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Abstract:

This study presents a comprehensive analysis of transport facilities and road network
connectivity in Yavatmal district, Maharashtra, with a focus on spatial disparities across its tehsils.
Employing descriptive indices such as road density, alpha, beta, gamma, and Eta indices, the paper
evaluates the resilience, accessibility, and centrality of the district's road infrastructure based on 2020
data. GIS-based techniques were used to assess spatial patterns, revealing significant heterogeneity in
connectivity, with urbanized tehsils showing dense, well-connected networks and rural areas facing
sparse, tree-like structures. The research highlights how transport infrastructure impacts regional
economic integration, access to services, and social inclusion, underscoring the critical need for
targeted improvements in poorly connected areas. Drawing on national and international literature,
the study situates Yavatmal's transport scenario within broader developmental and sustainability
frameworks. The findings offer actionable insights for policymakers aimed at fostering balanced
regional growth through strategic transport planning and infrastructure investment, bridging rural-
urban divides, and promoting inclusive mobility.
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Introduction

Transportation systems are vital for enabling the movement of people and goods, serving as a
key driver of both economic and social progress. By linking different areas, transport networks form a
fundamental part of regional development and integration. These networks play an essential role in
infrastructure planning worldwide. However, in many developing countries, transport planning often
lacks a strong basis in empirical data and tends to rely more on assumptions. This makes evaluating the
long-term effects of planning decisions on road networks challenging. From a geographical
standpoint, transportation reflects the interrelationships and connectivity among regions. Ullman
(1980) emphasized that transportation constitutes an integral component of spatial organization,
closely tied to concepts such as spatial interaction and areal association. This notion has been further
encapsulated by French geographers in the idea of “circulation,” which refers to the movement and
connectedness that sustain the spatial structure of regions.

The interest of geographers in transportation lies primarily in two aspects. First is the physical
infrastructure including roads, terminals, and the networks they create which form a critical segment
of the regional spatial system. Second is the spatial relationships and networks that transportation
facilitates. Several scholars have contributed to the advancement of transport geography. Berry (1959)
introduced a framework linking transport with the spatial economy, integrating economic and spatial
dimensions. Wheeler (1973) emphasized the importance of including social and economic factors in
transport planning. More recent contributions include Rodrigue et al. (2006), who provided insights
into contemporary methodologies and applications of transport geography. Jenelius (2008) studied
network structures and travel behavior disparities in the UK, while Touya (2007) utilized GIS tools to
enhance road network selection in France. Bogale (2012) applied graph theory for analyzing transport
networks in Addis Ababa. Additionally, Subbarao and Krishna Rao (2013) developed a multinomial
logit model based on activity-travel diaries to understand individual travel patterns in Mumbai.
Collectively, these studies underscore how examining transport systems within the spatial context
provides deep insights critical for human geography and planning.
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Background of the Study:

Transportation infrastructure is widely acknowledged as a fundamental driver of economic
development, social inclusion, and regional integration. In predominantly rural districts like
Yavatmal, the availability and quality of transport networks significantly influence agricultural
productivity, market accessibility, mobility, and overall quality of life. Despite ongoing infrastructure
investments, Yavatmal district displays considerable spatial disparities in transport connectivity
across its tehsils, with some regions displaying full-bodied, well-connected road systems while others
remain poorly linked and less accessible. National and international research emphasize that well-
developed transport systems are essential for facilitating trade, employment, and social interaction,
supporting sustainable urbanization, and reducing regional economic imbalances. However, many
rural areas in India, including parts of Yavatmal, continue to face challenges such as underdeveloped
road networks, limited public transport services, and inadequate last-mile connectivity.

Previous government initiatives such as the Pradhan Mantri Gram Sadak Yojana (PMGSY)
and the Maharashtra State Road Transport Corporation (MSRTC) services have substantially
expanded rural connectivity and improved public transportation. Nevertheless, detailed analyses of
the district's road network structure using connectivity indices and spatial metrics remain limited. This
gap hampers the effective planning and equitable allocation of resources to improve transport
infrastructure holistically within the district. Given the critical role of transport accessibility in
fostering regional economic growth and social development, this study undertakes a comprehensive
analysis of Yavatmal's road network connectivity. By employing indices such as road density, alpha,
beta, gamma, and eta, the research aims to evaluate the spatial distribution of transport infrastructure,
identify connectivity disparities, and provide actionable insights for planning sustainable and
inclusive transportation development in the district.

