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A B S T R A C T

Road networks are a critical component of the built environment and play a vital role in enhancing overall 
community resilience. Ensuring the safety and functionality of these networks is essential, especially in hilly 
regions such as the Indian Himalayan Region (IHR), which is highly vulnerable to multiple hazards such as 
earthquakes and earthquake-induced landslides. Past events in this region have demonstrated that the disrup
tions in road connectivity during such events lead to significant socio-economic losses by restricting access to 
essential services, impeding trade, and affecting tourism-based livelihoods. Therefore, this study proposes 
methodologies to identify critical road segments and systematically estimate the expected functional recovery of 
hilly roads in the IHR. The approach integrates a rapid visual screening-based technique to preliminarily assess 
potentially vulnerable buildings, hill cuts, and slopes that may obstruct roads. In addition, it provides a 
framework for incorporating detailed probabilistic methods to enable a more refined estimation of road func
tionality recovery. The applicability of the proposed methodologies is illustrated through a detailed case study. 
The insights gained from this work can support the development of effective mitigation strategies and guide 
resource allocation to restore the functionality of roads affected by earthquakes and earthquake-induced 
landslides.

1. Introduction

Road infrastructure is recognized as an essential part of the built 
environment and significantly contributes to strengthening community 
resilience. Roads are directly linked to nearly every function of a society, 
and disruption to their operation can significantly hinder the delivery of 
essential services. For effective post-hazard response, such as resettle
ment in affected areas, it is crucial to ensure that roads recover quickly 
and regain functionality to an acceptable level. As a result, the suscep
tibility of road networks to disruptions has emerged as a key focus in 
resilience studies (Matisziw and Murray, 2009; Furno et al., 2021). Road 
network disruptions are generally categorized into two types, namely, 
disruptions caused by natural events such as earthquakes, floods, land
slides, and wildfires, and those resulting from human actions, including 
traffic accidents and infrastructure breakdowns (Huang and Loo, 2023). 
Depending on the intensity and location of the disruption, one or more 
components of the road network, such as intersections or road segments, 
may become non-operational. Enhancing the resilience of a roadway 
network requires identifying critical routes or paths that should be 

prioritized for improvement.
In recent years, several studies have focused on assessing and 

improving the resilience of road networks using graph theories 
(Freckleton et al., 2012; Das, 2020; Martín et al., 2021; Nipa and Ker
manshachi, 2022; Serdar et al., 2022; Xu et al., 2021; Chen et al., 2023; 
Kazmi et al., 2023; Wang et al., 2023; Zhang et al., 2023; Alizadeh and 
Dodge, 2025; Mashrur and Kameshwar, 2025). Recent studies have also 
proposed efficient methods to identify critical road segments based on 
edge-based graph neural networks that rank the importance of road links 
for prioritizing recovery (e.g., Jana et al., 2023; Lu et al., 2024; Liu and 
Liu, 2025). However, due to the unique topography and demographic 
characteristics of hilly regions such as the Indian Himalayan Region 
(IHR), a seismically active and landslide-prone area (BIS, 2016; Kumar 
et al., 2017; Froude and Petley, 2018), these theories cannot be directly 
applied. Traditional methods based on graph theory typically employ 
connectivity-based measures (e.g., degree centrality, eigenvector cen
trality, commuter flow centrality), distance-based measures (e.g., 
closeness centrality, betweenness centrality), and time-based measures 
(e.g., time delay centrality, delay-flow centrality) to assess the resilience 
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of a network system (Fang et al., 2016; Misra et al., 2017; Wan et al., 
2021; Esfahani et al., 2024; Shafiei et al., 2025). However, in hilly re
gions, a key limitation is that alternative routes are often non-existent or 
severely limited, making these conventional approaches less effective. 
Consequently, restoring the functionality of major roads becomes crit
ical for enabling emergency services to carry out rescue and recovery 
operations effectively. For instance, debris-flow risk assessment frame
works applied to highways in seismically active mountain areas (Peng 
et al., 2013; Zou et al., 2018; Jin et al., 2023) have highlighted how 
hazard exposure and structural vulnerability jointly determine criti
cality, reinforcing the importance of prioritizing specific highway sec
tions for resilience planning.

Experience from past earthquakes and landslides in the IHR reveals 
that roads in this region are highly vulnerable (Kumar et al., 2017; 
HPTCP, 2022; HPSDMA, 2024). Their damage/blockage can signifi
cantly impact emergency rescue and recovery operations immediately 
after such disasters. In addition, road disruptions can hinder recon
struction/repair efforts and other activities during the affected period. 
For example, in 2023, unprecedented rainfall triggered more than 5500 
landslides in the state of Himachal Pradesh, India, resulting in the 
destruction of thousands of buildings and damage to roads at more than 
350 locations (HPSDMA, 2024). Due to road blockages caused by such 
events, communities in this region have often been cut off for durations 
ranging from several days to even months (HPSDMA, 2024). In addition 
to landslides, another potential cause of road blockages during earth
quakes is the collapse of buildings constructed adjacent to hilly roads 
without maintaining the proper offset distance. Moreover, some roads 
are built next to unsupported and unstable hill cuts or slopes exceeding 
3.5 m in height (HPTCP, 2022), often without maintaining the required 
minimum offset, which increases the risk of slope failure and subsequent 
blockages. Therefore, it is essential to ensure that hilly roads maintain 
their functionality to support effective rescue and recovery operations 
during hazard events. In this context, decision-support tools for man
aging post-disaster debris removal and sequencing operations (e.g., 
Lorca et al., 2015; Kim et al., 2018; Tabata et al., 2019) demonstrate 
how optimizing debris clearance can significantly reduce recovery de
lays and improve network functionality in disaster-affected areas. 
However, these studies have been developed largely for plain regions, 
and equivalent approaches that account for the complex topography and 
unique challenges of hilly regions are still limited.

Further, a significant number of studies have focused on the seismic 
and landslide vulnerability assessment of buildings in this region (e.g., 
Surana et al., 2018; Aggarwal et al., 2024; Raj et al., 2024; Kulariya and 
Saha, 2024a; 2024b; Kulariya et al., 2026). In addition, a few studies 
such as Malama et al. (2025) have proposed frameworks to assess 
earthquake-induced landslide risk for transportation networks in hilly 
regions. However, a comprehensive methodology that simultaneously 
considers both earthquake-induced building debris and 
earthquake-induced landslide debris, while accounting for the 
region-specific characteristics of the IHR, is yet to be developed. 
Therefore, it is crucial to propose methodologies that, in the case of 
pre-disaster scenarios, identify vulnerable road segments and compare 
potential blockage scenarios across different segments. In the case of 
post-disaster scenarios, the methodology should estimate the functional 
recovery time of affected roads under various hazard scenarios to 
facilitate resource allocation and prompt road recovery.

