, represented by the velocity gradient from the flow
surface to the channel bed bottom, which serves as a crucial indica-
tor for distinguishing it from a landslide (Wu et al. 1993).

The above definitions describe debris flows from the perspec-
tives of occurrence conditions, formation and movement charac-
teristics, fluid properties, and the features that differentiate them
from other similar hazards (e.g.,landslides and hyperconcentrated
flows). The definitions are consistent with Western descriptions
that define debris flows as “mixtures of debris and water with high
sediment concentrations that move downslope as surging sediment
slurries” (Coussot and Meunier 1996; Thouret et al. 2020) and “very
rapid to extremely rapid flow of saturated non-plastic debris in a
steep channel” (Hungr et al. 2001, 2014).

Flows that occur in steep mountain channels comprise water flows,
hyperconcentrated flows, debris floods, and debris flows. In Western
definitions, sediment concentration, grain size distribution (GSD), and/
or bulk density are the factors considered in distinguishing such flows
(Vallance et al. 2000; Hungr and Jakob 2005; Vallance and Iverson et al.
2015). Water flows have a low sediment concentration generally < 4% by
volume, which is insufficient to appreciably influence the rheological
proprieties of the flowing water (Waananen et al. 1970; Brenna et al.
2020). Hyperconcentrated flows can be defined as turbulent to lami-
nar and non-Newtonian fluids that have apparent liquid flow behavior
(Pierson and Costa 1987; Costa 1988; Coussot and Meunier 1996), in
which flowing water transports a substantial amount of suspended
sediment, i.e., at least 20% but no more than 60% by volume (Beverage
and Culbertson 1964). The boundary of the transition from water flow
to a hyperconcentrated flow is defined as the onset of non-Newtonian
fluid behavior, corresponding to a quantity of fines (<0.063 mm) suf-
ficient to maintain high viscosity and the intermittent suspension of
large quantities of coarse material (Brenna et al. 2020). A debris flood
is defined as a flow “during which the entire bed, possibly barring
the very largest clasts, becomes mobile for at least a few minutes and
over a length scale of at least 10 times the channel width” (Church
and Jakob 2020). It is characterized more in the restricted sense of a
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bedload-dominated phenomenon, whereas a hyperconcentrated flow
is dominated by the suspended load (Manville and White 2003; Scheidl
and Rickenmann 2010; Church and Jakob 2020). A debris flow is a sedi-
ment gravity slurry flow definable as the gravitational movement of a
shearing, highly concentrated, yet relatively mobile mixture of debris
and water. It comprises a sediment concentration that often exceeds
60% by volume, is a typical non-Newtonian flow with viscoplastic
behavior, and has a plasticity index of <5% in the sand and finer frac-
tions (Pierson and Costa 1987; Costa 1984,1988; Jakob and Hungr 2005).
As a specific type, mud flow might contain a notable content of fines
and exhibit measurably plastic behavior. The boundary is gradational
and the plasticity index of the material is considered the controlling
parameter (i.e.,>5%; Hungr et al. 2001, 2014). The fluid properties of
a stony debris flow, in which fine cohesive particles are absent or only
available in a very small concentration, are close to those of water,and
the flow dynamics are largely dominated by grain collision (Costa 1984;
Gregoretti et al. 2019).

It is difficult to comprehensively compare the different terms
of flow even in Chinese/Western literatures. This study conducted
a first attempt of comparison and combination between the two
points of view. The term “debris flood” is not commonly used in
China. However, a similar classification of debris flow that is in
common usage involves categorization based on rheological
properties into three types of flow: dilute debris flow, subvis-
cous debris flow (“quasi debris flow” in some literature, e.g., Tang
et al. (2000), and Kang et al. (2004)), and viscous debris flow.
To eliminate differences in recognition caused by classification
methods and demarcations, a specific classification (Kang et al.
2004) is introduced as follows. Debris flows are classified into vari-
ous types based on rheological properties, which primarily rely on
two factors: flow density and clay-water ratio. Density represents
the solid content within a flow, whereby a higher density indicates a
greater concentration of solid particles and a denser structure with
increased resistance to movement. The clay-water ratio refers to
the proportion of clay (< 0.005 mm) in relation to the weight of the
water, and it reflects the slurry properties of a debris flow; a higher
ratio corresponds to the increased viscosity of the slurry. On the
basis of those two factors, seven categories of flow can be distin-
guished: hyperconcentrated flow, diluted debris flow, subviscous
debris flow, viscous debris flow, highly viscous debris flow, stony
debris flow, and mud flow (Table 1 and Fig. 1).

A hyperconcentrated flow in China, which is defined as having a
density of <1.5 g/cm?® and fluid properties similar to those of clear
water despite the higher sediment concertation, is different from
the Western definition. A diluted debris flow, subviscous debris flow,
viscous debris flow, and highly viscous debris flow all correspond
to the Western classification of a debris flood and debris flow, but
with more specific demarcation criteria. Because the defining limits
of stony debris flows and mud flows are inherently arbitrary, they
can be considered similar to those used in Western understanding.
Except for hyperconcentrated flows, all other types fall within the
research domain of debris flows used in China.

Notably, a debris flow is considered a type of landslide in
the Western classification (Hungr et al. 2014). Mud flows, debris
floods, and debris flows are different types, and each has a spe-
cific definition. In China, debris flows are considered a distinct
geological hazard from landslides and are described as com-
prising a solid-liquid mixture, characterized by intermediate
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Fig. 1 Chinese flow regime classification based on density p and
clay volume concentration ¢ ((1) hyperconcentrated flow, (2) diluted
debris flow, (3) subviscous debris flow, (4) viscous debris flow, (5)
highly viscous debris flow, (6) stony debris flow, and (7) mud flow).
See descriptions in Table 1 for further details (Kang et al. 2004)

properties between common mountain floods and landslides.
Additionally, the scope of a debris flow includes both stony debris
flows with extremely low clay content and mud flows with excep-
tionally high clay content.
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Irrespective of classification, debris flows generally encompass
a continuum ranging from a hyperconcentrated flow to a debris
flood and debris flow (or to dilute, subviscous, viscous, and highly
viscous states). In practice, accurate demarcation of such flows in
a small mountainous watershed remains ambiguous when using
existing definitions, and it also poses a challenge in discerning spe-
cific parameter values. The most common phenomenon in a water-
shed is a flash flood that is occasionally accompanied by debris
floods and sporadic debris flows with higher density and viscosity,
depending on the triggering conditions (e.g., rainfall) and sediment
availability. Even within one specific event, a sequence starting with
a flash water flood, followed by either a debris flood or a debris flow,
and ending with a water flood is generally observed.