Literature Review:

Transportation infrastructure is widely recognized as a vital catalyst for economic growth,
social connectivity, and sustainable urbanization. Globally, studies show that transport investments
stimulate trade, employment, and productivity (Banister & Berechman, 2019) and serve as a magnet
for foreign direct investment by improving infrastructure quality (Djankov et al., 2020). Improved
transport connectivity reduces regional disparities by promoting balanced economic development,
with examples such as high-speed rails in China enhancing inter-regional growth (Rodriguez-Pose &
Tselios, 2018; Wu & Ma, 2021). Environmental sustainability has become a growing focus with
research highlighting the need for low-carbon and efficient transport systems, including public transit
and non-motorized options that improve urban livability and public health (Pritchard & Ryley, 2019;
Achour et al., 2022). Policy evaluations emphasize the importance of integrated planning, coherent
policy frameworks, and innovative measures like congestion pricing to improve urban mobility
(Scottietal.,2018; Lietal.,2021).

Transport infrastructure's social dimension extends beyond economics to enhancing social
equity, promoting inclusion and disaster resilience (Lucas et al., 2020; Colicchia et al., 2021).
Technological advances in smart mobility and ride-sharing are transforming urban transport systems,
offering both promising solutions and challenges (Silva et al., 2019; Candelaria et al., 2021). The role
of transport in shaping urban form and influencing land use is also well documented, with transit-
oriented development emerging as a path toward sustainable, walkable cities (Glaeser et al., 2018;
Seto et al., 2020). International trade and rural development depend heavily on efficient intermodal
transport networks and rural road infrastructure, respectively, as seamless connectivity and
accessibility boost both economic and social welfare (Zhang & Shan, 2021; Kuznetsova &
Kuznetsova, 2019). Public-private partnerships have become key mechanisms for financing and
managing transport projects effectively (Zhang et al., 2022). Moreover, ensuring transport
accessibility for marginalized communities and integrating transport subsidies aids poverty
alleviation and social mobility (Lucas & Rivasplata, 2021; Siddiqi et al., 2020). Climate change
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mitigation strategies focus on promoting low-carbon transport technologies and embedding climate
goals into planning processes (Sanchez et al., 2022; Zhao et al.,2019).

In Indian context, transport infrastructure is critically linked to economic performance,
regional integration, and social development. Road, rail, and port infrastructure have been widely
studied for their roles in regional growth and export competitiveness (Mohanty & Mohanty, 2018;
Singh & Sharma, 2021). Improved road networks reduce regional imbalances and bridge rural-urban
divides (Sarkar & Ghosh, 2019; Saikia & Barman, 2022). Urban transit systems like metro and BRT
demonstrate potential in reducing congestion and pollution in Indian cities, while integrating non-
motorized transport enhances sustainability (Kumar & Jain, 2019; Goyal et al., 2020). Sustainability
initiatives, including electric mobility and innovative ride-sharing services, are gaining momentum,
supported by necessary policy frameworks and public-private partnership models (Bhattacharyaetal.,
2021; Chakraborty et al., 2022; Ahmed & Mustafi, 2018). Socio-economic benefits of transport
include improved access to education, healthcare, and employment, directly impacting poverty
reduction and inclusive growth (Rao & Patel, 2022; Sengupta et al., 2020). Rural road connectivity
enhances agricultural productivity and market access, with last-mile connectivity identified as a
critical challenge (Mishra & Panigrahi, 2019; Singh & Sharma, 2022).

Public transport accessibility in smaller cities and towns is under scrutiny, stressing the
demand for reliable, affordable services for sustainable urban development and regional connectivity
(Das & Padhi, 2020; Singh et al., 2021). Transit-oriented development strategies show promise in
curbing urban sprawl and improving livability, supported by digital technologies like mobility-as-a-
service and intelligent transport systems (Mahajan et al., 2022; Singh & Mehta, 2021; Sharma et al.,
2022). Finally, linking rural and urban transport systems is vital for agricultural logistics and food
security, with integration efforts aimed at maximizing connectivity and socio-economic benefits
(Verma & Jain, 2020; Arora et al., 2021). Overall, the literature underscores the multifaceted roles of
transport systems in fostering economic growth, sustainable development, and social inclusion across
scales.

Objectives:

1. To quantify the structural connectivity and accessibility of road networks across the tehsils of
Yavatmal district using descriptive network indices.

2. To map and classify road density patterns and spatial disparities within the district.

3. To identify regions with deficient transport infrastructure that require prioritized
development intervention.

4. To provide policy recommendations for improving network resiliency, accessibility, and
regional integration.

Database and Methodology:
Data Sources and Collection:

The study utilized road network data for Yavatmal district which is collected from the District
Socio-Economic Abstract of 2020. This dataset includes details on National Highways, State
Highways, and other major roads across the district. The administrative boundaries and transportation
layers were digitized and processed using ArcMap 10.3 software to delineate the study area and extract
road network data at the tehsil level.

