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Comprehensive Assessment 
of Simulation Tools for Analyzing 
Seepage Through Earthen Dams 

Shravani Yadav, Shruti Jain, and Brijesh Kumar Yadav 

Abstract Seepage is one of the primary reasons for the failure of earthen/ 
embankment dams worldwide. As approximately 40% of earthen dams fail due 
to excessive and uncontrolled seepage, it is crucial to manage seepage in order to 
improve their stability and life. Numerical experiments are favored for predicting 
seepage flux under changing climatic conditions for earthen dams made of varying 
geological materials. In the present study, the application of numerical tools to 
analyze seepage through earthen dams is critically reviewed for popular soft-
ware’s such as SEEP/W, ANSYS, HYDRUS, PLAXIS, MODFLOW, SVFLUX, and 
FEFLOW. An overview of governing equations and limitations of these models is 
briefly explained along with their relative advantages. A comparative analysis is then 
carried out for a characteristic earthen dam using the simulation results of SEEP/W 
and FEFLOW. It has been found that the results obtained from FEFLOW are slightly 
accurate, and therefore, a detailed seepage study is finally being conducted for the 
Ambawali Dam, Haryana, India using FEFLOW. The results of this study can be 
used by field engineers in selecting the appropriate model(s) based on dam body and 
their surrounding conditions to manage the seepage flux effectively. 

Keywords Earthen dams · Seepage analysis · Numerical modeling · Dams safety
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1 Introduction 

Earthen dams are the most prevalent form of dam, which are used to store water 
for irrigation, hydropower, municipal water supply, and to control floods and are 
built with naturally accessible materials. An earthen dam that has been appropriately 
constructed and designed will be stable against seepage and evaporation losses [7, 9, 
19]. Although losses from evaporation cannot be controlled, and seepage losses can 
be reduced with proper construction methods. Seepage is the flow of water through 
the pores or fractures in the dam body and is one of the most important aspects of dam 
analysis and design. Thus, it is important to understand the seepage characteristics 
of dams to make sure the stability and performance of the dam. 

The rate and direction of water flow through an embankment are determined 
by a seepage analysis. Controlling seepage through the embankment dam as well 
as its foundation is an essential factor for determining its safety. Typically, seepage 
occurs between a dam’s upstream to downstream faces and phreatic surface describes 
the upper portion of this stream’s percolating water. The seepage issue is the most 
frequently observed in earthen dams, and it has a direct effect on the stability of 
embankments, the sloughing of slopes as a result of increased pore water pressure, 
and internal erosion that may ultimately result in piping. According to literature, 
seepage failures such as piping and sloughing have caused approximately 40% of 
earthen dams to collapse [2]. Therefore, preventing seepage through dams is the key 
to creating safe dams that serve their intended purpose of storing water. 

A significant aspect in the planning and building of dams is the detection 
of seepage through the foundations and embankment. For field engineers and 
researchers, the estimation and study of seepage flow behavior pose significant chal-
lenges. Researchers have used empirical, visual, and recently numerical approaches 
to quantify the water seepage under various boundary conditions [9]. Numerical 
models can help researchers to investigate seepage through earth-fill dams under 
varying hydrological and geological conditions at various sites. 

For instance, physical models have been used in several studies to provide a basic 
overview of seepage behavior as well as rate of flow through dam body and top 
seepage line [7, 10, 14]. Numerical models are gaining popularity to overcome the 
limitations of physical modeling and to consider the complexity of the real-field 
situations. Thus, the main objective of this study is to provide a thorough overview 
of the various numerical tools available for earthen dam seepage analysis along with 
a case study using FEFLOW. 

2 Methods of Analyzing Seepage 

Seepage losses can be analyzed analytically, graphically and numerically for steady-
state and transient flow conditions. Seepage flow can be obtained from the Darcy’s 
law Q = kiA. The actual seepage for multi-dimensional flow can be analyzed using
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the Laplace Equation ∇2 = 0, the solution of this equation is quite complex and 
various considerations are made to solve this equation analytically. The solution of 
Laplace equation can also be represented graphically known as Flow Net, which 
is a set of equipotential lines and flow lines. The flow net can be used to calculate 
the seepage flow as q = kH  (NF /ND) or isotropic soils. While for non-isotropic, 
q = √

KH · KV H · NF /ND soil medium, dam section is drawn at same vertical scale 
but to a transformed horizontal scale (KV /KH ). 

Seepage through a heterogeneous, anisotropic, saturated–unsaturated soil can be 
given by governing a partial differential equation, which is derived by taking a repre-
sentative elemental volume and conservation of mass [17]. The partial differential 
equation for transient process with the assumption that total stress remains constant 
that is given by Eq. (1). 

∂ 
∂x

(
kx 

∂h 

∂x

)
+ 

∂ 
∂y

(
ky 

∂h 

∂y

)
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∂ 
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∂h 
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where kx, ky and kz are the coefficients of permeability of soil in x, y and z direction, 
respectively, S is storativity and T is transitivity. 

Causes of Uncontrolled Seepage 

The problem of seepage occurs due to poor compaction of soil in foundation, embank-
ment of dam and of its surrounding site. Poor foundation with rodent holes, tree roots, 
cracks, joints in earth rock, improper design of filter and drainage, shrinkage and 
settlement in soil media, excessive uplift pressure are the other reasons of seepage 
initiation. Due to these, dam failures by pipping through the body and foundation of 
the dam, generation of excess uplift pressure, erosion of embankment materials, and 
solubility of weak soluble rocks occur [12, 16, 18]. These failures will eventually 
lead to failure of the entire dam structure and cause catastrophic loss in terms of life 
and property. 

3 Models for Seepage Analysis 

Various numerical techniques of efficient computational period and enhanced visual-
ization have emerged over the past decades for solving flow through complex porous 
media. Analytical solutions to seepage problems are also developed for seepage 
quantification. However, these solutions are based on assumptions of linear flow and 
are therefore only applicable to dams with simple geometries. The finite element 
method (FEM) is a numerical technique for solving partial differential equations 
(PDEs) by discretizing them into a set of finite elements. This method is used to 
analyze seepage problems in earthen dams by dividing the dam into small triangular 
or rectangular elements and solving the governing equations at each element. The 
finite difference method (FDM) is another numerical technique for solving PDEs by 
dividing the domain into a set of smaller cells and approximating the derivatives of
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the PDE at each cell. This method is used to analyze seepage problems in earthen 
dams by dividing the dam into small grids and solving the governing equations at 
each grid point. The most widely used numerical tools suitable for simulating seepage 
are described below. 

FEFLOW is an acronym of Finite Element subsurface FLOW and transport 
system introduced in 1979. It is effective and interactive groundwater modeling 
system for variably saturated 3D and 2D transient or steady type flow. It can be 
effectively used for describing the spatial and temporal distribution and reactions 
of groundwater contaminants to model. FEFLOW is a powerful and comprehensive 
tool to model complex subsurface processes, yet it is easy to use. FEFLOW works 
with discrete feature approach, which provides the crucial link between the complex 
geometries for subsurface and surface continuum in modeling flow, containment 
mass and heat transport process. In the FEM context, the 3D mesh for the porous 
matrix can be enriched by both bar (channels, mine slopes) and areal (overland, 
fault) elements. FEFLOW provides 1D and 2D discrete feature elements, which can 
be mixed with the porous matrix elements in two and three elements. The basic 
balance equations used in FEFLOW are fluid mass conservation, fluid momentum 
conservation, contaminant mass conservation, and energy conservation. First step 
for creating a FEFLOW model is create soil geometry to a scale accounting maps 
and model boundaries, supermesh, finite element mesh and expansion of model to 
three dimensions. Secondly, inputs for model parameters are provided like, geom-
etry, process variable, boundary conditions, material properties, auxiliary data, user 
data and discrete features. One of the limitations of this software is it is expensive 
and complex to learn. A case study illustrating the application of this software is 
mentioned in Sect. 4. 

Geo-Studio-SEEP/W is a user-friendly software that is free for students, allowing 
them to conduct a variety of analyses linked to geotechnical investigations. For 
the analysis of seepage through earthen dams, SEEP/w program is used, which is 
a sub-program of Geo-studios software [14]. It is based on Darcy’s Law, which 
describes movement of water through both saturated and unsaturated soils. Seepage 
analysis can be performed using SEEP/W. The likelihood of the dam failure because 
of seepage has been investigated analytically using the Geo-studio program. The 
limitation of SEEP/W is its restrictions related to the hardware’s existing capabilities. 
SEEP/W is exclusively designed for flows that adhere to Darcy’s Law adjacent to 
the ground surface. However, soil moisture may vaporize close to the surface and 
SEEP/W formulation does not include this element in its simulation [6]. 

MODFLOW is a 3-D groundwater flow model, which is developed by United 
States Geological Survey and works based on finite difference method. In the finite 
difference technique, terms that are derived from the variations in head values at 
different cells are used to replace the partial derivatives to represent study domain 
in a finite number of distinct points [11]. The model generates a set of simultaneous 
algebraic equations, whose solution provides the head values at particular times. 
These numbers represent an approximate representation of the time-varying head 
distribution, which would result from the groundwater flow equation of the partial 
differential nature. The MODFLOW models aquifer systems with saturated flow
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conditions by assuming constant groundwater density. The user has to enter aquifer 
attributes for each cell in the area of the aquifer system. In order to implement the 
solution, time steps are taken at each aquifer cell of the study domain [1]. The overall 
aquifer water budget is also simulated by MODFLOW in addition to the water levels. 
One of the limitations is that it does not take into consideration the capillary-induced 
infiltration that occurs at the beginning of wetting, when negative pressure difference 
might be substantial in comparison to gravity potential gradients. For considering 
density impacts, additional modules are integrated with MODFLOW model. 

For the evaluation of the time-dependent, anisotropic and non-linear performance 
of soils and rocks, geotechnical solutions require sophisticated modeling techniques. 
In order to analyze deformation, stability, and groundwater flow in multi-dimensions, 
PLAXIS was developed based on geotechnical finite element method. The nonlinear 
behavior of soil and rock formations can be accurately modeled using PLAXIS soft-
ware [5]. The findings of various studies reveal that the effectiveness of this software 
is capable of simulating behavior of embankment dams. One of the limitations of 
PLAXIS is that it is not able to define arbitrary geometries of the study area. 

Likewise, ANSYS is a general-purpose finite-element modeling tool, which is used 
to numerically solve a wide range of mechanical issues. Similar to other finite element 
applications, ANSYS is organized into three major processors: pre-processor, solu-
tion processor, and postprocessor. The assessment of seepage using the Ansys soft-
ware is performed using thermal methods [10]. To calculate the factor of safety, 
various methods such as Limit balance and Bishop methods are utilized. It has been 
noted that the rate of seepage obtained using ANSYS software usually underestimates 
in comparison with GEO-STUDIO. 

A computer program called HYDRUS enables the modeling of water, mass, and 
heat movement in 3-D mediums with varying saturation levels. The finite element 
approach is used to calculate flow through soils with a mixed flow regime [15]. 
The model formation begins by defining the study area followed by discretization 
mesh developed. Seepage face boundary condition is employed along the air-side 
embankment. The software iteratively calculates the length of the seepage face using 
Picard’s method. It uses Richard’s equation to simulate flow through variably satu-
rated medium. The quantitative assessment of water flow through the unsaturated 
soil zone is performed to estimate using the appropriate parameters of various soil 
types. One of the HYDRUS software’s limitations is that it presumes the pressure 
head will always be steady and equivalent to zero along the seepage face. 

PDEase2D is very adaptable and simple to use program that addresses issues in 
a variety of domains, including heat transfer, fluid and solid mechanics, electromag-
netic, groundwater movement, and quantum physics. The time required to deal with 
nonlinear static and dynamic problems up to 32 constraints is quite less by its concise 
input language, automatic grid generation, and refining. Through PLAXIS 3D, the 
stability of dams and seepage is analyzed, and the results were appropriate [4]. 

SVFLUX software is employed to perform seepage analysis on both two- and 
three-dimensional domains. It can be employed in conjunction with the database tool 
‘Soil Vision’ to do analysis without requiring a comprehensive laboratory process. 
The governing equation for seepage is obtained by solving the conservation of mass
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for a typical elemental volume. SVFlux solves a problem by enabling the input of 
complex geometry using survey information. In order to model water flow, reason-
able boundary constraints are applied to the model, and flux sections are placed all 
throughout the area. Solution of non-linear equations converge well using this tool 
and it supports a wide range of formats for the input of material parameters including 
unsaturated soils. 

This section provides a summary of the most widely used software programs for 
analyzing seepage through earthen dams. Additionally, a case study illustrating the 
use of these software’s has been presented in Sect. 4. 

Since most of the dam bodies are partially saturated/unsaturated, FEFLOW and 
SEEP/W seem capable of simulating these conditions effectively. Moreover, a signif-
icant variation in the water level in the dams during changing influx and outflux 
conditions can change the fraction of saturated/unsaturated portions of the dam’s 
body. Initially, a characteristic dam site is used to compare the results of these two 
models followed by taking a real-field dam site. 

4 Seepage Flow Through Earth Dams Using FEFLOW 
and SEEP/W 

Seepage through earthen dams can be analyzed using above-mentioned tools and 
based on the limitations of some models, FEFLOW and SEEP/W are used for a 
comparative study as also suggested by Arshad et al. [3], Molla [13]. A case of 
homogeneous earth dam of 15 m height is taken and steady state is taken here for a 
constant hydraulic head of 12 m, and the results are shown in Fig. 1. 

Figure 1 represents the variation of hydraulic head over the dam cross-section, 
the selected FEFLOW and SEEP/W models. The dashed line represents the phreatic

Fig. 1 Comparative study of seepage through earth dams using a FEFLOW, b SEEP/W for a 
homogeneous earth dam 
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line, i.e., zero pressure line (Fig. 1b), which may vary for case to case. After amassing 
the mass balance of this case study, it is found that FEFLOW predicts seepage more 
accurately than the SEEP/W model [8]. Thus, FEFLOW is used further to predict 
the rate of seepage flow and phreatic line for real field dam conditions. 

For the seepage analysis, Ambawali Dam, Haryana is considered which is a zoned 
Earthen dam. FEFLOW is a numerical model that uses Darcy’s equation for saturated 
zone and Richard’s equation for the unsaturated zone. The Ambawali Dam is situated 
on Somb-Pathrala Nadi of Yamuna River Basin, having height of 23.25 m above the 
deepest bed (344 m), top width of 6 m, and length of dam is 550 m, as shown in 
Fig. 2. Seepage in the Earth dam occurs through dam body and foundation of the 
dam but for this study, the impervious layer in foundation is assumed at the 50 m 
from the deepest sea bed and a 2D flow model is constructed in FEFLOW. Further a 
steady-state stimulation is taken to obtain the seepage flow rate and phreatic line. 

The finite element mesh is generated with a total of 44,458 elements of triangular 
type. The hydraulic boundary condition of the upstream side is given as FRL (363 m), 
i.e., hydraulic head of 19 m and downstream of the dam is seepage face side. For 
the seepage analysis, there are two main parameters, i.e., hydraulic conductivity and 
unsaturated flow porosity. Since Ambawali Dam is a zoned Earth dam, the parameters 
of different zones are taken according to the type of materials in the particular zone. 
The used parameters for this model run are listed in Table 1.

Parameters for solving an unsaturated model include empirical model parameters 
like saturation limits and Modified Van Genuchten Constants. In saturation limits, 
there are two parameters, i.e., maximum saturation and residual saturation. Consid-
ering the general values of maximum saturation as unity and residual saturation as 
0.0025. Modified Van Genuchten model gives a relation for effective saturation and 
relative conductivity in terms of residual and maximum saturation levels. The value 
of constant parameters of the Modified Van Genuchten Model, i.e., α, n, m, and  δ are 
listed in Table 1 and assigned in the model inputs based on the dam composition. 

Steady-state stimulation is performed to find hydraulic head, pressure line, and 
rate of seepage flow. The imbalance in mass budget is 0.00030046 m3/d, which is very 
small and its numerical model is quite accurate and can be used for further analysis.

Fig. 2 Cross-sectional geometry of Ambawali Dam of Haryana (Source Completion Report of 
Ambawali Dam of Haryana) 



8 S. Yadav et al.

Table 1 Hydraulic 
conductivity and unsaturated 
flow porosity of different 
zones 

Serial 
number 

Zone Hydraulic 
conductivity (m/s) 

Unsaturated 
flow porosity 

1 Core of the 
dam 

1.28 × 10−6 0.374 

2 Sand filter 9.23 × 10−5 0.311 

3 Coarse filter 6.6 × 10−3 0.416 

4 Shell (dam 
body) 

2.21 × 10−5 0.29 

5 Foundation 
soil 

5.23 × 10−6 0.332

The seepage rate is computed as 4.16 m3/d for the selected conditions Steady-state 
stimulation is performed for the hydraulic head of the upstream side as free reservoir 
level. The drops in hydraulic head and pressure distribution are shown in Figs. 3 
and 4, respectively. The phreatic line that drastically lowered down at the core of the 
dam due to the presence of the clay formation is illustrated in these figures clearly. 
However, the phreatic line across the dam body is found not attenuated so sharply in 
left and right sides of the dam core. It is to be noted that the head loss in center of 
the body is more prominent as compared with the rest of the dam body as depicted 
by the interval of the isolines. 

Thus, it can be concluded that the numerical model runs of the dam with FEFLOW 
are found quite accurate and are recommended to predict the rate of seepage flow and 
phreatic line under steady-state conditions for a dam made of different geological 
materials. It is observed that the composition of the earth dam body plays an important 
role in controlling piping and internal erosion. Further, it is found that the core body 
size of the earthen dam plays a crucial role in controlling the phreatic line and the 
head loss. Apart from this, proper seepage monitoring and instrumentation during and 
after the construction of the dam are recommended for identifying and controlling 
the dam seepage.

Fig. 3 Variation of hydraulic head over the cross-section of the dam
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Fig. 4 Phreatic line (white) and variation of pressure over the cross-section of the dam

5 Conclusion 

Numerical techniques are found powerful tools for simulating seepage in complex 
dam’s bodies. Seepage analysis models employ numerical modeling techniques of 
finite element and the finite difference methods. Software such as SEEP/W, ANSYS, 
HYDRUS, PLAXIS, MODFLOW, and SVFLUX are employed by various designers 
and researchers for simulating various elements of seepage in earthen dams. Effec-
tiveness of drains, internal soil stress, dam stability, settlement, prediction of seepage, 
and calculation of total seepage flow rate are some of the parameters that can be 
modeled using these numerical tools with some pros and cons. A comparative anal-
ysis for a homogenous earthen dam shows that FEFLOW conserves the mass more 
accurately than SEEP. The Ambawali Dam, Haryana that is a zoned earthen dam is 
used to show the capabilities of FEFLOW for seepage analysis and is recommended 
to use for analyzing seepage flow through earthen dams made of varying geological 
materials. 
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Haryana, India for providing the necessary data related to Ambawali Dam. 
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Nature-Based Solutions as a Pragmatic 
Approach Towards Flood Resilient Cities 

Madhuri Kumari , Pranjal Pandey , Akanksha , and R. K. Tomar 

Abstract Flooding is one of the most common and severe disasters that afflicts 
several Indian states every year, and it is frequently followed by the spread of 
epidemics. The cities along the banks of river or seashore face great pressure in 
dealing with flood disaster management and such experience will mount up in the 
coming decades due to the rising intensity and frequency of natural hazards triggered 
by climate change. Therefore, there is a need to develop an environment-friendly 
pragmatic approach for making such vulnerable cities into a flood resilient city. 
In recent decades, flood risk reduction and management strategies are seen to be 
supplementing the traditional technical and engineering methods with nature-based 
solutions (NBS). NBS brings in multiple benefits to people and the social system by 
contributing towards improvement in quality of life, strengthening, and promoting 
ecological balance. This paper presents a conceptual framework for the integration 
of NBS into current Flood Risk Mitigation and Management (FRM) strategies. This 
framework is intended as a tool to be adopted by decision-makers to operationalize 
the NBS integrated pragmatic approach and work towards developing flood-resilient 
cities. 
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1 Introduction 

India experiences a variety of natural disasters and hazards, with flooding being the 
most significant. Flooding is defined as excessive surface runoff that inundates towns 
and farmland [1]. It is the most common natural catastrophe. The Intergovernmental 
Panel on Climate Change (IPCC) predicts that the region impacted by monsoon 
seasons will increase globally with rising precipitation levels, resulting in more flood 
events [2]. Flooding affects 14.6% of India’s land area [3]. From 1978 to 2006, India 
had 2443 flood incidents causing 16 billion USD in damages [4]. During the monsoon 
season, which brings low to heavy rainfall, residents of Indian cities often experience 
flooded streets and waterlogged homes [5]. Monsoon season in India sees 80% of 
precipitation occur in a short time from June to September, leading to the highest 
number of flooding incidents (urban, rural, and coastal) in various regions of the 
country [6, 7]. Experts have long discussed the connection between climate-related 
disasters and their aftermath (socioeconomic losses and public health) [8]. Natural 
disasters such as flooding also pose a significant public health risk from water and 
air-borne infectious diseases, which have become increasingly prevalent over time 
[9]. Figure 1 shows that the states of Maharashtra, Tripura, West Bengal, and Bihar 
have had the highest number of flooding incidents in the last 15 years. 

Flooding is classified into three types (ref. Table 1): rainfall-induced (pluvial), 
river flooding (fluvial), and tidal flooding (coastal) [10]. The preponderance of flood 
incidents during the monsoon season is triggered by prolonged rainfall and heavy 
downpours [11]. All river basins in India experience flood events; however, the Ganga 
and Brahmaputra River basins have the highest number and severity of flood events 
[12]. The Ganga River zone, the Brahmaputra River zone, the North-West River 
zone, and the Deccan (coastal) zone are the four principal flood zones in India [13].

Urban floods are common and have become serious issues around the world 
even in India as well [14]. Flooding happens most frequently in metropolitan areas 
due to substantial monsoon precipitation in a short period of time, causing signifi-
cant damage to life and property. In India, 1561 urban local bodies out of 7935 are 
flood-prone [5, 15]. Figure 1 depicts the number of times flood occurred (flooding 
frequency) state-wise in India over the span of 15 years.

Fig. 1 Flood frequency in the last 15 years. (Source Annual disaster reports (2005–2020), Indian 
meteorological department (IMD)) 
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Table 1 Types of floods in India 

Type of 
flooding 

Descriptions 

Rainfall 
induced 
flooding 

Heavy amount of rain over minutes to hours inundates creeks and dry valleys 

River 
flooding 

The floodplain is inundated when water from a river or drainage channel cannot be 
contained within its stream channel or by built structure. It occurs often seasonally. 
This is the most common flooding 

Tidal 
flooding 

Increasing sea level caused by storm surges generated by tropical cyclones and 
tsunami

The increasing urbanization in India has resulted in Indian cities being constructed 
hastily and in a haphazard manner, which has contributed significantly to the 
increased risk of an urban flood [16]. 30–40% more rainfall is observed in Indian 
urban cities than in rural areas [15]. Figure 2 shows the major flood prone regions 
in India. Metropolitan cities such as Mumbai, Delhi, Bangalore, Assam, Chennai, 
and many others are key examples of cities that face frequent urban flooding events, 
demonstrating the current state of flood management in Indian cities. Most of these 
cities are unplanned, have poor drainage systems [17]. Because of high population 
density and inadequate infrastructure, the socioeconomic losses and public health 
risk due to flooding aftermath are significantly greater in urban regions than in rural 
ones, resulting in the rapid growth of flood occurrences in metropolitan areas [18].

Significant socioeconomic and environmental consequence are the results of 
flooding, including the loss of living beings’ lives, infrastructure destruction, and 
damage to the natural environment [20]. There are examples of recent flood events: 
Jammu and Kashmir flooded in 2014 because of constant rain. Even after the Indian 
army evacuated 11,000 people, 138 people died. River Jhelum and its tributaries 
flew above the danger mark. Due to this, the Vaishno Devi Yatra has been suspended 
[21]. Chennai had suffered 3 billion losses and live losses of 138 people in the 2015 
flood. In 2018, Kerala faced massive flooding due to unusual rainfall and the sudden 
discharge of water from reservoirs [22]. Assam Flood 2020 refers to a major flood 
event of the Brahmaputra River. 5 million people were affected with the loss of 123 
people [23]. 

In Indian cities, measures have been taken to prevent floods. Due to the diverse 
weather patterns across different regions in India, flood mitigation measures are 
tailored to each location based on its climate and rainfall pattern. These locations 
can range from areas near dams to hilly, marshy, and coastal regions. The measures are 
mainly divided into structural and non-structural categories. Non-structural measures 
include using automatic weather stations to gather real-time information on rainfall 
and flood warnings [24] and conducting flood vulnerability mapping to identify high-
risk areas. Structural measures include enhancing the urban drainage system with 
sustainable solutions like detention ponds or storage channels to make cities more 
resilient to floods [25].
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Fig. 2 Flood prone regions in India [19]

In addition to conventional strategies, nature-based solutions (NBS) are also being 
used for flood risk mitigation and prevention. NBS are strategies that address environ-
mental challenges such as resource depletion, disaster risk reduction, and ecosystem 
degradation caused by urbanization and climate change [26]. This study focuses 
on the benefits of using NBS for socio-economic and public health purposes and 
proposes a framework for identifying and implementing nature-based projects in 
Indian cities to enhance flood resilience.
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2 Nature-Based Solution for Flood Resilience Cities 
in India 

According to the International Union for Conservation of Nature (IUCN), Nature-
Based Solutions (NBS) are approaches to sustain, restore, and control natural or 
modified ecosystems in a sustainable manner, resulting in not only the elimination 
of environmental and social barriers but also the improvement of the physical and 
mental well-being of all living species through positive environmental externalities 
such as increased biodiversity [27]. The IUCN outlines eight principles that NBS 
activity should follow: embracing nature conservation, being integrated with other 
societal challenges, being determined by site-specific natural and cultural contexts, 
producing societal benefits fairly and equitably with transparency and broad partic-
ipation, maintaining biological and cultural diversity and the ability of ecosystems 
to evolve over time, being applied at the landscape scale, recognizing trade-offs 
between immediate economic benefits and future ecosystem services, and being an 
integral part of overall design policies [28]. 

Traditional engineering solutions or structural ways of mitigating flood vulner-
ability have been used for centuries, such as building embankments, dams, levees, 
and canals [29]. These “hard” or “grey” infrastructure solutions have proven to be 
uneconomical and damaging to habitats and ecosystems, causing the loss of settle-
ments, and forcing people to relocate without input or choice [30]. To address these 
drawbacks, there has been a growing interest in examining the role of nature-based 
projects as an alternative to traditional hard engineering solutions for flood risk 
mitigation in cities [31]. Concepts like “Nature-based solutions,” “ecosystem-based 
adaptation,” “eco-DRR,” and “green infrastructure” have emerged as potential alter-
natives to traditional grey techniques, using natural processes and ecosystem services 
for purposes such as flood risk reduction and improved water quality [32]. 

In terms of flood management, NBS are divided into two categories: Natural 
Water Retention measures (NWRM) and Natural Flood Management (NFM) [33]. 
NWRM involves retaining water in and on plants, increasing plant transpiration, 
improving soil health, creating ponds and wetlands, and reconnecting floodplains. 
NFM uses landscape features to control flood risk by minimizing the maximum 
flow discharge and leveling it out [34]. These methods have the potential to remedy 
ecological hazards more effectively and NWRM can be used in various aspects 
of water management, such as water quality [31]. Floodplain restoration can also 
be considered an NBS that reduces the likelihood of flood-related disasters and can 
provide benefits for both ecosystem restoration and flood damage prevention [35, 36]. 

2.1 Ecosystem-Based Adaptation for Flood Impact Mitigation 

Ecosystem-based adaptation initiatives generally focus on long-term adaptation to 
chronic and irreversible stressors, such as gradually warming temperatures, sea level
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rise, and glacial melting. Employing a range of biodiversity and ecosystem conser-
vation approaches, such initiatives help people adapt to the adverse effects of climate 
change and mitigate climate-related hazards. 

Ecosystem-based disaster risk reduction aims to reduce hazard events and/or 
communities’ exposure and vulnerability to them. Disaster risk reduction is typi-
cally focused on near-future risk, such as landslides or floods. Such initiatives may 
involve, for example, the installation of early warning systems. But we can also reduce 
disaster risk through the planting of trees to stabilize slopes. Ecosystem-based disaster 
risk reduction addresses both non-climate-related events, such as earthquakes and 
tsunamis and climate-related events like hurricanes and heat waves, as well as other 
kinds of hazards. While different, these approaches share an emphasis on ecosystem 
management, restoration, and conservation and can be thought of as interventions 
that are implemented on a hazard continuum that ranges from near-term, often sudden 
events such as landslides, to longer term, generally gradual events such as sea level 
rise. 

At the project or operational level, they are often indistinguishable. Environmental 
management is central to both approaches and can be combined with measures that 
explicitly reduce disasters and climate impacts. Such interventions have been around 
for decades, but it’s only recently that we have started to emphasize disaster risk 
reduction and climate change adaptation. 

3 Proposed Framework for Integrating NBS in Flood 
Resilience 

Eco-engineering can have an impact on the structural components that support the 
ecosystem’s functioning [37]. One notable example is the Azamenose Riverine 
Wetland Restoration Project in Saga, Japan, led by the Ministry of Land, Infras-
tructure, Transport, and Tourism in partnership with various stakeholders including 
local communities, NGOs, local governments, and academics, particularly Kyushu 
University [38]. In this project, a wing-shaped flood control basin was built along 
the curved part of the Matsura River to absorb overflow downstream [39]. 

These flood control basins not only reduce the risk of flooding but also provide 
habitats for biodiversity, as seen in wetland creation, which is a common approach 
in urban areas for flood control, improved drainage, and ecosystem restoration [40]. 
Wetlands, like those developed as part of an eco-neighborhood initiative in Geneva, 
Switzerland, serve to collect excess rainwater and provide a habitat for birds [41]. 
Ecological engineering plays a crucial role in incorporating modern technology, 
such as early warning systems for landslide movements and river height moni-
toring, or climate-smart agriculture, into these established and successful methods 
for promoting community resilience [42]. The concept of “building with nature” is
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often used to describe this process, but it should be used cautiously as many proce-
dures, like using deep-rooted grasses to stabilize slopes, may be more accurately 
described as “weaving or knitting with nature” [43]. 

Ecological engineering is often described as “building with nature and people” 
due to its emphasis on involving local communities in its implementation [44]. It 
involves impacting the living tissue of ecosystems and the organisms that make them 
up, as well as the underlying structures such as mountains and valleys [45]. Efforts are 
underway to further the implementation of Nature-Based Solutions (NBS) for flood 
risk reduction through publications such as the World Bank’s Implementing Nature-
based Flood Protection (2017) and WWF’s Guidelines on Natural and Nature-Based 
Flood Management: A Green Guide (2017). 

The study suggests a framework for integrating NBS into current Flood Risk 
Mitigation and Management (FRM) methods in Indian urban cities. The framework 
begins by identifying flood hazards, categorizing them into three types: extreme 
weather events, riverine flooding, and tidal flooding. The next step involves deter-
mining the types of flood risk mitigation solutions, which are divided into non-
structural and structural. Non-structural solutions involve policy development, public 
awareness, early-stage flood warning, and monitoring. Structural solutions include 
hard engineering solutions, soft solutions (i.e., nature-based solutions), and hybrid 
solutions combining both hard and soft approaches. To effectively reduce flood risk, 
it is recommended first to apply non-structural solutions and then consider structural 
solutions by prioritizing NBS whenever possible as part of an integrated approach. In 
the case of no other options, then gray solutions can be selected. With NBS in focus, 
the framework further focuses on the guiding principles describing key consider-
ations [46] that are taken into consideration when planning Nature-based projects 
for flood risk mitigation. These majorly five principles to guide nature-based flood 
development in cities are as follows: 

1. System scale perspective: Figure 3 depicts a system-wide review on the basis of 
spatial extent, time scale, local socio-economic, environmental, and institutional 
factors should be the first step in addressing nature-based solutions for climate 
change adaptation and disaster risk reduction. 

2. Risk and benefit assessment of a full range of solutions: A complete assessment 
of the risks and benefits of the whole spectrum of possible measures, including 
risk reduction benefits as well as social and environmental consequences should 
be carried out.

System Scale Perspective 

Spatial Scale 
Time scale 

Local socio-economic and 

Fig. 3 Types of system scale perspective [47]
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Plan Design Implement Monitor Evaluate Adapt 

Fig. 4 Adaptive management process (CEDA, 2015) 

3. Standardized performance evaluation: Nature-based solutions for flood risk 
management need to be tested, designed, and evaluated using quantitative criteria. 

4. Integration with ecosystem conservation and restoration: Nature-based solu-
tions for flood risk management should make use of existing ecosystems, 
native species, and comply with basic principles of ecological restoration and 
conservation. 

5. Adaptive management: Nature-based solutions for flood risk management need 
adaptive management based on long-term monitoring. Figure 4 shows the process 
flow of adaptive management process, which contributes to ensuring NBS’s 
sustainable performance.

The adaptive management cycle is based on an objective or outcome that may 
be predicted. Implementation, monitoring, data evaluation, decision-making, and 
adjustment of possible management measures are all parts of this process. This cycle 
should be performed at regular intervals throughout the measure’s lifespan. The 
adaptive management cycle not only ensures constant management after the project 
is completed but also serves as a foundation for developing lessons learned for future 
projects. In addition to the principles, the World Bank (2017) [33] report outlines 
the processes for implementing a potential nature-based flood resilience project in 
the city. These eight implementation processes combine to form the framework’s 
final step, resulting in a full and effective nature-based flood management project 
in both non-coastal and coastal communities. Figure 5 provides a summarised view 
of the proposed framework for integrating NBS as flood risk management tools in 
cities. The eight steps to successfully implementing any nature-based initiative are 
as follows (Fig. 6).

4 Discussion and Conclusion 

Nature presents various answers to the multiple challenges humanity faces today, and 
there is still time to put these into practice. As the global climate crisis intensifies, 
natural disasters are becoming more frequent. These are partly due to climate change 
and partly due to poor land and resource management. The implementation of nature-
based solutions for climate and disaster resilience is already taking place worldwide, 
and many have the potential to have a global impact. These solutions are sustainable, 
cost-effective, and bring multiple benefits. They can be used to tackle a variety of
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Fig. 5 Proposed framework for integrating NBS as flood risk management tools in cities

issues, from reducing carbon emissions to solving societal problems such as income 
inequality, food security, and other inequalities. 

One main goal of nature-based solutions is to address problems caused by 
natural hazards such as earthquakes, floods, and landslides. People’s decisions often 
contribute to hazards becoming disasters. For example, building in a floodplain 
increases a town’s risk of flooding. Efforts such as planting trees on steep slopes 
to prevent landslides or relying on traditional flood management techniques such as 
water harvesting and conservation ponds can be made to reduce urban flooding [48].
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Fig. 6 The eight major steps to successfully implementing NBS for flood resilient cities

Nature-based solution is a term that encompasses a variety of ecosystem-based 
methods to tackle various social and economic issues. The concept is based on the 
ecosystem approach, which aims to manage land, water, and living resources in 
an integrated manner, promoting conservation, restoration, and sustainable use in 
an equitable way. Figure 7 summarizes the stages for successfully implementing 
the framework, which, when followed correctly, provides a comprehensive solution 
that addresses all critical categories: social and economic, institutional, and envi-
ronmental, resulting in the development of an integrated Flood Risk Management 
tool.

It is crucial to consider both biophysical and socio-economic factors in a compre-
hensive manner in order to effectively implement Nature-Based Solutions (NBS) 
using the framework outlined in this study. To achieve this, a multi-disciplinary 
approach involving experts in fields such as water resources, environmental engi-
neering and science, economics, and social studies must be taken. A participa-
tory approach that involves all relevant stakeholders is also essential for designing
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Fig. 7 Nature-based solution—an integrated approach for making cities flood resilient

and implementing effective nature-based programs for flood risk assessment and 
management. 

Incorporating the socio-economic and institutional elements of non-structural 
flood risk reduction methods is vital to the success of any NBS project. NBS not 
only provides an environmental friendly approach to improving flood resilience in 
cities but also addresses flood risks while promoting conservation, development, and 
poverty reduction. The socioeconomic component of NBS can help to establish new 
partnerships and collaborations between government officials, local stakeholders, 
civil groups, and relevant private sector representatives. The concept of working 
with nature rather than against it is at the core of NBS, which seeks to address 
climate change through both adaptation and mitigation techniques. This approach 
prioritizes long-term environmental management and climate change mitigation. 
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Analysing the Rigidity of Water Flows 
in Small Himalayan Towns: An Analysis 
of Water Accessibility and Availability 
in Champawat Town, Uttarakhand, India 

Nishant Kharkwal and Kamal Kumar Murari 

Abstract Water scarcity in Himalayan towns and cities has become a common 
phenomenon. Deforestation, urbanization, and heavy construction activities accom-
panied by climate change have impacted the availability and accessibility of water. 
In such a situation, water management becomes crucial to ensure water equitably. 
The remote Himalayan centres lack both research and assessment. The case study 
provides the condition of water accessibility and accessibility in small Himalayan 
urban centre of Champawat. The results show various indicators like quantity of 
water supplied, supply hours, quality standards are below state average. Local people 
use various coping mechanisms such as using multiple water sources, government 
water tankers, water rationing, multiple water containers to deal with persisting water 
scarcity. 

Keywords Water accessibility and availability · Himalayas · Small towns ·
Coping mechanism 

1 Introduction 

Spanning across several countries in South Asia, the Himalayas are considered as 
“Water tower of Asia.” The snow-clad mountains are the origin of 10 major river 
basins in South Asia and South-East Asia [1]. The region is witnessing changing rain-
fall patterns with extreme weather conditions, increasing average temperatures and 
receding glaciers [2–4]. Such a fragile and diverse topography, and changing rainfall 
patterns in the region create a challenge to water security [5–7]. The unplanned and
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unregulated urbanization has further led to the depletion of resources [8]. The Hindu 
Kush region will cater for a population of 303.63 million by 2030 [1]. 

In between the lush green mountains of the Himalayas is the State of Uttarak-
hand which also experiences water crisis. Alarmingly 50% of the springs in the 
region are drying up [9]. In the past few decades, Uttarakhand has experienced an 
increase in population and rapid urban growth. The urban population in the state 
has risen by 44.8% between 1971 and 2011 [10]. There has been considerable out-
migration in almost all the mountain districts. 66.2% of the out-migration from rural 
areas is towards urban centres within the state [11]. The urbanization in the region 
has also been accompanied by the shift from primary resource development sectors 
to secondary and tertiary sectors [1, 10]. Thus, burdening the urban centres which 
already have water accessibility and availability woes. Water woes have been persis-
tent in the region due to poor water management practices [12, 13]. Uttarakhand 
scored lowest among all the states in the Composite Water Management Index, 2018 
by the National Institute of Transforming India Aayog (NITI Aayog). One of the 
major reasons for the decline in the rankings was the fall in the reach of piped 
water supply (PWS) and the quality of the provision of drinking water in both rural 
and urban areas [14]. The United Nations Development Program (UNDP) in its Drill 
Down Vulnerability Risk Assessment report has highlighted severe water availability 
and accessibility issues in the state, especially during the summers [15]. 

The studies concerning water security in the Himalayan region have focused on 
the traditional water systems [16, 17], management and governance of water [12, 
13, 18, 19], water quality [20, 21], resource management and spring rejuvenation 
[9, 22, 23]. Bharti and others [19] have worked on the dynamics of water supply 
in Mussoorie and Devprayag of Uttarakhand. Darjeeling, Devprayag, Mussoorie, 
Nainital, Shimla, and other such urban centres with high tourist footfall are different 
from the remote small towns. These small urban centres are mostly localized business 
centres [24], which lack both research and assessment [5, 9]. The present study uses 
the indicators of the quantity of water consumed, water sources, time taken for water 
provisioning, distance travelled, cost of provisioning, and dependency on secondary 
water sources to analyse the dynamics of water accessibility and availability in the 
remote town of Champawat in Kumaon Himalayas. The concept of accessibility and 
availability of water is attributed to the distance and time involved in obtaining water 
[25]. This distance and time change from place to place and thus the accessibility. 
Availability further depends on the quantity of water available for a certain period 
[26]. The accessibility also needs to be understood in terms of affordability. The 
unaffordability makes even the most common resource like water inaccessible [27]. 
Exploring these indicators becomes crucial to efficient water management practices 
[19, 28]. The study analyses the present water infrastructure system of Champawat. 
It navigates through the water flows in the town to understand the rigidity in the 
water supply by analysing water accessibility and availability through consumer’s 
perspective or demand side.
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2 Approach and Methodology 

Survey Field: Champawat lies in the Kumaon division of Uttarakhand. It is a Munic-
ipal Council or Nagar Palika Parishad (NPP) consisting of nine wards. The town is 
at a height of 1650 m from the mean sea level [29]. As per the information provided 
by the NPP office, the administrative boundaries of the town were revised in 2012, 
and, in 2016, the town’s population stands at 12,756. The district population growth 
rate is 15.6%, higher than the state average of 11.8% [11] (Fig. 1). 

Methodology and Data Collection: The study uses mixed research methods. 
The mixed approach helped to better analyse the baseline situation of water avail-
ability and accessibility to analyse the consumption patterns in Champawat. The 
in-depth interviews of the resource persons and key stakeholders from both supply 
and demand sides were taken through purposeful sampling and snowball sampling. 
Interviews of the government officials largely consisted of questions concerning the 
technical aspects of the piped water supply system, its management and governance. 
Further, in-depth interviews of politicians, journalists, and social activists were taken 
to understand various intricacies of water accessibility and availability in the local 
context from the demand side. The information taken from the in-depth interviews 
was used to develop the questionnaire for consumption patterns. The consumption 
pattern survey needed secondary data about the piped water supply infrastructure, 
which was unavailable digitally and in any public domain. These data gaps were 
addressed through stakeholders’ consultations. Total households in the town were 
analysed by dividing the population by 5, which came to around 2551. Uttarak-
hand has an average household size of 5 [11]. The ward-wise population data were 
provided by the office of NPP. Due to time constraints, 20 households from each ward 
of the nine wards were randomly taken. A consumer survey of 180 households was 
carried out using a structured questionnaire schedule. The questions in the schedule 
were prepared according to the joint World Health Organization (WHO) and United 
Nations Educational, Scientific & Cultural Organization (UNESCO) guidelines [31]

Fig. 1 Study area: Champawat NPP, Champawat, Uttarakhand, India [30] 
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and were modified according to local conditions. The descriptive analysis of the 
primary data was done on Microsoft Excel software. The graphs of various findings 
are in Sect. 3. 

3 Findings and Analysis 

3.1 Sources of Water 

Piped Water Supply System (PWSS): Uttarakhand Jal Sansthan is the body respon-
sible for the provisioning of the piped water system throughout the state. It is divided 
into two wings. First is Uttarakhand Jal Sansthan (UJS). It operates and maintains 
the PWSS. The second wing is Uttarakhand Pay Jal Nigam (UJN). It looks after the 
construction of water supply and sewerage infrastructure. Water in the PWSS comes 
from five different springs and streams (locally called “gaad” or “gadhera”). To cater 
for the increasing demand in the town and nearby areas a new scheme, Koirala Ghati 
Pariyojana is under construction. PWSS in Champawat is gravity main. No external 
pump is used in the main line to maintain the pressure. The distribution mains are laid 
throughout the town from where people connect pipelines to their dwellings. Water 
in a single ward can come from different springs. According to the UJS Champawat 
Office, the estimated demand for water is 2.3 million litres per day (MLD) for a 
population of 12,756, while the supply from sources is only 0.68 MLD. This deficit 
is high. The UJS provides water in different connections at different time intervals 
and operates PWSS for around 14 h. For calculation purposes, 15% of water leakage 
is considered according to Central Public Health and Environmental Engineering 
Organization (CPHEEO) Manual, 2019. There were no private water suppliers in the 
town. 

Other Sources: People in urban and peri-urban access water from various other 
sources as there exists a lot of inequalities and unequal distribution of resources 
[32]. Narain [32] defines characteristics of peri-urban in terms of environment, social, 
institutional, land-use change, and livelihood practices. Being an emerging town with 
rural proximities, Champawat also shares such characteristics. 76% of the households 
are dependent upon piped water connections while 2% of the households also use 
standalone public water taps to access water. After PWS, people are mostly dependent 
on wells followed by hand pumps. Around 19% of the respondents use well as the 
primary source, while 44.5% of the respondents reported having well (see Figs. 2 
and 3). Traditional water harvesting systems used for drinking and other domestic 
purposes in the region are Naula and Dhara. Naula is a small shallow well protected 
by walls and a shed. It generally has a temple-like architecture. Dhara is a natural 
spring. Construction is provided in its natural flow to use the water [12, 17, 30].

Periodic changes in availability, quality, and accessibility of water make people 
look out for more than a single source. The primary sources in the study are those 
on whom the respondents mostly rely, while secondary sources are those sources
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Fig. 2 Distribution of primary sources of water for households 

Fig. 3 Number of households using various secondary sources of water. A single household may 
use multiple sources

that are used for specific activities and during any fluctuation in the water avail-
ability. The dependence on secondary sources occurs during the summer season due 
to irregular supply in piped supply. There is low availability of water at their sources. 
Sometimes even wells might dry up. Poor water quality during rainy season also 
forces people to shift towards other secondary sources. 74.44% of surveyed house-
holds were dependent on at least one alternative source. 10.5% of respondents use 
Naula and Dhara around the year for different purposes. The reliance on traditional 
water harvesting systems has declined. The traditional sources of water were not a 
primary source of water for a single household. Only 19 surveyed households were 
utilizing them. Traditional water systems are in dilapidated condition, especially 
Naula. Though long queues around Naula and Dhara are a common sight during 
summer. Some people also depend on Naula and Dhara especially for drinking and 
religious purposes. Around 3% of such households were dependent on public hand 
pumps or Naula/Dhara. According to UJS office, 74 public hand pumps have been 
installed all over the town.
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Fig. 4 Water supply 
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Fluctuations in Water Availability: Water levels in natural sources like springs, 
Naula, Dhara, and wells go down during summer. The region is highly prone to 
landslides and earthquakes [15]. Disruption in supply is common due to climatic 
and tectonic conditions of the region. Many times, pipelines, even the check dams 
get damaged during the heavy downpour of rain and snow. More than 90% of the 
surveyed households reported disturbance in the regular supply of water during 
summer. Almost 98% of surveyed households having piped connections experienced 
inconsistencies in the water supply. The situation in summer sometimes becomes 
too grim. 61% of surveyed households with piped water connections reported to get 
water every third day. Only 4% of surveyed households get daily water supply during 
summer. The situation in some households was very precarious, some even get water 
once in 7 days and even once in 15 days (see Fig. 4). Water tankers provided by 
UJS are the most important secondary source for households during dry summers. 
Further, hand pumps are the other important source of water. 

