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Abstract

Long-runout landslides usually cause a significant loss of life and property because of their
hypermobility and immense energy to travel long distances at high velocities, attracting
a global focus on the dynamics and mechanism of long-runout landslides. In the past
few decades, a great number of past studies on long-runout landslides have seen a surge
in a range of innovative ideas and vigorous debates contributing to the advancement of
understanding the dynamics and mechanism of the hypermobility of long-runout land-
slides. As a consequence, a review of the dynamics of long-runout landslides has been
conducted by comprehensively and systematically summarizing the data and achieve-
ments of long-runout landslides over the past few decades in terms of the phenomenon
and characteristics, mobility, dynamic process, dynamic mechanism, and models of long-
runout landslides. This review would be of great significance in providing a comprehensive
reference in understanding the dynamics of long-runout landslides.

Keywords: dynamics; dynamic mechanisms; dynamic models; long-runout landslides;
mobility

1. Introduction
Recently, landslides, as a kind of significant geomorphological process responsible for

gravity-driven geological disasters, have attracted global attention due to their complex
dynamic mechanisms and evolutions [1–4]. This focus is especially prominent in the
case of long-runout landslides, which are characterized by their high velocity, extensive
long-runout distance, and immense energy, potentially causing significant damage to life,
property, and infrastructure [5–9]. In general, landslides are defined as the downward
movement of rock and soil masses driven by gravitational force. The term ‘landslides’ is
a collective designation encompassing both ‘rockfalls’ and ‘debris flows’ [10]. However,
both domestically and internationally, there is no precise or universally accepted definition
of landslides.

According to the “Recommended Method for Describing Long-runout Landslide
Displacement Velocities” released by the “International Geosciences Union Landslide
Working Group” in 1995, landslides are categorized into seven levels by their displacement
velocities: “extremely slow, very slow, slow, moderate, fast, very fast, and extremely
fast” [11]. The displacement velocity of the extremely fast landslide ranges from the lower
limit of 5 m/s to the upper limit of 70 m/s. At present, the average velocities of long-
runout landslides are considered to exceed 20 m/s, fall into the category of extremely fast
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landslide [6]. The long-runout landslides addressed in this paper, with their displacement
velocities typically exceeding 30 m/s, greatly surpass the lower limit of the displacement
velocity of extremely fast landslides.

Internationally, the equivalent friction coefficient µ of the landslide is defined as
the ratio of the maximum vertical displacement of the landslide, Hmax, to the maximum
horizontal displacement of the landslide, Lmax [1–3], i.e., µ = Hmax/Lmax, is generally used
to determine if the landslide is quantified as a long-runout landslide. In fact, the equivalent
friction coefficient of a landslide can be defined more reasonably by the ratio of the vertical
displacement of the landslide’s center of mass HG to the horizontal displacement of the
landslide’s center of mass LG, i.e., HG/LG, to replace the ratio Hmax/Lmax of the landslide,
to interpret the mobility of the landslide by its center of mass. In comparison with the
ratio Hmax/Lmax of landslide, the ratio Hmax/Lmax of landslide is more commonly used to
quantify its mobility because of the accessibility of Hmax and Lmax of landslide. In general,
the landslide is classified as a long-runout landslide when its Hmax/Lmax is less than 0.6, as
illustrated in Figure 1.

Figure 1. Illustration of the mobility of a long-runout landslide. (HG: the vertical displacement of
the center of mass, LG: the horizontal movement distance of the center of mass, Hmax: the maximum
vertical drop, Lmax: the maximum runout distance, Ld: the deposition distance (also called Ls), and
Le: the extended runout distance).

Studying the dynamics and mechanisms of long-runout landslides is of significant
scientific importance for reducing damage to human lives and regional economies. Despite
extensive research, no universally applicable theory has been developed to fully charac-
terize these complex processes. This study presents the state of the art on the long-runout
landslide dynamics by reviewing a vast body of literature, providing a valuable reference
for future research in the field.

2. Phenomenon and Characteristics of Long-Runout Landslides
2.1. Phenomenon of Long-Runout Landslides

The study of long-runout landslides began in 1932 with Heim’s pioneering analysis
of the 1881 Elm landslide in Switzerland [12]. Heim and Buss [13] categorized the Elm
landslide into three distinct stages: collapse, jump, and torrent. The collapsing mass collided
with the foot of the slope, generating a debris flow, which flowed in a torrent like form on
a nearly horizontal slope for almost 1.5 km. The resulting deposits were tongue-shaped,
similar to deposits of debris flows and other fluids [13]. Heim and Buss [13] highlighted
that the unexpected long-distance travel of the debris flow in the Elm landslide, which was
unexpected, was responsible for the majority of fatalities. In subsequent studies, Heim [12]
suggested that the debris flow in the Elm landslide behaved similarly to granular fluids or
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debris flows, with particle collisions being the main mechanism for force transmission in
the debris flow.

The exceptionally high velocities and long-runout distances of long-runout landslides
frequently result in catastrophic events. The 1881 Elm landslide in Switzerland involved
a debris flow with a volume of 1.1 × 107 m3, which traveled 1.5 km at an average speed
of 42 m/s, burying an entire village and causing 120 fatalities [12,13]. In 1962, a land-
slide with a volume of 1.3 × 107 m3 occurred in Peru’s Ancash Province, completely
burying the village of Ranrahirca and causing 5000 fatalities [14]. On 8 October 2005,
the Kashmir earthquake triggered the largest Hattian Bala long-runout landslide with a
volume of 6.8 × 107 m3, which traveled approximately 2.6 km horizontally after desta-
bilizing, burying a village and causing over 1000 fatalities [15]. In China, many famous
catastrophic long-runout landslides have occurred from 1960s to the 21st century, e.g.,
the large long-runout landslide in the Pudu River Valley of Yunnan buried five villages,
causing 444 deaths in 1965 [16]; In 1989, a long-runout landslide in Xikou Town in Sichuan,
resulted in 221 fatalities [17]; In 2000, a massive landslide occurred in the Yigong Zangbo
River in Tibet [18,19]; During 2008 Wenchuan “5.12” earthquake, due to the fragile geo-
logical environment in the Longmenshan high mountains, coupled with the earthquake’s
extended duration (about 120 s) and strong ground shaking (peak ground acceleration up
to 1.5–2.0 g), numerous long-runout landslides were triggered, causing an extraordinary
amount of damage [20]. As a result, understanding the dynamics of long-runout land-
slides, and predicting their velocity, runout distance, impact force, and coverage area, is of
tremendous importance for the development of mountainous areas and the protection of
life safety.

2.2. Characteristics of Long-Runout Landslides

A hallmark of long-runout landslides is that their travel distance is significantly greater
than what is predicted by the simple friction models [1,6]. The renowned geologist Heim
was the first to document this hypermobility during his study of the 1881 Elm landslide
in Switzerland [12]. This pioneering work garnered significant attention, focusing on the
remarkable flowability of long-runout landslides [1,5,12].

As demonstrated in Figure 2, the larger volume of long-runout landslides is shown to
generally result in a higher mobility by a smaller apparent friction coefficient to travel in
a greater runout distance, i.e., the apparent friction coefficient of a landslide decreases to
flow farther while increasing its volume.

Long-runout landslides can be characterized usually by the following features:
(1) Hypermobility: Long-runout landslides, typically characterized by a volume

exceeding 1 × 106 m3, are usually to travel in an excessively long horizontal runout distance,
being characterized by an ultralow equivalent friction coefficient (i.e., µ = Hmax/Lmax) that
is usually much lower than 0.6, causing a high-speed flow-like behavior of long-runout
landslides to travel in a long runout distance [1,3,7,21].

(2) Disintegration and fragmentation: In the gravity-driven geophysical process of
long-runout landslides, landslide mass disintegration and fragmentation are usually ac-
companied by the dynamic process of granular flow formation [2,22–26].

