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blocks, and two delineators. The significance of this study 
is at mitigating the adverse impacts of landslides on road-
way infrastructure and improving the safety and reliability 
of transportation network in mountainous regions.
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Introduction

Road networks play a crucial role in supporting economic 
activities and fostering social connectivity for the develop-
ment of a nation [27]. However, particularly on hilly and 
mountainous terrains, roads are prone to frequent damage 
due to slope failures and landslides, which are one of the 
most common natural hazards in mountainous areas and 
pose significant threat to highway safety and integrity [17, 
37, 42]. Landslides result from a complex interplay of sev-
eral factors including geology, geomorphology, and subsur-
face hydrology exacerbated by triggering factors like earth-
quake, rainfall, erosion, land use pattern and so on [32, 47]. 
Moreover, anthropogenic activities, such as construction of 
hill roads disturb the natural slope stability and increase the 
chances of landsliding [3, 38], which not only disrupts the 
road traffic but also endanger human life in the vicinity and 
hinder socio-economic activities [23, 28]. So, a compre-
hensive landslide risk assessment along the roads of high 
socio-economic importance can be considered essential for 
effective road infrastructure planning and transport manage-
ment, especially in developing nations where roadside slope 
management and neighborhood landslide prevention system 
are still at minimum level [13].

Abstract Roadways are the most common mode of trans-
port because they offer last-mile connectivity and are user 
friendly. In hilly and mountainous regions, however, most 
roads are vulnerable to landslides, posing significant dis-
ruption in traffic movement as well as risk to human life 
and property. Understanding these road vulnerabilities is 
important for ensuring the smooth operation and safety 
of transportation service. This paper aims to explore the 
risk of landslides to road and road infrastructure along the 
Narayanghat–Kathmandu road section in Nepal, and for this, 
we have taken into account 11 landslide conditioning fac-
tors and created a landslide susceptibility map of the study 
area, employing the analytical hierarchy process (AHP) in 
the geographic information system (GIS) platform. The 
performance of the susceptibility model was evaluated 
by area under the receiver operating characteristic (ROC) 
technique using 122 historical landslide inventory datasets. 
Subsequently, considering seven critical road infrastruc-
ture elements at risk, landslide vulnerability map was pre-
pared for the target roadway. By combining susceptibility 
and vulnerability maps, a disaster risk map was generated. 
From the obtained results, it was understood that several 
key components of the road infrastructure in the study area 
are located at high-risk zone, which include four bridges, 
thirty two culverts, thirty two retaining walls, twelve safety 
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Landslide risk assessment involves a comprehensive 
analysis of both susceptibility and vulnerability factors for 
accurately evaluating the potential impact of landslides [6, 
20]. Landslide susceptibility refers to the likelihood of land-
slide occurrence based on terrain conditions such as slope, 
geology, and rainfall, while vulnerability represents the 
degree of potential damage to road infrastructure and other 
elements exposed to landslides [5, 8]. Integrating both sus-
ceptibility and vulnerability, we consider that landslide risk 
assessment could be made more comprehensive. In recent 
years, spatial assessment of susceptibility and vulnerability 
have emerged as a suitable approach to evaluating the land-
slide risk, especially due to advancement in analytical tools, 
technology, and accessibility to spatial and multi-temporal 
data. By integrating geospatial data layers and employing 
advanced analytical techniques, such as landslide suscepti-
bility mapping and vulnerability assessment, risky areas can 
be accurately identified.

While dealing with the mountain road issues, most pre-
vious studies focus more on landslide susceptibility evalu-
ation, but they do not consider road infrastructure vulner-
ability or concentrate more on the road network vulnerability 
while overlooking the landslide hazard. For example, Pan-
chal and Shrivastava [23] use AHP model to produce a 
landslide hazard map for an Indian National Highway inte-
grating 10 causative factors and assigning weights to these 
factors. Likewise, Sur et al. [41] develop a susceptibility 
map for the Kalsi–Chakrata Road corridor in India using 14 
landslide conditioning factors and employing fuzzy AHP 
technique. Alsabhan et al. [4] also prepare a landslide sus-
ceptibility map along the Kasauli–Parwanoo road corridor 
and divide the area into five susceptibility zones. Slightly 
different from these studies, however, Zou et al. [50] develop 
an integrated model for the highway vulnerability assess-
ment. They consider environmental sensibility, structural 
properties, and functional impact of the highway infrastruc-
ture as well as exposure probability and quantity of mobile 
hazard-affected objects. Likewise, Lu et al. [19] develop an 
approach to assess road network vulnerability examining 
the road alignment and various types of degradation under 
accidents. They validate this approach on Florida highway 
network. To overcome this constraint of focusing solely on 
either landslide susceptibility or road infrastructure vulner-
ability, a multidimensional method of road network assess-
ment combining landslide hazard factors with vulnerability 
of the disaster-prone entities is considered essential.