3.2 Water Supply Timings of PWSS 

Water supply timings play a pivotal role and decide the whole schedule of the day, 
especially for women and children who are engaged in water provisioning [33]. 
Beal and Stewart [28, 34] in their water end use studies have shown that the water 
consumption peaks have been observed in the morning hours. Most of the households 
in Champawat receive water during morning hours, which shows that the morning 
hours are the consumption peaks in the town. Respondents complained about odd 
water timings. The water supply before 6 a.m. and after 8 p.m. was considered odd
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Fig. 6 Graph shows supply timings of PWSS 

supply timings by the respondents (see Figs. 5 and 6). In 14% of the households, there 
were no fixed supply timings. Due to irregular timings, especially women have to 
adjust their sleeping patterns accordingly. It could impact their health and body cycles 
[35]. On average, the water supply is for a duration of approximately 119.42 min 
(around 2 h). The timings are less than the Asian Development Bank’s (ADB) report 
[36]. It states that the present urban water supply duration in Uttarakhand is between 
3 and  4 h [36]. Further, according to 34% of the respondents, their water supply 
timings and duration change in summer. 

3.3 Water Consumption Patterns 

In the survey, average water consumption levels in the town came to around 79.53 L 
per capita per day (LPCD). The average consumption of the piped water households 
came to around 83.42 LPCD. The average consumption of households with wells 
was the highest around 98.63 LPCD. The average consumption levels of households
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primarily dependent on hand pumps reduced drastically to 57.21 LPCD (see Fig. 7). 
From this, it can be inferred that the consumption of water in a household is linked 
to the availability of water from the source it receives water. Better availability 
provides more water at people’s disposal; therefore, the consumption increases. The 
town does not have any sewage system so consumption levels may have been less. 
Also, according to URDPFI guidelines, the water provisioning standards differ for 
towns having sewerage lines [37]. The consumption levels also depend on the seasons 
[28]. According to the UJS, they are unable to meet the standard of 135 L per capita 
per day (LPCD) of water to the people. The national standards are according to the 
CPHEEO manual, 1999. Only 7% of households were consuming 135 LPCD. 37% 
of the surveyed households were consuming between 100 and 135 LPCD of water. 
The condition of most households seems to be precarious. 35% of households were 
consuming less than 70 LPCD of water. The consumption levels of 6% of households 
came to around 40 LPCD (see Fig. 8). 40 LPCD is less than the WHO’s norms of 
the minimum requirement of water for a person, i.e., 50 LPCD [38]. According to 
Uttarakhand Vision 2030 report [39], just 23% of ULBs in the state provide the 
standard requirement. 

Tankers: The availability of piped water goes down during lean patches, especially 
during the summer season. People reported that water sometimes comes after the 
third day and some even once a week. During such time, water tankers provided 
by UJS come to the rescue. The distribution of water from tankers is not uniform. 
Around 46.43% of households with piped water connections were able to access 
tanker services. The average water availability from tankers on a single visit came 
out to be 137.154 L a household while both mode and median came out to be 100 
L. Approximately 72% of households were able to procure less than the calculated 
average of 137.45 L of water on a single visit of a tanker. Further people reported 
that the timings of water supply from tankers were very uncertain.

Fig. 7 Average water consumption levels of surveyed households
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3.4 Water Tariffs 

Water tariffs in Uttarakhand are defined in the Uttar Pradesh Water Supply and 
Sewerage Act of 1975, which was amended in 2002 after the formation of the state. 
These are revised from time to time. Consumers are charged quarterly according to 
the property value with an annual revision of 15% [36]. The property tax data are 
taken from the office of NPP to calculate the water tariffs. Around 90% of people in 
Uttarakhand pay water tariffs [14]. This was also reflected in the survey as 93.43% 
of households were paying the tariffs. Some respondents who were living as tenants 
do not pay any tariffs as their owners do not take any kind of water charges from 
them. The average monthly water tariff came out to around Rs. 542.10. Respondents 
claimed that they were paying more than similar households in the nearby towns of 
Lohaghat and Pithoragarh. They blamed NPP for the high tariffs due to their faulty 
assessment of property values. The claims seem to be true as according to an ADB 
report [36] the average household in Uttarakhand pays a monthly tariff of Rs. 277.50. 

3.5 Accessibility: A Walk to Water 

Accessibility of water is affected by the time and distance a person travels to fetch 
water. Distance not only increases the time required to procure water but also puts 
physical strain [33]. Around 15.55% of the total surveyed households reported that 
during summers and in case of any disruption in regular supply, they walk between 
100 and 200 m to fetch water. While 8% reported travelling more than 500 m. 
Households dependent on public hand pumps and traditional water harvesting system 
might even wash their clothes and even utensils at the sources. The situation of 
households living on the peripheries is more precarious. As their taps dry, they have
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Fig. 9 Distribution of 
distance travelled by the 
people to fetch water 

to cover longer distances to procure water (see Fig. 9). The time here is consumed in 
not only fetching water from source to home but also in waiting time while standing 
in the queue at the source. 

3.6 Water Quality and Treatment 

The perceptions of people regarding the water quality were taken for their respective 
sources. 87% of households reported receiving clean water from piped supply during 
normal seasons (other than monsoon) while 5% deemed it to be dirty and thought that 
it needed to be cleaned further. The water quality changes with the season and worsens 
during rainy seasons. Uttarakhand receives rainfall majorly twice a year, during 
monsoons and in winter due to western disturbance [40]. All the households reported 
receiving yellow to brown-coloured water during a heavy downpour, especially in 
monsoons. The water is muddy and unfit for domestic use. 14% of the households 
reported having found insects (see Fig. 10). 

Fig. 10 Quality of piped 
water
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Fig. 11 Distribution of methods of water treatment among all the surveyed household 

Water Treatment at Homes: 37% of households boil supply water for drinking 
and cooking purposes while 28% use home water treatment machines. 41% of house-
holds using well water do not use any treatment method. 20% of the households were 
found to be not using any treatment method (see Fig. 11). Using untreated water 
exposes a large population to various diseases. Studies in Kumaon have shown that 
untreated water especially of rivers may lead to various ailments and chronic diseases 
[21]. Though people do not treat water regularly, they clean and purify water mostly 
during rainy seasons. 16.11% of the surveyed households reported that their family 
members especially children suffer from some kind of waterborne disease every year. 

3.7 Reasons for Water Scarcity 

Even though the region experiences good precipitation around the year, the avail-
ability of water at the sources during summer goes down [7]. According to 76.67% of 
the respondent households, the reason for water scarcity was drying streams. There is 
low availability of water at sources like streams, springs and even wells in the summer 
season. Water harvesting in the town is highly neglected. Only a single household 
was using water harvesting system while only two were found rejuvenating ground-
water. People further highlighted that the mismanagement by UJS increases their 
precarity. The rigidity in the system is more a component of water management than 
the unavailability of water. The structural persistence creates traps for the system, 
which impact its efficiency thus impacting the overall accessibility to the system. 
The system may not be adaptive and old, which leads to structural persistence [41]. 
Further, water reservoir tanks and check dams are also not maintained properly. 
Timely maintenance of PWSS could have reduced these persisting issues. One of the 
major worries in the system is old pipelines. Some of them are even 30–40 years old. 
With such a high water load, it’s not easy to sustain the system. Water pressure at 
the supply line is not adequate and varies from place to place due to the topography,
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which further adds to the rigidity of the system. The under construction Koirala Ghati 
Pariyojana has been delayed for long due to land acquisition issues with the nearby 
rural areas. Addressing urban and rural conflicts is one of the important aspects for 
water governance to enhance the urban water security in the Himalayas [7]. 

3.8 Coping Mechanism 

Local people have developed various coping mechanism to deal with water scarcity. 
People flock to handpumps and traditional water systems to procure water. For 
cooking and drinking purposes water from Naula and Dhara are preferred. During 
the lean water season, long queues around handpumps and traditional water systems 
is a common site. People do water rationing and store water in multiple containers. 
Households have a number of containers and tanks to save water as water supply 
fluctuates highly during summer and sometimes water may come on the third day. 
During dry season water tankers are also provided by UJS. Tankers bring water from 
Dhaun Dhara (spring) and Laluapani Spring, which are 15 km and 5 km away, respec-
tively, from the town. In case of dire need, some households even bribe drivers of the 
tankers. Some people fetch water from neighbours and relatives who have personal 
wells and handpumps. One of the major issues that people face on a daily basis is the 
inadequate water pressure at taps due to variable topography. To maintain adequate 
pressure, some people also install water pumps directly to the supply line which may 
attract fines. 

4 Conclusion 

The analysis showed that towns like Champawat are not just dependent on PWSS 
but multiple sources. As the availability of water changes so do people change their 
water sources. The scarcity of water in summer season leads to a shift towards water 
tankers, handpumps and traditional water sources like Naula and Dhara. The piped 
water system is not able to provide water up to the standards of 135 LPCD. Water 
supply duration is below the state average levels and people are paying higher tariffs 
than the state average. The state government is slow in reforms. There is no metering 
in supply lines. The new scheme, Koirala Ghati Pariyojana has been delayed for years. 
With increasing population and changing rainfall patterns, the situation in future may 
worsen. Small remote towns like Champawat provide a different understanding of 
water accessibility and availability issues. Local geographical conditions, technical 
issues, and water governance impact the accessibility and availability, leading to 
persistent rigidity in the system. Local urban centres like Champawat have emerged 
by virtue of being administrative headquarters. Their growth is now not just limited to 
local circumstances but international and global socio-economic drivers and market 
forces. These areas need attention and further research. The issues of these remote
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towns cannot be seen through the lens of urbanization patterns of big cities and tourist 
centres. 
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Identification of Flood-Inundated Areas 
Using HecRAS Model: A Case Study 
of Upper Sabarmati River Basin, 
Gujarat, India 

Shibani Chourushi , Pradeep P. Lodha , and Indra Prakash 

Abstract Identification of flood-inundated areas under different flood levels in a 
river basin is an important step to control and properly manage floods. Topography 
plays an important role in identifying vulnerable areas. River flood plain areas are 
most vulnerable to flooding requiring proper study. The flood management in any 
basin depends on the rain-fall events, surface runoffs, water surface elevation profiles, 
cross-section of the river basin, river bank profiles, elevation profiles, and ground level 
of low-lying areas. In the present study, downstream area of the Upper Sabarmati 
River basin between Dharoi Dam and Derol Bridge has been modeled using 1D 
HecRAS software for identifying inundation areas under different flood scenarios 
for proper flood management. 

Keywords Digital elevation model · HecRAS model · Water surface elevation 
profiles 

1 Introduction 

The hydrological models are the model that describes the hydrological cycle or its 
major parts. Variations in climate, topography, land types, and land use as well as 
various man-made interferences with the system make it very difficult to construct
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general models that treat the whole hydrological cycle in any given catchment. Hydro-
logical modeling is the representation of the real hydrological system. In the case 
of any watershed or catchment area, there are two important models, namely, the 
hydrologic model such as ArcSWAT (Aeronautical Reconnaissance Coverage Soil & 
Water Assessment Tool), and the hydraulic model such as HecRAS (Hydrologic Engi-
neering Center’s River Analysis System). Hydrologic models are generally used to 
compute the quantity of flow discharge, sediment erosion and nutrients at a given 
point for a given period; and also used in flow frequency analysis. Hence, these 
types of models provide a basin-wide view. Whereas on the other hand, hydraulic 
models are generally used to compute water elevation, river cross-sections, inun-
dation maps, etc. at a given point during a period. These types of models provide 
river length, cross-sections, etc. at reach level. In the present study, we have used the 
HecRAS model for the identification of the inundated area of the downstream part 
of the Upper Sabarmati River basin between Dharoi Dam and Derol, Gujarat, India. 

The HecRAS is a hydraulic model developed by Brunner et al. [5] of US Army  
Corps of Engineers Hydrologic Engineering Center. This model helps in getting 
water surface profile, river cross-sections, river profile, flood inundation mapping, 
etc. The main five steps for the HecRAS model are as follows: (1) starting a new 
project, (2) entering geometric data, (3) entering flow data and boundary conditions, 
(4) performing the hydraulics calculations, and (5) viewing and printing the results. 
The HecRAS model can be used as DEM (Digital elevation model) input to facilitate 
the adaptation of suitable disaster mitigation measures from the water profile outputs 
[12]. This model can also be used for bridge hydraulics and their investigation studies 
[4]. 

The HecRAS models are of two types: one-dimensional and two-dimensional 
models [7]. The difference is between the meander’s parts of the river configuration 
[14]. The HecRAS model helps in the editing of the elevations of the structures 
present within the flood boundary [11]. This model can be applied easily in different 
geological and topographical conditions [15], helpful in optimizing water resources 
for irrigation [17], predicting primary floods [16] and to decision-makers for envi-
ronmental planning and flood control [17]. This model also helps in the generation of 
flood maps and stage-discharge curves for planning purposes [3, 8, 10]. RAS mapper 
tool added to the HecRAS model provides river distribution spatially [9] and overall 
visualization of the river [1]. 

The objective of the study is to create different flood inundated scenarios of the 
study area by carrying out a 1D steady flow analysis using the HecRAS model for 
the proper flood management. HecRAS and ArcGIS software were used for the data 
analysis and visualization.



Identification of Flood-Inundated Areas Using HecRAS Model: A Case … 43

Fig. 1 Location map of study area 

2 Study Area 

In this study, the downstream region of the Upper Sabarmati River basin from Dharoi 
Dam to Derol Bridge is considered (Figs. 1 and 5). The catchment area of the Dharoi 
Dam is 5475 km2. The total length of the river from the Dharoi Dam to Derol Bridge 
is 58 km, which is up to the endpoint of the study area. The Dharoi gravity dam 
(24°0'16”N, 72°51'13”E) was constructed on the Sabarmati River in1978 year near 
Dharoi, Satlasana Taluka, Mehsana, district, Gujarat, India (Fig. 1). 

3 HecRAS Model 

HecRAS (Hydrologic Engineering Center’s River Analysis System) is a hydraulic 
model developed by Brunner et al. [5] US Army Corps of Engineers Hydrologic Engi-
neering Center. The HecRAS is a hydraulic model used for identifying critical areas 
in flood-like situations as well as in high-intensity rainfall events. This model helps 
in getting water surface profile, river cross-sections, river profile, flood inundation 
mapping, etc. The HecRAS model is broadly of two types: 1D steady flow analysis 
and 2D unsteady flow analysis. The 1D steady flow analysis uses the kinematic flow 
of water under study. This kinematic flow is a static flow that varies slowly. This flow 
helps in identifying flood-inundated areas effectively along the river’s length and
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further helps in proposing the appropriate structure required to be constructed in the 
future for solving the flood problem. On the other side 2D, unsteady flow analysis 
uses the dynamic flow of water which varies rapidly. This flow helps in identifying 
flood-inundated areas area-wise. The decision-making using dynamic flow is diffi-
cult as compared to 1D steady flow. Hence, we have selected the 1D HecRAS method 
for identifying flood-inundated areas. 

3.1 Methodology of HecRAS Model 

The hydraulic modeling was performed using the HecRAS model, where a DEM map 
for generating terrain layers. Then HecRAS model setup was done; the Mapper tool 
in the HecRAS model was used to generate real-time river profiles, river bank lines, 
cross-sections, flood lines, etc. using Google Satellite image. For the parameter input 
for the HecRAS model, various profiles were generated based on calibrated discharge 
obtained from the ArcSWAT model considering different discharges. These profiles 
were used in steady flow analysis performed in HecRAS to generate inundated maps. 

The present study was carried out in five steps: (1) starting a new project, (2) 
entering geometric data using HecRAS Mapper tool, (3) entering flow data and 
boundary conditions, (4) performing the hydraulic calculations, and (5) viewing and 
printing the results. 

3.2 HecRAS Model Parameters 

The steady flow analysis was performed in the HecRAS model using four model 
scenarios using monthly discharge data. The monthly flow data was used in the 
HecRAS model for the entire month. The monthly flow becomes steady due to the 
average speed of the flow in river cross-sections, which helps in modeling permanent 
flow as compared to the daily event, which is turbulent as well as unsteady in nature. 
In steady flow analysis, decision-making becomes easy due to the day’s margin for 
permanent structural solutions. 

4 HecRAS Model: Results and Discussions 

In total, 13 cross-sections were generated using the RAS-Mapper tool in the HecRAS 
model. After that steady flow analysis of the model was performed with all four 
profiles (H1–H4) along the Sabarmati River in between Dharoi dam and Derol bridge 
station in the downstream region for all 13 cross-sections.
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Fig. 2 Map showing river line, bank lines, bank stations, and various cross-sections 

In Fig. 2, the Blue line represents the river centerline, the red lines represent the 
limit of river banks, the red dots represent river banks, the sky blue lines represent the 
flow area marked for the study and the green lines represent various cross-sections 
on the river. For natural main channels (clean, straight, deep pools with more stones 
and weeds), manning’s n value is 0.035. And for flood plains (scattered brush with 
heavy weeds), manning’s n value is 0.05 (Source: Open channel hydraulics by Ven 
T. Chow [6]). 

Figure 3 shows X-Y-Z perspectives of four profiles, respectively. The X-Y-Z-
perspectives represent various cross-sections in three dimensions, which show six 
vulnerable cross-sections after steady flow analysis in all profiles.

Figure 4 shows flood inundation maps of four profiles, respectively. The flood 
inundation maps represent flood-inundated areas near vulnerable cross-sections after 
a steady flow analysis is used.

Figure 5 shows that Chandap village is at high risk due to the probability of floods 
as per profiles 1 and 2.

The HecRAS Mapper tool in the HecRAS model was used to generate a river 
longitudinal profile and cross-sectional profile from the terrain map created from 
the DEM map of the Sabarmati basin. A total of 13 cross-sections were generated 
using the ‘Generate tool’ (Fig. 2). The HecRAS model was run on a monthly basis 
to estimate the flood inundated maps from real-time Google Satellite images. The
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(a) And  (b)  

(c )    and   (d) 

Fig. 3 Map showing X-Y-Z perspectives of profiles 1(a), 2(b), 3(c), and 4(d)

steady flow analysis was performed using four profiles: PF 1, PF 2, PF 3, and PF 4 
were generated considering different flood scenarios (Table 1). Flood risk area of 
Chandap, Village (Fig. 5) was identified. From the Steady flow analysis, the water 
profiles and their X-Y-Z perspectives (Fig. 3) of four profiles were obtained in the 
downstream area, which is represented in flood inundated maps (Fig. 4). 1-D HecRAS 
model studies have also been carried out successfully for downstream flood modeling 
in other parts of the river basins such as Shetrunji River, Gujarat, India [13], Pahang 
River, Malaysia and Jhelum River, Jammu and Kashmir [2].

5 Conclusions 

There are different hydrological models available for flood studies in a river basin. 
In the present study, we have used the HecRAS model, which is simple to apply for 
the identification of flood-prone areas. We have carried out a 1D steady flow analysis
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(a)    and   (b) 

(c )    and   (d) 

Fig. 4 Flood inundation maps for profile PF1 (a), PF2 (b), PF3 (c) and PF4 (d)

for the generation of different flood scenarios and identified flood-inundated areas 
in the downstream part of the Upper Sabarmati River, Gujarat, India. This study will 
be helpful in proper flood management of the probable flood areas to prevent flood 
damages and in saving human lives. It is proposed to carry out a 2D analysis in future 
for the comparison of results of the 1D analysis.
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Source: google.com/maps/@23.9301352,72.8559057,12z 

Fig. 5 Location map of a village at flood risk.

Table 1 HecRAS model parameters 

Serial number Profiles Monthly Discharges (cumec) 

Different scenarios H1 Profile 1 32,000 

H2 Profile 2 23,000 

H3 Profile 3 17,000 

H4 Profile 4 8000
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Socio-Economic Impact Assessment 
of Dam Break: A Case Study of Hulu 
Perak Dams in Malaysia 

Rohani Salleh, Lariyah Mohd Sidek, Rafidah Abdul Rashid, Hidayah Basri, 
Vicky Kumar, Siti Nooriza Abd Razak, Khalidah Khalid Ali, 
and Priyanka Singh 

Abstract In Malaysia, embankment dams are frequently constructed because they 
benefit the local population, particularly in agricultural activities and flood control. 
However, flood disasters caused by dam breaks have catastrophic consequences 
on human lives and immensely damage the environment, infrastructure, and socio-
economic stability, especially in downstream areas. Despite the rapid advancement 
of risk analysis in dam engineering, there is limited research on the socio-economic 
impact of dam failure. This paper is deemed to provide a critical review of the socio-
economic risks affected by dam breaks in Hulu Perak district, Malaysia. The findings 
have highlighted the communities, key facilities, and heritage sites are at high risk
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if there are dam breaks in the Hulu Perak district. İt is recommended that appro-
priate risk management measures be undertaken to reduce human catastrophy and 
negative socio-economic impacts. Hence, there is a need to conduct an empirical 
study to assess dam break threats to humans and the socio-economy and formulate 
a framework to mitigate the risks of flood disasters due to dam failures. 

Keywords Dam break · Socio-economic impact · Flood · Perak ·Malaysia 

1 Introduction 

Dams have long been acknowledged as a key infrastructure that has benefited 
mankind for centuries. Numerous studies revered that dams have been built for 
various purposes, accommodating daily human needs, for instance, domestic and 
industrial water supply, irrigation, aquaculture, hydropower, and recreation [1–4]. 
Besides, dams are pertinent components of economic, environmental and societal 
development from a single investment [5, 6]. Other than that, the key point to retain 
in constructing the dam is for water retention and flood mitigation to minimize risk 
to the local population in the downstream area and environment. Despite its bene-
fits and being well-structured, dams worldwide are aging and will have reached the 
end of their intended lifespan as their design lifespan is only around 50–100 years 
[7, 8]. Besides, climate change, particularly unforeseen heavy rainfall and landslide, 
earthquake, and fault movements, can be the basis of dam breaks [9, 10]. There has 
been a growing interest in dam break studies, largely due to the catastrophic impacts 
of dam failures. While a dam failure immensely leads to fatal cases and loss of lives, 
it also causes devastating effects on the general environment and incurs high social 
and economic costs that must be borne by the community members, particularly 
those living in the downstream areas [11, 12]. The associated cost will increase if the 
breach parameters cannot be predicted with reasonable accuracy. Thus, any emer-
gency and unusual events that occur at the dam could impose a huge risk on the 
downstream population. As a consequence, some researchers (e.g. [2, 13, 14]) were 
keen to investigate the effects of flash floods due to the dam break occurrence from 
social, economic, and environmental perspectives. 

It is therefore pertinent to prudently identify conditions that could lead to the 
implementation of the necessary mitigative measures. With proper preparations 
through the implementation of an early flood warning system and emergency action 
plan, it is possible to obviate or at least reduce the loss of lives to a great extent, even 
in the case of a dam failure. For the purpose of emergency action planning, obtaining 
information about areas that would be inundated is a must. Nevertheless, studies 
that focus on assessing potential damages due to dam breaks from a socio-economic 
perspective are somewhat limited, especially in developing countries. Therefore, this 
study aims to assess the socio-economic impact of flooding due to dam breaks in 
Hulu Perak district, Perak State, Malaysia. Hence, the objective of the study is to
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quantify the extent of damage and displacement caused by floods and their imme-
diate impact on the communities in residential areas, public infrastructures/facilities, 
and heritage/cultural sites. 

2 Literature Review 

2.1 Overview of Dam Break Incidents 

Over many centuries, thousands of dams have been built worldwide. For example, 
China had over 98,000 dams in 2013, making it the country with the most dams in the 
world [15], followed by the United States and India. Due to high river flows, sea storm 
surges, and other factors, hundreds of dams have failed, and numerous dikes breach 
each year, frequently with disastrous results. According to previous dam failure risk 
assessments, the breaching risk and dam failure process could be predicted based 
on past dam failure events. Furthermore, such studies provide valuable insights into 
how to improve dam safety. There have been a number of incidents that occurred a 
long time ago, such as three dam failure cases in Italy: the Marib dam (Yemen) in 
A.D. 575, the earthen dam near Grenoble (France) in 1219, and the earthen dam near 
Grenoble (France) in 1923, 1935, and 1985 all caused the death of hundreds of people 
in the regions of Gleno, Molare, and Stava [16]. Around 200 people were killed in 
Mascara, Algeria, in 1881 by a dam known as “Fergoug I” [17]. Furthermore, The 
Banqiao Dam and the Shimantan Dam catastrophically failed in August 1975 in 
Henan Province, China, as a result of the overtopping brought about by torrential 
rains, making it by far the worst dam disaster in history. Flooding claimed the lives of 
about 85,000 people, and thousands more perished from subsequent epidemics and 
starvation. Millions of people also lost their homes [18]. Additionally, a high-tide 
storm in the Netherlands in February 1953 resulted in the highest recorded water 
levels and breached the dikes in over 450 locations, killing nearly 1,900 people and 
causing enormous economic damage [19]. In Indonesia, there have been two dam 
breaks in the past 10 years. The first instance happened in 2009 when the 1933-built 
Gintung Dam suddenly burst, releasing about 2 million cubic meters of water into its 
downstream region. In contrast, the second incident took place in 2013, when the Way 
Ela Dam, which had been naturally formed in 2012 as a result of the cliff landslide that 
blocked the main river, suddenly broke and released about 20 million cubic meters 
of water to its downstream area [20]. Although the reasons for each dam’s failure are 
unique, data showed that overtopping, toe erosion, loss of storage contents, failure of 
the auxiliary structure, earthquake, foundation failure, and movement or cracking in 
the dam structure have been highlighted as the leading causes of dam failures [21].
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2.2 The Implication of Dam Breaks 

The goal of dam breaks social impact evaluation is to examine the effects of a 
dam break from a variety of macro factors. The main factors considered in this 
assessment are the number of casualties (including mortality cases), the political 
impact (i.e. how it may have a negative impact on the nation’s and society’s stability), 
the decline in living standards and quality of life, and the disappearance of irreparable 
cultural artifacts, priceless works of art, flora, and fauna. According to [22], social 
risk can be assessed through an index system, as depicted in Fig. 1. The social impact 
consists of people at risk, town level (i.e. community settlement), important facilities, 
agriculture, public facilities, cultural heritage, etc. 

An earth-rock dam break has put people at risk. Generally, the larger the number 
of people at risk, the greater the risk of a dam break causing death and the greater the 
social impact. The town level is critical to the region’s development and stability. In 
addition to important facilities, a number of social concerns also need to be addressed. 
A few examples of important facilities include transportation, power transmission, 
oil and gas pipelines, factories, mines, enterprises, and military facilities. Relics of 
culture, art treasures, and rare animals and plants are examples of cultural heritage. 
Social attention is paid to cultural heritage, but its monetary value is hard to estimate. 
Cultural heritage must be repaired when damaged.

Fig. 1 Index system of the social impact of dam break 
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3 Methodology 

3.1 Study Area 

Perak is one of the 13 states of Malaysia and is located on the west coast of Peninsular 
Malaysia. The Perak River (Sungai Perak 4.040651° 100.858159°), approximately 
400 km in length, is the second longest river in Peninsular Malaysia and serves as 
the main river that makes up most of the drainage system in Perak, which forms the 
backbone of socio-economic activities and development of Perak. It starts from the 
Hulu Perak district that borders Thailand and the State of Kelantan and ends at the 
Straits of Melaka in Bagan Datoh. These rivers have been primary sources of water 
supply for the state population. However, these rivers have also resulted in massive 
floods arising from excessive rainfalls. 

3.2 Geographic Location and Dam Characteristics in Hulu 
Perak 

There are three dams in the Hulu Perak district: Bersia, Kenering, and Temenggor. 
The Temenggor Dam is situated in Gerik, Perak, Malaysia. It is located on the 
Perak River, about 200 km northeast of Ipoh. Construction of the dam impounded 
Temenggor Lake. The power station is a hydroelectric power station, using four 
Hitachi turbines of 87 MW installed capacity, and the average annual energy gener-
ation is 900 million units. The Bersia Dam is the second dam in the Sungai Perak 
hydropower cascade system. It is located about 20 km away from the Temenggor 
Dam, at an elevation of 143 m above sea level. It is about 16 km East of Gerik, 
Sungai Perak, Perak. This infrastructure is of TYPE Hydro Power Plant with a design 
capacity of 72 MWe. Lastly, the third dam in the hydropower cascade system is the 
Kenering Dam, located about 45 km downstream of the Bersia Dam. It is situated 
110m above sea level. Figures 2, 3, and 4 show the study area location and a zoomed 
view of the dams.



56 R. Salleh et al.

Fig. 2 Temenggor Dam in Hulu Perak (5.406234° 101.300704°) Source Google EarthPro 

Fig. 3 Bersia Dam in Hulu Perak (5.429616° 101.208815°) Source Google EarthPro 

Fig. 4 Kenering Dam in Hulu Perak (5.215335° 101.097910°) Source Google EarthPro
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4 Findings and Discussion 

4.1 Risk Assessment on the Social Impacts of Dam Break 

Hulu Perak has a total population of 89,926, Gerik has a population of 29,391, the 
highest among the sub-districts, followed by Pengkalan Hulu, with a population of 
16,150 people. In terms of gender, it was observed that a higher number of male 
population than females in respective sub-districts of Hulu Perak is indicated in 
Fig. 5. A mix of ethnic groups represents the Hulu Perak community. Besides Malays, 
Chinese, Indians and non-citizens, there are 11,271 indigenous people (Orang Asli) 
in Hulu Perak, who make up 13% of the total population in this district (Figs. 6 and 7). 

Hulu Perak is one of the most populated districts in Perak state and contains three 
dams. It can be seen topographically that the series of dams are interconnected with 
sub-districts within Hulu Perak. According to each sub-district, Tables 1, 2, and 3 
present the main public facilities, which are promptly used by local communities. 
Similarly, Tables 4 and 5 show the public utilities and infrastructure, such as trans-
portation, which is an important means of import and export. Such places with dense 
populations at high risk can be affected due to dam break/failure.

Fig. 5 Hulu Perak sub-districts population
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Fig. 6 Total Public facilities 
in sub-districts in Hulu Perak 

Fig. 7 Health facilities in sub-districts in Hulu Perak

4.2 Cultural Sites 

Tourism-attractive places and resources in the district of Hulu Perak are divided into 
two main categories: natural and artificial attractions. The main tourism products



Socio-Economic Impact Assessment of Dam Break: A Case Study … 59

Table 1 Main public facilities in sub-districts in Hulu Perak 

Public facility Details Total Sub-district 

Community Hall Community hall Kota tampan air 
Pavillion Taman Kota Tampan 
Multi-purpose Hall Kota Tampan 
Community service center Kampung Luat 

4 Temelong 

Merdeka hall Lenggong 1 Lenggong 

Community hall Kampung Kuak 1 Durian Pipit 

District community Hall Lawin 
Community hall Kg. Air Jeda 
Aman Jaya square Lawin 

3 Kenering 

Community hall Bandariang 
UMNO Community hall Kg. Bersia Baru 
Public hall Kuala Kenderong 
Public hall Kg. Padang 

4 Temenggor 

Community hall Kg. Jong 
Multi-purpose Kg. Pahit Tgh 
Community hall Kg. Pahat 

4 Kerunai 

Multi-purpose Majlis Daerah Gerik 
Multi-purpose Gerik 
Community hall Kg. Gerik 

4 Gerik 

Total 21 

(continued)

Table 1 (continued)

Public facility Details Total Sub-district

Post Office Post office Lenggong 1 Lenggong 

Mini post office Lawin 1 Kenering 

Total 2 

Food court Pavillion Lenggong 1 Lenggong 

Pavillion Tasik Raban 1 Kenering 

Total 2

in Hulu Perak District include eco-tourism and historical heritage tourism. Each 
sub-district presents tourism activities and categories as shown in Tables 6, 7 and 
Fig. 8.

4.3 Economic Impacts of Dam Breaks 

Research on the economic activities of each district in Perak is obtained from official 
government documents. The analysis of these secondary documents is important to
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Table 2 Health facilities in sub-district in Hulu Perak 

Health facilities Location Total Sub-district 

Clinic Rural clinic Kota Tampan 1 Temelong 

Heath clinic Lenggong 
Rural clinic Kg. Chepor 
Dental clinic Lenggong 
Rural clinic Kg. Gelok 
Rural clinic Kg. Sumpitan 
Clinic Ok Ong 
Polyclinic Dr. Azhar 

7 Lenggong 

Rural clinic Kuak 
Rural clinic Kg. Beng 

2 Durian pipit 

Health clinic Lawin 1 Kenering 

Rural clinic Kuala Rui 1 Temenggor 

Rural clinic Kerunai 
Health clinic Plang 

2 Kerunai 

Health clinic Gerik 
Health clinic Ibu Dan Anak Gerik 

2 Gerik 

Government hospital Gerik district hospital 1 

Total 17

deepen and understand the strength and main focus of the district. The documents 
referred to include materials from the official website of the NCER Strategic Devel-
opment Plan 2021–2025 and the Perak State Structure Plan 2040. Referring to the 
table below (Table 8), in 2012, agriculture, being the main economic activity in Hulu 
Perak, contributed 45.42% of gross domestic product (GDP), followed by industry/ 
mining (38.77 % of GDP), business, and services (15.81% of GDP).

The main economic activities in Hulu Perak are eco-tourism, tin mining, and agri-
culture, focusing on plantation/crops (mainly rubber, oil palm and paddy), livestock 
farming, and fisheries. Indeed, these income-generating activities will be directly 
affected during flash floods and dam break incidents. Such uncalled hazards will 
affect the socio-economic of the living communities with loss of income, employ-
ment, shelter, and personal belongings. Hence, to reduce the damage and negative 
impacts, it is critical for mitigative measures to be identified as alerts to the living 
communities for their survival and socio-economic sustainability.
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Table 3 Public authorities in sub-districts in Hulu Perak 

Public authorities Location Sub-district 

Mosque Mosque Al Aliah Kg. Cha Ain 
Mosque Kota Tampan 
Mosque Warisan Kg. Temelong 

Temelong 

Police station Lenggong police station Lenggong 

Government offices Magistrate court 
Lenggong district office 
Lenggong district council 
Co-operative development department 
Lenggong chief office 
Lenggong RISDA office 
LPP quarters 
Lenggong national registration department 
Puskep mara (student leadership center) Lenggong 
Farmers organization office 

Lenggong 

Government offices Durian Pipit chief district office Durian Pipit 

Police station Kuak police station 

Police station Lawin police station Kenering 

Police station Gerik district police headquarters 
Police station Kg. Lalang 

Kerunai 

Fire station Gerik fire station 

Government offices Bandariang forest ranger office 
Teacher quarters Bersia 

Temenggor 

Police station Police station Bersia 

Government offices Hulu Perak veterinary office 
Department of indigenous affairs 
Department of work (JKR) Gerik 
Road Transport Office (JPJ) Office Gerik 
Bn303 Gerik military camp 
Lembaga Air (Water) Perak Gerik 
Gerik magistrate court 
Gerik Shariah lower court 
Gerik district council 
Gerik religious office 
Youth and sports office 
Hulu Perak district and land office 
Tawai felda office 
Gerik forest office 
Gerik social welfare office 
Gerik KWSP office 
District education offices 
Gerik agriculture office 
Hulu Perak district RISDA office 

GERIK
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Table 4 Utility facilities in sub-districts in Hulu Perak 

Utility facilities Location Total Sub-district 

Gas station Caltex Lenggong 
BHP Lenggong 
PETRONAS Lenggong 

3 Lenggong 

Shell 1 Kenering 

Petron Bandariang 
Shell Bandariang 
BHP Desa Baiduri 
Buraq oil Simpang Perah 
Buraq oil Bersia Lama 
Oil Felda Bersia 

6 Temenggor 

Shell Gerik 
Petron Gerik 

2 Gerik 

Water treatment plant Water treatment plant 1 Kenering 

Water supply Water pump house 1 

Electric infrastructure Power generation sultan Azlan Shah Kenering 
Hydro power dam Kenering 

2 

Water supply Metrological Kuala Kenderong 1 Temenggor 

Electric infrastructure Power generation Temenggor 
PMU Temenggor 

2 

Table 5 Transportation 
infrastructure in Hulu Perak Transportation 

infrastructure 
Location TOTAL Sub-district 

Bus station Lenggong bus 
terminal 

1 Lenggong 

Gerik bus station 1 Gerik 

Total 2 

Bridge Raja Muda Nazrin 
bridge 

1 Durian Pipit 

Belum Baru bridge 1 Kenering 

Total 2 

Jetty Trojan Tnb Jetty 1 Temenggor 

Kg. Air Ganda Jetty 1 

Total 2 

Airport Gerik Military 
airport 

1 Gerik 

Total 1
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Table 6 Sub-district and main focus of tourism activity 

Sub-district Sector/activity 

Pengkalan Hulu Mining heritage 

Gerik Natural heritage 

Lenggong World historical heritage 

Table 7 List of categories and tourism places in sub-districts in Hulu Perak 

Category Type of 
products 

Number of products 

Pengkalan Hulu Gerik Lenggong 

Natural attractions Eco-tourism 4 18 4 

Man-made Sports and 
recreation 

1 – 1 

Historical 
heritage 

4 2 1 

Cultural 
heritage 

1 – 1 

Shopping 1 1 – 

mining heritage 1 – -

Agro tourism – – 2 

Homestay – – 1 

Total 12 21 10 

Fig. 8 Total number of tourism products in sub-districts in Hulu Perak
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Table 8 Hulu Perak’s GDP contribution 

Type of land 
use 

Hulu Perak district Perak state 

Estimated GDP 
(RM) 

Percentage (%) Estimated GDP 
(RM) 

Percentage (%) 

Industry/ 
mining 

483.33 38.77 6,831.97 17.51 

Business and 
services 

197.11 15.81 26,425.00 67.71 

Agricultural 566.18 45.42 5,770.00 14.78 

Total 1,246.62 100.00 39,026.97 100.00

5 Conclusion 

Hulu Perak is located in one of the districts with significant contributions to socio-
economic activities, especially in eco-tourism and forest activities by indigenous 
communities. Temenggor, Bersia, and Kenering dams are located in Hulu Perak and 
the confluence with the joined river Sungai Perak. Hulu Perak has been identified as 
one of the districts with a frequent record of flood disasters. It recorded 11 cases of 
flood in 2020, mainly due to flash floods that happened because of heavy rain. Hence, 
this district has been identified as a high-risk area in Perak. Previous flood disaster, 
as reported, shows the failure to notify the communities with sufficient preparation 
and evacuation. Therefore, the impact of the occurrence of the flood might cause 
heavy damage to the socio-economy of Hulu Perak. 
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Study of the Conjunctive Water Use: 
A Case Study of Kankai Irrigation 
System, Jhapa, Nepal 

Krishna Sedai, Debi Prasad Bhattarai, Jawed Alam, 
and Bhola Nath Sharma Ghimire 

Abstract More canal water is provided to farmers in the head end reaches of the 
canal. Consecutively, the farmers at the tail end have to pump more groundwater 
due to insufficient irrigation canal supply. As a result, it causes over exploitation of 
groundwater assets. If coordinated use of surface water and groundwater supplies is 
done in a planned way, then water demands for the crops can meet which ultimately 
increases water supply reliability. This research study focuses on enhancing irrigation 
water distribution by simultaneously using surface water and groundwater. Kankai 
Irrigation System having a command area of 7000 hectares (ha) of agricultural land 
in Jhapa district of Nepal is selected as the study area. Our main focus is on the 
tail end of the main canal at the command region of the secondary canals S19, S20 
and S21 having a total area of 500 ha. The optimal plan for allotting canal water 
and groundwater was achieved using the LINDO 6.1 optimizing software. LINDO 
input model has been developed for allocation of water on existing and proposed 
cropping patterns. After extensive study on the different cases, the optimal plan 
giving maximum net benefits of NPR 9612 million, utilization of surface water and 
groundwater 266.15 ha-m and 152.67 ha-m respectively whereas the optimal of land 
use 95% monsoon rice for monsoon season, 40% wheat +20% green beans +20% 
pulses +15% tomatoes for winter season and 95% spring rice for spring season is 
suggested to be adopted and implemented for the study area. 
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1 Introduction 

The joint utilization of groundwater and surface water resources is crucial. Individual 
water supplies could not be sufficient for a long period of time or in a particular loca-
tion to fulfill all irrigation requirements [1, 2]. Compared to separately managed 
groundwater and surface water systems, a properly managed conjunctive use system 
will produce more water [3]. For both head and tail reach command region, optimiza-
tion model will establish several operational policies for maximization of benefits. 
These types of researches on water allocation options are inadequate in Nepal [4]. 
Combined use of Surface water and groundwater irrigation in a planned manner 
is relatively a recent technique in Nepal [5]. Operation of both surface water and 
groundwater sources provides for greater Water Conservation. Groundwater storage 
can provide for water requirements of the crops during a series of dry years [6]. 
Simulation–Optimization for joint management of water resources was conducted 
in the Kushabhadra-Bhargavi river delta in eastern India. According to the optimiza-
tion results, especially during the non-monsoon season by reducing agricultural rice 
farming and boosting crop diversification will boost farmer livelihoods and promote 
the sustainable use of water resources [7]. Likewise, sustainable conjunctive water 
management in irrigated agriculture in Yaqui Valley, Mexico was conducted in the 
year 2006. The main conclusions of the study were that fluctuations in the prices 
of crops and production costs, as well as water availability, affect agricultural profit 
in the Yaqui Valley [8]. Similarly, the research was carried out on the joint use of 
surface and groundwater resources for reliable water management in Varada river 
basin in southern India. The researchers came to the conclusion that in order to 
fulfill the basin’s water needs and avoid groundwater mining in the study region, it is 
essential to provide canal water [9]. Paudyal and Gupta (1990) performed Irrigation 
planning by multilevel optimization in Tinao River Basin, Nepal. They found that 
considering the most critical year, the water distribution strategy for best cropping 
pattern suggests that the net yearly return will be significantly lowered i.e. NPR.160 
million (M). Likewise, [10] performed assessment of combined use of canal water 
and groundwater in Sapon Irrigation System, Indonesia. In this study, conjunctive 
use model was solved for current cropping practices under the present circumstances 
and then different scenarios were developed for suggested cropping patterns. The 
findings demonstrate the viability and simplicity of conjunctive usage alternatives, 
which would increase the overall incomes from the cropping conditions. Similar to 
this, [11] carried out an optimal distribution of water for an irrigation in Pingtung 
county, Taiwan. The simulation’s results show that the water requirements for crops 
in the region can be satisfied by the area’s current agricultural practices through 
combined use of surface water and groundwater.
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2 Materials and Methods 

2.1 Study Area 

For most of the irrigation system in Nepal, irregular irrigation supplies, ineffective 
water management, and lack of awareness of how the water should be managed and 
utilized is the major concern. This research study focuses on improving irrigation 
water allocation by judiciously using surface water and groundwater. Hereby minor 
attempt has been made as a case study in the Kankai Irrigation System (KIS) in Jhapa, 
Nepal to determine how to resolve present issues by placing an emphasis on the study 
of conjunctive water use. KIS having a command area of 7000 ha of agricultural land 
in Jhapa district of Nepal is selected as the study area. The water source of KIS is the 
Kankai river, a perennially flowing river having a catchment area of 1190 km2. The  
command area is located in the flat land of the terai of Nepal having mildly slope 
from north to south. Generally, crops are planted in monsoon, winter and spring 
seasons. Our main focus is on the tail reach end of the main canal at the command 
area of the secondary canals S19, S20 and S21. The total block area is 500 ha for the 
case study purpose. The map of Nepal with Jhapa district and command area of KIS 
along with tail reach command area is illustrated in Fig. 1. 

Fig. 1 Research area map of the tail reach command area
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2.2 Data Collection 

The data on canal, groundwater, crop, weather, soil, water charges, cost and benefit 
parameters were obtained from numerous sources like governmental agencies, inter-
national organizations, local organizations, local farmers, literature review, and 
from personal contact, such as Department of Hydrology and Meteorology (DHM), 
Kankai Irrigation Management Office, Ground Water Resource Development Board 
(GWRDB), Agriculture Knowledge Center, Food and Agriculture Organization 
(FAO), Water User Associations (WUAs), etc. 

2.3 Soil Characteristics 

The soil data of the study area required for analysis of this study is obtained from 
FAO Irrigation and Drainage Engineering paper number 56 and soil map which is 
obtained from the soil grids of the year 2017. The soil type of Kankai command area 
was determined using ArcGIS. It was found that Kankai command area is covered 
by loamy, sandy clayey loamy and sandy loamy soil. 

2.4 Climate and Rainfall 

The average monthly highest temperature and average monthly lowest temperature 
of the study area are 33.46 ◦C and 8.29 ◦C respectively. The minimum and maximum 
relative humidity is 54.9% and 82.73% respectively. Rainfall is most abundant during 
the monsoon season i.e. in the period of June to October. The average annual rainfall 
in the area from 1990–1999, 2000–2009 and 2010–2019 is 2848.55 mm, 2398.67 mm 
and 2462.99 mm respectively. 

2.5 Existing and Proposed Cropping Pattern 

The existing cropping scenario of the study area is mainly paddy crop oriented. The 
paddy is planted twice a year in monsoon and spring seasons whereas mustard and 
maize are planted in winter season in less quantity by some farmers in the study area. 
The proposed cropping pattern will be suggested based on the food requirement, 
suitability of the soil for cultivation, present practices on nearby zones, restrictions 
on the availability of resources and socio-economic features of the command area.
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As far as there, 85–90% of the total command area is cultivated by paddy as socio-
economic prospectus of the farmers. Hence, we can have the following proposed 
cropping pattern in the study area: monsoon rice in monsoon season, wheat/ mustard/ 
maize/ potato/ pulses/ green beans/ cauliflower/ tomato/ small vegetables in winter 
season and spring rice in spring season. 

