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Catastrophic air blasts triggered by large ice/
rock avalanches

Abstract  Large ice/rock avalanches have been known to gener-
ate extremely powerful air blasts capable of causing fatalities and 
destruction far beyond the runout of the movement mass. Thus, 
an appraisal of their possible destructive air blast should be con-
sidered during the risk assessments. However, much less is known 
about how avalanche-induced air blasts occur and how destructive 
they are. Here an existing DEM-CFD coupled method was innova-
tively employed to quantitatively analyze the initiation and propa-
gation mechanism of the air blast caused by the largest ice-rock 
avalanche during Nepal’s 2015 Gorkha earthquake, and compared 
the results with some recorded events. Our results highlighted the 
contribution of valley morphology to air blast generation. Large 
high-velocity ice/rock avalanches that have an airborne trajectory 
or a travel path with turning points can suddenly release tremen-
dous energy and more probably cause destructive air blasts. Addi-
tionally, the Langtang air blast presented a propagation of 1 km 
from the avalanche impact point and equivalent destruction to an 
EF2–EF5 tornado, causing mass casualties. The large impact region 
and destructive force of avalanche-induced air blasts suggests their 
disastrous consequences that should provoke assessment of such 
type of cascading effect during the landslide risk assessment, espe-
cially for the long-term sustainability of planned infrastructure in 
high-altitude regions.

Keywords  Ice/rock avalanche · Air blast · DEM-CFD coupled 
modeling · Disaster-causing mechanism

Introduction
Large ice/rock avalanches (hereinafter named avalanche) involve a 
massive amount of energy and can be extremely hazardous owing 
to their long-runout distance, high mobility, and possible chain 
disaster (Mulligan et al. 2020; Shugar et al. 2021; Zhang et al. 2022). 
A moving avalanche with a large volume and high velocity can 
suddenly release tremendous energy into the surrounding air, and 
generate a powerful air blast that is capable of flattening buildings, 
uprooting trees, and lifting vehicles and people into the air (Adams 
1881; Zimmer et al. 2012). In recent decades, destructive avalanche-
induced air blasts have frequently occurred in high-altitude regions 
and caused mass casualties and economic loss (Fig. 1). Unfortu-
nately, to date, no ice/rock avalanche hazard and risk assessment 
have accounted for the potential air blast (Penna et al. 2021). Pre-
venting and mitigating disasters caused by such type of cascading 
events is now a novel but urgent problem.

Much effort has been made to research the dynamic charac-
teristics of snow avalanche-induced air blasts (e.g., Dreier et al. 
2016; Bartelt et al. 2018; Caviezel et al. 2021). However, little atten-
tion has been paid to the risk associated with the air blast results 

from the ice/rock avalanche. Most research just describes the air 
blast phenomenon (Wang et al. 2009; Yin and Xing 2012; Lacroix 
2016) or estimates the air blast velocity based on the Beaufort and 
TORRO Tornado Intensity Scale (Wieczorek et al. 2000; Kargel 
et al. 2016). These efforts are valuable in providing us with a pre-
liminary understanding of the power of the avalanche-induced air 
blast, while further in-depth research needs to be conducted on 
its initiation mechanism and propagation process. Nevertheless, 
the avalanche impact properties and near-field air blast charac-
teristics in high-altitude regions are hardly observable (He et al. 
2018), and the monitoring equipment can also get damaged because 
of the far-field destruction of the generated air blast. Therefore, 
investigations of avalanche-induced air blast dynamics in a real 
event need to be based on numerical modeling with a complex 
three-dimensional tomography, which will aid in the landslide 
risk assessment and the proposition of appropriate measures. To 
our knowledge, although great efforts have been made to model 
the snow avalanche-induced air blasts (e.g., Christen et al. 2010; 
Buser and Bartelt 2015; Bartelt et al. 2016), very few studies have 
provided a three-dimensional numerical analysis of recorded ice/
rock avalanche-induced air blasts to date (Zhuang et al. 2019). 
Notably, the above snow avalanche-induced air blast models are 
mostly established based on the two-layer theory. The dense ava-
lanche core consisting of snow particles with low density and small 
grain size (Skiles and Painter 2017) is regarded as fluid, while the air 
blast is generated by air expelled from the core. Such models have 
the advantage of low time-costing and show good performance in 
simulating the air blast near the core, but the results are compara-
tively weak for deflection and far-field propagation in a 3-D air 
blast model. As for the ice/rock avalanches, the movement pro-
cess of ice/rock mass with large particle size involves complicated 
solid–solid and solid-air interactions. Developing an applicable 
numerical method is therefore essential for air blast modeling and 
investigating the criteria that must be met for a destructive ice/rock  
avalanche-induced air blast.