This study aims to address the aforementioned research gaps in 
assessing the functional recovery of hilly roads located in the IHR. The 
specific objectives of the study are (a) to develop a methodology for 
identifying critical road segments prior to natural hazard events, thereby 
enabling targeted disaster mitigation activities and strengthening mea
sures to minimize road blockages during earthquakes and earthquake- 
induced landslides, (b) to gather expert estimates on the time required 
to clear building and landslide debris from affected road segments, 
supporting post-disaster recovery planning, and (c) to demonstrate the 
application of the collected recovery data in post-disaster scenarios 

through a hypothetical case study. The findings from this study can aid 
in formulating effective mitigation strategies and guiding resource 
allocation for roads in the IHR under earthquakes and earthquake- 
induced landslides.

2. Methodologies for identification of critical road segments and 
assessing expected functional recovery of roads in hilly regions

Methodologies for identifying the critical road segments and 
assessing their expected functional recovery time (Tr) under earthquake 
and earthquake-induced landslide scenarios are presented herein. These 
are structured into steps corresponding to pre-hazard (Fig. 1) and post- 
hazard scenarios (Fig. 2). The pre-hazard scenario focuses on identifying 
critical road segments prior to natural hazard events, while the post- 
hazard scenario addresses recovery assessment once damage has 
occurred. In the case of a pre-hazard scenario, the following steps are to 
be followed. 

a) Select the study area and identify key nodes such as road in
tersections, hospitals, public works department (PWD) offices, 
educational institutions, emergency shelters, community centers, 
etc. The selection of nodes primarily depends on the objectives of the 
study, whether it is to assess the access to healthcare facilities or 
other essential services, evaluate connectivity to the nearest emer
gency shelters, or plan future resource and machinery allocations to 
ensure smooth post-disaster recovery, or a combination of these 
objectives.

b) Identify the potential factors that may cause blockages along the 
road segment during an earthquake event, such as vulnerable 
buildings, active-landslide sites, slow-moving landslide sites, and 
unsupported hill cuts. Rapid visual screening techniques can then be 
employed to assess the seismic vulnerability of roadside buildings 
and determine those likely to collapse during an earthquake. Sup
pose, x buildings are located between two nodes under consider
ation, and the roadside width of each building is denoted by LB1 , LB2 , 
… LBi , …. LBx . A coefficient termed the blockage factor, BB ∈ {0,1}, 
can then be assigned to each building based on its perceived 
vulnerability. While assigning the blockage factor, considerations 
should include the offset distance between the building and the road, 
the ratio of building height to this offset, and other geometric or 
structural factors that influence the potential of falling debris to 
obstruct the roadway. The total length of road susceptible to 
blockage by building debris can then be calculated as:

L̃b =
∑x

i=1
BBi LBi (1) 

where, BBi = blockage factor corresponding to ith building. 

c) To further refine the estimate of road susceptibility to blockage by 
building debris, fragility assessments can be performed for the sur
veyed buildings or for archetype buildings representative of the re
gion. This approach allows state-dependent blockage factors to be 
incorporated. Let P

(
DSy|IM= im, building= i

)
denote the probability 

that ith building attains damage state DSy (defined in terms of an 
engineering demand parameter, EDP) at intensity measure IM = im, 
then the L̃b can be calculated as:

L̃b =
∑x

i=1
LBi

[
∑z

y=1
P
(
DSy
⃒
⃒IM= im, building= i

)
By

]

(2) 

where, By = mean blockage factor associated with the DSy damage state, 
and z = total number of damage states. The value of 
P
(
DSy

⃒
⃒IM= im, building= i

)
can be computed as:

For DSz: P(DSz|IM = im, building = i) = P
(
EDP ≥ edpz

⃒
⃒IM = im,
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Fig. 1. Methodology for identifying critical road segments in pre-hazard scenarios.
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building = i
)

Else : P
(
DSy
⃒
⃒IM= im, building= i

)
=P
(

EDP ≥ edpy

⃒
⃒
⃒IM= im, building= i

)

− P
(

EDP ≥ edpy+1

⃒
⃒
⃒IM= im, building= i

)

(3) 

This formulation enables the blockage factor to be represented not 
only as binary (0 or 1) but also as a weighted average across possible 
damage states. In cases where information on state-dependent blockage 
factors is unavailable, By ∈ [0, 1] can be assumed using engineering 
judgment or values reported in the literature. 

d) To compute the length of the road segment likely to be affected by 
landslides, landslide susceptibility maps, slope stability evaluation 
techniques, and relevant design guidelines can be employed to 
identify the potential landslide sites. Suppose there are n landslide- 
prone or active-landslide sites, and the roadside length of each site 
is denoted by Ll1 , Ll2 ,… Lli , …. Lln . The total road length susceptible to 
being blocked by landslide debris can then be computed as:

L̃l =
∑n

i=1
Bli Lli (4) 

where, Bli = blockage factor corresponding to ith landslide site. In its 
simplest form, Bli ∈ {0,1} can be assigned based on whether the slope is 
judged to have the potential to block the road or not. Such binary 
assignment may be made using engineering judgment, rapid visual 
screening techniques, or empirical rules. However, if a detailed proba
bilistic assessment of ith landslide site is available, the L̃l can be 
computed more rigorously as a product of three components: (i) the 
probability of slope failure at IM = im, i.e., Pfail,i(IM = im), (ii) a 

conditional blockage fraction ∅blockage|fail,i which represents the expected 
proportion of the road width blocked given a slope failure, and (iii) 
roadside length of each landslide site Lli . 

L̃l =
∑n

i=1
Pfail,i(IM= im).∅blockage|fail,i.Lli (5) 

where, ∅blockage|fail,i ∈ [0, 1] with 0 representing no blockage, 1 repre
senting complete blockage, and intermediate values corresponding to 
partial blockages (e.g., one lane obstructed). 

e) The percentage length of a road segment between two nodes that is 
susceptible to blockage, denoted by ̃Lcritical, can then be computed as:

L̃critical =
L̃b + L̃l

L
× 100 (6) 

where, L = total length of the road between two nodes. Road seg
ments can be compared based on their L̃critical values, and areas with 
higher percentages can be flagged as priority zones for mitigation. This 
enables proactive planning to minimize road blockages and maintain 
accessibility during and after natural hazard events. Moreover, post- 
disaster resources can be strategically pre-positioned in locations that 
are expected to remain cut off for longer durations, especially if their 
recovery depends on the functionality of connecting roads and nearby 
villages, and no resources are currently available in those areas.

In post-hazard scenarios, effective resource allocation and prompt 
recovery depend on the extent of closure of different road segments due 
to building and landslide debris. Based on ground reports (e.g., field 
office, community inputs, etc.), the location and length of road block
ages due to building debris (Lb,Actual) and landslide debris (Ll,Actual) can be 
identified. The percentage closure (PC) of a road segment can then be 

Fig. 2. Methodology to compute expected functional recovery time of a road in post-hazard scenarios.
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estimated as the ratio of the blocked length to the total length of the road 
segment between two nodes. 