To address the aforementioned challenges and enhance 
the resilience of mountain roads, while circumventing the 
constraints of a singular approach, in this study, we integrate 
both landslide susceptibility and road infrastructure vulner-
ability using a weighted methodology to assess the landslide 
risk along one of the most important sections of the national 
road network in Nepal. We consider a total of 11 landslide 

conditioning factors for the landslide susceptibility analysis 
and take into account almost all existing road infrastructure 
elements for the vulnerability assessment. By integrating 
these two layers, we conduct a comprehensive evaluation 
of the landslide risk associated with the road infrastructure 
in the target area. We consider this integrated approach pro-
vides a robust foundation for informed decision-making and 
proactive planning of roadside slope safety measures. The 
insights from this research work may significantly contrib-
ute to enhancing the resilience of mountain roads. While 
the study primarily deals with the Narayanghat–Kathmandu 
roadway in Nepal, it holds universal applicability adaptable 
to diverse geographical contexts worldwide.

Study Area

We have conducted this study at one of the most important 
road routes in mid Nepal, which connects the capital city 
of Kathmandu with Narayanghat, a heavily populated city 
on the southern plains. The Narayanghat–Kathmandu road 
section in Nepal, a 146-km long bituminous double lane 
road, is also a part of the Asian Highway- 42 (AH42). This 
section of road network comprises of three national road sec-
tions: Narayanghat–Mugling section (36 km) of Narayang-
hat–Gorkha Highway, Mugling–Naubise section (84 km) of 
Prithvi Highway, and Naubise–Kathmandu section (26 km) 
of Tribhuvan Rajpath (Fig. 1). The annual average daily 
traffic (AADT) of this road section is 13,490 passenger car 
units (PCU) as of 2020–2021 data (MOPIT/DOR 2022). 
To fully capture the spatial distribution of risk factors, the 
landslide susceptibility study was carried out for the entire 
road stretch; however, the vulnerability assessment was lim-
ited to the Narayanghat–Mugling segment. This was done 
considering the ongoing upgradation work with reconstruc-
tion of pavement, drainage and support structures in Mug-
ling–Kathmandu section which couldn’t give the reliable 
results of structural vulnerability. Whereas the infrastructure 
in Narayanghat–Mugling segment is newly built (pavement 
and support structures 5 years ago and bridges completed 
last year). Therefore, Narayanghat–Mugling road segment 
was considered for the structural vulnerability assessment 
in this study.

As a mountainous country, Nepal suffers heavily from 
roadside landslides and slope failures, which make the 
road transportation system less efficient, such as by caus-
ing detours, delays, traffic jams, and increase the vehicle 
fuel consumption (as also stated by Ahmed [2]). Such road 
disruptions frequently occur during the rainy period (i.e., 
usually from June to August) and continue for a few days 
to a few weeks causing great inconvenience to road users. 
Timilsina and Dahal [43] mention that different mass move-
ment types, such as debris flows, rockfalls, slope failures, 
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landslides are common in these road sections, especially 
along the Narayanghat–Mugling route. One major example 
of several days of road traffic disruption in the study area 
is due to frequently occurring landslides at Krishnabhir 
of Dhading district in 2001, which disrupted the traffic on 
Prithvi national roadway for 11 days [1]. In recent years too, 
the Narayanghat–Mugling section of the road was and still 
is frequently disrupted by landslides at several locations. 
The landslide and slope failure-related road traffic disrup-
tion situation is not less in other national roads too. These 
issues not only disrupt the traffic and affect the economy but 
also result in loss of human life and damage transport infra-
structure, which incurs an annual direct economic loss of 
11 million US dollars [11]. Moreover, these direct costs are 
much outweighed by the indirect losses from traffic closures 
and other socio-economic effects [7].

The southern part of the study area consists of plain 
terrain while the central north part consists of rolling hill 
slopes to steep slopes [31]. The elevation varies from 178 
to 2500 m above mean sea level showcasing intricate topog-
raphy, and the average annual precipitation in this region 

exceeds 1800 mm [24]. The target road section runs nearly 
parallel to one of the main river systems, the Trisuli River 
on its left bank while many tributaries from the left side of 
this river intersect the roadway.

Geologically, the Naubise–Kathmandu road section 
consists of two different rock masses of Precambrian age, 
namely the Bhimphedi formation consisting of medium 
grade metamorphic rock and Phulchauki formation consist-
ing of relatively high-grade metamorphic rock [40]. The 
Mugling–Naubise road section crosses the midlands of 
the lesser Himalayan zone and consists of schist, phyllite, 
gneiss, quartzite, granite, and limestone as major rock types 
[7, 24]. Moreover, the Narayanghat–Mugling road section 
falls within Nuwakot Complex of the Lesser Himalayan 
zone on the north and Siwalik zones of central Nepal on the 
south [30]. The Nawakot Complex is composed of low-grade 
metamorphic rocks like slate, phyllite, quartzite and lime-
stone, whereas the Siwalik Zone mainly consists of very soft 
loosely packed mudstones, siltstones, sandstones, shale, and 
conglomerates [7, 24, 31, 46]. The Narayanghat–Mugling 
road section intersects the Main Boundary Thrust (MBT), 

Fig. 1  Map showing the location of the study area, the Narayanghat–Kathmandu road section along with main reference points and elevation 
distribution
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a major tectonic thrust fault in the Himalayan region, and is 
also intercepted by several local faults.

