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Abstract
The road network in Central Nepal suffered blockades and damage from numerous landslides and rockfalls due to the earth-
quake sequence in Gorkha, Nepal, in 2015. Additionally, frequent rainstorms in the area contributed to the recurrence of 
rockfalls and other types of landslides, hindering road infrastructure development and environmental management. Despite 
the several existing regional and local studies on landslide susceptibility in the area, rockfall-specific analysis is still lacking. 
In this paper, we assessed rockfall susceptibility in the sections of the Pasang Lhamu highway and the Galchhi-Rasuwagadhi 
highway in the Rasuwa district using a physically based model. We generated three-dimensional rockfall trajectories along 
the roads and used them to infer the rockfall susceptibility of the area. We selected potential locations for the initiation of 
rockfalls based on the optimization of the gridded slope angle, relief, and terrain ruggedness, validated the source map using 
statistical parameters, and compared them with a field-mapped rockfall source inventory. As a result, we identified which road 
sections in Ramche, Dandagaun, and Syaprubesi are highly susceptible to rockfalls. We published the field-based inventory 
of rockfall sources and segment-wise rockfall susceptibility of highways, where a rockfall susceptibility index of 5 indicated 
very high susceptibility and 1 very low susceptibility. Such findings and maps are helpful for researchers, land planners, 
developers, government bodies working on disaster risk reduction, and policymakers to design a preliminary framework for 
rockfall mitigation and sustainable roads.
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Introduction

Rockfalls are frequent hazards on steep mountain slopes, 
often affecting road networks, causing casualties and sig-
nificant economic loss (Guzzetti 2000; Guzzetti et al. 2004; 
Chen et al. 2009; Cignetti et al. 2021). The Himalayan belt 
is a seismically active region and comprises many unstable 
slopes likely to suffer from earthquake-triggered landslides, 

including rockfalls (Vishal et al. 2015; Vishal et al. 2017; 
Pradhan et al. 2015). Apart from the seismicity, other fac-
tors responsible for rockfalls are high precipitation, com-
plex topography, and anthropogenic activities, including 
road cuts.

The Nepal Himalayas region is an example in the 
Himalayan belt, where rockfall events occur yearly. For 
instance, the rockfalls of the Siddhababa region along 
the Siddhartha Highway and the Jogimara region along 
the Prithvi highway greatly affected lives and properties. 
Local newspapers reported that rock crushing on road traf-
fic caused numerous human casualties in these regions. 
Moreover, the disastrous earthquake of Mw 7.8 in Gorkha, 
Nepal, in 2015 triggered numerous landslides, including 
rockfalls along the central Nepal Himalayan belt that 
severely affected road networks (Collins and Jibson 2015; 
Martha et al. 2017). The frequency of rockfalls increased 
after the Gorkha earthquake event, specifically along the 
Araniko Highway in central Nepal, affecting livelihoods 
and infrastructure, as Regmi et al. (2016a) reported; it also 
pointed out that most rockfalls were topples, and some 
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others were wedge and plane failures. Physical impacts 
created by such phenomena affected not only people and 
properties but also the environment, natural resources, and 
landscape patterns (Lin et al. 2006).

The Pasang Lhamu highway (PLH), which connects 
Kathmandu, Nepal’s capital city, with Tibet of China, was 
one of the worst affected highways, apart from the Ara-
niko Highway, due to coseismic landslides related to the 
earthquake (Xu et al. 2017). Several landslides triggered 
by Gorkha earthquake-related aftershocks also affected the 
Galchhi-Rasuwagadhi highway (GRH), one of the busiest 
trade road networks that joined Galchi and Rasuwagadhi. 
Rockfalls that occurred during and after the earthquake 
obstructed these highways and major roads, impinged sup-
plies of basic goods (e.g., food and medicine), and trade. To 
date, these highways strive to recover from the damages cre-
ated by the Gorkha earthquake. However, frequent rockfall 
incidents have made the recovery process difficult.

Rockfall susceptibility mapping is crucial along these 
highways to mitigate the impact of future disruptive events 
as a prior step to obtaining rockfall hazard and risk maps. 
This will help the authorities to articulate strategies to 
prioritize susceptible road sections, aiming to conduct a 
detailed investigation to mitigate rockfalls, design preven-
tive measures, and help in land use planning. Few research 
has been conducted to assess the rockfall susceptibility along 
these highways (Lacroix 2016; Pokharel and Thapa 2019; 
Pokharel et al. 2021a; Amatya et al. 2021).