There are other classifications of flow regimes from various
perspectives used in China. For example, they can be classified as rainfall-
induced, glacier and/or snowmelt-induced, and dam-break debris flows
from the perspective of water sources (Kang et al. 2004),and as gravity-
driven (also called landslide-triggered) and runoff-driven (also called
channelized) flows from the perspective of the dominant triggering force
(Yu et al. 2020). They can also be categorized as a continuous flow or a
surge flow based on flow regime (Li et al. 2003,2004).

Rainfall-induced debris flow monitoring sites in China

Seven catchments around the Qinghai-Tibet Plateau highly prone to
debris flows have been selected for monitoring sites. Three catchments
are in the southwest and four in the northwest China (Fig. 2). Among
them, Jiangjia Gully (J]JG) is still actively observed, whereas the Ergou
catchment was under monitoring during 2013-2019. The others, moni-
tored during the 1960s and 1970s, are not currently monitored.
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Fig.2 Location, topography, and material source distribution of the monitoring sites in China
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1. Jiangjia Gully in the Xiaojiang River

The JJG is representative of the characteristic occurrence of debris
flows in the dry hot Xiaojiang River valley in Southwest China.
Owing to its frequent debris flow activity (typically 10-20 events
annually, with a maximum of 28 events in 1 year), the catchment is
often referred to as a “debris flow museum.”

The catchment size is approximately 48.6 km?, and the channel
length is approximately 15 km. The highest and lowest elevations
are 3269 and 1042 m, respectively. The area has a semiarid climate,
with mean annual precipitation (MAP) of 400-600 mm at the
outlet and 1000 mm in the headwater region. Because of intense
regional tectonic activity, the exposed rocks within the watershed
exhibit high degrees of fracturing and metamorphism. The rocks
are characterized by weakness, notable weathering, fragmenta-
tion, and widespread distribution of colluvium and mantle rock
throughout the slopes and channels. The accumulation of clastic
detritus serves as the primary source material for debris flows.

The monitoring section is situated within the catchment, while
the controlling area spans approximately 33.4 km?. Since its estab-
lishment in the 1960s, the monitoring system has undergone exten-
sive testing, and it remains operational to this day, having amassed
a vast database that encompasses over 600 debris flow events. The
monitored debris flows exhibit viscous behavior and have high den-
sity (up to 2.4 g/cm?), accompanied by noticeable surges during
each event (Li et al. 2003, 2004; Guo et al. 2020).

Since the 1990s, ten rain gauges have been installed through-
out the watershed to provide rainfall observations. The data col-
lected by these gauges at the source headwater are automatically
transmitted in real time via the General Packet Radio Service. The
dynamic parameters of the debris flows are the primary observa-
tion output, and most parameters are observed using semiauto-
mated approaches. The objective measurements include debris flow
occurrence time, duration, depth, and velocity. Traditionally, flow
velocity was measured by timing the passage of the flow through
a 200-m straight channel. For most surges, depth was manually
determined using cross-sectional markers. Samples taken from the
flow body were analyzed for density and rheology.

2. Ergou catchment in the Wenchuan earthquake area

The Ergou catchment (Er) is situated approximately 6 km NNE
of the epicenter of the 2008 Ms 8.0 Wenchuan earthquake. The
catchment encompasses an area of 39.4 km?* and features a chan-
nel length of approximately 11.5 km. The headwater elevation stands
at 4120 m, gradually decreasing to 990 m at the watershed outlet.

The topography exhibits typical characteristics resulting from
tectonic uplift and subsequent fluvial erosion, with granite and
sandstones being the predominant exposed rock types. Coseismic
and subsequent landslides and collapses have produced loose col-
luvium in the channel and lateral slope deposits as the primary
sources of material for debris flows.

The annual average precipitation near the catchment outlet is
1200 mm (Guo et al. 2016b; Cui et al. 2018). The monitoring sys-
tem in the Ergou catchment was established during 2013-2019 (Cui
et al. 2018). Four rain gauges were installed along the main channel
and tributaries. Three hydrological stations were established on

the tributaries (the upstream area of the Ergou catchment, with an
area of 32.4 km® and on a tributary Er-I, with an area of 2.34 km?)
and at the outlet to monitor the hydrographs. Surface flow velocity
and flow depth were monitored using radar speed indicators and
ultrasonic stage meters, and the data were transmitted in timely
via the General Packet Radio Service and the BeiDou Navigation
Satellite System.

3. Hunshui Gully in the Dayangjiang River

The Hunshui Gully (HSG) was monitored to investigate the char-
acteristics of high density mud flows in the Daying River valley
in southwestern Yunnan Province (Zhang and Liu 1989). Over 50
debris flows were recorded between 1974 and 1976. The catchment is
a funnel-shaped basin with an area of 4.5 km* and a channel length
of approximately 3.75 km. The highest and lowest elevations are
1820 and 958 m, respectively.

The region has a humid climate with a MAP of 1500 mm. The
headwater tributaries account for 36.5% of the entire catchment
area, with an aggregate landslide extent of 1.65 km®. Most major
tributaries follow NE-SW trending faults that coincide with the
locations of these landslides. Investigation revealed that the upper-
most layer, about 3-4 m in depth, of the slopes consists of weathered
soils with high clay content, and the underlying layer is a sliding
layer composed of clayed schist, extending to a depth of approxi-
mately 35 m. Landslides and surface runoff erosion were the pri-
mary sources of debris flow.

The flow parameters were manually measured, i.e., flow velocity
was determined using a stopwatch, and depth was referenced to a
cross section. Density and rheological parameters were analyzed
from samples taken from the moving flow body.

4. Four monitoring sites along the Bailong River

The Bailong River (BL) is on the northeastern edge of
Qinghai-Tibet Plateau. It is an earthquake-prone region with an
arid climate (MAP, 360-660 mm). The river is deeply incised, with
steep slopes mantled by friable and weak rock outcrops owing
to frequent seismic activity. The watershed is of low vegetation
coverage vegetation and the channels contain abundant Quaternary
alluvial deposits, especially debris flow deposits, as well as
weathered residues and slope deposits.

In the 1960s, debris flow was monitored in four BL catchments:
the Niwan (NW), Liuwan (LW), Shanbeihou (SBH), and Huoshao
(hs) catchments. Manual methods dominated the measurement of
flow parameters. The debris flows exhibited high viscosity, high
density, and frequent surges.