Materials and Methods

An overall methodological framework adopted in the study 
is outlined in Fig. 2. This approach combines two crucial 
components; landslide susceptibility analysis and vulner-
ability assessment to evaluate the landslide risk in the study 
area. We used 11 key landslide conditioning factors; slope, 
elevation, slope aspect, profile curvature, land use land cover 
(LULC), normalized difference vegetation index (NDVI), 
geology, proximity to faults, distance from roads, distance 
to streams, and annual rainfall as the landslide conditioning 
factors, and adopted AHP (analytical hierarchy process) to 
generate the landslide susceptibility map. Because of their 
complementary nature, the NDVI and LULC were both 
included as landslide conditioning factors. While NDVI 
measures vegetation density and health, which affects slope 
stability, LULC offers a categorical classification of land 
types, aiding in the identification of human activities and 
land alterations. By collecting both detailed vegetation 

differences and broad land cover types, taking into account 
both elements increases the accuracy of landslide suscepti-
bility mapping. The study area was delineated with a buffer 
of 300 m on the river side (right side) and 2000 m on the 
hill side (left side) of the roadway to encompass all potential 
influencing factors. The vulnerability assessment of the road 
transport infrastructure was done considering the roadside 
structures. By overlaying the roadside structure map with the 
landslide susceptibility map, we produced a comprehensive 
risk map, which facilitates the identification of landslide risk 
hotspots. The details of the materials and methods used in 
this study are presented in the following subsection.

Landslide Susceptibility Mapping

Data

Although landslide occurrence depends on the impact of 
various causal factors, in this work, we considered 11 land-
slide conditioning factors, as shown together with their 
sources of availability in Table 1. To validate the generated 
landslide susceptibility map, we assembled 74 historical 
landslide locations and prepared a landslide inventory map 

Fig. 2  Methodological 
flowchart for the landslide risk 
assessment
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of the study area, which consists of 27 locations as obtained 
from the NASA Global rainfall-induced landslide catalog 
and 47 locations as mapped with the help of Google Earth 
images and verified through different sets of field visit. A 
few glimpses of the field visit observations are shown in 
Fig. 3. The landslide conditioning factors considered in this 
study are briefly described below.

Slope Slope is a key landslide conditioning factor, and 
it directly affects the stability of slopes by influencing the 
driving shear force. Steeper the slope, greater the likelihood 
of slope failure, but at the same time too steeper the slope, 
greater the likelihood of existence of intact rock slopes 
and lessen the chances of failure. Slope also influences the 
surface water flow and groundwater dynamics [49]. In this 
study, the slope map was prepared out of 30-m resolution 
DEM (digital elevation mode) data and was divided into five 
classes: (i) 0°–10°, (ii) 10°–20°, (iii) 20°–30°, (iv) 30°–40°, 
and v) above 40°. The assumption made for the slope class 
division is that 0°–10° (too gentle) and > 40° (too steep) 

slope classes have less number of landslides while 10°–40° 
slope classes have greater number of landslides.

Elevation Elevation is also a frequently used landslide con-
ditioning factor while doing landslide susceptibility analysis 
[25]. In general, slopes at higher elevation are more prone 
to failure, as also stated by Yu et al. [48]. Zhou et al. [49] 
state that elevation determines the potential energy avail-
able for the movement. In this study, we prepared the eleva-
tion profile of the target area using the 30-m DEM data and 
divided it into five classes: (i) 180–300 m, (ii) 310–500 m, 
(iii) 510–700 m, (iv) 710–900 m, and (v) 910–1400 m for 
Narayanghat Mugling road section, (i) 236–400 (ii) 400–
600 m (iii) 600–800 m (iv) 800–1000, and (v) 1000–1380 
for Mugling–Naubise road section; and (i) 895–900 m (ii) 
900–1200 m (iii) 1200–1500 m (iv) 1500–1800 m, and (v) 
1800–2227 m for Naubise–Kathmandu road section.

Slope Aspect Slope aspect (i.e., the slope orientation 
with respect to the north line) is also a common and crucial 
factor considered to influence the landslide occurrence, 

Table 1  Landslide 
conditioning factors used for the 
susceptibility analysis and their 
sources of availability

Variable Source

Slope,
elevation, aspect, curvature

ASTER Digital Elevation Model (DEM) 
(resolution: 30 m)

LULC, NDVI, proximity to road, proximity to streams International Centre for Integrated 
Mountain Development (ICIMOD)

Geology Department of Mines and Geology 
(DMG)

Proximity to faults Literature review [31]
Annual rainfall Climate Research Unit (CRU)

Fig. 3  Field visit photographs: 
(a) landslide near Chandi 
Bhanjyang (27° 49′ 56.1″ N, 
84° 32′ 29.9E) (b) landslide 
at Kalikhola (27° 49′ 13.6″ N, 
84° 28′ 56.9″ E) (c) landslide 
near Kabilas (27° 49′ 13.6″ N, 
84° 28′ 56.9″ E) (d) debris flow 
impact in Mauri Khola Bridge 
(27° 49′ 05.0″ N, 84° 27′ 46.7″ 
E)
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as also highlighted by Ercanoglu and Gokceoglu [12], 
Pourghasemi et  al. [25], etc. It essentially indicates the 
orientation of a terrain surface and influences the amount 
of solar exposure, drying wind, rainfall, and water flow 
dynamics within the slope. We derived the slope aspect 
distribution map from the 30-m DEM data and divided 
it into the standard nine classes: (i) flat, (ii) north, (iii) 
northeast, (iv) east, (v) southeast, (vi) south, (vii) south-
west, (viii) west, and (ix) northwest.