PC=
Lb,Actual + Ll,Actual

L
× 100 (7) 

However, percentage closure alone is not sufficient to assess recovery 
in post-hazard situations, as road functionality also depends on the 
volume of debris to be cleared. The volume of debris can be estimated 
either through expert judgment, remote sensing data, or using empirical 
formulas based on field data. The time required to clear debris (hereafter 
referred to as debris clearance time) is typically estimated based on 
professional experience or by dividing the debris volume by standard 
debris removal rates (hereafter referred to as debris clearance rate, in 
cubic meters per hour) provided by practicing professionals or disaster 
response agencies. Let Trk represents the time required to clear the debris 
volume Vk from the kth blockage along a road segment between nodes i 
and j containing p blockage locations. Assuming N debris clearance 
machines are deployed, each with a clearance rate r, the clearance time 
can be computed as: 

Trk =
Vk

rN
(8) 

The expected functional recovery time for the road segment between 
two nodes can then be calculated as: 

Trij =
∑p

k=1

Trk (9) 

In practice, different clearance rates apply to different types of debris 
(e.g., earthquake-induced building debris and earthquake-induced 
landslide debris). Moreover, multiple machines may be mobilized 
from different locations. To account for this, including mobilization 
time, Eq. (8) can be generalized as: 

Trk (k,m) = Tmob(k,m) +
Vbk

rbNm
+

Vlk
rlNm

(10) 

where, m = index representing the machinery location, Tmob(k, m) =

mobilization time from the machinery location m to blockage location k, 
Vbk = volume of earthquake-induced building debris at blockage k, Vlk =

volume of landslide debris at blockage k, Nm = number of machines 
available at location m, and rb and rl = debris clearance rates (m3/hour) 
for earthquake-induced building debris and landslide debris, 
respectively.

In reality, debris volumes, clearance rates, and mobilization times 
are uncertain due to variability in hazard severity, site accessibility, and 
resource availability. To incorporate uncertainty, the deterministic 
variables are replaced with random variables that capture the inherent 
variability in debris generation and clearance processes. The building 
debris volume, Ṽbk , is uncertain due of damaged buildings that actually 
contribute to the blockage. Similarly, the landslide debris volume, Ṽlk , is 
uncertain due to variability in slope geometry, soil properties, failure 
depth, runout distance, and other parameters required for estimating the 
volume of displaced material. The clearance rates for building and 
landslide debris, denoted by ̃rb and ̃rl, are represented as random vari
ables to account for variability in machinery capacity, operator effi
ciency, and the nature of the debris being cleared. In the absence of 
detailed information, these rates can be modeled using truncated normal 
distributions, i.e., r̃b, r̃l ∼ max

{
0, N

(
μ, σ2)}. The mobilization time, 

Tmob(k, m), is also uncertain and may be represented as a discrete or 
continuous random variable depending on road accessibility, traffic 
conditions, and resource availability. It should be noted that any of these 
uncertain parameters, i.e., debris volumes, clearance rates, or mobili
zation times, may follow distributional forms such as normal, 
lognormal, Weibull, uniform, etc., if supported by empirical data or 
expert judgment (e.g., Çelik et al., 2015; Sayarshad et al., 2020; Ma 
et al., 2022; Tian et al., 2024). The stochastic clearance time is therefore 

expressed as: 

T̃rk (k,m) = Tmob(k,m) +
Ṽbk

r̃bNm
+

Ṽlk
r̃lNm

(11) 

Thus, the clearance time calculated from Eq. (11) captures the 
variability of debris generation and clearance processes and allows 
estimation of expected recovery times and their probability distribution.

When debris clearance machinery can be deployed from multiple 
locations, both mobilization time and debris clearance time must be 
considered together. For each blockage, the optimal machinery location 
is the one (out of M potential location of machinery in the network) that 
minimizes the total clearance time. However, for any given road 
segment, traffic can only pass once all blockages are cleared. Therefore, 
the functional recovery time for a segment is governed by the slowest (i. 
e., maximum over k) among these optimal debris clearance times. In 
other words, the functional recovery time of a road segment between 
nodes i and j with blockages k ∈ p can be obtained as: 

T̃rij (k,m)=max
k∈p

[

min
m∈M

T̃rk (k,m)

]

(12) 

The calculated T̃rij values for all road segments can be compared to 
identify those with longer recovery times. Segments with higher T̃rij 

values indicate potential bottlenecks in network restoration. By 
analyzing these values, resources can be allocated strategically to reduce 
the longest recovery times, promoting a more balanced and synchro
nized restoration across the network. This prevents situations where 
certain segments receive abundant resources and are restored quickly, 
while others remain inaccessible for extended periods. To support such 
prioritization, methods such as the Critical Path Method (Lavelle et al., 
2020), Monte Carlo simulation (Aydin et al., 2018; Dong et al., 2022; 
Fang et al., 2022), and other optimization techniques (Zhang and 
Miller-Hooks, 2015; Gokalp et al., 2021) can be employed. These ap
proaches help to identify critical road segments, assess uncertainties in 
restoration times, and develop robust deployment schedules that mini
mize total network recovery duration. The implementation of the pro
posed methodologies is further illustrated through a case study 
conducted for hilly roads situated in the IHR and presented in the sub
sequent sections.

3. Case study

To demonstrate the application of the proposed methodologies, a 
detailed field study was conducted on a section of the Mandi-Bajaura 
Road in the Mandi region of Himachal Pradesh, India, which falls 
under seismic Zone-V as per the Indian standard for earthquake resistant 
design, i.e., IS1893 Part 1 (BIS, 2016). The selected case study route 
connects the Indian Institute of Technology Mandi (IIT Mandi) to the 
Zonal Hospital Mandi, a major healthcare facility serving the region. 
This road plays a vital role in the regional transportation network, 
linking educational institutions, healthcare facilities, and nearby vil
lages, thereby enabling communities to access essential services and 
carry out daily household activities. The selected road section is a part of 
Major District Road 23 (MDR23), which also serves as a critical feeder 
route to Kullu district, particularly during blockages on National High
way 3 (NH3). In this study, road intersections, hospitals, and villages 
along the road were selected as nodes. The Zonal Hospital Mandi and IIT 
Mandi (North Campus) were chosen as the two terminal nodes, marking 
the start (Node 1) and end point (Node 11) of the selected portion of 
road, as shown in Fig. 3. In addition to the terminal nodes, nine inter
mediate nodes were identified based on their geographic location and 
contextual importance along the route, bringing the total to eleven 
nodes. The importance of each road segment was evaluated based on 
several key factors, including the number of villages it connects, its to
pological significance, its susceptibility to becoming unusable due to 
building collapse, and its role in providing access to medical services for 
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various demographic groups. Moreover, multiple village roads are 
connected to MDR23, with the majority of the communities residing 
between Node 5 and Node 11 as shown in Fig. 3. Therefore, the present 
study focuses on this representative segment of MDR23, specifically 
between Node 5 and Node 11, to demonstrate the applicability of the 
proposed methodologies. Additionally, the survey identified critical 
infrastructure points such as community health centers, educational 
institutions, and PWD offices to support the prioritization and system
atic initiation of post-disaster rescue and recovery operations. These 
nodes divided the considered road into smaller sections, as schemati
cally shown in Fig. 3, which helped in systematically recording field 
observations during the survey and facilitated the identification of 
vulnerable portions of the road between the nodes. Further details of the 
survey are presented in the subsequent section.