(3) Grain segregation: By following the dynamic process of the disintegration and
fragmentation of landslide mass, long-runout landslide is gradually transformed into
granular flow that usually causes a phenomenon of grain segregation, i.e., a gravity-driven
inverse grading structure of granular material where the particle size distribution coarsens
upwards (i.e., large grains over small grains), which has been verified in the in-site long-
runout landslides [7,22,27–30].
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Figure 2. Mobility of long-runout landslides: (a) Relation of the maximum runout distance (Lmax)
and volume; (b) Relation of the equivalent friction coefficient µ (Hmax/Lmax) and volume; (c) Relation
of the maximum runout distance (Lmax) and the equivalent friction coefficient µ (Hmax/Lmax). Data
sourced from Appendix Table A1. Equations of the best power-law fit to each set of data are presented
in Appendix Table A2.

3. Mobility of Long-Runout Landslides
3.1. Role of Dynamic Disintegration and Fragmentation on Mobility of Long-Runout Landslides

The gravity-driven geophysical process of long-runout landslides is characterized by
dynamic disintegration and fragmentation of the landslide mass, resulting in the formation
of a granular flow that traverses long distances [2,9,23,26,31]. Consequently, the dynamic
disintegration and fragmentation of landslide mass is a significant factor in the mobility of
long-runout landslides [2,22–24,32,33].

Initially, particle fragmentation was believed to enhance the mobility of long-runout
landslides by reducing particle size and expanding volume, leading to a rapid rise in
fluidization [22,23,33,34]. However, later studies shifted focus toward characterizing parti-
cle fragmentation [2,35–38]. Moreover, some researchers have begun integrating particle
fragmentation characteristics into landslide studies to explore its impact on landslide
mobility [2,24,32,33,39].

As demonstrated by Wang et al. [39], the landslide at Hiegaesi was simulated to assess
its long-term stability. Field observations and ring shear tests revealed that the landslide
exhibited high mobility in both the source area and along its movement path. Following
field investigations and laboratory experiments, Wang et al. [39] concluded that the excess
pore water pressure, generated by particle fragmentation, reduced shear resistance during
movement, making it a key factor in the landslide’s high mobility, as illustrated in Figure 3.
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Figure 3. Stress and pore pressure induced by particle fragmentation against shear displacement
(data source from Wang et al. [39]).

Locat et al. [2] suggested that particle fragmentation consumes energy, thereby re-
ducing kinetic energy and mobility. However, fragmentation and grinding mechanisms
increase the volume of fine materials (e.g., fine sand, silt, and clay), especially in the basal
shear zone. This reduction in pore space, when water is present, leads to elevated pore
water pressure within or at the base of the moving mass, facilitating material flow and
enhancing mobility. In subsequent research, Locat et al. [2] analyzed nine long-runout
landslides from the European Alps and Canadian Rockies, identifying a significant positive
correlation between the extent of particle fragmentation and landslide volume. Conse-
quently, Locat et al. [2] found that potential energy per unit volume normalized by rock
strength is strongly correlated with the degree of particle fragmentation, as illustrated in
Figure 4, which may suggest that a landslide with a greater degree of particle fragmentation
has a higher potential energy per unit volume to enhance its mobility.

 

Figure 4. Degree of particle fragmentation against rock-strength-normalized potential energy per
unit volume (data source from Locat et al. [2]).

Bowman et al. [24] conducted a series of physical modeling experiments on rock
avalanche behavior using a geotechnical centrifuge with coal on a sloped chute to in-
vestigate the effect of particle fragmentation on the extraordinarily long runout distances
observed in long-runout landslides. A positive correlation was revealed between the runout
distance and relative breakage (Br) of landslides, demonstrating that the increase in particle
fragmentation results in a longer runout distance, as illustrated in Figure 5. Additionally,
the experiments revealed that particle fragmentation not only leads to more dispersed
deposits but also causes a shift in the mass center of the deposits.
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Figure 5. Relative breakage and runout distance of landslides: (a) the definition of the relative break-
age (Br) by using the gradings before and after particle fragmentation (adopted from Hardin [25]);
(b) runout distance Ls against relative breakage; (c) normalized runout distance (LS

* = LS/V1/3)
against relative breakage (data source from Bowman et al. [24] and Locat et al. [2]).

Hu et al. [32] conducted a number of rotary shear experiments on crushable materials
(quartz, dolomite, fluorite, and rock salt) using a high-speed rotary shear apparatus to inves-
tigate the weakening rheology of dry granular flow incorporating particle fragmentation,
where the granular materials show weaker and less shear resistance during a prolonged
rapid shear and the potential mechanism of particle fragmentation may greatly reduce the
subsequent shear resistance due to the thixotropy.

Despite the presence of contradictory evidence concerning the impact of particle
fragmentation on the mobility of high-speed long-runout landslides (as fragmentation has
been shown to reduce overall energy [2]), extensive laboratory experiments in conjunction
with field investigations have confirmed that particle fragmentation significantly increases
landslide mobility [2,22–24,31–33,39]. In the future, it is anticipated that new experiments—
such as those examining the combined effects of particle fragmentation and fluid media on
landslide behavior—will provide stronger evidence that particle fragmentation significantly
enhances flowability.

3.2. Role of Dynamic Grain Segregation on Mobility of Long-Runout Landslides

Grain segregation is also a key process in long-runout landslides [28–30,40]. A number
of studies reveal that the granular structure of reverse grading, a typical characteristic of
the dynamic behavior of long-runout landslides, is formed through the process of grain
mixing and segregation [7,22,27–30], as illustrated in Figure 6.
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Figure 6. Illustration of grain mixing and segregation of long-runout landslide.

Few studies have shown that segregation during the movement of landslides also
plays a crucial role in the mobility of long-runout landslides [30,31,41–44]. For example,
using discrete element numerical simulation, Zhou et al. [41] demonstrated that grain
segregation at the front edge of the sliding mass can significantly affect both the mobility
and flow state of the sliding front. Similarly, physical model experiments by Kokelaar
et al. [42] revealed that particle segregation at the leading edge promotes lubrication of the
sliding surface, which in turn results in an increased sliding distance.

Zhou et al. [43] found that grain segregation in debris flow causes the rearrangement
of pore pressures within the particle mass as a means of affecting the behavior of debris
flow, e.g., the velocity of the flow front, the length of the particle mass, the internal shear
rate, and the energy transport paths within the mass, which enhances the mobility of the
debris flow by slowing down the energy dissipation during the motion.

Li et al. [44] employed the three-dimensional discrete element method, combined
with model test results, to investigate the influence of grain segregation on the mobility
of the sliding mass. Experiments were conducted with single-size particles and mixed-
size particles on a chute with the same slope. The results showed that, under varying
characteristic particle size conditions, grain segregation in the mixed-size particle mass led
to higher mobility and faster movement.

John [30] found that once particles are vertically segregated into a reverse-graded
layer (where large particles are on top of smaller ones), deep shear causes large particles to
preferentially move towards the flow front, where they can be overthrown, resegregated,
recirculated, and accumulated. As a result, gravity-driven segregation can lead to secondary
lateral segregation. This segregation, combined with differences in friction or particle shape,
can create a strong feedback effect on the overall flow. Larger particles tend to accumulate at
the flow front, and if their friction exceeds that of smaller particles, it can further influence
the flow, leading to longer distances and increased mobility.

Yu and Su [31] conducted an experimental investigation into the mobility characteris-
tics of dry granular flow, by a number of flume tests on silica sand to interpret the effect
of granular structure on the mobility of landslides, showing a great effect of the initial
structure of granular material on the mobility of granular flow.

3.3. Role of Air on Mobility of Long-Runout Landslides

Kent [45] and Shreve et al. [46] were among the first to suggest the influence of air
on long-runout landslides. After reviewing numerous landslides worldwide, Kent [45]
concluded that during the shearing and falling of the landslide mass, a significant quantity
of air was entrapped between the bottom of the sliding mass and the ground. When the
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landslide collided with the mountain and fractured, the particles at the bottom of the debris
flow mixed with the trapped air, forming a “fluidized bed.” The interaction between the
gas and solid particles replaced inter-particle collisions as the primary means of force
transmission. As a result, the ground friction resistance experienced by the debris flow was
nearly zero, allowing the debris flow to move at high speed. Shreve et al. [46], building on
Kent’s research, argued that air fluidization occurs not only at the base of the landslide but
throughout the entire mass.

