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Abstract Immersive media technologies, such as virtual and 
augmented reality, have recently enabled a more holistic way to 
comprehend natural hazards. In this work, we aim at visualizing 
the temporal and spatial evolution of a debris flow in a virtual 
reality environment. We develop a framework to integrate the 
output results obtained from a debris flow numerical model into 
virtual reality. To guide the framework, a real debris flow event, 
which happened in Hunnedalen (Norway) in 2016 and blocked 
a road network, is considered as a case study. The debris flow is 
back-calculated using a depth-averaged numerical model and the 
simulation results are imported into a dedicated game engine to 
construct a digital model of the debris flow event. The debris flow 
is visualized using a Head-Mounted Display. We therefore discuss 
a wide range of potential applications of virtual reality to manage 
and grasp landslide phenomena: training for rescue operations; 
improving decision-making; studying early warning systems, and 
educating communities affected by natural hazards. We finally pro-
vide a quantitative evaluation of the hazard perception for a road 
user. We show that the debris flow movement is perceived at vari-
able delayed times from the triggering of the landslide, depending 
on the position along the road where the debris flow is observed. 
Evaluating the realistic perception time of the natural hazard may 
be fundamental to designing more effective road networks, signs, 
and mitigation measures.

Keywords Landslide · Debris flow · Virtual reality · Depth-
averaged numerical model · Visualization · Hazard perception

Introduction

Societal safety can be defined as the society’s ability to maintain 
critical social functions, protect the life and health of the citizens, 
and meet citizens’ basic requirements in a variety of stressful situ-
ations. Natural disasters such as landslides and flash floods are 
among the various stresses threatening the safety of society. The 
extent of the expected changes and potential negative impacts of 
natural disasters on society have been examined closely by Inter-
governmental Panel on Climate Change (IPCC) in 2021. The situ-
ation is foreseen to worsen in the coming years as the drivers of 
such events (e.g., rainfall, temperature extremes) are dynamic 
and escalating due to climate change, land use, urbanization, and 
infrastructure development. For example, climate projections for 
Norway indicate an increase in temperature and precipitation, 
respectively, of 4.5° and 18% by the end of the century (Hanssen-
Bauer et al. 2017). This will significantly increase the frequency of 
triggering events for debris flow landslides such as extreme events 

of rainfall, snowmelt, and temperature changes. Debris flows are a 
type of landslide traveling at high velocities and for long distances 
in mountainous and torrential channels. Due to the large flow vol-
umes and velocities, they can lead to severe social and economic 
losses, and sometimes result in causalities. For instance, from 1995 
to 2014, 1370 deaths and 784 injuries were recorded in 27 Euro-
pean countries from 476 landslide events most of which were rock 
falls and debris flow (Haque et al. 2016). Meyer et al. (2015) esti-
mated that road closures by debris flows in western Norway could 
cause up to 10,000 vehicle kilometers per year traffic detours. It is 
therefore evident that novel methods are needed to study and deal 
with debris flow hazard and communicate the risk to the affected 
communities.

Runout modeling has prime importance to identify elements 
at risk during quantitative risk analysis of a debris flow suscep-
tible area. Runout analysis of debris flows can be carried out 
using empirical or numerical models. Since debris flows are com-
plex, large-scale, and difficult to model under controlled condi-
tions, numerical modeling is an ideal tool in obtaining realistic 
results. Advanced numerical simulation in depth-averaged and 
three-dimensional (3D) spaces are often done using material 
point method, finite volume method, finite difference method, and 
smoothed particle hydrodynamics approaches to estimate flow 
run-out and damage potential of debris flow hazards (e.g., Savage 
and Hutter 1989; McDougall 2006; Christen et al. 2010; Kwan et al. 
2019; Tayyebi et al. 2021). The results from these numerical mod-
els are essential for producing debris flow hazard maps that show 
the inundation area, runout, flow depth, and flow velocity on 2D 
maps. However, simple 2D maps have a limited capacity to support 
and communicate both the spatial and temporal evolution of the 
debris flow. In addition, maps are primarily expert tools, and their 
contents may not be suitably understandable to non-experts, such 
as the population affected by the risk, decision-makers, and politi-
cians. This creates a communication gap in the risk management 
process of debris flow disasters. Hence, a better understanding and 
perception of the debris flow simulation results by a layperson 
would favor the awareness of the debris flow risk and provide use-
ful feedbacks to improve the design of mitigation solutions.