Profile Curvature The smaller the radius of a curvy 
ground surface, the greater the curvature, and vice versa. 
A positive curvature value represents a convex ground 
surface (i.e., a ridge in cross section), a negative value 
represents a concave ground surface (i.e., a valley in cross 
section), and a value of zero (i.e., the curve radius infi-
nitely large) represents a flat terrain. In case of rain as the 
triggering factor, a concave slope is more likely to fail than 
a convex slope because the former slope shape has greater 
tendency to build up subsurface water pressure [15]. In 
this study, we extracted profile curvature values from the 
30-m DEM data and divided them into three classes: (i) 
concave, (ii) flat, and (iii) convex.

Land Use Land Cover (LULC) Human activities in urban-
ization, agriculture, and construction work often help alter 
landscape and LULC affecting the slope soil stability [22]. 
So, in this study, we used land cover map of Nepal for year 
2019 to prepare an LULC map for the analysis and reclassi-
fied it into seven categories: (i) water bodies, (ii) forest, (iii) 
riverbeds, (iv) built-up areas, (v) cropland, (vi) grassland, 
and (vii) wooded land.

Normalized Difference Vegetative Index (NDVI) NDVI is 
a measure of green vegetation and biomass density on earth 
surface, and it plays a crucial role in landslide susceptibil-
ity [15]. In general, a negative NDVI value refers to water, 
0–0.1 refers to bare riverbeds or sandy areas and a value 
greater than 0.2 refers to dense vegetation cover. In this 
study, we used NDVI values of five classes: for Narayang-
hat–Mugling road section: (i) < 0, (ii) 0–0.1, (iii) 0.1–0.15, 
(iv) 0.15–0.2, and (v) 0.2–0.374,for Mugling-Naubise road 
section: (i)− 0.16–0.02, (ii) 0.03–0.15, (iii) 0.16–0.25, (iv) 
0.26–0.34, and (v) 0.35–0.52; and for Naubise–Kathmandu 
road section: (i) 0–0.12, (ii) 0.13–0.2, (iii) 0.21–0.27, (iv) 
0.28–0.36, and (v) 0.37–0.52.

Proximity to  Roads Proximity to roads can significantly 
affect landslide occurrence by altering landscape and slope 
soil stability [14, 39]. During the road construction, slope 
cutting activities significantly alter the natural slope stabil-
ity. In this work, we applied Euclidean distance method [18] 
to generate five classes of proximity to roads: (i) 0 to 200 m, 

(ii) 200–400 m, (iii) 400–600 m, (iv) 600–800 m, and (v) 
above 800 m.

Proximity to Streams The level of moisture saturation in 
slope material is a crucial factor in determining the slope 
stability [44, 45]. Saturated slope soil near the streamside 
area is highly prone to failure [9, 21]. In this work, we 
applied Euclidean distance method [18] to generate five 
classes in this category: (i) 0–200 m, (ii) 200–400 m, (iii) 
400–600 m, (iv) 600–800 m, and (v) above 800 m.

Geology The geology of a mountainous or hilly area is an 
important landslide causal factor that contributes to slope 
stability or instability of the area. The geological setting 
characterized by rock types and existence of joints, frac-
tures, faults strongly impact the landslide occurrence in an 
area [29]. In this work, we referred to a geological map of 
the study area, published by the Department of Mines and 
Geology of Nepal in 1994 and reclassified the geology of 
the area into five groups: (i) Siwalik formation, (ii) Midland 
formation, (iii) Recent formation, (iv) Pre-Cambrian forma-
tion, and (v) Himal formation.

Proximity to  Faults The presence of tectonic faults in 
an area is truly associated with the spatial distribution of 
landslides and slope failures. In general, landslides are con-
centrated near the faults, but the landslide density reduces 
sharply with increasing distance from the faults [30]. Closer 
fault proximity increases the landslide susceptibility due to 
relatively high seismicity at the fault planes [15]. The fault 
proximity buffer zones were divided into the Euclidean dis-
tances of 250 m, 500 m, 750 m, 1000 m, and greater than 
1000 m.