The geographic parameters of the monitored catchments are
listed in Table 2.

5. Comparison of the catchments
Usually, morphometric parameters such as basin area and water-
shed/fan slope are used for distinguishing the dominant flow type

of a drainage basin. Catchments are typically categorized into
different classes based on the dominant flow process (i.e., fluvial,
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Table 2 Main parameters of the monitored catchments (taking the monitored section as the outlet)

Area (km?) MAP (mm) Channel
length (km)

Basin elevation
difference (m)

Name (abbreviation) Mean channel Monitoring

period

gradient (%)

1 Jiangjia (JJG) 33.4 400-1000 11.5 12.0 2227 1961-

2 Ergou (Er) 39.4 1000-1200 14.6 11.5 3130 2013-2019
3 Ergou-I (Er-) 2.4 1000-1200 28.0 2.6 1900 2013-2019
4 Hunshui (HSG) 4.5 1500-1800 13.6 3.8 862 1975-1976
5 Huoshao (hs) 1.98 400-600 48.0 1.4 1303 1969-1975
6 Liuwan (LW) 1.97 400-600 29.0 1.2 1028 1963-1964
7 Shanbeihou (SBH) 2.18 400-600 31.0 1.7 1300 1966-1967
8 Niwan (NW) 10.3 400-600 23.0 5.3 1423 1965-1967

mixed, or debris flow) by analyzing the relationship between the
Melton Index and other topographic parameters such as fan slope
(Bardou 2002; Wilford et al. 2004; Bertrand et al. 2013). The Melton
Index, calculated as the ratio of catchment relief to the square root
of the catchment area, reflects the gravitational potential, whereas
the fan slope indicates the dominant transport process resulting
from past flows (Bertrand et al. 2013). This classification provides
a crucial reference of debris flow susceptibility.

We compared the Melton Index with the fan slope of the seven
monitored sites and that of other sites worldwide, i.e., Chalk Cliffs
(CC), Gadria (Ga), Moscardo (Mos), Illgraben (I1), Kamikamihori-
zawa (Ka), Lattenbach (La), Réal (Réa), Rebaixader (Reb), and
Shenmu (Sh) (Coe et al. 2008; McCoy et al. 2010, 2013; Kean et al.
2013; Marchi et al. 2002; Comiti et al. 2014; Coviello et al. 2019a, b;
Badoux et al. 2009; McArdell and Badoux 2007; McArdell 2016; Suwa et al.
20009, 2011; Hiibl and Kaitna 2010, 2018; Okano et al. 2012; Navratil et al.
2013; Hiirlimann et al. 2014, 2019a, b; Abancd et al. 2012, 2016; Bel
et al. 2017; Huang et al. 2013, 2017). The classification of most catch-
ments is reasonable, in that all the catchments in China and most
of the other catchments are unsurprisingly categorized as having a
mixed and/or debris flow regime. Among the seven Chinese catch-
ments, the Er-I catchment has a smaller area but higher Melton
Index and is classified into only debris flow regime, similar to the
Reb catchment.

The calculation of the Melton Index relies strongly on drainage
area (i.e., the larger the basin, the smaller the Melton Index), and it
is exemplified when comparing the Ergou catchment with the Er-I
tributary, which is similar in terms of catchment relief but with
notably different size (i.e., 39.4 km? versus 2.4 km?). Consequently,
according to the classification, the Ergou catchment exhibits char-
acteristics similar to those of a fluvial regime, whereas the Er-I
tributary is more closely associated with a debris flow regime. This
finding, which aligns with our current understanding and reflects
reality, is also evidenced by the performance at the Sh site and its
tributary (Sh-A), with catchment sizes of 72.1 and 4.0 km?, respec-
tively (Huang et al. 2013).

The formation process of a debris flow is influenced not only
by topographic conditions but also by sediment availability. For
example, the classification methods also cause some incorrect cases
with large sizes and abundant loose materials, e.g., the JJG and NW
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catchments, which are typical debris flow catchments, classified as
mixed and close to the fluvial regime in Fig. 3. This underscores
the challenges and uncertainties in distinguishing debris flows.
The classification methods based on morphological features are
derived from typical cases and serve only as reference for assess-
ment purposes, and special consideration should be given to those
with unique local characteristics.

Monitoring output and debris flow features

Grain size distribution and bulk density

Rheological behavior of a flow can also be distinguished by the
GSD, especially the fine fraction, which is indicative of the mechani-
cal properties of a debris flow. It is an important parameter that can
help practitioners choose an appropriate rheological law when con-
ducting site-specific hazard zoning (Bardou et al. 2003; Hiirlimann
etal. 2019a,b). Based on the clay and matrix contents, flows can be
categorized into two primary rheophysical classes: the viscoplastic
class, characterized by Herschel-Bulkley or Bingham flow behav-
ior, and the collisional frictional class that exhibits Coulomb-like
flow behavior (Bardou et al. 2003). The former class is referred to
as muddy debris flows, whereas the latter class is known as stony
debris flows.

Here, GSD curves were derived from samples collected from the
matrix of debris flow deposits in the Ergou catchment and from
the moving bodies of debris flows at other sites. We plotted GSD
curves with a maximum grain size of 20 mm (Fig. 4), to facilitate
the assessment of distinct curves and allow comparison with the
classification of Bardou et al. (2003) and the results of Hiirlimann
et al. (2019a, b).

Most of the monitoring sites are characterized by a mixed and/
or debris flow regime, except for Shenmu and Ergou (the two larg-
est catchments), which are defined as fluvial catchments (Fig. 4).
The particle composition in the Ergou catchment differs markedly,
with less clay and more coarse gravels, making it better suited to
a collisional-frictional regime, where the flows behave more like
stony debris flows or debris floods, as confirmed by video footage
obtained in the Ergou catchment (Cui et al. 2018). The debris flows
in Ga-1 and CC fall in the range of those in the Ergou catchment.
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Compared with the grain composition at other sites, the GSDs
in JJG exhibit a notably broader spectrum (ranging from clay to
gravel), despite differences in test materials (debris flow moving
body versus deposit). Many GSDs in JJG exceed the upper limit of
the viscoplastic flow range, suggesting that debris flows contain a
higher proportion of clay and fine sands. The lower parts of the
GSDs also fall into the range of the collisional-frictional regime,
indicating a higher level of diversity in debris flow compositions.