2.6 Surface Water Availability 

The Kankai river is the primary source of surface water (SW) for canal irrigation 
system in its command zone. There are altogether 21 secondary canals branched 
from the main canal. The water at the tail reach (reach V) i.e. S19, S20 and S21 of the 
KIS shall run from the start of May to the end of November at full supply discharge 
of design capacity. Thereafter, from December to April i.e. in the main dry season 
of the year, there is no water in the canal. Similarly, the canal shall not have water 
in the spring season as well in the succeeding year if it has delivered water in the 
preceding year due to the provision of the KIS office to deliver water to the alternate 
region of the reach V because of scarcity of water. The detail regarding the monthly 
canal head discharge available is given in Table 1. The lowest discharge available 
among the three canals has been used in the optimization model as a restriction for 
SW availability. 

Table 1 Monthly Canal head discharge 

S. no. Period Water available at canal head (ha-m) 

S19 S20 S21 

i Jan 0 0 0 

ii Feb 0 0 0 

iii Mar 0 0 0 

iv Apr 0 0 0 

v May 50 57 51 

vi Jun 50 57 51 

vii Jul 50 57 51 

viii Aug 50 57 51 

ix Sep 50 57 51 

x Oct 50 57 51 

xi Nov 50 57 51 

Xii Dec 0 0 0
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2.7 Groundwater Availability 

The monthly static water level data that are recorded by the GWRDB, Biratnagar, 
Morang, Nepal office have been used to observe the mean groundwater (GW) level 
trend from the year 2005 to 2013. The water table in the month of May is taken as 
pre-monsoon water table (WT) levels. Similarly, the WT in the month of September 
is taken as post-monsoon WT levels. Pre-monsoon and post-monsoon depth of WT 
are used for the recharge calculation of the research area. Changes in groundwater 
table level and specific yield data are used for the recharge calculation. Shallow 
cavity tube wells are applicable over the whole research area as per the investigation 
carried out on the shallow tube wells by UNDP/GWRDB in the year 1987–1992. 
The average value of the specific yield is taken as 0.15 for terai region [12]. The GW 
recharge in the study area is found to be 1.527 cubic million meters. This available 
GW can safely be adopted as this is the safe yield for pumping purposes. 

2.8 Crop Water Requirements (CWR) for Different Crops 

One of the fundamental criteria for crop planning in a command region is the evalua-
tion of the water requirements for various crops, which plays a significant role in crop 
selection. Using FAO recommendations for the optimal amount of crop production, 
the CWR for the study area was estimated from CROPWAT 8.0. Table 2 lists the 
various crops’ monthly water needs in meters for each crop.

2.9 Water Charges 

The development and operation of surface water from canal with operation and 
maintenance (O and M) charges are computed as 10,382.34 NPR/ha-m. Similarly, 
groundwater pumping cost including O and M charges is computed as 5496 NPR/ 
ha-m. 

2.10 Cost and Benefits Considerations 

Considering the agricultural input and crop productivity in the research area, net 
returns to the farmers per hectare (given in Table 3) from various crops are computed. 
The mean grain yield data of the three fiscal years viz. 2074/75, 2075/76 and 2076/ 
77 B.S (Bikram Sambat) from the Agriculture Knowledge Center, Jhapa, Nepal has 
been used.
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Table 3 Net returns per ha of various crops 

S. 
no. 

Crops Yield of 
grains (mt/ 
ha) 

Unit market 
price (NPR/ 
mt) 

Total earnings 
(NPR/ha) 

Production 
cost (NPR/ha) 

Net returns 
(NPR/ha) 

1 Monsoon 
rice 

4.6 27,500 126,500 65,678 60,823 

2 Wheat 3 28,000 84,000 55,624 28,376 

3 Mustard 1.3 95,000 123,500 43,890 79,610 

4 Maize 6.5 18,000 117,000 52,553 64,448 

5 Potato 15.3 15,000 229,500 140,595 88,905 

6 Pulses 1.5 80,000 120,000 37,317 82,683 

7 Green beans 5.8 30,000 174,000 73,448 100,553 

8 Cauliflower 19 15,000 285,000 37,317 247,683 

9 Tomato 20.8 30,000 624,000 71,308 552,692 

v Small 
Vegetables 

14 15,000 210,000 50,190 159,810 

11 Spring rice 5.2 22,000 114,400 65,678 48,723 

2.10.1 Research Design 

The crop water requirements for various crops in the study area are computed by 
CROPWAT 8.0 using the FAO guidelines for the optimum level of crop production. 
The discharge at the head of respective canals and groundwater extraction in the 
research area are evaluated considering SW and GW availability. Then, a simple 
optimization input conjunctive use model is created to investigate the potential joint 
use of SW and GW using linear programming. The objective function is limited to 
a variety of hydrological and management constraints. The LINDO 6.1 optimizing 
software is used to create the best SW and GW allocation plan. Finally, the best 
cropping arrangement for the best use of water resources is obtained maximizing the 
net returns from the crop production. Detail flowchart of the research design is given 
in Fig. 2.

2.10.2 Conjunctive Use Model 

The formulation of objective function for maximizing the net returns generated from 
the crop production in the research area was done. Considering the three components 
viz. net benefits from cropping activity, surface water charge and groundwater charge, 
the objective function can be expressed as: 

MaxZ = 
nz∑

p=1 

nc∑

q=1 

Aq X N  Bq − 
nz∑

p=1 

12∑

r=1 

SW C X  SW r − 
nz∑

p=1 

12∑

r=1 

GW C  X  GWr (1)
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Fig. 2 Flowchart of research design

where, 
nz = Number of zones, 
nc = Number of crops, 
Apq = Area of qth crop for pth zone (ha), 
N Bq = Net benefits for qth crop excluding irrigation water charges (NPR), 
SWCp = Surface water charge for pth zone (NPR/ha-m), 
SWpr = Surface water allocation for pth zone during rth time interval (ha-m), 
GWCi = Groundwater charge for pth zone (NPR/ha-m), 
GWpr = Groundwater allocation for pth zone during rth time interval (ha-m). 
This objective function, Eq. (1) is subjected to a number of restrictions, 

including restrictions on agricultural water needs, restrictions on surface water avail-
ability, restrictions on groundwater availability, restrictions on area availability and 
restrictions on crop area. 

3 Results and Discussions 

Different cases for conjunctive use planning have been investigated using the 
conjunctive use model. The following cases have been investigated in the present 
study: Cropping patterns that are now in practice and proposed cropping patterns 
with four scenarios for joint utilization of surface water and groundwater.
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Fig. 3 Optimal water use for current cropping pattern 

3.1 Existing Cropping Pattern 

This case was taken up to determine the most favorable cropping pattern in the study 
area, if surface water is available in monsoon season and groundwater supply is 
available in winter and spring seasons as prevailed in the study area. In this trial run, 
no crops area constraint was considered. The objective function value is NPR 6574 
million and SW and GW utilization are 250 ha-m and 152.66 ha-m respectively. 
Whereas optimal cropping pattern is found to be paddy only in the monsoon season. 
Details of water allocation are provided in Fig. 3. 

3.2 Proposed Cropping Pattern 

Various cases on the suggested cropping strategy were developed and tested on the 
model considering the existing practices and conditions, market prices of crops, 
productivity of crops, cropping intensity of the whole KIS system, etc. Here, the 
model was run for different percentages of crops mainly in the winter season. 

Case I: Proposed cropping pattern 95% rice in monsoon season, 40% wheat 
+ 40% mustard + 15% maize in winter season and 95% spring rice in spring 
season. The objective function value is NPR 7403 million and SW and GW utilization 
are 273.15 ha-m and 152.67 ha-m respectively. Whereas optimal cropping pattern is 
found to be monsoon rice–spring rice. Details for this case are provided in Fig. 4.

Case II: Proposed cropping pattern 95% rice in monsoon season, 40% 
mustard + 20% potato + 20% pulses + 15% small vegetables in winter season 
and 95% spring rice in spring season. The objective function value is NPR 7740 
million and SW and GW utilization are 274.46 ha-m and 152.66 ha-m respectively. 
Whereas optimal cropping pattern is found to be monsoon rice—small vegetables-
spring rice. The monthly optimal allocation of SW and GW for this case is in Fig. 5.
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Fig. 4 Optimal water allocation for proposed cropping pattern case I
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Fig. 5 Optimal water allocation for proposed cropping pattern case II 

Case III: Proposed cropping pattern 95% rice in monsoon season, 40% wheat 
+ 20% green beans + 20% pulses + 15% tomatoes in winter season and 95% 
spring rice in spring season. The objective function value is NPR. 9612 million 
and SW and GW utilization are 266.15 ha-m and 152.67 ha-m respectively. Whereas 
optimal cropping pattern is found to be monsoon rice—green beans- tomatoes. The 
overall results of this run are given in Fig. 6. 
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Fig. 6 Optimal water allocation for proposed cropping pattern case III
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Fig. 7 Optimal water allocation for proposed cropping pattern case IV 

Case IV: Proposed cropping pattern 95% rice in monsoon season, 20% 
mustard + 20% potato + 20% pulses + 20% cauliflower + 15% small vegeta-
bles in winter season and 95% spring rice in spring season. The objective func-
tion value is NPR 8321 million and SW and GW utilization are 266.41 ha-m and 
152.65 ha-m respectively. Whereas optimal cropping pattern is found to be monsoon 
rice—cauliflower—small vegetables. Results on water allocation for this case IV of 
proposed cropping are given in Fig. 7. 

4 Summary and Conclusions 

The maximum water use (SW and GW) is found in case II of the proposed cropping 
pattern. Likewise, minimum water use (SW and GW) is found in the existing cropping 
pattern. Similarly, maximum net returns from crop production are found in case III 
of the proposed cropping pattern and minimum net returns from crop production 
are found in the existing cropping pattern. It is found that groundwater utilization is 
approximately same whereas minor change of canal water is there for various cases. 
Similarly, when different cases are compared, it indicated that the suggested cropping 
pattern in case III gives the maximum net return from the crop production. The current 
cropping practices and utilization of SW and GW yields minimum benefits i.e. NPR 
6574 million. Various alternatives for changing crop area constraints in the winter 
season suggested enough scope for improvement of benefits. On the basis of many 
cases discussed, adopting the proposed cropping pattern III is a suggestion that may 
be made i.e. 95% rice in monsoon season, 40% wheat + 20% green beans + 20% 
pulses + 15% tomatoes in winter season and 95% spring rice in spring season, which 
yield maximum benefit of NPR. 9612 million. The maximum net benefits achieved 
from best proposed cropping pattern are found to be approximately 1.5 times more 
than net returns obtained from the existing cropping pattern. For the best suited case 
i.e. Case III, it has been seen that 244.57 ha-m SW and 60.33 ha-m GW in monsoon 
season, 21.58 ha-m SW and 92.34 ha-m GW in winter season and 65.14 ha-m GW
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in spring season is to be released. The parameters that are sensitive towards the net 
benefits are market price of the crops, energy cost for GW pumping, grain yield 
capacity, cost of cultivation, etc. 
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Dam Break Flood Hazard Mapping 
and Vulnerability Analysis in Kulekhani 
Dam, Nepal 

Nabin Shrestha, Upendra Dev Bhatta, Bhola Nath Sharma Ghimire, 
and Akhilesh Kumar Karna 

Abstract Construction of dam serves numerous purposes. Despite all the advan-
tages, failure of dam structures could result in enormous losses in downstream areas 
due to unexpected floods. So, dam break study is important to reduce threats of flood 
in downstream areas during dam failure. The present study was conducted in the 
year 2021–2022 for Kulekhani Dam in Nepal and it helps to prepare dam break flood 
hazard map, to identify the vulnerability of downstream and to estimate the time 
for peak discharge to reach at different sections of the river from Kulekhani Dam to 
Bagmati River. The equations proposed by Froehlich in 2008 and 1995 were used to 
calculate dam breach parameters and peak outflow respectively. The maximum flood 
discharge was calculated as 15,303.61 m3/s. HEC-RAS two-dimensional unsteady 
flow analysis was performed from which approximately 2.03 km2 of the downstream 
area was found to be inundated with maximum flood depth of 31.60 m. The cultivable 
lands, vegetation, roads, bridges, buildings, electric poles and other infrastructures 
were found to be vulnerable during flood. The peak flood during the dam breach was 
estimated to reach different settlements in a time period between 60 and 100 min. The 
model was validated by comparing simulated flood depth and calculated flood depth 
using the coefficient of determination, Nash–Sutcliffe Simulation Efficiency, RMSE-
observation for Standard Deviation Ratio and Percent BIAS which were found to be 
1.00, 0.81, 0.44 and −7.81% respectively, all remaining within a prescribed range. 
Using flood hazard map and vulnerability of the downstream areas, the local govern-
ment have to identify areas of risk and only then design and extension of market 
towns, infrastructures, buildings, etc. should be allowed. Concerned authority, local 
government and national government together have to perform dam break study and 
prepare flood hazard map, emergency action plan and standard operating procedure, 
proper evacuation route and open spaces during a disaster.
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1 Introduction 

Natural hazards vary in magnitude and intensity in time and space [1]. Under certain 
conditions and influenced by triggering factors, they may cause loss of life, destroy 
infrastructures and properties, impede economic and social activities and cause 
destruction to the environment and other infrastructures [2]. Flood is defined as 
an overflow of water that can submerge the land that is usually dry [3]. Floods 
usually occur during heavy rainfall but there might be situations when dams or water-
flowing-path-obstructing structures are suddenly broken down. Floods usually affect 
the downstream the most but in the context of water reservoirs, they will affect the 
people at upstream as well [4]. Dams are constructed to address the necessities in the 
fields of agriculture, water supply and hydropower. According to adverse incremental 
consequences of failure or misoperation of dams, they can be categorized into three 
hazard potential classifications as low, significant and high [5]. The structural damage 
of dam is limited to areas of immediate vicinity of the structure but the failure of 
dam and sudden release of impounded reservoir water cause destruction over large 
areas at downstream of the dam [6]. Planning for disasters, providing emergency 
assistance and issuing flood warnings are the benefits from systematic assessment 
of the risks presented by potential dam failure [7]. The catastrophic consequences 
of dam break events urge the need for dam break modeling analysis so as to provide 
inundation maps at a scale sufficient to determine the extent of flooding, timing 
of the arrival and peak of flood wave [8]. However, researches on risk management, 
warning mechanisms and loss assessment considering dam failures have not yet been 
properly established. 

When compared to other types of flooding, floods by failure of dams are distin-
guished by their sudden occurrence, enormous volume of water flow and strong 
water forces. High flood, caused by dam failure, travels downstream of the dam and 
damages people’s lives and properties along the flood wave’s path [9]. Flood routing 
is the technique of determining flood hydrograph at a section of river by utilizing 
the data of flood flow at one or more upstream sections [10] to determine flood 
protection, flood forecasting, spillway design and reservoir design and estimate peak 
discharges and stage of discharge in river channel [11]. The hydrologic approach 
(Muskingum method) and hydrodynamic approach (Saint–Venant equations) are the 
two methods of flood routing [12]. Flood routing and flood level forecasting can be 
easily performed using HEC-RAS model as it saves time in calibration of model 
to determine flood level forecasts [13]. HEC-RAS river network model provides 
upgraded simulations with better computational routing and supports in importing 
and exporting GIS data to prepare flood hazard map [14]. Simulated flood depth 
and observed flood depth were used to validate the HEC-RAS unsteady flow model 
prepared for Lower Tapi river [15]. HEC-RAS in combination with ArcGIS can be



Dam Break Flood Hazard Mapping and Vulnerability Analysis … 83

used for flood plain mapping, which provides results that are more realistic and same 
can be used to prepare decision support system for possible disaster [16]. 

For effective land-use planning in flood-prone areas and for preparing commu-
nities at downstream areas, flood hazard mapping can play a vital role as it creates 
easily readable, rapidly accessible charts and maps, thus facilitating the identification 
of areas at risk of flooding and helping in prioritizing mitigation and response efforts 
during disaster events [17]. Flood hazard maps are prepared to increase awareness 
of the likelihood of flooding among public, local authorities and other organizations, 
which encourage people living and working in flood-prone areas to take appropriate 
actions [18]. The flood hazard map can be used to identify affected areas, flood depth 
and time of arrival of flood in order to determine flood risk and flood risk management 
activities [19]. 

United Nations International Strategy for Disaster Reduction (UNISDR) describes 
vulnerability as the characteristics and circumstances of a community, system or asset 
that make it susceptible to damaging effects of hazard [20]. Vulnerability to floods is 
determined by several factors such as levels of economic status, control over assets 
and controlling power of hazard or disaster, and livelihood opportunities [21]. 

Nepal is one of the high potential nation regarding water resources [22]. In 
Nepal, monsoon brings much of rainfall, which are the main source of water for 
the rivers [23]. Dams exceeding 15 m in height have been built for tapping the water 
resource potential. Young geology and active tectonic region with steep topography 
are contributing factors for disasters like landslides in mountainous terrain, which 
might trigger the overtopping of natural or artificial dams [24]. During the construc-
tion of Kulekhani hydropower power station, heavy rains in 1984 and 1986 trig-
gered slope failures, collapses and landslides around the project area affecting roads, 
bridges and houses, causing casualties of people [25]. Nepal Electricity Authority 
initiated Kulekhani Disaster Prevention Project after diversion from dam in its project 
and has no proper interest in main stretch of Kulekhani River [26] so, the study of 
river channel and its vicinity is lacking in context of downstream of Kulekhani 
Dam. Department of Humanitarian Affairs (1994) has recommended for the study 
of possible dam break of Kulekhani Dam in future and for the assessment of vulner-
ability, evacuation plans and training for evacuation during possible dam breach 
condition. 

The goal of this study is to develop flood modeling and to prepare flood hazard 
map in downstream of Kulekhani Dam due to its outbreak condition. The study also 
helps to identify areas of downstream vulnerable to dam break flood and to estimate 
probable travel time for peak discharge to reach at different parts downstream of 
Kulekhani dam located in Indrasarowar Rural Municipality, Nepal.
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2 Study Area and Dataset 

2.1 Study Area 

Location and Physiography 

The Kulekhani watershed covers the area of Thaha Municipality and Indrasarowar 
Rural Municipality in Makwanpur District of Nepal. The watershed is of national 
importance as it is the source for one and only reservoir type of hydel plant in 
the country. The hydel plant has rock filled earthen dam of length 406.00 m and 
height of 114.00 m with gross storage of 94.26 million cubic meters. The study 
area lies in Mahabharat range consisting of rugged terrain with sharp crests and 
steep slopes [27]. The study area covers the area from Kulekhani Dam to Bagmati 
River within Indrasarowar Rural Municipality. Indrasarowar rural municipality lies 
in north-eastern part of Makwanpur district of Bagmati province in Nepal (Fig. 1). 
Palung River feeds the watershed from west to east and Chitlang River from north 
to south. River tributaries like Tistung River, Chitlang River, Thado River, Chalku 
River and Bisingkhel River combine to form Kulekhani River. The study area can 
be divided into two zones as warm temperate humid zone and cool temperate humid 
zone. The average temperature of warm temperate humid zone ranges between 15 
and 20 °C and for cool temperate humid zone, it ranges between 10 and 15 °C. The 
average annual precipitation over the watershed is about 1500 mm [28].

Kulekhani Dam 

The Kulekhani dam is located at a latitude of 27°35'26''N and at a longitude of 
85°09'20''E. Kulekhani dam is zoned rock-fill dam with inclined core zones, filter 
core zones, quarry rock zones and random rock zones. The dam is 114.00 m high with 
10.00 m wide and 406.00 m long crest. The crest lies at an elevation of 1534.00 m. The 
foundation has been made impervious by excavating the bedrock and grouting in the 
foundation to eliminate seepage. In 2018, from bathymetric survey the sedimentation 
rate of Kulekhani reservoir was measured to be 5216 m3/km3/year with minimum 
bed level near the intake of Kulekhani I hydropower project of 1459.83 m [29]. 

2.2 Dataset 

Data from governmental and non-governmental sources were acquired for the study 
(Table 1).

Meteorological Data 

Flood and its behavior are dependent on the characteristics of catchment area, hydro-
meteorological conditions, soil characteristics and terrain of the catchment area [30].
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Fig. 1 Location map of indrasarowar rural municipality

Table 1 Dataset used for study 

Dataset Data type Source 

Digital elevation model (DEM) Raster Earthdata 

Precipitation Excel file Department of hydrology and meteorology, 
Nepal 

Landcover Vector file Department of survey, Nepal 

Satellite image Raster Google earth

Rainfall intensity and duration of rainfall also play a vital role in the flood devel-
opment in any watershed [31]. In case of dam break flood, hydro-meteorological 
conditions and soil and terrain characteristics are important [32]. There is one mete-
orological station within the catchment of study area at Markhugaun. Precipitation 
data of the station was obtained from Department of Hydrology and Meteorology, 
Nepal. The meteorological data were used to generate hydrograph at the dam site. 

Digital Elevation Model (DEM) 

Elevation data are important in each flood modeling technique [33]. DEM data of 
12.5 × 12.5 m grid have been obtained from ALOS palsar (Fig. 2). The elevation 
data were used to create Triangular Irregular Network (TIN) for the preparation of 
geometric data.
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Fig. 2 DEM of study area 

Landcover, Settlement Name 

Landcover information is important in modeling of floods and assessing the vulnera-
bility of the communities at downstream [34]. Landcover data and name of settlement 
were obtained from Department of Survey of year 2000, which was updated using 
satellite image captured on April 2021 (Fig. 3). Landcover data are important in 
determining Manning’s coefficient of the study area.

3 Methodology 

For the preparation of flood hazard mapping and vulnerability analysis in downstream 
of Kulekhani Dam due to dam break situation, the Kulekhani dam was initially clas-
sified according to dam hazard potential using FEMA Dam Safety guidelines. There 
are numerous causes of dam failure among which overtopping failure and piping or 
leakage failure are the most dominant type of failure than spillway erosion, sliding, 
faulty construction, gate failure, excessive deformation and earthquake instability. 
The Kulekhani Dam failure was analyzed for overtopping failing scenario. Dam 
breach parameters were estimated using available empirical equations for the final 
breach depth of the dam taken as 60 m. Using flow regression equation, the peak 
flow at different breach depths were computed at different intervals of time, which
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Fig. 3 Landcover map of study area

was used to prepare dam breach hydrograph. The dam breach outflow hydrograph 
was used for the modeling, which was routed for downstream areas to determine 
peak flood wave and time of travel of flood wave. With all available data which 
include DEM, Manning’s roughness coefficient and dam breach hydrograph, HEC-
RAS model was prepared and then analyzed for obtaining the flood hazard map. 
The flood hazard map was finalized after validation of the model and vulnerability 
analysis of the downstream was performed. The flowchart of the methodology is 
described in Fig. 4.

3.1 Dam Hazard Potential Classification 

Flood has a great influence on its vicinity area and has effects on settlements, 
households and land-use. According to the probability of loss of human life and 
economic, environmental and lifeline losses, the dams can be classified into three 
hazard potentials i.e., low, moderate and high [3].
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Fig. 4 Flowchart of 
methodology

3.2 Dam Breach Parameters and Peak Outflow 

During dam break modeling, dam breach parameters have to be identified to predict 
breach width and breach development time. Formation of breach in dam and shape 
of breach govern the impact of flood wave at downstream. Numerous empirical 
formulae have been proposed for the determination of final breach width and breach 
formation time. Froehlich has studied numerous earth dams and proposed empirical 
formula to determine breach parameters. Equation provided by Froehlich (2008) was 
used to determine the final dam breach width and breach formation time. Among the 
proposed empirical formula, regression equation provided by Froehlich (1995) was 
used for estimating peak discharge. The variation of peak flow with respect to time 
was computed to prepare dam breach hydrograph. The superposition of dam breach 
hydrograph, precipitation hydrograph and base flow of the river were used to prepare 
final dam breach hydrograph. The final dam breach hydrograph was routed using 
Muskingum routing equation based on specification of the space and time intervals 
to determine the peak flow and travel time of flood wave at downstream areas.



Dam Break Flood Hazard Mapping and Vulnerability Analysis … 89

Table 2 Manning’s 
coefficient Categories Range Adopted value 

Buildings 0.050–0.120 0.050 

Bushes and cultivation 0.025–0.050 0.030 

Forest 0.045–0.150 0.045 

Riverbed and waterbody 0.025–0.050 0.025 

3.3 HEC-RAS Analysis 

HEC-RAS 6.0 software was used for flood simulation. For the study area, Manning’s 
roughness coefficient was adopted according to changes in landcover data (Table 2). 
Final flood hydrograph and frictional slope were used as upstream and downstream 
boundary conditions. With all data and information required for the model, two-
dimensional unsteady analysis was performed. 

3.4 Model Validation 

Model validation was performed by comparison between simulated depth and calcu-
lated depth using statistical equations. Coefficient of determination (R2), Nash– 
Sutcliffe Simulation Efficiency (NSE), RMSE-observations standard deviation ratio 
(RSR) and Percent Bias (PBIAS) were used to evaluate model prediction. 

3.5 Flood Hazard Mapping and Flood Vulnerability 

Flood hazard map was prepared after the validation of the model. The map was 
prepared to provide information about inundation areas, inundation extents and 
inundation depths [35]. Flood vulnerability due to outbreak of Kulekhani dam was 
analyzed with guidance from flood hazard map. For ease of the study and to prepare 
plans for future disaster risk reduction and management activities, the vulnerability 
levels were classified into five levels, namely, very low, low, moderate, high and very 
high with respect to flood depths (Table 3).
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Table 3 Vulnerability level 
for classification Hazard and vulnerability level Flood depth (m) 

Very low <0.5 

Low 0.5–1.5 

Moderate 1.5–2.5 

High 2.5–5.0 

Very high >5.0 

4 Results and Discussion 

4.1 Dam Breach Analysis 

During overtopping failure of Kulekhani Dam, the final breach width of the dam 
was calculated as 140.32 m with breach formation time of 0.84 h. The maximum 
discharge of 15,303.61 m3/s was attained at 50 min from the start of dam breach. The 
final hydrograph at dam was prepared which was used as input boundary condition. 
The probable time for peak discharge to reach at 1.00 km, 2.00 km, 5.00 km, 7.00 km, 
10.00 km and 12.00 km downstream were estimated to be about 52 min, 55 min, 
67 min, 75 min, 88 min and 96 min respectively (Fig. 5). The probable time for peak 
discharge to reach at 5.30 km, 6.70 km, 8.86 km, 9.51 km, 10.45 km and 11.06 km 
downstream were estimated to be about 68 min, 74 min, 83 min, 86 min, 90 min 
and 92 min respectively. HEC-RAS two-dimensional unsteady flow analysis was 
performed to measure simulation depth at different chainages. The flood depths at 
5.30 km, 6.70 km, 8.86 km, 9.51 km, 10.45 km and 11.06 km were simulated to be 
12.41 m, 11.19 m, 6.91 m, 6.90 m, 11.39 m and 12.66 m respectively (Table 4).

4.2 Model Validation 

The simulated depths and calculated depths (Table 4) were compared for the valida-
tion of model. The computed result of R2 = 1 (which is >0.5) depicts flood depths 
from model can be predicted at any chainage at downstream without error. NSE = 
0.81 (which lies between 0.0 and 1.0) implies that model is superior and accurate 
representation of real system. The RSR = 0.44 (which lies between 0.0 and 0.5) indi-
cates that model simulation performance is better. The PBIAS = −7.81% (which is 
negative and <10%) indicates that the model is overestimation bias but lies within 
acceptable range indicating very good performance rating. From the statistical calcu-
lation, all four values remain within the prescribed range indicating validation of the 
model.
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Fig. 5 Flood routing of Kulekhani dam outbreak flood 

Table 4 HEC-RAS model 
flood depth and calculated 
flood depth at different 
sections 

Chainage HEC-RAS depth (m) Calculated depth (m) 

5 + 300 12.41 11.30 

6 + 700 11.19 10.34 

8 + 860 6.91 6.72 

9 + 510 6.90 6.79 

10 + 450 11.39 10.43 

11 + 060 12.66 11.39

4.3 Flood Hazard Mapping and Flood Vulnerability 

The flood hazard mapping was done after validation of model. The flood map shows 
approximately 2.03 km2 of downstream land areas to be inundated with varied flood 
depths with maximum depth being 31.60 m. The major settlements at Thulochaur, 
Nagmar, Debaltar, Lambagar, Tallagoun, Sanotar, Simletar and Kuntar are inundated 
during flood events (Fig. 6). As shown in Fig. 6, the Pharping-Kulekhani road (at the 
vicinity of dam and at section 8.85–10.50 km downstream) and other feeder roads 
will be inundated during flood. There is a high possibility of failure of bridge at the 
base of dam, bridge over Chakhel River and circular pipe bridge at Simletar. The flood 
will also affect the electric poles installed at the banks of river. Approximately 292
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Fig. 6 Flood hazard mapping of dam outbreak (Source flood hazard analysis)

buildings were found to be vulnerable (Fig. 7) during the flood which might displace 
approximately 1262 people. From the study, 35.95% of buildings lie in “very highly 
vulnerable” areas followed by 29.10% in “highly vulnerable” areas. Only 9.93% of 
buildings are located in “very low vulnerable” areas. About 364,055 m2 of vegetation 
and 571,614 m2 of cultivable areas were found to be inundated (Fig. 8). Among these 
calculated areas, maximum areas of vegetation and cultivable areas were found to lie 
in “very high vulnerable” region while least areas of vegetation and cultivable areas 
were found to lie in “very low vulnerable” regions. 

5 Conclusion and Recommendations 

From numerous available empirical equations, Froehlich equation provides the most 
satisfactory result for earthen dams. During overtopping failure of dam, the final 
breach width was calculated to be 140.32 m. The estimated peak discharge was 
computed to be 15,303.61 m3/s which was attained after 50 min of starting of 
breach of dam. The simulation results in inundation of 2.030 km2 downstream, 
which inundates settlements of Thulochaur, Nagmar, Debaltar, Lambagar, Tallagoun, 
Sanotar, Simletar and Kuntar. The roads, bridges, buildings, electric poles, etc. are the 
vulnerable infrastructures during disastrous flood events. The peak discharges after
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Fig. 7 Vulnerability level and building count 

Fig. 8 Vulnerability level and vegetative and cultivable areas (Source Flood Hazard Map and 
Landuse Map)
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breach of dam reaches different settlements between 60 and 100 min. Use of two-
dimensional unsteady flow analysis in HEC-RAS is suitable to prepare flood hazard 
map during flood events. Concerned authorities, local governments and national 
government should perform dam break study for constructed dams or dams being 
constructed to identify risk areas for disastrous events then only extension of infras-
tructures and development activities should be allowed. Emergency action plans and 
standard operating procedures have to be prepared for possible disastrous events. 
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Enhancing Blue-Green Infrastructures 
for Flood and Water Stress Management: 
A Case Study of Chennai 

Nadeem Ahmad and Quamrul Hassan 

Abstract The urban water system has been severely affected across the globe in the 
recent decades due to rampant urbanisation, industrialisation and climate change. 
Many cities in India have witnessed a rise in the frequency of urban flooding as 
well as water scarcity. Chennai, the fourth largest metropolitan city lying on the 
southeast coast of India and the capital of the state of Tamil Nadu, is severely facing 
both flooding and water scarcity. In 2015, the city suffered the most disastrous flood 
in a century. More than 400 human casualties were reported; about USD 80,000 
million loss were estimated and about 2 million people were very badly affected. 
While four years later in June 2019, the city was surprisingly hit by ‘Day Zero’ and 
all of its major reservoirs ran dry. With the rapid urbanisation, the blue and green 
spaces of the city have been drastically decreased. This paper focuses on the roots 
of flooding and water scarcity issues of the city. The paper further explores ‘Blue-
Green Infrastructure’ (BGI) approach to integrate flood management along with 
water crisis management as an innovative, sustainable and nature-based solution. 
The paper also explores the emerging concept of BGI and analyses the existing plans 
and research projects in some major global cities and further, the possibility of their 
implementation in India. It is observed that adaptation of BGI measures (wetlands, 
lakes, ponds, rivers, swales, rain gardens, parks, green roofs etc.) minimises the flood 
risks as well as water stress including other urban ecosystem services (UES) to derive 
multiple benefits regarding ecological, socio-economic and overall urban well-being. 
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1 Introduction 

Cities across the globe are facing the challenges in mitigating the flood risk, 
improving access to potable water, treating urban water effluents or improving the 
groundwater level. Climate related extremes (floods and droughts) have become an 
accepted component of coupled human–environment systems [1]. The frequency of 
droughts (or water scarcity) followed by extreme precipitation causing urban flooding 
has increased in the recent decades. Such extreme events cause disruption of food 
production and water supply, alterations to ecosystem, huge damage to the proper-
ties and even loss of lives. With increasing urbanisation, the blue and green spaces 
of the city have been drastically decreased. An uncontrolled and environmentally 
unplanned urbanisation is primarily responsible for urban floods as well as increased 
water scarcity issues across the world. The global urban population increased by 
five times during 1950 to 2014. Currently, more than 50% of the world’s popula-
tion resides in the cities and it has been projected that by 2050, 68% of the world’s 
population will be urban [2]. By 2050, one in every two Indians is expected to live 
in urban areas [3]. The environmentally unplanned urbanisation has created many 
problems in urban spaces: increased pressure on essential resources and services; 
increased urban flood risk; increased water, air and noise pollution; loss of biodi-
versity; urban heat island; and increased risk of ill health [4]. Rapid urbanisation 
and extreme weather condition have made urban water management one of the most 
severe problems in the cities across the globe. When a natural landscape is altered 
by human interventions for socio-economic development, its outflow pattern gets 
disrupted. The change in LULC pattern in the urban spaces from natural surfaces to 
impervious surface due to urbanisation has reduced the natural seepage and increased 
the surface runoff. Furthermore, the unprecedented extremes of rainfall (i.e., too high 
or too low rainfall scenario) due to climate change are aggravating the flooding or 
water scarcity problem [5]. Every year these floods or droughts adversely affect 
billions of people, cause damage to properties worth billions of dollars, and cripple 
the economic infrastructure of the cities all over the world. In India, the city of 
Chennai is a typical example of the cities suffering from both urban flooding as well 
as water crisis. In the last decade, Chennai has witnessed the most devasting flood of 
the century in 2015 and ‘Day Zero’ in 2019. The ‘Day Zero’ condition of a city refers 
to the day when the city’s taps dry out and people have to stand in line to collect a 
daily quota of water. 

As the vulnerability and risks of urban flooding and other urban water-related 
problems are rising, several global cities have shifted their urban water management 
approach from conventional methods to innovative and integrated solutions ‘Blue-
Green Infrastructure’ (BGI) measures such as wetlands, lakes, ponds, rivers, swales, 
rain gardens, parks etc. BGI includes interventions making use of natural processes 
and ecosystem services for functional purposes. BGI is a sustainable and nature-
based solution with multiple benefits. In the present study, the concept of BGI and 
other similar terms have been discussed with many successful implementations in 
different parts of the world and explore the possibilities of BGI in Chennai region as 
well.
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2 Urban Flooding and Water Crisis in Chennai 

2.1 A Brief Description About Chennai 

Chennai, the capital City of Tamil Nadu is the fourth largest Metropolitan City 
in India. The city of Chennai is situated within the latitude range 12°50'4''N– 
13°17'24''N and longitude range 79°58'53''E and 80°20'12''E, lying on the south-
eastern coast of India (Fig. 1). The Chennai Metropolitan Area (CMA) comprises 
Chennai District, part of Thiruvallur District, and part of Kancheepuram District; with 
a total extent of 1189 km2 [6]. The municipal area of the city has been expanded from 
174 426 km2. The average elevation of this low-lying flat coastal plain area is about 
6.7 m above mean sea level. The city has a tropical climate and experiences most 
of its rainfall during the northeast monsoon (October-December) with an average 
annual of nearly 1300 mm [7, 8]. The natural ecosystem of Chennai comprises three 
rivers namely Kosasthalaiyar, Cooum and Adyar. A man-made canal known as Buck-
ingham Canal also flows through the city plays an equally important role. The city 
depends on the northeast monsoon and its four major reservoirs (Chembarambakkam 
lake, Poondi lake, Puzhal lake and Cholavaram lake) for its water demand. The role 
of historic ‘temple tanks’ has been very crucial in the rainwater management in 
Chennai. It is a network of connected ponds, lakes, marshlands, small water bodies 
or reservoirs at temples as a rainwater harvesting system. 

Fig. 1 Location map of Chennai [7]
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2.2 Root Causes and Impacts of Urban Water Issues 
in Chennai 

Chennai has been suffering from recurrent floods and droughts, struggling to meet its 
escalating water demand. An extremely high water stress is experienced by the city 
i.e., on average more than 80% of the available water supply is used up every year 
[9]. High water stress causes deterioration of fresh water resources and poses serious 
threats to human lives and livelihoods. The city is also prone to tropical storms and 
cyclones due to its location. Problems like urban flooding; overflowing of the lakes 
or rivers; and choking of available sewer system (mostly combined sewerage system) 
and natural drainage networks are quite common during extreme rainfall events [10, 
11]. The catastrophic floods of the city (1943, 1978, 1985, 2002, 2005, 2015) raised 
the alarm against its drainage system [7, 12, 13]. Flood and water scarcity have the 
same roots: Unplanned rampant urbanisation; rainfall extremes attributed to Climate 
Change; Inadequate and poor urban drainage; and Lack of sustainable framework 
[14–16]. 

Human intervention in the natural environment disturbs the hydrological cycle and 
natural urban drainage pattern which ultimately increases the flood risk and other 
urban water crisis [17]. Although Chennai city has a population of about 4.6 million 
but its metropolitan population is nearly 8.6 million; and it is forecasted to exceed 
14 million by 2031 [18]. Prior to urbanisation, Chennai had a very effective natural 
drainage system. In the last three decades, the city has witnessed a very rapid devel-
opment but most of these developments seem to be environmentally and ecologically 
unplanned—the Adyar river basin once characterised by swamps, marshlands, low-
lying areas, and temple tanks are encroached and converted into special economic 
zones and housing complexes [15]. Encroachments along the Cooum river have 
narrowed the river [19]. At present, developments have taken over 90 per cent of 
wetlands of the city. In urban spaces, wetlands exist in the form of ponds, lakes, 
swamps and marshlands. These wetlands are quite efficient in absorbing excess 
water during floods and in contributing adequate surface and groundwater during 
droughts. Increased impervious area and the loss of wetlands in the city have jeopar-
dised its resilience to floods and droughts [20, 21]. Disposing untreated sewage into 
waterbodies is common practise in Chennai. Consequently, groundwater and surface 
water quality get deteriorated, further worsening water security of the city. Due to 
drastic decrease in natural land-use land-cover (LULC) and rampant urbanisation, 
all the three major rivers (Kosasthalaiyar, Adyar and Cooum) have significant issues, 
such as reduced discharge carrying capacity due to encroached floodplains; heavily 
polluted due to the continuous liquid and solid waste dumping [7, 9, 20, 22]. Overall, 
the urbanisation trend of Chennai has worsened the urban water problems. In the 
2015 Chennai floods, more than 400 human lives were lost, over 2 million people 
were affected and properties worth nearly USD 80,000 million were damaged [23]. 
Chennai floods in 2015 is also associated with the unprecedented heavy rainfall in 
the months of November and December. More than 1200 mm rainfall occurred in 
the month of November and nearly 490 mm of single day rainfall was recorded on
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December 1, 2015 [20, 23]. Despite the 2015 deluge, all the reservoirs of the city 
ran completely dry merely four years later, pushing the city into a severe water crisis 
mayhem. The city depends for water supply on the varying rainfall of NE monsoon 
and four reservoirs. But during scanty rainfall periods, these lakes and reservoirs get 
dry. Due to frequent dry spells of rainfall attributed to climate change and increasing 
urban population, the groundwater resources of the city have been also over-exploited 
to fulfil its water demand. 

3 Need of Sustainable Approach of Urban Water 
Management in Chennai 

The natural drainage systems in most of the city is in peril due to encroachment, 
poor maintenance, improper solid waste management and unavailability of prop-
erly designed stormwater drainage infrastructures. The city experiences recurring 
weather extremes (droughts and floods) almost every other year. The extreme climate 
change caused severe setbacks during the events of incessant rainfall and exiguous 
rainfall; with associated economic, socio-economic and environmental problems. 
Since Chennai is a coastal city, the increasing groundwater exploitation does not 
only deplete the groundwater level but also leads to seawater intrusion [7, 24]. Even 
with the advent of urban planning and development measures, the urban water issues 
of the city continue to aggravate. The city has a minimum of 108 L per capita 
per day (LPCD) of water supply, much less than the WHO minimum criteria of 
150 LPCD [25]. Chennai lacks a sustainable and holistic approach to manage the 
floods, droughts, and other water-related infrastructure system inefficacies. The major 
causes and impacts of urban flooding or drought in the city make it fundamentally a 
man-made disaster. 

With the changing paradigm of urban water management across the globe, the 
urban planners and policy makers in Indian cities should also adopt sustainable 
practises, taking into account the climate change mitigation and adaptation. Urban 
sustainability needs to be considered at the policy formulation stage, incorporating 
current and future scenarios. Adaptation of sustainable practises like ‘blue-green 
infrastructure’ measures has become very crucial because these strategies optimise 
the flood risk reduction with other objectives to achieve multiple benefits regarding 
ecological, socio-economic and overall urban well-being [26, 27]. The concept of 
‘blue-green infrastructures’ has been discussed in detail in the next section.
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4 Blue-Green Infrastructure (BGI): A Way Forward 

4.1 Overview of BGI 

Blue-Green Infrastructure (BGI) is a new term but not an absolutely new concept. 
It is deeply enrooted within the planning and conservation efforts that started more 
than a century ago in the early 1900s. The concept evolved back then from two major 
antecedents: the linking of parks and other green spaces for the benefit of humans; 
and the linking of natural areas to benefit biodiversity [28]. In twenty-first century, 
the ‘blue-green infrastructure’ has been re-evolved as a set of nature-based solutions 
for urban flood management as well as riverine flood management with overar-
ching ecological, environmental and socio-economic benefits. However, there is no 
typical definition of the concept of BGI. But with the growing interest in sustainable 
approaches for flood management, numerous terminologies with similar concepts 
have been developed in different parts of the world. Broadly used terms which are 
almost similar in the urban spaces in the context of flood management are ‘green 
infrastructure’ (GI), ‘green blue infrastructure’ (GBI/BGI), ‘nature-based solution’ 
(NBS), ‘low impact development’ (LID), ‘sustainable drainage system’ (SuDS), 
and ‘ecosystem-based adaptation’ (EBA). The European Commission explicates GI 
solutions as a strategically planned network of high quality natural and semi-natural 
areas with other environmental features (vegetation, forests, waterbodies), which is 
designed and managed to deliver a wide range of ecosystem services and protect 
biodiversity in both rural and urban settings [29]. Many organisations or researchers 
isolate the ‘blue’ measures (like different waterbodies) from ‘green’ measures (vege-
tation and forests). In most of the western countries, ‘green infrastructure’ and ‘blue-
green infrastructure’ are synonymously used. Nature Based Solutions (NBS), a rela-
tively new concept which is defined as solutions supported by nature offering multiple 
benefits to society, ecology and climate change mitigation [26, 27, 30, 31]. But even 
having several similarities between the concepts of NBS and GI or BGI, a wide 
range of artificial interventions are included in nature-based solutions [32]. Figure 2 
depicts the historical development of BGI or Blue-Green Solutions (BG-S) for urban 
spaces via Sustainable Urban Drainage System (SUDS) and Water Sensitive Urban 
Design (WSUD). Under WSUD, the most natural technological solutions (green 
roofs, bioretention system, rainforest and hydrophyte systems) are considered [33]. 
In the present study, the terms BGI, NBS, SuDS and non-traditional measures are 
interchangeably used, referring to the measures supported by nature.

4.2 Salient Features of BGI Implementation and Associated 
Urban Ecosystem Services 

BGI is the most common way to implement nature-based solutions. BGI measures 
are significant components in the holistic planning of sustainable urban regions in
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Fig. 2 Historical development of BGI for urban spaces [34]

future [35]. BGI helps in creating natural circumstances and ecosystem services in 
urban regions to alleviate urban pressures and to achieve climate change resilience 
[36]. There are numerous BGI measures (rain garden, blue-green roofs, green streets, 
wetlands and urban lakes, bioswales, permeable pavements etc.) being implemented 
for urban flood mitigation and other urban ecosystem services in different parts 
of the world. ‘Urban ecosystem services’ (UES) refers to the benefits which are 
derived from the ecosystem by urban population [37]. Figure 3 depicts the various 
urban pressures including water problems and UES related to nature-based solutions 
[34]. Apart from stormwater management and urban flood mitigation, some other 
common examples of UES are aesthetics, urban water supply, urban heat island 
(UHI) mitigation, improved water quality, improved air quality, resource efficiency, 
biodiversity, Recreation and well-being. Initially, NBS components (rain gardens, 
swales, green roofs and walls etc.) were contrived as a means of both managing 
surface runoff (stormwater) and improving amenities at local level. Later, BGI has 
enhanced and established various blue-green spaces in combination with the macro-
scale concepts such as WSUD to strengthen urban sustainable development. BGI 
measures play a crucial role in creating a healthy microclimate in cities. Such as, 
green covers mitigate the effect of UHI and flood risks; while urban parks (and lakes) 
aesthetically attract inhabitants and provide space for relieving mental stresses and 
well-being [36]. Further, green roofs have multiple benefits (like urban agriculture 
and rainwater harvesting) within BGI territory. Many of the BGI measures such as 
‘green roof’ and ‘wetland’; are considered to contribute to the local water cycle 
through evapotranspiration. According to Environmental Protection Agency (EPA), 
the impervious surface would have 55% runoff with 30% evapotranspiration and 15% 
infiltration while the natural ground cover would only have 10% runoff with 40% via 
evapotranspiration and 50% through infiltration [33]. Due to increasing impervious 
surfaces and frequency of meteorological extremes attributed to climate change, cities 
can adopt nature-based solutions which could manage all the water resources within 
a city. Figure 4 illustrates how the retention and infiltration through BGI approach 
affects the water drainage [38]. Similarly, Fig. 5 depicts the increased infiltration 
and reduced runoff levels through increased provision of blue-green components 
in urban space; a BGI based plan of Nagoya city in Japan [1, 39]. BGI concept
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Fig. 3 Various urban pressures including water problems and urban ecosystem services (UES) 
related to nature-based solutions [33, 34] 

Fig. 4 Retention and infiltration obtained by BGI approach [38]

provides a sustainable infrastructure for cities which can replace grey infrastructure 
[40]. Many successful implementations of associated aspects of the NBS concept 
exist worldwide; such as the Gardens by the Bay, Singapore; the High Line Park, 
New York; the Blue-Green Wave, Paris; City Park, Budapest and so on. Table 1 
represents some of the major global BGI measures and their multiple benefits in the 
urban ecosystem with some regional implementations [34, 41–44]. 