3.1. Identification of vulnerable buildings along the considered road

A comprehensive Rapid Visual Screening (RVS) survey was carried 
out to determine the location and characteristics of existing buildings 
along the selected road, following the guidelines outlined in Kulariya 
et al. (2024a) and NDMA (2020). Due to challenging topographical 
conditions, including limited visibility, dense vegetation cover, and 
accessibility constraints, other forms of survey such as drone-based 
aerial surveys and satellite imagery, were not feasible in the study re
gion. Therefore, in the present study, assessment was conducted entirely 
through ground-based RVS. Through this RVS, a total of 523 buildings 
were surveyed along the selected road, and the location of survey 
buildings is shown in Fig. 4.

The surveyed buildings were categorized based on occupancy types, 
which include residential with commercial, residential, commercial, 
government, educational, healthcare, and other. The percentage distri
bution of these buildings according to occupancy type is presented in 

Fig. 3. Location of case study area and selected nodes.
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Fig. 5(a). It can be noted that the majority of the surveyed buildings are 
either residential with commercial (53.54 %) or purely residential 
(25.81 %). In this context, residential with commercial buildings refer to 
buildings that allocate a part of the building, typically the floor closest to 
the access road, for commercial use (Aggarwal et al., 2024). Fig. 5(b) 
presents the percentage distribution of surveyed buildings with respect 
to the number of stories. It can be observed from Fig. 5(b) that 3-story 
buildings represent the highest proportion, accounting for 30.21 %, 
followed by 2-story and 4-story buildings at 27.15 % and 22.37 %, 
respectively.

Further, in this RVS survey, it was observed that the surveyed 
building stock comprises various typologies, including reinforced con
crete (RC), brick masonry (BM), stone masonry (SM), hybrid buildings 
constructed with more than one material (RC + BM, RC + SM, BM +
SM), and traditional wooden buildings. Among the 523 surveyed 

buildings, the numbers of RC, BM, SM, RC + BM, RC + SM, BM + SM, 
and traditional wooden buildings were 356, 58, 32, 12, 8, 31, and 26, 
respectively. It is worth noting that during the RVS, significant emphasis 
was placed on identifying vulnerability attributes known to impact the 
seismic performance of buildings. These included susceptibility to 
pounding (SP) due to insufficient seismic gap, soft story (SS), heavy 
overhang (HO), absence of framing action (AFA), and setback (SetB), 
among others. Fig. 6 presents representative illustrations of selected 
vulnerability attributes as observed during the field survey.

The distribution of these attributes across different typologies is 
summarized in Fig. 7. Among the considered attributes, susceptibility to 
pounding due to insufficient seismic gap and the presence of a soft story 
were the most commonly observed in the surveyed buildings. Suscep
tibility to pounding was assessed using FEMA P154, 2003 criteria, which 
consider factors such as insufficient separation between adjacent 

Fig. 4. Location of nodes and surveyed buildings in the case study area.

Fig. 5. Distribution of surveyed buildings in the study area with respect to (a) occupancy type, and (b) number of stories.
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buildings, vertical offsets in floor levels greater than two feet, and height 
differences exceeding two stories. This attribute was present in 79.49 % 
of RC, 82.76 % of BM, 65.63 % of SM, 75.00 % of RC + BM, 87.50 % of 

RC + SM, and 77.42 % of BM + SM buildings. The presence of soft story 
attribute was identified based on the criteria outlined in IS 1893 Part 1 
(BIS, 2016), which defines a soft story as a floor with a significant 

Fig. 6. Examples of vulnerability attributes present in surveyed buildings.

Fig. 7. Distribution of various vulnerability attributes across different building typologies.
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reduction in lateral stiffness typically due to open stories or missing infill 
walls at that level. This attribute was present in 72.19 % of RC, 58.62 % 
of BM, 25.00 % of SM, 83.33 % of RC + BM, 75.00 % of RC + SM, and 
67.74 % of BM + SM buildings.

The presence of heavy overhangs, identified in accordance with 
FEMA P154, 2003, was observed in 37.93 % of BM, 87.50 % of RC + SM, 
and 35.48 % of BM + SM buildings, while in the remaining building 
typologies, it was about 30 % or less. Absence of framing action attribute 
was identified where continuity in the load-resisting system was inter
rupted, either through misalignment of columns or missing structural 
members. This attribute was prevalent in 50 % of RC + SM, 32.26 % of 
BM + SM, and 20.69 % of BM buildings. The setback attribute, identified 
based on the criteria outlined in IS 1893 Part 1 (BIS, 2016), was 
observed in 50 % of RC + BM, 37.50 % of RC + SM, and about 25 % of 
RC and SM buildings.

Further, to identify vulnerable RC buildings, the methodology pro
posed by Kulariya et al. (2024a) was applied, where the obtained final 
score was compared with the Expected Multi-Hazard Vulnerability Score 
(EMHVS) thresholds provided in Table 1 (Kulariya et al., 2024a) to 
determine the corresponding damage states (DSz).

For masonry buildings and traditional wooden buildings, the pre- 
earthquake rapid visual screening was carried out following the guide
lines provided by NDMA (2020), which classify buildings into green, 
yellow, or red tags. Each tag is associated with a specific set of conditions 
related to structural configuration, architectural features, soil and 
foundation conditions, and siting issues. A green-tagged building is ex
pected to sustain no visible damage during an earthquake and remain 
fully functional. However, since tagging is based on pre-earthquake 
rapid visual screening, such buildings may still experience damage 
depending on the earthquake intensity and are therefore assumed to be 
in DS1. A red-tagged building is classified as unsafe for occupancy due to 
the likelihood of severe structural and/or non-structural damage or 
serious siting issues, which may render the building unusable. As such, 
red-tagged buildings are considered equivalent to buildings classified 
under the DS3 damage state using the methodology proposed by 
Kulariya et al. (2024a). A yellow-tagged building is expected to expe
rience moderate damage and is deemed useable with temporary in
terventions. Accordingly, yellow-tagged buildings are considered 
equivalent to buildings with DS2. It should be noted that, in the absence 
of dedicated RVS guidelines for hybrid buildings comprising both rein
forced concrete and masonry, such buildings are assessed using both the 
methodologies proposed by Kulariya et al. (2024a) and NDMA (2020). 
The higher damage state obtained from either of the two is then assigned 
to the building. The distribution of surveyed buildings across the ex
pected damage states is presented in Fig. 8. It can be observed that, out 
of the 523 buildings surveyed, 212 fall under DS3, 235 under DS2, and 76 
under DS1.