The grains in HSG, which are concentrated within a specific
range, are predominantly composed of clay and fine sands. The four
BL tributaries exhibit characteristics that are transitional between
those of JJG and HSG, whereas the characteristics of most other
sites compared are within those of the BL and HSG regions, indicat-
ing similar regimes characterized by viscoplastic flows. The ranges
also coincide with debris flows in most of the other international
sites, as shown in Fig. 4. It should be noted that the data from the
international sites reflect specific cases from the literature and are
not as comprehensive as those from Chinese sites.

Bulk density (p) is the sum of fluid density (p¢) and solid com-
ponent density (p,), ranging from 1.3 to 2.4 g/cm? for hyperconcen-
trated flows and debris flows (Pierson 1980; Zanchetta et al. 2004).
The maximum density of the JJG and BL flows was measured at 2.4 g/
cm?, indicating a high proportion of solid components. The flow den-
sity recorded in HSG typically falls within the range 1.90-2.24 g/cm?®.
However, in the Ergou catchment, although the maximum flow den-
sity was recorded by field investigation at 2.16 g/cm? on July 10, 2013
(Guo et al. 2016a), it has not exceeded 1.85 g/cm? since 2014 within
the monitoring period, with most cases in the range of 1.3-1.8 g/cm?,
showing a lower solid component and indicating temporal variation
of post-earthquake debris flows (Guo et al. 2021b).

Flow velocity
1. Flow velocity-depth relation

The velocity (1, m/s) of a flow can be decomposed into two com-
ponents: surface velocity ug,, the instantaneous velocity of the
flow surface, and travel velocity u,, corresponding to the total
velocity of the flow body. Among the monitoring sites, debris
flows in two sections were measured manually using a stopwatch
to determine u, at JJG, HSG, and the four BL monitoring sites,
whereas ug, ; was measured using radar speed indicators in the
Ergou catchment. Velocity decreases vertically; therefore, ug, is
generally larger than u,. It is suggested that a linear relation exists
between the two components, i.e., u, =k ug,, where k is a con-
stant (<1) (Hungr et al. 1984; Takahashi 1991). This was verified
by comparison of the values for the two components measured in
JJG, which revealed a strong linear relationship, i.e., u, measured
using the stopwatch generally yielded smaller values than ug,¢
obtained from radar testing (with k falling within the range of
0.4-0.8; average, 0.53), as shown in Fig. 5.

Flow velocity is influenced by many factors, e.g., flow type,
flow height, channel slope, and roughness. Different catchments
clearly exhibit varying velocities within their flows. In the Ergou
and HSG catchments, the typical flow velocity remains below
6 m/s; however, in the BL catchments, owing to the steeper chan-
nel gradient, the flow can reach higher velocities of 8-9 m/s
(Fig. 6). Moreover, in JJG events, it is not uncommon for flow
velocities exceeding 10 m/s, despite the gentler channel slope.
On one hand, these findings reflect the homogeneity of a flow
with lower internal resistance. On the other hand, it is proposed
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Fig.5 Relationship between monitored travel velocity (u,) and surface velocity (u,) in JJG
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that the initial surge of a debris flow reshapes and smooths the
channel bed, i.e., the co-called “paving way process,” which con-
tributes approximately 30% of the reduction in resistance during
movement and ultimately leads to notably higher flow velocity
(Wang et al. 2001; Hu et al. 2004; Chen et al. 2023).

Empirical relationships between flow velocity and flow height
are crucial in identifying flow discharge through field investiga-
tion. These relationships are expressed as power functions across
all catchments (Table 3 and Fig. 6a). The relationship in HSG
exhibits a particularly statistically significant correlation that
is possibly attributed to the concentrated grain composition of
the muddy fluids. In the Ergou catchment, the correlation of the
relationship is also statistically significant but it exhibits a slower
rate of increase. Furthermore, there is a distinct inflection point
at 1 m, which can be attributed to the transition in flow type.
When the water depth is <1 m, the predominant flow is character-
ized by water movement; however, when the flow depth exceeds
1m, it transforms into a hyperconcentrated flow or debris flood
with an increased presence of solid particles. Consequently, this
leads to an increase in internal flow resistance.

Despite analysis of the 640 surges in JJG, a general relationship
was very difficult to derive; however, distinct upper and lower
limits for the relationship were determined (Fig. 6a). Meanwhile,
evident power relationships could be identified for individual
events, even with different exponents and coefficients, as depicted
in Fig. 6b. This is comprehensible because of the potential vari-
ations in flow types.

The four BL catchments were categorized into two groups: NW,
typified by larger size and much lower channel slope, and the other
three catchments grouped together based on their smaller size and
higher channel slope. The corresponding results, listed in Table 3
and illustrated in Fig. 6a, show that the relationship for the latter
group is much higher than that for NW.

The relationships for the Ergou catchment and NW are con-
sistent with those for Ka and CC and higher than those for Mos,
AS, and Réa (Fig. 6). This result might include uncertainties
attributable to differences in channel conditions (such as slope)
and data sources, i.e., we use real-time monitoring data, whereas
analyses for other sites rely on representative values of events
or surges. For example, the peak flow stage and average flow u,
through the basin are used in AS (Kean et al. 2011), u, (estimated
using a geophone) and peak height are used in Mos and Réa
(Marchi et al. 2002; Navratil et al. 2013), and peak uy, ¢ and peak
height are used in Ka (Okano et al. 2012).

The relationship between velocity (#) and depth (H) is also
reflected by the dimensionless Froude (F,) number, which
describes the stability of a deformable flow surface as the
ratio between inertial and gravitational forces acting on the
flow (Manville et al. 1998). In subcritical flows (F, <1), runoff
will be deep and slow with a flat and smooth surface, whereas
in supercritical flows (F, > 1), runoff will be shallow and fast,
exhibiting waves and disturbances such as hydraulic jumps
(Manville et al. 1998). The relationships between F, and the flow
height in the monitored catchments are shown in Fig. 7.

sur.
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Table 3 Flow velocity and flow depth relationship for Chinese and other monitoring sites

Catchment Relation R* Source Line
no
Ergou Uy ¢=3.82H%* 0.8298 1
HSG U, = 4.56H°4 0.8908 Zhang and Liu (1989) 2
NW u,=3.09H%% 0.6124 Li and Zeng (1982) 3
Other three sites in BL u,=5.56H>4 0.4301 Li and Zeng (1982) 4
JJG-upper limit u,=10.63H% 0.9248 5
JJG-lower limit u, =3.70H>%° 0.9056 5
cC u,=3.60H%° 6
Ka Ugyp=0.28H"3* 0.8203 Okano et al. (2012) 7
Mos u,=1.68H°% 0.8363 Marchi et al. (2002) 8
AS u,=o0.97H"* 0.3741 Kean et al. (2011) 9
Réa-1 u,=2.18H%% 0.5972 Navratil et al. (2013) 10
Réa-2 u,=1.42H"* 0.6173 Navratil et al. (2013) 11