Immersive visualization technologies such as Virtual Reality 
(VR) and Augmented Reality (AR) offer new opportunities to 
communicate natural hazards to general experts and the pub-
lic by providing a fully immersive and interactive experience. 
VR enables the user to interact with a computer-generated 3D 
environment that simulates reality using immersive technologies 
(e.g., Head-Mounted Displays (HMDs)). The VR environment can 
be created by software platforms such as game engines like Unity 
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(Haas 2014) or Unreal (Sanders 2016) and visualized via hardware 
such as HMDs. These VR-simulated environments allow the users 
to be immersed and better perceive the 3D world. However, the 
integration of landslide numerical simulations into VR is still 
challenging due to the limited ability of VR to cope with georef-
erenced spatial data.

Some attempts have been made to introduce VR to visual-
ize natural hazards. Ondercin (2016) explored the possibility 
of simulating rock falls within the VR environment in Unity by 
using built-in physics which takes gravity, collision and other 
forces into account. Irshad et al. (2021) performed a simulation 
of quick clay flow in Blender software (Brito 2018) using simple 
built-in physics and exported the results into Unity for VR imple-
mentation. However, the simulation was too simple to account for 
the complex nature of the dynamics of quick clay flow. Havenith 
(2021) introduced a 2D rockfall simulation into a 3D terrain to 
be visualized in VR.

This work aims at combining the results of numerical simula-
tions of debris flows with realistic visualization in VR. A large 
debris flow event that happened in Hunnedalen (Norway) in 2016 
is considered as a case study. This debris flow was particularly 
considerable in Norway as, due to the large entrainment volume, 
it could reach an important coastal road located at the base of 
the channel. A depth-averaged numerical model of debris flows 
(RAMMS, Christen et al. 2010) is applied to back-calculate the 
debris flow event. A framework is then defined to visualize the 

numerical simulation in a VR environment. The potential appli-
cations of VR for the visualization of debris flows and landslides 
are, therefore, discussed.

Methods

Overview of the visualization framework

The proposed method for debris flow visualization in VR is based 
on four steps (Fig. 1): data preparation, numerical simulation, 
3D visualization, and VR implementation. The data preparation 
includes the fieldwork to collect reliable data on the debris flow 
event, the creation of a digital terrain model (DTM) for the topog-
raphy, identification of the debris flow initiation area (release area), 
and the determination of the rheological parameters. The DTM is 
typically provided as an ESRI ASCII raster format (.asc) which gives 
elevation of the topography on a regular two-dimensional grid. The 
initiation area, also called release area, is described by a polygonal 
Geographic Information System (GIS) shapefile and a correspond-
ing initial flow height. Both the area of the polygon and the initial 
flow height determine the initial mobilized soil mass.

These data are input parameters into numerical software, which 
simulates the flow behavior in time. The simulation results are pro-
vided in terms of flow height and velocity, which can be visualized 
with the interface from the software. In most debris flow analyses, 
the flow height and velocity are animated to show the temporal 

Fig. 1   Overview of the proposed method and tool chain. The tool 
chain consists of RAMMS as a debris flow simulation application and 
Unity as a virtual environment design platform. The input parame-

ters for the python script are provided inside the script itself. As C# is 
an integral part of Unity, the script is used inside the Unity platform
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and spatial variations to evaluate the accuracy of input parameters 
and the debris flow event in general. In this work, they are further 
exported as ESRI ASCII raster format (.asc) files, which are used 
as input for the VR visualization. For each visualization time step, 
set by a user in the simulation software, a flow height and velocity 
are exported to be used as input for the VR visualization. Figure 1 
shows the overview of the tools used in this work. Rapid Mass 
Movement Simulation (RAMMS) and Unity were used as debris 
flow numerical simulation tool and virtual environment design 
platform, respectively. However, any finite volume method debris 
flow simulation method can also be used as far as the output results 
are provided as flow height and flow velocity. In the next sections, 
the numerical model for debris flow simulation and the VR visu-
alization are described.