By comparing volcanic landslides with other types, Cheng et al. [6] found that volcanic
debris flow moves faster due to the strong involvement of gases, which fluidize the flow
and increase its mobility. Particularly in the numerous landslides triggered by the 2008
Wenchuan earthquake, the terrain effectively trapped air, allowing it to fluidize the debris
flow and greatly enhance the mobility of landslides [20,47–50]; e.g., in the Wenjiagou
landslide, the dry debris flow at the top of the sliding mass compressed trapped air in the
hook-shaped valley at two turning points, creating a noticeable “air cushion effect” [20].

However, the role of air in fluidizing long-runout landslides has been met with
considerable skepticism, particularly with advancements in research on extraterrestrial
landslides [1,7]. The air fluidization hypothesis fails to explain the occurrence of long-
runout landslides in extraterrestrial environments where air is absent. Furthermore, the
mechanisms by which air could be entrapped and remain within the moving landslide
mass remain unclear [1,5,7,8]. Consequently, while the hypothesis that air reduces the basal
shear strength cannot be discounted, it is improbable that air is the primary cause of the
high mobility of long-runout landslides.

3.4. Role of Water on Mobility of Landslides

Water plays a significant role in the mobility of long-runout landslides, as demon-
strated in various studies [1,7,39,51–53]. Water reduces particle friction through the de-
velopment of high pore pressure, similar to the dynamics of saturated debris flows [51].
However, landslides, typically at the bottom, become saturated with water, potentially
meaning that water can also enhance the mobility of landslides [1,54,55]. Initially, land-
slides may form as solid–gas two-phase debris flows, but when water is incorporated,
they transition into three-phase wet debris flows, which possess high kinetic and potential
energy, leading to extremely destructive impacts [6,54,55]. Furthermore, the model of
excess pore water pressure at the base of a landslide, proposed by Professor Sassa of Japan
and his colleagues, is another important factor explaining how water enhances the mobility
of long-runout landslide flows [39,51].

However, in the case of large catastrophic rock avalanches, the available amount of
water is typically insufficient to saturate most of the moving material; this theory cannot
explain the occurrence of long-runout landslides in dry (unsaturated) granular flows [7].
Therefore, the conditions under which water significantly enhances the mobility of long-
runout landslides are stringent [7,8].

3.5. Role of Ambient Settings on Mobility of Long-Runout Landslides
3.5.1. Role of Extraterrestrial Settings on Mobility of Long-Runout Landslides

Since the 1980s, with the advancement of human exploration technologies for ex-
traterrestrial planets, the study of extraterrestrial landslides has emerged as a new
trend [1,7,56,57]. Even in the thin atmosphere and low-water conditions of outer space,
long-runout landslide flows remain highly active [1,57]. This area of research offers novel
perspectives that challenge our existing theoretical frameworks [1,3,54–59].

Following the compilation of a substantial dataset, researchers found that long-runout
landslides on Mars are not only substantial in volume but also highly mobile [3,54,55,57,58].
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Initially, it was assumed that Martian long-runout landslides would have low mobility due
to the lack of fluids. However, subsequent studies have revealed that the melting of surface
ice at the shallow surface of the planet caused by the occurrence of Martian landslides, as
well as the clays and minerals at the base of landslides, both play a role in fluid lubrication,
which allows Martian landslides to remain highly mobile [1,58]. Moreover, research on
Martian landslides has shown that many of these landslides occur in well-defined terrain,
and after impact events, the ice within the landslide voids melts in large quantities or is
replaced by other fluid materials, further enhancing the mobility of the landslides [57].

Comparative studies of Martian and terrestrial landslides, based on numerical simu-
lations by Johnson et al. [59] and Yu et al. [55], have found that gravity has little effect on
landslide mobility when fluids are not considered. This suggests that processes observed
in dry granular flows could help explain the hypermobility of long-runout landslides on
Earth, Mars, and potentially other celestial bodies, such as Iapetus.

Research on landslides on Mars is of significant importance for the understanding of
the long-runout landslides. As demonstrated in Figure 2, the long-runout landslides occur-
ring on Mars are characterized by both substantial volume and remarkably high mobility. A
thorough analysis of these phenomena indicates that air may not be an indispensable factor
in influencing landslide behavior. However, extensive studies indicate that the fluidity
of Martian landslide flows remains profoundly impacted by air [1,55,57,58]. Moreover,
energy transfer models have been developed [59]. Future research on extraterrestrial land-
slides has the potential to elucidate the enigma of the exceptional mobility observed in the
long-runout landslides.

3.5.2. Role of Submarine Settings on Mobility of Long-Runout Landslides

Recent studies have identified the phenomenon of submarine landslides as a subject
of research interest, alongside the study of extraterrestrial landslides [1,55,60–63]. Unlike
Martian landslides, submarine landslides typically have much higher mobility with a
minimum H/L value of 0.004 in the Appendix to generate extremely high speeds compared
to subaerial landslides [1,61,62]. Earlier research indicated that landslides containing a
certain amount of water would convert into debris flows [64]. However, further research
surprisingly revealed that the mobility of most submarine landslides is far lower than that
of debris flows, and more similar to landslides, with deposition characteristics resembling
those of subaerial landslides [1,60,65]. Furthermore, the high mobility of submarine land-
slides is hypothesized to be possibly related to elevated pore water pressure [1,61–63]. And
the greater speed of submarine landslides is caused by the large amount of water mixing in
to create low viscosity, highly mobile turbidity currents [7,62,63].

As exploration technology has advanced, research on extraterrestrial and submarine
landslides has significantly enhanced current understanding of the hypermobility of long-
runout landslides, e.g., the substantial volume and remarkably high mobility of the long-
runout landslides on Mars may be associated with impacts, whereby a proportion of the
impact energy is directly transferred to the slope material, resulting in its destabilization
and subsequent flow down the slope [57]. Additionally, considering the extreme mobility
of submarine landslides, it is reasonable to expect that long-runout landslides triggered by
heavy rain or in glacial regions could exhibit far greater mobility and destructiveness than
previously thought. However, there is still a long way to go to uncover the mystery of the
long-runout landslide.

4. Dynamic Process of Long-Runout Landslides
The typical process of long-runout landslides can usually be divided into the initiation

process, the transition process, and the deposition process, which are herein summarized
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and described by incorporating the general movement process and formation mechanisms
of long-runout landslides.

4.1. Initial Process of Long-Runout Landslides

Landslide initiation is the process of overall or localized sliding along a weak or
shear surface of a slope rock and soil body when affected by external factors (e.g., rainfall,
earthquakes, groundwater activity, human activities, etc.). The initiation stage of long-
runout landslides occurs in the source area, and the main mechanisms influencing landslide
initiation include the following:

(1) Intense rainfall: Long-runout landslides such as the Shuicheng landslide, the
Zhaojiagou landslide, the Sucun landslide, and the Heggeis landslide were all caused
by intense rainfall [4,39,52,53]. Rainwater infiltration triggers a series of hydrological
responses in the slope and alters the stress state of the rock and soil mass [4]. On the
one hand, rainwater infiltration increases the mass of the slope, thereby intensifying
the downslope driving force. On the other hand, rainfall reduces the matric suction in
unsaturated soils, leading to the generation of positive pore water pressure to impair the
effective stress and shear resistance, ultimately causing landslide initiation [66]. Similarly,
heavy rainfall usually leads to infiltration to form perched water, causing slope failure
(landslide occurrence) at a critical point by raising pore water pressure to reduce shear
strength of slope [67].

(2) Earthquakes: Landslides triggered by the Wenchuan earthquake and the Kashmir
earthquake are given herein as examples of earthquake-induced long-runout
landslides [15,20,47,68]. Strong earthquakes usually fracture mountain peaks, causing
rock masses on the upper slopes to be ejected downward, while also triggering the rapid,
oblique sliding of stratified rock layers on steep slopes, leading to the initiation of land-
slides [47]. In addition, under the cyclic loading of seismic waves, since the landslide source
area is near the earthquake epicenter, the time difference between the arrival of seismic
P-waves and S-waves is minimal. As a result, the forces acting on the slope take the form
of periodic tensile, compressive, and shear coupled inertial forces, causing tensile failure in
the original slope and initiating the landslide [20].