The horizontal lines in Fig. 7a represent the average F, of a
catchment based on the acquired data. The F, values in the Ergou
catchment and HSG exhibit comparably low levels of variability,
with standard deviations of 0.14 and o.20, respectively, indicating
a higher degree of flow homogeneity. These values fall within the

ranges of 0.96-1.63 (average, 1.24) and 1.01-2.01 (average, 1.47),
respectively, consistent with the fact that these flows are shallow,
fast-moving, water-dominated systems subject to disturbances. The
values are close to those for Ka and Ga (Okano et al. 2012; Comiti
et al. 2014; Coviello et al. 2019b) and higher than those in Mos and
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Réa (Marchi et al. 2002; Navratil et al. 2013). This is attributable to
the flow regime in which a viscous debris flow generally has a much
higher F, value than that of either a mud flow or a debris flood.
Additionally, the different data sources of velocity and flow height
also result in the variation.

Compared with the F, values of the other three BL catchments, the
F,value of NW is smaller, i.e., in the range of 0.65-1.73, with a standard
deviation and average value of 0.27 and 1.09, respectively. In contrast,
the values in the other three catchments (i.e., LW, SBH, and hs) are
higher at 1.37,1.93, and 2.07, respectively, with notably larger standard
deviations. We hypothesize that a greater standard deviation indicates
higher diversity in debris flows within the catchments; thus, these
values reflect increased disturbance and diversity.

The debris flows in JJG exhibit distinctiveness characterized by
a wide range of F, values with a standard deviation of 0.63, which
is notably higher in comparison to that of the other monitored
catchments. Consequently, the average value holds little importance,
although it is higher than the others. In Fig. 7b, increasing cen-
trality is evident in the F, value with increasing flow depth. This
phenomenon might be attributable to similarities in the hydrody-
namic characteristics during large-scale debris flow events (with
high flow height), whereas smaller events display greater diversity.
Despite the uncertainty, both the u-H relationship and the F, value
are higher in viscous debris flows (JJG and BL) and lower in mud
flows and collisional-frictional flows (e.g., the Ergou catchment).

2. Empirical equations for flow velocity calculation

Flow velocity is influenced not only by flow height but also by
channel slope and flow resistance. Most equations proposed for
mean velocity and flow resistance are based on empirical data
from prototype flows or measured velocity profiles in laboratory
experiments. The following analysis primarily uses real monitor-
ing data of the mean translational velocity between two sections
in the field.

With the hypothesis that flow velocity could serve as a govern-
ing parameter for water-driven flows in steep environments, the
mean velocity of a debris flow is commonly approximated using
similar formulas to those employed for water flows (Rickenmann

1991). The commonly used formulas for Newtonian turbulent
flows are typically expressed in the general form of V= CH®SP,
where V (m/s) is the flow velocity, H (m) is the flow depth, S is
the channel gradient, and a and P are coefficients. Additionally,
the Manning-Strickler equation and the Chezy equation are the
most popular forms of specific expression:

V = (1/m)H*?SY?  Manning — Strickler equation (1)

V = CHY2SY?  Cheezy equation (2)

where n is the roughness coefficient and C is the Chezy coefficient.

The formulas derived for calculating the mean velocity of
debris flows in China, based on the equations and monitoring
data, are listed in Table 4.

Generally, negative correlation exists between the roughness
coefficient (n) and the flow depth (H), and the value of n varies
across different regions because it reflects flow resistance, which
can be divided into external and internal components, with the
former influenced by channel conditions and the latter mainly
determined by flow composition. As per the standard equations,
it is n that governs the calculation of velocity. Apart from cur-
vature and blockage effects, the flow regime also has a notable
impact on roughness, which can be classified into the following
three categories.

1. Low resistance: It is exemplified by the debris flows in JJG. The
solid materials primarily originate from sufficiently weathered
soils on the slopes, which are thoroughly mixed within the
water to produce a relatively homogeneous composition of flow
with small internal resistance. Moreover, the viscous debris
flow has the ability to pave the way and reduce the external
resistance of the channel, ultimately leading to notably higher
flow velocity (Wang et al. 2001; Chen et al. 2023).

2. Intermediate resistance: This is exemplified by the debris flows
in the BL catchments, which also exhibit characteristic viscos-
ity. The solid materials primarily originate from weathered
substances on slopes. However, there is less weathering and a

Table 4 Equations proposed for estimation of the mean velocity of debris flows in China

Formula Note Source
JIG V=(1/n)H*35"2 1/n=28.5 H %34 Kang (1985)
V=(mJa)H3s"2  m_ =75 H*%; a=(¢yy+1), o=y~ D/lyy—1) Kang (1985)
m. and a represent the external and internal components of the resistance,
respectively; y. and y, are the densities of debris flow and solid materials,
respectively (g/cm?)
BL V=65KH'4s*> Kis a coefficient ~ 0.7 Yang (1985)
V=(1/n) H3s%3 n is recommended in the range of 0.035-0.22 in the monitored catchments  Liand Zeng (1982)
V=(md/a) H3s*®  m_=15.5, for diluted debris flows Li and Zeng (1982)
Ergou  V=(1/n)H*35"2 n € [0.064, 0.121], best fitted as 0.08 Cuietal. (2018)
HS V=(1/n)H*35"2 n € [0.032, 0.056], with mean value of 0.041 Zhang and Liu (1989)
V=(1/n)H%4851/2 n is recommended as 0.476 Zhang and Liu (1989)
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wider range of particle sizes, resulting in less-uniform mixing
in comparison with that of the flows in JJG. Although a certain
level of paving the way exists, it is not a prominently evident
process in most cases.

3. High resistance: The continuous flows in the Ergou catchment
and HSG exhibit relatively high resistance. The materials, origi-
nating from landslides and collapses, have accumulated in the
channels over time. The two-phase flows are primarily influ-
enced by surface water runoff, causing the transportations and
collisions of large rocks and soil particles, and resulting in a
notable level of internal resistance. Moreover, the rough chan-
nel bed also imposes a high level of external resistance.