GIS-Based Spatial Analysis:

Spatial analysis was conducted using GIS techniques, including line density estimation and
spatial interpolation, to compute road density by dividing the total length of roads by the area of each
tehsil. These techniques allowed for detailed visualization and assessment of spatial road connectivity
patterns. Classification of road density values into four categories was done based on statistical
methods such as equal intervals and standard deviation thresholds.

Network Connectivity Metrics:
To evaluate the structural characteristics and connectivity efficiency of the transportation
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network, several descriptive indices were calculated based on the road network's graph structure:
-Alpha Index (a): This redundancy index measures the ratio of actual independent circuits or loops to
the maximum possible in the network, using the formula:

_e—v+l1
~ 2v-5
where e represents the number of edges (links/roads) and v the number of vertices
(nodes/intersections). A higher alpha indicates better connectivity and multiple routing options.

‘Beta Index (B): This index measures average connectivity per node with higher values signifying
stronger network integration and is calculated as:

e
B=+5
-Gamma Index (y): The gamma index provides the ratio of actual links to the maximum possible links

in a planar network. It indicates how close the network is to complete connectivity. It is expressed as:
e

-Eta Index (n): Reflects average link length (coverage) calculated as:
L
n"=e

where L is the total road length. Higher values suggest longer distances between intersections
and less compact networks.
-Network Density Index: This index assesses road network density per unit area:

Network Density — Total Length of Roads
CHWOTK SENSIY = Area of the Region (sq. km)

Higher values indicate better road availability and accessibility.

Digitization and Topological Analysis:

Using ArcMap 10.3, administrative boundaries and road features were digitized as polygon
and polyline layers, respectively. The district boundary was used to overlay and extract road segments
corresponding to each tehsil's nodes. This allowed for detailed topological analysis to quantify spatial
network attributes and connectivity indexes at a granular scale.

Data Processing and Visualization:

Computation of connectivity indices followed established transport geography methods,
with formulas implemented in Excel for tabulation. Road density and connectivity index values were
classified into categories using standard deviation-based approaches, enabling comparative analysis.
Comprehensive maps were produced in ArcMap to visualize spatial distribution and highlight
regional disparities in road infrastructure.

Interpretative Framework:

The results were interpreted holistically to identify strengths and weaknesses within the
district's transport network. Comparisons between tehsils based on index scores allowed identification
of priority areas requiring infrastructure development to improve resilience, accessibility, and
efficiency of transport services. This analytical framework supports strategic transport planning
aimed at fostering balanced regional growth.

Results:

The transportation network structure in Yavatmal district, analysed across its 16 tehsils using

key descriptive connectivity measures including the beta, gamma, and alpha indices, complemented
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by road density calculations (refer to Table 1 & 2). This study primarily focused on major roads such as
National Highways, State Highways, and other significant roads to assess the overall connectivity,
accessibility, and centrality of the district's road system. The reference data are from the year 2020.
Road Density:

Road density was calculated by dividing the total road length by the respective area of each
tehsil. Spatial patterns of connectivity were derived using line density estimation techniques
implemented via ArcGIS software. To evaluate the variation in road density across the 16 tehsils, a
classification based on standard deviation was applied. The mean road density was found to be
approximately 0.526 with a standard deviation of 0.114. Consequently, four density categories were
defined:

Very Low: Road density below 0.412

Low: Between 0.412 and 0.526

High: Between 0.526 and 0.640

Very High: Above 0.640

Overall, Yavatmal district demonstrates a high road network density on an average, but the
distribution varies significantly across tehsils. Three tehsils including Arni, Kalamb, and Zari Jamani
fall under the very low road density class. Five tehsils including Darwha, Babulgaon, Ralegaon,
Kelapur, and Maregaon show low road density. Six tehsils such as Ner, Ghatanji, Wani, Pusad,
Mahagaon, and Umarkhed fall into the high road density category. Lastly, Yavatmal and Digras tehsils
show very high road density, indicating more developed infrastructure (see Figure 1 & Table 2).