Annual Rainfall Rainfall (or precipitation) is one of the 
main triggering factors of landslides and slope failures. 
Both the rain intensity (mm/h) and amount of rainfall (mm) 
are considered important in causing landslides. For exam-
ple, heavy and prolonged rainfall helps increase subsurface 
water pressure in concave slopes leading to landslide trig-
ger. Rainfall also serves as a climatic factor and contributes 
to accelerated weathering of rocks. We extracted the annual 
rainfall data for this study area from the Climate Research 
Unit’s (CRU) database from 2011 to 2020, and reclassi-
fied the continuous precipitation values into five equal-
interval ranges: for Narayanghat–Mugling road section, (i) 
2400–2405 mm, (ii) 2405–2410 mm, (iii) 2410–2415 mm, 
(iv) 2415–2420 mm, and (v) 2420–2425 mm; for Mugling–
Naubise road section, (i) 2083.4–2150, (ii) 2150–2230 mm, 
(iii) 2230–2310  mm, (iv) 2310–2370  mm, and (v) 2370–
2425.4 mm; and for Naubise–Kathmandu road section, (i) 
2083.2–2090 mm, (ii) 2090–2095 mm, (iii) 2095–2100 mm, 
(iv) 2100–2105 mm, and (v) 2105–2109.2 mm.
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Method

The accuracy of landslide susceptibility analysis relies upon 
the selection of appropriate landslide conditioning factors 
and the quality of landslide inventories. In this study, we 
picked the above-mentioned 11 landslide conditioning fac-
tors on the basis of expert knowledge, extensive field sur-
veys, and literature review. We used ArcGIS 10.8 platform 
for creating the thematic maps of each landslide conditioning 
factor in a resolution of 30 m. Since the contribution level of 
each conditioning factor varies, it is crucial to assess the rel-
ative weight of each factor in landslide occurrence [10]. So, 
the AHP, a multi-criteria method designed for hierarchical 

decision-making problems was employed for pairwise com-
parison between all potential pairs of factors contributing 
to landsliding [34, 36]. The outcome of these comparisons 
was used to generate a pairwise comparison matrix, where 
each entry indicates the relative significance of one factor 
compared to the other. The relative importance between two 
factors is assessed using a numerical scale, as explained in 
Table 2. After constructing the matrix, the relative weights 
of the landslide instability factors were determined through 
mathematical processing using the AHP algorithm.

Figure 4 outlines the methodological flow of the AHP 
method-based landslide susceptibility analysis. This 
method calculates the maximum or principal eigenvector 

Table 2  Scale of preference between two parameters in AHP [34]

Preference of factor Degree of preference Explanation

1 Equally Two factors contribute equally to the objective
3 Moderately Experience and judgment slightly to moderately favor one factor over another
5 Strongly Experience and judgment strongly or essentially favor over another
7 Very Strongly A factor is strongly favored over another, and its dominance is shown in practice
9 Extremely The evidence of favoring one factor over another is the highest degree possible of an affirmation
2,4,6,8 Intermediate Intermediate use to represent compromises between the preferences in weights 1, 3, 5, 7, and 9
Reciprocals Opposites Used for inverse comparison

Fig. 4  A methodological flow-
chart of the landslide suscepti-
bility analysis using AHP
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of the matrix. The sum of the eigenvalue equals unity 
[33]. In the AHP method, the pairwise comparisons in 
the matrix are considered to be adequately consistent if 
the corresponding consistency ratio (CR) is less than 0.1 
[35], which is calculated using Eq. 1.

where RI is the random index (refer to Table 3), the value of 
which depends on the order of the matrix and CI is Consist-
ency Index which is given as:

where λmax is the largest eigenvalue of the matrix of order n.
Then, the landslide susceptibility index was computed 

by employing the weighted linear combination equation 
as:

where LSI is the landslide susceptibility index, n is the total 
number of factors, Ri is the rating of the factor i, and Wi is 
the weight of the factor i (refer to Table 3).

Finally, the computed LSIs were visualized in the form 
of the landslide susceptibility map in ArcGIS platform, 
and the roadside landslide hazard characteristics were 
interpreted using the generated susceptibility map.

Validation

The reliability of the generated landslide susceptibility 
map was assessed by using area under the receiver oper-
ating curve (AUC-ROC) technique. ROC is a commonly 
used graphical representation that indicates the relation-
ship between true positive and false positive. True posi-
tive represents cases where the model correctly predicts 
the occurrence of a landslide in areas that do experience 
landslides whereas false positive refers to cases where 
the model mistakenly identifies a non-landslide prone 
area as a landslide prone area. The area under the curve 
(AUC) ranges from 0.5 to 1, and a value greater than 0.5 
indicates the model validity and acceptability. The AUC 
provides a measure of the model accuracy and determines 
its predictive power. The AUC-ROC in this work was gen-
erated by the ArcSDM toolbox in ArcGIS, and later re-
plotted in python for better resolution.

(1)CR = CI/RI

(2)CI =
(

�
max

−n
)

∕(n−1)

(3)LSI =

n
∑

i=1

R
i
W

i

Road Infrastructure Vulnerability Assessment

Vulnerability assessment was conducted specifically for the 
critical infrastructure along the Narayanghat–Kathmandu 
roadway section integrating both spatial and structural data.

Identification of Elements at Risk

The Narayanghat–Mugling road segment, where all of the road 
infrastructure—including pavements, drainage systems, and 
support structures—was rebuilt and finished five years ago, 
was the focus of the vulnerability assessment. In the last year, 
all 18 of the bridges along this route that were first completed 
45 years ago have been completely replaced with new bridges. 
Considering this recent reconstruction, the position of these 
structures in high-susceptibility zones and their possible expo-
sure to landslides have a greater impact on their vulnerability 
than aging-related deterioration. Although previous mainte-
nance records were not thoroughly examined in this study, 
long-term performance evaluations could be incorporated into 
future studies to improve the vulnerability assessment.