4.3 Some of the Major BGI Projects for Cities Across 
the Globe 

In the last two decades, the adaptation of nature-based solutions has been increased 
for sustainable and integrated water management. The Netherlands has achieved great 
success in the riverine and coastal flood management in its territory by implementing 
the ‘Room for the River’ project (not primarily a UFM project) based on sustainable 
and innovative practises [68]. With the increasing research based on sustainable 
solution with the intervention of NBS, several BGI projects have been initiated in
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Fig. 5 BGI based Nagoya city strategy [39]

many cities all over the world. Six major urban projects related to NBS or BGI are 
briefly discussed as follows. 

Rain City Strategy 

It is a sustainable and pragmatic roadmap for the city of Vancouver in Canada; 
approved in 2019 to become a water sensitive city by evolving the rainwater manage-
ment practises and UES. The primary goals of ‘Rain city Strategy’ are: to increase 
Vancouver’s resilience through sustainable water management (SWM); to improve 
and protect Vancouver’s water quality; and to enhance Vancouver’s liveability by 
improving natural and urban ecosystems. Similar to GI or BGI measures, the ‘Rain 
City Strategy’ has defined the term ‘green rainwater infrastructures’ (GRI) which 
consists the measures such as rain gardens, bioswales, rainwater tree trenches, blue & 
green roofs, parks and absorbent landscape, permeable pavements, wetlands, down-
spout disconnection and some modular systems. To reinforce the strategy goals, six 
measurable objectives were recognised: removal of pollutants from water and air;
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Table 1 BGI measures for urban flood mitigation and other urban ecosystem services 

BGI measures Benefits/urban 
ecosystem services 

Some regional 
implementations and 
studies 

References 

Street trees (green 
roads) 

Stormwater management 
and urban flood 
mitigation, UHI 
mitigation, improved air 
quality, recreation and 
well-being, aesthetics 

Many implementations 
in Australia, US, UK, 
Taiwan, China, Vietnam 

Depietri and McPhearson 
[41], Brown and Mijic 
[43], Hamel and Tan 
[45], Eva and Christoph 
[46], Schuch et al. [47] 

Permeable 
pavements 

Stormwater management 
and urban flood 
mitigation, improved 
water quality, aesthetics 

Taichung city (Taiwan); 
many cities of US, UK 
Australia, Indonesia 

Depietri and McPhearson 
[41], Puchol-Salort et al. 
[44], Schuch et al. [47], 
Lin et al. [48] 

Engineered 
stormwater 
controls (rain 
gardens, 
bioswales and 
retention ponds) 

Stormwater management 
and urban flood 
mitigation, urban water 
supply, UHI mitigation, 
improved water quality, 
improved air quality, 
urban agriculture, 
biodiversity, Recreation 
and well-being, 
aesthetics 

Increased 
implementations in 
Southeast Asian cities 
and European cities 

Natural Resources 
Defence Council 
(NRDC) [42], Kato et al. 
[49], Sidek et al. [50], 
Wang et al. [51] 

Green roofs and 
blue roofs 

Stormwater management 
and urban flood 
mitigation, UHI 
mitigation, improved air 
quality, biodiversity, 
aesthetics 

Paris (France), London 
(UK), Brussels 
(Germany), Seoul 
(South Korea), Victoria 
(Australia), many cities 
of Thailand, Singapore 
and Malaysia 

Oral et al. [34], Brown 
and Mijic [43], 
Hermawan et al. [52], 
Mentens et al. [53], 
Shafique et al. [54], Lim 
and Lu [55], Maryati and 
Humaira [56] 

Green facades UHI mitigation, 
improved air quality, 
biodiversity, aesthetics 

Thamesmead 
Waterfront development 
plan in London (UK), 
Melbourne (Australia), 
many cities of Europe 
and North America 

Brown and Mijic [43], 
Victoria State 
Government [57], Norton 
et al. [58] 

Urban parks and 
gardens 

Stormwater management 
and urban flood 
mitigation, urban 
agriculture, UHI 
mitigation, improved 
water quality, improved 
air quality, biodiversity, 
recreation and 
well-being, aesthetics 

The centenary park at 
Chulalongkorn 
University in Bangkok 
(Thailand); ‘pocket 
parks’ in Kuala Lumpur 
(Malaysia); New York 
(US) and London (UK) 

Depietri and McPhearson 
[41], Natural Resource 
Defence Council 
(NRDC) [42], 
Puchol-Salort et al. [44], 
Liberalesso et al. [59]

(continued)
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Table 1 (continued)

BGI measures Benefits/urban
ecosystem services

Some regional
implementations and
studies

References

Wetlands and 
urban lakes 

Stormwater management 
and urban flood 
mitigation, biodiversity, 
urban water supply, 
Recreation and 
well-being, aesthetics 

Can Tho (Vietnam), 
Thamesmead 
Waterfront development 
plan in London (UK), 
Newcastle (England), 
Phnom Penh 
(Cambodia), 
Mississippi (US) 

Depietri and McPhearson 
[41], Brown and Mijic 
[43], Holmes [60], 
U.S.Army Corps of 
Engineers (USACE) 
[61], Irvine et al. [62], 
Institute for Social and 
Environmental Transition 
ISET)-International [63] 

Rainwater 
harvesting system 

Stormwater management 
and urban flood 
mitigation, urban water 
supply 

London (UK), Portland 
(US), Northern Taiwan, 
Dhaka (Bangladesh) 
and many other cities of 
across the globe 

Depietri and McPhearson 
[41], Brown and Mijic 
[43], O’Donnell [64], Li 
et al. [65] 

Green parking lots Stormwater management 
and urban flood 
mitigation, UHI 
mitigation, improved air 
quality 

‘Green Street Program’ 
of Portland (US); 
Montgomery in 
Maryland (US) 

Depietri and McPhearson 
[41], Ahammad [66], 
Environmental Protection 
Agency (EPA) [67]

increase in managed impermeable area; increase in total green area; UHI mitiga-
tion; rainwater harvesting; and reduction of rainwater volume entering the drainage 
pipes. Therefore, the implementation of GRI ensures multiple UES such as improved 
air and water quality; reduced overland flooding; enhanced biodiversity; improved 
microclimate through shading and green spaces; and replenished groundwater. This 
is a paradigm shift in ‘how to manage water’ in the city having the potential to protect 
the health and well-being of communities and urban ecosystems [69, 70]. 

Sponge City Programme 

The concept of the Sponge City Programme (SCP) was proposed in 2013 to deal with 
the urban water management challenges in the rapidly urbanising cities of China and 
ultimately to achieve a sustainable urban development. Based on the application of 
six technical measures (infiltration, retention, storage, purification, utilisation and 
discharge); SCP develops solutions to manage urban floods, improve water quality, 
enhance water storage and discharge capacity, and mitigate UHI through the integra-
tion of NBS. The SCP targets 20% and 80% of the city area to meet the sponge city 
standards by 2020 and 2030 respectively; absorbing 60–85% of annual rainfall. The 
primary focus for sponge city construction should be the conservation, restoration 
and rehabilitation of natural ecosystems to build “resilience” for cities. Wuhan is 
one of the cities out of 30 sponge pilot cities in China and the implementation of 
SCP was initiated in the city in 2015. The infrastructures applied in Wuhan consist 
of rain gardens, grass swales, bioretention facilities, porous pavements, infiltration
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trenches, and rainwater harvesting components. Wuhan City experienced multiple 
extreme and unprecedented precipitation events during the rainy season of 2020, 
but no severe waterlogging occurred in any region of the city. The Wuhan Sponge 
City Programme has showcased the potential of NBS and successfully managed the 
flood risk in the city and achieved other social, ecological and environmental benefits 
[71–73]. 

Grey to Green (G2G) Initiative 

Portland, one of the most populous cities in the United States is a torchbearer in 
nature-based sustainable practises in stormwater management. The City of Portland 
started the Grey to Green (G2G) initiative in 2008 to expand the City’s green infras-
tructure (GI) and to implement sustainable practises in stormwater management 
with multiple goals such as protecting and restoring natural areas and their ecosys-
tems. The green infrastructure (GI) measures under the G2G Initiative include green 
streets, blue-green roofs (eco-roofs), raingardens, removing invasive vegetation and 
restoring the natural areas. During its implementation period from 2008 to 2013, the 
public and private partners of the initiative expanded GI in the city and supported jobs 
through the installation of 398 eco-roofs; the plantation of more than 32,200 street 
and yard trees capable of capturing over 18 million gallons of stormwater each year; 
the construction of 867 new green street planters (rain gardens); treatment of over 
7,400 acres of lands for invasive vegetation; the plantation of more than 500,000 
new native vegetation on about 4,100 acres of lands; and the acquisition of 406 
acres of natural areas in the city for natural stormwater management functions and 
clean water sources. The investment in green infrastructures through the Portland 
Bureau of Environmental Services (BES) has been increased. The green infrastruc-
tures provide a range of ecosystem services such as reduced stormwater runoff, 
urban flood resilience, UHI mitigation, climate change adaptation, improved water 
and air quality, urban agriculture, biodiversity, aesthetics, Recreation and well-being 
[70, 74, 75]. 

New York City (NYC) Green Infrastructure Plan 

The NYC Green Infrastructure (GI) Plan was introduced in 2010 with a 20 year plan 
to reduce combined sewer overflow (CSO) with sustainable stormwater manage-
ment practises incorporating green infrastructure measures. The NYC Department 
of Environmental Protection (DEP) is the governing agency for the implementation 
of the city’s GI Plan. “By preventing one inch of precipitation from becoming runoff 
that surges into the sewers over 10% of each combined sewer watershed’s impervious 
area, DEP estimates that CSOs will be reduced by approximately 1.5 billion gallons 
per year” [76]. This translates to installing GI on about 8,000 acres by 2030. The types 
of GI in the programme consist of rain gardens, infiltration basins, permeable pave-
ments, green roofs, detention basins etc. The implementation of the NYC plan does 
not only reduce the CSO volume in the city but also provides substantial co-benefits 
such as UHI mitigation, energy use reduction, air quality improvement, groundwater 
recharge, habitable environment and increasing property values [75, 76].
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Green Living Spaces Plan 

The Green Living Spaces Plan was approved in 2013 for the city of Birmingham 
(United Kingdom). The plan introduces seven key principles considering the issues 
of climate change and other multiple social, economic and environmental needs of 
the city. Incorporating BGI measures, the major intended outcomes of the plan are: 
to adopt the measures of WSUD for Integrated SuDS, flood and water management 
solutions; to embrace urban forestry and urban food production; to adopt Natural 
Health Improvement Zones (NHIZ); and to ensure the adaptation of future growth 
[77]. 

Blue-Green Cities Research Project 

The Blue-Green Cities Research Project was initiated in 2013 at the University of 
Nottingham in United Kingdom (UK) to devise novel strategies for urban flood risk 
management and integrated urban planning to accomplish environmental enhance-
ment in which multiple benefits of Blue-Green Cities are thoroughly analysed and 
evaluated. In this three-year duration project from 2013 to 2016, eight other univer-
sities in UK also participated in addition to several academic, industrial and local 
government partners. The major objectives of the project were: to identify the 
uncertainties and barriers to BGI; to develop a ‘flood footprint’ tool to quantify 
the economic impact of flooding; to remodel the existing urban drainage system; 
to create hybrid strategies combining hard and soft flood adaptation; and to iden-
tify knowledge gaps in urban drainage network. Flood inundation simulations have 
proven that the inclusion of BGI (such as green roofs, permeable pavements, swales, 
green spaces and detention ponds) reduced flood risk with additional benefits such 
as carbon sequestration, reduce air and noise pollution and many other ecosystem 
services [63, 78, 79]. 

BGI provides various urban ecosystem services (Fig. 3) and multiple economic 
advantages are associated with these UES [75]. Table 2 summarises the description 
of the metropolises and BGI adoption plans considered in the present study.

5 Challenges in the Intervention of BGI for Urban Water 
Management 

Although existing BGI based projects in the world may differ from region to region 
on the basis of the nature of problem and desired results. In India, every city has some 
unique set of problems due to the vast diversity in socio-economic culture, demog-
raphy and hydro-meteorology. But the lessons learnt from the global initiatives would 
be proven to be a constructive step towards developing BGI frameworks to address 
the regional challenges in flood and stormwater management in Indian cities. Despite 
the importance of the blue and green spaces to the community and environment, these 
natural spaces are declining and impervious surfaces are increasing in urban areas of
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Table 2 Summary of BGI adoption plans in the major global cities analysed in the present study 

Name of BGI 
projects and 
implementation 
years 

Metropolis Population Area 
(km2) 

Major objectives References 

Rain city strategy 
(approved in 2019) 

Vancouver 
(Canada) 

6,31,486 114 • To increase 
Vancouver’s 
resilience through 
SWM through 
GRI 
implementation 

• To improve 
Vancouver’s water 
quality 

• To enhance 
Vancouver’s 
liveability 

European 
Environment Agency 
(EEA) [69], Rain City 
strategy [70] 

Sponge city 
programme 
(2013-present) 

Wuhan 
(China) 

1,06,00,000 8494 • To manage urban 
floods, improve 
water quality, 
enhance water 
storage and 
discharge capacity, 
and mitigate UHI 
through 
integration of NBS 

• Targets 80% of the 
city area to meet 
the sponge city 
standards by 2030; 
absorbing 60–85% 
of annual rainfall 

Udas Mankikar and 
Driver [71], Qi et al. 
[72], Peng and Reilly 
[73], Fenner [80] 

Grey to green 
initiative 
(2008–2013) 

Portland 
(USA) 

22,26,009 17,310 • To implement GI 
measures for urban 
flood resilience, 
UHI mitigation, 
and climate 
change adaptation, 
with other 
environmental and 
socio-economic 
benefits 

Rain city strategy 
[70], [74], Li and 
Zhang [75] 

NYC green 
infrastructure plan 
(2010–2030) 

New York 
(USA) 

1,95,67,410 34,490 • To reduce CSO 
through 
sustainable 
stormwater 
management 
practises 
incorporating GI 
measures; with 
additional UES 

Li and Zhang [75], 
[76, 81]

(continued)
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Table 2 (continued)

Name of BGI
projects and
implementation
years

Metropolis Population Area
(km2)

Major objectives References

Green Living 
Spaces plan 
(approved in 2013) 

Birmingham 
(UK) 

37,01,107 • To adopt 
integrated SuDS, 
flood and water 
management 
solutions; 

• To embrace urban 
forestry and food 
production; 

• To ensure the 
adaptation of 
future growth 

Li and Zhang [75], 
Shakya and 
Ahiablame [77] 

Blue-green cities 
research project 
(2013–2016) 
(Collaborative BGI 
research project in 
the university of 
Nottingham, UK) 

– – – • To characterise the 
challenges and 
barriers to BGI; 

• To  develop  a  
‘flood footprint’ 
tool to quantify 
economic impact 
of flooding; 

• To remodel the 
existing urban 
drainage system; 

• To create adaptive 
strategies through 
BGI integration 

Institute for Social 
and Environmental 
Transition 
(ISET)-International 
[63], NYC green 
infrastructure plan 
[78], Green living 
spaces plan [79]

India. Analysing the factors causing urban water issues in Chennai, some of major 
challenges in BGI intervention which need to be addressed are as follows. 

• Availability of natural landscapes: Due to rampant urbanisation, the propor-
tion of blue and green spaces has declined over time in Chennai. The available 
natural spaces limit the implementation of many BGI measures (e.g., urban parks, 
gardens, lakes, retention ponds and wetlands) in the city. 

• Demographic features of city: Chennai is one of the oldest Indian cities and 
exhibits very high population density; making the existing combined sewer system 
inadequate. In such cases, designing and remodelling separate sewer systems with 
SuDS measures will be quite challenging. 

• Lack of appreciation of overarching benefits of BGI: Due to the lack of quan-
tification of the multiple benefits and the knowledge gaps, BGI may not be initially 
treated as an important dimension for urban planners and some local authorities. 

• Limitation of BGI research and funds: The traditional approach of flood 
management is still practised in India. There has been a lack of research for 
the nature–based solutions in India. Implementations of BGI projects are quite 
expensive. In a developing nation like India, investing million of dollars on BGI 
projects will not be easy; that too in the lack of extensive researches.
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• Lack of enforceable standards at the policy making and planning level: 
However, the Government of India initiated the major urban transforma-
tion programme ‘Atal Mission for Rejuvenation and Urban Transformation’ 
(AMRUT) focussing on the provision of stormwater drains, water supply, 
sewerage, green spaces and public transport in 500 cities of India [82]. At plan-
ning and policy making stage, there is a lack of enforceable standards for a certain 
quality and quantity of BGI in new or existing developments. 

6 Conclusion 

Climate across the globe has been changing for the past few decades, and it seems 
unavoidable in the foreseeable future. The impacts of climate change will be further 
exacerbated if the trend of urbanisation and economic development keeps increasing 
without incorporating environmental aspects. In India, Chennai has witnessed a sharp 
growth in urban population and an uncontrolled expansion of urban settlement in the 
recent decades. The unplanned rapid expansions of the city are leading to the loss of 
natural LULC (i.e., blue and green spaces) thereby increase in impermeable surfaces. 
Associated problems with urban agglomeration and climate change further aggravate 
the flood and drought vulnerability of the city. The root causes which are making the 
city more vulnerable to climatic extremes (floods and droughts) and their impacts 
have been discussed in the present study. The extreme precipitation events have been 
intensified in last few decades due to climate change. Even subsequent to a short-
term heavy precipitation event, the urban drainage system (generally, combined sewer 
system) result in overflow and waterlogging of nearby areas. Inappropriate solid and 
liquid waste management have also severely deteriorated the water management 
system of the city. Therefore, a need of innovative research for sustainable solutions 
to manage urban flooding and water scarcity issues in the city is inevitable. 

Chennai needs to consider the urban water issues on a priority basis, exploring a 
systematic nature-based sustainable model for effective urban flood and water stress 
management. This paper also explores the emerging, innovative and sustainable 
concept of BGI and the various related terminologies (such as GI, SuDS, NBS, LID 
and EBA). The overarching benefits of BGI in terms of UES have been highlighted in 
the present study with some of the regional implementations in the world. Many cities 
of Europe and other developed countries have successfully implemented the BGI 
measures to manage their floods with other ecosystem services (such as aesthetics, 
urban water supply, UHI mitigation, improved water quality, improved air quality, 
urban agriculture, biodiversity, Recreation and well-being). Hardly any comprehen-
sive literature on BGI concept with the additional UES for Indian cities was found. 
The insightful use of BGI will be one of the most promising actions for adaptation to 
rapidly changing urban spaces; which needs to be recognised at the planning stage, 
starting from regional level to city level. The analysis of the six major BGI projects in 
some of the major cities of the world has been presented to understand the potential 
of BGI intervention for urban water management. The findings emphasised on the
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need of a paradigm shift from traditional approaches to BGI based approaches for the 
urban flood and water stress management in Chennai. Considering the extent of flood 
damages and the expected impact of climate change in future; it can be concluded 
that resilient, sustainable and rational solutions are no longer a choice but rather a 
compulsion. Developing a BGI based integrated and sustainable approach for urban 
flood and water stress management is essential to derive multiple ecosystem benefits 
regarding urban well-being and to maintain the natural hydrologic regime, in addition 
to the stormwater and water supply management. 
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Issues and Challenges of Small-Town 
Water Supply and Distribution: A Case 
Study of Leh Town in UT Ladakh 

Anub Tsetan Paljor and Kamal Kumar Murari 

Abstract Leh-Ladakh is one of the most sought-after tourist destinations in the 
country. The annual tourist arrivals have ever increased in Leh town without appro-
priate and necessary urban infrastructure evolving such as water supply and sewage 
system. This paper aims to highlight certain water issues such as availability, acces-
sibility, and vulnerabilities in Leh town. The town depends on two sources for all 
its freshwater requirements, glacial melt water and groundwater. Glacier-melt water 
comes in the form of springs and surface runoff such as streams. Both Public and 
Private borewells are dug across the town so that the extraction of groundwater 
becomes easier and over the years it has become economically more viable for the 
locals. Leh Town has three spring sources and several major tube wells operated 
by the Public Health and Engineering Department (PHE), which oversees providing 
drinking water to the town. These sources and their Service Reservoirs (SR), where 
water is stored before releasing it into the distribution pipes, presently have the 
capacity of supplying 6.07 MLD in Leh Town, assuming all service reservoirs are 
functioning at maximum capacity (PHE, 2018). This maximum capacity of water 
supply is, however, less than the total water demand which stands at 7.5 MLD 
according to calculations done using population projection data of Leh Town of 
the year 2018. Further, this demand fluctuates when you consider the large amount 
of floating population which consists of tourists, service sector employees, migrant 
labourers, local migrants from other parts of Ladakh, and the defense forces. With 
regards to the quality of water, groundwater is getting more polluted due to anthro-
pogenic reasons, mainly due to seepage from soak pits. This issue is especially 
highlighted in the wards of the town where clusters of hotels and guesthouses are 
close together and hence causes greater pollution of the groundwater. According to 
the PHE department, a private piped connection of water is presently being given at
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a flat rate of INR 2400 per annum for both commercial and household use. However, 
a very small percentage of these customers pay their tariffs (as per PHE) making 
the PHE supply water almost free of cost. This practice has led to the department 
having a poor CAPEX. Thus, an appropriate water pricing mechanism needs to be 
introduced to control water consumption and pollution. 

Keywords Ladakh · Leh Town · Developmental challenges ·Water · Sanitation ·
Groundwater · Glaciers · Tourism · Unplanned rapid urbanization 

1 Introduction 

Nestled in the high ranges of the Himalayas, at an altitude of above 3,500 m, the 
Himalayan region of Ladakh was recently declared as a separate Union Territory 
(UT) of India, bifurcating it from the erstwhile state of Jammu and Kashmir. UT 
Ladakh has two districts, Leh and Kargil. Leh town in Leh district is also the capital 
of the UT. The entire region is sparsely populated due to its harsh terrain and semi-arid 
climatic conditions and is often termed a ‘cold desert.’ There are no monsoons as the 
district is in the rain shadow region between the Karakoram and upper Himalayas and 
barely receives rainfall of 60–100 mm per annum. Traditionally precipitation takes 
place mostly in the form of snowfall in winters; however, changes in precipitation 
patterns can be observed where the number of rainy days in a year is increasing and 
snowfall in winters is decreasing. 

Ladakh has traditionally been an agro-pastoral community. Subsistence food 
farming is still largely prevalent in the villages. Sustainable toilet practices such 
as the use of dry toilets in a ‘cold desert’ have helped negate the scarcity of water for 
centuries and the use of dry manure from these dry toilets has led to the traditional 
food being completely organic. Today, things have changed. Leh-Ladakh is one of the 
most sought-after tourist destinations in India and as such, the footfall of tourist in the 
region has increased at a great pace, especially in the last decade, bringing in unprece-
dented levels of economic development along with developmental challenges. Most 
of the residents of Leh town no longer practice agriculture and subsistence farming 
and instead have shifted to tourism-related businesses. Leh has become a service 
sector economy. This has led to many changes in the lives of the people, traditions, 
and systems. Agricultural fields have given way to big hotels, guest houses, commer-
cial buildings, restaurants and cafes, etc. The age-old tradition of managing water 
through the ‘Churpon System’ (Chu = water, Spon = manager) where individuals/ 
families were given charge of distributing water among all residents has completely 
vanished from the town. 

The increasing number of tourists every year along with migration from other 
parts of India for work and local migration within Ladakh have rendered Leh town 
fall short of appropriate urban infrastructure including water supply and a proper 
wastewater disposal system. Leh Town has been dependent on glacier-melt water and 
groundwater for all its freshwater needs. Glacial-melt water in the form of streams and
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springs has been the major source of fresh water for all domestic and agricultural 
purposes [1]. Today, however, groundwater is being extracted to meet the water 
demand of the town, which has increased over the years mainly due to tourism-related 
activities. 

The quality of potable water in Leh has also come up as a major concern in the 
past decade as people are realizing that without proper wastewater disposal, their 
groundwater is getting polluted. Historically, water from springs and streams in Leh 
town was safe for consumption, as it still is in far remote villages and valleys of 
Ladakh. Within Leh town, however, these sources are now contaminated to drink 
directly from. 

Hundreds of hotels and guest houses now provide western flush toilets and bath-
rooms which consume large amounts of water. It is to be noted that not all hotels or 
guest houses in Leh town have sceptic tanks; on the contrary, most of the hotels and 
guesthouses, especially the old ones, do not have sceptic tanks but rather soak pits. 
There seems to exist a confusion among the locals as to what exactly is the difference 
between a septic tank and a soak pit. They may think that they have a septic tank in 
use, but it often turns out to be a soak pit further complicating the issue of quality of 
water due to seepage of black and grey wastewater. 

At present, there is no formal record of the exact number of private borewells 
in Leh and the exact volume of groundwater extracted. Without this information, 
any groundwater research of the town would be incomplete. The PHE department 
along with the Municipal Committee Leh is yet to collect data to quantify all existing 
private borewells in the town and develop a registration and permit system to control 
the number of borewells and groundwater extraction. The Municipal Committee 
has tried getting the official numbers from all different boring companies, and as 
of now, they have a record of around 700–800 new borewells in Leh. This is not 
the complete list as some of the old boring companies that have been digging over 
the last two decades are no longer operational and as such this data does not exist. 
Ladakh Ecological Development Group (LEDeG), which is one of the oldest NGOs 
in Ladakh, puts this number at around 1500–2500 borewells in Leh town. 

This paper seeks to shed light on the drinking water issues of Leh town, water 
availability, accessibility, vulnerabilities, and appropriate policy approaches towards 
sustainable management of drinking water. The paper first outlines the research 
methods employed in this research. It then estimates water supply and demand in Leh 
Town. The paper also investigates the current water pricing policy in Leh Town as per 
PHE and suggests improved water pricing techniques to enhance PHE departments 
CAPEX. 

2 Research Methods 

Being a local of Leh town, the author conducted a preliminary round of household 
surveys in April 2018, after a detailed literature review. The household survey ques-
tionnaire was designed to gather information and views on potable water in Leh town,
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issues including the source of water for domestic uses, and their perception of water 
quality and water pricing. In addition, semi-structured interviews were conducted in 
February 2019 with key stakeholders from various organizations. These include engi-
neers from the PHE department Leh, The President of All Ladakh Tour Operators 
Association (ALTOA), and representatives from Ladakh Ecological Development 
Group (LEDeG). Semi-structured interviews were also conducted with residents in 
three wards of Leh Town namely Tukcha, Changspa, and Skampari. 

Tukcha and Changspa are considered among the ‘green’ wards of the town with 
agricultural fields, trees, hotels, and cafes, whereas Skampari is an upcoming resi-
dential area on the side of a hill within the town with virtually no green fields, trees, 
etc. due to its elevation. 

This research also makes use of survey data collected by LEDeG. In October– 
November 2017, LEDeG in partnership with the Technical University of Munich, 
Germany (TUM), conducted a survey in the town entitled ‘Keeping natural water 
sources safe and available in Leh: Urban nexus project for water reclamation and 
reuse pilot project development’. This study was designed to get an understanding 
of water supply, demand, quality, and issues in Leh Town under their larger study 
[2]. 

Leh Town encompasses a surface area of about 19 km2 with an estimated local 
population of 30,870 (Census, 2011). Thus, the population density of Leh Town is 
about 1,625 persons per km2 whereas the population density of Leh District is around 
3 persons per km2 [3]. Further, Leh Town receives a massive floating population, 
especially in the five summer months (May-Sept) which consists of tourists, service 
sector employees, and migrant labourers from different states of India, as well as 
local migrants from other parts of Ladakh who come to Leh town in search of better 
livelihood opportunities, education, etc. as well as the Indian Army [4]. 

There are only two sources of freshwater that cater to all the agricultural, indus-
trial, commercial, and domestic needs of the town: that is glacier-melt water and 
groundwater. There is a lack of data and literature when it comes to Leh’s glacier 
study. The information available is mainly on large glaciers or as a collective study 
of all the glaciers in the region but nothing specific to the Khardungla glacier that 
directly feeds the town. ‘Despite the hydrological importance of glaciers for the 
adjoining lowlands, data on the glaciers of the Himalaya, Karakorum, and Hindu 
Kush ranges are sparse and inconsistent. There is a lack of long-term series and field 
investigations, especially for glaciers at higher altitudes’ [5, 6]. 

However, local NGOs such as Ladakh Environment and Health Organisation 
(LEHO) claim that the Khadungla glacier has presently become a small version of 
its former past use to be a permanent glacier several decades ago [7]. Similarly, 
locals are of the opinion that water shortages are becoming more common than ever 
before, especially during the spring season when water is needed most. 

The PHE has three spring sources from which they provide water to the town, 
namely Gyalung Spring, Gyamtsa Spring, and T-Trench (PHE, 2019). Approximately 
0.8 L of water from these springs are delivered to the residents through piped private 
connections and public stand posts (PSPs) [8]. The second source of freshwater is 
groundwater. The PHE department operates 6 tube wells distributed across the town;
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out of these, the Indus Bank Lift station is the major source accounting for almost 
33% of the water supplied to the town. About 1.3 million litres of water are extracted 
from these tube wells and distributed in Leh Town. 

In order to meet their water demands, locals who can afford to do so have dug 
private borewells for both domestic and commercial usage. These private borewells 
extract groundwater from the shallow aquifer underlying Leh town, which is fed by 
glacial melt water and precipitation. It was estimated that about 1 million litres of 
groundwater per day is being extracted in the tourist season [8]. 

LEDeG estimates over 50% of all hotels and guest houses in Leh town use private 
borewells as their main source of water and are extracting more than 1.5 million litres 
of groundwater daily. Even though the construction of a borewell actually requires 
permission, the groundwater extraction itself is not regulated and the total number 
of borewells, rates of extraction, and groundwater aquifer levels are currently not 
known [9]. Inhabitants of Leh believe that the drying of many springs might be related 
to the severe exploitation of the shallow groundwater and so far, no strategy exists 
to tackle the water demand issues in Leh Town [9]. 

Presently, there are no regulations or policies that govern the usage and 
management of groundwater in the town. 

3 Results and Discussion 

3.1 Estimation of Water Supply and Demand in Leh Town 

In order to calculate the total supply of water in Leh, the capacities of the service 
reservoirs were calculated based on the information provided by engineers of the 
PHE department. Assuming that the service reservoirs are functioning at maximum 
capacity, the total supply of water in Leh stands at 6.1 Million Litres Per Day (MLD) 
in summer and 2.3 MLD in winter, as presented in Table 1. 

The total demand for water in Leh Town can be estimated against its projected 
population and water consumption per capita per day. The population fluctuates 
in Leh town by season because of tourist numbers and seasonal local migrants. 
According to the recommendations provided by the Central Public Health and Envi-
ronmental Engineering Organization (CPHEEO) under the Ministry of Housing and 
Urban Affairs, if a town has piped water supply but no sewerage system then the 
max water supply should be considered at 70 L per capita per day (LPCD). Similarly 
in a town/city which has piped water supply as well as an existing sewerage system

Table 1 Estimate of water 
supply based on the seasonal 
operation of service reservoirs 

Season No. of service reservoirs in operation Total capacity 

Summer 14 6,137,100 

Winter 6 2,273,000 
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Table 2 Estimation of water 
demand for local population 
in Leh Town as per CPHEEO 
norms 

Season Population 
scenario 

Water demand 
scenario 
(litre per capita 
per day) 

Total demand 
(litre) 

Summer 60,000 70 4,200,000 

Winter 40,000 70 2,800,000 

Summer 60,000 135 7,800,000 

Winter 40,000 135 5,200,000 

or contemplating to get one, then the recommended water supply is 135 LPCD with 
15% unaccounted for water. Leh presently has partial coverage of the newly built 
sewerage system. Therefore, calculations of water demand under both 70 LPCD and 
135 LPCD are presented in Table 2. 

On the other hand, water demand estimates of the town by LEDeG (Liveable Leh 
Project) are given in a different manner. According to the Livable Leh Project, water 
demand is calculated for the town based on different LPCD requirements among the 
locals (summer = 75l pcd, winters = 60l pcd), tourists (summers = 100l pcd, winters 
= 80l pcd), and the migrant workers (summers = 30l pcd and winters = 0, as there 
are no migrant labourers in winters.) This results in the summer demand of the town 
to be at 5.1MLD and the winter demand at 1.9 MLD. 

3.2 Water Demand Estimates with Tourist Population Data 
for 2018 for All months 

Month wise tourist data for the year 2018 was taken from the Department of Tourism, 
Leh, and is given in Table 3 below and the water demand for each month of 2018 was 
calculated. It is widely acknowledged that the summer months in Leh span from May 
to September hence for these 5 months, the local population was assumed at 42,680 
which is the population as calculated by the PHE for the base year 2012 for their water 
supply reorganisation project. Similarly, for the winter months October–March, local 
population of 37,282 was assumed as per PHE estimations.

Assuming consumption at 135 LPCD + 15% unaccounted for water, and adding 
the tourist population given in Table 3, to the local population according to PHE 
(Summer at 42,680 and winter at 37,282), the following are the water demand 
estimates in Leh for all the months of 2018: 

Months Demand (in MLD) 

January 6.6 

February 5.9 

March 5.9

(continued)
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(continued)

Months Demand (in MLD)

April 7.5 

May 13.5 

June 18.5 

July 17.5 

August 14.9 

September 12.5 

October 9.0 

November 6.1 

December 5.9 

As we can see from the table above, these figures present a picture of the actual 
water demand in Leh when we consider real tourist figures. It must be noted here 
that the present total supply assuming that all the S/Rs work on maximum capacity 
in Leh is 6.1 MLD. This is enough to meet the water demand of only three months, 
i.e. February, March, and December when the demand is 5.9 MLD. For all the other 
months, the demand is estimated to be way higher than supply, especially for the 
summer months where the demand reaches as high as 18.5 MLD in June. Thus, there 
is a clear gap between supply and demand of water in the town. The widest being in 
the month of June where there is a gap of 12.4 MLD. However, these calculations 
are simply an approximation where demand is calculated at 135 LPCD consumption 
as well as assuming SRs working at maximum capacity; however, some of the SRs 
are not operational, especially in the winter months. Likewise, not all residents of the 
town consume water at 135 LPCD; as mentioned earlier, the literature points to the 
practice of less water use on the part of the locals. This lifestyle, however, is changing 
with new trends, increased sense of hygiene, and an overall shift towards modern/ 
western water consuming lifestyle, thanks to the growth in the tourism industry. 

Therefore, it is safe to assume here that the remaining water demand is being met 
through the extensive use of borewells and through informal water markets/suppliers. 

3.3 Quality of Water in Leh Town 

Traditionally Ladakhi toilets are dry toilets, but as tourism took up pace since 1974 
people started building western/Indian styled toilets. Today, almost all houses/hotels/ 
guest houses in the town have either only western toilet or a combination of both 
western and Ladakhi dry toilets. The problem here lies in the fact that people only 
used soak pits (dug in the grounds) for their toilet discharge and sceptic tanks are 
relatively new. In a survey carried out by the Ladakh Ecological Developmental 
Group (LEDeG) on the quality of groundwater in the town, about 64% of the specimen
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Table 3 Month wise tourist 
influx 2018). (Source Tourism 
Department, UT Ladakh 

Month Tourists 

January 5665 

February 1136 

March 1298 

April 11,277 

May 44,583 

June 77,041 

July 70,139 

August 53,621 

September 38,049 

October 20,784 

November 2416 

December 1357 

Total 3,27,366

collected from different areas of the town were found to have high levels of nitrate 
and E. Coli [10] (LEDeG, 2018). 

In 2020, water samples from different reservoirs operated by PHE were sent for 
laboratory analysis to New Delhi and it confirmed the presence of E. Coli and Nitrate 
in some of them. This report has been submitted to PHE department and is available 
at LEDeG office library in Leh. (Water Audit Report, Liveable Leh-BORDA, Indian 
Institute of Sustainable Development, 2020). 

3.4 Water Pricing in Leh Town 

Currently, PHE provides water connection at a flat rate of Rs. 2400 per annum 
for both commercial and household use. This clearly is a major issue as a small 
household in the town does not consume water anywhere as much as a big hotel or 
guesthouse. Various public stand posts (taps) across the town provide free water. The 
PHE dept. also operates water tankers and provides this service to residents living 
in areas where piped connections haven’t reached (due to geographical reasons or 
freezing of pipes in winters). Hence, compared to other residents of the town, such 
wards of the town (Skampari for example) face extra difficulties, especially during 
winters when even storing water becomes a challenge. Due to the shortcomings in 
water supply, especially during winters, there is a thriving informal market of water 
in the town. There are no water meters in Leh for households or for commercial 
establishments and as such people often consume more water than needed. According 
to PHE representatives, most households with PHE piped connection don’t even pay 
their annual charge and therefore operation and maintenance becomes difficult for 
the department.
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For religious places, schools, hospitals and other public institutions, etc., the PHE 
provides water for free. 

Price of water provided by PHE 

Private connection domestic 
and commercial 

PSPs Water tanker service 

Rs. 2400/annum Free Free 

In reality as claimed by the 
PHE, 90% of the people don’t 
pay and thus water to the town 
is being supplied for free 

Only 150 PSPs work in winters 
and depending on where you 
live in the town the degree of 
dependence would change 

The frequency of water tanker 
service has been brought down 
as the new connections are 
being laid. Having a new 
connection however does not 
guarantee water supply 

Regarding the ‘informal sources of water’, the following is the analysis of the 
information provided by one of the persons that runs the informal Van Water service. 
They charge Rs. 450 per trip where they fit 13 cans of 15 L each, i.e. 195 L for Rs. 
450. As claimed by the person, usually commercial establishments order three such 
trips, whereas households tend to order just one trip. Their customers include hotels, 
guest houses, restaurants as well as households. Even though their business tends to 
become more visible during winters, they are most busy during summers running 
water services at night to avoid traffic. At the time of this interaction, the person 
claimed he had 10 hotels/guest houses that he provides water to and that this number 
shoots up in summers. 

4 Concluding Remarks

. PHE department is still in process of covering all households of the town with 
functional household tap connections. Providing water meters for each of these 
households would prove to be a good measure to reduce demand and recover 
water tariffs based on usage, as have been proven in many cities across India.

. The same is true of the centralized sewerage system which does not cover the 
entire town and is a major challenge for Leh where different wards of the town 
have different geographical challenges. India’s first PPP model Faecal Sludge 
Treatment Plant (FSTP) has been built in Leh since 2018 to aid the STP. Decen-
tralized sewerage treatment facilities can provide better service in Leh compared 
to one centralized unit.

. Under the Liveable Leh Project, multiple reports have been prepared (by the 
author) after extensive research and collaborative efforts between PHE Dept., 
LEDeG, LAHDC, BORDA, Technical University of Munich, Indian Institute of 
Sustainable Development, etc. These are Water Audit reports, Water Strategy 
reports, Water Safety Plan as per International Water Association standards, Inte-
grated Urban Water Management Plans, Water-Energy-Food nexus reports, etc.



128 A. T. Paljor and K. K. Murari

and have been submitted to the PHE department as actionable policies with short-
term, mid-term, and long-term focus. It is now up to the Administration of UT 
Ladakh and PHE department to consider them seriously and implement the ones 
that they agree as feasible. 
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Real-Time Smart Water Management 
System (SWMS) for Smart Home 
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and Gaurav Saini 

Abstract Water plays a vital role in ensuring a healthy human life. Many water-
related issues have been faced by developing countries like poor infrastructure for 
water, scarcity of drinking water, water pollution, falling water table, and low levels of 
water security. Over-pumping of groundwater leads to the depletion of the ground-
water table. Unfortunately, this situation is worsening. Recently, the trend toward 
smart and sustainable housing is gaining traction. IoT-based sensors and system 
automation are a key to such smart constructions. This paper gives a general frame-
work for a Real-time Smart Water Management system (SWMS) for smart homes 
with the help of sensors added to the water distribution system in a home/villa. 
Sensors are broadly categorized into three classes, namely Quality Sensors (SQ), 
Quantity Sensors (QS), and Overflow Sensors (SO). Installation of sensors in the 
system can be done to prevent overflowing by measuring the water level in terms 
of capacity. The quality of water can be maintained in terms of certain parameters 
namely Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD), 
Turbidity, pH, Conductivity/Salinity, suspended solids, and oil. The sensors will 
classify the water emanating from various domestic fixtures as poor or better quality 
and cause their disposal or reuse accordingly and automatically. Application of the 
proposed system to smart homes would enable the monitoring of overflowing and 
quality of water, thereby providing measures for its conservation and reuse. More-
over, it provides an awareness highlight to users about water management in their 
smart homes. 
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1 Introduction 

Water is a key necessity for our survival and well-being, due to its multifarious 
applications in daily activities. Unfortunately, the amount of fresh water available to 
humankind is very limited and is reducing drastically due to the rampant exploitation 
of available water resources. This is resulting in water scarcity around the world, with 
a large number of metropolitan cities in danger of running out of it [1]. This calls 
for immediate, strong, and concerted efforts at conserving this key resource. The 
other aspect, apart from the quantity, is the quality of water. It has been known for 
millennia that consumption of impure (or low-quality) water can result in adverse 
health effects. Water-borne diseases, such as cholera, dysentery, typhoid, diarrhea, 
and giardiasis, have killed millions of people since the advent of human civiliza-
tion [2]. Unfortunately, and disastrously, the demand for better quality and higher 
quantity has been rising by leaps and bounds since the inception of the industrial 
age. Population explosion and climate change have further exacerbated these issues 
and increased the pressure on already stressed (and limited) water resources. Despite 
several steps by governments around the world, the situation is worsening contin-
uously. This is especially true for developing and underdeveloped countries where 
resource limitation forces the governments to prioritize other areas (such as defense, 
energy industrial growth, and employment creation) over water conservation. This 
calls for a greater role of individuals and households in the efforts to save better-
quality water and increase efforts at reclaiming decent quality water, that will other-
wise be discarded. A sustainable water management system is the need of the hour. 
Unfortunately, the common households lack the knowledge and initiative to work 
toward water conservation and reuse. An appropriate water management system will 
need to cover the aspects of providing quality water at low cost and low energy while 
minimizing wastage and increasing the reuse of lower-quality water for appropriate 
applications. 

One of the main areas of water wastage in modern homes is the water purification 
system installed in the kitchen. These are generally based on reverse osmosis tech-
nology, which unfortunately wastes 5–7 L of water for every liter of water it generates 
as the final product. It has been estimated that for every 1 L of water purification 
about 3 L of water are wasted [3]. Similarly, there are other areas of a home where 
a relatively better quality of water is wasted at different times due to the wasteful 
habits of human beings. This may include wash basins, kitchens, showers, taps, etc. 
About 27% of the water supplied to a home is generally used for toilet and bathing 
applications. As much as 20 gallons of water per day can be wasted by one single 
leaky faucet in a household. The EPA estimates that leaky faucets are estimated to 
waste almost 1 trillion gallons of water annually in the United States [4]. It has been 
estimated that almost 45 L of water are wasted daily by each Indian [6]. Furthermore, 
as much as 50% of the water is wasted of what it received by the city of Kolkata, 
26% by New Delhi, and 49% by Bangalore [5]. Unfortunately, a large fraction of 
this wastewater is of better quality and can be safely reused. Thus, there is a strong 
need to manage the water based on its quality before finally discarding it, which can
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be preceded by its storage and reuse in various applications such as gardening, water 
spraying, cleaning, and aquifer recharge. 

As per the Census report in 2011, 63% of India’s GDP comes from the urban 
areas and only 31% of India’s population is residing there. The population residing 
in rural areas started shifting to urban areas for a better lifestyle. By 2030, the 
country is expecting 40% of the population will be there in cities and that will 
contribute to 75% of India’s GDP. To accommodate this urbanization, developments 
in infrastructures in terms of physical, economic, and social are mandatory [1]. In 
recent times, smart housing has gained a significant amount of attention due to its 
focus on the comfort, safety, and health of the inhabitants, while preserving the 
environment and minimizing resource wastage. The Government of India launched 
a smart cities mission on 25 June 2015 with a focus to develop 100 smart cities 
between 2019 to 2023 [6]. 

The incorporation of Internet of Things (IoT)-based sensors in smart homes 
enhances the performance and quality of services [7]. IoT combines physical objects 
with the Internet which includes various domains like environmental monitoring, 
human security, health, home automation, etc. [8]. Sensors play a crucial role in the 
system because they gather all the relevant information and transfer the information 
in real time to citizens, cities, and communication networks. Although the usage 
of sensors is diverse, their application can be categorized into six different groups: 
energy, health, mobility, security, water, and waste management [9]. Sensors for 
measuring water quality and quantity in real time are available and can be suitably 
used in water conservation efforts. To measure the depth of water level in soil, a 
water depth sensor can be used which is helpful in the irrigation process. This will 
ultimately help in monitoring the amount of water delivered to the fields during the 
irrigation process and result in appropriate amount of water delivery to the plants, 
thus conserving it [10]. The Aguardio G2 is a sensor for showers that measures 
usage and alerts users to the amount of water wasted, helping to nudge individuals 
into shorter shower times, and sensor named Aguardio Leak attaches to the toilet’s 
water inlet and detects leaky valves, notifying homeowners of this difficult-to-detect 
problem [11]. Here a smart water management system (SWMS) is proposed for a 
smart home or villa, which uses water quality and quantity sensors and makes smart 
decisions about water conservation and reuse. The same can also be used at a larger 
scale for a residential or commercial installation or even at the level of the smart 
city. Water conservation at the household level is expected to significantly comple-
ment the efforts of the governing bodies and will help in the preservation of this key 
resource. 

Alam et al. [12] described the collective information related to sensors, commu-
nication protocols, multimedia devices, and widely used systems in the implemen-
tation of the smart home. The paper presented an overview of smart home research 
previously done along with their associated technologies [12]. 