Previous studies highlighted the importance of assessing 
natural hazard susceptibility to indicate sections of road 
networks that would require attention in ensuring road-
side safety, proper land use planning, and environmental 
management (Guillard and Zezere 2012; Karlsson et al. 
2017). To do so, one needs to ensure that the natural hazard 
inventories (e.g., landslides, floods, ground subsidence) are 
representative and of high quality because, ultimately, this 
will determine the effectiveness of the susceptibility maps. 
Guzzetti et al. (2012), Pokharel et al. (2021b), and Loche 
et al. (2022) demonstrated how the quality and representa-
tiveness of landslide inventories affect the corresponding 
landslide susceptibility maps.

The dependence of landslide susceptibility assessment on 
general-purpose or uncategorized inventories (i.e., invento-
ries in which the types of landslides are not distinguished) 
might be less effective due to the differences in the nature, 
causes, and triggering mechanisms of different landslide 
types. Therefore, it is crucial to use a landslide-specific 
inventory (e.g., rockfall inventory, debris flow inventory) 
for a reliable landslide susceptibility map. Past studies in 
this area mostly rely upon landslide inventories and are less 
relevant to rockfall susceptibility research. Therefore, this 
work aims to assess the rockfall susceptibility along the PLH 

and the GRH using specific rockfall inventories mapped in 
the field, in conjunction with a quantitative model.

The primary step to assess rockfall susceptibility is the 
study of the rock discontinuities, including fractures and 
joints, rock mass orientation, and possible detachment areas. 
The approaches researchers adopt to assess susceptibility 
depend on the study’s objective. For example, Antoniou and 
Lekkas (2010) evaluated rockfall susceptibility based on 
geology, geomorphology, and rockfall maximum runout of 
the blocks by applying an empirical model. Toševskito et al. 
(2021) prepared a talus inventory of the study area and used 
a combination of the seed-cell concept and statistical method 
to prepare a rockfall susceptibility map. In this article, we aim 
to include only those rock masses that ballistic dynamics can 
describe, such as blocks that fall under the action of gravity 
and coercion of geological and geomorphological factors.

To generate a rockfall susceptibility map (RSM), we used 
a physically based model called STONE (Guzzetti et al. 
2002). STONE describes individual rock blocks starting 
from user-defined source locations and following independ-
ent trajectories (Alvioli et al. 2021, 2022c) under the sole 
action of gravity. This is very relevant to our study area, and 
the Central Nepal Himalayan belt, where most rock forma-
tions exposed on a steep cliff in the Lesser Himalayan and 
the Higher Himalayan Zones have crosscut joints that give 
rise to big boulders in case of a failure. STONE calculates a 
user-defined number of trajectories, which is an advantage 
for researchers working in the peculiar topography of the 
Rasuwa District, where surveys are time-consuming and dif-
ficult. Analysis of the trajectory count obtained from STONE 
and corresponding RSMs can help prioritize the assessment 
of the highly susceptible rockfall sites in the area.

To this end, we (i) mapped rockfall sources along PLH and 
GRH by conducting field investigation and satellite imagery 
analyses, (ii) applied the data-driven method (Alvioli et al. 
2021, 2022b, 2023) to single out potential rockfall source 
areas, (iii) run STONE and obtained a raster map with tra-
jectory count, to prepare an RSM, and (iv) compared with 
field data. We publish the field-based inventory of rockfall 
sources (Fig. 4) with this work as supplementary material. 
Results provide insight into rockfall susceptibility along the 
road network, which is helpful for rockfall hazard assess-
ment and could be useful in land use planning (Cignetti et al. 
2021), sustainable road design, and environmental manage-
ment (Guzzetti et al 2004).