(3) Erosion by water or human activities: In recent years, some long-runout landslides
have been triggered by river erosion or human activities [48,68,69], e.g., the Jiweishan
landslide occurred under unfavorable geological conditions, exacerbated by long-term
gravitational pressure, karst activity, and human activities such as mining. The event
occurred when the key block, which was acting as a barrier, was sheared off to lead to a
large scale landslide [68]. One of the causes of the Luojiapo landslide was the local rise
in groundwater levels, which, combined with water erosion, compromised the slope’s
stability, eventually causing the landslide [69].

When a landslide is triggered by heavy rainfall, earthquakes, long-term water erosion,
or human activities, during the initiation process, the landslide typically moves slowly,
with friction being the dominant interaction between particles. After the initiation process
of a landslide, the landslide moves into the next process, i.e., the transition process.

4.2. Transition Process of Long-Runout Landslides

Once the initiation of a landslide ends, a long-runout landslide usually moves into
a transition process, including the sustained acceleration and deceleration processes [70].
During this stage of a landslide, gravitational potential energy is quickly transformed into
kinetic energy [4,20,53,69–71]. This stage typically takes place in the early to middle section
of the landslide’s transition process. A portion of the landslide may enter the flying or
ejecting state (e.g., DaGuangbao landslide) while the speed of the landslide significantly
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increases in this stage [4,53]. As it passes through the erosion zone, the complex, uneven
terrain is often accompanied by mud or water as well as the potential for effective trapping
of air (e.g., the Wenchuan earthquake triggered landslides) and the occurrence of extensive
particle fragmentation and grain segregation, which greatly increases the mobility of
landslides [2,4,20,38,44]. During this stage, the landslide accelerates extremely quickly,
with maximum speeds reaching over 200 m/s [7,26]. Landslide speeds generally reach
their peak during this stage. Following the end of the sustained acceleration phase, the
landslide transitions into the sustained deceleration stage. This stage generally occurs in
the latter part of the transition process [44,72,73]. During this stage, the terrain becomes
gentler, and dynamic friction generated by erosion comes into play [4]. Moreover, at this
stage, the influence of air or water is expelled as it percolates out. Effective stress is replaced
by granular soil particles, e.g., friction increases sharply, and the landslide’s shear strength
rises, where the landslide’s “fluidization” effect nearly disappears, causing a transformation
into a sustained deceleration process of the landslide.

4.3. Deposition Process of Long-Runout Landslides

As a landslide’s speed continues to decrease, stagnation and extensive deposition
occur, during the stage of which the landslide’s kinetic energy is exhausted to undergo an
extensive deposition. However, throughout the entire movement process of a landslide,
deposition occurs alongside motion, which explains why the deposition length and area of
long-runout landslides are so extensive.

5. Dynamic Mechanisms and Models for Long-Runout Landslides
Long-runout landslides, as listed in the Appendix, usually cause immeasurable dam-

age in life and property. Consequently, unraveling the mystery of long-runout nature
has become a focal point of research. In order to understand the dynamic mechanisms of
long-runout landslides, a number of models have been proposed, e.g., the air lubrication
model [6,7,44,45,74,75], granular flow model [5,74–77], energy transfer model [23,78,79],
acoustic fluidization model [80,81], excess pore water pressure model [39,51,77], flash heat-
ing model [3,82–88], and rheological model [9,32,89–94], which are briefly summarized
in this section, including the details of two widely recognized dynamic models: the flash
heating model and the rheological model.

5.1. Early Models for Long-Runout Landslides

Before the rise in flash heat models and rheological models, many other models had
been used with the purpose of unearthing the mystery of long-runout
landslides [5,45,46,51,74–81,95]. In detail, the air fluidization model suggests that dur-
ing a landslide’s shearing and fall, a large amount of air becomes trapped between the
sliding mass and the ground [5,45,46]. When it collides with the mountain and breaks
apart, the bottom particles of landslides mix thoroughly with the trapped air to form a
“fluidized bed” as a cushion to support the landslide, where the interaction between air
and particles replaces inter-particle collisions as the primary mode of force transmission.
However, once the air escapes due to infiltration, friction increases dramatically, and the
movement of the landslide slows or ceases [5–7,45,46,75]. While the model explains some
aspects of landslide behavior, it struggles to explain the sustained movement of long-runout
landslides in environments with high air permeability or landslides that occur outside of
terrestrial environments [1,5,7,75].

The granular flow model posits that collisions among particles in granular flows
contribute to their long-runout movement [5,74,76]. As velocity increases, the friction angle
of dry granular materials undergoing rapid shear decreases due to dynamic interactions,
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causing particles to push apart [74,76]. During motion, the shear stress from the ground
becomes significant enough for the bottom particles to exert upward forces on the upper
particles, leading to an expansion of the granular flow. This expansion brings in fluid (often
dust), reducing the effective stresses among the granular particles and the ground surface,
which results in a decrease in frictional resistance. Consequently, the landslide can move
at high speeds and over long distances [5,7,74,76,94]. However, the granular flow model
cannot explain the “size effect” of long-runout landslides, nor can it fully account for the
reduction in kinetic friction during debris flow motion [5,7,77].

In addition, the energy transfer model suggests that energy transfer plays a key role
throughout the movement of the landslide [5,23,78,79]. The granular particles of a landslide
are subjected to shear stress from the surrounding environment while the landslide moves
at high speed. And, when the shear stress exceeds the shear strength of the particles,
they break apart, with some stopping and transferring their kinetic energy to others. The
particles receiving this energy will move forward by keeping a high speed to flow in
long-runout distance [5,7,23,26,78,79]. In addition to the above models, there are also
others, e.g., the acoustic fluidization model [5,80–82] and the excess pore water pressure
model [39,51,75], which have also made some outstanding contributions to understanding
the mechanisms of the long-runout landslides, and will not be elaborated here.

5.2. Flash Heating Model for Long-Runout Landslides

The precursor to the flash heating model was a qualitative model proposed by
Heaton [82] based on earthquake fault studies, which was mainly characterized by the
assumption that the friction on the fault surface was inversely proportional to the local slip
velocity because of the thermal effect. Tsutsum [83] employed a rotary shear high-speed
friction apparatus to conduct friction tests on a pair of hollow cylindrical gabbro samples,
firstly demonstrating the feasibility of the model in real materials. The original flash heating
model was developed from this foundation.

In recent years, by following the studies on the flash heating model, it may be one of the
main causes of the frictional weakening in long-runout landslides [3,84–88]; e.g., laboratory
tests on flash heating models have indicated that the flash heating due to frictional heating
thermally pressurizes landslide pore fluids to reduce the equivalent friction coefficient
by maintaining high pore pressures for a longer period of time [84,85]. Furthermore,
experiments at sufficiently high slip rates have shown that the heat generated at the block
contact does not have enough time to diffuse appreciably, leading to an increase in contact
temperature and a decrease in contact strength. Consequently, high contact stresses and
high slip rates may cause transient heating, or even melting of the contact, causing a low
shear strength and low friction [3,9,32,86,87].