Table 1: Spatial Characteristics of Road Networks in Yavatmal District (2020)

Sr. . Area(In | No.of | Ne-of | No.ofNon- N:t(;:zlrk
No. Tehsil Sq. Km.) | Edges (e) N;)‘(ll)es (C}::nﬁcted Length in
phs (p) Kms. (m)
1 Arni 837.83 15 8 1 345.5
2 Babulgaon 591.79 14 12 1 277.06
3 Darwha 850.06 11 6 1 430.4
4 Digras 576.04 5 3 1 372.22
5 Ghatanji 952.58 12 6 1 580.32
6 Kalamb 782.32 16 9 1 269.76
7 Kelapur 821.47 19 11 1 389.7
8 Mahagaon 913.4 10 5 1 499.75
9 Maregaon 617.03 5 4 1 267.61
10 | Ner 653.82 7 4 1 380.1
11 Pusad 1177.61 14 9 1 732.7
12 | Ralegaon 763.43 6 4 1 348.83
13 | Umarkhed 1247.7 14 13 1 691.65
14 | Wani 916.04 14 11 1 574.4
15 | Yavatmal 1156.49 19 8 1 937.97
16 | Zari-Jamani 718.89 8 4 1 247.49
Yavatmal District 13582 189 117 1 7345.46

Source: District Census Handbook, 2011; Calculated by Authors
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Table 2: Road Network Analysis Statistics of Yavatmal District

I\SJ:').- Tehsil Road Density ]n?itl;h(aa) Beta( g;mex Gamn(l;l) Index Eta(ill;dex
1 Arni 0.41 0.55 1.88 0.83 23.03
2 Babulgaon 0.47 0.05 1.17 0.47 19.79
3 Darwha 0.51 0.57 1.83 0.92 39.13
4 Digras 0.65 1.00 1.67 1.67 74.44
5 Ghatanji 0.61 0.71 2.00 1.00 48.36
6 Kalamb 0.34 0.46 1.78 0.76 16.86
7 Kelapur 0.47 0.41 1.73 0.70 20.51
8 Mahagaon 0.55 0.80 2.00 1.11 49.98
9 Maregaon 0.43 0.00 1.25 0.83 53.52
10 Ner 0.58 0.67 1.75 1.17 54.30
11 Pusad 0.62 0.31 1.56 0.67 52.34
12 Ralegaon 0.46 0.33 1.50 1.00 58.14
13 Umarkhed 0.55 0.00 1.08 0.42 49.40
14 Wani 0.63 0.12 1.27 0.52 41.03
15 Yavatmal 0.81 0.91 2.38 1.06 49.37
16 Zari-Jamani 0.34 1.00 2.00 1.33 30.94

Yavatmal District 0.54 0.32 1.62 0.55 38.86

Source: Calculated by Authors
Figure 1: Road Network Density in Yavatmal District (2020)
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Alpha Index (a):

The alpha index, also known as the redundancy index, measures network connectivity by

calculating the ratio of existing independent loops to the maximum possible loops within the network.
This index ranges from 0 to 1, where higher values indicate more resilient and interconnected
networks featuring multiple route alternatives. The alpha index values were categorized into four
equal intervals:

Very Low: 0.00—-0.25 (minimal loops and limited access)

Low: 0.26-0.50 (few loops, restricted alternate routes)

Moderate: 0.51-0.75 (reasonably developed networks with fair accessibility)

High: 0.76—1.00 (dense interconnected networks serving as transport hubs)

The analysis revealed that Digras, Mahagaon, Yavatmal, and Zari-Jamani tehsils fall into the

high connectivity category with values between 0.80 and 1.00, characterized by robust loops and
access routes. Tehsils such as Arni, Darwha, Ghatanji, Ner, and Babulgaon exhibit moderate
connectivity. Conversely, Kalamb, Kelapur, Pusad, and Ralegaon have low connectivity, while
Babulgaon, Maregaon, Umarkhed, and Wani fall under very low connectivity, reflecting sparse, tree-
like networks with insufficient alternative paths (see Figure 2 & Table 2).

Figure 2: Road Connectivity (Alpha Index) in Yavatmal District (2020)
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Figure 3: Road Connectivity (Beta Index) in Yavatmal District (2020)
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Beta Index (p):

Classified into four equal intervals from 1.08 to 2.38, the beta index values describe the linear
connectivity by evaluating the number of links per node in the network. Very low connectivity
(1.08-1.405) is observed in Umarkhed, Babulgaon, Maregaon, and Wani, displaying sparse tree-
structured networks. Low connectivity (1.406—1.730) includes Ralegaon, Pusad, and Digras,
indicating somewhat improved but limited connectivity. The majority of tehsils such as Arni, Darwha,
Kalamb, Kelapur, Ner, Ghatanji, Mahagaon, and Zari-Jamani fall into the moderate category.
Yavatmal stands out alone in the high connectivity group (2.056-2.38), highlighting its role as a major
transport hub (see Figure 3 & Table 2).