This work is organized as follows. The “study area” sec-
tion describes the study area. The “Data and methodology” 
section gives context on the data available and prepared for 
this study and the methodology adopted in this work. The 
“Results” section describes the results, the “Discussions” 
section presents discussions, and the “Conclusions” section 
draws conclusions.
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Study area

The study area lies in the Rasuwa district in Central Nepal, 
one of the worst affected districts by the Gorkha earthquake 
in 2015 (Regmi et al. 2016b; Pokharel and Thapa 2019; 
Pokharel et al. 2021b). We investigated rockfall occurrences 
in the region from Laharepauwa to Goljun in an approxi-
mately 30 km section of PLH and GRH, shown in Fig. 1. 
The most affected villages by the earthquake-induced land-
slides, including rockfalls, are Ramche, Dandagaun, and 
Syaprubesi (Pokharel and Thapa 2019). Some of the land-
slides damaged and blocked the roads hindering transport. 
Rockfall events not only obstructed roads but also affected 
hydropower plants and settlements (Bhattarai and Dhital 
2021).

Galchhi-Rasuwagadhi highway runs parallel cutting the 
Trisuli river (TR, in Fig. 1) terrace, whereas PLH lies on the 
slope, at a much higher altitude than GRH. Altitude ranges 
from 405 to 7191 m (cf. the “Field mapping and prepara-
tion of data” section). Geologically, the area encompasses 
the Main Central Thrust (MCT, in Fig. 1), a major thrust  
fault system in the Nepal Himalayas, which separates the  
Lesser Himalayan metasediments from the Higher Himalayan  
Crystalline. The study site is comprised of ten geological 
units that mainly consist of dolomites, limestones, phyllite, 
schists, quartzite, and other metasedimentary rocks.

The potential rock blocks are mainly composed of phyl-
lites, schists, and quartzites. An engineering geological 
investigation revealed that the weathering degree of the rocks 
along highways ranges from low to high in some places and 
moderate to high in some areas (Fig. 2a). The exposed rocks 
comprise at least three sets of joints (Fig. 2b). The region has 
steep high cliffs, and the intersection of joints is such that 
they are likely to form large rock blocks in case of failure. 
Such a condition of failure is prevalent in most of the steep 
slopes in the Rasuwa district (Bhattarai and Dhital 2021).

Fig. 1  a Map showing the geographical location of the study area; b 
geological map, modified after Stocklin (1980) and Department of 
Mines and Geology (DMG) (2011). Q, Recent deposits; Lk, Lhkharpata 
formation; Sy, Syngja formation; Sg, Sangram formation; Gl, Galyang 
formation; Gp, Ghan Pokhara formation; Nd, Naudanda formation; St, 
Seti formation; Ul, Ulleri formation; Hm, Himal Group; MCT, Main 
Central Thrust; TR, Trisuli River; GRH, Galchhi-Rasuwagadhi High-
way; PLH, Pasang Lhamu Highway. The relevant infrastructure is also 
shown in b 

Fig. 2  a High-moderately 
weathered slope along PLH at 
Dhunche, Rasuwa. b Example 
of a slope with four sets of 
joints represented by four colors 
(J1: blue, J2: yellow, J3: red, 
and J4: black). The slope is 
comprised of quartzite and lies 
along PLH at Dhunche, Rasuwa
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The climatic condition of the study area ranges from 
temperate in the south to polar tundra climate in the north. 
Maximum precipitation of approximately 880 mm occurring 
the summer monsoon months of July and August whereas 
November and December months receive minimum precipi-
tation of 20 mm (Dawadi et al. 2022). Slope weathering is 
accelerated during monsoon season, commonly resulting in 
rock detachment, followed by rockslides and falls.

Due to the lack of long-term precipitation data and a 
small number of local rainfall stations, we did not include 
the effect of precipitation as a trigger mechanism in our 
study. In addition, other triggering factors such as seismic-
ity, freezing-thaw cycles, and identification of detachment 
areas by failure mechanisms due to discontinuities in the 
rock slope are out of the scope of our study. Owing to the 
geology, geomorphology, and climatic conditions of this 
region, rockfalls are expected to be frequent, causing fatali-
ties and infrastructure damage along these highways in the 
Rasuwa district.

Data and methodology

We conducted our study in the following steps: (i) field 
mapping and data preparation; (ii) selection of potential 
source area based on the slope, relief, and vector rugged-
ness measure (VRM); (iii) simulation of rockfall trajectories 
with STONE; and (iv) comparison and validation of results 
with field data. The flowchart in Fig. 3 illustrates the overall 
methodology of the study.