Fig. 9 shows the locations of buildings classified under DS3 situated 
between various nodes along the selected road, highlighting their po
tential to obstruct road access during or after an earthquake. In this 
study, the length of road susceptible to blockage is calculated by 
multiplying the width of each building along the roadside (LBi ) with a 
blockage factor (BBi ), as discussed in the methodology section. Due to 
the unavailability of blockage data for roadside buildings in the Indian 
Himalayan Region during earthquakes, a conservative assumption of BBi 

equal to 1 is adopted for buildings in DS3, implying that the full width of 
each building could potentially block the road. For buildings categorized 
under DS1 and DS2, BBi is assumed to be 0, indicating no road blockage 
contribution in these lower damage states. Fig. 9 also shows the location 
of potential landslide sites, which is discussed in the subsequent sub
section. The survey also identified five medical centers, including the 
Zonal healthcare facility (denoted as Node 1 in Fig. 3) in Mandi city, 
which are likely to play a vital role in emergencies. In addition, two PWD 
offices located near the Zonal Hospital Mandi and IIT Mandi South 
Campus were identified during the survey. These offices can serve as 
potential centers for initiating rescue and recovery operations in the 
post-disaster phase. This information is further utilized in a subsequent 
section to calculate the critical length of the road between the consid
ered nodes.

3.2. Identification of potential landslide sites along the considered road

During the survey, potential landslide sites along the considered road 
were identified using multiple criteria. The first criterion follows the 
guidelines outlined in HPTCP (2022), which consider unsupported hill 
cuts exceeding 3.5 m in height as vulnerable to landslides. While this 
criterion is crude and may not portray the complete landslide suscepti
bility of a site, it serves as an effective initial screening method in the 
absence of detailed geotechnical data. When more accurate and 
site-specific information becomes available for the entire road segment, 
such preliminary criteria can be refined or replaced. Fig. 10 shows ex
amples of typical unsupported slopes observed during the field survey 
that exceed the 3.5 m threshold. Using this criterion, a total of 20 po
tential landslide-prone sites were identified in the study area. It should 
be noted that these locations include only uphill-side landslide-prone 
sites along the road. Potential downhill-side landslide sites that could 
cause complete road damage were not considered in the present study.

Further, in the second criterion, the factor of safety (Fs) for the un
supported hill cut/potential landslide sites are calculated, using the 
empirical formula given by Pack et al. (1998) as follows: 

Table 1 
EMHVS corresponding to different damage states.

EMHVS Damage state Description

EMHVS >88 No damage No damage
88 ≥ EMHVS >78 DS1 Slight damage to infill walls
78 ≥ EMHVS >63 DS2 Moderate structural damage and heavy non-structural damages
EMHVS ≤63 DS3 Heavy structural damage with wall failures and partial roof/floor collapse

Fig. 8. Distribution of surveyed buildings with respect to expected dam
age state.

R. Kumar et al.                                                                                                                                                                                                                                  Journal of Infrastructure Intelligence and Resilience 4 (2025) 100181 

9 



Fs =

Cs
ρsghs

+ cos θ
[

1 − Cw
ρw
ρs

]

tan ∅f

sin θ
(13) 

where, Cs, ρs, ∅f , cw , ρw, θ, and g denote the cohesion, average soil 
density, internal friction angle of soil, relative wetness, unit weight of 
water, slope angle, and acceleration due to gravity, respectively. The soil 
thickness hs represents the potential failure depth. As per this criterion, 
Fs = 2 indicates a safe/stable slope, Fs = 1.5 indicates a slope critical to 
failure, and Fs < 1 indicates an unsafe/unstable slope.

In the absence of detailed geotechnical investigations for individual 
slopes, the values of the required input parameters are assumed based on 
the existing database of laboratory tests conducted for active-landslide 
sites in the study region. The uncertainties in these input variables are 
incorporated through their probabilistic distributions. The parameter ρs 
is assumed to follow a lognormal distribution with a mean value of 1845 
kg/m3 and a coefficient of variation (COV) of 7.09 %, while the ∅f is 
taken as 25◦ with a COV of 5 %. The variables Cs and hs are modeled as 
truncated normal distributions, with mean values of 5.36 kPa (COV =
60.79 %) and 5 m (standard deviation = 1.65), respectively. The vari
able cw is modeled as uniformly distributed in the range of 0 and 1. These 
values are assumed based on the reported range of these parameters in 
Kulariya et al. (2024b) and Devi et al. (2022). The mean value of θ is 
obtained from Google Earth (GE, 2025) corresponding to the co
ordinates of landslide sites and vulnerable hill cuts identified during the 
field survey. The parameter θ is assumed to follow a normal distribution 
with a COV of 10 %, based on the observation that the minimum and 
maximum slope angles from Google Earth typically deviate by about 10 
% from the median value. Further, the ρw is considered to be 1000 
kg/m3, and the acceleration due to gravity is taken as 9.81 m/s2.

For each considered site, 100000 realizations of the input variables 
Cs, ρs, ∅f , cw and θ are generated through Monte Carlo simulation based 
on their prescribed statistical distributions. For every realization, the 

factor of safety is then computed using Eq. (13). The probability of 
failure for each site is then estimated as 

Pfail
(
Fs ≤ Fs,threshold

)
=

nfail

ntotal
(14) 

where, nfail = number of simulations resulting in Fs ≤ Fs,threshold, and ntotal 
= total number of simulations performed for each site. The obtained 
values of Pfail

(
Fs ≤ Fs,threshold

)
are presented in Table 2. It can be observed 

that none of the sites can be classified as safe since the probability of 
achieving (Fs ≥ 2) is zero across all locations. This highlights the overall 
vulnerability of the study area to slope failures.

Among the 20 sites, a clear distinction is observed between unstable 
and critical slopes. Sites with slope angles exceeding 36◦ (e.g., LS1, LS8, 
LS9, LS10, LS13, LS14, LS15, LS16, and LS18) show the Pfail(Fs < 1)
equal to 1.0, confirming that these steep slopes are unsafe under all 
uncertain scenarios considered for the input variables. In addition, sites 
with moderate slope angles between 26◦ and 35◦ (e.g., LS3, LS4, LS5, 
LS7, LS11, LS12, and LS19) also fall into the unsafe category, with 
Pfail(Fs < 1) values between 0.94 and 0.99. It is noteworthy that even 
relatively gentle slopes (21◦–22◦; LS2, LS6, LS17, and LS20) exhibit the 
Pfail(Fs < 1) values ranging from 0.67 to 0.75 and Pfail(Fs ≤ 1.5) values 
between 0.25 and 0.33. This indicates that low-angle slopes in this re
gion are also not inherently stable.