Based on an earlier concept, a basic flash weakening model was given to quantify the
steady state friction coefficient as a function of sliding velocity, as expressed by

µ(U) =

{
(µ o − µw)/(∥U∥/Uw) + µw ∥U∥ > Uw

µo ∥U∥ ≦ Uw
(1)

where µ(U) is the friction coefficient related to U that is the sliding velocity, Uw is the
characteristic velocity at the onset of rapid weakening, µo is the static friction coefficient,
and µw is the thermally weakened friction coefficient. By combining the concepts of the flash
heating law and rheological law, a multiscale friction law for granular flow was proposed
by Lucas et al. [3] to explain the velocity weakening mechanism of long-runout landslides:

µ(U)= (µ o − µw)/(1 + ∥U∥/Uw) + µw (2)
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In recent years, the flash heating model on long-runout landslides has remained a
cutting-edge research focus; e.g., a multi block thermal pore pressure model was employed
to interpret the effect of friction weakening induced by thermal pore pressure on the hyper-
mobility of long-runout landslides [88]. However, the model exhibits certain deficiencies,
e.g., the granular material composition and velocity characteristics of high-speed long-
runout landslides are exceedingly intricate, which poses significant challenges to data
collection. Velocity parameters at different stages of landslide motion vary with flow depth
and are also difficult to measure. Furthermore, the effects of particle fragmentation and
the particle segregation characteristics of high-speed long-runout landslides cannot be
adequately characterized. In the future, more coupled studies are anticipated in integrating
numerical simulations, laboratory experiments, and field data; e.g., incorporating real
time monitoring of temperature and pressure changes at the landslide base into numerical
simulations, then combining these with laboratory experiments and field data, will further
validate and refine the flash heat model.

5.3. Rheological Model for Long-Runout Landslides

In addition to the flash heating model, the rheological model is also of critical impor-
tance in understanding the dynamic mechanisms of long-runout landslides, by virtue of its
ability to follow the behavior of granular flow [3,9,31,89–94].

Through extensive experiments and numerical simulations, the researchers classified
the dry granular flow into three regimes: a slow strain rate (or quasi-static) regime with
friction-like flow behavior; an intermediate strain rate (or elastic-inertial) regime having
relatively densely packed particles with a high enough shear rate to cause transient contact
networks; and a high strain rate (or rapid kinetic inertial-collisional) regime with relatively
dilute conditions characterized by binary particle interactions [3,9,32,89–94]. And the
dynamic model that describes the dry granular flow model is called a rheological model.

Studies from numerical simulations and experiments have shown that, for stiff par-
ticles, the shear stress τ is proportional to the normal stress P, with a coefficient of pro-
portionality function of a single dimensionless number—inertial number I [3,32,89–92], as
given below:

µ(I) = τ/P with I =
.

γd/
√

P/ρs (3)

where µ(I) is the friction coefficient related to inertial number I,
.
γ is the shear strain rate, d

is the particle diameter, P is the normal stress and ρs is the granular flow density. As I
increases, µ increases with I until it reaches a threshold, after which it decreases [89].

Cruz et al. [90] revealed that the shear state is also governed by the inertial number I.
As I increases in a medium density state (similar to fluid flow), Cruz et al. [91] observed
an approximately linear decrease in solid fraction from the maximum packing value. The
effective friction coefficient increased approximately linearly from the static internal friction
value. A corresponding µ(I) model is proposed as

µ(I) = µo + bI (4)

where µ(I) is the friction coefficient related to inertial number I, µo is the quasi-static
coefficient of friction, and b is the linear coefficient value.

In addition, Cruz et al. [90] found that µo and b depend on physical and mechanical
particle parameters such as the restitution coefficient e. In follow up research, Cruz et al. [90]
suggested that when I ≈ 10−1, there is a transition from dense granular flow to a collisional
regime. This causes the effective friction strength to rapidly increase and reach saturation
in a fully collisional state.
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After conducting further experimental simulations, a more general friction law is
proposed by Jop et al. [91], in Figure 7, as expressed below:

µ(I) = µs + (µ2 − µs)/(I0/I + 1) (5)

where µ(I) is the friction coefficient, µs is the quasi-static friction coefficient (I < 10−3), µ2

is the limiting value of the effective friction coefficient that converges at high shear rates
(when I is large), I0 is a constant inertial number, and I is the inertial number. In simulation
studies using discrete element methods, Hatano’s numerical simulations revealed that
when the inertia number I is small (greater than or equal to 10−4), as illustrated in Figure 7,
the model displays power-law behavior [92] as

µ(I) = µs + αIn (6)

where µ(I) is the friction coefficient related to the inertial number I, µs is the quasi-static
coefficient of friction, and α and n are material constants. In fact, the rheological behavior
of granular flow was greatly affected by the physio-mechanical properties of granular
materials [92–94]; e.g., breakage enhances the mobility of granular flow by decreasing its
friction coefficient [93].

 
Figure 7. Relation of friction coefficient µ and inertial number I of granular flow (Data source from
Jop et al. [90] and Hatano [91]).

As computer technology advances and numerical simulations become more prevalent,
the rheological model of granular flow has increasingly become a focus of cutting-edge
scientific research. For example, some experimental results using the coupling of flume
and rheological modeling show that the flow characteristics of granular flow are related to
particle size and volume, and as particle size decreases and volume increases, the overall
shear rate decreases, leading to a decrease in the equivalent friction angle and an increase in
granular flow [9,31]. In addition, the study of particle flow has further enriched the study of
entrainment-induced liquefaction in long-runout landslides [94]. However, the rheological
model also has its limitations, e.g., the model is derived from numerical experiments with
monodispersed particles and cannot be adapted to high-speed long-runout landslides with
polydisperse particle systems with particle fragmentation and particle segregation. In fact,
the extension of rheological models is expected to encompass the complexity of natural
landslide materials. This requires experiments and simulations involving polydisperse
particle systems to gain a deeper understanding of how friction and flow characteristics are
influenced by particle size, segregation, particle shape, and material diversity.
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6. Conclusions
A great number of past studies on long-runout landslides, both nationally and interna-

tionally, have seen a surge in a range of innovative ideas and vigorous debates contributing
to the advancement of understanding the phenomenon and mechanism of the hypermobil-
ity of long-runout landslides. However, the dynamic mechanisms of long-runout landslides
remain unresolved, continuing to attract the great interest of geoscientists in the expectation
of uncovering the mystery of the hypermobility of long-runout landslides. In this paper, a
review on the dynamics of long-runout landslides was comprehensively summarized, as
briefly concluded below.

(1) A long-runout landslide is recognized as a wide geophysical process in nature,
being usually characterized by its hypermobility (Hmax/Lmax is rather lower than 0.6). In
fact, long-runout landslides are always associated with their process of disintegration and
fragmentation to yield the process of grain mixing and segregation, causing extremely
complicated dynamics of long-runout landslides, especially involving the pore fluids, e.g.,
air, water.

(2) Mobility of long-runout landslides is greatly affected by the disintegration and
fragmentation, grain segregation, and pore fluids (i.e., air, water) and ambient settings (i.e.,
extraterrestrial and submarine settings). The fragmentation and high-speed shearing of
granular material in long-runout landslides may enhance the mobility of landslides by
decreasing the friction resistance. In addition, grain segregation and pore fluids (i.e., air,
water) also play a great role in affecting the mobility of long-runout landslides, e.g., in some
special reality, the increase in pore water pressure caused by particle fragmentation plays a
great role in decreasing the shear resistance to enhance the mobility of landslides. In fact,
ambient settings of landslides are of significance to affect their mobility, e.g., submarine
landslides are always hypermobile. In the future, a combination of experimental numerical
simulations and field investigations will be employed to study the coupled effects of
particle fragmentation, particle segregation, fluid media, and environmental factors on the
dynamics of long-runout landslides. This approach will provide a more comprehensive
explanation for the hypermobility observed in long-runout landslides.

(3) In addition to mobility, the dynamic process of long-runout landslides is reviewed,
as summarized by the initial process, transition process, and deposition process of land-
slides, being greatly affected by the disintegration and fragmentation and the grain mixing
and segregation of landslides. The initial process of a landslide is a gravity-driven process
that is usually caused by intense rainfall, earthquakes, and erosion by water or human
activities. In the transition process of a long-runout landslide, the disintegration and frag-
mentation, grain mixing and segregation, and the possible involvement of fluid media, e.g.,
air, water, contribute to its hypermobility. However, the deposition process of long-runout
landslides shows the process of landslides to stagnation as the kinetic energy is exhausted
to undergo an extensive deposition.

(4) In terms of the dynamic models of long-runout landslides, some models are
summarized here, e.g., the air fluidization model, granular flow model, energy transfer
model, flash heating model, and rheological model, showing great roles in understanding
the dynamics of long-runout landslides.