This study innovatively used a discrete element method- 
computational fluid dynamics (DEM-CFD) coupled method to 
quantitatively analyze the destructive air blast triggered by the 
largest ice-rock avalanche (Langtang avalanche) during Nepal’s 
2015 Gorkha earthquake, and compared it with recorded events 
from around the world. The Langtang event is a rare case as over 
350 deaths were primarily caused by the generated air blast. We 
further synthesized the generation modes and key control factors 
of destructive avalanche-induced air blasts. The new insights into 
the initiation and propagation mechanism of avalanche-induced 
air blasts open new perspectives for the landslide risk assessment  
in high-altitude regions, especially for regions with a similar 
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condition to the Qinghai Tibet Plateau in China, where a large num-
ber of infrastructures including high-speed railways, roads, bridges, 
and hydropower stations will be built in disaster-prone regions with 
high altitudes (Ni et al. 2021).

Langtang debris avalanche
Among the numerous landslides triggered by the Gorkha earth-
quake in central Nepal, the mixed ice-rock debris avalanche that 
occurred in the Langtang valley is the largest and most catastrophic 
event (28°12′55.43″N, 85°30′8.95″E) (Fig. 2a). The Langtang valley 
is a famous trekking course for tourists in the Himalayas with a 

tectonically active mountain belt, approximately 60 km north of 
Kathmandu. Nevertheless, the destructive air blast triggered by the 
debris avalanche buried the well-known touristic village of Lang-
tang and destroyed a large part of this valley. At least 350 people 
were killed or left missing in this destructive disaster (Kargel et al. 
2016).

The Langtang debris avalanche involves an area of approxi-
mately 15 km2, a total estimated volume of 14.38 × 106 m3, and a 
runout distance of over 5 km, whose source materials detached 
from the top region of the mountain at the highest altitude 
of ~ 7000 m a.s.l. and deposited in the Langtang River at an altitude 

Fig. 1   Post-disaster view of 
recent destructive avalanche-
induced air blasts. a Trees 
with a diameter over 1 m 
snapped by the Yigong 
avalanche-induced air blast 
in 2000 (Yin and Xing 2012). b 
Trees damaged by the Wenjia 
valley avalanche–induced air 
blast in 2008 (Zhuang et al. 
2019). c Buildings flattened 
by the disastrous West Town 
avalanche-induced air blast 
in 2008 (Yin 2014). d Forest of 
small trees flattened by the 
Yumthang avalanche-induced 
air blast in 2015 (Penna et al. 
2021)

Fig. 2   a Overview of the 
Langtang avalanche. The blue 
shaded region indicates the 
impact area of the Langtang 
avalanche. Red dots show the 
locations of panels b–d. b Edge 
of the platform where the 
avalanche became airborne. 
c Buildings damaged by the 
Langtang avalanche-induced 
air blast. d Trees uprooting 
observed on the opposite 
slope

54



 Landslides 20 · (2023) 

of 3200 a.s.l. The debris avalanche is composed mainly of ice, and 
the rock mass volume was estimated to be 1.84 × 106 m3 (Gnyawali 
et al. 2020). An evident snowline was observed at 5000 m a.s.l. 
according to the satellite images captured covered the landslide 
period (through April to May 2015), and the rock mass below the 
snowline are various types of gneisses and granitic migmatites. 
Notably, two low-gradient platforms (platforms 1 and 2 marked in 
Fig. 2a) exist at the intersection of the snow-ice fallout zone and 
rock debris talus zone.

The interpretation results of the satellite image reveal that the 
primary event of the Langtang debris avalanche was a series of ice-
snow debris detaching from multiple source areas near 7000 m a.s.l. 
under moderate ground shaking of 0.26 g. Afterwards, the ice-snow 
debris descended downhill, entrained the rock mass along the travel 
path, and generated the ice-snow-rock mixed debris avalanche. The 
avalanche mass then became partially airborne for ~ 500 m as it fell 
off the platform at an altitude of 4500 m (Fig. 2b), and many vil-
lagers witnessed the “black avalanche” (Fujita et al. 2017). After the 
debris avalanche fell below the Langtang village at 4000 m and the 
riverbed at 3200 m, it climbed up the opposite mountain ~ 200 m. 
The subsequent air blast (generated at the impact point) further 
propagated 400 m up the mountain and 1 km up and down the val-
ley from the impact point on the valley floor (Kargel et al. 2016). As 
per observers, the air blast was so powerful that it destroyed houses 
constructed of stone slabs and even flattened a small forest (Fig. 2c 
and d). The Langtang event is a rare case in which the casualties 
and building damages primarily resulted from the air blast, not 
from the avalanche.