Field mapping and preparation of data

Our work required (i) a digital elevation model (DEM), 
(ii) rockfall source inventory, (iii) slope units covering the 

highway and their surroundings, and (iv) a lithological map 
to infer numerical input parameters (dynamic friction, nor-
mal restitution, and tangential restitution) for STONE. In 
the following, we provide a piece of short information on 
each dataset.

• We used 12.5 m resolution ALOS DEM covering an area 
of 10,526.4 sq. km (27°51′12.6″' N to 28°14′44.12″N 
and 85°5′7.08″ E to 85°24′10.44″ E), freely available on 
the Alaska Satellite Facility Distributed Active Archive 
Centre (https:// vertex. daac. asf. alaska. edu).

• We used slope units (SU), i.e., polygonal mapping units 
bounded by drainage and divide lines, similarly to Alvioli 
et al. (2021, 2022c) and Loche (2022), who also used 
slope units to prepare RSMs. Compared to the grid cell, 
SUs are more appropriate for studying landslides because 
of their strong correlation with topography and geomor-
phology (Alvioli et al. 2016, 2020; Jacobs et al. 2020; 
Domènech et al. 2020). Additionally, in our study, the 
main advantage is that rockfall trajectories originating in 
a specific SU are likely to stay bounded within the same 
SU (Alvioli et al. 2021). Slope units for the study area 
were published by Alvioli et al. (2022a). We surveyed 
639 slope units in the field to prepare the rockfall inven-
tory.

• We mapped 243 polygons corresponding to rockfall 
sources related to the Gorkha earthquake event between 
April 2015 and December 2016 (Fig. 4).

• Each source location was identified during our field sur-
vey (Fig. 5). We transferred the corresponding sources in 
GIS, cross-referencing the location with available Google 
Earth™ images and local reports. We only considered the 
rockfall sources that would likely give rise to compat-
ibility with ballistic dynamics, which can be described 
by STONE (Guzzetti et al. 2002; Alvioli et al. 2021). The 

Fig. 3  Illustration of the meth-
odology adopted in the study. 
Text references correspond to 
the numbering of sections

https://vertex.daac.asf.alaska.edu


Bulletin of Engineering Geology and the Environment (2023) 82:183 

1 3

Page 5 of 12 183

rockfall source inventory is available as supplementary 
material.

• Based on the lithology existing in the study area 
(Fig.  1), we prepared a table for numerical param-
eters (dynamic friction, normal restitution, and tan-
gential restitution) required to run STONE (Table 1). 
We referred to Guzzetti et al. (2004) and Alvioli et al. 
(2021) to infer the values of numerical parameters from 
lithology since no such tables are available in the litera-
ture for our study area.

Assessment of rockfall sources

The most relevant input of the model STONE is a raster map 
describing the location of rockfall sources. A typical method 
to select rockfall source areas (Guzzetti et al. 2003; Losasso 
et al. 2017; Khatiwada and Dahal 2020; Matas et al. 2017) is 
to use a slope threshold, meaning that grid cells with a slope 
above the threshold are considered a rockfall source area.

In this work, we prepared a map of potential rockfall 
sources based on three geomorphometric parameters: slope 
angle, relief, and VRM. More specifically, we expand the 
approach used by Alvioli et al. (2021), who used slope angle 
distributions to define a probability of rockfalls triggering 
as a function of the local slope. Here, we use local relief 
and vector ruggedness measures as well, a similar approach 
to that already explored by Alvioli et al. (2022b) in a small 
area in Italy. Unlike Alvioli et al. (2022b), we do not assign 
a probabilistic meaning to sources, here. Topographic relief 
is also a predominant factor for rockfall movements (Loye 
et al. 2009; Kuehnert et al. 2020). Topography’s surface 
roughness is another geomorphometric factor influencing 
the rockfall process and its behavior (Wang and Lee 2010; 
Brožová et al. 2021). Vector ruggedness measure is con-
sidered a high-performing algorithm to categorize surface 
roughness, and it has been used for improving natural hazard 
modeling (Brožová et al. 2021).