In fact, however, the advances of the past studies on long-runout landslides are
still insufficient to fully capture the complex behavior of long-runout landslides, e.g.,
the mechanisms underlying the disintegration and fragmentation and grain mixing and
segregation incorporating the effects of pore fluids, and the related dynamic behavior
and models. In the future, addressing these gaps will become a theme of global focus on
uncovering the origin and nature of the dynamics of long-runout landslides.
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Appendix A

Table A1. Data of 284 long-runout landslides.

Landslides Hmax/Lmax Volume V (km3) Area A (km2) Hmax Lmax Types of Landslides References

Saidmarreh 0.321 21 / 4800 15,000 Subaerical landslides [96]
Martinez 0.246 0.38 / 1877 7600 Subaerical landslides [97]

Nevados Huascarán 0.25 50~100 22.5 4000 16,000 Subaerical landslides [14]
Rubble Creek 0.230 0.025 / 1060 4600 Subaerical landslides [98]

Bualtar I 0.404 0.01 / 1940 4800 Subaerical landslides [22]
Bualtar II 0.386 0.007 / 1430 3700 Subaerical landslides [22]
Bualtar III 0.541 0.003 / 1300 2400 Subaerical landslides [22]

Pandemonium Creek 0.222 0.005 / 2000 9000 Subaerical landslides [99]
Blackhawk 0.125 0.28 / 1200 9600 Subaerical landslides [100]

Corno di desde 0.324 0.02 / 1200 3700 Subaerical landslides [100]
Deyen, Glarus 0.112 0.6 / 740 6600 Subaerical landslides [100]

Diablerets 0.345 0.05 / 1900 5500 Subaerical landslides [100]
Disentis 0.352 0.015 / 740 2100 Subaerical landslides [100]

Elm 0.308 0.01 / 710 2300 Subaerical landslides [100]
Engelberg 0.216 2.75 / 1600 7400 Subaerical landslides [100]
Fernpass 0.089 1 / 1400 15,600 Subaerical landslides [100]

Flims 0.128 12 / 2000 15,600 Subaerical landslides [100]
Frank 0.248 0.03 / 870 3500 Subaerical landslides [100]

Garnish 0.253 0.8 / 1900 7500 Subaerical landslides [100]
Goldau 0.200 0.035 / 1200 6000 Subaerical landslides [100]

Gros Ventre 0.164 0.038 / 560 3400 Subaerical landslides [100]
Kandertal 0.191 0.14 / 1900 9900 Subaerical landslides [100]

Maligne Lake 0.168 0.5 / 920 5470 Subaerical landslides [100]
Medicine Lake 0.262 0.086 / 320 1220 Subaerical landslides [100]

Madison 0.268 0.029 / 430 1600 Subaerical landslides [100]
Mombiel 0.462 0.0008 / 370 800 Subaerical landslides [100]

Obersee GL 0.360 0.12 / 1800 5000 Subaerical landslides [100]
Pamir 0.241 2 / 1500 6200 Subaerical landslides [100]

Poshivo 0.365 0.15 / 1500 4100 Subaerical landslides [100]
Saidmarreh 0.079 20 / 1500 18,900 Subaerical landslides [100]
Schachental 0.580 0.0005 / 1800 3100 Subaerical landslides [100]

Scimada Saoseo 0.272 0.08 / 1500 5500 Subaerical landslides [100]
Sherman 0.209 0.03 / 1300 6200 Subaerical landslides [100]

Siders 0.137 1.5 / 2400 17,400 Subaerical landslides [100]
Tamins 0.096 1.3 / 1300 13,500 Subaerical landslides [100]
Vaiont 0.333 0.25 / 500 1500 Subaerical landslides [100]

Val Lagone 0.418 0.00065 / 1005 2400 Subaerical landslides [100]
Voralpsee 0.323 0.03 / 1100 3400 Subaerical landslides [100]
Wengen 1 0.454 0.0025 / 500 1100 Subaerical landslides [100]
Wengen 2 0.421 0.0055 / 590 1400 Subaerical landslides [100]
Tsergo ri 0.0505 10 / 3030 60,000 Subaerical landslides [100]
Valpola 0.2 0.34 / 800 4000 Subaerical landslides [101]
Ontake 0.12 0.036 / 1550 12,000 Subaerical landslides [102–104]

Dusty Creek (1963) 0.416 0.005 / 1000 2400 Subaerical landslides [105]
Dusty Creek (1984) 0.5 / / 1000 2000 Subaerical landslides [106]

Usoi / 0.5 / 1800 / Subaerical landslides [107]
Slide Mountain 0.254 0.013 / 420 1650 Subaerical landslides [2]
Queen Elization 0.3591 0.045 / 950 2645 Subaerical landslides [2]
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Table A1. Cont.

Landslides Hmax/Lmax Volume V (km3) Area A (km2) Hmax Lmax Types of Landslides References

Johas Creek North 0.307 0.00024 / 860 2800 Subaerical landslides [2]
Johas Creek South 0.466 0.00049 / 900 1830 Subaerical landslides [2]

Claps de Luc 0.462 0.0002 / 370 800 Subaerical landslides [2]
LA Madeleine 0.277 0.09 / 1250 4500 Subaerical landslides [2]

Khait 0.191 0.75 4.86 1421 7410 Subaerical landslides [108]
Hattian Bala 0.307 0.98 0.202 737 2400 Subaerical landslides [109]

Mont Blanc Massif 0.258 0.018 / 1860 7200 Subaerical landslides [110]
MountStelle 0.24 0.06 / 2188 9120 Subaerical landslides [111]
Montserrat 0.25 0.04 / 875 3500 Subaerical landslides [3]

Soufrière Guadeloupe 0.142 0.5 25 1350 9500 Volcanic landslides [112]
St. Helens 20,000 BP 0.109 1 / 1750 16,000 Volcanic landslides [112]

Vesuvius 1944 0.898 0.000179 0.022 575 640 Volcanic landslides [113]
Vesuvius 1944 0.537 0.0009 0.113 505 940 Volcanic landslides [113]
Vesuvius 1944 0.570 0.00055 0.099 285 500 Volcanic landslides [113]
Vesuvius 1944 0.490 0.000793 0.126 470 960 Volcanic landslides [113]
Vesuvius 1944 0.513 0.001 0.136 636 1240 Volcanic landslides [113]
Vesuvius 1944 0.529 0.0011 0.145 360 680 Volcanic landslides [113]

Vesuvius 0.500 0.00116 0.161 410 820 Volcanic landslides [113]
Jocotitlan 0.096 2.8 80 1150 12,000 Volcanic landslides [112]

Akagi 0.126 4 / 2400 19,000 Volcanic landslides [100]
Asakusa 0.154 0.04 / 1000 6500 Volcanic landslides [100]
Asama 0.090 2 90 1800 20,000 Volcanic landslides [100]

Bandaisan 0.109 1.5 34 1200 11,000 Volcanic landslides [100]
Bezymianni 0.133 0.8 30 2400 18,000 Volcanic landslides [100]

Callaqui 0.207 0.15 / 3100 15,000 Volcanic landslides [100]
Chaos Crags 0.130 0.15 8 650 5000 Volcanic landslides [100]
Chimborazo 0.103 8.1 / 3600 35,000 Volcanic landslides [100]

Chokai 0.088 3.5 / 2200 25,000 Volcanic landslides [100]
Colima 0.100 12.5 900 4000 40,000 Volcanic landslides [100]
Egmont 0.084 7.5 250 2600 31,000 Volcanic landslides [100]
Egmont 0.093 0.35 120 2500 27,000 Volcanic landslides [100]

Fuji 0.104 1.8 / 2500 24,000 Volcanic landslides [100]
Galunggung 0.076 2.9 175 1900 25,000 Volcanic landslides [100]

Iriga 0.095 1.5 65 1050 11,000 Volcanic landslides [100]
Iwaki 0.114 1.3 / 1600 14,000 Volcanic landslides [100]

Komagatake 0.087 0.25 / 1000 11,500 Volcanic landslides [100]
Kurohime 0.133 0.12 / 800 6000 Volcanic landslides [100]

Mageik 0.089 0.09 / 800 9000 Volcanic landslides [100]
Mawenzi 0.075 7.1 1150 4500 60,000 Volcanic landslides [100]