Gamma Index (y):

The gamma index calculates the ratio of actual road links to the maximum possible in the
network, where values close to 1 indicate complete connectivity. The forestated tehsils ranged from
0.42to 1.67, classified into four categories. Very low connectivity (0.42—0.732) applies to Umarkhed,
Babulgaon, Wani, and Pusad. Low connectivity is found in Arni, Kalamb, Kelapur, Maregaon,
Ghatanji, and Ralegaon. Tehsils such as Mahagaon, Ner, and Yavatmal represent moderate
connectivity, whereas Zari-Jamani and Digras occupy the high connectivity category, with Digras
having the maximum gamma index of 1.67 (see Figure 4 & Table 2).

EtaIndex (n):

The eta index measures the average length of road segments between nodes, with lower

values indicating shorter segments, higher compactness, and better accessibility. Eta values were

Umarkhed
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categorized based on mean (43.11) and standard deviation (15.22). High accessibility (less than 27.89)
characterizes Kalamb, Babulgaon, Kelapur, and Arni, suggesting dense, well-connected networks.
Moderate accessibility (27.89-43.11) is seen in Zari-Jamani, Darwha, and Wani. Low accessibility
(43.12-58.33) covers Ghatanji, Mahagaon, Maregaon, Ner, Pusad, Ralegaon, Umarkhed, and
Yavatmal, indicating less favorable transport conditions. Digras shows very low accessibility
(>58.33), indicating sparse networks with long, widely spaced road segments (see Figure 6.22).

The spatial analysis using these indices illustrates significant heterogeneity in connectivity and
accessibility throughout Yavatmal district. High road density correlates with more efficient transport
systems, while low alpha, beta, and gamma indices signal regions requiring targeted infrastructure
improvements. Eta index disparities underscore the need to densify sparse road networks for better
access and resilience. Tehsils such as Yavatmal, Digras, and Pusad demonstrate strong network
development, whereas areas like Zari-Jamani and Arni lag behind, highlighting priorities for future
planning.

Figure 4: Road Connectivity (Gamma Index) in Yavatmal District (2020)
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Figure 5: Road Network Accessibility (Eta Index) in Yavatmal District (2020)

77°30'0"E 78°0'0"E 78°30'0"E 79°0'0"E
1 1 1 1

Road Network Accessibility (Eta Index) in Yavatmal District (2020)
N
£
& ELE
= s
I &
] s
Digras
. Ghatanji _g
3 z
&
Pusad
Mahagaon
Legend

Umarkhed Eta Index %
£ I (<27.89) High -2
=7 [ 27.59-43.11) Moderate | 2
- [ @3.11-58.33) Low

Lt e s 501 [ 58.33) Very Low
77°3£)'0"E 78“(;'0"E 78"“36'0"]5 79°(;'0"E

Discussion:

The indices collectively reveal heterogeneous connectivity patterns throughout Yavatmal
district, with tehsils like Yavatmal, Digras, and Pusad exemplifying well-developed and resilient
transport networks essential for supporting economic activities and regional integration. In contrast,
tehsils situated in peripheral or rural zones such as Babulgaon, Maregaon, and Umarkhed faced
minimal connectivity, constraining mobility and access to services.

The alpha index emphasizes the importance of redundancy in maintaining network
resilience; sparse tree-like structures in low-alpha tehsils indicate vulnerable networks susceptible to
disruption. Beta and gamma indices further highlight that the complexity and completeness of
connectivity are still evolving unevenly, especially in less urbanized areas.

Eta index results point to the need for densification in several tehsils where longer road
segments imply inefficient local accessibility, affecting daily movements and service delivery. These
gaps pose challenges to achieving equitable development and require integrated planning efforts.

Addressing these disparities entails coordinated infrastructure investments, focusing on
network loop creation, densification, and maintenance to enhance accessibility and socio-economic
outcomes. The findings also support using such connectivity metrics as tools for monitoring
development progress and transportation planning efficacy.
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Conclusion:

The detailed road network connectivity analysis of Yavatmal district reveals significant
spatial variation in transport infrastructure across its tehsils. While urban centers boast robust,
interconnected road systems, many rural regions suffer from sparse and vulnerable networks with
reduced accessibility. Connectivity metrics including alpha, beta, gamma, and eta indices, alongside
road density measurements, provide a comprehensive picture of strengths and gaps in regional
transport infrastructure. To promote balanced regional development, policy measures must prioritize
enhancing connectivity in poorly served areas by increasing network redundancy and segment
density. This will ensure improved accessibility, resilience against disruptions, and greater integration
of all tehsils into the broader economic landscape. These analyses underscore the utility of network-
based approaches in transport planning and management, offering actionable insights for
infrastructure development strategies aimed at inclusive growth and sustainable regional progress in
Yavatmal district.
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