In contrast, the Mugling–Kathmandu roadway section is 
currently undergoing road widening and reconstruction work. 
Since many of the road infrastructure elements in this sec-
tion are still being constructed or are in a transitional state, 
their final configurations and conditions are not yet fixed. As 
a result, the vulnerability assessment for this section could not 
be included in this study at this stage, as these structures will 
be subject to further modification and development.

In the Narayanghat–Mugling roadway section, the key 
structural components considered in the analysis are:

• Bridges Structural components that are highly exposed due 
to their location across valleys or rivers, making them vul-
nerable to both direct landslide impact and debris flow.

• Culverts Drainage structures vital for water management 
but prone to blockage or damage during landslide events.

• Retaining walls These structures prevent slope failures 
but are themselves vulnerable to undermining or collapse 
under excessive landslide forces.

Each of these road structure elements was mapped using 
GIS-based road network data. The geographic locations and 
structural characteristics, such as age, material, and condition, 
were used to create an infrastructure inventory.

Table 3  Random consistency 
index (RI) [34, 35]

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.53 1.56 1.57 1.59
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Vulnerability Index Calculation

The vulnerability index  (Vi) for each road infrastructure 
element was calculated based on the following three key 
components:

• Proximity to high-susceptibility zones The infrastructure 
elements were overlaid on the landslide susceptibility map 
produced in “Landslide Susceptibility Mapping” Section. 
Infrastructure located in areas with high susceptibility 
scores was assigned higher vulnerability values.

• Structural fragility Field inspections were conducted to 
evaluate the physical condition and design robustness of 
each infrastructure element. For example, older bridges 
with visible signs of wear and inadequate maintenance 
records were considered more fragile, thus receiving higher 
vulnerability scores.

• Functional importance A weighting system was applied to 
account for the criticality of each element. Bridges and cul-
verts essential for traffic flow were assigned higher weights 
than less critical components like side drains.

The vulnerability index  (Vi) was computed using the fol-
lowing Eq. 4.

where P(Di) represents the probability of damage based on 
the element’s location in a landslide-susceptible zone, and 
 Wi is the weight reflecting the infrastructure’s criticality in 
the road network.

Classification of Vulnerability

The vulnerability index  (Vi) was categorized into four levels:

• Low Infrastructure elements unlikely to suffer considerable 
damage due to landslides

• Moderate Infrastructure that could experience partial dam-
age but remain functional

• High Elements at serious risk of damage, potentially com-
promising the functionality

• Very High Infrastructure at critical risk of failure, requiring 
immediate intervention

The vulnerability map was produced by integrating the 
above vulnerability index categories with the road network, 
identifying the areas where infrastructure is most likely to be 
affected by landslides.

(4)V
i
= P

(

D
i

)

× W
i

Risk Assessment

Risk in this study is defined as the potential for loss or dam-
age resulting from the interaction of landslide hazards and the 
vulnerability of road infrastructure. To quantify this, a risk 
assessment was performed by integrating the susceptibility and 
vulnerability layers.

Landslide Hazard and Vulnerability Integration

The landslide risk for each section of road infrastructure was 
calculated as the product of the landslide hazard (susceptibil-
ity) and infrastructure vulnerability:

where

• Ri is the risk for infrastructure element iii,
• H

i is the landslide susceptibility score for the location of 
the infrastructure element, derived from the landslide sus-
ceptibility map,

• V
i is the vulnerability index of the infrastructure element, 

reflecting its exposure and fragility.

We performed a sensitivity study by altering the suscepti-
bility and vulnerability indices within their reasonable ranges 
in order to verify the robustness of this integration technique. 
The overall risk classifications (low, moderate, high, and 
extremely high) stayed constant despite slight variations in 
the absolute risk values.

Risk Classification

The calculated risk values were classified into four categories:

• Very low risk Infrastructure unlikely to be impacted by 
landslides.

• Low risk Infrastructure with minimal risk of damage but 
may require routine monitoring.

• Moderate risk Elements at moderate risk of damage, 
requiring periodic inspection and maintenance.

• High risk Infrastructure at critical risk, demanding immedi-
ate intervention and mitigation strategies.

These risk classifications were used to develop a compre-
hensive landslide risk map for the Narayanghat–Kathmandu 
road section, highlighting zones that require urgent attention.

(5)R
i
= H

i
× V

i
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Results and Discussion

Landslide Susceptibility Assessment

Figures 5, 6 and 7 are thematic maps of the study area that 
depict spatial distribution of the 11 landslide conditioning 
factors (i.e., slope, elevation, aspect, profile curvature, land 
use and land cover (LULC), normalized difference vegeta-
tion index (NDVI), geology, proximity to faults, distance 
from roads, distance to streams, and annual rainfall) in three 
road sections of the study area (i.e., Narayanghat–Kath-
mandu roadway section). A visualization of these maps 
provides a comprehensive understanding of the terrain 
characteristics and potential landslide triggers in the region.