Raad and Yang [2] explained a user-friendly cost-effective telemedicine system 
to serve the disabled and elderly [2]. It consists of general-purpose sensors (weight 
sensors, motion detectors, and light sensors) and physiological sensors (pulse 
oximeter sensor and blood pressure sensor). The physiological sensors are attached to
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a wheelchair, which can communicate to a database server through a personal digital 
assistant. The doctor can analyze the patient’s health condition from the database 
remotely. Other sensors are used to track the location and detect the activities of the 
residents. 

Water quality sensors namely Proteus Multiparameter BOD sensor, TOC-300 
COD Analysis, ZS-406 Online turbidity sensor, ORP/Redox sensors, DDM-406 
Online Conductivity sensor, TPS-206A Online Transparency sensor, and OIL-206A 
Online water oil sensor are available in the market which test parameters like BOD, 
COD, Turbidity, pH, Conductivity/Salinity, suspended solids, and oil in water, respec-
tively [12]. One of the drawbacks to the effective implementation of sensors is the 
poor linkage between water quality regulation and sensor technologies [11]. The 
linkage between water quality regulation and sensor technologies can be improved 
by regular monitoring. 

Manoharan and Rathinasabapathy [13] made use of sensors along with LoRa mote 
that was placed in Smart villages of Tamil Nadu, India, in water tanks at 200 locations 
within corporation limit and monitored the quality of water during its distribution 
and detected the chemical leakage in rivers located nearby. Water levels and water 
quality were continuously monitored in specified tanks and were displayed in the 
controlling room. It was concluded that LoRaWAN is suitable where the cellular 
network is unavailable like in mountains and forest areas as well as where the cellular 
network is available like in cities [13]. This proposed system will not only save water 
but will also provide good quality water to people. 

Chen and Han [14] made use of wireless sensors in a pilot study in Bristol city, 
the UK, for the smart management of water at the city level. This study repre-
sented a system for the management of water quality that checked the quality of 
multiple parameters through a multi-parameter monitoring system for water quality 
[14]. Dissolved oxygen (DO), conductivity, phosphates, salinity, pH, temperature, 
Escherichia coli, Fecal streptococci, and presumptive Enterococci were the parame-
ters that were monitored for water quality. This system showed that the environmental 
quality data can be successfully collected in real time and can be effectively used for 
decision-making. 

Mohapatra and Rath [15] proposed an ICT-based water distribution network that 
helps in preventing water loss and monitoring excessive water supply. The work 
also highlighted the failure in managing the water distribution system due to poor 
management [15]. An ICT-based water distribution network was used in Odisha, 
India. A smart tap and heterogeneous wireless sensor was used in the distribution 
system to detect the water loss and thus it will prevent the unnecessary wastage of 
water. 

Chary et al. [16] made use of rejected water from domestic water purifying systems 
which have a high TDS value of about 1800 ppm. A complete plant care unit was set 
up where rejected water was sent to water harvesting pits. This utilized the rejected 
water from the purification system. A device was developed which utilized the 
wastewater generated from R.O. to grow phytoremediating plants [16]. The puri-
fier brands normally recommend that the runoff water can be reused in activities, 
such as gardening, cleaning floors, and washing clothes/vehicles [17].
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Fishman et al. [7] discussed groundwater depletion and evidence was taken from 
Gujarat, India. Certain evidence like rural to urban migration, rural employment 
shifts, and exogenous variation in environmental stress was discussed as responsible 
for the depletion of the groundwater table [7]. All this requires proper management 
of water starting from the lower scale to the higher scale, i.e. from an individual level 
up to the city level. 

Ramos et al. [9] made use of smart pipe and sensor, smart water metering designed 
as a module unit with a monitoring capacity expandable for future available sensors. 
With several smart pipes installed in critical sections of a public water system, real-
time monitoring automatically detects the flow, pressure, leaks, and water quality, 
without changing the operating conditions of the hydraulic circuit. Briefly, the smart 
wireless sensor network is a viable solution for monitoring the state of pressure and 
loss of water control in the system [9]. The use of smart pipes and sensors helps 
in water management. The main objective of this was to disclose the technological 
breakthroughs associated with water and energy use. 

A significant amount of research has been conducted in the last couple of decades 
related to the use of sensors in automating various systems related to water supply, 
health, etc. The same can be used in water conservation in single homes/villas as 
well, thereby helping in achieving the smart cities target, while saving perhaps the 
most valuable resource known to mankind: the water. 

2 Methodology 

The proposed smart water management system (SWMS) at the level of smart homes/ 
villas is shown in Fig. 1. The supply of usable water is through centralized water 
supply tanks. The entire water distribution system is automated with three types of 
sensors: quality sensors, quantity sensors, and overflow sensors. Firstly, water passes 
through one of the sensors named overflow sensor (SO). Sensor for overflow checks 
whether the centralized water tank is sufficiently filled or not and if that tank is 
overflowing then the water supply to the tank will be switched off automatically. 
There are various overflow check sensors available in the market, such as LCS and 
Ijinus CSC [18]. These sensors detect overflow by measuring the capacity of water 
overflowing in the tank. An overflow sensor can also be provided in a separate tank 
that stores recycled water as shown in Fig. 1. Installation of overflow sensor at 
recycled water tank will lead to two cases:

• Case A: In case of overflowing, there will be a quantity check with the help of 
a quantity sensor (QS) and then that water will pass to the rainwater harvesting 
pits. 

• Case B: In case of no overflowing, water can be used for domestic purposes and 
also, miscellaneous purposes like gardening, or spraying to control dust parti-
cles, after a due quality check at the various domestic fixtures. Along with water 
management, this will also improve the air quality in and around the smart home/ 
villa.
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Fig. 1 Real-time smart water management system for smart home

Checks for water quantity are done to assess the amount of water being passed 
to harvesting pits. Installation of a water quantity sensor before the sewer network 
is done to monitor the amount of wastewater generated by the smart home. Usable 
water crosses from the storage water tank for various uses like the kitchen, wash-
room, and miscellaneous purposes. Miscellaneous includes all the taps provided at 
other places in the house, excluding the kitchen and washrooms. Taps and water 
purification system of the kitchen are installed with a quality sensor. The sensor 
is further connected to a three-way ball valve which will bifurcate the water into 
two categories namely Poor quality water and better-quality water. Similar bifur-
cation will be done by the quality sensor provided at the taps and shower of the 
washroom, and taps provided for miscellaneous purposes. There are various quality 
sensors available in the market like RDO-206A Dissolved Oxygen Sensor, TOC-
300 COD Analysis, ZS-406 Online Turbidity Sensor, PHG-406 Online pH sensor, 
DDM-206A-S Online Salinity sensor, TPS-206A Online Transparency Sensor, and 
self-cleaning oil in water sensor which can be installed within the pipeline system 
[19]. The water distribution system can be automated with these sensors to prevent 
water wastage. Quality sensors test multiple water quality parameters when installed 
in the distribution system. Various parameters considered for the water quality check 
are listed below along with their respective suggested sensors in Table 1.

BOD, COD, turbidity, pH, Conductivity/Salinity, suspended solids, and oil in 
water are the quality parameters that sensors will monitor. These parameters will
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Table 1 Water quality sensors along with their parameters [19] 

S. 
no 

Parameter Sensors Description 

1 Biochemical 
Oxygen 
Demand 
(BOD) 

RDO-206A dissolved 
oxygen sensor 

Measures the amount of organic matter 
present in water in terms of oxygen 

2 Chemical 
Oxygen 
Demand 
(COD) 

TOC-300 COD analysis Measures the total organic and inorganic 
matter present in water 

3 Turbidity ZS-406 Online turbidity 
sensor 

It measures the clarity of the Water 

4 pH PHG-406 online PH sensor It tells how acidic or basic the water is 

5 Conductivity/ 
salinity 

DDM-406 online 
conductivity sensor, DDM-
206A-S online salinity 
sensor 

Measure the dissolved substances, 
chemicals, and minerals present in water 

6 Suspended 
solids 

TPS-206A Online 
Transparency Sensor 

Measures the small solid particles which 
remain in suspension in water as a colloid or 
due to the motion of the water 

7 Oil in water Self-cleaning oil in water 
sensor 

Measures Oil released from the kitchen

decide whether the water is of better quality or poor quality. The general standards 
given under the Environmental Protection Act, 1986, India, for disposal of wastewater 
in inland water surface bodies (such as rivers, lakes, and ponds) suggest BOD (3 days 
at 27 ºC) ≤ 20 mg/L (≤ 10 mg/L for the Yamuna stretch in Delhi NCR); COD ≤ 
250 mg/L; Turbidity ≤ 5 NTU; pH: 5.5–9.0; Conductivity: 456.4 to 982.7 µS/cm; 
Suspended Solids ≤ 100 mg/L; Oil in water ≤ 10 mg/L. For sewer disposal, the 
effluent should conform to these standards: BOD (3 days at 27ºC) ≤ 350 mg/L; 
Turbidity ≤ 5; pH: 5.5- 9.0; Conductivity: 456.4 to 982.7 µS/cm; Suspended Solids 
≤ 600 mg/L; and oil in water ≤ 20 mg/L [20]. The water that conforms to these 
criteria will be termed as better-quality water and will be stored for reuse, while the 
poor quality water would be passed on to the municipal sewer network. 

Better-quality water will move to the recycle tank so that it can be used for flushing. 
As specified when water is within the permissible limit then it will fall in the category 
of better quality otherwise the water will pass to the poor quality which is further 
connected to the sewer network. Figure 1 shows three types of sensors with different 
sensor icons. All quality sensors are further connected with a three-way ball valve 
which distributes the water into better and poor quality. A Three-way ball valve is 
provided with a closing, when the closing is open then it will lead to two cases:
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• Case A—Better-quality water will be passed to the recycled water tank. 
• Case B—Poor quality will be passed to the sewer network, and the sewer pipeline 

network used to collect the wastewater from human connection. 

Further, wastewater generated from the air conditioner can be collected in the 
recycled water tank and then used for gardening purposes and/or in spraying to control 
the dust. Thus, the system will provide an opportunity for the reuse of relatively 
better-quality water, while quantifying wasteful water usage, which can be used to 
motivate the users to pursue conservation efforts more seriously and sincerely. 

3 Conclusion 

Many Indian cities like Delhi, Mumbai, Lucknow, and Nagpur are facing the water 
scarcity problem due to which there is an urgent need for the management of water. 
The use of sensors to check the quality, quantity, and overflow of water not only helps 
in managing the water but also helps in minimizing water wastage. Installation of 
quantity sensors in the water distribution system will assess the quantity of water that 
can be passed to the rain harvesting pits and/or the sewer network. Quantity sensors 
will do the measurement in terms of capacity. Overflow sensors will prevent the water 
from overflowing, thus preventing the unnecessary wastage of water. Quality sensors 
will monitor the water in terms of various parameters like BOD, COD, conductivity, 
dissolved solids, oil and grease, pH, and turbidity. Bifurcating the used water into 
better and poor quality helps in reusing the better-quality water. This Real-time Smart 
Water Management (SWMS) for the smart home can be applied on a larger scale. 

Application of the proposed system to smart homes would enable the monitoring 
of overflowing and quality of water, thereby providing measures for its conserva-
tion and reuse. Moreover, it provides an awareness highlight to users about water 
management in their smart homes. 
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Abstract Extreme rainfall events and hazards may rise as a result of climate change, 
which is already known to intensify the global water cycle. Disasters like floods 
and landslides are also becoming more common in India. Located in the state of 
Kerala, the district of Malappuram is prone to both landslides and floods. People 
become vulnerable as a result of disasters because they are initially deprived of their 
support systems and have few options for recovery. Rural poor communities lose 
jobs and their income is reduced as a result of such events, limiting their capacity to 
prepare for, respond to, and recover from future floods. In order to retain livelihood 
resilience, livelihoods must respond to global and local changes. For this research 
study, 127 quantitative household surveys were carried out throughout the Chaliyar 
Panchayat of the Nilambur block in the Malappuram District. Respondents were 
categorized into different groups based on their caste category (General/OBC (Other 
Backward Classes) and SC(Scheduled Caste)/ST(Scheduled Tribes)) to compare 
their overall household livelihood resilience by index method. The results show that 
the overall livelihood resilience of general/OBC (0.619) household is higher than SC/ 
ST household (0.330). Better access to five livelihood capitals (Natural, Physical, 
Human, Financial, and Social) by General/OBC households helped them to build 
better livelihood resilience compared to SC/ST households. The study additionally 
looks at how extreme rainfall events affect people’s livelihood, including losses and 
damages. 
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1 Introduction 

Climate change has affected the social and ecological systems on the earth with 
changes in weather patterns which result in increased magnitude and number of 
extreme events like floods, drought, and cyclones [1]. This can bring a significant 
risk to the livelihood, health, and culture of communities as more frequent climatic 
disasters have a huge impact on the poor section of society who are forced to live in a 
vulnerable environment [2, 3]. [4] expressed vulnerability as “a function of exposure, 
sensitivity, and adaptive capacity” to such hazards. Therefore, the degree to which 
people are dependent on natural resources and ecosystems, as well as how sensitive 
those resources are to changing climate and how well they are able to adapt to it, 
determines how vulnerable they are to disaster [5]. 

Vulnerabilities of many communities, especially poor communities, are enhanced 
by the effects of disasters caused by extreme events [6]. Poor communities experience 
a disproportionate share of loss during a disaster since they are typically less resilient 
to loss and rarely have access to social protection or insurance [7]. Their welfare is 
negatively affected over the long term as the impacts of disasters lead to income and 
consumption shortfalls. Low-income groups always struggle for a better livelihood 
due to lack of access to resources [8]. When a disaster strikes, they are the ones 
that suffer the biggest loss of their livelihood resources, which makes it challenging 
to mitigate the effects that make many people sensitive to better livelihoods due to 
disasters [9]. 

Between 2003 and 2013, more than 1.3 billion people were affected by natural 
hazards and disasters in developing countries and caused an estimated damage of 
over US $494 billion [10]. Disasters cause loss in crop production and livestock 
and destroy agricultural assets [11]. Millions of small-scale farmers and people in 
developing countries that depend on forests are directly impacted by disasters in 
terms of their livelihood and food security [12]. Livelihood security of developing 
countries is concerned with the effort to cope with climate change at community 
level as it is always poor and marginalized communities that are susceptible to the 
negative effects of climate change due to their habitat and livelihood activities [5]. 

Resilience is the process to tackle shocks and vulnerability [13] and livelihood 
resilience is the capacity of a person or community to rebound after facing chal-
lenges with their livelihood to reduce susceptibility, recover from the past and present 
impacts of vulnerabilities, and may endure in a challenging livelihood environment 
[14]. There is a need to focus on the assessment and identification of vulnerability 
instead of only focusing on hazards or extreme events in order to promote resilience 
and adaptive capacities of communities [15]. A community’s livelihood system is 
solely dependent on the socio-ecological system, as livelihood consists of financial, 
natural, human, physical, and social capital and is dependent on the community’s 
complex system of financial, biophysical, political, and institutional conditions [14]. 

The livelihood of individuals who have few resources is impacted by natural 
disasters, and environmental conditions are responsible for impeding their support 
system [16]. Access to and control over resources are crucial factors in determining a
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household’s capacity, and that household’s vulnerability to disaster is determined by 
its ability to handle, absorb, and manage with a disaster. Due to differences in how 
different households respond to shock or stress caused on by disasters and how they 
adjust and sustain their way of life through their adaptive capacity, households with 
differential potential are relatively more often at risks and vulnerable to disasters. 
This can worsen the livelihood conditions of households with poor capacity [17]. 

Extreme rainfall events like floods and landslides are the most frequent natural 
disasters that can have an impact on livelihoods, and India has seen some of the 
most extreme rainfall events that have resulted in flooding and loss of lives [18]. 
Anthropogenic activities including deforestation, the cultivation of plants incapable 
of adding root cohesiveness to steep slopes, mining, and quarrying all contribute to the 
increasing occurrence of several forms of landslides on hill slopes in Kerala’s western 
ghats [19]. Exposure to landslide hazard and preparedness to face the hazard are 
essential to assessing the vulnerability to landslides [20]. It is very important to learn 
about such impacts on the livelihood and to understand their coping mechanism for 
effective adaptation that can build the resilience of the communities. It will help them 
to enhance the ability of the community or people to sustain livelihood opportunities 
[21]. Thus, there is a need to reduce the adverse impacts on the livelihood and to find 
proper coping mechanisms that will reduce the vulnerability. 

This research is an attempt to understand the resilience of the rural livelihood of 
households in Chaliyar Panchayat of Nilambur, Kerala, to extreme rainfall events like 
floods and landslides. The major focus of the research project is to find out changes 
in the livelihood resilience among different social groups such as General, Other 
Backward Class (OBC), and Scheduled Caste/Scheduled Tribes (SC/ST), along with 
a focus on the impacts and losses incurred by them. In this context, this study has 
put forth the following research questions: 

1. What are the differences in level of livelihood resilience between General/OBC 
and SC/ST households? 

2. What are the losses and damages that households have suffered? 

2 Study Area 

Chaliyar is a panchayat in Nilambur Taluk of the Malappuram district of Kerala, 
India. Chaliyar panchayat covers a total of 14 wards in an area of 125 km2 with 
a population of 20,834 people and 4614 households with a population density of 
166.67 people per sq.km. Nilambur taluk has a total of 6 grama panchayats. Western 
Ghats hills surround Chaliyar Panchayat on one side, and the Chaliyar River on 
the other. Chaliyar is the fourth largest river in Kerala at 169 km in length, also 
known as the Chulika River or Beypore River [22]. Malappuram is one of the four 
major districts, including Idukki, Palakkad, and Wayanad, that experienced heavy 
rainfall from August 8 to 9, 2018, and was severely affected in the form of numerous 
landslides. However, in 2019, another heavy rain resulted in catastrophic landslides 
and floods and made a devastating impact across 14 districts of Kerala. Malappuram
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Fig.1 Map of study area 

district, with the Chaliyar river region, is one of the worst hit regions in Kerala due 
to massive landslides. 

Due to its steep slopes and frequent flooding caused by the presence of the river 
Chaliyar, Nilambur Taluk is among the most vulnerable places in the region. Chaliyar 
panchayat has three villages: Akampadam, Kurumbilangode, and Pullipadam. The 
study was conducted in Akampadam and Kurumbilangode villages of Chaliyar 
Panchayat (Fig. 1). The households of these villages fall into various social cate-
gories, including general, OBC (Other Backward Class), SC (Scheduled Caste), and 
ST (Scheduled Tribe). The general and OBC respondents were located mainly along 
the Chaliyar River, whereas the SC/ST respondents were located on the hillsides. 
Most of the ST communities live in the settlement near to the forest. 

3 Methodology 

3.1 Data Collection 

The study has adopted a mixed method approach that includes both qualitative and 
quantitative methods of collecting primary as well as secondary sets. Quantitative 
data was collected to get baseline information about the village, various forms of
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losses and damage, and the impact on the livelihoods of people living in flood and 
landslide-prone areas. Secondary data was collected from the panchayat on loss 
and damage. A household survey was conducted at the village level with the help 
of panchayat officials, to select the wards and areas that were worst affected. A 
random sampling technique was adopted and the surveyed households were spread all 
throughout the panchayat, based on the extent of extreme events and damage incurred. 
127 households in the panchayat (Akampadam and Kurumbilangode villages) were 
surveyed. Households were selected with the help of local ward members so that 
the researcher would be able to survey respondents to meet the research objec-
tives. Within this sampling, variation sampling was undertaken to make sure that the 
surveyed samples include households belonging to different social categories, such 
as general/OBC/SC/ST. A structured questionnaire was used to conduct household 
surveys, and the data was analysed statistically based on their basic demographic 
details such as occupation, gender, education, income, and age. 

3.2 Livelihood Resilience Index 

A household livelihood resilience index was developed in order to compare and 
evaluate the households’ livelihood resilience, as outlined by [23]. A two-sample 
mean z-test was used to compare the differences in livelihood resilience between 
different social groups. A p value of <0.05 was used as a statistically significant cutoff 
point. Indicators of livelihood resilience were developed based on the livelihood 
capitals of the sustainable livelihood framework. Household surveys with quantitative 
questions based on the indicators presented in Table 1 were conducted with 127 
respondents. To create the composite index for each household, survey results were 
converted in such a way that answers to questions were on a scale of 0 to 1 for 
each indicator. The most desirable response was assigned as 1 and the least desirable 
response as 0. For example, a question about any household member with a salaried 
job is assigned a result of 1 if the answer is yes, and 0 for a response of no. Any 
question with more than one choice was given values within the range of 0 to 1 (for 
example, 0, 0.25, 0.5, 0.75, 1). It was assumed that a higher level of livelihood capital 
should be indicated by higher scores and thus greater livelihood resilience. The main 
reason for converting responses from 0 to 1 is that it enables us to average them all 
together and simplifies analysis. Equal weightage was given for each indicator.

The composite asset index for each livelihood asset was created by taking an 
average of the individual indicator scores for all selected households. This is done by 
calculating the average of all the results for each livelihood asset for each household. 
For instance, the total financial capital score for that a household was calculated 
by averaging all the responses to the financial capital questions for that household. 
This process is done at the household level, and now these scores are aggregated 
to represent general/OBC and SC/ST households. For each survey respondent, the 
average scores for five capitals were used to create an overall livelihood composite 
asset index. From this overall index, the livelihood resilience between general/OBC
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Table 1 Household survey livelihood resilience indicators 

Capitals Indicators 

Financial 
capital 

• Main source of fuel (Firewood, LPG, Both) 
• Own vehicle (Yes or No) 
• Own TV, radio, or smartphone (Yes or No) 
• Remittances (Yes or No) 
• Salaried job (Yes or No) 
• Own farm equipment (Yes or No) 

Human 
capital 

• Highest level of education (Below 5, 5 to 10, 10 to 12, above 12) 
• Health issues impact on capacity to practice livelihoods (Scale of no to very 
much) 

• Chronic ailments in family (Yes or No) 
• Health problem as a result of flood (Yes or No) 
• Labour availability (number of household members between 18 and 60) 
• Skilled work (Yes or No) 
• Education of head of household 

Natural 
capital 

• Size of land (in acres) 
• Own farmland (Yes or No) 
• Collect forest produce or bee hives (Yes or No) 
• Livestock (Yes or No) 
• Face soil erosion (Yes or No) 

Social 
capital 

• Participation in self-help groups (Yes or No) 
• Participation in local politics (Yes or No) 
• Family living nearby (Yes or No) 
• Seek advice from Krishi Bhavan (Yes or No) 
• Received financial help from government (Yes or No) 
• Social/Insurance schemes (Yes or No) 

Physical 
capital 

• Distance  from  market  
• Source of water (well or Springwater) 
• Distance from hospital 
• Distance from school 
• Condition of road 
• Condition of road during rainy season

and SC/ST households can be compared and analysed. The overall composite asset 
index and the composite asset index were used to compare general, OBC, and SC/ 
ST respondents. The intention of this process is to determine which groups are more 
resilient and the reason for the same (which group’s capital is higher for a particular 
group). This is done using a spider chart, which helps to compare the five capital 
assets between general/OBC and SC/ST households.
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4 Results and Discussion 

4.1 Livelihood Asset Analysis 

Financial Capital 

The livelihoods of surveyed respondents largely depend on the daily wage. Majority 
of them (around 62%) depend on wage earnings as their primary occupation. Only 
a small percentage of them are farmers, and a few of them had salaried jobs or had 
their own businesses. But all these account for only 27% of the total households. 
Disasters like floods and landslides had a significant impact on their livelihoods, 
especially on their financial capital, because these areas were completely affected 
by flooding and destroyed their properties, which affected their work and, thereby, 
their income. Most people were compelled to spend many days in shelter camps as 
a result of loss, damage, and destruction of their homes. This had a severe impact on 
their economic condition as people were unemployed for several weeks. 

Physical Capital 

Natural disasters and climate change can cause extensive damage to physical 
commodities and infrastructure, as well as a significant number of casualties. 
Compared to other communities, the physical environment surrounding ST house-
holds is relatively poor because of the remoteness of their place. ST settlements do 
not have access to proper metalled roads, and the condition of their roads is more 
worse during the monsoon season. This can have an impact on their accessibility 
to markets, schools, and hospitals. During the monsoon, the roads near the river 
flood, forcing many people to relocate to shelter camps. In a few settlements, the 
electricity connection was destroyed in the 2018 flood and landslide. Most of the 
households in ST communities did not have access to electricity and had to walk 
2–3 km to charge their phones. Villagers emphasized how severely the devastating 
landslides and floods affected physical capital, including infrastructures such as roads 
and houses. Community roads are easily affected by flooding and landslides if such 
climate risks occur. Of the total economic loss, 59.7% of the loss and damage are 
houses and related infrastructure loss (Table 3). 

Natural Capital 

Agriculture was not their primary occupation, and just eight of them are farmers; 
nonetheless, those with land holdings of more than 30 cents practiced farming for 
their household requirements. Animals pose a threat to agriculture in this area and 
many of them experience crop raiding. The main crops cultivated in these areas are 
vegetables and fruits which include bananas, pineapples, and coconuts. These crops 
are attacked and destroyed by animals such as elephants, wild boar, and monkeys. 
So, in order to prevent such a situation, people have shifted their land to rubber 
plantation. Farmers lose their crops every year due to heavy rain and high winds 
during the monsoon season. Coconut and areca nut trees have been damaged in
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recent years by certain diseases that destroy the trees and render them unproductive, 
making it difficult for farmers to improve their production. During the 2018 and 2019 
floods and landslides, many households lost farmland and crops. Some of their lands 
had become sand-filled or barren, rendering them uncultivable. People in this region 
also have extremely limited livestock holdings. They raise hens and cows for eggs 
and milk, primarily for their own consumption. Data on livestock loss can be seen 
in the section loss and damage. 

Human Capital 

Climate change may endanger health conditions. Extreme floods, for example, can 
cause epidemics in the aftermath. Extreme events can also result in the death or injury 
of humans. Access to health-care facilities is critical for those living in disaster-
prone and vulnerable areas. The health of the head of the household and any earning 
members of the household has a significant impact on the household’s livelihood. 
Because of their remote location and limited financial resources, ST communities 
have reduced access to medical care, which may jeopardize their ability to sustain 
their livelihoods. While comparing the ST households to others, we can observe the 
impact of properly metalled roads on the day-to-day life of a household. People from 
ST settlements had difficulties travelling to the hospital and schools, and transport 
services are severely constrained. Education is another crucial component influencing 
the human capital. Lower education among ST communities limits them from alter-
native jobs except for manual labour. All general/OBC households have wells for 
drinking water and domestic purpose whereas ST households depended on spring 
water and river stream for water supply. These sources of drinking water have been 
depleted throughout the summer and muddied during the winter. On the other side, 
ST communities lack decent sanitary facilities. 

Social Capital 

There are distinctions between general/OBC households and SC/ST households in 
terms of the perception of social cohesion within communities. This was because the 
ST communities live in a place that is secluded and remote from the other households. 
Moreover, the lack of a better or more convenient mode of transportation and appro-
priate roads to their places makes their accessibility to towns or cities more difficult. 
Kudumbashree’s (an initiative by State Poverty Eradication Mission (SPEM) of the 
Government of Kerala to eradicate poverty and empower women.) advocacy of self-
help groups (SHGs) was not active in these areas. However, until 2019, either region’s 
social cohesion is adequate for disaster preparedness. During flooding occurrences 
in their areas, the people hardly ever prepare to put their belongings and important 
documents in a secure place. Thus, the communities may experience a loss of liveli-
hood as a result of the lack of mutual support and disaster awareness. Based on 
the experiences of the 2018 and 2019 floods in the area, different political parties, 
NGOs, and government agencies reportedly offered support to respondents in order 
to facilitate their coping mechanisms and to make their lives amid flooding easier.
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4.2 Livelihood Resilience 

A livelihood resilience index was calculated to compare the livelihood capitals 
between SC/ST and General/OBC households. For assessing each livelihood capital, 
different indicators and factors were selected. From Table 2, we can see and compare 
each livelihood capital between General/OBC and SC/ST households. Z-tests (two 
samples for mean) found that all livelihoods were statistically different between the 
two groups. The Z-test for all five livelihood capitals showed a significant difference 
between both social groups. The resilience index for each livelihood capital was 
calculated for both general/OBC and SC/ST households. It has been observed that 
there is a significant difference between all capitals with only a very slight difference 
in natural capital (Table 2). However, the resilience index for each livelihood capital 
is explained below. 

Financial Capital 

From Table 2, it has been observed that the value for General/OBC is 0.63 and the 
value for SC/ST is 0.30. The reason for the lower value among SC/ST households 
is mostly due to their lesser asset holding. Majority of SC/ST households primarily 
depended on fuelwood as a source of energy and had no Liquified Petroleum Gas 
(LPG) connection. They rely on manual labour as a primary source of income and 
none of them had a salaried job. Also, the proportion of people who possess any kind 
of vehicle is larger in general/OBC families compared to others, while most SC/ST 
households do not own any kind of vehicle. 

Physical Capital 

A significant difference in physical capital was observed, with a value of 0.27 for 
SC/ST households and 0.76 for general/OBC households (Table 2). ST communities 
do not have access to decent roads since they dwell in hilly places where the topog-
raphy makes road construction difficult. Furthermore, due to their remoteness, these 
regions receive comparatively less development, limiting their access to government 
programmes and developmental activities. The road’s condition makes it difficult 
to commute to many locations, such as markets, schools, and hospitals. The issue 
worsens during the monsoon, when most roads become muddy and inundated.

Table 2 Livelihood 
resilience index for each 
capital asset 

Livelihood capitals General/OBC SC/ST 

Social capital 0.544 0.351 

Financial capital 0.633 0.301 

Human capital 0.608 0.455 

Natural capital 0.463 0.402 

Physical capital 0.760 0.273 

Overall 0.619 0.330
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Natural Capital 

The value of natural capital does not significantly differ between both social groups 
(Table 2). This is due to the fact that there’s not much of a difference between the 
two in terms of land holding. The ST communities had a large amount of land, which 
they also used for farming. Some ST households collect forest produce, and the 
distribution of livestock holdings is nearly identical among these households. 

Human Capital 

A significant difference in the resilience of human capital between both social groups 
can be noticed in this category (Table 2). However, there is a gap between these 
groups in their education, health, and skills. In particular, there are many uneducated 
members in SC/ST households compared to other groups. ST households also have 
very poor health conditions. The primary reason for these groups’ poor education and 
health is the remoteness of their region and lack of access to schools and hospitals. 

Social Capital 

The main indicators used to measure the social capital among the households were 
their involvement in SHGs and politics, the number of family members living nearby, 
social insurance schemes, and financial support from the government. The value of 
general/OBC is 0.54 and that of SC/ST is 0.35 (Table 2). ST communities have 
very little interaction with the outside world, and this restricts them from active 
participation in politics and weak SHG formation. 

Overall Livelihood Resilience 

An overall household livelihood resilience index was calculated for all respondents. 
A spider diagram is constructed (Fig. 2) to compare the individual livelihood capital 
between both social groups. While calculating overall livelihood resilience, weigh-
tage was given to each livelihood capital. In order to give weights to capital, key 
informants were asked to rank different livelihood capitals. Based on their response, 
50% of the weight is given to financial capital, 15% to social capital, 15% to phys-
ical capital, 10% to human capital, and 10% to natural capital. After calculating the 
livelihood resilience index value for each household, a weighted average was calcu-
lated as described above for all livelihood capitals to find the overall resilience at 
the household level. In order to compare the overall livelihood resilience between 
General/OBC and SC/ST households, an average of both groups was calculated. A 
value of 0.619 was obtained for the general/OBC household, and a value of 0.330 
was obtained for the SC/ST household.
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Fig. 2 Spider diagram 
comparing the five livelihood 
capitals between General/ 
OBC and SC/ST households 
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4.3 Loss and Damages 

The villages of Akampadam and Kurumbilangode were damaged by the floods of 
2018 and 2019. However, the floods’ effects were not evenly dispersed among the 
settlements. In 2018, ST communities were the most affected group compared to 
low-lying places along the river. This was mostly due to a number of landslides that 
happened in various regions. Riverside locations are the most impacted in 2019 due to 
river overflow induced by heavy rains and debris flow at several sites throughout the 
Nilambur taluk, notably at Kavalappara in the Pothukal panchayat. However, each 
of these catastrophes resulted in significant loss and damage across the settlements. 

Table 3 shows data from the 2018 and 2019 floods on overall agricultural losses, 
house losses, vehicle damage, medical losses, lost wages, and livestock losses. The 
total economic losses of respondents due to the flood and landslides amounted to 
Rs. 2,99,77,500 and the average economic loss to be borne by each household is 
Rs. 2,36,043.31. We can observe that the average economic loss of general/OBC 
households (Rs. 4,04,306.45) is more than the total average economic loss (Rs. 
2,36,043.31) and that of SC/ST households (Rs. 75,546.15) is lower than the total 
average economic loss (Fig. 3).

In comparison to 2018, agriculture losses are predicted to increase in 2019. This 
is because floods in 2019 impacted low-lying areas where many people practiced 
agriculture. During the 2018 and 2019 floods, we can see that floods damaged several 
houses and caused significant damage. Floods have had a significant influence on 
many people’s sources of income and livelihoods. People have been unable to work 
for several days since cleaning their homes from the mud, stones, and sand dumped 
inside took several days. For some households, it took a few months for them to
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Table 3 Total loss and 
damages incurred by 
households (in Rs) 

Types of lose Household 

Gen/OBC (n 
= 62) 

SC/ST (n = 
65) 

Total (n = 
127) 

Agriculture 23,96,500 6,35,000 30,31,500 

Vehicle 
damage 

71,88,500 33,000 72,21,500 

Medical cost 48,000 6,500 54,500 

Earnings lost 16,77,000 2,72,500 19,49,500 

House and 
other 
infrastructure 

1,35,30,000 38,40,000 1,73,70,000 

Livestock 2,27,000 1,23,500 3,50,500 

Total 
economic loss 

2,50,67,000 49,10,500 2,99,77,500
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Fig. 3 Average value of different types of loss incurred by households

return to normal. Farmers were unable to cultivate their land since all crops had been 
destroyed and the land had been deposited with mud and sand. 

Only around 30% of the total surveyed households (41 households) owned live-
stock. Most of them owned livestock for domestic use solely, not as a source of 
income. Only a very small percentage of the surveyed households relied on agricul-
ture as their primary source of income, but many of them continued to do small-scale 
farming on their land. The major agricultural products in these areas include rubber, 
pepper, bananas, coconut, Areca nuts, nutmeg, and turmeric. In comparison to 2018, 
the 2019 floods had a higher impact on agriculture in these locations. The majority 
of the land that was impacted was in low-lying areas near the river.
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5 Conclusion 

The study attempted to capture general livelihood resilience between general/OBC 
and SC/ST households to a variety of shocks, including climate change-related shocks 
including floods and landslides. General/OBC households had 29 percent higher 
average scores for all five livelihood capitals, as well as 33 percent higher scores for 
financial capital, 19 percent for social capital, 15 percent for human capital, 6 percent 
for natural capital, and 49 percent for physical capital than SC/ST households. Flood 
resistance is more likely to be found in households with more stable sources of 
income (higher livelihood capital scores) [23]. The major livelihood shocks studied 
in this study contribute to localized economic instability by reducing agricultural 
yields, disrupting people’s daily lives and livelihood activities, and affecting access 
to local markets [24]. As a result, the findings directly and implicitly explore how 
different livelihood capitals contribute to livelihood resilience in the face of economic 
uncertainty. The findings of this study emphasize the value of each livelihood capital 
during periods of economic uncertainty caused by severe events in the study area. 

A balance of these five capitals is thought to be essential for a household to 
maintain overall well-being and sustain their adaptive capacity [25]. The development 
of various types of livelihood assets can be facilitated by the accumulation of one type 
of livelihood asset. A better financial capital can reduce the vulnerability and enhance 
resilience in the time of shock [26]. Dealing with economic insecurity by a household 
depends on the balanced accumulation of their livelihood capital assets [27]. The 
findings of this study show that there is a difference in livelihood resilience between 
SC/ST and general/OBC households, as well as an increase in livelihood resilience 
among general/OBC households. There were also substantial differences between 
SC/ST and General/OBC households in terms of overall livelihood resilience. Casual 
labour was the most common source of income for SC/ST households, while some 
General/OBC households had businesses, salaried employment, and other stable 
sources of income. The availability of livelihood opportunities may differ greatly 
among various communities due to the ecological, social, and political conditions of 
each community. 

This study adds to our understanding of the impact of floods and landslides on 
household livelihood in addition to presenting empirical evidence on livelihood 
resilience. This was primarily determined by examining the losses and damages 
suffered by the households surveyed. Since some of the households affected in 2019 
were not affected in the 2018 floods, the data on loss and losses was focused on both 
2018 and 2019 flood events. Floods cause havoc on agriculture, food distribution 
networks [28], infrastructure, and employment, as well as other aspects of daily life 
[29]. Since 2018, residents have had to contend with floods and landslides in their 
daily lives. 

This study only offers a “snapshot” of livelihood resilience rather than a complex 
indicator of how resilience is evolving. The same questions about resilience measures 
would need to be asked of households twice if the goal was to determine how 
resilience has changed over time. Furthermore, the methodology used here does
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not prioritize measures of resilience. This method might not take some indicators 
into account, even though those indicators might be more crucial than others in 
developing resilience. Various surrogates could be given different weights during 
the analysis using the same techniques. It is possible to weigh various surrogates; 
however, this study will not do so. 

Another drawback is that large-scale variables such as macroeconomics, national 
politics, and international trade, which can directly impact livelihoods and their 
adaptation practices, can be challenging to integrate into resilience calculation. This 
is a criticism of sustainable livelihoods in general [30], but it also applies to the 
approaches discussed in this article. In addition, resilience measurement is frequently 
highly contextualized, which makes it difficult to incorporate into policy [31]. 

6 Future Scope of the Study 

Despite studies and theories that focus on the implication of extreme events on the 
resilience of local livelihood and their day-to-day activities, there is still a lack of 
literature on livelihood resilience mainly focusing on their five livelihood capitals. 
Most of the existing studies are on the concept of vulnerability, adaptation, and 
resilience with respect to climate change and extreme events. These studies, however, 
lack in analysing the direct implication of climate change and related extreme events 
and disasters on livelihood of local people at household level. Also, most of the studies 
are only region specific and not focusing on socioeconomic and cultural background 
of the region especially the various social groups. This study is an attempt to unravel 
the impact of extreme events on livelihood of local people and to measure their 
livelihood resilience. This study tries to address certain gaps in existing literature as 
only a few studies have been conducted at household level on livelihood resilience 
in India. 

The findings of this study are intended to be beneficial to both development organi-
zations and policymakers. These findings can be applied to development programmes 
as well as wider policies aimed at increasing livelihood resilience. A wide range 
of international development and humanitarian organizations use the concept of 
resilience. At a number of scales, resilience has also gained popularity in policy-
making. This study has the possibility to provide policy recommendations on how 
to increase livelihood resilience to losses and damage brought on by climate change. 

The research’s second future path is to broaden the scope of the analysis to include 
more locations. To further understand livelihood resilience to extreme rainfall events, 
conducting a study similar to this in a few different locations with various social, 
economic, and environmental settings would be beneficial. Many of the findings 
in this study were context-dependent, and changing the context may influence the 
main types of disturbances or their characteristics. Additionally, the capacity of 
households in diverse locations to absorb shocks and respond to disturbances may
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vary. The availability of livelihood options and a household’s capacity to withstand 
shocks may be influenced by local politics, educational options, land tenure policies, 
and climate patterns. 
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Dynamics of the Aquacultural 
Intensification in the Godavari-Krishna 
Inter Delta Region in India and Its 
Impact on Ecological Balance 

T. V. Nagaraju, T. Rambabu, Sireesha Mantena, and B. M. Sunil 

Abstract One of India’s mega deltas, the Godavari-Krishna inter delta, has abundant 
natural resources that are good for the growth of agriculture. However, regional 
limitations are also rapidly giving way to aquaculture. In the coastal districts of 
Andhra Pradesh, particularly in the West Godavari and Krishna districts, aquaculture 
is one of the land feature classes that is expanding quickly. The other land cover 
elements, including vegetation and built-up areas, will be negatively impacted by 
aquaculture’s unrestrained and indiscriminate expansion. Geographic information 
system (GIS) software was used to evaluate the dynamic changes in land use and land 
cover between 2013 and 2019. With the loss of about 650 square kilometers in both 
deltas, agricultural practices are changing to intensive aquaculture with an emphasis 
on increasing yields rather than lowering environmental quality. In the short period 
between 2013 and 2019, 16.5% of the agricultural land in the Godavari-Krishna 
delta was cleared to make way for infrastructure improvements and aquaculture. The 
essential components of the Godavari-Krishna delta aquaculture scenario are also 
highlighted in this research. The Godavari-Krishna delta is changing coastal ecology 
and is vividly depicted in this study. 
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1 Introduction 

One of the agricultural and livestock industries with the most significant growth 
rate is aquaculture, which offers a potential means of enhancing livelihoods and 
food security and generating export income in Asian nations, including China, India, 
Bangladesh, and Vietnam [1]. India is one of the leading countries in producing and 
exporting aquatic products. The West Godavari district produces the most aquacul-
ture in India and contributes considerably to export earnings [1, 2]. This area, which 
serves as the primary hub for aquaculture production in the state, makes a substantial 
contribution to the whole country’s economy and regional and global food secu-
rity. One-fourth of the state’s aquaculture production in 2018 was produced by the 
West Godavari district alone [1]. The western Godavari delta region contributes 
significantly to the state’s overall shrimp output, primarily raised in small, intense 
farming operations along significant waterways including Kolleru Lake, Yarracalava, 
Tammileru, and Ramileru. In 2019, the West Godavari district produced 11,52,201 
tons of vannamei shrimp and fish across a total farming area of about 67,518 acres. 
Additionally, the new administration wants to make shrimp aquaculture, a signif-
icant business in the Godavari-Krishna inter delta, a vital economic sector. More 
specialized inputs and economies of scale are driving the development trend toward 
growing large-scale intensification. Diseconomies of scale, however, can also happen 
if a company becomes too big to operate effectively or through overcapitalization. 
Furthermore, farmers who lack sufficient capital are unable to access sources of 
livelihood capital or lack managerial skills would be unable to take advantage of 
such productivity advances because they face difficulties accessing capital or are 
being dominated by big input suppliers. Since shrimp output depends on a stable 
environment, expanding the production size also raises the chances for adverse envi-
ronmental effects [3, 4]. Aquaculture development carries risks of adverse environ-
mental effects, such as landform change, ecological degradation, loss of habitat, and 
nutrient enrichment, which can result in significant epidemics of shrimp disease [5, 
6]. Despite the potential for high profits, employment opportunities, and increased 
exports to ensure better profits and food security, these benefits come at a cost. Rural 
households in the Godavari and Krishna delta do most small-scale shrimp farming 
[7]. 

There is already numerous research on land cover dynamics in river deltas, estu-
aries, and coastal areas utilizing remote sensing data. According to numerous studies 
of coastal areas and deltas, urban growth and human impacts caused agriculture and 
mangrove areas to shrink rapidly through time [8]. In contrast, urban surfaces, vege-
tated prawn fields, lakes, and ponds grew rapidly. Agricultural acreage declined 
dramatically in certain areas while growing in others. Because of the rapid develop-
ments in inland aquaculture cultivation, the Godavari delta in India and the Mekong 
delta in Vietnam have recently attracted the scientific community’s interest [9, 10]. 

This study’s primary objective is to list the most appealing characteristics of the 
Godavari-Krishna inter delta following the interconnection of the rivers Godavari 
and Krishna with the Pattiseema lift irrigation project. After the new state of Andhra
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Pradesh was formed in 2014, geographical and temporal patterns of land use and land 
cover were observed in the Godavari-Krishna inter delta. The research was created to 
particularly accomplish the following goals: identify and map the main land cover/ 
land use classifications in the study area; (ii) collate the geographic and temporal 
distribution of the land cover/land use developments, and (iii) determine the scope 
and purpose of these modifications that occurred over these years. These results will 
be the foundation for assessing how the region’s land use and cover have changed 
over time. In addition to providing a solid foundation for creating economic, social, 
and environmental policies to ensure sustainable development in the study region, 
this research will enhance the long-term knowledge about the causes and impacts of 
land cover/land use changes. 

2 Godavari-Krishna Inter Delta 

The study area, with a shoreline of about 88 km, Krishna District, was further sepa-
rated into Krishna and West Godavari Districts in 1925. The study region included 
the Andhra Pradesh districts along the western and eastern deltas of the Godavari and 
Krishna rivers. About 6426.78 square kilometers are occupied by the West Godavari 
and Krishna inter delta, which is located between the latitudes of 16°56'15.63'' and 
15°59'25.53'' N and the longitudes of 80°36'8.37'' and 81°52'31.35'' E. It is made up 
of 24 mandals in West Godavari and 31 mandals in Krishna District. The research 
area is situated between the Krishna and Godavari River deltas. Figure 1 displays 
the location of the present study’s map. The climate is humid and hot, with summer-
time highs of up to 42 degrees Celsius. In summer, the mean daytime temperature is 
between 35 °C and 40 °C, whereas in winter, it ranges between 25 °C and 30 °C.

The western delta region of Andhra Pradesh is referred to as the “rice bowl” of 
the state since it produced most of the state’s agricultural output overall and more 
than 50% of the export yields of rice during the early 1980s. It is one of the Andhra 
Pradesh coastal regions with the highest number of homes and agricultural fields; 
between 1970 and 1990, major natural disasters were experienced and resulted in 
severe damage. Due to its low elevation (between −1 and 5 m above sea level) and the 
significant tidal fluctuations caused by the Bay of Bengal, the Godavari and Krishna 
delta is a low-lying, flat area that is readily inundated. Since the 1990s, improvements 
in water resource management have decreased flood levels and created a favorable 
environment for aquaculture techniques. 