Data and methods

DSM generation
Two tri-stereo SPOT6/7 images covering the Gorkha earthquake 
period were acquired in the Langtang valley over 100 km2. We sum-
marized here the main method for DSM generation (Lacroix 2016). 
The images have a very high resolution (1.5 m) and are suitable for 
hazard studies over a large region or with a small size, typically 
for Langtang debris avalanche with multiple source materials at 
different locations. Based on the tri-stereo images, two digital sur-
face models (DSM) were reconstructed in April 2014 and in May 
2015 (15 days after the Langtang debris avalanche), respectively. The 
DSMs were obtained using the NASA open-source software Ames 
Stereo Pipeline. Images were first map-projected using the low-
resolution SRTM DSM, and boudle-adjusted through automatically 
extracted tie points. Afterwards, the triangulation step was realized 
jointly with all the images. A point cloud of the surface topography 
was then generated and transformed as a grid with a regular spac-
ing of 4 m, approximately 3 times the initial satellite resolution.

DEM‑CFD coupling method

A 3D DEM-CFD (EDEM-Fluent) coupling simulation was per-
formed to analyze the runout behavior of the debris avalanche and 
the propagation process of the associated air blast. EDEM (DEM 
Solutions Ltd 2019) and Fluent (ANSYS Inc 2018) calculated the 
dynamic characteristics of the debris avalanche and generated air 

blast, respectively, while an application programming interface 
(API) played a role in converting momentum and energy between 
these two phases.

DEM can be implemented to numerically quantify contact 
forces, velocities, and displacements of an assembly of particles 
based on the specific contact model and Newton’s second law. The 
particle-to-particle contact leads to calculating the normal and 
tangential forces between particles, while the interaction between 
particles and geometry helps distinguish the impact of real geom-
etry on particle motion. Here, the Hertz-Mindlin contact model 
(Hertz 1882; Mindlin 1949) was selected in the EDEM to obtain the 
intact force between particles because of its accuracy and efficiency 
in representing the granular flow (debris avalanche). Furthermore, 
the air blast propagation simulation was performed using a CFD 
code Fluent by employing the Navier–Stokes equation. In this study, 
we used the RNG k-ε Model (Yakhot and Orszag 1986) to solve the 
equations and the Eulerian multiphase fluid model to calculate the 
interactions between multiple phases (the sliding mass was mod-
eled as a fluid in Fluent), so that the dynamic characteristics of the 
air blast can be determined. Importantly, the coupling interface 
(API) enables the synchronous work of two separate programs by 
making the transmitted data act as the drag force (Eq. 1).

where dp is the particle diameter, Cd presents the drag coefficient, 
and vg and vp is the velocities for the fluid and particles, respectively.

When the coupled simulation initiates, the Ansys Fluent code 
simulates first and transfers all related data to EDEM through the 
API at each time step. Subsequently, the liquid drag forces and 
corresponding torques are incorporated into particle simulations 
in the EDEM in addition to the gravitational force and collision 
impact on the particles. The calculated particle data then transmits 
to the Fluent again through the API, updates the status of the fluid, 
and completes one coupling calculation. The coupled simulation 
processes through transforming data between Fluent and EDEM 
at each specific time step and eventually calculating the dynamic 
characteristics of debris avalanche and associated air blast.

Numerical modeling of avalanche-induced air blast dynamics 
is a major challenge, as complicated solid–solid and solid–fluid 
interactions would be involved. The DEM-CFD coupling method 
can greatly represent the interactions between ice/rock mass and 
the surrounding air and account for the outrush of air through 
the avalanche. We chose the EDEM-Fluent coupling method in this 
study because it is complex enough to represent the essential pro-
cess of avalanche movement and air blast propagation, and mature 
that has been validated in the field of avalanche-associated chain 
disasters (Bilal et al. 2021).

Numerical model and parameters

In our numerical analysis, we first used ArcGIS (ESRI Inc 2019) to 
establish a digital elevation model (DEM) of the real 3D tomogra-
phy with a size of 7 km × 7 km, which is applicable for the EDEM-
Fluent simulation. The ICEM (ANSYS Inc 2018) was then employed 
to generate the geometry mesh of the landslide region. The com-
putational domain was discretized using the unstructured tetrahe-
dral mesh and comprised more than 500 million elements with a 
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nominal size of 15 m. Subsequently, EDEM generated particles in the 
predetermined source areas, which are the same as the real condi-
tion, and started the simulation. The generated particles accelerated 
along the travel path and transferred the energy to the surround-
ing air (transfer EDEM data into Fluent by the coupling interface). 
Input parameters for the numerical models are based on in situ 
measurements made at the field site and values obtained from the 
published literature, as presented in detail in Table 1. Gnyawali et al. 
(2020) measured the rock particle size to be 0.6–5.0 m. However, 
modeling real landslide cases with actual particle numbers and 
sizes is hardly feasible because of the large number of particles and 
enormous computational power. Balancing the solution accuracy of 
the numerical model and computational time costs, particle sizes 
of 2.0 m for ice and 2.0–5.0 m for the rock mass are selected for the 
numerical work. The density of ice and rock mass is determined 
based on the work conducted by Fujita et al. (2017) and Gnyawali 
et al. (2020), air-related parameters (density ρa and viscosity μa) are 
determined according to Gao and Zhang (2021), and the remaining 
parameters listed in Table 1 are obtained by conducting a back anal-
ysis. Furthermore, the locations and volumes of source areas are 
obtained based on the interpolation of pre- and post-DEMs. Thus, 
we believe that the model presented in this study could represent 

the essential processes of the Langtang avalanche. Notably, our 
work primarily focused on the runout behavior of the avalanche 
and the dynamic characteristics of the generated air blast. Thus, the 
failure mechanism analysis was not involved in the numerical work.