Further, the total length susceptible to blockage (L̃l) is computed 
using Eq. (5), as described in the methodology section. The first 
component of Eq. (5), i.e., Pfail,i, representing the probability of slope 
failure at the ith landslide site, is obtained from Table 2. The second 
component, ∅blockage|fail,i, which represents the expected proportion of 
the road width blocked given a slope fail, is taken as 1. This is because 
most roads in the study area are single-lane (HPSDMA, 2024), with an 
average width of 3.5 m, so even a small debris fall can completely 
obstruct the roadway. The third component (Lli ), represents the road 

Fig. 9. Vulnerable buildings (DS3) and landslide sites along the considered road.
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side length of ith landslide site, and is obtained from the field 
observations.

The locations of these potential landslide sites along the considered 
road are previously shown in Fig. 9. Notably, the lack of fully stable 
slopes highlights the region’s high susceptibility to landslides, particu
larly under triggering conditions such as intense rainfall or seismic ac
tivity, which could result in road blockages. As observed from Fig. 9, the 
majority of both vulnerable buildings and potential landslide sites are 
concentrated between Node 1 to Node 5 and Node 9 to Node 11, 
respectively. In the subsequent section, a detailed computation is pre
sented to evaluate the critical road lengths between these specified 
nodes. This analysis is aimed at identifying the most critical road seg
ments based on the spatial distribution of vulnerable buildings and po
tential landslide sites.

3.3. Identification of critical road segments in the pre-hazard scenarios

In the present study, critical road segments are identified using the 
methodology described in Section 2. The critical length between two 
nodes is evaluated by comparing the total road length between the nodes 
with the portion potentially obstructed by building debris and/or 
landslide debris. It is assumed that road blockage may occur along the 
measured lengths of buildings and landslide-prone sites adjacent to the 
road, as documented during the field survey. The locations of these 
vulnerable segments are illustrated in Fig. 11. In addition, Table 3
provides the percentage of road length susceptible to blockage, which 
serves as the primary criterion for assessing the severity and criticality of 
each road segment. From Table 3, it is evident that the surveyed road 
segments exhibit varying degrees of susceptibility to blockage due to 
landslide or building debris. For instance, the segments from Node 4 to 
Node 5 and Node 6 through Node 9 exhibit relatively low blockage 

potential, with Lcritical values less than 10 %. Whereas the segments from 
Node 5 to Node 6, Node 9 through Node 11 show moderate suscepti
bility, with Lcritical values of between 10 and 13 %. However, other 
segments demonstrate significantly higher susceptibility with Lcritical 
values ranging from approximately 60 %–100 %.

Of particular importance are Nodes 10 and 11, corresponding to IIT 
Mandi’s South Campus (Node 10) and North Campus (Node 11), both of 
which are equipped with basic medical facilities that can provide initial 
emergency care. However, access to advanced medical services requires 
connectivity to Mandi town, where the Zonal Hospital (Node 1) is 
located. In addition, Node 10 houses a PWD office, which can play a 
critical role in initiating debris clearance operations in post-disaster 
scenarios. This makes Node 10 a strategically significant location for 
launching recovery and emergency response efforts. Ensuring uninter
rupted access to and from this node is essential for the efficient planning 
and implementation of recovery operations, particularly to maintain 
access to medical services for nearby communities and campus resi
dents. While immediate needs can be addressed at campus facilities, 
restoring connectivity to Node 1 remains a top priority during major 
emergencies.

Thus, by using the proposed methodology, potential critical nodes 
and vulnerable road segments can be systematically identified based on 
their blockage susceptibility and strategic importance within the 
network. The parameter Lcritical serves as a key criterion and can be 
calculated for each segment. This information can be mapped on a GIS 
platform to generate easily interpretable visual layers, allowing planners 
and decision-makers to quickly pinpoint the most critical links in the 
network by integrating factors such as the availability of emergency 
services and their role in connecting major population centers. For 
example, key nodes such as Node 10 and Node 11, which serve both as 
operational hubs and medical support points, should be flagged in 

Fig. 10. An example of the unsupported hill cuts is presented along the roadside.

R. Kumar et al.                                                                                                                                                                                                                                  Journal of Infrastructure Intelligence and Resilience 4 (2025) 100181 

11 



emergency operation plans with clear protocols for ensuring accessi
bility under different hazard scenarios. Regular field inspections can be 
used to update observations for these nodes and adjacent segments, 
ensuring that the vulnerability map (e.g., Fig. 11) remains updated. This 
method of prioritization, supported by regional vulnerability maps, 
would enable agencies to pre-position resources and develop targeted 
response strategies for different scenarios. Further pre-hazard mitigation 
measures for the identified vulnerable buildings and landslide-prone 
areas should be adopted, such as maintaining a minimum offset be
tween buildings and the road, and ensuring a minimum height for un
supported cuts, as outlined in the standard guidelines for hilly regions 
(HPTCP, 2022; Robson et al., 2022, 2025). By adopting such measures, 
the potential impact of disruptions can be minimized, and recovery 
operations can be executed more efficiently, thereby improving the 
overall resilience of the road network.

4. Development of recovery strategies for a road network in 
post-hazard scenarios

In the post-hazard scenario, restoring connectivity to isolated regions 
should be the highest priority to ensure the resumption of essential 
services. To achieve this, information on debris clearance time is critical 
for planning and deploying the necessary resources on the affected site, 
such as backhoe loaders or other required equipment. Therefore, the 
debris clearance time data for the considered road were collected using 
the procedure outlined in the methodology presented in Fig. 2.

In this study, debris clearance rates (debris volume removed per 
hour) were obtained from practicing professionals in Himachal Pradesh, 
India, for both earthquake-induced building debris and landslide debris. 
In this context, the earthquake was considered the primary hazard, 
while the landslide was considered as the secondary hazard. It was 
further assumed that the landslide debris would not impact any building 
and would only result in road blockages. For each debris scenario, the 
professionals provided the maximum and minimum volumes they could 
typically remove per hour based on their field experience in the case 
study region. It was explained to the professionals that one backhoe 
loader would be available on-site to remove both building and landslide 
debris, as is typically the case in hilly regions. A total of 56 responses 
were collected from Junior Engineers, Assistant Engineers, and Execu
tive Engineers working in the Public Works Department of Himachal 
Pradesh. These engineers are regularly involved in planning and 
execution of debris clearance operations within the case study region. 