The goal is to choose slope, relief, and VRM joint thresh-
old values above which the probability of having a rock-
fall source (i.e., a grid cell from which STONE simulates a 
three-dimensional rockfall trajectory across the underlying 
topography) is substantially large. To this end, we performed 
the following steps:

1. We considered 243 field-mapped polygons as a repre-
sentative sample of rockfall sources in the study area.

2. For each source polygon, we calculated the distribution 
of slope, relief, and VRM within the polygons. Distri-
butions (normalized histograms) were limited within 
the whole SU containing the mapped source polygon/

Fig. 4  Map showing rockfall source inventory, slope units in a larger 
area, and surveyed slope units

Fig. 5  Rockfalls identified dur-
ing the field along the Dhunche-
Syaprubesi highway. The red 
polygons are potential rockfall 
sources, and the blue polygon 
shows rock blocks that fell off 
the slope
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polygons (cf. the “Generalization of potential rockfall 
sources” section).

3. As slope, relief, and VMR depend on the size of the 
calculation neighborhood, we repeated the above step 
for seven moving window sizes, namely, 3, 5, 7, 9, 15, 
21, and 31 grid cells (Hodgson 1998; Turner et al. 2011; 
Ali et al. 2021). Calculations with several window sizes 
allow us to find the best scale for the process in rela-
tion to the resolution of the DEM (Pain 2005). Slope 
maps were prepared using r.param.scale, relief using 
r.neighbors, and VRM using r.vector.ruggedness in 
GRASS GIS (GRASS Development Team 2017).

4. Selection of the window size, which best represents the 
rockfall source distribution and suitable thresholds of 
slope, relief, and VRM. Thresholds stem from the analy-
sis of the ratio of the distributions within the mapped 
polygons, divided by the distributions within the whole 
slope unit, for each histogram bin and for each unit.

The joint values of the thresholds allow us to obtain the 
final source map by the intersection of the three conditions 
on slope, relief, and VRM in GIS. The final map results from 
extrapolation (generalization) outside the surveyed SUs, 
assuming that similar conditions would trigger rockfalls in 
neighboring areas. This ensures that we include potential 
sources in unsurveyed locations or locations where rockfall 
did not occur yet but are still prone to fall.

Physically based rockfall susceptibility

The model STONE simulates geometrical trajectories 
followed by blocks falling independently (i.e., rock ava-
lanches and similar phenomena are not included) under 
the action of gravity, within the constraints of the digital 
topography. The main inputs of STONE are (i) a raster 
map of sources, the generalized rockfall source developed 

here in the “Assessment of rockfall sources” section, (ii) 
numerical parameters, specific to the lithology of the area 
(dynamic friction, normal restitution, and tangential res-
titution), and (iii) DEM covering the area of interest. All 
these maps are prepared in a grid format, with the exact 
resolution as the DEM.

STONE calculates three main outputs: (i) count of the 
number of rockfall trajectories crossing each pixel, (ii) 
maximum height of trajectories with respect to local eleva-
tion, and (iii) maximum velocity of the boulders crossing 
each cell. We only considered output (i) which we inter-
pret as the spatial likelihood of a grid cell being hit by a 
rockfall, and thus considered as the rockfall susceptibility 
in the study area. We used natural breaks to classify the 
counter map into a rockfall susceptibility index (RSI) in 
five classes: larger index values indicate high suscepti-
bility. We calculated RSI for the whole rockfall source 
generalized area.

Comparison and validation of results

Validation of the generalized source map is performed by 
calculating some measure of the overlap between the map 
and ground check (here, sources mapped in the field) or 
an independent inventory (e.g., Alvioli et al. (2021) used a 
national inventory). Here, the rockfall sources mapped in 
the field cover much smaller areas than the results obtained 
from generalization. Hence, a direct comparison would be 
biased. Therefore, we calculated the percentage of pixels 
of the field-mapped sources that exactly overlapped with 
the ones obtained from the generalization. For the runout 
obtained from STONE, we verified the results in the field, 
wherever accessible, and used available satellite images 
(SPOT 6, 7) (cf. the “STONE outputs and field validation” 
and “Discussions” sections).