Overview of the numerical model RAMMS

In this work, the RAMMS debris flow model (Christen et al. 2010) 
is used to numerically compute the debris flow dynamics. RAMMS 
is based on depth-averaged equations to calculate the dynamics of 
a frictional-turbulent flow on a three-dimensional topography. The 
RAMMS software is among the most used in engineering practice, 
as it allows to calculate the runout of a debris flow, with a reduced 
computation time compared to three-dimensional numerical 
models.

The model is based on a one-phase equivalent incompressible 
fluid with constant density. The mass and momentum balance 
equations are solved in time (t) on a 3D topography z(x, y) for 
the variables flow height H(x,y) and depth-averaged flow velocity 
U (x, y) =

(
Ux,Uy

)T
.

The mass balance equation is expressed as:

where dz
dt

 is the entrainment rate. The momentum conservation in 
the x and y directions is expressed as:

where (gx, gy) are the surface tangential components of gravitational 
acceleration, gz is the surface normal component of gravitational 
acceleration. S =

(
Sx, Sy

)T
 is the frictional resistance, which is 

implemented according to the Voellmy rheology:

where ρ is the bulk density of the flow, μ is the Coulomb apparent 
friction coefficient and ξ is the turbulence coefficient. Mass and 
momentum balance equations are solved in an Eulerian reference 
system by the finite volume method. The stopping calculation cri-
terion is based on the percentage of maximum flow momentum 
(Bartelt et al. 2017).
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An empirical entrainment model (Frank et al. 2015) is used in 
RAMMS to determine the entrainment rate, which is based on field 
data from the Illgraben channel in Switzerland (Berger et al. 2011). 
The maximum erosion depth (em), which can be reached in a cer-
tain cell of the DTM, is calculated as:

where τ is the slope-parallel gravitational stress, τc is a critical shear 
stress and dz/dτ is a proportionality factor. The entrainment rate 
is specified by a constant parameter dz/dt in Eq. (1) and is active 
when Eq. (5) is valid and until the erosion depth has reached the 
maximum value according to Eq. (5) (Frank et al., 2015).

The parameters of the entrainment model (dz/dτ, dz/dt, τc) are 
specified in RAMMS before each simulation, together with the val-
ues of the Voellmy parameters ( � and ξ). The calibration of these 
parameters for the Hunnedalen debris flow will be detailed in the 
Results section of the paper.

Output results in RAMMS are written into a binary file at user-
specified time intervals. The binary file is then automatically loaded 
into a built-in graphical user interface (GUI) in RAMMS, which 
shows the output results superimposed to the DTM. These results 
can be visualized dynamically over time and will be discussed later.

Virtual reality implementation in Unity

Unity software (Haas 2014) was used to develop the 3D VR environ-
ment, which is a digital model of the real environment. The virtual 
environment in Unity includes a scene and the terrain, debris flow, 
and other features can be introduced into the scene as 3D model 
objects. Four steps were followed to create the overall VR visualiza-
tion of the debris flow event: (i) 3D scene construction and import-
ing the terrain, debris flow, and other terrain features, (ii) Visual 
quality improvement, (iii) animation, and (iv) implementation of 
VR. A custom script based on Unity C# (C-sharp) was used to par-
tially automate these steps.

The flow height and flow velocity exported from RAMMS as 
ESRI ASCII grid files at each visualization time interval are modi-
fied using a Python script. The flow height values at each grid of 
the raster are added to the corresponding elevation values of the 
DTM yielding flow surface elevation. Therefore, two types of DTMs 
were obtained: the original DTM to be used as base terrain and a 
series of DTMs (at each visualization time) representing flow sur-
face elevations. Furthermore, we decomposed the flow velocity into 
x and y cartesian coordinates. The grid data (both the natural ter-
rain and the simulated flow surface elevations and velocities) were 
imported into the Unity scene as 3D meshed objects.