Before the white spot syndrome virus (WSSV) epidemic hit the aquaculture 
industry in 1994, Penaeus monodon had been raised on farms since 1990 with 
stocking numbers of 20,000 shrimp/acre. As a result, the area used for aquacul-
ture production shrunk dramatically, and the sector nearly died. With a maximum 
legal stocking density of 1 lakh shrimp/acre, the Government of India permitted the 
specialized pathogen-free Penaeus vannamei culture to restart the sector in 2009. 
Aquaculture exports from Andhra Pradesh were worth Rs. 2,100 crores in 2009–10; 
this amount rose to Rs. 14,000 crores in 2014–15. Andhra Pradesh had the most
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Fig. 1 Godavari-Krishna inter delta

outstanding production value in 2019 with 44,856 crores, of which 11,519 crores 
were attributable to exports from the Godavari delta alone [1]. With 1.323 lakh ha, 
the Godavari-Krishna inter delta is the state’s largest aquaculture production area. 

3 Methodology 

A land use and land cover categorization feature goal are to make it possible to 
arrange/group the variety of information that is readily available into a helpful frame-
work. Along with systematic inventory and mapping, land use information from
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satellites and other sources is also included. The created framework for classifying 
land use and land cover lends itself to remote sensing-based mapping. The National 
Remote Sensing (NRSC) Agency’s classification scheme is used in this study [11]. 
Level-I, Level-II, and level-II classifications of land use and land cover are described 
in the classification. Level-II provides a semi-detailed breakdown of information 
for the catch-wide class, whereas Level-l provides a broad categorization of several 
land use classes. Some Level-I classes still have a more acceptable level separation 
of units in the third-level groups. We fulfill the minimal data requirements for the 
1:20,000 scale mapping. Visual interpretation techniques have been used to map the 
study area’s land use and cover. Visual interpretation techniques have been used to 
map the study area’s land use and cover. Using satellite data from the Kharif and Rabi 
seasons, the land use/land cover features have been identified and mapped based on 
image attributes. Additionally, various reports and maps pertaining to land use and 
land cover were used in creating the land use and land cover maps. Field observations 
about cropping patterns, changes in land use and land cover, and sample images are 
also acquired in order to physically verify the doubtful areas or hotspots caused by 
similar spectral responses and spectral fingerprints. 

4 Land Use and Land Cover Results 

4.1 Land Use and Land Cover Classification and Detection 

In 2014, before and after state bifurcation, Figs. 2 and 3 display the surface distri-
bution (in km2) and evolution of the fraction of each land cover/land use class. Over 
the past 50 years, cultivated lands have remained the dominant land cover in the 
area. In the research area, aquaculture ponds made up the second-highest land cover. 
Trends can be seen in the land cover classes changing the most between 2013 and 
2019, mainly cropland and aquaculture ponds. Due to the active involvement of the 
Patiseema lift irrigation project connecting the rivers Godavari and Krishna, bare 
lands have significantly diminished in recent years. Throughout the study period, 
built-up areas and aquaculture ponds developed dramatically and steadily. In the 
inter delta region, agricultural lands altered during all the studied years, primarily 
due to the increase of aquaculture ponds. During the study period, it was particu-
larly evident in the east and west catchments of the Upputeru and Undi canals that 
agricultural lands were being drastically converted into aquaculture grounds.

Table 1 displays the specific dynamics of the changing land use and covers the 
research area. The table displays the conversion of one class to another because of 
the cross-tabulation matrix of the land cover/land use change. For instance, while 
considering the entire study period of 2013–2019, the agricultural land covering area 
varied from 4601.74 km2 in 2013 to 3948.77 km2 in 2019, when it eventually began 
to decline. Figure 4 makes it easy to see how agriculture is dynamic. Aquaculture 
is the most prevalent land use class in the region after agriculture. Aquaculture is
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Fig. 2 Land use and land cover in 2013

not very advanced in the research region. Most of the area’s significant drainage 
systems are covered by it. Figure 4 displays the variances in the aquaculture land 
coverage area. Initially covering 1279.18 km2 in 2013, the aquaculture coverage area 
continued to grow till it ultimately covered 1892.80 km2 by the end of 2019.

4.2 Potential Drivers of Aquaculture Land Cover 
in the Godavari-Krishna Inter Delta 

The study region’s principal water resources are the Godavari River, Krishna River, 
Kolleru Lake, Upputeru River, Yanamaduru Drain, and Gogilleru Creek (see Fig. 5). 
One of the most significant fresh waters in the country is Kolleru Lake, which is 
situated between the Krishna and Godavari Rivers deltas. The two most significant 
streams that flow into the lake are Guvaleru and Tammileru. In addition, irriga-
tion channels and drains feed the lake. The river Upputeru is the lake’s only exit. 
The remote sensing-based analysis shows that aquaculture pond development and 
converting productive agricultural land to aquaculture disturb Kolleru Lake and its 
surroundings.
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Fig. 3 Land use and land cover in 2019

Table 1 Land use and land cover classes in the study area 

Class Area (km2) in the year 

2013 2015 2016 2018 2019 

Aquaculture 1279.18 1325.65 1432.75 1797.09 1892.80 

Built-up area 293.86 311.61 347.04 395.09 396.18 

Agriculture 4601.74 4539.57 4424.69 4042.26 3948.77 

Others 251.99 249.95 222.30 192.34 189.04 

Total 6426.77 6426.78 6426.77 6426.77 6426.78

The favorable government policies, the salt encroachment issue, and the commer-
cial dimension are the leading causes of this transformation. The presence of a 
higher concentration of saline waters in the study area is due to the plain, low-
lying area’s extensive network of rivers and canals, the Bay of Bengal’s strong tides, 
the pumping of saline waters from deep aquifers for shrimp culture, and the rising 
sea levels. Additionally, paddy farming revenue 14 times less per crop than shrimp 
culture (four months). Moreover, in the current intensive inland aquaculture context, 
engineered aquaculture components are crucial to reducing pollution load. Rich in
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Fig. 4 Land use and land cover trend of agriculture and aquaculture

Fig. 5 Water resource map of Godavari-Krishna delta

nutrients, treated effluent can be used to crops as fertilizer and promote sustainable 
environment and energy nexus. 

The Godavari-Krishna inter delta has suffered significant harm due to climate 
change, environmental degradation, economic growth, and rapid population growth. 
The implications on biodiversity and ecological changes include rising sea levels,
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severe storms, and typhoons, flooding during the wet seasons, salinity intrusion 
during the dry seasons, a lack of fresh water for home and agricultural use, an alkaline 
environment, and contaminated water. The dynamics of intensive aquaculture have 
been noticed and analyzed in this research study and are presumed to be a result of 
all the variables. 

5 Conclusions 

This study aims to fill a critical gap to assess the dynamics of LULC in South 
Asia’s massive Godavari-Krishna inter delta. Findings from the current study showed 
that between 2013 and 2019, Andhra Pradesh’s inter delta experienced significant 
land changes. In comparison to the Krishna delta, the Godavari delta has seen more 
haphazard growth in human settlements, increasing by 100 km2 between 2013 and 
2019. It may result in the depletion of natural resources and lower-than-average living 
standards. 

The significant growth of intensive aquaculture ponds, particularly along the 
catchments of Kolleru Lake, Upputeru River, Yanamaduru Drain, and Gogilleru 
Creek, is most noteworthy. The aquaculture area exhibits tremendous expansion, 
with 32.4% from 2013 to 2019. The unique expansion of aquaculture can be seen in 
lake Kolleru’s periphery and in the fertile deltaic soils that support prawn farming. In 
addition to the salinization of soils, this causes a considerable loss of water quality 
in the deltaic environment. It might affect soil production and result in food-based 
drought situations. 
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A Comparative Assessment of the Water 
Footprint of Agricultural, Industrial 
and Domestic Practices in India 

Deepali Goyal, A. K. Haritash, and S. K. Singh 

Abstract Water footprint assessment is done to quantify direct and indirect water 
consumption by categorizing it into blue, green and grey categories. The present 
study has analysed water footprint of India in contrast to global consumption using 
the national water footprint data as available online on WaterStat. For the years 1996 
to 2005, India has the 2nd largest water footprint value of 1182 Gm3/year and 1144 
Gm3/year for both production and consumption, respectively. This value accounts 
for 13% and 13.4% of global total. In terms of blue water footprint, India has the 
largest share of 243 Gm3/year, which is 24% of global aggregate blue WF of national 
production. India too has a very small external water footprint of consumption, i.e., 
2.5% of its total value. High footprint values can be attributed to the high population 
of the country and partly to the consumption patterns and the inefficient production 
processes. 

Keywords Water footprint · National consumption · Virtual water flow 

1 Introduction 

In the world of increasing water demands where it has become difficult to constrain 
different drivers of change such as economic growth, population growth, techno-
logical development, changing consumption pattern and production/trade pattern, 
the inevitable consequence of degrading water supplies and increasing scarcity has 
become more explicit [1]. To understand the linkages between the growing pressure 
on the limited world water resources and human consumption, researchers worldwide 
are making use of water footprint (WF) assessment. This method was introduced by 
Hoekstra [2], in 2002, to provide a structured way of measuring water use throughout 
the regional scale. Water footprint assessment refers to the quantification of direct and
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indirect water consumption volumes by source (blue, green) and by type of pollution 
(grey) of a process, product, producer, consumer, or a specific geographic area [3]. It 
consists of three components—blue, green and grey water footprint. The blue water 
footprint refers to the consumption of surface and groundwater resources whereas 
the green water footprint in turn refers to the consumption of rainwater when it is 
stored as soil moisture, i.e., before it contributes to runoff and groundwater recharge. 
However, unlike blue and green water footprint, grey water footprint is not actually 
consumed during the production or supply process. It represents the amount of water 
that is required to dilute the pollution caused by different processes by taking into 
account the existing ambient water quality standards and natural concentrations of 
the substance under consideration [4, 5]. It, therefore, represents a probable use. 

Internal or International trade acts as a mechanism of water redistribution through 
the transfer of commodities across different regions. Water footprint analysis can be 
used to study the water footprint of the existing trade patterns and suggest a strategic 
solution to alleviate regional water deficits. This is because this method can help us 
realize water savings through virtual water import to meet increasing water demands 
[1, 3, 5, 6]. Studies at the global level have suggested that if products were produced 
in regions with low water footprint and exported to places where they would be 
otherwise produced with high water footprint, an absolute advantage in water savings 
can be realized [3, 5, 6]. 

India like other countries is facing a hovering situation of severe water scarcity. A 
study by Hoekstra et al. [7], that analysed 405 river basins for global water scarcity 
for the period 1996–2005, pointed out that in India, the states of Punjab, Rajasthan 
and Haryana, each of which lies completely or partially in the Indus River Basin, 
face acute water scarcity for eight months yearly. Also, the Pennar River basin in 
southern India, a catchment with a population of 10.9 million people faces nine 
months of severe water scarcity. Therefore, it has become extremely important to look 
for alternative options to sustain the potable water supply and food self-sufficiency 
goals of the national government by understanding the present water consumption 
and pollution patterns. 

Recently, many attempts have been made to assess the global water footprint 
for consumption and production in agriculture, industry and domestic water use. 
Likewise, this study also aims to understand the water footprint of India in comparison 
to global consumption using the National water footprint data as available online on 
WaterStat [8]. This will help us to understand the variations of water availability, 
consumptive uses and distribution of scarcity so that the results can form a basis for 
integrated water resources management at the national level. Such an attempt will 
ensure that the regional differences find adequate representations in the aggregate 
national water management plan.
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2 Materials and Method 

The online source for national water footprint data has been used to estimate the 
national water footprint of production (National WFprod) for agricultural, industrial 
and domestic sectors by summing up the volume of freshwater consumed and polluted 
from different economic activities happening within the nation. The footprint asso-
ciated with the products that will be exported is also included in this assessment. 
Also, the data has been used to estimate the water footprint of national consumption 
(National WFcons) in which the water footprint of the exported product (known as 
direct component) has been removed from the previous estimate and the water foot-
print associated with goods and services produced in other nations but imported to the 
country under consideration for local consumption has been added (known as indi-
rect component) (Eq. 1). Different sources of online database include estimates from 
Mekonnen and Hoekstra [8–11], AQUASTAT database [12], EUROSTAT (2011) 
[13] and SITA database [14]. 

National WFproduction − WFExport + WFImport consumed = National WFconsumption (1) 

The indirect component in the above equation is also called as the external water 
footprint of an area. 

3 Results and Discussion 

3.1 Water Footprint of Production (WFprod) 

For the years 1996 to 2005, India has the 2nd largest value of the water footprint of 
production globally, i.e., 1182 Gm3/year. This alone accounts for 13% of global total 
of water footprint of production. China is the topmost consumer of national WFprod 
with the value of 1207 Gm3/year, which accounts for 13.3% of global WFprod value. 
The difference in the WFprod for both the countries is just 25 Gm3/year. Globally, US 
is placed at 3rd position after China and India with national WFprod of 1053 Gm3/year. 
Agricultural production tends to take maximum share in total WFprod globally (92% 
of the total value) and also individually for each country. For India, the percentage 
share of agriculture to total WFprod lies very close to the global percentage share, i.e., 
92.5%. However, this value is 13% of global WFprod value of agriculture. Highest 
share of global WF related to industrial production lies with China at 22%, whereas 
India’s share is 8.8% of the global value. The total WFprod value for India is 1182 
Gm3/year, out of which 64% is green WF, 21% is blue and 15% grey. Details of 
India’s water footprint for production have been summarized in Table 1.

In terms of blue WFprod, India has the largest share of WF within its territory 
across the globe, i.e., 243 Gm3/year, which is 24% of the total global blue WFprod.
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Table 1 India’s water footprint of national production (Mm3/year)* 

Water footprint 
(Mm3/year) 

Crop 
production 

Grazing Animal water 
supply 

Industrial 
production 

Domestic 
water supply 

Green 716,004.28 42,644.30 – – – 

Blue 231,428.05 – 4706.72 1760.50 5224.00 

Grey 99,429.22 – – 33,449.50 47,016.00 

* Source of data [8]

As per the analysis, irrigation of wheat, rice and sugarcane takes approximately 73% 
of India’s blue WFprod. 

3.2 Water Footprint of Consumption (WFcons) 

For the years 1996–2005, the global water footprint of consumption (WFcons) is 8525 
Gm3/year. Similar to the value of WFprod, India has 2nd largest value of WFcons, i.e., 
1144 Gm3/year, which accounts for 13.4% of Global WFcons value. In India, the 
green WF accounts for 65% of the total WFcons value, blue WF accounts for 20.1% 
and Grey WF accounts for 14.9% of the total share. Also, India accounts for 12% 
of global green WFcons, 24.4% of the global blue WFcons (highest among all the 
countries) and 12.7% of the global grey WFcons. Out of India’s total WFcons, 93.1% 
of the WFcons is contributed by agricultural products (this value is 13.6% of the total 
share of agricultural products in global WFcons), 2.3% by industrial products and 
4.6% by domestic water. Details of India’s water footprint for consumption have 
been summarized in Table 2 and Fig. 1. 

Since calculations of water footprint are based on consumption patterns of popu-
lations, therefore, nations with large population tend to have large water footprint. 
When we look at the per capita consumption patterns of water footprint, then the 
global average value is 1,385 m3/year/capita for the years 1996–2005. The highest 
per capita consumption has been observed in Mongolia (3775 m3/year/capita), Niger 
(3519 m3/year/capita) and Bolivia (3468 m3/year/capita). It is interesting to note that 
India is at 150th place globally with 1089 m3/year/capita consumption which is less

Table 2 India’s water footprint of national consumption (Mm3/year)* 

Water footprint (Mm3/year) Agriculture Industry Domestic 

Internal External Internal External 

Green 720,644.0 23,546.0 – – – 

Blue 221,346.8 2179.1 1261.9 98.5 5224.0 

Grey 96,332.9 1885.5 23,850.5 1219.8 47,016.0 

* Source of data [8]
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Fig. 1 India’s water footprint of national consumption (Mm3/year) (Source of data [8])

than the global average. Also, the WFcons is high in countries like Mongolia, Bolivia 
and Niger because of high meat consumption and high WF associated with its produc-
tion processes. The global average blue WF of consumption is 153 m3/year/capita, 
which is 11% of the total per capita WF. The gap in blue WF per capita between 
countries is immense with Turkmenistan having the largest blue WF of all countries, 
i.e., 740 m3/year/capita on average, Saudi Arabia (447 m3/year/capita) and India 
having 218.9 m3/year/capita. 

3.3 External Water Dependency of Countries 

In agricultural domain, almost 19% of the entire WFprod is linked to the agricultural 
production that is used for export; whereas in the industrial sector, this value is 
41%. The reliance of countries on external water footprint varies from country to 
country. Globally, external water footprints of different countries add upto 22% of the 
aggregate global water footprint of consumption. Some European countries, such as 
the United Kingdom, Italy, Netherlands and Germany, have external WFs as high as 
60–95% of their total WFcons, whereas some countries, like Sudan (3.9), Niger (2.5), 
DR Congo (2.9), Chad (0.8) and Ethiopia (2.3), have very insignificant external WFs, 
less than 4% of their total WFcons. India too has a very small external WFcons, i.e., 
2.5% of its total WFcons. Countries like Cyprus (71%), Israel (82%), Yemen (76%), 
UAE (76%) and Lebanon (73%) have large external WF mostly due to scarcity of 
their domestic water resources. However, there are some exceptions; many European 
countries that have the scope of expanding agriculture and reducing imports also tend 
to depend upon freshwater resources from other countries.
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4 Conclusion and Recommendations 

Agriculture sector has been analysed to share the maximum contribution, i.e., 
almost 92% to the global total WFprod for the years 1996–2005. Green water foot-
print in general accounts for nearly 80% of this total contribution and has been 
recorded higher than blue water footprint even in irrigated agricultural areas. There-
fore, to improve the water use efficiency, researchers have suggested to increase 
water productivity and consequently food production in rain-fed agriculture. Such a 
solution will therefore not require additional blue water resources. 

Also, India has a very high share of global WFs both for production and consump-
tion estimates. This can be partly attributed to the high population of the country and 
partly to the consumption patterns and the inefficient production processes. Hence, 
the information provided by the study can help governments to endeavour in the 
direction of sustainable water use by improving production schemes (to improve 
water use efficiency) as well as consumption schemes (to improve consumption 
patterns) so that the water footprint-intensive products are replaced by new products 
that use less water in their manufacturing and local use. It can also be used to design 
a strategy considering different aspects of water conservation, by incorporating the 
blue, green and grey water footprint values and their regional variations to increase 
water productivity in various sectors and to reduce environmental impacts. 
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Assessment of Nitrate Fluxes in Intensive 
Aquaculture Region in Godavari Delta 
Using Spatial Interpolation Kriging 
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Abstract In areas with a high concentration of intense aquaculture, nitrate pollu-
tion and nutrient enrichment are growing concerns. With predicted future climate 
changes, these problems are expected to intensify for aquifers and surface waters. 
The possibility exists to reduce some of these worries through land management and 
utilization modifications. However, there is much ambiguity surrounding how these 
alterations will relate. This article uses conventional kriging and empirical Bayesian 
kriging (EBK) to estimate nitrate levels in India’s intensive aquaculture zone, the 
Godavari delta. The stable, exponential, rational quadratic, and Gaussian models 
were used to fit experimental variograms using weighted least squares. The number 
of neighbors that generated the best cross-validation outcome has been further inves-
tigated for the model with the shortest residual sum of the squares. Kriging’s statis-
tical approaches provided the best root mean square error (RMSE) values overall. No 
additional summary statistics shed any light on the regression method’s selection or 
settings. After thorough testing, we concluded that many parameters might be better 
detected using cross-validation. 
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1 Introduction 

Aquaculture business growth is constrained by a lack of resources, including land, 
water, and fishmeal, and other reasons, including environmental contamination. All 
elements employed in the process but left in the system after harvesting are considered 
aquaculture wastes [1]. Unused feed, excrement, chemicals, and pharmaceuticals are 
the main waste products from aquaculture systems. Waste can also include escaping 
fish, diseases, and dead shrimp with changed shells. Feed-derived waste, including 
unconsumed food, undigested nutrient residues, and incontinence products, is the 
principal source of potentially harmful waste that is either released in canals or made 
accessible for reuse inside the pond [1, 2]. The nutrients with phosphorus and nitrogen 
bases are primary suspended particles dissolved in the feed-derived wastes [3]. 

The efficiency of nitrogen in shrimp assimilation has significant effects on the 
yield of inland shrimp farming as well as the quality of the water. On average, results 
from the cultivation of the P. vannamei shrimp variety range by roughly 25%: Meal 
and soybean meal are the most expensive ingredients in formulated feeds, and an 
increase in the efficiency of nitrogen digestion and use will therefore enhance the 
shrimp production. The target organism recovers 11 to 36% of the nitrogen provided 
as feed or other nutrient input [4]. The inherent efficiency of nutrient use by shrimp 
suggests that the ability of aquaculture ponds to assimilate nitrogenous effluent may 
be a limiting factor for nitrogen loading, which could negatively affect water quality 
and shrimp growth. In aquaculture ponds, dissolved inorganic nitrogen buildup is 
the factor most likely to restrict the feeding rate after dissolved oxygen. Protein 
catabolism results in the excretion of ammonia, which can be hazardous if left to 
build up. Hyperactivity, convulsions, loss of equilibrium, lethargy, and coma are 
symptoms of ammonia intoxication. However, rather than manifesting as acute toxi-
city that causes mortality, ammonia toxicity in aquaculture ponds is most likely 
represented as the sublethal inhibition of shrimp growth or immunocompetence. 
The pH, temperature, alkalinity, and total ammonia concentration measured at the 
shrimp shell affect how hazardous unionized ammonia [5]. At high pH and temper-
ature, ammonia is more toxic to shrimp, which causes the ionization equilibrium 
to change in favor of the poisonous, unionized gaseous form. In the late afternoon, 
low alkalinity ponds that are poorly buffered are more likely to have high pH and 
unionized ammonia. Ammonia excretion makes a sizable contribution to the nitrate 
flux in aquaculture ponds [6]. 

Along with senescent phytoplankton and other small amounts of organic mate-
rials, shrimp emits solid fecal wastes that settle into the sediment. Another poten-
tially harmful nitrogenous molecule that could build up in shrimp culture ponds is 
nitrite. During nitrification and denitrification, nitrite is emitted as a byproduct. The 
competitive binding of nitrite to hemoglobin, which results in methemoglobin, which 
is incapable of carrying oxygen, is how nitrite poisoning is manifested [7]. Ponds 
whose primary productivity depends on the growth of autotrophic food webs may 
reduce fish production due to nitrogen. Receiving waters may become less clean due 
to nitrogen in fishpond effluents. Large amounts of nutrients may be released into the



Assessment of Nitrate Fluxes in Intensive Aquaculture Region … 175

environment because of the inherent efficiency of nutrient use [8]. The effluent from 
freshwater fish and prawn ponds and marine fish and shrimp ponds has higher total 
nitrogen and ammonia concentrations than influent water concentrations, whereas 
nitrate levels have decreased. Most of the nitrogen released by fishponds is linked to 
detrital and algal biomass. In general, ponds discharge less nitrogen into the envi-
ronment than do raceways and cages. The water exchange rate affects the nitrogen 
outflow from shrimp ponds, which is variable [9]. 

This paper assesses the concentration of nitrates coming from inland aquaculture 
ponds and their potential for spreading. In this case, geostatistical methods were used 
to examine the spatial variability of groundwater nitrates. The spatial distribution of 
nitrates in the research area was mapped using kriging. 

2 Methodology 

2.1 Study Area 

The Godavari delta region is located between the latitudes of 16° 71' 07'' and 
16° 98' 91'' and the longitudes of 81° 38' 32'' to 82° 24' 75''. The central delta, the 
Bay of Bengal, the Godavari River, and the Upputeru River encircle this area from 
the north, south, east, and west [10]. Rainfall for ten years is 785.6 mm. From north 
to south, the elevation rises steadily; in the research region, the average elevation 
difference is between 0.5 and 1 m. 

After state bifurcation in recent years, the government’s policies in the aquaculture 
sector have emphasized the vast scale. Large farming subsidies are given to this 
industry each year. The fast spread of aquaculture is evident by the increased emphasis 
on power subsidies for aeration systems. According to the land use and land cover, 
aquaculture ponds and agricultural lands predominate in the studied region (Fig. 1).

2.2 Geostatistical Analysis 

To create forecast models of the nitrate levels in the intensive aquaculture zone, 
kriging and co-kriging analyses were used. A consistent range of values can be 
forecasted between the known locations using the geostatistical approach known 
as kriging. It is employed to estimate the unknown surface from a dispersed set 
of existing points. Kriging weights are controlled using the variogram model. The 
mathematical definition of a variogram is a statistic of semi-variance as a distance 
variable. 

Z(n) = 0.5N(d) ∗
∑[

m(yj) − m(yj − d)
]2 

(1)
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Fig. 1 Godavari delta region

where m(yj) is the measured sample at point yj, m(yj + d) is the measured sample at 
point (yj+ d), and (d) is the semi-variance. N(d) is the number of pairings separated by 
distance or lag d. By applying a mathematical model to the observed measurements, 
the spatial organization of the data is established. The input data for kriging are also 
provided by the mathematical models, together with details on the architecture of the 
spatial heterogeneity. The explanatory factors matched the framework, demonstrating 
that these parameters had a linear association in their helpful ranges [11]. In order to 
predict the observational variogram of data points, linear, spherical, Gaussian, and 
exponential models were applied. 

The ordinary kriging method uses spatially varying variance to achieve the most 
accurate linear reliable estimates and is a widely used geostatistical interpolation 
technique. 

The multidimensional version of kriging, which includes additional factors, is 
the co-kriging estimator. It is a highly dynamic interpolation method that employs 
numerous datasets and enables users to explore maps of correlations. 

In order to account for semi-variogram prediction variability, EBK offers a range 
of semi-variogram models. Due to its reliance on constrained, probabilistic estimates, 
the EBK is more accurate and preferable to other geospatial modeling techniques. 
This is different from other kriging approaches that are currently in use, which 
depend on weighted regression prediction. Compared to other traditional kriging 
approaches, EBK has numerous advantages, including a reduced need for dynamic 
modeling, more precise conventional error and projection predictions for standard 
datasets, and an accurate forecast of significantly non-static information.
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3 Results and Discussion 

3.1 Nitrate Fluxes in Godavari Delta Region 

A cross-sectional investigation was carried out to track the nitrate content in the 
study area chosen at random groundwater during the pre-monsoon. Groundwater 
samples were collected at different locations in the study area, and samples were 
moved to a research facility in a temperature-controlled environment. A nitrate 
evaluation was carried out as quickly as feasible using the established techniques. 
Table 1 displays the findings of nitrate concentration in various aquaculture inten-
sities in the research area. The findings demonstrated a significant difference in 
the average nitrate concentration across the study area, in which intensive aqua-
culture zones had the highest observed nitrate amounts. Additionally, the measured 
nitrates in 33%, 46%, and 21% of samples are from the aquaculture’s intensive, 
semi-intensive, and traditional zones, respectively. Research has indicated that 
using intensive feed and chemicals is the primary cause of nitrate pollution (see 
Fig. 2). Overusing nitrogen shrimp feed promotes groundwater pollution while also 
spreading it geographically. In the same study area, previous research work classi-
fied the delta region into three zones such as intensive, semi-intensive, and traditional 
based on the intensity of the aquaculture [10]. 

The nitrate content in groundwater can be influenced by point and non-point 
sources, including leaching agrochemicals in aquaculture use and leaching through 
sewage discharges in residential use.

Table 1 Statistics of the nitrates (ppm) in different zones 

Zones Minimum Maximum Average Standard deviation 

Intensive 54 98 66 11.92 

Semi-intensive 27 42 35 4.68 

Traditional 6 24 12 5.63 

Fig. 2 Formation of nitrates in aquaculture ponds 
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3.2 Geospatial Analysis of Nitrates 

Assessment of nitrates throughout intensive aquaculture practice zone has received 
little attention recently in an exploratory study. At the same time, many elements of 
the issue were explored extensively in ongoing information. Instead, there was not 
too much focus on the spatial variability approaches to assess nitrates flux. 

The nitrates using spatial interpolations were assessed using kriging in the ArcGIS 
Pro software’s environmental tool. The difference in the measured and predicted data 
is used to evaluate the projected nitrates in the study area. 

Figure 3 displays the interpolation-based prediction maps for nitrates. The models 
were only assessed once and used uniformly throughout each validation set to eval-
uate the potential and compare the estimation methods. The kriging tool supports 
many stable, exponential, rational quadratic, and Gaussian models to produce 
optimum interpolations. The training dataset, which comprised 70% of the data, 
was chosen randomly, and the test semi-variogram variables and classifiers were 
derived from the observed data. The semi-variograms Gaussian and rational quadratic 
models were chosen, which best resembled the observed semi-variogram in each 
example (Fig. 4). In every instance, nugget/sill ratios showing less than 25% imply 
that the models perform better. The measured and predicted values plot of kriging 
interpolation for nitrates are shown in Fig. 5. 

Fig. 3 Spatial variability of nitrates
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Fig. 4 Semi-variograms of nitrate model

4 Conclusions 

One of the main issues with intensive aquaculture ponds is nitrates, which puts 
environmental pressure on the subsoil and groundwater. Ponds used for aquaculture 
are typically considered a non-point source of pollution, making it difficult to pinpoint 
the exact polluter. As a result, indicators that indicate the linear relation between 
contamination and aquaculture operation in the context of site features are required 
to enable efficient policy regulation.
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Fig. 5 Measured and predicted nitrates of the study area using kriging

This research work presents a method for identifying groundwater contamination 
assessment. The suggested method evaluates the effectiveness of the nitrate predic-
tion based on the samples taken from the wells. Using indicator kriging to predict 
the odds of nitrate concentration and vulnerability and risk assessment is a potent 
and trustworthy way of determining the nitrates flux in the Godavari delta region. 

The interpolated nitrate maps using kriging demonstrate the good performance of 
the approach and the established association between the predicted data and actual 
data. The validation findings reveal the constructed model and geostatistical metrics 
such as the nugget, standard error prediction, and range values to have the best fits 
with more significant coefficients of R2 (0.935). 

The suggested method could be used in subsequent research to evaluate and adapt 
the monitoring wells depending on the kinds of contaminants in the groundwater. 
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Climate and Water-Related Disasters 
and Eco-DRR (Disaster Risk Reduction) 
Sensitivity in Island Nations: Overview 
Analysis 

Padmi Ranasinghe, Nidhi Nagabhatla, and Kelly Vrijens 

Abstract Atmospheric, geological, or hydrologic natural hazards occur at a variety 
of scales, from local to regional levels. These hazards lead to disasters when combined 
with vulnerability conditions and inadequate measures to mitigate the consequences. 
Disaster risk reduction (DRR) is a proactive approach aimed at reducing disaster risks 
by systematically analyzing the multiple factors that contribute to disasters. Inte-
grated DRR involves building resilience in communities by (a) enhancing capacity 
building and knowledge sharing; (b) implementing mechanisms like early warning 
systems or solutions that can support the prevention of loss of lives and assets; 
(c) offering policy advice at the intersection of natural and social sciences, other 
areas (culture, education, communication, etc.); (d) boosting collaboration with key 
actors, including governments from national, state, and local level, civil societies, 
academia, and international organizations. An ecosystem-based approach to disaster 
reduction (Eco-DRR) has gained much attention around the world. The vulnerability 
of small island nations to natural hazards is high, and the consequences of disas-
ters are devastating. Due to geographic location and limited resources, islands are 
highly susceptible to natural hazards such as hurricanes, water scarcity, earthquakes, 
tsunamis, and volcanic eruptions. The impact of these disasters can be long-lasting 
and far-reaching. In this synthesis, to highlight integrating ECO-DRR contributes
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significantly to reducing disaster risks. Effective ECO-DRR remains crucial for island 
communities to build resilience and prepare for the potential consequences of disaster 
impacts. In addition, stakeholders in these nations require systematic efforts to assess 
and manage direct and indirect factors that exacerbate the effects of disasters, such 
as resilient infrastructure in the water sector and other sectors. 

Keywords Eco-DRR · Risk governance · NBS · Hazards · Island nations 

1 Introduction 

Increasing global temperature due to anthropogenic activities is a global problem 
affecting people, communities, ecosystems, economic, and social engines. It 
contributes to a high frequency of disasters from natural hazards, 3 times more likely 
than 5 decades ago because of climate change [57] and estimated that more than 50 
million people were affected by water and climate-related incidents while fighting 
COVID-19 in 2020, including intense floods, heatwaves, hurricanes/typhoons, land-
slides, and sea-level rise [57]. In the context of climate-induced disasters, a disaster 
is defined as “serious disruptions to the community or society at any scale due to 
hazardous events interacting with conditions of exposure, vulnerability, and capacity, 
leading to human, material, economic, and environmental losses adversely affecting 
people’s health, safety, and access to food and water” (UNDRR 2022, [44, 46]). The 
World Economic Forum’s Global Risk Perception Survey 2022 states that climate 
change, extreme weather, and biodiversity loss pose the greatest risks to social cohe-
sion and economic divergence within the next decade. It is also estimated that the risk 
of extreme weather will increase by 42.2%in the next five to ten years. While the Paris 
Climate Agreement 2016 establishes 1.5°C as the goal for the world, many argue that 
more needs to be done to achieve that goal to cope with increasing climate- and water-
related risks to countries and communities in coming years [50]. The Sixth Assess-
ment Report of the Intergovernmental Panel on Climate Change (IPCC),describes 
these extreme climate events as the result of human activities that cause a succes-
sive warming world leading to water-related extremes worldwide. Hurricanes or 
typhoons are the most devastating disasters yet, causing extensive property damage 
and injuring many people due to flooding, storm surges, and wind ( WHO 2019). 
The major crisis the water sector is experiencing is clearly related to climate change 
and hydrological cycle alteration. 

The COVID-19 pandemic-related economic obstacles and social divisions, as 
well as geopolitical tensions continue to hamper climate change mitigation efforts. 
Despite this, the growing concern about climate action failure has resulted in a 
lack of confidence in the world’s ability to effectively tackle the issue. Extreme 
weather events created catastrophic events worldwide, including the European floods 
in July 2021. Overall, these events affected at least 140 million people and caused 
over 17,000 fatalities and billions in economic damages [61]. The trend continued 
in 2022, with severe weather and climate disasters affecting millions and causing
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billions in losses globally, from extreme floods to heat waves and droughts. One 
such devastating event was the floods in Pakistan [51]. The simultaneous impacts 
of these climate extremes and the COVID-19 crisis created significant impact on 
livelihoods, critical infrastructures, psychology, health, and the economy and among 
the most vulnerable groups to climate change are those who are living in poverty 
[21]. 

Developing countries and small islands are facing multiple challenges, such as 
high frequency and severity of natural disasters, as well as the impacts of climate 
change, becoming more acute. Especially in these nations, extreme weather events 
create have devastating effects on their infrastructure, economies, and communities. 
Increasing numbers of these disasters also make these island nations more vulner-
able to future shocks by exceeding the global average, making them more vulnerable 
to further disasters [18]. In spite of an increasing population rate, one-quarter of 
the population lives below the poverty line. Therefore, governments must priori-
tize people who live in vulnerable settings as well as ensure effective disaster risk 
management in order to prevent major problems with water supply and sanitation 
(ADB 2021, UNDRR 2023). 

Healthy ecosystems have a significant role to play in strengthening community 
resilience, and that is something that cannot be ignored. Taking a holistic, integrated 
approach to risk management is crucial to ensure taking into consideration and eval-
uating the numerous effects of climate change on the communities, regardless of 
whether they are affluent or not. This approach must consider the significant chal-
lenges that natural environmental hazards, in conjunction with climate change, water, 
and land use changes, support the service sectors, particularly water provisioning. The 
multilateral environmental agreements, as well as policy measures and governance 
of water and the environment in accordance with international conventions, offer a 
systemic approach to this problem, and Eco-DRR could be the key solution. In this 
context, the study presents some key narratives to explain interlinkages and intercon-
nections and divide our arguments into two sections. Noting that sustainable develop-
ment requires greater disaster preparedness, as well as improved disaster prevention 
and climate adaptation, therefore this chapter emphasizes the importance of a multi-
disciplinary approach to DRR in selected island nations (Fig. 1), drawing attention 
to the critical role that collaboration and partnerships play in building resilience 
while emphasizing on Eco-DRR as a strategy. The primary objective of this study is 
also to evaluate the level of Eco-DRR sensitivity and responsiveness in the disaster 
management policies of island nations, with a particular emphasis on the water sector.
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Natural hazards are in three main categories: geological, hydrometeorological, and biological. 
further classified into six categories: 

Geophysical or geological hazards(movement in solid earth- earthquakes, volcanic activity), 
Hydrological(flood, landslide, storm surge), 

Meteorological(storms, extreme temperatures, fog), 
Climatological(hazards are progressively related to climate change), 

Biological (Biological substance virus, microbes), 
Extraterrestrial hazards (due to asteroids, meteoroids, comets, etc.) 

Among two major natural hazards, hydrological hazards occur because of the Earth’s water 
systems, and meteorological hazards are produced due to processes in the Earth’s atmosphere, 

simply transfer of water and energy between the land surface and the lower 
atmosphere.Hydrometeorological disasters responsible for over 75% of the damages worldwide. 

Natural Hazards 
Natural hazards are classified as relatable to 

movement in solid earth which acts as triggers 
for disasters. 

Man-Made Hazards 
Disasters and potential risks arise from human 
activities and interventions. There are several 

man-made hazards, such as industrial 
accidents, nuclear accidents and oil spills. 

Fig. 1 Common understanding of hazards and disasters

2 Concepts and Content 

2.1 Natural Hazards and Disasters and the Water Connection 

Any type of disaster is an “event that disrupts or destroys a community’s or society’s 
functioning at any hazardous event due to its interaction with conditions of expo-
sure, vulnerability, or capacity, resulting in loss of human life, material loss, economic 
loss, and environmental damage” [58]. Disasters are generally classified into natural 
disasters, man-made disasters, and hybrid disasters; natural disasters occur because 
of natural forces and man-made disasters are those caused by human decisions and 
hybrid disasters are those that result from both natural and man-made factors [47]. The 
water footprint of disasters is notable: hydro-metrological hazards impact communi-
ties in certain ways reflected in each type of disaster. Hydro natural disasters expanded 
as fluvial, pluvial flooding, flash floods, water sprouts, storm surges, etc., and metro-
logical disasters including hurricanes, tornados, snowstorms, extreme temperatures, 
heat waves, and droughts [36]. Disasters occurrence worldwide has increased over 
the past few decades, with over 90% of these disasters being linked to climate and 
hydro-meteorological conditions [3]. More details are in Fig 1.
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2.2 Disaster Risk Reduction and Risk Governance 

Depending on the scale of the disaster, destruction causes economic losses, and 
social hardship, and impedes sustainable development. It is not only the existence 
of threats that leads to disasters. Instead, often it is the way humans manage these 
threats that creates the conditions for them to become disasters. Disasters can be 
reduced by providing an immediate and efficient means of response. Often, social, 
political, and economic context contributes to disasters, and systematic risk analysis 
and prevention measures are important [3]. Disasters are not equally effective on 
everyone; especially poorer communities are more vulnerable and reported more 
deaths than developed countries [31]. People who live in poor, exposed, and unpre-
pared communities are most likely to suffer from disasters, where the number of 
victims is 300 times greater than in well-prepared communities with resilient infras-
tructure. World Bank (2023) states that natural catastrophe losses in 2020 increased 
to $210 billion worldwide from $166 billion in 2019, with 91% of fatalities caused 
by climate and water hazards occurring in developing nations. Children, women, 
persons with disabilities, the elderly, and indigenous people are disproportionately 
affected by disasters, particularly in low-income, developing countries (World Bank 
2023), [31]. In disaster settings, the interlinkages between human, water, and food 
security become clear and it is important that response and recovery pathways are 
constructed taking note of the specific needs of such socio-economic groups [60]. 

Risk is a concept that is repeatedly used in academic research related to climate 
change and disasters and defines risk as a fast, instinctive, and intuitive reaction to 
danger and the Risk equation generally known as RISK = HAZARD + VULNERA-
BILITY+ EXPOSURE [3, 58]. The concept of DRR, therefore, implies action across 
all aspects of the risk equation. For example, it implies reducing the vulnerability of 
people, properties, assets, and the environment and reducing exposure to risks. More 
specifically is the concept and practice of reducing disaster risks by systematically 
analyzing and reducing the causal factors of the disaster (UNESCO 2023). While 
UNDRR [53] highlights Disaster Risk Reduction (DRR) is the notion and practice 
of “reducing disaster risks through systematic efforts to analyze and manage the 
causal factors of disasters, including through reduced exposure to hazards, lessened 
vulnerability of people and property, wise management of land and the environment, 
and improved preparedness for adverse events”. The International Risk Governance 
Council considered that the risks are also associated with benefits and opportunities 
and are often accompanied by change. As a result of considering all aspects of the risk 
equation as a cross-sectoral approach, it is possible to prevent disasters or consider-
ably lessen their consequences [3, 6]. As per UNDRR [58], investing in prevention is 
up to 15 times less expensive than rehabilitation, and most of the major risks facing 
humanity today are associated with the environment, such as climate change, water 
stress, biodiversity loss, ecological disasters, and pandemics (UNDRR 2022, [48]). 

Vulnerability is a crucial element in DRR, as it highlights “the human aspect of 
disasters and encompasses the various physical, environmental, and socio-economic 
factors that raise the susceptibility of individuals, communities, properties, or systems
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to the impacts of hazards” [38, 59]. Several factors that determine how much of an 
effect to a community is exposed to risks and disasters, it is not only the severity 
of hazards, the number of people or assets exposed, but also their susceptibility 
to losses and damage [58]. Understanding and addressing vulnerability is essential 
for effective DRR and building resilient communities [58]. Reducing vulnerability 
to reduce disaster risk is critical and vulnerability can be outlined in three main 
elements: exposure, adaptive capacity, and sensitivity (Bollettino et al. 2020). It can 
be explained by different levels of vulnerability and exposure that some non-extreme 
hazards can cause extreme consequences and disasters, whereas others do not [58]. 
The inability to reduce the severity and frequency of natural hazards highlights the 
importance of reducing vulnerability as an effective means of DRR. 

Some studies claim that risks can be measured either objectively or from a more 
intuitive subjective viewpoint [9, 10, 23]. Objectively, risk can be measured by 
assessing the magnitude and frequency of a disaster occurrence [10]. Alternatively, 
risk is subjectively determined in the form of emotions like fear, anxiety, and helpless-
ness [63]. It can be stated that risks are socially constructed and politically negotiated. 
And socio-cultural aspects impact the way individuals interpret natural phenomena. 
People’s beliefs and perceptions about disaster risk play a significant role in shaping 
the perception of disasters and disaster risk management and it is vital to compre-
hend and address these internalized beliefs and perceptions of risk in order to improve 
DRM strategies [8]. 

Risk perceptions are an important aspect of Disaster Risk Management (DMR) 
and DMR is conceptualized by the UNDRR (2022) as “the application of disaster 
risk reduction policies and strategies to prevent new disaster risk, but also, to reduce 
existing disaster risk and contributing to the strengthening of resilience and disaster 
losses”. In a nutshell, resilience is “the ability of a system, community, or society 
exposed to hazards to resist, absorb, accommodate to, and recover from the effects 
of a hazard in a timely and efficient manner, including through the preservation 
and restoration of its essential basic structures and functions” [59]. It is a dynamic 
process that involves both pre-disaster preparedness and post-disaster recovery. The 
concept of resilience is multi-dimensional and includes multiple (physical, economic, 
social, and environmental) aspects. It is important to understand the resilience of 
communities and systems to disasters, as this information can be used to guide DRR 
strategies and improve disaster preparedness and response [7]. 

DRM encompasses the practical implementation of DRR policies or programs to 
achieve disaster risk goals; DRR, in contrast, is defined as the “prevention of existing 
disaster risk to better build resilience and limit adverse impacts of hazards” [4, 
49]. Effective DRM also refers to building community resilience and implementing 
disaster risk reduction (DRR) measures (like the early warning and response systems) 
at local, sub-national, and national government levels to tackle disaster impacts [11, 
42]. That risks are situated at a point where hazards and communities interact and 
that an effective disaster risk management strategy entails different aspects of risks 
in societies [49]. These risks to consider include political, economic, environmental, 
and meteorological factors. Therefore, the traditional approach to DRM is based 
on the disaster cycle, which is a conceptual model separating the cycle into phases
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before, during, and after the disaster which requires different interventions in miti-
gation, preparedness, response, and recovery [58]. While the model serves as a great 
guiding tool for disaster risk managers, it does not capture all factors and improves 
DRM policies [49]. In the principle of DRR and DRM, it must be accompanied by 
effective strategies for building resilience, community engagement, and community 
empowerment [31]. 

UNDRR [58] identifies disaster Risk Governance as the “system of institutions, 
mechanisms, policy and legal frameworks, and other arrangements to guide, coordi-
nate, and oversee disaster risk reduction and related areas of policy” and the princi-
ples of good governance are beneficial to apply to identifying, assessing, managing, 
and communicating risks. Therefore, good governance has to be transparent, inclu-
sive, collective, and efficient so that disaster risks are reduced, and new ones are 
avoided [19, 58]. By improving risk governance, societies can maximize benefits 
from change while minimizing risks associated with it and a crucial element of 
managing global, systemic risks is governance, which determines how authority is 
exercised, decisions are made, and actions are taken [25]. Effective governance of 
these risks requires collaboration between nations and the integration of various 
stakeholders, including government entities, industries, academic institutions, and 
civil society. The participation of these groups is necessary to ensure a cohesive 
approach to mitigating global risks [25]. Recent advances in disaster resilience, risk 
reduction, and governance have paved the way for numerous overarching frameworks 
to be used to discuss issues related to disaster recovery, vulnerability, and inequity 
[31]. 

In the related context, public policies are attempted to tackle critical issues related 
to water-related disasters, climate change, and disaster risks (Liu, Borazon & Muñoz 
2021). Legislations and plans for DRR and DRM are required, and disaster risk 
reduction and climate change adaptation (DRR-CCA) measures are complemented 
by local risk governance policies and public policies have introduced radical transfor-
mations to ameliorate DRR-CCA measures from being reactive to proactive strate-
gies. This means that these policy measures foster resilience in the country through 
early warning systems (EWS) and developing programs to adapt to climate change 
and address disaster impacts (Delloro & Gonzalez 2021, p. 204). Both these legal 
instruments for disaster risk governance (DRG) entail strategies to build resilience 
on a community level to identify hazards, quantify risks, and develop mechanisms 
to manage and decrease risks (Bohland et al. 2018, p. 91; [14]). 