Table 1  Values of three numerical parameters, used in STONE, for the lithology present in the field (cf. Fig. 1) are assigned referring to Guzzetti et al. 
(2004) and Alvioli et al. (2021) and geological formation available in Stocklin and Bhattarai (1977), Stocklin (1980), and DMG (2011)

Rock 
formation

Lithology noted in the field Dynamic 
friction

Normal restitution Tangential 
restitution

Q Recent deposits (alluvial and colluvial deposits) 0.80 15 40
Lk Limestones, dolomites with intercalation of shales 0.35 60 70
Sy Slightly weathered quartzites in most of the area, calcareous quartzites 0.35 60 70
Sg Quartzite in most of the area and a fair presence of limestones 0.40 55 65
Gl Slates, dolomites 0.35 60 70
Gp Slates, dolomites, limestones 0.35 60 70
Nd Quartzites 0.30 65 75
St Phyllites and quartzites 0.30 65 75
Ul Schists 0.35 60 70
Hm Mostly quartzites and schists at some places 0.35 60 70
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Results

Generalization of potential rockfall sources

We calculated the distribution of slope values within each 
rockfall source polygon falling within an SU polygon (i.e., 
for 243 sources) and the distribution of slope values within 
the whole SU. We took the ratio of the former over the 
latter and plotted it in Fig. 6a, for seven moving window 
sizes. Visual analysis of the ratios reveals that the result 
for size 3 shows an almost monotonic behavior and a wide 
range of represented values of slopes. This suggests using 
window size 3 as the best representation of slope values 
for rockfall sources in the study area, and selecting the cor-
responding slope threshold at approximately 50 degrees, 
an intermediate slope value where the histogram shows the 
distinctive change. For the relief ratio, we selected win-
dow size 15 and thresholds at 290 m (Fig. 6b). We chose 
window size 7 for VRM and thresholds 0.04 (Fig. 6c). We 
used these thresholds for slope, relief, and VRM to the 
whole study area (all of the 1537 SUs) and calculated the 
final rockfall source map, as mentioned in the “Assessment 
of rockfall sources” section (Fig. 7), to be used as input 
for STONE.

The total area covered by the potential rockfall source 
area, obtained from generalization, is 7.3  km2, and the 
area of slope units over which generalization is performed 

is 792.6  km2. The total number of field-mapped rockfall 
sources is 2304, out of which 1762 pixels (76.5%) over-
lapped with generalized sources, which we deem as a satis-
factory agreement. An example of the overlap between the 
field-mapped rockfall source and the generalized rockfall 
source is given in the supplementary material.

STONE outputs and field validation

Figure 8 shows the RSM prepared using rockfall trajectory 
counts from each potential source obtained from STONE 
(cf. the “Physically based rockfall susceptibility” section). 
Values of RSI = 5 indicate very high rockfall susceptibil-
ity, and RSI = 1 implies very low susceptibility. We divided 
each highway into 1 km segments and assigned RSI to each 
segment. The details are in the supplementary material. 
According to the results, the Galchhi-Rasuwagadhi high-
way is highly susceptible to rockfall, predominantly in Ram-
che and Dandagaun villages. The same holds true along the 
Pasang Lhamu highway, especially around the Syprubesi 
region. We visited the Syprubesi, Dandagaun, and Ramche 
sites to validate the results.

We compared our results in Ramche and Dandagaun vil-
lages with field observations and satellite images. Identify-
ing rockfall sources in a satellite image is not straightfor-
ward. From the images, one can distinguish (Fig. 9a) the 
whole landslide body and must infer the source area to the 

Fig. 6  Histograms illustrating the ratio, for each morphomet-
ric parameter, of the distribution of values within mapped source 
polygons over the distribution within the whole SU containing the 
mapped polygons: a, slope angle; b, relief; c VRM. For each quan-

tity, we show the ratio for different sizes of the moving window (ws) 
used to calculate raster maps. The value in bold is the optimal ws; the 
shaded area shows the values above the threshold value (dashed line)
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best of their judgment. Alternatively, one can calculate the 
subset of the landslide body with higher elevation, for exam-
ple, with elevation above the 90th percentile of the distribu-
tion of elevation inside the polygon. The field investigation 
in the Ramche area (Fig. 9b) overlaps with the rockfall sus-
ceptibility results presented here. In Fig. 9a, the RSI at and 
around areas 1 and 2 ranges from medium–high. The satellite 
image in Fig. 9b shows the corresponding location of areas 1 
and 2, where the potential rockfall sources and runouts are 
present. The road section along the slope in Fig. 9a looks 
highly susceptible to rockfall (and other types of landslides). 
For the rockfall source area and runouts (Fig. 10) that were 
difficult to access via roadways, we observed rockfalls from 
far sight and checked them on Google Earth™. Multiple 
landslides and rockfalls were seen in this region, with many 
potential rockfall sources. The degree of weathering was 
moderate to high in the slope along the roads, as seen in 
Fig. 10, which indicates a high chance of rockfalls in the 
future as well.