To improve the visual quality of the basic scene, each object in 
the scene needs a material to be assigned. In addition, camera and 
lights should be added to the scene. The materials use shaders and 
hold textures, colors, and property values, which control the tex-
ture property and color types. The shaders use mesh data from the 
3D objects, colors, and textures from the materials to generate an 
image as output to be used in a visual rendering. A universal ren-
der pipeline (URP) (Unity Technologies 2020), which is a prebuilt 
scriptable render pipeline made by Unity, is adopted to facilitate 
the rendering process of the scene. Two shaders were used: one 

(5)em =

{
0 for 𝜏 < 𝜏c

dz

d𝜏

(
𝜏 − 𝜏c

)
for 𝜏 ≥ 𝜏c
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for the natural terrain, the other for flow surface elevations. The 
shader for the natural terrain is a Unity built-in terrain tool which 
enables a user to paint the terrain with a predefined texture. To 
obtain the realism of the terrain, a grass texture for the flat part and 
rock texture for the part of the terrain with steep slope. The shader 
for the flow surface elevation is made in a way that the debris flow 
surface behaves like a flowing fluid. This has been done by animat-
ing the UV coordinates used for texturing. UVs are 2D coordinates 
that are used by Unity and other 3D applications to map a texture 
to a model. In the 3D flow surface elevation objects imported into 
Unity, each vertex stores its coordinate, normal vector, and the flow 
velocity vector. The UV coordinates for each vertex is computed by 
projecting its space coordinates vertically on the horizontal plane. 
The shader combines a surface texture which gives the flow muddy 
appearance and normal map also called bump map which controls 
the vertical deformation of the flow. To imitate the dynamics of the 
debris flow, this shader incorporates the flow velocities obtained 
from the numerical simulation to control the direction and speed 
of the flow.

The entire dynamic nature of the debris flow was represented by 
the animation of the series of the flow surface elevation. The flow 
surface elevations, stored as frames by the custom script, were made 
to appear on the screen consecutively based on the visualization 
time step provided in RAMMS and superimposed on the natural 
terrain. At this stage, a user can view the dynamic simulation of the 
debris flow in Unity.

The final step was the implementation of VR. Figure 2 shows the 
hardware setup of the virtual reality visualization. The virtual envi-
ronment was created using Unity (version 2021.3.2). XR integration 
toolkit (Unity Technologies 2021a) was added into Unity to enable 
users to interact with virtual environment. The resulting virtual 
environment has been configured to be used through Oculus Quest 
2 HMD (resolution: 1832 × 1920 per eye; refresh rate: 90 Hz; Field of 
view: 100°; integrated speakers and microphone) using Oculus XR 
plugin (Unity Technologies 2021b).

We employed a laptop with an NVIDIA GeForce GTX 1070 graph-
ics card and an Intel Core i7-8750H CPU @2.20GHZ, 16 GB RAM 
six-core processor connected with Oculus Quest 2 HMD. Once the 

setup was completed, the VR scene was deployed on the HMD to 
visualize the debris flow.

Results

Description of the Hunnedalen debris flow event in 2016

The Mjåland catchment is located in the Hunnedalen valley, in 
Rogaland County (Norway) (Fig. 3). The channel extends from 720 
to 300 m above sea level (a.s.l.), covering a planimetric longitudinal 
distance of approximately 750 m. On June  2nd, 2016, after a period 
of intense rainfall, a landslide was triggered by mobilization of veg-
etated soft soil and talus cover, between 720 and 655 m a.s.l. This 
initial mass successively flowed down along the slope confined by 
the channel and entrained the moraine bed soil. Finally, the debris 
flow deposited between 325 and 300 m a.s.l., covering the road for 
150 m in extent and reaching, on the extreme right bank, the river.

Field observations carried out after the event (in June 2016, by 
Multiconsult) and successively (June 2019, by the authors) allowed to 
estimate the initial, eroded, and deposited volumes (nomenclature is 
shown in Fig. 3). The release area consisted of two main parts: “Release 
1” with an estimated depth of 0.5 m and “Release 2” with an estimated 
depth of 1.5 m. Erosion happened in two sections of the channel: “Ero-
sion 1”, with an estimated average erosion depth of 1 m (this soil layer 
was completely eroded down to the bedrock level, which is now out-
cropping), and “Erosion 2” with an estimated average erosion depth 
of 1.2 m. The channel section between them was not eroded during 
the event. Finally, the debris flow deposited in the zone is indicated as 
“Deposition area”, with an average thickness of 2 m.

Back‑calculation of the debris flow event using RAMMS

To illustrate the VR visualization of a debris flow, we use the numer-
ical simulations of the Hunnedalen debris flow. The debris flow 
event was back-calculated by Vicari et al. (2021) using RAMMS. In 
this section, we will summarize the results of this back-calculation 
and provide additional details on the significance of the numerical 
parameters.