Debris flow volume-drainage basin relationship

The total volume of debris flow (M) is crucial for evaluating
potential hazards and designing mitigation structures. Gener-
ally, the volume is related to the basin area and varies with prob-
abilities/recurrence intervals. We categorized the catchments into
groups by their size and compared the values to those of similar-
sized catchments worldwide (Fig. 8).

In China, debris flows are monitored only in catchments larger
than 1 km® Among the four objective catchments with a size of
approximately 2 km? (i.e., LW, hs, SBH, and Er-I), all volumes
exceed the 50th percentile line proposed by Marchi (2019a). In
catchments with an area in the range 3-10 km?, the average value

of HSG is similar to that of La and higher than that of Ga, with a
wider range and larger volumes. The relationship for NW is com-
parable to that for Il, and it also exhibits a wider range. For catch-
ments with an area> 30 km?, such as Ergou and JJG, the mean
volume is greater than that for Sh. The debris flow relationship in
JJG has a notably broader range and the highest maximum value.

The maximum and average volumes of all Chinese sites, as
well as the minimum volumes of the largest basins, fall within
the range defined by D’Agostino and Marchi (2001). However,
for a given catchment size, most data exhibit a higher debris flow
volume in comparison to that of most other sites, resulting in
a fitting line higher than the 50th percentile line proposed by
Marchi (2019a). The best fitting line is also higher than the 50th
percentile line of the PWRI (1988), which is used in Japan and
Taiwan, for the condition of catchment size of > 4.5 km?, espe-
cially for big catchments (size,> 30 km?). From another perspec-
tive, the maximum volumes are all much higher than those of the
comparison sites, as recorded, indicating that the potential risk is
much higher. Some of the maximum values exceed the 95th per-
centile line of the PWRI (1988) but remain within the envelopes
of both D’Agostino and Marchi (2001) and Marchi et al. (2019a).

The Ergou and Er-I catchments exhibit evidently higher vol-
umes, which can be attributed to the debris flood regime, where
only very large events behave as debris floods/flows and reach
the monitoring stations. This also explains the relatively narrow
range (Fig. 8).
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Peak discharge estimation
1. Empirical methods for flow discharge calculation

Peak discharge is a crucial parameter for assessing the conveyance
capacity of critical cross sections and for designing effective miti-
gation measures. To calculate the peak discharge of a debris flow,
it is most useful to use known inducing parameters such as the
empirical relationships established in previous literature between
Q, (peak discharge) and rainfall input, as well as debris flow volume
(Hungr et al. 1984; Mizuyama et al. 1992; Takahashi et al. 1994). How-
ever, predicting debris flow discharge is highly challenging owing to
the intricate physical processes involved and the inherent random-
ness of soil supply (Guo et al. 2020). The most reliable approach
for determining the dynamics of a debris flow is through direct
measurement of its actual movement in a natural setting. Initially,
it entails assessing the cross-sectional area at the highest deposit
level, together with the corresponding flow velocity. Consequently,
a commonly employed equation can be formulated as follows:

Q =4,V, (3)

where Q_ is the flow discharge (m?/s), and A, and V_ are the cross-
sectional area (m?) and velocity at the cross section (m/s), respec-
tively. This method can be applied only when specific monitoring
data or evident field marks are available.

For channelized debris flows, peak discharge is related to water
flow discharges:

Q =Q(1+w) 4)

where Qg is the water flow discharge (m?%/s), and y represents the
solid concentration:

v =(.—1/(py = p.) (5)

where p_ and py; are the density of the debris flow and solid materi-
als, respectively.

The monitoring data support this relationship and help identify
the parameters. For example, in the Ergou catchment, the ratio
ranges between 1.2 and 2.6.

To further account for the amplification effect, the equation can
be modified as follows:

Q = QL +y)p (6)

Parameter P is known as the blockage ratio, which indicates
the amplification effect of cross-sectional conditions (e.g., narrow
sections and sharp curves) on discharge, and it traditionally falls
within the range of 1.0-3.0. Generally, the parameter is identified
empirically following field investigation. f =1.0 means the case of
debris floods and dilute debris flows. Conversely, higher values of
B indicate viscous debris flows, with complex material supply and/
or cross-sectional conditions that have the potential to amplify the
flow discharge.

The aforementioned calculation, assuming that the discharge
of a debris flow is a linear amplification of the water flow, is not
applicable to the typical viscous debris flows in JJG. The ratio of
debris flow discharge to water flow discharge in JJG exceeded 3.0
in many cases (with a maximum value reaching 15.6), according to
field monitoring and hydrological modeling (Guo et al. 2020). This

ratio can aid in distinguishing between “normal” and “abnormal”
debris flows. The hydrograph of the former type consists mainly
of water with a small sediment volume, while that of the latter type
exhibits markedly amplified peak discharge owing to blockage
effects (Bardou 2002; Guo et al. 2020).

Equations (4) and (6) are also generally used for the calcula-
tion of peak discharge in the design of preventative works (Sichuan
Hydrological Manual 1984; Zhou et al. 1991). However, estimating
the peak discharge is highly challenging, even within a specific
catchment, owing to uncertainties during the flow formation
process. For example, it is acknowledged that antecedent rainfall,
rainfall intensity, and landslide conditions all influence the peak
discharge, and an empirical method is proposed as Eq. (7) for use
in HSG (Zhang and Liu 1989):

Q, = 1545(0.9i%* — 1) (7)

where i is the maximum 10-min rainfall intensity at P=1% fre-
quency. However, this calculation has no physical basis for applica-
tion in other regions.

2. Volume-peak discharge relationship

In many studies, the maximum debris flow volume has been con-
sidered in attempts to estimate the peak discharge for a given
catchment (Hungr et al. 1984; Mizuyama et al. 1992; Takahashi et al.
1994; Rickenmann 1999; Jakob 2005). Generally, debris flow volume
exhibits a power relation with peak discharge, and the relationships
of the studied catchments in China and those of other catchments
and/or regions worldwide are shown in Fig. 9 for comparison.

In JJG, each debris flow event consists of multiple surges. The
volume-peak discharge relationships are markedly different when
using the event and surge data. Using the volumes and peak dis-
charges of the entire debris flow event (Line a) as the data source
averages the surge process and lowers the relationship, compared
with that derived using the volumes and peak discharges of each
debris flow surge (Line b) as the data source. When using event
data, which is a procedure that accords with most other related
research, it is found that the best fit line of the event (Line a)
closely resembles that in the Réa (Line 6) and Mos (Line 7) catch-
ments, exhibiting a granular characteristic. Moreover, owing to the
notably larger catchment area, it exhibits greater magnitude. The
upper limit (Line a-1) is slightly higher than that for granular-type
debris flows (Line 1, using the data from Switzerland, Ka, JJG, Mt. St.
Helens, USGS flume, Lab experiments, and other field data, includ-
ing lahars), whereas the lower limit (Line a-2) is slightly lower with
the relationship observed at Sakurajima volcano (Line 5), showing
a wide range.