Discussions

Corresponding to the methods and result sections, we dis-
cuss generating rockfall source maps based on morphomet-
ric thresholds, selection of suitable window sizes for each 
morphometric parameter, rockfall susceptibility mapping, 
and its significance for road hazard safety in the Himalayas.

The geology of the study area is dominated by metasedi-
mentary rocks (cf. the “Study area” section) that belong to 
the Lesser Himalayan Zone and the Higher Himalayan Zone 
(Stocklin 1980; Dhital 2015), which implies the presence 
of medium to high-grade metamorphic and high-strength 
sedimentary rocks. This geological composition contributes 
to this region’s steep slope topography, resulting in a higher 
rockfall initiation threshold of slope angles. The complex 
topography is the main challenge to conducting detailed 
field-based susceptibility studies. Therefore, our aim in this 
paper is to implement the data-driven approach to generate 
a potential rockfall source map.

Fig. 7  Map of generalized potential rockfall sources using slope, 
relief, and VRM thresholds as described in the “Assessment of rock-
fall sources” section

Fig. 8  Rockfall susceptibility map (RSM) of the study area. The high-
ways are divided into 1 km segments each. Values of RSI are clas-
sified from 1 (light green, low susceptibility) to 5 (red, high suscep-
tibility). Segments of the roads are classified into five categories as 
well. GRH and PLH are colorized with red and purple color ramps, 
respectively, where darker colors correspond to high susceptibility. 
The black dotted rectangle corresponds to Fig. 9, and the brown dot-
ted rectangle corresponds to Fig. 10
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The potential rockfall source areas obtained using thresh-
olds for three geomorphometric parameters (slope, window 
size 3 × 3; relief, size 15 × 15; VRM, size 7 × 7) presented 
the best representative distribution of rockfalls (cf. the “Gen-
eralization of potential rockfall sources” section). For the 
other window sizes, the distribution of the parameters was 
not representative enough. For example, in our study, we 
argue that the window size of 3 × 3 and threshold of 50° for 
slope best represent the field situation. This overlaps with 
the results from field investigation because, in most of the 
slopes, rockfall initiation ranges from 50 to 70°. Therefore, 
selecting window size and thresholds is a significant step, as 
we can see that the optimal size for each parameter is differ-
ent, and they strongly affect the results. The results for relief 

(size 15 × 15) and VRM (size 7 × 7) reflect how the choice of 
window size can affect the nature of DEM derivatives and, 
ultimately, susceptibility models.

Our study is a step forward in building realistic rockfall 
hazard maps, useful for land use planning and, ultimately, 
rockfall risk reduction and management. Using STONE to 
prepare RSMs provides a general perspective and under-
standing of rockfall trajectory distributions along road 
networks. One of the main advantages of using STONE 
while conducting the rockfall susceptibility assessment in 
linear infrastructure such as roads is that it can point to spe-
cific places where the route can potentially be interrupted. 
Henceforth, relevant authorities can conduct a detailed 
investigation of specific road segments to design rockfall 

Fig. 9  a Rockfall susceptibil-
ity index along a Galchhi-
Rasuwgadhi road near Ramche 
village (in red). The satellite 
image in the background of a is 
a SPOT 7 from May 03, 2015. 
b Satellite imagery (SPOT 7, 
May 03, 2015) shows landslide 
occurrences on the slopes. The 
red polygon shows mapped 
rockfall blocks corresponding to 
two areas in Fig. 11a

Fig. 10  a Rockfall susceptibility index along a Galchhi-Rasuwgadhi 
road at Deurali Danda near Dandagan village (in ramp of red). The sat-
ellite image in the background of a is a SPOT 7 from May 03, 2015.  

b Google Earth image (May 03, 2015) showing landslide occurrences 
on the slopes. The red polygon shows the rockfall source area corre-
sponding to two areas in Fig. 10a
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countermeasures and more sustainable road maintenance. 
The rockfall source inventory published along with this 
article as supplementary material may be helpful, along 
with the results of this study, for independent assessment of 
rockfall susceptibility and hazards in this area and to set up 
countermeasures.