Results
The coupled CFD-DEM simulation results of the Langtang ava-
lanche-induced air blast are presented in Figs. 3, 4, 5, 6, 7, and 8. 
The avalanche has a duration of approximately 144 s and moved 
with an average velocity of 37 m/s. The maximum velocity of over 
100 m/s was calculated at the toe of the mountain (where an air-
borne trajectory was identified). Furthermore, the significant air 
blast was generated at the impact point on the valley floor with an 
initial velocity of over 80 m/s, and then propagated 1 km up and 
downstream the valley within 50 s. The detailed simulation results 
are as follows.

Stages of the debris avalanche

Figure 3 shows the runout behaviors of the sliding mass during 
the overall runout of the Langtang avalanche. In the initiation of 
the event, the ice-snow materials from multiple source areas were 
destabilized by the earthquake, moving downward independently, 
and gradually forming two branches of the avalanche. The main 
part of right branch (upper left part in Fig. 3b) deflected the mov-
ing path at platform 1, while the left branch (upper right part in 
Fig. 3b) of the ice-snow mixture started to entrain the rock materi-
als at platform 2. Subsequently, two branches of avalanches began 
to converge and continuously entrained the rock materials below 
5000 m a.s.l., eventually forming the ice-snow-rock mixed debris 
avalanche. The mixed avalanche then became airborne as it fell off 
a cliff below 4500 m. The steep topography and airborne trajec-
tory caused the high velocity of the avalanche in the region, and 
a maximum velocity of 109 m/s was recorded at the impact point 
(Fig. 3c). After falling into the Langtang valley, the mixed avalanche 
propagated through the valley to the opposite slope (Fig. 3d) and 
blocked the Langtang river (Fig.  3e). A maximum velocity of 
approximately 60 m/s was identified at the front margin when  
the avalanche reached the opposite slope, and then, the run-up 
and splashing occurred. The velocity value at this specific point 
matches Kargel’s estimation well (63 m/s). Eventually, the avalanche 
was deposited in the Langtang valley with parts remaining on both 
platforms (Fig. 3f), showing high agreement with the deposit fea-
ture described by Nagai et al. (2017) and Fujita et al. (2017).

Stages of the air blast

Figures 4 (air blast velocity) and 5 (air blast pressure) present the 
initiation and propagation process of the Langtang avalanche-
induced air blast along the section line A-B. Air blast is identified 
during the whole avalanche moving process, and the most signifi-
cant phenomenon is recorded at the end of the airborne trajectory. 
The generated air blast shows an increasing velocity between 48 
and 64 s near the impact point (generation stage) with a maximum 
velocity of over 80 m/s, corresponding to the time step when the 
main part of the avalanche fell to the valley floor. The maximum 
relative pressure reaches over 9 kPa near the impact point at the 

Table 1   Input parameters for the Langtang avalanche and induced 
air blast

Symbol Value Description

DEM Ds 2–5 m Rock particle diameter

Di 2 m Ice particle diameter

ρs 2600 kg/m3 Rock mass density

ρi 850 kg/m3 Ice mass density

er 0.45 Co-efficient of restitution (rock)

Rrs 0.35 Co-efficient of rolling resistance 
(rock)

Rrr 0.25 Co-efficient of static resistance 
(rock)

ei 0.35 Co-efficient of restitution (ice)

Ris 0.25 Co-efficient of rolling resistance 
(ice)

Rir 0.2 Co-efficient of static resistance 
(ice)

g 9.81 m/s2 Gravitational acceleration

Δt 1 × 10−4 s DEM time step

CFD Δt 1 × 10−2 s CFD time step

ρa 1.225 kg/m3 Air density

μa 17.9 × 10−6 Pa s Air viscosity

C1ε 1.42 RNG k-ε model constant

C2ε 1.68 RNG k-ε model constant

Cμ 0.0845 RNG k-ε model constant
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stage. The air blast then rapidly propagated through the valley 
and reached the riverbed with a front velocity of over 45 m/s. In 
the following 64 s (64–128 s, propagation stage), the high-velocity 
air blast ran up against the opposite slope with strong destructive 
power. The wind velocity and pressure are quite high in the stage 
and a maximum value of over 60 m/s and 6.0 kPa, respectively, are 
identified at 128 s, flatting the forests within the damage region. 
Afterwards (128–144 s, dissipation stage), the air blast concentration 
on the opposite slope started to dissipate as it travelled further away 
from the birthplace, and the main part of the avalanche stopped 
moving (no more energy was transferred to the air). The maximum 
run-up of the air blast reached up to 650 m.