3 What is Eco-DRR? 

Natural hazards are becoming increasingly catastrophic due to climate change, urban 
pressure, and inadequate disaster preparation; the need for climate risk reduction 
(DRR) and the need for climate change adaptation strategies is urgent to mitigate the 
risks of extreme events and increase resilience to disasters, particularly among those 
who are most vulnerable. Ecosystem-based disaster risk reduction (Eco-DRR) is a
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fairly new concept as falls within the broader umbrella of nature-based solutions and 
measures and aligns with ecosystem-based adaptation (EbA) that was discoursed in 
a similar context, but is more focused on climate change, rather a disaster setting. 
Per Ruangpan et al. [45], EbA focuses on long-term changes within the climate 
change, conservation of biodiversity and ecosystem services, while Eco-DRR is 
more focused on immediate and medium-term impacts from the risk of weather, 
climate, and non-climate-related hazards. Eco-DRR emphasizes ecosystem conser-
vation, restoration, and sustainable management as key elements for Disaster Risk 
Reduction to achieve sustainable and resilient development [29, 43, 45] By utilizing 
the benefits that nature offers to human society longer term, both Eco-DRR and EbA 
strategies aim to enhance disaster risk reduction and climate adaptation efforts [57]. 

Ecosystem services, such as providing regulatory (hydrological cycle and flow 
maintenance, flood protection, mass stabilization, erosion control, etc.), provisioning 
(surface and groundwater, etc.), and cultural benefits for people [32]. Wetlands, 
forests, and coastal systems that are well managed serve as effective natural infras-
tructure that reduces physical hazards and enhances individual and community 
resilience. Furthermore, ECO-DRR focuses on decreasing the vulnerability to natural 
hazards by utilizing the protective capacities of well-functioning ecosystems. This 
approach is based on the understanding that healthy ecosystems play a crucial role in 
preventing and mitigating disasters. Eco-DRR promotes the preservation of healthy 
ecosystems, reducing exposure to risk and increasing resilience to natural hazards by 
avoiding human settlements in natural disaster-prone areas. Additionally, it empha-
sizes the importance of considering the ecological and social dimensions of DRR 
strategies in its approach to social-ecological interactions. 

The adoption of Eco-DRR offers numerous advantages in reducing disaster risk 
and enhancing community resilience. These benefits encompass a range of hazard 
types, and the approach is effective both before (preparation) and after (managing 
impact) a disaster event. Eco-DRR can lead to cost savings in both implemen-
tation and ongoing operations and maintenance; moreover, it provides ecosystem 
services, regardless of whether a disaster strikes. It plays a crucial role in addressing 
systematic risk within socio-ecological systems [57]. While eco-DRR plays a signif-
icant role in adaptation to climate change, it can also help facilitate obligations to 
international environmental governance obligations such as Convention on Biolog-
ical Diversity, United Nations (UN) Framework Convention on Climate Change 
(UNFCCC), the Ramsar Convention on wetlands, and the UN Convention on 
Combating Desertification and the SDGs [3, 45]. 

For natural hazards related to water, such as floods, landslides, droughts, and flash 
floods, ecosystem approaches play a key role in reducing disaster risk, improving 
water quality, and improving habitats. Matić et al.  [31] emphasize the Natural Water 
Retention Measures (NWRMS) in the Danube River Basin is being improved in terms 
of retaining water from the hydrological response unit to the basin-level scale, and 
the Tisza River Basin Management Plan for Environment and Flood Risk focuses 
on interlinking water quantity, water quality, and key water quantity management 
issues like floods, excess water, droughts, water scarcity, and climate change in 
order to enhance water quality and management. Natural Water Retention Measures
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(NWRMs) are “multifunctional measures that aim to protect and manage water 
resources and address water-related challenges by restoring or maintaining ecosys-
tems as well as natural features and processes with a focus to enhance the water 
retention capacity of aquifers, soils, and ecosystems [31]”. It is indicated whether 
the implementation is in an urban or rural area, designed to be applied at catchment-
or basin-level to improve retention capacity by increasing the safety of existing large 
dams, NWRMs attenuating reservoir capacity to meet the projected outcome and it 
may also be necessary to take a multidisciplinary approach as well as coordination 
between separate sectors and stakeholders in a horizontal and vertical manner, both 
at a local and national level [31]. 

Eco-DRR remains as a framework, while Nature-based solutions (NBS) serve 
as an umbrella or a solution to the widespread problem. Nature-based solutions are 
defined as “solutions that are inspired and supported by nature, which are cost-
effective, simultaneously provide environmental, social, and economic benefits, and 
help build resilience” [16, 26]. Nature-based solutions enable cities and landscapes 
to incorporate a broader range of natural components and processes by implementing 
resource-efficient, locally adapted, and systemic approaches [1]. Conservation and 
restoration of ecosystems, as well as their services, are essential for the successful 
implementation of NBS in urban and rural areas. The use of nature and natural 
processes provides multifunctional and integrated solutions to many problems that 
is faced today [31, 41, 47]. 

During the past twenty years, floods and storms have been the most common 
disasters, and the number of major floods has more than doubled, from 1389 to 3254, 
while storms have increased from 1457 to 2034 [56]. In areas prone to flooding, in 
depth analysis of flood risk is crucial to improve community knowledge and aware-
ness of the causes of flooding and associated risks. Individuals and properties in 
flood-prone areas can be protected by implementing appropriate flood management 
measures and by incorporating landscape-based mitigation strategies in order to 
mitigate the risk of flooding. There are complex flood hazards as well as limited 
mitigation strategies, which have all resulted in exacerbated impacts on flood-prone 
areas. However, flood risk governance represents one of the sustainable solutions 
for climate resilience that can be applied. The “Room for the River” program in 
the Netherlands serves as a successful example of reducing flood risk through 
revised water resource management policies that incorporate nature. In Japan, similar 
approaches allow for the restoration of flood plains, relocation of polders, and dikes, 
resulting in increased space for rivers and improved ecosystem health (Environment 
Ministry-Japan 2016). In some instances, the combination of “green” approaches 
with “gray” engineering structures or hybrid modality enhances the effectiveness of 
flood mitigation and DRR [57]. 

There is a direct correlation between the degradation of ecosystems and climate 
change, whereby ecosystem degradation exacerbates the negative effects of climate 
change, which, in turn, leads to further degradation of ecosystems because of climate 
change-related disasters. Further, environmental degradation plays a significant role 
in reducing societies’ adaptive capacity to reduce disaster risks [31]. As ecosys-
tems become degraded, the provision of crucial ecosystem services are reduced,
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susceptibility to both natural and man-made disasters. There is a growing need for 
comprehensive and integrated risk management in light of climate change. As a 
means of enhancing a high level of resilience to disasters and preparing communi-
ties for coping with such events in the future, thriving ecosystems are essential for 
successful communities. 

4 Eco-DRR and Risk Governance Framework 

Since there are multiple factors and ways to accomplish DRM, the member states 
of the United Nations developed international DRR frameworks that can be used by 
organizations and national governments in their specific contexts. These frameworks 
include the Hyogo Framework for Action 2005–2015 and the Sendai Framework for 
Disaster Risk Reduction 2015–2030 [49]. The Hyogo framework outlines 5 prior-
ities that do not solely reduce the risks of disasters but also aim to find solutions 
to lower vulnerability in the community and enhance DRR/DRM strategies in all 
sectors, including the water sector. With the objective to ensure that disaster risk 
reduction is a national and local priority as well as strong institutional support for 
implementation, it is also necessary to identify, assess, and monitor disaster risks 
and enhance early warning and build a culture of safety and resilience across all 
levels through knowledge, innovation, and education; to reduce the underlying risk 
factors. To achieve the goals outlined in this framework, regional and international 
institutions are called upon to act to reduce disaster risks and to enhance international 
cooperation in developing science-based methods for reducing disaster risks (UN-
SPIDER 2022). There have been significant improvements in disaster risk reduction 
since the Hyogo Framework for Action 2005–2015 was signed, but still disasters 
remain an enormous problem worldwide. The commitment to disaster risk reduction 
and resilience was explicitly expressed in the outcome document of the 2012 UN 
Conference on Sustainable Development (Rio + 20) as part of the “The Future We 
Want” initiative [30]. It highlighted that disaster risk reduction and disaster resilience 
are extremely important in eradicating poverty and ensuring sustainable develop-
ment. The Sendai Framework for Disaster Risk Reduction further builds on what has 
been outlined in the previous framework by defining four main areas for improved 
disaster risk reduction worldwide and it shifted from “disaster management” to “dis-
aster risk management” emphasizing the importance of focusing on risk, rather than 
just ‘disaster management’ [30, 52]. 

The Sendai Framework was adopted in Japan, on March 18, 2015, which aims 
to reduce disaster risk and to reduce the loss of lives, livelihoods, health and 
economic, physical, social, cultural, and environmental assets of individuals, busi-
nesses, communities, and countries over the 15 years (UNDRR 2015). The Sendai 
Farmwork encouraged signatories to engage in eco-system-based solutions in risk 
management as part of risk management, the appreciation of nature and eco-system-
based solutions took a significant step forward, as the framework states it “strengthens
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the sustainable use and management of ecosystems and implements integrated envi-
ronmental and natural resource management approaches that incorporate disaster 
risk reduction” and also focuses on the adoption of measures that are designed to 
address the three dimensions of disaster risk (exposure to hazards, vulnerability and 
capacity, and hazard characteristics) as a means of preventing the creation of new 
risk, reducing existing risk, and increasing resilience (UNDRR 2015). According to 
the Sendai Framework for Disaster Risk Reduction 2015–2030, seven clear targets 
and four priorities for action to prevent new and reduce existing disaster risks: “(i) 
Understanding disaster risk; (ii) Strengthening disaster risk governance to manage 
disaster risk; (iii) Investing in disaster reduction for resilience; and (iv) Enhancing 
disaster preparedness for effective response, and to ‘Build Back Better’ in recovery, 
rehabilitation, and reconstruction” (UNDRR 2015). The framework focuses on the 
adoption of measures that address the three dimensions of disaster risk (exposure to 
hazards, vulnerability and capacity, and hazard characteristics) to prevent the creation 
of new risks, reduce existing risks, and increase resilience [33]. In order to bring this 
framework to life, approaches such as Eco-DRR hold promise for being applied to 
various sectors as part of this framework. 

International framworks continue to encourage governments to take a more 
ecosystem-based approach to disaster risk reduction as aligned to the Sendai frame-
work to support ecosystem-based approaches [43]. The UN COP 21 in Paris urged 
governments to “consider using ecosystem-based approaches to climate change adap-
tation and disaster risk reduction to provide communities with safety nets in times of 
climate shocks and natural disasters” and at the G7 conference held in Japan in 2016, 
scientists and academies urged nations to take stronger steps toward reducing disaster 
risk by taking stronger safety measures “promotion of ecosystem-based approaches 
and green infrastructure” [29]. The Sendai Framework for Disaster Risk Reduction 
2015–2030 provides a roadmap for DRR, but other global agendas, such as the Paris 
Climate Agreement, Sustainable Development Goals, New Urban Agenda, Biodiver-
sity Agenda, and Water Security cannot be fully realized without incorporating DRR 
into their goals. These international instruments are interconnected, and addressing 
DRR is key to achieving the targets set by these agendas (UNESCO 2023). 

The issue of DRR in island nations, particularly in the Global South, is a pressing 
political challenge, even disasters frequently cause economic, human, and environ-
mental costs. Despite the need for guidelines to address DRR for vulnerable popu-
lations, current policies remain limited. To address this challenge, a comprehensive 
and integrated approach is necessary, combining various risk reduction strategies, 
including Eco-DRR, hybrid solutions, early warning systems, and other integrated 
measures to prevent and prepare for disasters. The implementation of Eco-DRR 
recognizes the important role of healthy ecosystems in reducing the impacts of disas-
ters and strengthening community resilience by depending on and utilizing ecological 
resources. The use of EDO-DRR in the water sector is particularly critical, as water 
balance and flux are impacted by factors such as climate change, land use change, 
water use change, and population growth. The EU and many developed countries have 
become increasingly aware of the importance of nature in the mitigation of disaster
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Fig. 2 Map of selected Island Nations-Japan, Philippines, and Sri Lanka Source [27, 36, 40, 45, 
58]

risks and adaptation to climate change, and as such, they have supported the inte-
gration of “green” solutions into local strategies for disaster risk reduction in recent 
years [16, 37]. It illustrates that there is a growing political understanding in devel-
oped countries that ecosystem services play a significant role in reducing disaster 
risk and promoting sustainable development [3]. According to the literature avail-
able, restoring and maintaining ecosystem functions are often more cost-effective 
than investing in hard, gray infrastructure, and complementary portfolios of natural 
and built infrastructure solutions are gaining popularity in disaster risk reduction in 
many countries, but more attention is required from island nations particularly from 
the global south. 

5 Key Observations and Discussion Points 

There is no doubt that climate change negatively affects communities around the 
world, and island nations are particularly prone to the disruptions and disasters 
associated with climate change (Liu et al. 2021). Considering the high potential
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for facing hydro-meteorological hazards, three highly affected island nations in the 
Asia region were selected for the study. The Global Risk Report states that among 
the island nations in the Asia–Pacific region, Japan, the Philippines, and Sri Lanka 
were among the most flood-affected countries in the last five years. The desk review 
method was used to analyze the Eco-DRR sensitivity of the national policies. To 
obtain information about the disaster management policies of the selected countries, 
official government reports and records were consulted, and the Eco-DRR sensitivity 
in the Policy objectives, strategies, and policy statements was assessed (Fig. 2). 

5.1 Japan 

With the growth of the population in Japan and the limited flat area in which it 
is located, residential development has expanded even into areas that are subject 
to natural disasters. Several social infrastructure projects have been implemented 
to protect such areas. Frequently occurring earthquakes generate tsunami waves 
far beyond the design limits of such structures, causing massive damage. Natural 
disasters are more prevalent in Japan than in many other countries due to various 
factors. In addition to the extreme climatic variations in the region, including seasonal 
rain fronts and typhoons, the area is also known for its rugged terrain, with numerous 
faults and steep slopes, located within the Pacific earthquake belt, resulting in a 
frequent occurrence of earthquakes. Since Japan is located in a region of the Pacific 
Peninsula on the coast, it is also subject to tsunamis, and since it is a country that 
occupies one-tenth of the planet’s volcanoes as a result of being inside this circum-
Pacific region [35]. As well as the immense human toll that has been caused by 
the Great East Japan tsunami (GEJT) and the Indian Ocean tsunami (IOT) of 2004, 
there have been profound environmental impacts that will continue to affect the 
Asian region for many years to come [15]. As a result, Japan adopted an approach to 
disaster-resilient community development based on the principles of “human safety 
first” and “disasters have no predictable boundaries”, combining institutional and 
physical measures to “reduce disaster risks” and “ensure safe evacuation” during 
times of mega-tsunamis and other calamities [34]. An ecosystem-based approach to 
disaster risk reduction is not a new concept to Japan and has a long history of taking 
scientifically sound, environmentally sensitive, and effective steps to reduce disaster 
risks as well as to mitigate and adapt to climate change. According to past disaster 
lessons learned, the Japanese have always conserved/used local ecosystems to prevent 
disasters, adjusted land use and other living patterns to minimize damage, and adopted 
a wide range of creative approaches to mitigate damage. As a natural buffer system 
and as a disaster mitigation measure, coastal forest areas have been used in Japan 
for more than 100 years as a natural buffering system. The effectiveness of these 
measures is limited by the decline of forests; the velocity and depth of water, and the 
wind force exceeding the capacity of coastal forests to mitigate [15]. Therefore, the 
country is using hybrid method where appropriate to minimize the disaster impact.
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The disaster risk reduction framework of Japan consists of various laws and policies, 
institutional arrangements, and several centralized and decentralized programs. 

Japanese Disaster Countermeasures Basic Act, passed in 1961 and amended in 
1997, establishes the disaster management system and provides a framework for 
disaster prevention, response, and recovery. However, the Act does not explicitly 
refer to Eco-DRR approaches despite Japan having several Eco-DRR programs and 
practices. The Climate Change Adaptation Act No. 50 of 2018, which can be seen 
as an extension to the Act on Promotion of Global Warming Countermeasures (Act 
No. 117 of 1998), aims to implement adaptation measures based on “reliable scien-
tific information” and has made it compulsory for the Ministry of Environment to 
carry out climate change impact assessments. Nevertheless, the Eco-DRR is also not 
recognized in this Act. According to the National Plan for Adaptation to the Impacts 
of Climate Change, 2015 and most recently updated in 2021 [20], there has been 
high priority given to the restoration of ecosystems, including terrestrial, freshwater, 
coastal, and marine ecosystems, which includes directions for agriculture, water 
environments, and fisheries, as well as other ecosystems and economic activities, 
all of which have been prioritized. The Eco-DRR, however, has not been mentioned 
in the section covering water-related disasters in the disaster response plan. There 
are multiple levels of Japanese eco-DRR initiatives, public, private, and community, 
as well as national community-based. There are several eco-DRR support programs 
available. 

In recent times, DRR strategies are taking a context-specific approach harnessing 
the multiple functions of ecosystems, such as the provision of food and water. 
The country seeks to reduce the vulnerability of society and build disaster-resilient 
communities and “Green Infrastructure” approach has gained attention [34]. HDS 
(hybrid defense system) combines ecosystems with engineered infrastructure to 
avoid disaster risks in highly vulnerable areas. By using vegetation buffers/green 
infrastructures along with engineered structures/gray infrastructure, wave energy 
can be reduced, and floating debris can be prevented from accumulating. ECO-DRR 
concepts integrated into several flood management programs: Uda River, develop-
ment of master plans for the Ohashi River area, conservation and revitalization of 
forest ecosystems, and restoration of wetlands [34]. Various hybrid ecosystems and 
artificial structures exist, such as seawalls and nakatsus that provide protection from 
high tides. During the Great East Japan Earthquake (GEJE) of 2011, Japan expe-
rienced a devastating earthquake, a tsunami, and a nuclear disaster. Providing a 
perspective on both the policy and implementation of rebuilding after the Great East 
Japan Earthquake, it shows how ecosystems like coastal forests, traditional knowl-
edge, and protected areas play a significant role in disaster risk reduction [17]. Many 
Japanese policies and programs demonstrate a high degree of eco-DRR sensitivity, 
which can serve as a model for other island nations and countries to follow in their 
policy and program development in the future.
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5.2 The Philippines 

The Philippines is an archipelago located on the western arm of the Pacific Ocean, 
at the Pacific Ring of Fire, that is located in the South-East Asian region with 7641 
islands [2]. Because there is a large coastal population, Philippines inhabitants are 
at risk and vulnerable to the consequences of climate change and disasters, mainly 
from coastal storms, typhoons and resulting floods, and seawater intrusions. The 
country has ranked as the third-most vulnerable country to climate change and 
among the most disaster-prone countries worldwide (Bollettino et al. 2020) with 
= 60% of the country’s total land area exposed to disasters and >75% of the popu-
lation affected by disasters [55]. Approximately 20 typhoons are experienced by the 
country each year, causing flooding, landslides, and storm surges, which can pose 
a threat to both urban and rural communities. As a result of sea-level rise and a 
scarcity of water, the country is one of the most vulnerable to climate change (Part-
ners for Resilience 2013, [2]. Deforestation and loss of agricultural lands have been 
attributed to the growing population of the country. Considering the frequent weather 
extremes that negatively affect the population. The Philippines government enacted 
the Climate Change Act in 2009 (Republic Act of 9729), providing a policy frame-
work to mitigate and adapt to climate change. The creation of the Climate Change 
Act in 2009 led to the enactment of the Disaster Risk Reduction and Management 
Act in 2010 (Republic Act of 10,121) [55]. Climate Change Act of 2009 established 
the Climate Change Commission (CCC) as the central agency responsible for plan-
ning, guiding, monitoring, and regulating matters related to climate change in the 
Philippines. The Philippines Disaster Risk Reduction and Management Act of 2010 
aims to eliminate the root causes of vulnerabilities to disasters, develop institutional 
capacity for disaster risk reduction, and improve the resilience of local communi-
ties, but no evidence has been found that the Act does not explicitly mention Eco-
DRR (Republic of the Philippines, 2009). Under the theme of “enhancing adaptive 
capacity and resilience of communities and natural ecosystems to climate change” 
and “adopting the total economic valuation of natural resources while ensuring biodi-
versity conservation” (NCCAP), as part of the Climate Change Commission’s efforts 
to connect and make responsible citizens of surrounding ecosystems, it has imple-
mented several programs at the national, sub-national, and local levels and developed 
a series of Eco-DRR promotional guides, including “the importance of a ridge-to-
reef” ecosystem approach to land use planning and implementation, and guidelines 
for the development of capacity building skills [12]. The Satoyama/Satoumi modali-
ties for promoting community engagement in ecosystem management in a sustainable 
manner have also been utilized for the restoration and conservation of ecosystems to 
reduce disaster risk [28]. A Master Plan for Climate Resilient Forestry Development 
2016 “promotes forest ecosystems and communities’ resilience to climate change, 
meeting the needs of forest ecosystem goods and services, and promoting responsive 
governance mechanisms”. In accordance with Cabinet Cluster 24 on Climate Change 
Adaptation and Mitigation, 2017, the environment and natural resources are protected 
and conserved. It promotes “climate change resilience in rural communities, the
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conservation of natural resources through the use of ridge-to-reef approaches, and 
ecosystem protection through law enforcement”. The Philippine National Climate 
Risk Management Framework of 2019 of the Climate Change Commission’s Reso-
lution 2019–001, provides a framework for a science-based planning system that is 
linked to Eco-DRR. 

The Asian Development Bank (ADB) has invested in nature-based solutions 
in several sectors within the Philippines, including water-related investments, to 
strengthen its competitive advantage and strength [58]. As part of the NBS integra-
tion, technical assistance will also be provided for piloting sponge cities to reduce 
urban flood risk, coastal protection with green and gray infrastructure, and drought 
and flood management with integrated watershed management, as well as helping 
develop projects to reduce and mitigate flood risks in six major river basins in the 
Philippines with assistance from the ADB. Flood management practices such as 
“Room for the River” restore the river’s natural landscape to give water more space. 
According to UNDRR, Prevention Web (2022), every river basin presents its own 
challenges and opportunities in terms of flood risk management, as highlighted by 
the Philippines flood risk management project. Using approaches such as natural 
river management develops a holistic strategy. For a strategy to achieve maximum 
impact, it must consider social, environmental, engineering, policy, and institutional 
factors. The success of nature-based solutions depends on stakeholder participation, 
and communities should weigh the trade-offs between measures and discuss how 
solutions can be incorporated into development processes [24]. A table of listed 
programs were attached in the appendix. 

The World Bank’s WAVES Program has proven that mangroves in the Philip-
pines reduce flooding damage by 25 percent each year, and these results support 
policy and are emphasized rigorously in the engineering and insurance sectors [59]. 
Coastal habitats such as mangroves, coral reefs, and salt marshes reduce flooding 
and erosion, protecting people and property from storms, sea-level rise, and king 
tides; however, the Philippines, as with many other countries, faces a severe threat 
to these ecosystems. The Philippines is one of seven countries that are developing 
national capital accounts in collaboration with the WAVES program. These accounts 
rely on natural capital accounting to measure and value nature’s services. There 
are immediate implications for a number of programs in the Philippines, including 
the Philippines Integrated Area Development, the National Greening Program, the 
Risk Resilience, and Sustainability Program, Green Climate Fund, and the People 
Survival Fund, as well as the local government Comprehensive Land Use Plans [59]. 
A number of international organizations have supported Nature-based Solutions and 
Eco-DRR in recent initiatives in the Philippines and incorporated them into other 
disaster management policies. Thus, coastal and other communities will be more 
resilient to floods and climate-related disasters in the future.
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5.3 Sri Lanka 

Sri Lanka is the second most affected country according to the Global Climate Risk 
Index (CRI) 2019, which measures the level of exposure and vulnerability to natural 
hazards. The indicator considers the fertilities per 100,000 inhabitants, the loss of 
purchasing power parity, and the loss of gross domestic product per capita. The World 
Risk Index, which is composed of the level of exposure, vulnerability, susceptibility, 
coping capacity, and adaptive capacity, places Sri Lanka as a medium-risk country 
with a risk level of 7.57 (World Risk Report 2020). According to the Department of 
Irrigation, among the 103 river basins in the country, 25 river basins have been iden-
tified as high flood-prone catchments in Sri Lanka (IDSL 2021). Further, excessive 
rainfall throughout the country is a key driver inducing flood-prone conditions. The 
Hazard Profile developed by the Disaster Management Center classifies the whole 
country as prone to flooding (Hazard Profiles of Sri Lanka 2021). While the Depart-
ment of Meteorology projects the mean annual rainfall variation from under 900 mm 
to over 5000 mm, ranging from dry to wet regions, the monsoon, depressions, and 
convection influence the annual rainfall and water flux, thereby the availability and 
provision of services for citizens and communities (Climate of Sri Lanka 2021). In 
2004, the Indian Ocean Tsunami (IOT) at 9.1 magnitudes was the largest tsunami in 
recorded history, killing more than 230,000 people in the region, including more than 
30.000 Sri Lankans [22]. A lack of awareness, early warning systems and prepared-
ness contributed to a high death toll in the South Asian region including Sri Lanka 
during the 2004 IOT [48]. It is necessary to detect early warning signs, educate 
people about disaster risks, take mitigation measures, and evacuate disaster-prone 
areas to protect people and infrastructure, and these elements seem inadequate in 
Sri Lanka. During the 2004 Indian Ocean tsunami, people noticed that fewer people 
died in areas where mangroves and sand dunes were intact [54]. It has been reported 
that in the Yala National Park in Sri Lanka, where there are sand dunes that absorb 
wave energy, only 5 cm of water was swept in. However, in areas where natural sand 
dunes have been removed, tsunami tidal waves reached 7 m and were strong enough 
to cause the death of many people [55]. Further, where mangrove forests are more 
abundant, the area less affected by storm surges. This scenario contributed to people’s 
understanding of the importance of healthy coastal ecosystems in terms of Disaster 
Risk Reduction and later integrated as a strategy. 

With a wide array of policy, legal, and institutional policy frameworks in the 
management and regulation of ecosystems including protection and conservation 
agendas, Sri Lanka’s main focus remained on terrestrial ecosystems, and with this 
trend, the coverage of the existing policy framework on Eco-DRR speaks mostly 
to land resources management-oriented plans. For example, the National Land Use 
Policy (2007) ensures appropriate land use, including protection, conservation, and 
sustainable use of the country’s land resources, to ensure food security, economic 
development, and productivity maintenance of the land. The National Physical Plan-
ning Policy and Plan (2017–2050) recognized the value of ecosystems and ensure
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the conservation of ecosystems by balancing the competing interest of development 
and environmental conservation. 

The urban landscape of Colombo (the capital of the country) is dotted with a 
teeming network of wetland ecosystems, including freshwater lakes, swamps wet 
woodlands, and wet grasslands [62]. As a natural defense against flooding, wetlands 
act as giant sponges, absorbing flood waters and discharging them once the water 
recedes. Ramsar Colombo wetlands have been neglected over the years, and with 
some support of the World Bank, Colombo’s wetlands are being preserved and revital-
ized. As part of the Metro Colombo Urban Development Project (MCUDP), mitigate 
floods, upgrade urban areas, and conserve wetlands in order to prevent flooding in 
the future, while repositioning parks and wetlands as the center of city life ([62], 
Rajapakshe et al. 2022). 

With the vision of “Safeguarding the Environment” while ensuring ecological 
sustainability for the Present and the Future, the National Environmental Policy 
(2022) was adopted. It covers land and water resources, biodiversity and ecosys-
tems, pollution prevention, control and waste management, climate change, and 
other environmental challenges, coastal and marine resources, and built environment 
and green development aspects [34]. The mission of the Environmentally Sensi-
tive Areas Policy (2022) is “enabling platforms at all levels for a participatory and 
conscious decision-making process for the public and private sector, and commu-
nities in land use planning and sustainable land management in Environmentally 
Sensitive Areas, as nature-based solutions to enhance the integrity of conservation, 
resilience to climate change, and wise use of natural capital in development” to a fair 
extent strategizes the protection and conservation of ecosystems for DRR. Overall, 
the policy support structures for the application of Eco-DRRor nature-based solu-
tions are still not integrated into the National Strategy of DRR, and or a key part of the 
National Strategy of Adaptation to Climate Change. The Eco-DRR integration into 
the National DRR strategy, and sector-specific guidelines and policies and adaptation, 
for example, adoption by the water sector remain largely a work in progress. 

In these three case studies, policymakers are paying increasingly close attention 
to climate change adaptation strategies and eco-DRR approaches as climate change 
impacts and disasters intensify. Cuevas et al., (2016) state these strategies as “an 
adjustment of natural systems in response to expected climate stimuli to moderate 
harm”. Nonetheless, it is critical to note that people’s actions or inactions in preparing 
for a disaster are influenced by their beliefs about climate change and disasters. 
Understanding how policymakers and experts discursively frame climate change and 
disasters to influence people’s risk perceptions and enhance the understanding of how 
climate change and disasters are portrayed and perceived provides information for 
policymakers on how to design their awareness-raising strategies to nudge inhabitants 
to be more environmentally conscious effectively. In that context, evidence-backed 
information from policymakers and scientific experts about risk can help bridge the 
differences in cultural worldviews, and their perceptions of risk can be observed. 
Understanding various cultural dynamics offers policymakers appropriate tools to 
tailor public policies to a particular group.
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6 Conclusions 

As a result of climate change, disasters have become more frequent and intense, which 
has made communities, particularly those in small island developing states and island 
nations, more vulnerable. The impacts of these hazards on infrastructure and provi-
sioning abilities only exacerbate their already complex socio-economic concerns. 
Based on the context explained in the above sections, we reiterate the importance of 
collaboration and partnerships among governments, civil society, academic institu-
tions, state agencies, and international organizations in the development of a Global 
Disaster Risk Management strategy (including Eco-DRR) and for developing guid-
ance and policy support systems for integrated water management and water security 
using an ecosystem-based approach. 

The study also reiterate the correlation between disaster risk assessment, ecolog-
ical sustainability, and water management, keeping the focus on island nations to 
provide a reference for regions and nations to create “fit to purpose” plans for specific 
settings. We acknowledge that Eco-DRR strategy application in the water manage-
ment (or other resource management like land, soil, or wetlands) sector would require 
a diverse range of actors to come together to share knowledge, build joint capacity 
agencies and institutions, and facilitate the DRR network to be inclusive. Further, the 
Eco-DRR approach offers capabilities in reducing climate change risk, enhancing 
adaptation and mitigation, serving as a carbon sink, and promoting conservation and 
restoration, which are all synergistic outcomes. Implementing the Eco-DRR strategy 
is seen as a “no regrets” option, offering disaster risk reduction, and tracking of 
climate change impacts through the adoption of best practices and learning from 
case studies. This chapter provides insights into such, in the context of addressing 
DRR for island communities. This review contributes to the wider body of knowl-
edge in this field. Moreover, a multi-stakeholder approach can also ensure that the 
unique needs and perspectives of island communities are considered in the develop-
ment and implementation of DRR strategies. Noting the growing understanding and 
widening knowledge of the fact that healthy ecosystems can prevent or/and mitigate 
threats, reduce vulnerability through sustaining livelihoods, and reduce exposure for 
vulnerable groups. We conclude that ecosystem management is an integral compo-
nent of disaster risk management and reiterate that Eco-DRR could be a “win–win” 
and “no-regret” approach if this framework is utilized well. This approach bears the 
potential to integrate factors that affect all the elements of the disaster risk equation. 
We restate that working together, across sectors and borders, mitigates the impacts 
of climate change and secures a safer, more water-resilient future for all. 
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Appendix 

See Table 2. 

Table 2 NBS program for Eco-DRR in the Philippines 

Room for the River* approach with gray infrastructure 

River Basin Proposed nature-based solutions with 
traditional and non-structural 
interventions 

Goals Benefits 

Buayan–Malungon Planting and 
restoring 
mangroves 

Demolition of the 
old Buayan bridge 
and dike 
Construction of 
jetties on each side 
of the Buayan 
river 
Drainage 
improvement 

Protecting flood 
vulnerable 
population 
Improving flood 
conveyance 
Reducing coastal 
flooding impacts 

Health impact 
reduction 
Recreation 
potential 
Potential fish 
spawning 
ground 
Increase in 
biodiversity 

Tagum–Libuganon Restoring the 
Ising wetland 
Creating a green 
river connection 
between 
Tuganay and 
Ising rivers 

Protecting urban 
centers by 
constructing local 
protection 
structures 
Improvement of 
river and drainage 
works 
Building bridges 
and culverts in the  
road to 
accommodate 
peak runoff during 
100-year events 
Comprehensive 
land use planning 

Protecting 
flood-vulnerable 
populations 
Increasing flood 
retention/ 
drainage capacity 
Improving water 
quality and 
biodiversity 

Recreational 
bird watching 
and fishing 
Increased 
agricultural 
production as a 
result of 
reduced 
waterlogging 
Water 
purification and 
sediment 
trapping

(continued)
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Table 2 (continued)

Room for the River* approach with gray infrastructure

Abra Restoring and 
accommodating 
natural river 
meandering 
Erosion 
protection with 
vegetation strips 

Protecting urban 
centers by 
constructing local 
protection 
structures 
Quarrying in 
strategic areas 
Implementing land 
use management 
Resettling 
vulnerable 
communities 

Protecting flood 
vulnerable 
populations 
Reducing 
riverbank erosion 
and flooding 
Promoting 
livelihoods 

Improved 
agricultural 
production, 
livelihoods and 
job 
opportunities 
Low investment 
costs with less 
river ecosystem 
disturbances 
Improved water 
transportation 

Source The table is a replicate from [24], UNDRR-Prevensionweb [58] 
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Abstract In the last few years, considerable research has been carried out in the 
country to determine the suitability of plastic waste in the construction of bituminous 
roads. That research led to establishing that linear density polyethylene (LDPE) and 
high-density polyethylene (HDPE)-based plastic waste can be successfully used for 
road construction, but there is very limited research available on the use of polyethy-
lene terephthalate (PET)-based multilayer plastic waste in road construction. In the 
present study, an attempt has been made to evaluate the feasibility of using multilay-
ered plastic (MLP) waste in the construction of roads. The properties of asphalt mixes 
prepared with multilayered plastic (MLP) waste have been studied, and the efficacy 
of different types of waste plastic for coating the aggregates was also studied. The 
moisture resistance of MLP-based waste plastic asphalt mixes has also been studied 
in comparison to PE (polyethylene) plastic waste-based and control asphalt mix. The 
MLP waste-modified mix showed better stability and resistance to moisture damage 
when compared to the PE-modified waste plastic mix. The effect of waste plastics in 
reducing overall bitumen demand in the asphalt mix was also studied. The heating 
of waste plastic to coat aggregates has always posed a concern regarding air emis-
sions. To address this concern, the environmental emissions were measured during 
the coating and mixing stage. In this study, an attempt is also made to evaluate the 
coating of waste plastic on the aggregates using a simple approach of coatability 
index. 
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1 Introduction 

Plastic consumption in India has grown at a significant pace over the past five years, 
and so has its plastic waste generation. India produces 3.4 million tonnes of plastic 
waste in a year. Among the total municipal solid waste, about 4% of waste is plastic, 
out of which most plastic is generated from households, industries, food packaging, 
and water bottles. Likewise, a couple of states in India have a waterfront district 
that creates plastic waste from sports activities on the coastline. Improper loading 
of such waste collected outside the towns, cities, and villages creates undesirable 
and tumultuous conditions that influence the soundness of individuals living around 
it and make landfill issues bring about significant natural ramifications, adding to 
groundwater contamination. Central Pollution Control Board (Govt. of India) stated 
in its reports that only 60% of the total plastic waste is collected and recycled in 
India, and the remaining is uncollected and littered [1]. These wastes are the source 
of pollution as plastics are non-biodegradable and harmful to the environment for 
decades. Around 50% of the plastic consumed is used for packaging. The most 
utilized polymeric materials for packaging are polyethylene (PE)-based carry bags 
and multilayered plastics (MLP). 

Bitumen, a by-product of crude oil distillation, is known for its adhesive properties, 
and it is used as a binding material in road construction. Bitumen is a visco-elastic 
material; it is brittle and hard in a cold environment and soft in a hot environment. Due 
to this behavior, the performance of these bituminous binders has been questioned 
many times [2]. To produce hot mix asphalt for road construction, the bituminous 
binder is heated up to 150–160 °C and coated over hot aggregates and then rolled. 
Environmental factors such as temperature, air, and water have a profound effect 
on the durability of bituminous mixtures. Longer exposure of pavements to water 
causes loss of adhesion at the bitumen–aggregate interface, which leads to moisture 
damage in pavements. The bituminous mix’s resistance to moisture damage can be 
increased by using anti-stripping agents as additives, but they have limited use, and 
the process also increases the cost of road construction [3]. Polymer-modified binders 
are also recommended to be used for better moisture resistance of the asphalt mix. 
The use of waste plastic in the preparation of asphalt mixes has shown improved 
Marshall stability strength, fatigue life, reduction in overall rutting, and reduced 
low-temperature cracking of the bituminous surfacing [4]. Most of the waste plastics 
coming from the packaging industry are polyethylene-based and do not cause the 
release of any harmful gas at 1300C–1400C, and at this temperature, plastic is in the 
molten form, having an excellent binding property. The addition of waste plastics 
improves the stability, tensile strength, stiffness, void characteristics, and moisture 
resistance of bituminous mixtures [5]. 

Plastics mainly used for packaging are made up of polyethylene, polypropy-
lene, and polystyrene, and their melting point varies from 1300 to 2000C. In the 
dry process, the shredded waste plastics tend to form a film-like structure over the 
aggregates when sprayed over the hot aggregate ranging 1500–1700C. Plastic-coated
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aggregates are better raw material for the construction of flexible pavement. Plastic-
coated aggregates are mixed with hot bitumen as per the requirement of the mix, 
and the mixes are used for road construction. The evaluation of the waste plastic 
asphalt mix was done, and it was found that the waste plastic asphalt mix showed 
improved binding property and moisture resistance. The waste plastic mix showed 
improved Marshall stability value in the range of 18kN–20 kN, and the load-bearing 
capacity of the road is increased by 100% [6]. Another study investigated the perfor-
mance of asphalt mixtures containing recycled polypropylene and found that mixes 
with the addition of recycled plastics showed improved physical and mechanical 
characteristics and provided a sustainable solution for the disposal of such waste 
[7]. As per IRC: SP: 98 [8], 6−8% of plastic waste (mainly PE and PP) by weight 
of bitumen can be used in asphalt road construction. A study was carried out to 
evaluate the effect of the addition of polyethylene-based waste plastic in the mix 
by using a dry process, and it was concluded that by adding polyethylene in the 
mix, aggregates exhibit better engineering properties, and the waste plastic asphalt 
mixture showed increased fatigue resistance, reduced permanent deformation, and 
also provided better adhesion between asphalt and aggregates [9]. 

In another study, it was observed that for stone mastic asphalt (SMA), the addi-
tion of shredded waste plastics could be used instead of stabilizers to control the 
drain down and enhance the performance of SMA mixtures [10]. A study for 
the comparative performance of shredded waste plastic asphalt mix and polymer-
modified bitumen asphalt mixes was carried out, and the shredded waste plastic 
(SWP) was used instead of other stabilizing additives to prepare the SMA mixture. 
It was concluded that waste plastic in suitable dosage could be recommended in 
SMA [11]. Polythene fibers and waste plastic bottles (polyethylene terephthalate) 
were observed to be effective in SMA in retarding the drain down of bitumen and 
mineral filler [12]. Research also showed that coating of shredded waste plastic 
over the hot aggregates provides the mixture with better strength and performance 
[13, 14]. In most of these studies, PE (polyethylene)-and PP (polypropylene)-based 
waste plastics were used. Indian Road Congress (IRC) SP 98:2013 code also allows 
the use of PE-PP-based waste plastic in asphalt roads but multilayer plastics (MLPs) 
have not been studied in much detail. 

Multilayer Plastic (MLP) is plastic with at least one layer of plastic as the main 
ingredient combined with one or more layers of materials such as paper, paper board, 
polymeric materials, and aluminum foil. The plastic component can be polyethylene 
terephthalate (PET), polypropylene (PP), or polystyrene (PS). Recycling MLPs is 
challenging, and the only way to process them to get rid of this waste is by inciner-
ation. Most of the MLPs (multilayered plastics) contain polyethylene terephthalate 
(PET) including other olefins, and their melting point is in the range 150−240 °C. To 
overcome the challenges of waste plastic management, especially MLP waste, the 
authors have explored the feasibility of incorporating MLP plastic waste in asphalt 
road construction. The properties of asphalt mixes prepared with multilayered plastic 
(MLP) waste have been studied and the efficacy of different types of waste plastic 
for coating the aggregates was also studied. The moisture resistance of MLP-based 
waste plastic asphalt mixes was studied in comparison to PE waste-based and control
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asphalt mixes. One of the major concerns in using waste plastic in road construction is 
whether the waste plastic is able to coat the stone aggregate or not. If a particular type 
of waste plastic is not able to coat the aggregates, then it will be present in the asphalt 
mix as a foreign material and hamper the performance of the asphalt mix. It is very 
difficult to evaluate the coating of waste plastic over stone aggregates with the naked 
eye, and expensive test instruments like scanning electron microscope (SEM) are 
required to confirm the coating of plastics over aggregates. Field engineers often 
don’t have instruments like SEM available on site to check the coating of waste 
plastics on aggregates. The authors in this study have employed an easy method to 
evaluate the coating of waste plastics over aggregates in the field. 

2 Materials Used 

The coarse aggregates (10 and 20 mm NMAS) and fine aggregates (stone dust, lime 
powder) were obtained from a local quarry in compliance with the Bureau of Indian 
Standards (BIS) code [15]. VG-30 bitumen (viscosity-graded binder) conforming to 
IS: 73 [16] was procured from an Indian refinery (Indian Oil Corporation Limited). 

2.1 Waste Plastics 

In this study, three different types of waste plastics were used in the shredded 
form: MLP 1, MLP 2, and Polyethylene (PE)-based waste plastic (carry bags). 
MLP 1 contains 100% PET-based multilayered plastic (polyethylene terephthalate), 
whereas MLP 2 contains a combination of PET (polyethylene terephthalate) and PP 
(polypropylene) plastic. All three types of waste plastics were shredded up to 2−5mm  
size, after proper cleaning and washing and were used at 3 different dosages in this 
study, i.e., 6, 8, and 10% by weight of the bitumen. The properties of waste plastics 
are illustrated in Table 1. 

Table 1 Properties of waste plastic 

S. No Description Tm, °C Tc, °C Findings 

1 MLP 1 253.9 198.1 PET 

2 MLP 2 158.5 117 PP and PET 

3 PE 122.2 108.5 LLDPE/LDPE 

Crystallization temperature (Tc), and melting temperature (Tm)
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2.1.1 Characterization of Waste Plastics 

The thermal behavior and constituents of plastics were studied using Differential 
Scanning Calorimeter (DSC). The thermal analysis was done to determine the crys-
tallization temperature and melting temperature of the plastics. The instrument used 
was Mettler Toledo DSC. Table 1 shows the thermal properties of the plastics used 
in the study. 

3 Experimental Program 

3.1 Characterization of Asphalt Mixes 

The bituminous mixes were prepared using the Marshall mix design procedure. The 
bituminous mixes prepared with the varying dosage of waste plastics were tested for 
Marshall parameters, ITS, TSR, resilient modulus, and dynamic creep. All the tests 
were done for 3 replicates, and the results reported are average. The results of waste 
plastic mixes were compared with the conventional unmodified bituminous mix. The 
samples for the evaluation of susceptibility to moisture damage were prepared at 
7 ± 1% air voids. The moisture susceptibility of the bituminous concrete mixes 
with waste plastics was evaluated by measuring the tensile strength ratio (TSR) as 
per ASTM: D6931−12. The indirect tensile strength (ITS) of the mix is determined 
before and after conditioning of Marshall specimens, and the tensile strength ratio 
(TSR) is then calculated as the ratio of the original strength and retained strength 
after accelerated moisture conditioning. 

Resilient Modulus is an important parameter to evaluate the performance of a 
mix and to assess the pavement response to traffic loading. All the specimens for 
the resilient modulus test were prepared at 5% air voids. The specimens were tested 
at 25, 35, and 45 ºC in accordance with ASTM: D7369−11 after their conditioning 
at the selected test temperature for 6 h. Repeated haversine load with a loading 
time of 0.1 s and a rest period of 0.9 s was used in all resilient modulus tests. The 
uniaxial repeated-load creep test was carried out to assess the rutting performance 
of control and modified asphalt mixtures. It was carried out in accordance with 
European standards [17]. A universal testing machine (UTM) was employed to assess 
the asphalt mixture’s permanent deformation. A cyclic stress of 450 kPa, having a 
haversine waveform with a loading period of 0.1 s followed by a rest period of 0.9 s 
was applied during the test, and total accumulated strain (%) was recorded. Before 
conducting the test, all specimens were kept under a controlled temperature chamber 
for three hours to reach a uniform temperature of 60 °C. A seating stress of 10 kPa 
was applied to ensure positive contact between the loading plate and the specimen. 
The results of waste plastic mixes were compared with the conventional unmodified 
bituminous mix.
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3.2 Effect of Waste Plastic Coating on Aggregates 

Washed and dried aggregates were heated to a temperature of 200 °C for 2 h. Then 
shredded waste plastic was uniformly spread over the hot aggregate, ensuring that 
piling of plastic waste did not occur. A mix of plastic and aggregates was prepared 
in a Hobart mixer at 160−155 °C. The plastic-coated aggregates were cooled to 
room temperature and then evaluated for water absorption [15]. These plastic-coated 
aggregates were also evaluated for aggregate impact value (AIV) to check the effect 
of different types of waste plastics on aggregate strength. Velasquez et al. [18] and 
Bairgi et al. [19] used the coatability index to evaluate the coating of warm mix asphalt 
over aggregates. In this study, the same approach was used to check the coating of 
waste plastic over the aggregates. Coatability Index was calculated by using Eq. 1. 
Further, this coatability index is then co-related with the moisture susceptibility of the 
mix, i.e., tensile strength ratio. Figure 1 shows the different types of plastic-coated 
aggregates and control aggregates: 

Coatability Index = 
Ao − Ac 

Ao 
∗ 100 (1) 

where 
Ao = Water absorption of control aggregates. 
Ac = Water absorption of coated aggregates. 
It can be observed from Fig. 1 that with the naked eye it is very difficult to find 

out the coating of waste plastics on the aggregate surface.