Fig. 2   The VR setup. a Unity gaming engine along with the required 
plugins, b computer with the required graphics card and processing 
capacity. A computer is required for creating the VR environment, 
which depends on Unity’s system requirement (Unity Technologies 

2021c) and deploying the VR scene to the HMD, c HMD with hand 
controllers and d a user experiencing VR. The HMD, in this case Ocu-
lus Quest 2, is connected with a computer which fulfills the HMD’s 
requirements (Meta Platforms Inc. 2021)
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The simulation in RAMMS was performed using the pre-event 
digital terrain model, with a resolution of 2 m. The release vol-
ume corresponds to 2129  m3. A block release method was used, 
by subtracting the release depth to the initial DTM. The Voellmy 
rheology was used in RAMMS. The range of values investigated to 
simulate the Hunnedalen debris flow event is between 0.01 and 0.4 
for the friction coefficient and between 100 and 400 m/s2 for the 
turbulence coefficient.

The erosion parameters in RAMMS were set equal to the default 
values: τc = 1 kPa; dz/dτ = 0.1 m/kPa and dz/dt = 0.025 m/s. Instead, 
to alter the total entrained volume and make it converge to the 
estimated one in the field (17,000  m3), we performed a sensitivity 
study on the Voellmy parameters, which were observed to influ-
ence the erosion process. Furthermore, in the zone “Erosion 1”, the 
maximum erodible depth was set to 1 m, to account for the known 
presence of the bedrock, which constitutes a boundary limit to 
the erosion process. Finally, for all the simulations, we fixed the 
stop parameter to be equal to 10% of the maximum total flow 
momentum.

The back-calculation aimed at replicating the available data 
observed in the field: depositional shape and total eroded volume. 
Figure 4 shows the dependency of the total eroded volume on the 
Voellmy rheological parameters. An increasing erosion volume 
was obtained for increasing values of the friction coefficient μ 
and decreasing values of the turbulence coefficient ξ. Indeed, for 
increasing values of μ, the flow became thicker, which increased 
the slope-parallel shear stress and therefore the maximum erosion 
depth in Eq. (5). Decreasing values of ξ and increasing values of μ 
were also seen to decrease the flow velocity, which increases the 
duration of the flow at any given location and therefore the total 
erosion depth, which is proportional to the flow duration through 
the parameter dz/dt.

Among all the pairs of parameters tested, three pairs are able 
to simulate the observed erosion volume (16,778  m3): μ = 0.01, 
ξ = 100 m/s2; μ = 0.17, ξ = 150 m/s2; μ = 0.32, ξ = 400 m/s2. How-
ever, each of these combinations produces different final deposi-
tion shapes, as shown in Fig. 5. The runout distance is seen to be 
inversely proportional to the friction coefficient. The turbulence 
coefficient, vice versa, is seen to have a lower influence on the depo-
sition process, as also discussed by Bartelt et al. (2017). Therefore, 
the selection of the best-fit parameters can be based on the simi-
larity of the depositional shape to the observed one. Considering 

Fig. 3   Case study area, 
Hunnedalen: a location; 
b photo of the 2016 debris 
flow event; c orthophoto of  
the landslide area with indi-
cated the release, erosion, and 
deposition areas

Fig. 4   Total entrainment volume computed with RAMMS, with dif-
ferent values of Voellmy’s rheological parameters
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the available data, the best-fit parameters are selected as: μ = 0.17 
and ξ = 150 m/s2.

It is possible to observe that all the simulated deposition shapes 
are wider than the measured one. Three factors may have contrib-
uted to this difference. (i) RAMMS is a one-phase continuum model 
which does not consider the formation of coarser flow front and 
lateral levees (Iverson 1997), which are characterized by higher 
frictional resistance than the flow body and promote the lateral 
confinement of the flow (Johnson et al. 2012). Instead, the stop-
ping criterion in RAMMS is based on a threshold on the maxi-
mum momentum, which creates some lateral expansion of the flow 
deposit by numerical diffusion. (ii) A constant earth pressure coef-
ficient equal to 1 is used in RAMMS. Gray et al. (1999) showed that 
the selection of active/passive earth pressure coefficient changing 

based on the divergent/convergent deformation rate of the flow may 
improve the deposit shape. However, this option is not available in 
RAMMS. (iii) The effect of the forest is not considered in RAMMS, 
which might be especially important to confine the flow at low 
velocities, such as during the deposition process. Since our work is 
primarily oriented at providing a reasonable back-calculation of 
the Hunnedalen debris flow to be visualized in virtual reality, we 
will not further address these limitations of the model.