The weightage of the factors were provided based on 
the similar kind of researches and supported by the expert 
judgment from geotechnical and landslide hazard special-
ists taking into account field experience. Weight estimates 
were independently provided by a group of specialists with 
backgrounds in hazard assessment, remote sensing, and 
geotechnical engineering. To guarantee the consistency, the 
weight estimates were then combined using the geometric 
mean approach. To further investigate the impact of weight 
fluctuations on the final susceptibility mapping, a sensitivity 
analysis was performed. The consistency ratio was found 
to be 0.029, and it is well below the threshold value of 0.1, 
indicating the validity of pairwise comparison. Figure 8 dis-
plays the relative importance of each landslide conditioning 
factor. As seen in the figure, slope has the highest impact on 
landslide occurrence with a weightage value of 0.25 in AHP 
matrix and annual rainfall was found to be the second domi-
nating factor with a weightage value of 0.14 while elevation 
was found to have the least impact with the lowest weightage 
of 0.03. Nearly identical to these results, Psomiadis et al. 
[26] and Leonardi et al. [16] also found slope to be the most 
significant factor in landslide susceptibility.

The landslide susceptibility map of the study area, cat-
egorized into four susceptibility levels using Jenks natural 
break method is presented in Fig. 9. The natural break sus-
ceptibility classes reveal that 6% of the study area has low 
susceptibility, 42% has moderate susceptibility, 40% has 
high susceptibility, and 12% has very high susceptibility to 
landslides. Spatial distribution of the landslide susceptibil-
ity indicates that the road section in the western part is far 
more susceptible to landslides than the eastern one. This is 
because of steeper slope (i.e., 31°–45°) distribution in the 
western part than in the eastern part of the road. Moreo-
ver, the western part has higher annual rainfall and closer 
proximity to active faults than the eastern part. The land-
slide susceptibility analysis provides critical insights in the 
study area for immediate attention to enhancing mountain 
road resilience. The high and very high susceptibility zones 
as identified in all three road segments are highly likely to 

experience landslides, necessitating immediate mitigation 
strategies.

Validation of the Landslide Susceptibility Assessment

Figure 10 shows a receiver operating characteristics (ROC) 
curve obtained for the landslide susceptibility map of Fig. 9, 
by overlaying the 74 historical landslide locations on the 
susceptibility map. From the area under the ROC curve, the 
prediction rate was found to be 75.1%, which validates the 
landslide susceptibility map of Fig. 9. Although the suscep-
tibility assessment’s validity is supported by this AUC result, 
it is important to recognize several possible sources of error 
and accuracy limitations. First, as some historical landslides 
might not have been precisely documented or mapped, the 
completeness and quality of the landslide inventory dataset 
may have an impact on model performance. Second, spatial 
errors may be introduced by the resolution of the input data, 
such as the 30-m DEM utilized for terrain-related metrics. 
Third, even with expert judgement and sensitivity analy-
sis, the final susceptibility scores may be impacted by the 
subjectivity of AHP weight assignment. Lastly, the model’s 
capacity to accurately depict landslide-prone regions may be 
constrained by the omission of other contributing elements, 
such as soil characteristics in different depths and seismic 
activity.

Vulnerability Assessment

The vulnerability assessment of bridges, culverts, and retain-
ing walls along the Narayanghat–Mugling road section iden-
tified significant spatial variability in infrastructure vulner-
ability to landslide events (Fig. 11). The analysis focused 
on the proximity of infrastructure to high-susceptibility 
zones, structural fragility, and functional importance. Each 
category of infrastructure exhibited varying degrees of vul-
nerability based on its location and condition.

For the bridges, 18 structures were analyzed with results 
indicating that eight bridges (equivalent to 44.44%) are in 
very high vulnerability zones, mainly due to their location 
near steep slopes, rivers, and fault lines, which raise the 
risk of structural damage by landslides. Five bridges were 
assessed to be in high vulnerability class, four bridges in 
moderate vulnerability, and one in low vulnerability class. 
This variation reflects differences in location, design, and 
condition, where newer or better-maintained bridges were 
assessed to be in lower vulnerability class.

Culverts were also assessed for the vulnerability. Out 
of the 77 culverts assessed, 25 were found to be in very 
high vulnerability zones and 28 in high vulnerability zones, 
indicating a high likelihood of blockage or overflow dur-
ing landslide events. The assessment also revealed that 18 
culverts are in moderate vulnerability class and six in low 



Indian Geotech J 

Fig. 5  Thematic maps of the landslide conditioning factors of Narayanghat–Mugling road section: (a) proximity to roads, (b) proximity to fault 
lines, (c) slope, (d) proximity to streams, (e) NDVI, (f) aspect, (g) LULC, (h) geology, (i) elevation, (j) profile curvature, and (k) rainfall
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Fig. 6  Thematic maps of the landslide conditioning factors of Mugling–Naubise road section: (a) proximity to roads, (b) proximity to fault 
lines, (c) slope, (d) proximity to streams, (e) NDVI, (f) aspect, (g) LULC, (h) geology, (i) elevation, (j) profile curvature, and (k) rainfall
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Fig. 7  Thematic maps of the landslide conditioning factors of Naubise–Kathmandu road section: (a) proximity to roads, (b) proximity to fault 
lines, (c) slope, (d) proximity to streams, (e) NDVI, (f) aspect, (g) LULC, (h) geology, (i) elevation, (j) profile curvature, and (k) rainfall
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vulnerability class. These culverts are primarily away from 
steep slopes or active landslide areas and have robust struc-
tural design.