Along with the seismicity of Central Nepal Himalayas and 
geomorphometric factors contributing to landslides (Nugraha 
et al. 2015; Pokharel et al. 2020) like rockfalls (Loye et al. 
2009; Alvioli et al. 2020), the lack of engineering standards 
in road construction in Central Nepal has triggered these 
phenomena (Lennartz 2013; McAdoo et al. 2018). Our field 
visits and local reports suggest that most of the road network 
lacks necessary rockfall preventive measures, imposing a sig-
nificant risk to people using these roads (Fig. 11).

Frequent disturbances in road functioning are created by 
the failure of these safety measures and the new construction 
of similar structures, which eventually impact the socioeco-
nomic aspects of society and the country in the long run. The 
RSM we prepared for this region could be a reference for the 
decision makers to prioritize sites for detailed rockfall haz-
ard assessment to design rockfall safety measures. For exam-
ple, the areas with RSI 5 and 4, which covers about 39% 
of GRH highway and 6–8% of PLH, would be the highest 
priority of time, energy, and financial resources for detailed 
rockfall studies and mitigation measures.

Conclusions

Active tectonics and high precipitation in Central Nepal 
Belts cause frequent rockfalls. This has caused severe 
impacts on communities and infrastructure, especially road 
networks. Rockfall susceptibility, hazard, and risk along 
roads are intertwined with environmental issues and sustain-
able road development. As the first step of rockfall hazard 
and risk assessment, we generated an RSM in some sections 
of two major highways, PLH and GRH, in Central Nepal by 
using a physically based model called STONE.

Owing to the unavailability of rockfall inventories and 
difficulty in accessing most rockfall-prone sites, we mapped 
rockfall sources in some selected locations in the field. We 
prepared a map of potential rockfall sources, based on mor-
phometric analysis of slope, relief, and VRM. We consid-
ered histograms, representing the ratio of rockfalls and each 
morphometric parameter within a SU, in moving windows 
of seven different sizes and selected a joint (slope, relief, and 
VRM) rockfall threshold, which is the novelty of our work. 
We chose the optimal size for each variable, in which suita-
ble thresholds were chosen. The rockfall trajectories (runout) 
obtained from STONE are an effective tool for selecting 
target areas where detailed assessments are required. Our 
field study shows that the highways running through Dan-
dagaun, Ramche, and Syaprubesi have high rockfall sus-
ceptibility. However, no proper rockfall protection strate-
gies were adopted in these areas, which has affected road 
management and degraded the surrounding environment. A 
classified susceptibility index presented in this study would 
help to prioritize the sections of linear infrastructure, such 
as a road section that requires detailed rockfall studies and 
safety measures.

The lack of rockfall data at a nationwide or even dis-
trict level, which is often the case in this study area, makes 
validating the work very challenging. Hence, to check if the 
rockfall map generated matched with real field or not, we 
relied on the rockfall sources inventory prepared by B.P and 
T.B and related field reports. Since no similar initiatives 
have been adopted in this region, our work provides a per-
spective to preliminary rockfall susceptibility assessment, 
which is an input to the detailed rockfall hazard and risk 
assessment as well as sustainable land use planning.

The use of a high-resolution DEM in specific portions 
of the study area, and a detailed lithological map, would 
improve the selection of the rockfall source areas. Knowl-
edge of block sizes, detailed geomorphological settings, and 
possibly the inclusion of specific triggers for rockfalls (for 
example, a seismic trigger, as in Alvioli et al. (2022c) would 
help in the quantitative estimation of rockfall hazards. On 

Fig. 11  Potential rockfall zones 
(a 28°6′.8″ N, 85°18′39.6″ E; 
b 28°6′32.4″ N, 85°18′43.2″ 
E) along Dhunche-Syprubesi 
road with gabion walls as the 
safety measures, which are not 
sufficient
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the other hand, including the accurate location of infrastruc-
ture such as bridges and tunnels, as well as knowledge of 
details on transit, would allow accurate risk assessment.
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tary material available at https:// doi. org/ 10. 1007/ s10064- 023- 03174-8.
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