Visualization of the Hunnedalen debris flow in virtual reality

The numerical simulation with the parameters μ = 0.17 and 
ξ = 150 m/s2 is considered for the visualization. Figure 6a shows 
the final height of the debris flow (deposit) in the GUI of RAMMS. 

Fig. 5   Observed and simulated 
deposition shapes for different 
values of Voellmy’s rheo-
logical parameters: a μ = 0.01, 
ξ = 100 m/s2; b μ = 0.17, 
ξ = 150 m/s2; c μ = 0.32, 
ξ = 400 m/s.2

Fig. 6   Debris flow visualiza-
tion: a in RAMMS GUI, b in 
Unity



Landslides 

Figure 6b shows the digital model of the Hunnedalen valley, which 
is created from a 2 m resolution DTM of Hunnedalen valley and 
textured following the procedures described in the “Virtual real-
ity implementation in Unity” section. Flow height and velocity are 
exported at 1 s time step for a total simulation time of 150 s. The 
same time step was considered when the frames were imported 
into Unity. A road using the EasyRoads3D v3 Unity asset (AndaSoft 
2021) and some cars are added. In addition, a virtual river to imi-
tate Mjåland river and vegetations were added to make the virtual 
environment close to the actual environment.

The debris flow event can be experienced with either a VR head-
set or through a desktop window. Hence, two scenes, a desktop ver-
sion and a VR headset version are available. The desktop version 
provides a non-immersive experience where the user can navigate 
inside the virtual environment using a mouse and keyboard like 
computer games. In the VR scene, a user can get immersed inside 
the virtual environment and can move inside the scene using the 
controllers or use head rotation inside the scene while wearing the 
HMD to see the debris flow from different angles and positions 
(Fig. 7).

This is because the HMD provides body tracking to let the user 
adjust his view inside the VR scene. Unlike the desktop version, the 
user is detached from the real environment and only experiences 
the virtual environment in the HMD. In addition, three videos have 

been produced for the interested reader; one from the animation of 
the RAMMS simulation (Supplementary file 1), the second a video 
captured while a user navigating inside the virtual environment 
using a computer mouse and keyboard keys (Supplementary file 
2), and the third a video captured while the user is walking inside 
the virtual environment (Supplementary file 3).

Evaluation of the perception time

The debris flow risk can be spatially calculated as the product of 
the triggering probability, propagation probability, exposure of the 
elements at risk and their vulnerability. In particular, the numerical 
simulations performed using RAMMS are fundamental to evaluate 
the propagation of the landslide and the portions of the road that 
can potentially be affected by the debris flow event. However, the 
results from RAMMS (e.g., Fig. 6a) do not provide any information 
on how a person potentially affected by the debris flow perceives 
and would interact with the landslide event. Instead, the VR visuali-
zation may add further information about the interaction of users 
with the objects within the scene such as the debris flow hazard, the 
terrain, and the road. We tested these improved perception capa-
bilities, by moving inside the VR environment. We observe a better 
feeling of the dimensions of the debris flow extent, steepness of the 

Fig. 7   Screenshots from the VR 
environment: a from upstream 
in the channel; b taken from 
the road on the west side; 
c taken from the road on the 
east side; and d when the 
user is “hit” by the front of the 
debris flow on the road
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terrain and the depth of the flow, compared to traditional 2D visu-
alization. Consistent with the studies made by Perlman et al. (2014) 
and Leder et al. (2019), VR has a superior advantage over traditional 
approaches to identify hazards more correctly.