We further analyzed the air blast propagation along the Lang-
tang valley, as presented in Fig. 6 (3D representation of the air  
blast maximum velocity in the horizontal section at 50 m height 
above the valley floor). The air blast was concentrated near the 
impact point with a maximum velocity of over 80 m/s, then travel-
ling toward the opposite slope (Fig. 6a and b). When its front mar-
gin reached the opposite slope, the violent impact resulted in the 

lateral spreading effect, forcing the air blast to propagate in both 
directions of the Langtang valley. Subsequently, the deflected air 
blast rapidly moved upstream and downstream along the oppo-
site slope with a front velocity of approximately 40 m/s in both 
directions (Fig. 6c–e). Interestingly, we did not observe a significant 
decrease of wind velocity in this stage, even the induced air blast 
has travelled hundreds of meters away from the impact point. This 
phenomenon confirms the significant impact of avalanche impact 
duration, as the sustained energy was transferred for the further 
propagation of the air blast. Eventually, the air blast began to dis-
sipate as the main part of debris avalanche has deposited in the 
valley (Fig. 6f). The simulated air blast presented a damage region 
of approximately 1 km up and down the valley and shows similar 
results to prior helicopter investigations employed by Collins & 
Jibson (2015) and Kargel et al. (2016) (1 km up and down the valley 
and run-up of 600 m up the opposite mountain). Moreover, we 
further verified the air blast results by estimating the wind velocity 
according to the post-disaster scene. Air blasts leveled the houses 
that were not buried by the avalanche and flattened a small forest 

Fig. 3   Displacement and velocity evolution of the Langtang debris 
avalanche. a−f show the avalanche velocity at 0 s, 32 s, 48 s, 64 s, 80 
s, and 144 s, respectively. The ice-snow mass is presented in blue col-

our, while the rock material below 5000 a.s.l. is presented in red col-
our on platform 2, as shown in a. Line A-B indicates the main runout 
direction of the Langtang event
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Fig. 4   Evolution of the Langtang avalanche-induced air blast velocity along section A-B
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Fig. 5   Evolution of the Langtang avalanche-induced air blast pressure along section A-B
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on the opposite slope, suggesting wind speeds comparable with an 
ER5 tornado (> 89 m/s wind speed) in the Langtang village and 
ER2 tornado (49–60 m/s wind speed) on the opposite slope (Kargel 
et al. 2016). Both values highly agree with our numerical results 
(i.e., over 80 m/s in the Langtang village and 45–60 m/s on the 
opposite slope).

Three monitoring points were set up in the Langtang village 
(point 1), the opposite slope (point 2, 400 m height above the valley 
floor) and the Langtang valley (point 3), respectively, to quanti-
tatively analyze the pressure variation and power of the air blast 
(Fig. 7). The monitoring results presented a maximum air pressure 
of over 7.5 kPa near the Langtang village, 6.1 kPa on the opposite 
slope, and 5.0 kPa in the Langtang valley. The modeled air pres-
sure is also in good agreement with eyewitness observations of the 
infrastructure damage in the Langtang village and forest damage 
in the valley. Notably, the positive air pressure at the Langtang vil-
lage existed for approximately 90 s as the impact between the ava-
lanche and the slope lasted about 90 s. According to the simulated 
air blast velocity (v), the equation of Bernoulli stagnation pressure 

can further be used to simply estimate the air blast pressure (p) 
(Houghton and Carpenter 2003):

where k is the dimensionless stagnation pressure coefficient and � 
is the density of air. Numerical results indicated that the maximum 
velocities at points 1–3 are 71 m/s, 62 m/s, and 55 m/s, respectively. 
Compared with the simulated air blast pressure shown in Fig. 7, a k 
value of 2.5 illustrates a good estimated result here (7.7 kPa, 5.9 kPa, 
and 4.6 k Pa, respectively, for points 1–3).

The model-simulated maximum velocity at different heights 
indicates the vertical impact region of the air blast (Fig. 8). The 
Langtang avalanche-induced air blast is powerful within 150 m 
above the valley floor (Fig. 8a and b), while velocity attenuation 
is easily observed with height increase. Nevertheless, a maximum 
velocity of over 50 m/s still remained at the impact point and the 
opposite slope even at the height of 500 m above the valley floor 
(Fig. 8c), which corresponds to the destruction of the ER2 tornado, 
showing the large vertical damage region of the generated air blast. 