The relationship of HSG (Line c) is grouped with the relation-
ships representing mud flows (Line 3) and those representing vol-
canic debris flows that are primarily composed of fine material
(Lines 4). These types of debris flow clearly have smaller peak
discharges for a given volume in comparison to those of granular-
type debris flows. This aligns with the characteristic of a mud flow
regime in HSG.

Although the relationships in the small tributary Er-I (Line d-1)
and the Ergou catchment (Line d-2) have different coefficients, the
tendencies are similar, suggesting similarities in flow properties
within the same catchment but at different scales. The relationships
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Fig.9 Empirical relationships between debris flow volume and peak discharge of the Chinese monitoring sites (Lines a, a-1, and a-2: the gen-
eral relationship, and the upper and lower limits of the relationship in JJG, respectively, using the event peak discharge-volume as the data
source; Line b: the relationship in JJG using the surge peak discharge-volume as the data source; Line c: the relationship in HSG; Lines d-1 and
d-2: the relationship in the Ergou-1 and Ergou catchments, respectively). For comparison, data from sites outside China are also plotted (Lines
1-9 correspond to the data sources listed in Table 5). See Table 2 for abbreviations of sites

Table 5 Empirical formulas proposed for estimation of the relationship between debris flow peak discharge and volume

Data basis Formula Line in Fig. N RrR? Source
JJG-1 Q= 0.0238 M, >55 (a) 555 0.44
JJG-2 Q,=0.4905M,>%" (b) 555 0.89
HSG Q= 0.0026°94%7 (c) 72 0.82 Zhang and Liu (1989)
ER-I Q= 0.4623M,,°>4 (d-1) 15 0.62 Cuietal. (2018)
ER Q,=0.2495M,,°¥7* (d-2) 12 0.47 Cui et al. (2018)
Granular debris flows (worldwide Q= 0.1M°%33 (1 145 nn Rickenmann (1999)

dataset)

Granular debris flows (Japan) Q,= 0.135M°7% 2) ~50 nn Mizuyama et al. (1992)
Muddy debris flows (Japan) Q= 0.0188 M°79° (3) ~100 nn Mizuyama et al. (1992)
Merapi volcano (Indonesia) Qp =0.00558 M3 (4) ~200 0.95 Jitousono et al. (1996)
Sakurajima volcano (Japan) Q,= 0.00135M°%%7° (5) ~100 0.81 Jitousono et al. (1996)
Réal (France) Q= 0.028M,,°%! (6) 14 0.91 Navratil et al. (2013)
Moscado (Italy) Q,= 0.0055M,,°9872 7) 13 0.84 Marchi et al. (2002)
Landslide dam failures Q,= 0.293M,,°%¢ 8) 9 0.73 Costa (1988)
Glacial dam failures Q,= 0.0163M,,%% (9) 20 0.80 Costa (1988)
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exhibit smaller peak discharge for a given debris flow volume than
in JJG and HSG, owing to the water-dominated debris flood/stony
debris flow type.

It is worth mentioning that (1) the negative correlation between
the BL catchments is difficult to establish owing to a lack of moni-
toring data, (2) the relationships of landslide dam failures (Line
8) and glacial dam failures (Line 9) are statistically significantly
correlated with much greater total volume given a certain peak
discharge, and all the catchments investigated in this work are not
within this scope.

Rainfall conditions for debris flow triggering

Rainfall thresholds for debris flows have practical application in
event forecasting. However, these thresholds exhibit marked vari-
ability, primarily because of regional variations of climate, mor-
phology, vegetation cover, geology, and torrent control conditions.
Additionally, predisposing factors related to the recent history of
the catchment area (such as antecedent rainfall and sediment avail-
ability) contribute to this variability. Consequently, it is essential to
consider that rainfall thresholds are typically site-specific. To better
understand the controlling factors across the Chinese monitoring
sites and the other global monitoring sites, we compared rainfall
thresholds using the intensity-duration relationship and normal-
ized the rainfall intensity by the MAP (Caine 1980; Guzzetti et al.

2007, 2008). Additionally, a positive relation between the hourly
rainfall amount and the area of the drainage basin is observed,
together with a possible scale effect (Guo et al. 2016¢; Hiirlimann
etal. 20193, b). For example, if the drainage basin is large but with-
out abundant solid materials, some smaller debris flows might have
deposited upstream, and only the largest events, triggered by the
most intense rainfall, will be monitored, resulting in a higher rain-
fall threshold. Therefore, rainfall thresholds can reflect local debris
flow susceptibility by considering MAP and local catchment scale.
As shown in Fig. 10, the results indicate that JJG exhibits relatively
low values, although they are comparable to those of other sites such
as La and I1. Notably, the monitoring areas of La and Il are 5.3 and 11.68
km?, respectively, whereas JJG covers a much larger area (33.4 km?).
The Ergou catchment exhibits much higher thresholds than the other
sites. On one hand, the larger watershed scale (39.4 km?) contributes
to the phenomenon that smaller debris flows might have been depos-
ited upstream of the monitoring station, meaning that only the largest
events triggered by intense rainfall were detected. On the other hand, it
is also attributable to stricter conditions regarding solid material mobi-
lization in the channels. However, Ergou*, representing the required
rainfall conditions shortly after the occurrence of the Wenchuan earth-
quake, is similar to that of other sites, e.g., CC and Reb, with much
smaller size. This reflects the impact of a large earthquake on debris
flow activity, i.e., the threshold is substantially lower shortly after the
earthquake and it gradually recovers with time (Guo et al. 2021b).
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Fig. 10 Comparison between mean normalized rainfall intensity by MAP and total duration threshold curves of the monitoring sites. See
Table 2 for abbreviations of sites. Ergou* represents the threshold defined under post-earthquake conditions in the Ergou catchment (Guo
et al. 2016b). The rainfall thresholds of other sites refer to Coe et al. (2008, 2010), Guo et al. (2021b), Marchi et al. (2019b), McArdell and
Badoux (2007), Badoux et al. (2009), Suwa et al. (2009), Navratil et al. (2013), Hubl et al. (2018), Bel et al. (2017), Hurlimann et al. (20194, b), and

Huang et al. (2013, 2017)

Landslides |



| Review Paper

The rainfall intensity-duration relationship was not established
in Illgraben (I1), Lattenbach (La), and HSG, but critical rainfall
amounts for durations of 10 min and 1 h were identified. Among
these sites, HSG had the lowest critical rainfall amount owing to its
close association with landsliding activities and the notable influ-
ence of antecedent soil water content conditions on catchment
behavior. It is proposed that the rainfall required for triggering
soil movement is as low as 1.8 mm/10 min, which aligns closely with
the stable infiltration rate of the soil.