In case of retaining walls, 23 out of the 52 assessed struc-
tures were assessed to be in very high vulnerability class, 
posing a significant risk of failure under heavy landslide 
pressures. Another 22 retaining walls were assessed to be 
highly vulnerable, suggesting that they are also at risk but 
less likely to fail compared to those in the very high vul-
nerability class. The remaining seven retaining walls were 
found to be moderately vulnerable while none of them were 
assessed to be in low vulnerability class, which indicates that 

the area is susceptible to landslides alone and there is a need 
of robust landslide stabilization measures.

Landslide Risk Assessment

Figure 12 shows the results of road section risk assess-
ment conducted by integrating the landslide susceptibility 
and road infrastructure (i.e., bridges, culverts, and retain-
ing walls). Of the 18 bridges assessed, five are found to be 
at very high risk, probably due to their proximity to steep 
slopes, rivers, and fault lines, coupled with high vulner-
ability scores indicating structural fragility and critical 

Fig. 8  Results of pairwise com-
parisons of the landslide condi-
tioning factors for the landslide 
susceptibility assessment
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Fig. 9  Landslide susceptibil-
ity map of the study area (i.e., 
Narayanghat–Kathmandu road 
section)
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importance. Four bridges are at high risk, with moderate 
landslide susceptibility but high vulnerability due to struc-
tural age or maintenance issues. The rest are at moderate 
and low risk, reflecting safer locations or robust conditions.

Of the 77 culverts assessed, 21 were identified as being at 
very high risk, mainly due to their high likelihood of block-
age in landslide-prone areas. Another 18 are at high risk, 
while 9 and 8 are at moderate and low risk, respectively, 
reflecting safer locations or effective drainage designs.

Retaining walls also at significant risk, with 15 out of 42 
categorized as being at very high risk due to their exposure 
to high susceptibility zones and structural concerns. 14 are 
at high risk, while 10 and 3 are at moderate and low risk, 
respectively, indicating effective stabilization measures in 
these areas.

The integration of vulnerability into risk assessment pro-
vides a nuanced understanding of why certain structures are 
at higher risk. For example, even if a bridge is located in a 
moderate susceptibility zone, high vulnerability (such as due 
to structural fragility or critical importance) can elevate the 
risk level. Conversely, robust, well-maintained infrastruc-
ture in high susceptibility zones may still score lower on the 
risk scale. This combined approach enables more precise 
targeting of mitigation strategies, highlighting where slope 
stabilization, drainage improvements, or structural reinforce-
ments are most urgently needed.

Conclusion

The risk of roadside landslides and slope failures and their 
impact on critical road infrastructure in the Narayang-
hat–Kathmandu road section of Nepal were assessed in this 
study. By evaluating both the landslide susceptibility and the 
vulnerability of road infrastructure, we conducted a compre-
hensive landslide risk analysis for a 146-km landslide-prone 
primary road section of Nepal. Our findings reveal that 12% 
of the study area lies in very high landslide susceptibility 
class, 40% lies in high landslide susceptibility class, 42% 
lies in moderate landslide susceptibility class, and only 
6% lies in low landslide susceptibility class. Likewise, the 
vulnerability assessment results indicate varying levels of 
infrastructure vulnerability along a 36-km road section from 
Narayanghat to Mugling.

The risk analysis, a result of landslide susceptibility and 
infrastructure vulnerability integration, revealed that the 
northern part of the Narayanghat–Mugling road section of 
the road is more exposed to landslide risk than the southern 
section. Specific infrastructure, including 5 bridges, 21 cul-
verts, and 15 retaining walls were assessed to be situated in 
very high-risk zones. These findings emphasize the exposure 
of the road network to landslide hazards and underscore the 

Fig. 10  ROC for susceptibility simulation (prediction rate)

Fig. 11  Road infrastructure vulnerability assessment in the Naray-
anghat–Mugling road section

Fig. 12  Landslide risk map of the Narayanghat–Mugling road sec-
tion
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importance of targeted interventions to enhance the resil-
ience of road infrastructure.

This study provides valuable insights for the policymak-
ers and transportation planners to mitigate the landslide 
impacts on roadway infrastructure, improve safety, and 
enhance the reliability of transportation routes in moun-
tainous areas. The results can inform the prioritization of 
mitigation measures, such as slope stabilization, drainage 
improvements, and infrastructure reinforcement to reduce 
the risk posed by landslides to critical road infrastructure.

However, one notable limitation of this study is exclu-
sion of debris flows potentially originating from locations 
far from the roadway, which may also affect the road infra-
structure elements like bridges. Future research is intended 
to incorporate such hazards so as to provide a more com-
prehensive understanding of the risk in mountain road net-
works. Expanding the scope to include additional geohaz-
ards will contribute to a more holistic risk assessment and 
better-informed strategies for protecting the transportation 
infrastructure in landslide-prone areas.
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