(2)p = k ⋅ 0.5 ⋅ � ⋅ v2

Fig. 6   Evolution of the Langtang avalanche-induced air blast along 
the valley (the horizontal section at 50 m elevation above the valley 
floor). a−f show the air blast velocity at 48 s, 64 s, 80 s, 96 s, 128 s, 

and 144 s, respectively. Points 1, 2, 3 indicate the monitoring points 
at the Langtang village, the opposite mountain, and the downstream 
of valley, respectively
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Additionally, the maximum velocity contour along with both direc-
tions of the valley further confirmed the contribution of the ava-
lanche impact duration, as the air blast has a uniform maximum 
velocity along the propagation path (in the valley) and dissipates 
in a short time.

Discussion

Initiation mechanism
De Blasio et al. (2018) pointed out that for extremely energetic rock-
falls (a large fall height of over 300 m; a large volume of over 10,000 
m3, and a sudden release of energy), the impact after a free fall causes 

immediate release of energy much like an explosion, and numerous 
energy goes into prompt fragmentation and blast. The generated 
air blast could snap trees hundreds of meters ahead of the fall area. 
Nevertheless, how could ice/rock avalanches generate destructive air 
blasts is questionable because of the long-duration interaction with 
the ground without a sudden release of energy. Many long-runout 
avalanches in the high-altitude region involve a large volume and 
move downward with a large elevation difference. Yet they mostly 
move forward along moderate to gentle slopes, dissipating energy 
along the travel path without a violent impact and could not induce 
a powerful air blast. Therefore, the air blast phenomenon is com-
monly identified in many avalanches, but they always cause only 
minor destruction in comparison to the avalanche. For instance, our 
investigation result of the Shuicheng long runout rock avalanche that 
occurred in Guizhou China shows a slight air blast. The rock ava-
lanche involved a volume of 2 Mm3 and caused 52 casualties, while 
the generated air blast just blew down a few corn plants at the front of 
the deposit area (Zhuang et al. 2021). This probably explains why little 
attention has been paid to air blasts during the landslide risk assess-
ment. However, our work on the Langtang debris avalanche shows 
different results. The Langtang debris avalanche became airborne for 
at least 500 m from a cliff below 4500 m (downstream of platform 2) 
and fell below 4000 m on the valley floor with an estimated kinetic 
energy of 7.1 × 1013 J just before the impact. This energy exceeds the 
energy of 15 kt of TNT. The energy transfer caused by the sudden 
impact resulted in a destructive air blast and then propagated 1 km 
from the impact point (Kargel et al. 2016). The coupled simulation 
results also confirmed this viewpoint as the destructive air blast was 
generated at the impact point of the debris avalanche and the slope. 
The Langtang village fortunately avoided the impact of avalanche, 
but was still damaged by the generated air blast. Avalanches with an 
airborne trajectory could achieve extremely high energy without the 
energy loss from friction, releasing a large proportion of the energy 
instantly and thus leading to a powerful air blast.
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Fig. 7   Variation of air blast pressure at monitoring points. Locations 
of the monitoring points are presented in Fig.  6a. Points 1–3 are 
located in the Langtang village, the opposite slope (400 m above the 
valley floor) and downstream of Langtang valley, respectively

Fig. 8   Maximum velocity contour of the air blast, showing the vertical impact region. a, b, c The maximum velocity contour in the horizontal 
section at 50 m, 150 m, and 500 m height above the valley floor, respectively
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We further designed a generalized model to investigate the 
contribution of valley morphology to the initiation of avalanche-
induced air blasts. The model geometry is controlled by three 
groups of planes (named planes 1, 2, and 3 from left to right) and 
slope angles ( �1–�3), as shown in Fig. 9. �1 controls the acceleration 
of the sliding mass and provides its initial momentum. �2 represents 
a transition platform to lead the particles to the airborne point, 
and �3 controls the airborne trajectory. Our model covers the valley 
morphology of most avalanches (without bending in movement 
path) by modifying the slope angles. Figure 9a–d shows the con-
tribution of �1–�3 to the generation of the air blast. The combina-
tion of �1 and �2 governs the mobility of avalanche before reaching 
the airborne trajectory. As shown in Fig. 9a and b, a steep plane 
1 with a flat platform (plan 2) leads to a high initial velocity. Yet 
the impact with the platform releases a large proportion of energy, 
and parts particles even stop on the platform. Such cases can lead 
to no airborne motion at all or cause a relatively weak air blast 
at the end of the airborne trajectory. However, a smooth transi-
tion between planes 1 and 2 can improve the avalanche’s mobility 
(Fig. 9c). When �1 is close to �2 and plane 2 (platform) has a moder-
ate slope angle, the avalanche will not dissipate much energy at the 
transition point and can reach the airborne trajectory with a high 
velocity. The effect of �3 is presented in Fig. 9c and d. The rapidly 
moving avalanche has a greater airborne distance when combined 
with a steeper angle �3, since the materials directly land at the hori-
zontal surface. We can clearly observe the significant contribution 
of airborne trajectory to the air blast generation by comparing the 
results of Fig. 9c and d. Though two groups of avalanches show 

the same volume, elevation difference, and initial velocity (before 
entering plane 3), a much more powerful air blast is identified in the 
airborne geomorphology. The model with an airborne trajectory ( �

3 = 90°; Fig. 9c) shows a maximum air blast velocity of ~ 10 m/s and 
a propagation distance of over 25 m, while the air blast in another 
scenario ( �3 = 45°; Fig. 9d) only has a maximum velocity of 6 m/s 
and a travel distance of 10 m. The avalanche experienced a free-
fall motion without much friction-caused energy dissipation, and 
thus reached a high velocity and caused a powerful air blast at the 
impact. Furthermore, fall height is another important geomor-
phological aspect that greatly influences air blast generation. As 
shown in Fig. 9c and e, the results indicated that an increment in 
the fall height of 50% could produce ~ 30% powerful results for the 
air blast. A large fall height implies high potential energy for ava-
lanche in the initial stage, and its combination with specific slope 
angles ( �1–�3) will generate a destructive air blast.

Notably, the debris avalanche becoming airborne is not the only 
form that could release tremendous energy instantly and generate 
an air blast. Our previous work on the Wenjia valley debris avalanche 
shows another phenomenon (Zhuang et al. 2019). The Wenjia Val-
ley debris avalanche has a complex runout path as the movement  
direction changes several times with the topography. Both field 
investigation and numerical results show that the most significant 
air blast was identified at each turning point of the valley. The debris 
avalanche with high velocity violently collided with the valley during 
the movement process and then caused the powerful air blast. Inter-
estingly, the Langtang debris avalanche-induced air blast observed 
at platform 2 (Fig. 4b) shows a similar behavior as the air blast was 
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Fig. 9   Contribution of airborne geomorphology on the initiation of the avalanche-induced air blast. a–d The air blast generated by varying �

1, �2, and �3, respectively. e The contribution of plane 3 fall height
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generated due to the impact of the avalanche on the rock mass (or 
two branches of avalanches). This cascading effect was located in the 
avalanche travel path with an extremely high altitude and no build-
ings or vegetation in the damage region, thus causing no casualties 
and was not identified in-situ. Summarily, to our knowledge, an air 
blast disaster is more likely from the avalanche with an airborne tra-
jectory or occurs in the valley with turning points, as shown in Fig. 10.

Previous investigation on the typical ice/rock avalanche-induced 
air blasts worldwide also confirmed our viewpoints. We summa-
rized recent typical avalanche-induced air blasts in Table 2. The 
Elm, Yigong, and Yumthang events are all typical avalanches that 
have an airborne trajectory and generate a powerful air blast. Large 
avalanches with airborne trajectories will not experience the fric-
tional resistance caused by the interaction with the ground, and 
thus, a large proposal of energy is convertible to kinetic energy. 
Subsequently, the moving materials with an extremely high velocity 
violently collide with the ground surface and generate a destructive 
air blast. Such an initiation mechanism is quite similar to the bomb-
induced air blast. Furthermore, similar to the Wenjia valley ava-
lanche, the Zhaotong, Niumian valley, and Chamoli events are long 
runout cases with turning points in the travel path. Previous inves-
tigation results indicated that areas most seriously damaged by the 
air blast are near the turning points (Xing et al. 2015, 2016; Shugar 
et al. 2021). After impact with the valley wall, large avalanches with 
high velocity change the moving direction while numerous energy 
and momentum greatly attenuate during the stage. Meanwhile, the 
suddenly released energy will transmit to the surrounding air and 
thus generate a destructive air blast capable of causing destruction 
far beyond the avalanche region. These two initiation modes of 
the avalanche-induced air blast both involve a sudden release of 
energy. Thus, except for the large volume and elevation difference 
(causing high velocity) that is commonly observed in a long runout 
avalanche, the valley morphology also significantly contributes to 
generating a destructive air blast.

Propagation process and the extent of damage

Regarding the propagation process and the extent of damage, the 
avalanche-induced air blast could cause fatalities and destruction 
far beyond the runout of debris itself. The modeled Langtang air 
blast results show an initial velocity of more than 80 m/s and a 
propagation velocity over 40 m/s within 1 km along the valley and 
on the opposite slope. The generated air blast resulted in destruc-
tion comparable with an EF2–EF5 tornado, indicating its damag-
ing impact. Furthermore, the velocity of the generated air blast is 

Fig. 10   Two generation modes of the avalanche-induced air blast. a 
Avalanche with an airborne trajectory (e.g. Langtang avalanche, the 
airborne trajectory is drawn according to Kargel et al. (2016)). b Ava-
lanche runout path with turning points (e.g. Wenjia valley landslide). 
Yellow line indicates the movement path of the sliding mass

Table 2   Typical avalanche-induced air blasts in recent years

Generation mode Event Impact

Avalanche with 
an airborne 
trajectory

Elm avalanche People and wooden houses were blown up (Heim 1932)