Meru 0.078 15 1400 3900 50,000 Volcanic landslides [100]
Monbacho 0.108 1 45 1300 12,000 Volcanic landslides [100]

Mt. St. Helens 0.106 2.5 60 2550 24,000 Volcanic landslides [100]
Myoko (Sekikawa) 0.105 0.8 / 2000 19,000 Volcanic landslides [100]
Myoko (Taguchi) 0.175 0.23 10 1400 8000 Volcanic landslides [100]
Ovalnaya Zimina 0.141 0.4 / 2400 17,000 Volcanic landslides [100]

Papandayan 0.136 0.14 / 1500 11,000 Volcanic landslides [100]
Peteroa 0.046 16 / 3900 85,000 Volcanic landslides [100]

Popa 0.109 0.8 / 1200 11,000 Volcanic landslides [100]
Popocatepetl 0.121 28 / 4000 33,000 Volcanic landslides [100]

Shasta 0.071 26 450 3550 50,000 Volcanic landslides [100]
Shiveluch 0.167 1.5 98 2000 12,000 Volcanic landslides [100]

Sierra Velluda 0.136 0.5 / 3400 25,000 Volcanic landslides [100]
Socompa 0.093 17 480 3250 35,000 Volcanic landslides [100]
Tashiro 0.080 0.55 / 700 8800 Volcanic landslides [100]

Tateshina 0.112 0.35 / 1400 12,500 Volcanic landslides [100]
Unzen 0.131 0.34 12 850 6500 Volcanic landslides [100]

Usu 0.077 0.3 / 500 6500 Volcanic landslides [100]
Yatsugatake (Nirasaki) 0.075 9 / 2400 32,000 Volcanic landslides [100]

Yatsugatake (Otsukigawa) 0.112 0.27 1988/ 1400 12,500 Volcanic landslides [100]
Kitimat Slide 0.033 0.2 / 200 6000 Submarine landslides [60]

A1 0.005 250 / 1700 370,000 Submarine landslides [60]
A2 0.009 22 / 1500 160,000 Submarine landslides [60]
A3 0.010 8.5 / 1400 140,000 Submarine landslides [60]

A4A 0.010 27 / 1300 130,000 Submarine landslides [60]
A4B 0.005 320 / 2000 400,000 Submarine landslides [60]

Kae Lae slideb 0.083 40 / 5000 60,000 Submarine landslides [60]
Molokai slideb 0.040 1100 / 5200 130,000 Submarine landslides [60]

Oahu slideb 0.031 1800 / 5500 180,000 Submarine landslides [60]
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Table A1. Cont.

Landslides Hmax/Lmax Volume V (km3) Area A (km2) Hmax Lmax Types of Landslides References

Grant Banks 0.003 76 / 365 110,000 Submarine landslides [61]
Hawaii 0.013 / 2000 160,000 Submarine landslides [61]

Kidnappers 0.005 8 / 50 11,000 Submarine landslides [61]
Bay of Biscay 0.012 / 250 21,000 Submarine landslides [61]

Rockall 0.002 300 / 330 160,000 Submarine landslides [61]
Bassein 0.010 / 360 37,000 Submarine landslides [61]
Agulhas 0.004 / 375 106,000 Submarine landslides [61]

Copper River Delta 0.006 / 115 18,000 Submarine landslides [61]
Albatross Bank 0.057 / 300 5300 Submarine landslides [61]
Portlock Bank 0.031 / 200 6500 Submarine landslides [61]
Kayak Trough 0.008 / 115 15,000 Submarine landslides [61]
Atlantic Coast 0.009 / 30 3400 Submarine landslides [61]

Unnamed 0.017 / 80 4800 Submarine landslides [61]
Unnamed 0.008 / 18 2300 Submarine landslides [61]

Magdalena 0.058 0.3 / 1400 24,000 Submarine landslides [61]
Valdez 0.131 0.075 / 168 1280 Submarine landslides [61]

Mississippi River Delta / 0.04 / 20 / Submarine landslides [61]
Suva / 0.15 / 100 / Submarine landslides [61]

Orkdalsfjord 0.022 0.025 / 500 22,500 Submarine landslides [61]
Sandnesjoen 0.150 0.005 / 180 1200 Submarine landslides [61]

Sokkelvik 0.048 0.0005 / 120 2500 Submarine landslides [61]
Helsinki 0.028 0.000006 / 11 400 Submarine landslides [61]
Storegga 0.011 800 / 1700 160,000 Submarine landslides [61]

Typical Atlantic Ocean 0.300 / / 1200 4000 Submarine landslides [61]
Cape Fear 0.023 / / 700 30,000 Submarine landslides [61]

Blake Escarpment 0.086 600 / 3600 42,000 Submarine landslides [61]
East Break East 0.016 13 1150 70,000 Submarine landslides [61]
East Break West 0.010 160 / 1100 110,000 Submarine landslides [61]
Navarin Canyon 0.029 5 / 175 6000 Submarine landslides [61]

Seward 0.067 0.0027 / 200 3000 Submarine landslides [61]
Alsek 0.010 / / 20 2000 Submarine landslides [61]

Sur 0.010 10 / 750 75,000 Submarine landslides [61]
Santa Barbara 0.052 0.02 / 120 2300 Submarine landslides [61]

Alika-2b 0.051 300 / 4800 95,000 Submarine landslides [61]
Nuuanub 0.022 5000 / 5000 230,000 Submarine landslides [61]

Tristan de Cunhab 0.075 150 / 3750 50,000 Submarine landslides [61]
Unnamed 0.059 17,880 4716 7000 119,000 Martian landslides [56]
Unnamed 0.043 / / 2400 56,000 Martian landslides [56]
Unnamed 0.100 4880 1175 7000 70,000 Martian landslides [56]
Unnamed 0.102 4183 1244 8400 82,000 Martian landslides [56]
Unnamed 0.072 4047 2200 6800 94,000 Martian landslides [56]
Unnamed 0.085 / / 4400 52,000 Martian landslides [56]
Unnamed 0.095 3267 1287 7200 76,000 Martian landslides [56]
Unnamed 0.125 2960 1675 8000 64,000 Martian landslides [56]
Unnamed 0.108 2761 1144 6800 63,000 Martian landslides [56]
Unnamed 0.108 / / 5400 50,000 Martian landslides [56]
Unnamed 0.130 1282 1244 8200 63,000 Martian landslides [56]
Unnamed 0.096 833 1075 5400 56,000 Martian landslides [56]
Unnamed 0.080 688 888 3600 45,000 Martian landslides [56]
Unnamed 0.142 668 656 4400 31,000 Martian landslides [56]
Unnamed 0.141 655 470 7600 54,000 Martian landslides [56]
Unnamed 0.150 321 312 5400 36,000 Martian landslides [56]
Unnamed 0.085 157 325 2800 33,000 Martian landslides [56]
Unnamed 0.124 32 125 3600 29,000 Martian landslides [56]
Unnamed 0.200 29 350 4000 20,000 Martian landslides [56]
Unnamed 0.111 98 175 2000 18,000 Martian landslides [56]
Unnamed 0.150 11 44 1200 8000 Martian landslides [56]
Unnamed 0.305 38.5 84 6400 21,000 Martian landslides [56]
Unnamed 0.310 37.1 81 6200 20,000 Martian landslides [56]
Unnamed 0.326 30.1 66 6200 19,000 Martian landslides [56]
Unnamed 0.313 23.1 50 5000 16,000 Martian landslides [56]
Unnamed 0.365 9.8 22 6200 17,000 Martian landslides [56]
Unnamed 0.314 6.3 13 2200 7000 Martian landslides [56]
Unnamed 0.367 2.1 4 2200 6000 Martian landslides [56]

Ophir 0.14 833 / 7280 52,000 Martian landslides [114]
OphirWest 0.15 1500 / 7050 47,000 Martian landslides [114]
Coprates 0.08 730 / 4960 62,000 Martian landslides [114]

Ius 0.12 2600 / 7920 66,000 Martian landslides [114]
GangesLandslide1 0.10 530 / 5000 50,000 Martian landslides [114]
GangesLandslide2 0.13 19 / 2899 22,300 Martian landslides [3]
GangesLandslide3 0.14 9.95 / 3124 22,316 Martian landslides [3]
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Table A1. Cont.