As a practical application of the VR capabilities, we study the per-
ception time of the debris flow, i.e., the time from the landslide initia-
tion to the time when the debris flow can be seen flowing at a given 
location within VR environment. In particular, we are interested in 
analyzing at what time from triggering, the debris flow is observed if 
the user is located along the road (i.e., where the risk is higher). The 
front of the debris flow is computed in RAMMS to reach the road 90 s 
after initiation. Within the VR environment, we can however perceive 
and observe the debris flow just 25 s after initiation. Hence, the road 
user cannot recognize and perceive the hazard before this time. The 
evaluation of this time delay (from initiation to perception) would 
not have been possible by just using the 2D map from the numerical 
simulation, as it strongly depends on the three-dimensional topogra-
phy and terrain features. Furthermore, the perception time depends 
on the location along the road and on the viewing direction.

We, therefore, calculate in VR the perception time at different 
locations along the road, as indicated by the 19 black points in 
Fig. 8, along a 520 m-long segment of the road. The points are 
20–30 m apart. From the numerical simulation, the segment of 
the road between points 8–14 corresponds to the hazard zone. 
We hypothesize to be road users driving a car: therefore, our 
view wearing the HMD is directed along the road. Furthermore, 
we perform the analysis for a car coming from both West (e.g. 
Fig. 7b) and East (e.g. Fig. 7c) directions. The perception times at 
any point is shown in Fig. 9. It is observed that the debris flow is 
completely invisible from any location west of point 1 due to the 
hilly topography. Instead, the perception time of the debris flow 
is 32 s for each location east of point 19. Between points 1 and 19, 
the perception time varies between 72 and 92 s when travelling 
from West and between 32 and 98 s when traveling from East. 
These visualization simulations show that the perception time of 
the debris flow event can significantly change depending on the 
location along the road. This VR methodology may help to effec-
tively design road networks and road signs in relation to possible 

Fig. 8   Selected points along 
the road for VR visualization. 
The solid line indicates the 
affected segment of the road 
from the numerical simulation

Fig. 9   Chart showing percep-
tion time with the location of 
the road user
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debris flow events or to plan the position of early warning sys-
tems to stop cars in a safe position prior to the hazard zone.

Discussion and future applications

In addition to better hazard recognition, we believe that this 
improved visualization can have great potential application in (i) 
hazard communication; (ii) safety and rescue operations training; 
(iii) decision making; (iv) early warning systems; and (v) education.

Hazard communication to affected communities

As mentioned previously, risk maps are a fundamental instru-
ment to plan mitigation measures by landslide experts. Such maps 
need however some level of expertise to be understood and fully 
implemented. A study made on risk perception and communication 
by Pedoth et al. (2021) showed there is a lack of knowledge in the 
general public about the existing hazard and risk maps. Improved 
communication and visualization of the landslide risk is therefore 
needed.

The approach in this work can fill the gap in knowledge by pro-
viding the visual and immersive experience capability of VR. Pri-
marily, the dynamic 3D visualization of the debris flow in a virtual 
environment can improve the spatial cognitive efficiency for the 
debris flow disaster as it enables users to navigate easily inside the 
virtual environment as compared to the visualization in 2D hazard 
maps. The visualization in the game engine (e.g., Fig. 6b) provides 
a better understanding of the height of the debris flows compared 
to the visualization from the numerical simulation (Fig. 6a) with 
the heights represented in colors. This methodology can enhance 
the classical hazard mapping where the envelope of numerically 
computed flow heights is customized with the corresponding flow 
velocity and visualized in a 3D virtual environment.

Training module for the first responders for safety, rescue 
operation, and crisis management

Disaster scenes have paramount importance in studying emergency 
management of natural disasters. However, it is difficult to con-
struct them in real life as they are expensive, and they might force 
subjects to experience real hazards. This methodology can depict 
a virtual environment with a realistic simulation of a debris flow 
disaster for safety and rescue operation training. Trainees may be 
placed into the virtual environment and learn how to rescue people 
or human infrastructures buried by the debris flow. Several stud-
ies revealed that VR is widely used for such purposes, in the fields 
of fire safety (Chittaro and Ranon 2009; Smith and Ericson 2009; 
Rüppel and Schatz 2011) and earthquakes (Gong et al. 2015; Ivanova 
et al. 2016; Feng et al. 2020). In our case, road users, early warning 
planners, and rescue operators can be trained on how and when 
to act after perceiving the debris flow hazard. The user could see 
the impact of being at different positions on perception and rec-
ognition of the hazard. By integrating time limitations and game 
rules into the interaction capability of the VR, it could evolve into a 
serious game. A serious game is a game whose primary purpose is 
not entertainment or fun (Mourali et al. 2020). Different scenarios 

could be created by changing the size of the release area of debris 
flow events or by including different preventive measures in the 
numerical simulation. VR-based serious games enable users to 
be realistic, engaging, and systematic (Catal et al. 2020). Further-
more, it could be used as part of a hazard perception test for traf-
fic schools which helps drivers improve their perception towards 
natural hazards in addition to other man-made road hazards.