Box-and-whisker plots of the average clearance rate (average of the 
maximum and minimum volumes removed per hour reported) were 
developed to identify potential outliers. The dataset, after removing 
these outliers, is shown in Fig. 12 along with the mean (μ) and COV. 
These rates can be used to estimate debris clearance time for any 
blockage scenario under consideration.

Further, to illustrate the application of the debris clearance rates, a 
hypothetical post-hazard scenario was considered. In this scenario, all 
buildings assessed to be in DS3 are assumed to have collapsed during the 
earthquake. The debris volume obstructing the road from each building 
is estimated as a fraction of its gross building volume, which is calcu
lated as the product of the building’s length, width, and height. The 
building debris volume (denoted as Ṽbk in Eq. (11)) is modeled as a 
uniformly distributed random variable, ranging between 10 % and 20 % 
of the gross building volume (Argyroudis, 2010; Argyroudis and Pit
ilakis, 2011). For landslide sites, the length and height measured during 
field surveys are treated as mean values of truncated normal distribu
tions with a COV of 10 % to account for the uncertainty. The landslide 
depth is also modeled as a truncated normal distribution with a mean of 
5.0 m and a standard deviation of 1.65 m, which ensures that nearly all 
realizations fall within the plausible range reported in Devi et al. (2022). 
The landslide debris volume (Ṽlk ) is then computed as the product of the 
randomly sampled length, height, and depth. Furthermore, the building 
debris clearance rate (̃rb) and landslide debris clearance rate (̃rl) are 
modeled as lognormally distributed variables, with distribution pa
rameters provided in Fig. 12. For each Monte Carlo realization of debris 
clearance rates, debris clearance times are computed as the ratio of 
debris volume to the corresponding clearance rate. Let Nr and Nv are the 
number of realizations of clearance rates and debris volumes, 
respectively. 

Tb
(i,q) =

∑x

j=1

Ṽb ,j
(q)

r̃b
(i) ,Tl

(i,q) =
∑n

j=1

Ṽl ,j
(q)

r̃l
(i) (15) 

Ttotal
(i,q) =Tb

(i,q) + Tl
(i,q) (16) 

where, T(i,q)
b = total clearance time for building debris in a given road 

segment under the qth debris volume realization and ith clearance rate 
realization, and T(i,q)

l = total clearance time for landslide debris in the 
same road segment under the qth debris volume realization and ith 

clearance rate realization. Further, i ∈ {1,…,Nr} and q ∈ {1,…,Nv} =

indices representing the random realizations of clearance rates and 
debris volumes, respectively, x = number of collapsed buildings in a 

road segment, n = number of landslide sites in a road segment, Ṽb ,j
(q)

=

debris volume of jth building under qth debris volume realization, Ṽl ,j
(q)

= debris volume of jth landslide site under qth debris volume realization, 
r̃b

(i)
= building debris clearance rate under ith realization, and r̃l

(i)
=

landslide debris clearance rate under ith realization. Thereafter, the 
minimum, maximum, and median debris clearance time in days (d) for 
each road segment were estimated considering 1000 debris clearance 
rate and 1000 debris volume (i.e., total 106 realizations), and the ob
tained values are presented in Table 4.

Further, the Critical Path Method was applied to identify the 
sequence of road segments that would require the maximum clearance 
time for debris clearance in the selected road network. In this regard, the 
median debris clearance values from Table 4 are shown in Fig. 13, along 
with the typical stationed locations of backhoe loaders. The median 
value was chosen because it represents the central tendency of the 
observed clearance times and is less sensitive to extreme values than the 
minimum or maximum, thereby providing a realistic estimate for 
planning purposes. From Node 1 to Node 5, four possible paths were 
identified, and the total debris clearance time for each was computed 
using the values shown in Fig. 13 with a single backhoe loader deployed 

Table 2 
Pfail

(
Fs ≤ Fs,threshold

)
values for the surveyed landslide sites.

Sr. 
no.

Coordinates Slope 
angle 
(◦)

Pfail
(
Fs≤ Fs,threshold

)

Latitude (N) Longitude 
(E)

Unsafe Critical Safe

LS1 31◦ 44.850′ 76◦ 57.700′ 36 1.00 0.00 0.00
LS2 31◦ 45.350′ 76◦ 58.233′ 22 0.75 0.25 0.00
LS3 31◦ 45.383′ 76◦ 58.217′ 27 0.96 0.04 0.00
LS4 31◦ 45.430′ 76◦ 58.270′ 31 1.00 0.00 0.00
LS5 31◦ 45.440′ 76◦ 58.290′ 26 0.94 0.06 0.00
LS6 31◦ 45.433′ 76◦ 58.283′ 22 0.75 0.25 0.00
LS7 31◦ 45.483′ 76◦ 58.317′ 31 1.00 0.00 0.00
LS8 31◦ 45.483′ 76◦ 58.333′ 36 1.00 0.00 0.00
LS9 31◦ 45.483′ 76◦ 58.333′ 37 1.00 0.00 0.00
LS10 31◦ 45.540′ 76◦ 58.400′ 45 1.00 0.00 0.00
LS11 31◦ 45.617′ 76◦ 58.467′ 28 0.98 0.02 0.00
LS12 31◦ 46.000′ 76◦ 58.417′ 26 0.94 0.06 0.00
LS13 31◦ 46.350′ 76◦ 58.790′ 38 1.00 0.00 0.00
LS14 31◦ 46.483′ 76◦ 58.883′ 43 1.00 0.00 0.00
LS15 31◦ 46.550′ 76◦ 58.920′ 51 1.00 0.00 0.00
LS16 31◦ 46.683′ 76◦ 59.200′ 38 1.00 0.00 0.00
LS17 31◦ 46.800′ 76◦ 59.517′ 21 0.67 0.33 0.00
LS18 31◦ 46.920′ 76◦ 59.580′ 36 1.00 0.00 0.00
LS19 31◦ 47.060′ 76◦ 59.700′ 30 0.99 0.01 0.00
LS20 31◦ 47.050′ 76◦ 59.733′ 21 0.67 0.33 0.00
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from a single end.
The possible paths and their corresponding total clearance times are:
Path 1: 1 → 2 → 3 → 5 (39.5 d)
Path 2: 1 → 2 → 3 → 4 → 5 (41.8 d)
Path 3: 1 → 2 → 4 → 3 → 5 (47.0 d)
Path 4: 1 → 2 → 4 → 5 (42.1 d)
From Node 5 to Node 11, only one path exists with a total clearance 

time of 77.2 days. Combining the results, the total debris clearance time 
for the critical path, i.e., 1 → 2 → 3 → 5 → 6 → 7 → 8 → 9 → 10 → 11, is 
116.7 days when one backhoe loader is deployed from a single end. It 
should be noted that this total clearance time does not account for the 
mobilization time required to move between blockage locations.