We wish to stress that some of the variability in the
intensity-duration threshold is likely attributable to the data
sources and the methodologies used to define the threshold, as
has been discussed in many previous studies (e.g., Nikolopoulos
et al. 2015; Segoni et al. 2018). Moreover, rainfall thresholds strongly
depend on the initiation process. In most sites, debris flows are
triggered primarily by surface runoff; however, those in JJG and
HSG are typically landslide-driven (Guo et al. 2021a, b). Because the
relationship between rainfall and the triggering of debris flows is
highly complex and nonlinear, other factors must be considered, e.g.,
in particular, local hydrological conditions, slope morphology, and
vegetation cover. It is not possible to define a unique threshold, even
for supply-unlimited systems (Guo et al. 2020; Hiirlimann et al. 2019a,
b); however, thresholds can reflect local debris flow susceptibility and
provide a reference for developing an early warning system.

Final remarks

Debris flow monitoring is a crucial task for enhancing our com-
prehension of initiation mechanisms, flow dynamics, and hazard
risk. This study provided an overview of the monitoring outputs in
seven catchments in China. The monitoring catchments are gener-
ally larger than those of other sites worldwide, with different flow
regimes in different regions. Monitoring data, mostly obtained
using the manual approach, have provided valuable datasets for
the historical period. These data helped build the relationships for
the calculation of flow velocity, discharge, and total volume. The
following points emerged as key concerns from this review and
analysis of the monitoring data.

1. The definitions used for debris flows in China are consistent with
Western descriptions in terms of formation conditions, material
composition, and movement patterns, but classifications based
on rheological parameters differ. Moreover, the specific meanings
of hyperconcentrated flows are different. Additionally, the term
debris flood is not used in China, and debris flows are commonly
sub-divided into dilute debris flows, subviscous debris flows, and
viscous debris flows by taking the density and clay-water ratio as
the two primary defining parameters.

2. In the Jiangjia Gully and Bailong River regions, the formation
of debris flows is predominantly landslide-driven from various
failures. In the Hunshui Gully, debris flows primarily originate
from erosion on specific highly weathered ancient landslides
with a substantial proportion of clays and fine particles. In the
Ergou catchment, debris flows are primarily runoff-driven. The
differences in the formation processes determine the various
debris flow regimes and dynamic characteristics.

3. The GSDs exhibit notably broader spectra, and the flows behave
as viscoplastic flows with density of up to 2.4 g/cm? in Jiangjia
Gully and the Bailong River catchments. The volume-peak dis-
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charge relationship shows a wide range, and the best fit line
exhibits a granular-type debris flow characteristic. In Hunshui
Gully, the flow regime represents a mud flow with particles
concentrated within a specific range and composed of abun-
dant clay in most cases. Moreover, the volume-peak discharge
relationship is grouped with those representing mud flows. In
the Ergou catchment, the particle compositions include less
clay and more coarse sands and gravels, which are better suited
to a collisional-frictional regime. The flows behave more like
stony debris flows or debris floods, exhibiting smaller peak
discharge for a given debris flow volume than in Jiangjia Gully
and Hunshui Gully.

4. The velocity-depth relationship in Jiangjia Gully varies
between events, but with a much higher upper limit than that
observed for other sites owing to the resistance reduction of
viscous debris flows, in which the process of paving the way
contributes substantially. Both the velocity-depth relationship
and the F, value are higher in viscoplastic debris flows (i.e.,in
the Jiangjia Gully and Bailong River catchments), intermediate
in mud flows (Hunshui Gully), and lower in debris floods (the
Ergou catchment).

5. Comparison of the rainfall thresholds following normaliza-
tion with the mean annual precipitation showed that the Ergou
catchment has much higher rainfall thresholds than the other
sites and that Jiangjia Gully and the tributaries of the Bailong
River have lower threshold values, indicating their different
susceptibility to debris flow occurrence.

6. The GSD of debris flows in Gadria-1, Chalk Cliffs,and Shenmu
generally falls in or is close to the range of that in Ergou and
Shenmu, indicating a collisional-frictional regime, and those
in other international monitoring sites fall in the range of that
in Bailong and Hunshuigou, indicating similar regimes charac-
terized by viscoplastic flows. The flow velocity-depth relation
and F, values in the Chinese sites are generally higher than
those for international sites. This result might include uncer-
tainties attributable to differences in flow regimes, channel
conditions, and data sources. The volume-basin area relation-
ships are all higher than the 50th percentile line but remain
within the envelopes proposed for worldwide sites (D’ Agostino
and Marchi 2001; Marchi et al. 2019a), whereas the maximum
and the average debris flow volumes of Chinese sites are gen-
erally higher than those of other sites with similar catchment
size. In comparison, the rainfall threshold of Ergou is higher
than that of all other sites, whereas Jiangjia Gully has a very
low threshold that is close to that of the La and 1l sites, despite
its much larger drainage area.

Notably, the monitoring sites are successful with effective data
up to date, and the outputs help understand the rainfall-induced
debris flow behaviors. Increasing numbers of new monitoring sites,
including sites monitoring glacial debris flows on the Tibetan Pla-
teau, have also drawn increasing concern in recent years; however,
analyses of the data of such sites are not mentioned owing to the
relatively limited monitoring results to date. Another consideration
is that research on debris flows often requires long-term monitor-
ing data, and except for a few sites (e.g., Jiangjia and Kamikami-
horizawa) that had monitoring instruments installed in the 1960s
and 1970s, most monitoring systems in watersheds worldwide were



established at around the turn of the twenty-first century. In this
sense, the manual monitoring is of particular importance. The his-
torical monitoring data facilitate comprehension of the dynamics
and regional variations in debris flow characteristics and risks.
Furthermore, they support the prediction of future risks arising
from climate change and human activities, especially in densely
populated mountainous areas in western China.
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