Landslides Hmax/Lmax Volume V (km3) Area A (km2) Hmax Lmax Types of Landslides References

Olympus Mons 0.40 0.165 / 1384 3460 Martian landslides [3]
Crater ManySlides1 0.24 0.0311 / 434 1810 Martian landslides [3]
Crater ManySlides2 0.23 0.0576 / 499 2169 Martian landslides [3]
Crater ManySlides3 0.30 0.0349 / 576 1920 Martian landslides [3]

Equatorial Crater 0.13 11.3 / 598 4600 Martian landslides [3]
ShalbatanaVallis1 0.07 31.9 / 805 11,500 Martian landslides [3]
ShalbatanaVallis2 0.20 1 / 1120 5600 Martian landslides [3]

Malun 0.123 24,000 / 7995 65,000 Iapetus landslides [3]
Iapetus2 0.118 1600 / 9440 80,000 Iapetus landslides [111]
Iapetus3 0.133 3000 / 7980 60,000 Iapetus landslides [111]

EuboeaMontes 0.084 25,000 / 6804 81,000 Io landslides [3]
Yigong Landslide 0.416 2.8~3 5 7280 8000 Subaerical landslides [19]

Landslide in Xikou Town 0.483 0.0172 / 724 1500 Subaerical landslides [17]
Touzhaigou Landslide 0.271 0.2 / 760 2800 Subaerical landslides [115]

Jiwei Mountain Landslide 0.273 0.05 0.84 600 2200 Subaerical landslides [70]
Guanling Dazhai Landslide 0.280 0.0179 0.72 420 1500 Subaerical landslides [72]

Donghekou 0.267 0.15 1.28 640 2400 Subaerical landslides [48]
Zhaojiagou Landslide 0.347 0.002 / 260 750 Subaerical landslides [116]

Shale Mountain Landslide 0.187 0.05 / 300 1600 Subaerical landslides [116]
Sanxi Landslide 0.299 0.015 / 377 1260 Subaerical landslides [117]
Pufu Landslide 1 0.340 0.45 1.1 1700 5000 Subaerical landslides [16]
Pufu Landslide 2 0.344 0.00005 / 1100 3200 Subaerical landslides [16]

Wenjiagou 0.330 0.5 3 1320 4000 Subaerical landslides [50]
Shuimogou 0.430 0.2 0.91 860 2000 Subaerical landslides [50]

Large House Foundation 0.463 0.163 0.79 880 1900 Subaerical landslides [50]
Hongshigou 0.385 0.134 0.68 1040 2700 Subaerical landslides [50]

Before The Nest 0.350 0.12 0.59 560 1600 Subaerical landslides [50]
Xiaojia Mountain 0.689 0.078 0.46 930 1350 Subaerical landslides [50]

Niumian Gou 0.303 0.075 0.52 800 2640 Subaerical landslides [50]
Establish A Ditch 0.433 0.0536 0.35 650 1500 Subaerical landslides [50]

Caocaoping 0.433 0.0533 0.35 580 1340 Subaerical landslides [50]
Huoshi Gou 0.530 0.0468 0.32 700 1320 Subaerical landslides [50]

Shibangou Village 0.361 0.045 0.49 650 1800 Subaerical landslides [50]
Xiejiadianzi 0.450 0.04 0.29 720 1600 Subaerical landslides [50]
Dashigou 0.400 0.0314 0.24 560 1400 Subaerical landslides [50]

Changping 0.417 0.0283 0.22 500 1200 Subaerical landslides [50]
Xiaomuling 0.693 0.0273 0.21 710 1025 Subaerical landslides [50]
Baishuling 0.517 0.0256 0.20 620 1200 Subaerical landslides [50]
Dawan Bay 0.480 0.0248 0.20 480 1000 Subaerical landslides [50]

Zengjia Mountain 0.573 0.0239 0.19 650 1135 Subaerical landslides [50]
Shi Zhouzi 0.533 0.0192 0.16 640 1200 Subaerical landslides [50]
Long Beach 0.636 0.0163 0.15 1050 1650 Subaerical landslides [50]

Hongma Gong 0.413 0.0154 0.14 330 800 Subaerical landslides [50]
Baiguo Village 0.325 0.0147 0.14 260 800 Subaerical landslides [50]

Qinglong Village 0.333 0.0138 0.13 200 600 Subaerical landslides [50]
Pengjiashan 0.580 0.0129 0.12 580 1000 Subaerical landslides [50]

Longwan Village 0.535 0.0092 0.10 460 860 Subaerical landslides [50]
Zhang Zhengbo 0.400 0.0091 0.10 320 800 Subaerical landslides [50]

Du Jiayan 0.455 0.0086 0.094 400 880 Subaerical landslides [50]
Ma Flooring 0.534 0.0085 0.094 395 740 Subaerical landslides [50]

Rock Watchtower Nest 0.488 0.0082 0.092 390 800 Subaerical landslides [50]
Window Ditch 0.440 0.0081 0.091 295 670 Subaerical landslides [50]
Zhao Jiashan 0.400 0.007 0.082 280 700 Subaerical landslides [50]

Weiziping 0.400 0.006 0.074 240 600 Subaerical landslides [50]
Caterpillar Mountain 2 # 0.676 0.0056 0.070 500 740 Subaerical landslides [50]

Waqian Mountain 0.403 0.0056 0.070 250 620 Subaerical landslides [50]
Muhongping 0.433 0.0054 0.068 420 970 Subaerical landslides [50]
Daping Shang 0.570 0.0051 0.065 365 640 Subaerical landslides [50]
Liushuping 2 0.414 0.004 0.054 240 580 Subaerical landslides [50]

Luanshibao Landslide 0.200 0.7 4.36 821 4100 Subaerical landslides [50]
Big Light Bag 0.429 7.42 6.2 1500 3500 Subaerical landslides [49]

Sucun Landslide 0.239 0.004 0.235 320 1340 Subaerical landslides [52]
Hongao Landslide 0.180 0.0232 0.385 126 700 Subaerical landslides [118]
Xinmo Landslide 0.448 0.045 / 1120 2500 Subaerical landslides [73]
Walai Landslide 0.320 0.51 / 1115 3480 Subaerical landslides [119]

Shuicheng Landslide 0.366 0.0191 0.3 474 1296 Subaerical landslides [53]
Nixu Landslide 0.184 0.33 0.55 860 4670 Subaerical landslides [120]

Heifangtai Landslide 0.184 0.0127 0.1015 160 870 Subaerical landslides [67]
Yushu Bingda Landslide 0.308 0.00009 / 552 1795 Subaerical landslides [69]
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Table A2. Equations of the best power-law fits of data of the long-runout landslides in Figure 2.

Best Power-Law Fit R2

Graph of Lmax versus V (Figure 2a)

Subaerial non-volcanic landslides Lmax = 8V0.28 0.40
Subaerial volcanic landslides Lmax = 17V0.38 0.67

Submarine landslides Lmax = 52V0.18 0.42
Martian landslides Lmax = 7V0.3 0.94

Graph of Hmax/Lmax versus V (Figure 2b)

Subaerial non-volcanic landslides Hmax/Lmax = 0.27V−0.07 0.20
Subaerial volcanic landslides Hmax/Lmax = 0.12V−0.25 0.93

Submarine landslides Hmax/Lmax = 0.04V−0.05 0.11
Martian landslides Hmax/Lmax = 0.44V−0.20 0.68

Graph of Hmax/Lmax versus Lmax (Figure 2c)

Subaerial non-volcanic landslides Hmax/Lmax = 0.43Lmax
−0.20 0.42

Subaerial volcanic landslides Hmax/Lmax = 0.60Lmax
−0.65 0.89

Submarine landslides Hmax/Lmax = 0.07Lmax
−0.24 0.11

Martian landslides Hmax/Lmax = 0.85Lmax
−0.48 0.57
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