As discussed earlier, two PWD offices are located near Node 1 and 
Node 10. In the event of an earthquake, backhoe loaders stationed at 
these locations can be mobilized simultaneously to start clearance op

Fig. 11. Map showing the vulnerable road segments along the considered road.

Table 3 
Percentage of critical length between different nodes.

Start node End node Total length 
between 
nodes (m)

Length 
susceptible to 
blockage (m) 
Eq. (1)+ Eq. 
(5)

Percentage 
blockage length 
of road (Lcritical)

Node 1 Node 2 681 542 79.59
Node 2 Node 3 76 76 100.00
Node 3 Node 5 878 535 60.93
Node 2 Node 4 173 173 100.00
Node 4 Node 5 3364 298 8.86
Node 5 Node 6 1158 147 12.69
Node 6 Node 7 2421 65.7 2.71
Node 7 Node 8 3482 102 2.93
Node 8 Node 9 2666 192 7.20
Node 9 Node 10 4279 446 10.42
Node 10 Node 11 2308 266 11.54

Fig. 12. Box-and-whisker plots of debris clearance rates (after removing out
liers) obtained from practicing professionals.

Table 4 
Debris clearance time for various road segments.

Node i - 
Node j

Minimum debris 
clearance time (d)

Maximum debris 
clearance time (d)

Median debris 
clearance time (d)

1–2 17.1 26.3 21.3
2–3 1.2 2.3 1.7
2–4 4.1 7.4 5.6
3–4 2.4 5.3 3.6
3–5 13.2 20.5 16.5
4–5 11.5 19.8 15.2
5–6 3.6 6.8 5.1
6–7 4.6 8.9 6.5
7–8 1.4 2.6 1.9
8–9 3.1 6.1 4.5
9–10 16.6 62.6 36.0
10–11 8.1 45.5 23.2
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erations from both ends of the critical path. If two identical backhoe 
loaders start simultaneously at the two ends and work inward without 
idle time, the expected opening time for the critical path (CP), i.e., 
Tr(CP), would be: 

Tr(CP)= min
s∈{1,…,q}

max

(
∑s

ij=1
Trij ,

∑s+1

ij=q
Trij

)

(17) 

where, q = number of segments in the critical path, 
∑s

ij=1 Trij = total 
median debris clearance time taken by the backhoe loader starting at 

Node 1 to clear road segments 1 through s, 
∑s+1

ij=q
Trij = total median 

debris clearance time taken by the backhoe loader starting at Node 10 to 
clear segments q through s+ 1. Eq. (17) selects the meeting index s that 
balances the two partial sums as closely as possible, and the larger of the 
two partial sums of debris clearance times (from the backhoe loader 
starting at Node 1 and from the one starting at Node 10) represents the 
time required to open the road along the critical path. It should be noted 
that the backhoe loader at Node 10 must first clear the road segment 
between Node 10 and Node 11 to ensure access to the medical facility 
located at Node 11. This dual-end approach can potentially reduce the 
effective clearance time, thereby restoring road connectivity to critical 
services more rapidly. Additionally, if extra backhoe loaders are avail
able, they can be deployed to segments other than those on the critical 
path to ensure prompt functional recovery of all road segments. 
Applying Eq. (17) to the critical path above yields Tr(CP) as 59.2 days, 
with two backhoe loaders deployed at Node 1 and Node 10, and the 
meeting point would be Node 9. Also, if the backhoe loader operators 
can split a single segment and work from both ends, the clearance time 
would be reduced to half of 116.7 days. In that case, both backhoe 
loaders would meet between Node 9 and Node 10. However, equal di
vision of the segment is often impractical in hilly terrain due to topo
graphical constraints, limited availability of debris dumping sites, and 
instances where sections of the road are completely damaged or washed 

away by landslides, necessitating hillside excavation and the construc
tion of temporary access roads. In addition, variations in population 
density along different road segments, as well as the severity of damage, 
significantly influence the allocation of resources.

Further, as alternative routes are often unavailable in such hilly 
terrains, effective planning and optimal resource allocation become 
essential. After an earthquake, moving resources such as backhoe 
loaders can be difficult or even impossible, because most roads in these 
areas are single- or two-lane with very limited space on either side. The 
narrow width of these roads also makes it operationally challenging to 
deploy more than one backhoe loader at the same location due to limited 
maneuvering space. Road blockages must therefore be cleared first to 
allow resources to reach critical locations, which can significantly delay 
deployment. In the hypothetical example discussed, the communities 
located near Node 9 are the last to regain access to basic healthcare 
facilities, even though they are geographically closer to IIT Mandi, when 
debris is cleared only from Node 1 and Node 10. This emphasizes the 
need for pre-earthquake planning and optimized allocation of backhoe 
loaders and other clearance equipment in hilly terrains where alterna
tive routes are scarce. Strategic deployment of such resources prior to an 
earthquake event can significantly reduce recovery times, enhance road 
network functionality, and ensure equitable access to critical services for 
all communities.

5. Summary and conclusion

This study proposes methodologies for identifying critical road seg
ments in the Indian Himalayan Region (IHR) and estimating their ex
pected functional recovery times for different hazard scenarios. The 
methodologies enable rapid quantitative identification of vulnerable 
nodes, supporting pre-hazard planning and prioritization of recovery 
efforts. Debris clearance rate, a key factor in recovery planning, was 
estimated for earthquake-induced building debris and earthquake- 

Fig. 13. Median debris clearance time for various road segments and the typical stationed locations of backhoe loaders.
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induced landslide debris, where the earthquake was considered as the 
primary hazard, and the landslide as the secondary hazard. The appli
cation of the debris clearance rate, obtained during field survey from 
practicing professionals, is demonstrated through a hypothetical case 
study, which highlights the importance of deploying additional re
sources in parallel to accelerate debris clearance operations and reduce 
the functional recovery time of the critical road segments. By integrating 
these insights into emergency planning, stakeholders can more effec
tively identify critical paths, allocate resources, and expedite the resto
ration of road services.

Further studies could explore the relationship between the blockage 
factor and building damage states based on post-hazard observations 
and/or numerical analyses. Moreover, future research could build on 
this work by incorporating real-time monitoring through satellite im
agery, ground sensors, etc., to keep road blockage data updated. The 
approach can also be expanded to account for blockages caused by other 
predominant hazards in hilly regions, such as flash floods, rockfalls, and 
snow avalanches, thereby increasing its applicability. In addition, the 
debris removal problem could be formulated as an optimization task by 
incorporating factors such as available equipment, workforce, and 
budget, which would make the framework more generalizable and 
adaptable to real-world constraints. Testing the methodology in 
different regions and collecting post-disaster field data would help refine 
the framework and further strengthen its value as a practical decision- 
making tool for resilience planning in hilly and hazard-prone regions.
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