Decision‑making

Decisions regarding public safety in hazard areas are usually made 
by various agencies and government authorities. The decisions are 
made based on the combination of experience, engineering prac-
tices, and politics. Planning decisions for mitigation measures are 
made with financial considerations often playing a major role. 
Such VR visualization will empower politicians and municipality 
authorities to accurately perceive the hazards and influence them 
in making adequate decisions.

Early warning system

Debris flow disasters frequently start from mountain areas and con-
tinue to flow downstream to plain areas where major infrastructure 
is often found. Video cameras (e.g., Liu et al. 2021) and GB-InSAR 
(e.g., Lombardi et al. 2017) may be used to detect landslide motion 
and activate an early warning system to block the road. The suc-
cessful detection of the motion of the debris flow depends on the 
correct choice of the camera location and orientation of sight. 
Indeed, as shown and quantified in Fig. 9, the debris flow can be 
detected at times which can span from 30 to 100 s after initiation, 
depending on the location from where the debris flow is observed. 
Using VR visualization can complement field visits to test many 
potential locations to install a camera and choose the one which 
detects the debris flow at the earliest time possible.

Education

A significant number of studies have been done on the role of VR in 
shaping the current education system (e.g., Christou 2010; Chavez 
and Bayona 2018; Hu-Au and Lee 2018). The technology improves 
students’ engagement, provides an authentic experience, and offers 
new opportunities to visualize complex models. Our work can serve 
as a powerful teaching aid for classes on the topics of flow-type 
landslides. It can help the students in understanding the complex 
nature of the employed numerical method and to realize the extent 
of the hazard and elements at risk.

Conclusion

Several numerical models have been developed for carrying out the 
runout analysis of debris flow following its initiation. The imme-
diate output results of the analysis are flow depth, velocity, and 
other parameters depending on the methods used. Most of the time 
the runout simulations are presented as hazard maps that are only 
understandable to experts. On the other hand, Immersive visuali-
zation technologies such as Virtual Reality (VR) and Augmented 
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Reality (AR) offer new opportunities to communicate natural haz-
ards to general experts and the public by providing a fully immer-
sive and interactive experience. However, the integration of land-
slide numerical simulations into VR is still challenging, due to the 
limited ability of VR to cope with georeferenced spatial data.

This study attempted to develop a framework that integrates 
physically-based numerical debris flow simulation results into an 
open-source VR software. A particular debris flow event, which 
happened in Hunnedalen (Norway) in 2016, was selected for dem-
onstration to guide the development of the framework. The debris 
flow was back-calculated with a depth-averaged debris-flow simula-
tion software. The results of the back-calculation were discussed. 
The virtual reality 3D scene was therefore constructed from the 
digital terrain model of the area in which the event happened; con-
secutive images were superimposed into the terrain depicting the 
evolution of flow heights, as computed by the numerical software. 
The texture of the images in VR was controlled by the flow velocity 
obtained from the numerical simulation. Furthermore, we inserted 
in VR the road infrastructure located at the base of the debris flow 
channel. Within the VR environment, we therefore calculated the 
time at which a road user would perceive the debris flow from land-
slide initiation. This quantification may be used for better planning 
of road networks, mitigation measures and to study the optimal 
location of early warning systems.

The present study has attempted to highlight the importance 
of bringing scientific numerical simulation of debris flow into VR 
visualization so that the wider public will get the opportunity to 
understand the debris flow hazard. Within the scope of disaster 
planning, it has the potential to improve hazard perception, deci-
sion making and recognition by the public. Our work may also 
serve as a starting point to include serious gamification within VR. 
It can also become a powerful training tool for safety, rescue opera-
tion and emergency planning on debris flow hazards.
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