Yigong avalanche Some trees with a diameter of approximately 1 m were hacked in half (Yin and 
Xing 2012)

Yumthang avalanche Flattened and snapped a forest (Penna et al. 2021)

Langtang avalanche Trees were fallen down on the opposite side north-facing slope and buildings in the 
village were damaged (Kargel et al. 2016)

Avalanche runout 
path with  
turning points

Zhaotong avalanche Flattened crops and light damage to a roof (Xing et al. 2016)

Wenjia Valley avalanche Blow down the trees on both sides and front margin of the debris avalanche (Zhuang 
et al. 2019)

Niumian Valley avalanche Uprooted, snapped and scraped trees (Xing et al. 2015)

Chamoli avalanche Uprooted and snapped trees (Shugar et al. 2021)
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quite high during the whole propagation process, even hundreds of 
meters away from the birthplace, showing a great difference from 
the rockfall-induced air blast. Morrissey et al. (1999) analyzed the 
propagation process of the air blast caused by the Happy Isles event, 
and identified a great attenuation of the wind speed (110 m/s near 
the impact point to 20 m/s at a distance of 400 m). This phenom-
enon confirmed the significant contribution of the impact dura-
tion. Compared with the rockfall-induced air blast, the long impact 
duration of the avalanche caused the high velocity of the generated 
air blast during the propagation process and a possible larger dam-
age region. The dissipation process of air blast will start when the 
main impact of the avalanche finishes (Fig. 7). Notably, the air blast 
induced by the Langtang debris avalanche is still powerful even 
1 km away from the impact point. Energy transfer resulting from 
the high-speed impact coupled with the narrow tomography of 
Langtang valley eventually caused this powerful far-field air blast. 
Regarding the high speed and far-affected area of the air blast, no 
time for people to evacuate from the damage region after the event 
occurs. Moreover, the vertical impact region of the air blast is also 
worthy of attention. The numerical results show that the Langtang 
avalanche-induced air blast is still powerful even at several hundred 
meters height about the ground, which could destroy the possible 
bridges (with a large vertical clearance). This phenomenon needs 
to be highly valued, especially for infrastructure planning in high-
altitude regions (e.g. high-speed railways and bridges in Qinghai 
Tibet Plateau, southwest China). Thus, the avalanche-induced air 
blast should be a part of the geo-disaster risk assessment in these 
regions because of its rapid propagation and powerful far-field 
destruction (both horizontal and vertical).

At present, the air blast characteristics are still hard observ-
able in situ through video or monitoring equipment because of its 
powerful destructed force and far-field effect. More numerical and 
post-disaster field work should be performed further to investigate 
the disaster-causing process of the avalanche-induced air blast. It 
will provide valuable information for preventing and mitigating 
such disasters in high-altitude regions. Nevertheless, the applica-
tion of the numerical method was not fully paid in previous stud-
ies (Morrissey et al. 1999; Zhuang et al. 2019). The 3D DEM-CFD 
coupled method employed in work provides an excellent tech-
nique for the following research. Employing a three-dimensional 
coupled numerical model that incorporates the real geological 
features could provide relatively realistic results and represent the 
essential processes of the debris avalanche and associated air blast. 
That will provide insights into understanding the disaster-causing 
mechanism of the avalanche-induced air blast and the proposition 
of appropriate measures. Moreover, our future work will focus on 
more avalanche-induced air blast cases, analyze the relationship 
between possible control factors with the air blast extent, provide 
broader implications for such type of cascading event, and eventu-
ally establish an experimental relationship between the extent of 
air blasts with control factors for the risk assessment.

Conclusions
Air blasts can intensify the potential destruction by avalanches 
far beyond the moving mass. The destructive air blast caused by 
the Langtang avalanche provided a natural material for a detailed 
study of the avalanche induced-air blast in high-altitude regions. 
We analyzed the initiation and propagation process of this famous 

event using a DEM-CFD coupled method, and compared it with 
recorded events from around the world. Our work highlighted the 
great contribution of valley morphology. Not all avalanches trig-
ger a significant air blast. Destructive air blasts can occur when 
large avalanches suddenly release tremendous energy. Besides a 
large volume and high velocity, special topography is also essential. 
Large avalanches with an airborne trajectory or a travel path with 
turning points are two typical scenarios for generating destruc-
tive air blasts. Furthermore, numerical results indicate the power 
and extension of the avalanche-induced air blast. The Langtang air 
blast propagated 1 km from the impact point, caused destruction 
comparable with an EF2–EF5 tornado, and left no time for people 
to escape. The long impact duration of the avalanche results in a 
different propagation characteristic of air blasts from that of a large 
rockfall, and leads to a probable longer extension. The large damage 
region and destruction of avalanche-induced air blasts reveal the 
risks faced by the rapid infrastructure expansion in high-altitude 
regions. This cascading effect needs to be a part of landslide risk 
assessment and taken into account for the long-term sustainability 
of planned infrastructure.
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