(Control Aggregates) (MLP 1 Coated 
Aggregates) 

(MLP 2 Coated 
Aggregates) 

(PE Coated Aggregates) 

Fig. 1 Control aggregates and aggregates coated with different types of plastics 
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Fig. 2 DS1IAQ probe 

3.3 Emission Measurement 

Recycling and reusing of waste plastic in road construction can significantly 
contribute to saving the environment but there have been concerns across the globe 
about the release of harmful emissions when these waste plastics will be heated at a 
temperature of 160–170 °C to prepare hot asphalt mixes. To address these concerns 
in this study, an attempt has been made to study the emission release during the 
preparation of hot asphalt mixtures. 

In this study, the emissions were recorded at two different stages: during the 
coating of waste plastics on the aggregates and during the mixing of bitumen with 
the plastic-coated aggregates. The emissions were recorded in the laboratory using the 
DS1IAQ probe (Fig. 2). The emissions recorded were total volatile organic compound 
(TVOC), formaldehyde (HCHO), carbon monoxide (CO), carbon dioxide (CO2), and 
nitrogen dioxide (NO2). At the same time, other gases such as nitric oxide (NO) and 
sulfur dioxide (SO2) were recorded as zero concentration, thus not reported. 

4 Results and Discussion 

4.1 Aggregate Characterization 

The aggregate impact value (AIV) significantly decreased with the addition of waste 
plastics. The brittleness of aggregates is measured through the impact value test; 
coating of waste plastics over the aggregates reduces the voids and air cavities present 
in the aggregate. The thin film of waste plastics formed over the aggregate surface
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Table 2 Effect of waste plastic coating on aggregates’ impact value 

Mix type Plastic content (in %/Weight of 
binder) 

Specific gravity Aggregate impact value 

Control mix 0 2.80 8.95 

MLP 1 6 2.78 7.530 

8 2.82 6.650 

10 2.80 6.210 

MLP 2 6 2.75 5.030 

8 2.78 4.620 

10 2.81 3.890 

PE-based 6 2.80 6.080 

8 2.83 5.350 

10 2.79 4.920 

resists the cracking of aggregates. It can be observed from Table 2 that with the 
increase in the waste plastic content, the impact value reduces; it implies that with 
an increase in the thickness of the coating, the toughness of the aggregates increases. 
The AIV of control aggregates improves from 8.95 to 6.2 with 10% of MLP 1 waste 
plastic and to 3.89 with 10% of MLP 2, whereas with 10% of PE waste plastic it 
improves up to 4.9. MLP 1 waste showed the lowest effect on the AIV of aggregates. 

Since MLP 1 primarily contains PET, its melting temperature is around 250 °C, 
and its glass transition temperature is around 70 °C [20, 21]. The aggregates are 
coated at 160 °C and at this temperature MLP 1 is in a semi-solid state; the liquid 
part partially coats the aggregate and gets absorbed into the voids of aggregates, and 
the solid part gets stuck to the irregular surface of the aggregate. During impact load, 
the MLP particles absorb some energy due to which the AIV value of MLP 1 coated 
aggregates is lower than the control aggregates. 

4.1.1 Coatability Index 

The coating of plastics fills the voids of aggregates due to which the porosity of the 
aggregates decreases [22]. With lesser voids on the aggregate surface, the absorption 
of moisture reduces. Table 3 shows that with the addition of waste plastic, the water 
absorption of the aggregates reduces. Figure 3 shows the trend of coatability index 
with varying types and percentages of waste plastic content. It was observed that with 
the increase in waste plastic content, the coatability index of aggregates increased. 
PE-based waste plastic provided the maximum coating followed by MLP 2 and then 
MLP 1 coated aggregates. Generally, the water absorption should be less than 2% for 
an aggregate to be used for asphalt road construction. Higher water absorption will
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Table 3 Water absorption 
and coatability index of 
aggregates 

Plastic type Plastic content Water 
absorption 

Coatability 
Index 

Control mix 0 1.597 0.00 

MLP 1 6 1.300 18.59 

8 1.160 27.38 

10 0.864 45.89 

MLP 2 6 1.062 33.50 

8 0.863 45.96 

10 0.729 54.35 

PE-Based 6 0.788 50.68 

8 0.476 70.17 

10 0.233 85.42 

result in the stripping of bitumen and will lead to pothole formation and moisture 
failure in the pavement. The presence of water is detrimental to the adhesion between 
the bitumen and aggregates. 
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Fig. 3 Coatability index of plastic-coated aggregates
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4.2 Marshall Test Results 

4.2.1 Effect of Waste Plastic on Optimum Binder Content 

It was observed from Table 4 that the optimum binder content decreases with the 
addition of waste plastic; this is because the plastic is coated over the aggregates, 
and the plastic gets absorbed by the aggregate and a thin film of plastic is formed. 
The film fills the pores of the aggregates, which are present at the surface of the 
aggregates; thus, there is lesser absorption of bitumen over the surface of plastic-
coated aggregates, and the effective binder requirement reduces. Hence, a reduction in 
the optimum binder content of the mix was observed. Mixes prepared with PE-based 
waste plastic showed the least optimum binder content followed by MLP 2-based mix 
and then the mix prepared with MLP 1. With the addition of MLP 1 in the mix, there 
is nearly 2.5% reduction in optimum binder content when compared to the control 
mix, whereas this reduction increases with the addition of PE waste plastic in the 
mix to around 3% and with the addition of MLP 2 there is around 2.75% reduction 
in optimum bitumen content. The optimum bitumen content reduces further with the 
increase in the plastic content and by changing plastic type.

4.2.2 Marshall Stability and Flow Value 

The Marshall stability value is the load required by the specimen to attain failure 
and it is the measure of cohesion. From Fig. 4, it was observed that the Marshall 
stability value increased with the addition of waste plastic. At higher waste plastic 
content, i.e., at 10% there was a reduction observed in the Marshall strength of the 
mixes. This happened due to the increased film thickness of the waste plastic over 
the rough surface of aggregates which lead to the reduction in the internal friction 
between the aggregates, thus the stability of the mix decreases. Also, the addition of 
very high dosages of waste plastics tends to make the bituminous mix very stiff and 
brittle. PE-based mixes showed the highest Marshall stability values in comparison 
to MLP-based mixes. For an effective asphalt pavement, the flow value should be in 
the range of 2–5 mm [23]; the flow value is the measure of deformation undergone 
by the sample; it is the vertical distortion at the time of failure. The results obtained 
from the waste plastic mixes are within the tolerance value.

4.2.3 Marshall Quotient 

Marshall quotient is the pseudo stiffness that measures the resistance to permanent 
deformation of the mix. The Marshall quotient is defined as the ratio of the Marshall 
stability value and flow value. Its values are found within the tolerance limit at 8%
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dosage of waste plastic content. From Fig. 5, it was observed that the mix containing 
PE waste plastic is most stiff among other mixes, followed by MLP 2 mix and then 
MLP 1 mix. The results obtained from the study show that the mixes containing 
waste plastic have more resistance to permanent deformation when compared with 
the control mix; this is due to the coating of waste plastic on the aggregates which 
leads to a stronger bond between the aggregate and bitumen. It has been observed 
that with an increase in the percentage of waste plastic in the mix, the thickness of 
the coating also increases, which makes the mix stiffer; the chemical properties of
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the plastics also play an essential role in determining the stiffness of the mix. From 
the volumetric parameters of plastic waste-modified mixes, it can be concluded that 
a dose of 8% waste plastic by weight of bitumen should be considered as optimum 
plastic content.

4.3 Indirect Tensile Strength and Tensile Strength Ratio 
of the Mix 

The indirect tensile strength test is appreciated in assessing the tensile properties of 
the asphalt mixes, which can be correlated with the cracking of the pavement. A 
high value of indirect tensile strength is an indication of higher resistance to low-
temperature cracking. Moreover, a higher value of indirect tensile strength at failure 
would imply that the asphalt mix can withstand larger tensile strains prior to cracking. 
The tensile strength ratio of the mix is used to evaluate the susceptibility of the mix to 
moisture damage. Figure 6 shows the variation in indirect tensile strength and tensile 
strength ratio with respect to varying types and dosages of waste plastic. The indirect 
tensile strength of the mix increases with the increase in waste plastic content and 
at 10% dose of waste plastic, there is a slight decrease in the ITS value. This might 
be because with the increase in waste plastic content, the thickness of the coating 
of plastic over the aggregates increases, making the mix brittle, thus it reduces the 
resistance of the mix to tensile strain. From Fig. 6, it was observed that the mixes 
containing plastic waste showed more ITS value when compared with the control 
mix. Among the waste plastic mixes, the PE-based mix offers maximum ITS value 
followed by MLP 2 and then MLP 1. 

The tensile strength ratio of the mixes containing waste plastic is found higher. 
The presence of waste plastic in the asphalt mix increases the resistance of the
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asphalt mix toward moisture damage. MLP 1, MLP 2, and PE are polymers with 
long-chain hydrocarbons, and bitumen is a complex mixture of saturates, aromatics, 
resins, and asphaltenes which are also hydrocarbons. When hot bitumen is added to 
waste plastic-coated aggregates to prepare asphalt mixture, some portion of bitumen 
diffuses through the plastic coating and makes a strong bond with the aggregate. This 
results in a stronger bonding between the bitumen and plastic-coated aggregates and 
hence imparts better resistance to moisture penetration into the mix. 

4.4 Coating and TSR Correlation 

From Fig. 7, it was observed that with the increase in the coating of waste plastics over 
the aggregates, the resistance to moisture damage has increased significantly. This 
shows that the coating of plastic has a positive correlation with the tensile strength 
ratio of the mix. The coating of plastic over the aggregates was evaluated using the 
coatability index. It was observed from Fig. 7 that the coatability index positively 
correlates with the TSR values of all three waste plastic mixes. As the coatability 
index can be directly calculated with the water absorption of the aggregates, thus, 
it can be easily calculated on-site in the field. In earlier studies, researchers have 
evaluated the coating of plastic by using X-ray diffractometry, which requires a 
dedicated instrumental setup and trained personnel to operate the instrument and 
which is also not available easily in civil engineering labs across the country. Thus, 
the coatability index test will find its usefulness for evaluating the coating of waste 
plastic in situ. 
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4.5 Environmental Emissions Measurement 

Table 5 shows the results of gaseous emissions during the coating of waste plas-
tics over aggregates. It was observed that the concentration of total volatile organic 
compound (TVOC) during the mixing of MLP 1 was highest, followed by MLP 
2 and then the PE-based mixture; due to the presence of PET and PP in MLPs, 
the concentration of TVOC was higher. The melting temperature of PET is around 
250 °C; hence, the MLP 1 plastic was partially melted at a coating temperature of 
160–165 °C; thus, the release of formaldehyde was lesser for MLP 1 mixtures. Carbon 
dioxide emission was observed highest for MLP 1 and least for MLP 2 mixtures. 

Table 6 illustrates the results of the emission of gases during the mixing of bitumen 
with plastic-coated aggregates. It was observed that the emissions for the asphalt 
mixtures containing waste plastics were higher than the control mixture. Mixtures 
modified with MLP 1 showed the highest emissions of TVOC, CO2, and the least 
emission of formaldehyde. In contrast, emissions of NO2 and CO are nearly similar 
for all the mixtures. 

4.6 Resilient Modulus 

The resilient modulus of waste plastic-modified mixes was evaluated and compared 
with the resilient modulus of control asphalt mix at different temperatures. To under-
stand the effect of the addition of different types of waste plastics on asphalt mix 
properties, it is imperative to understand the properties of basic polymers present in 
these waste plastics. MLP 1 contains Polyethylene Terephthalate (PET) polymer and 
MLP 2 is a combination of Polypropylene (PP) and PET, whereas PE-based waste 
is basically waste carry bags which is mainly LDPE. All three polymers PP, PE, and

Table 5 Emissions during coating of plastic 

TVOC (ppm) HCHO (ppm) CO (ppm) CO2 (ppm) NO2 (ppm) 

MLP 1 1.26–1.33 0.09 011–024 590–650 0.25–0.29 

MLP 2 1.18–1.21 0.11 05–017 523–580 0.23–0.28 

PE-based mix 1.12–1.18 0.13 011–025 546–585 0.22–0.28 

Table 6 Emissions during mixing 

TVOC (ppm) HCHO (ppm) CO (ppm) CO2 (ppm) NO2 (ppm) 

Control mix 1.04–1.07 0.07 07–019 535–572 0.18–0.26 

MLP 1 1.25–1.43 0.11 015–025 593–736 0.25–0.32 

MLP 2 1.11–1.31 0.12 018–027 578–682 0.26–0.30 

PE-based mix 1.15–1.23 0.13 018–028 568–597 0.26–0.32 
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PET have good moisture barrier properties; out of the three, PE is a more flexible 
polymer in comparison to PP and PET. PET is a long-chain thermoplastic resin made 
from ethylene glycol and terephthalic acid. During the manufacturing of food pack-
aging material, PET is held in the stretched form at elevated temperatures, it slowly 
crystallizes and becomes more rigid and less flexible. PET is a semi-crystalline resin 
[24, 25]. When added to the asphalt mixture, it stiffens the mixture and increases 
the MR value in comparison to the control mixture. However, due to its high melting 
point (250 °C), PET is not able to coat the aggregates completely and is present in 
the asphalt mix as inert material and hence it absorbs some energy resulting in larger 
recoverable deformation thus reduced resilient modulus values in case of MLP 1. 
MLP 1 has 100% PET content, whereas MLP 2 has both PP and PET due to which 
the MLP 1 modified mixture has lower MR values when compared with MLP 2 and 
PE-based mixture. 

The findings of this study reveal that the presence of waste plastics increases the 
rigidity of the mixture to a certain extent because the addition of these additives 
decreases the stresses caused by cyclic loading due to their elastic response. The 
increase in MR values at 25 °C from the control mixtures are 19, 22.62, and 30.14% 
with the addition of MLP 1, MLP 2, and PE waste plastic respectively, whereas at 
350C the increase observed was 41.45, 56.94, and 54% with the addition of MLP 
1, MLP 2, and PE waste plastic respectively, and at 45 °C the increase observed 
was 22.29, 26.11, and 15.28% with the addition of MLP 1, MLP 2, and PE waste 
plastic, respectively. In the previous investigations carried out by other researchers, 
it was found that the stiffer asphalt mixes show lower permanent deformation under 
dynamic loading [26, 27]. Another study done by Tayfur et al. on different polymer 
modifiers showed that the stiffer mix undergoes higher permanent deformation under 
static loading and lesser permanent deformation under dynamic loading [28]. Since 
the stiffness of the mixture increases with the addition of waste plastic, the resistance 
to permanent deformation of the mixture’s containing waste plastics as modifiers 
increases (Fig. 8). 
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4.7 Dynamic Creep Test 

Total permanent deformation of waste plastic asphalt mixes was found by doing a 
dynamic creep test, and results were compared with the control asphalt mixture. The 
specimens for the dynamic creep test were prepared at optimum waste plastic content 
(8% by weight of bitumen). It can be observed from Fig. 9 that with the addition 
of waste plastics, the rutting resistance of the asphalt mixtures has improved signif-
icantly. PE-modified mixes result in the lowest amount of permanent deformation, 
followed by MLP 2 modified mix and MLP 1 modified mix. MLP 2, which contains 
both PP and PET, showed more resistance to permanent deformation when compared 
with MLP 1 which is 100% PET. PP is referred to as amorphous and PET is referred 
to as a semi-crystalline substance. When the coating and mixing temperatures exceed 
the glass transition temperature of PET (75 °C), the amorphous portion of PET and 
PP transforms into a liquid; and due to PET’s high melting point of roughly 250 °C, 
a crystalline region exists as a solid part. As a result, MLP 2 shows improvement 
in asphalt mixture properties in two ways: first, the liquid and molten part of MLP 
2 increases the binding between the asphalt binder and aggregate, and second, the 
solid part of MLP 2 absorbs some of the cyclic load’s energy.

From Fig. 9, it was observed that after 1000 loading cycles the deformation 
observed in the control mix was maximum, whereas the mixture modified by PE 
waste plastic was minimum and it is 63.33% lesser than the control mix followed by 
MLP 2 modified mixture which is nearly 40% lesser than control mix and mixture 
modified by MLP 1 shows 20% lesser deformation than control mix. MLP wastes 
due to their high melting point and rigid structure do not melt and coat the aggregates 
completely and hence showed more deformation in comparison to PE-based waste 
plastic mix. PE polymer is more flexible than PP and PET plastic.
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5 Conclusion 

Waste plastic can be blended with aggregate or mixed with bitumen to change its 
property. Most of the available studies are limited to the use of polyethylene (PE) and 
Polypropylene (PP)-based waste plastic. The laboratory investigation on multilayer 
plastics has been attempted in the present study, and the following conclusions can 
be drawn on the basis of the results achieved in this study: 

1. Coating of waste plastics over aggregates improves the strength as well as water 
absorption of aggregates. PE-based waste plastic having a melting point of 
122 °C gives the highest coating on aggregates when asphalt mixes are prepared 
at 155–160 °C. 

2. With the addition of waste plastics, the optimum bitumen demand of the asphalt 
mixes decreases, which leads to the saving of natural resources of petroleum-
based bitumen. 

3. From the Marshall quotient values, it can be concluded that the stiffness of mixes 
increases with the addition of waste plastics. 8% dosage is found as the optimum 
waste plastic content. At higher dosages, the asphalt mix becomes very stiff 
which can lead to cracking failure. 

4. MLP-based waste plastic has rigid polymer (PET), due to which mixes containing 
MLP waste plastic give higher resilient modulus since the stiffness in the mix 
has increased. 

5. From dynamic creep results, it can be concluded that PE being a flexible polymer 
gives better resistance to permanent deformation as the flexible PE allows the 
recovery of the strain. In colder regions where cracking failure is of concern, 
PE-based waste plastic should be used. 

6. The addition of waste plastics improves the resistance of asphalt mixes to 
moisture damage. 

7. Coatability Index is a good parameter to evaluate the coating of waste plastic 
over the aggregates. 

8. Emissions for mixtures containing waste plastics were observed higher than 
the control mixture; among them, the mixture containing MLP 2 and PE waste 
plastics have nearly similar emissions. 
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Planning Strategies for the Improvement 
of Intermediate Public Transport 
in Walled City: Case Study of Walled 
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Abstract Intermediate Public Transport (IPT) plays an important role in Indian 
cities as it helps in connecting the user to the Mass Transit modes and increases the 
accessibility to these modes. Walled City, Delhi, over a period of time has evolved 
as a major commercial and recreational area. Over the period of time, the need for 
IPT in the transport system of Delhi has increased quite rapidly. In 2000–01, the 
modal share of Cycle Rickshaw and Auto Rickshaw was 6.7%, while in 2007–08, 
the modal share increased to 11.5%, where cycle rickshaw completed almost 8% 
of the trips. Only Cycle Rickshaw trips have a share of approximately 34% of the 
total traffic volume entering the Walled City, which is roughly more than 1/3rd of 
the total incoming traffic. In this study, indicators such as Traffic Characteristics, 
Network Characteristics, Socio-Economic Profile, Travel Characteristics and IPT 
Infrastructure were used to study the IPT system in Walled City, Delhi, and identify 
the critical issues and gaps which act as hindrances to smooth mobility in the area. 
After studying and analyzing the IPT system in detail, the major issues identified 
include the absence of a formal policy framework for IPT which makes the system 
unorganized and is the major reason for the other issues relating to this sector. This 
paper discusses the existing situation of IPTs in the Walled City, Delhi, in partic-
ular and recommends proposals to improve the existing situation for the seamless 
operation of IPTs in this area. 
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1 Background 

Zone-A (Walled City) or popularly known as Shahjahanabad/Old Delhi is known for 
its markets, bazaars, food, culture and vibrant nature. For planners, Shahjahanabad 
is a place with a complex street network, mixed land use and multifaceted spatial 
features. The area is known for its narrow streets and a variety of traffic modes 
moving on these streets simultaneously. Out of the numerous transportation modes, 
Intermediate Public Transport (IPT) is the mode that is responsible for the majority 
of passenger trips within the area. Intermediate para-transit (IPT) like auto rickshaws 
(three-wheeled motor vehicles), cycle rickshaws (three-wheeled cycles) and recently 
evolved e-rickshaws (battery-operated three-wheeled vehicles) serve most of the 
cases for first-last mile connectivity [1]. Due to the absence of rules and norms, it is 
largely being operated informally. The role of IPT becomes more crucial in Zone-
A, because the streets become narrow as we move to the inner parts of the zone, 
which makes it difficult for mass transit modes to provide public transport services. 
Although IPT functions fairly well on these narrow streets and provides a cheaper and 
faster mode of transport, in the Walled City, cycle rickshaws are the most significant 
mode used for intra-zone movement, after walk trips. Comparing the trip length 
frequency distributions of the walk trips and cycle rickshaws, it is observed that after 
a distance of 750 m, the trend shifts from walk trips to cycle rickshaw trips. The 
usage of cycle rickshaws is predominantly over a radius of 1.5 km. Cycle rickshaws 
are being utilized for transporting people from the inner areas to the bus stops, three-
wheeler stations, etc. on the major networks. Even those who own vehicles show a 
high dependence on cycle rickshaws, especially those who own cars [2]. The aim of 
the research is to analyze the impact and vitality of IPT in Walled City, Delhi, and 
provide suggestive measures to improve the IPT system and introduce Intelligent 
Transport System in the study area. The objectives of the research will be. 

1. To analyze the existing IPT system in the study area; 
2. To identify the issues and shortcomings in infrastructure and management in the 

existing IPT; 
3. To deliver planning interventions for the shortcomings identified in the existing 

IPT system. 

The methodology adopted for the completion of this research is adopted after 
going through a lot of literature and multiple projects. The methodology is as 
follows: Identification of the Problem; Study Area Selection; Formulation of Aims 
and Objectives; Literature Review and Case Study; Data Collection; Data Analysis 
and Inferences; SWOC analysis; and Planning Interventions and Recommendations.
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2 Literature Review 

The significance of IPT in Delhi can be witnessed at various places, but Walled City is 
one place where the significance becomes needed. Out of the numerous transportation 
modes, Intermediate Public Transport (IPT) is the mode that is responsible for the 
majority of passenger trips within the area. Due to the absence of rules and norms, 
it is largely being operated informally. The role of IPT becomes more crucial in 
Zone-A, because the streets become narrow as we move to the inner parts of the 
zone, which makes it difficult for mass transit modes to provide public transport 
services. IPT acts as the major feeder service to the major mass transit modes like 
the Metro and Buses in the Old Delhi area. IPT services are used for the movement 
of both goods and people. One can witness a variety of IPT options available in Old 
Delhi, like Auto Rickshaw, Cycle Rickshaw, Battery Powered Rickshaw, Motorbike 
Three-Wheeler Rickshaw, etc [3]. There are several different IPT modes available in 
the Walled City area which helps in working on a wider scope of work and studying 
the IPT modes in more depth. To study the role and impact of IPT in more depth, 
two case studies were done of Jaipur and Udaipur Walled Cities (Table 1). 

Through all these literature studies, it was observed that all these different modes 
are available in huge amounts and are easy to ply. But the major problem observed 
was their incompetent management and informal operations. To resolve these issues,

Table 1 Summary of case studies 

Case study: Udaipur Walled City Case study: Jaipur Walled City 

Identified issues 

Poor public convenience facilities; encroachment by local vendors and parked vehicles; Lack of 
designated pick-up and drop-off points; No dedicated infrastructure for IPT; No designated or 
planned routes for IPT 

Proposed intervention 

To solve these identified issues, the proposed 
interventions were as follows: 
Modernized IPT system that would cater to last 
mile connectivity needs through the 
introduction of GPS-enabled BS 3/BS 4 three/ 
four wheelers that enable better control and 
monitoring and real-time information 
dissemination; this also includes CNG/battery 
operated shared vehicles (e-rickshaws) in 
Walled City on pre-defined routes; smart car 
parking outside walled city boundaries for the 
residents as well as the visitors 

To solve these identified issues, the proposed 
interventions were as follows: sustainable 
mobility with corridors fitted for 
Non-motorized transport; Pedestrianization; 
Public bike sharing system; Universal access 
(barrier-free); Electric vehicles/IPT 
(rickshaws); Smart parking and smart signage; 
Smart Auto/Taxi stands; App for IPT; Taxis 
and car-pooling app 

Parameters identified from the case studies 

Road network characteristics; Traffic 
characteristics; Travel Characteristics; IPT 
infrastructure; and traffic management 

Socio-economic profile; Road network 
characteristics; Traffic characteristics; Travel 
characteristics; IPT infrastructure; and traffic 
management 
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it is important to study the sector in detail and identify all the possible parameters 
contributing to these issues. To identify these issues, various data collection and 
data analysis methods can be used. To analyze the IPT system in the Walled City, 
5 parameters were studied in detail. The parameters studied were: Road Network 
Characteristics; Traffic Characteristics; Travel Characteristics; IPT Infrastructure; 
and Traffic Management. This mode has the potential to resolve the public transit 
issues as per the Zonal Development Plan of Walled City [4]. 

3 Literature Review 

Zone-A (Walled City) or popularly known as Shahjahanabad/Old Delhi is the ancient 
Walled City existing since the Mughal period and has served as a center of attraction 
to Delhi since its independence. Walled City, Delhi, is located in Zone-A (Walled 
City) of Delhi. It is a part of the Special Area recognized under the Master Plan 
Delhi 2021 for having special heritage and cultural importance, along with areas 
like Sadar Bazaar, Paharganj and Karol Bagh. The total population of the Walled 
City is 2.5 Lakhs (as per the 2011 Census). The total geographical area of Zone-A 
after excluding the areas outside the Walled City is 569Ha. The overall population 
density of the area is 440ppHa. The female-to-male sex ratio of Zone-A is 864:1000 
(Table 2). 

The Walled City Area has been marked as a Special Area in MPD 2021. Land 
use of the surrounding areas is mainly in the form of Recreational Greens, Insti-
tutions, Public and Semi-public Facilities and Commercial. Within the core of the 
Walled City, residential areas have mixed-use development owing to the organic 
nature of its growth. Following older development patterns, major streets connecting 
landmarks have developed into commercial corridors for wholesale trade and ware-
housing [5]. Public/Semi-public facilities are a bare minimum. The data collec-
tion was done through both primary and secondary sources. Primary data collection 
included multiple surveys, namely Road Network Inventory Survey, Traffic Volume 
Count Survey, Origin Destination Survey, Speed and Delay, IPT Operator Survey, 
IPT User Survey and IPT Parking Survey.

Table 2 Basic Demographic 
Profile (Source Census 2011, 
ZDP-Walled City Delhi) 

Total population (2011) 2.5 Lakhs 

Total geographical area 569Ha 

Population density 440 pp/Ha 

Number of sub-zones 16 

Number of wards 11 
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4 Analysis  

For analysis, the 12 most congested streets identified by Zonal Development Plan 
were selected. On these 12 streets, speed 7 Delay survey was conducted. After 
analyzing the results, further 5 most congested streets were selected. The 5 selected 
streets were Nai Sarak, Swami Vivekananda Road, Chawri Bazaar Road, Urdu Bazaar 
Road and Ajmere Gate Road (Fig. 1 and Table 3). 

Further, Traffic Volume Count survey was conducted on the selected 5 streets. Out 
of the 5 road stretches, 3 road stretches were found to have a Level of Service (LOS) 
of level F which is the worst followed by 1 each of LOS E and D. The maximum 
traffic volume was observed on Swami Vivekananda Marg because of the major 
share of slow-moving vehicles like Animal/Hand-Driven Carts. Nai Sarak has an 
LOS of level D which is the result of vehicles parked on both sides of the street

Fig. 1 Land use map of Walled City, Delhi (Source Author)
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Table 3 Speed and delay survey results (Source Primary Survey, Author) 

Road stretch 
name 

Stretch 
distance 
(KM) 

Direction Total 
duration 
(In 
Minutes) 

Average 
duration 
(non-peak 
hours) 

Stoppage 
period (in 
minutes) 

Delay (in 
minutes) 

% 
difference 
B/W avg. 
duration 
and delay 
(%) 

GB road 1.31 S–N 14 8 7 6 75 

GB road 1.31 N-S 13 9 6 4 66.7 

Lalkuan 
bazaar road 

1 N-S 13 6 8 7 116.7 

Lalkuan 
bazaar road 

1 S–N 17 6 10 11 166.6 

Ajmere gate 
road 

0.43 E-W 19 2 16 17 850 

Ajmere gate 
road 

0.43 W-E 25 2 21 23 1150 

Chawri 
bazaar road 

0.57 E-W 23 2 18 21 1050 

Chawri 
bazaar road 

0.57 W-E 21 2 19 19 950 

Nai sarak 0.68 N-S 12 3 7 9 300 

Nai sarak 0.68 S–N 13 4 7 9 225 

Sitaram 
bazaar road 

0.96 S–N 10 5 6 5 100 

Sitaram 
bazaar road 

0.96 N-S 12 5 7 7 100 

Chitli qabar 
road 

0.91 S–N 14 13 4 1 7.69 

Chitli qabar 
road 

0.91 N-S 15 13 3 2 15.38 

Urdu Bazaar 
Road 

0.86 W-E 17 6 11 11 183.3 

Urdu Bazaar 
Road 

0.86 E-W 22 6 14 16 266.6 

Swami 
Vivekananda 
Marg 

0.41 E-W 10 2 6 8 400 

Swami 
Vivekananda 
Marg 

0.41 W-E 12 2 5 10 500 

Shyam Lal 
Road 

1 N-S 6 3 4 3 100

(continued)
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Table 3 (continued)

Road stretch
name

Stretch
distance
(KM)

Direction Total
duration
(In
Minutes)

Average
duration
(non-peak
hours)

Stoppage
period (in
minutes)

Delay (in
minutes)

%
difference
B/W avg.
duration
and delay
(%)

Shyam Lal 
Road 

1 S–N 8 3 5 5 166.6 

Netaji 
Subash Marg 

2.25 S–N 13 6 4 7 116.6 

Netaji 
Subash Marg 

2.25 N-S 13 7 3 6 85.71 

Shyama 
Prasad 
Mukherjee 
Marg 

1.73 E-W 8 5 2 3 60 

Shyama 
Prasad 
Mukherjee 
Marg 

1.73 W-E 10 5 4 5 100

and encroachment by local vendors and small food carts/stalls. Urdu Bazaar has an 
LOS of level F because of the haphazard on-street parking situation resulting in the 
reduction of the effective carriageway and causing congestions and slowing down 
the traffic movement (Fig. 2).

After analyzing the data, it was observed that the major reason for congestion 
along the streets is the encroachment by parked vehicles on both sides of the street 
on the shoulders. Other than the on-street vehicle encroachment, encroachment by 
local vendors or food stalls is also a contributing factor (which is highlighted by the 
orange block). Another reason observed in this figure is the mixing of slow- and fast-
moving vehicles and the mixing of passenger vehicles with goods carrier vehicles 
(Fig. 3).

Further, travel characteristic surveys were conducted in which the results were 
then studied in order to understand the gaps and the issues. IPT was observed to be 
the most used mode to travel to/in Zone-a (Walled City). Followed by Metro and 
Private Vehicles, NMT options like Walking and Cycling are less preferred by users 
with only 10% and 6% share, respectively. 6% people also prefer buses (Fig. 4). 
Buses are majorly used to reach the zone and then change their mode for intra-
zonal movement. The majority of IPT trip lengths are in a range of 500−1000 m 
because of the proximity of the major attractions and their location. For shorter trips, 
users prefer Cycle Rickshaws while for longer routes users ply E-Rickshaws or Auto 
Rickshaws. Trips longer than 2500 m are usually for inter-zonal movement (Fig. 5). 
Almost half of the IPT users prefer E-Rickshaws over the other two IPT modes, 
while 26.2% of users prefer using Cycle Rickshaws. Users prefer IPTs because of
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Fig. 2 LOS of road stretches with photographic evidences (Source Primary Survey)

their characteristics which help them in performing exceptionally in areas like Walled 
City. They are small in size, can carry 3–4 passengers and have less fuel consumption, 
adequate speed; all these factors together help IPTs in being the number one priority 
of users. As per the users, they chose IPT modes for these reasons: Accessibility, 
Comfort, Convenience and Affordability (Table 4).

Further, the Infrastructure of Zone-A was analyzed. The data was collected from 
secondary sources as well as primary surveys like the parking infrastructure survey. 
Zone-A lacks the IPT infrastructure like Parking, Authorized IPT stand, Government 
Workshops/Repair shops, Integration with Public Transportation (BRTS or MRTS), 
Access to Restrooms and Drinking Water Facilities. These basic infrastructure facil-
ities should be there in Zone-A to facilitate a better IPT system to cater to more 
passengers more efficiently. Parking facilities in Zone-A are very less as compared 
to the number of IPT vehicles in the area.
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Fig. 3 Average vehicle count (Source Primary Survey)

Fig. 4 Modal share (Source 
Primary Survey) 

Fig. 5 Average Trip Length 
(Source Primary Survey)
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Table 4 Trip characteristics—IPT operator survey (Source Primary Survey) 

S. No Attribute Classification Percentage Share 

1 Average daily trips 10–20 41.70 

20–30 40 

30–40 15 

40–50 3.30 

2 Average trip fare collected (Per Trip) 20–40 17 

40–60 24.60 

60–80 14.80 

80–100 40.20 

100 + 3 

3 Average occupancy 1 1.70 

2 48.30 

3 13.30 

4 33.30 

4 + 3.30

5 Issues Identified 

After analyzing all 5 parameters and the data collected from numerous surveys 
conducted, the below-mentioned issues were identified. There is no formal policy 
framework for IPT which makes the system unorganized and is the major reason for 
the other issues relating to this sector. Since there is no formal policy, there is zero 
economic stability or support for drivers which further impacts the socio-economic 
character of the drivers and demotivates them. There is no provision for any other 
social benefit for drivers like pensions, insurance or any other facility. In the modern 
world that we live in, technology and the usage of advanced sciences are common in 
pretty much any field. But still in the Walled City, we can hardly witness the usage 
of Intelligent Transport Systems. There is a lack of financial assistance. 

The absence of a government institution for the IPT sector ensures the lack of a 
maintained system to control and manage the IPT in Walled City areas. There are 
almost zero infrastructure facilities for IPT drivers as there are no Stands, Parking, 
Drinking Facility or any other such facility which is a basic requirement. Poor traffic 
management systems can be witnessed throughout the study area as there is a minimal 
arrangement from the government within Walled City, Delhi. Like any other commer-
cial area, carriageway encroachment by vendors, store owners and parked vehicles 
is very common. Thus, it can be said that though IPT is an important mode in the 
walled city, this sector being unorganized and not recognized by the government 
is facing one of the biggest challenges in the times to come. Therefore, in order to 
upgrade the service and IPT vehicles, there is a need for improvement that must be 
brought to the sector before it is too late and their importance is lost.
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6 Proposals and Recommendation 

Multiple proposals and recommendations are provided since there are a lot of issues 
that need to be tackled in order to improve the IPT system in Walled City, Delhi. The 
proposal provided are. 

1. A special purpose vehicle is to be formed between private companies to build 
the required IPT infrastructure and then operate and manage the IPT system in 
Walled City. 

2. The SPV will work in coordination with respective authorities GNCTD-Transport 
Department, NDMC, SRDC, DDA, PWD, ASI and Traffic Police while providing 
the required Infrastructure in the Walled City. 

3. Route Management by introducing new routes with designated time slots and 
vehicle typologies for efficient and smooth traffic movement. Junction Redesign 
proposal for Hauz Qazi Chowk. 

4. Usage of Intelligent Transport System for traffic management throughout the 
study area (Fig. 6). 

To improve the IPT system in Walled City, Delhi, it is important to provide infras-
tructure facilities to assist the IPT system which is currently absent. To resolve the 
existing issues, the following infrastructure facilities have been proposed: 

1. IPT Parking 
2. IPT Stand Facilities 
3. Halt and Go Stands 
4. Restrooms and other facilities.

Fig. 6 Junction redesign-Hauz Qazi Chowk (Source Author) 
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A mix of commercial and residential activity in the core of the Old City has 
led to a complex composition of vehicles with commercial as well as passenger 
vehicles accessing the main commercial streets throughout the day (Delhi Urban 
Arts Commission, 2017). Activities such as loading and unloading of goods cannot 
be stopped. Drop-off or pick-up by inter-para transit vehicles too cannot be hindered. 
Hence, the situation calls for a traffic regulation plan which has been designed as a 
unidirectional time-based circulation system. Emergency vehicles should be allowed 
free passage at all times. 

To improve the existing traffic circulation within the Walled City, two types of 
traffic circulation is provided, so that cargo movement and passenger movement do 
not mix up and effect the smooth flow of traffic. This can be achieved by restricting 
the movement of goods when passenger traffic movement is more prominent and 
vice versa. This can be achieved by restricting the movement one type of movement 
during its non-peak hours as the traffic volume coming is exceptionally high and 
such measures should be adopted. After analyzing the IPT system, it was observed 
that the commuter peak hours are 08:00–22:00 from Monday to Saturday, and on 
Sunday markets are closed so comparatively less traffic enters the area. New Traffic 
Circulation Routes can be designed for both Passengers as well as goods movement 
(Fig. 7).

The following different measures can be taken up in order to introduce ITS in the 
existing IPT system: Traffic Management Centre and Control Centre, GPS, Surveil-
lance, ANPR for E-Challan, Smart App and Smart Card. The Traffic Management and 
Information Control Centre (TMICC) are control rooms having requisite IT infras-
tructure, applications, video walls, operator consoles and other visualization tools 
that support the monitoring and management of traffic on the road network (Source: 
TMICCs & NUTH, DIMITS). To manage the IPT traffic network, a Traffic Manage-
ment Centre is established, in which activities like surveillance, data management, 
E-challan and route information will be provided. 

GPS continuously transmits coded information, which precisely identifies the 
locations of the vehicles on the ground. This information is then sent to the Control 
Centre (TMC) through a wireless communication link. Installation of GPS and GPRS 
in IPT vehicles could solve many problems related to IPT. The GPS will be assisting 
in the following tasks which will eventually help in better traffic management and 
control: 

1. Monitoring and Tracking. 
2. Data Collection: Real-time information of vehicle details and speed will provide 

a real-time route map on a point-to-point basis. 
3. Automatic Bill Generation on the basis of Distance Traveled, Stoppage Period, 

etc. 
4. Traffic Management through real-time information. 
5. It will ensure a secure and reliable IPT service. 
6. GPS would be an essential tool to formalize the sector and organize it under an 

SPV.
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Fig. 7 Proposed passenger & goods circulation (Source Author)

Surveillance is important for any transportation system nowadays. Surveillance is 
important for both safety and also efficient management of traffic; surveillance can 
be done through CCTVs and Sensors which can help us understand the on-ground 
situation and identify the problems immediately and those elements can be improved 
and obstructions can be removed. Also, such measures promote safety and assurance 
to vulnerable groups.
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Fig. 7 (continued)

Automatic number plate recognition (ANPR) is a surveillance system that allows 
users to track, identify and monitor moving vehicles. License plates of vehicles 
passing by are scanned and saved by mounted cameras. ANPR system is simple 
to install and operate. To manage the traffic movement, it is important to install an 
ANPR system. Online challans will be issued using this system. Link this system 
with the ISTA app for issuing challan. Collecting data about traffic movement and 
real-time traffic situations. It works along with the GPS system to provide cumulative 
data which is easier to process. 

An app will be developed that will manage the IPT system in Walled City, Delhi. 
A simple interface will be developed so as to make sure it is user-friendly. The app 
will connect all the IPT modes with GPS which will help in managing the transit 
and also give real-time data. The app can be linked to the DMRC app and smart card
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for user ease. The app will be available in all formats, Android/IOS/Windows. The 
process of boarding an IPT is shown below. 

1. Open the IPT App 
2. Open the code scanner 
3. Scan the code on the IPT 
4. Select payment mode 
5. Do the payment 
6. Select “Start Ride” 
7. After completion of the ride, select “End Ride”. 

Through this system, the user can pay an auto-generated bill through any payment 
mode. The user can board the IPT easily. The user gets all the information about the 
driver, vehicle, route, speed and other details which gives assurance to the user. A 
rating system can also be introduced to make it more accountable and responsive. 

7 Conclusion 

Through this research, I wanted to establish the role of IPT in the existing public 
transport system and how it has been an integral part of the system even though 
it is not formally recognized. This mode not only serves as a transport mode for 
millions but also is a source of employment for hundreds of thousands of people. In 
a developing country like India where there is a huge population to cater to with people 
from different socio-economic backgrounds, IPT can be the key link in encouraging 
people to use public transport by providing them that last mile connectivity. IPT is 
not a formally recognized mode of public transport in the majority areas of India, 
yet it serves such a large number of populations every day throughout our country. 
But urban planners can help in formulating a guiding framework where this mode 
can be formally recognized and promoted; this mode can serve a larger number of 
populations more efficiently and effectively. Efforts are made in this thesis to establish 
the importance and need for IPT in Zone-A (Walled City), Delhi, and analyze the 
gaps in the existing IPT system in order to understand the problematic areas. Further 
recommendations and proposals were provided in order to uplift the IPT system in 
the area so that it can serve in a better way and a new efficient way so that visitors, 
operators and everyone gets benefitted from this. Such recommendations can also 
be implemented in similar Walled Cities in India since they have a similar character 
and moreover similar issues.
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Assessment of Sustainable Public 
Transportation Provisions in Himachal 
Pradesh, India 

Arunava Poddar , Akhilesh Kumar , Akhilesh Nautiyal , 
and Amit Kumar Yadav 

Abstract With the increase in population in hilly areas, the importance of public 
transportation increases which requires appropriate management. Safe mobility of 
PT provides sustainable, accessible, affordable, and multimodal transportation for all, 
including people who don’t prefer driving due to age, disability, or lower income. 
The current study describes the present scenario of PT in the state of Himachal 
Pradesh (HP). The state of HP holds high PT utilization for deliveries of goods and 
tourism which causes congestion in traffic movement mostly leading to accidents. 
The people of HP primarily use PT to fulfill their need for transportation for both 
shorter and longer distances. The main aim of this study is to interview people using 
public transportation with the help of a questionnaire and analyze their responses 
to improve safety measures. 5000 person’s feedback has been considered for the 
analysis in the study. The present study concluded that safety for people traveling on 
public transportation is essential for all groups of people. Providing safe and cheap 
PT is a massive challenge in Himachal Pradesh, which may be simplified by adopting 
the results of the present study. 
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1 Introduction 

India probably has the highest road fatality rates and out of 1.25 million deaths 
worldwide every year; 8–10% of all road-based deaths occur in India [1]. Road 
safety is supposed to be built into the traffic system by appropriate traffic engineering 
practices, but its due importance in road system development and operation in India 
is yet to be established. The giant road development program being undertaken in 
India is grossly deficient in traffic engineering. Traffic engineering aims to provide 
the most scientific design to make the roadway safe for all users and to provide a 
forgiving road [2]. The other critical dimension of the road safety problem in India 
is poor public education regarding road safety. The population of hilly terrain is 
increasing day by day [3]. Hence, it’s a challenge for the government and private 
transport corporations to provide an efficient transportation network that is safe for 
wildlife and people. 

Transport management in Himachal Pradesh is mostly found congested at main 
tourist places, having a lack of parking facilities, with a high rate of accidents and 
pollution due to increasing vehicular movement. It is claimed that most of the issues 
could be solved with the introduction of economic instruments like taxation on old 
polluting vehicles, incentives that discourage private ownership and use of vehicles, 
subsidizing the use of public transportation (PT), and integrating transport with urban 
planning [4]. One of the solutions mentioned is the use of PT; however, the safety of 
people using PT remains a concern. Hence, the present study focuses on the assess-
ment of safety measures required particularly for PT in the state H.P. The scheduled 
services of buses, taxis, private hire buses, and even the provision of school services 
were included in the category of PT [5]. The highway networks are accelerating at a 
fast rate, and the safety of PT becomes a concern for everybody as most of the people 
living in the hilly regions use PT to fulfill their daily needs of transportation [6]. PT 
is preferred for longer and shorter distances because of their affordable cost but less 
attention is given to the accidents which lead to loss of lives, properties causing 
fatal injuries, and periodical obstruction of traffic flow [7]. Geographical informa-
tion systems (GIS) can improve public safety hazards with many available tools 
and methodologies [8–12]. Pavement condition also plays a vital role in the safety 
concerns of the people using PT [13, 14]. Effective pavement maintenance planning 
is very crucial to provide pavement in good and serviceable condition [15]. Timely 
application of pavement maintenance activities improves road user safety [16, 17]. 
In addition, there are many reasons why people do not use PT to its full potential, 
and safety is the leading cause among them. In states like HP, people of all ages use 
these facilities provided by the Himachal Road Transportation Corporation (HRTC), 
but their safety is a genuine concern. Due to the mixed traffic pattern of the state, 
narrow streets, encroachment around roads, and the recent construction of elevated 
roads around the state, the safe movement of PT has become very difficult. The risk 
of accidents also increases in drunken driving, and the rate of liquor consumption 
by PT drivers is high in H.P. So, safety assessment can, to some extent, protect the 
PT from potential hazards. This study attempts to assess the safety issues of PT in
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Table 1 The severity of accidents in Himachal Pradesh 

Year Road 
accident 

Person 
killed 

Injured 
person 

Year Road 
accident 

Person 
killed 

Injured 
person 

2002–03 2,830 695 3,917 2011–12 3063 1051 5260 

2003–04 2,607 867 4,188 2012–13 2867 1057 5422 

2004–05 2758 920 4674 2013–14 3008 1116 4961 

2005–06 2807 863 4833 2014–15 3012 1179 5522 

2006–07 2756 886 4688 2015–16 3168 1271 5764 

2007–08 2953 921 5272 2016–17 3114 1203 5452 

2008–09 2840 898 4837 2017–18 3110 1208 5551 

2009–10 3023 1173 5630 2018–19 2873 1146 4904 

2010–11 3104 1105 5350 2019–20 1791 671 2520 

Source Police Department, HP/Deptt. Road Tpt. And Highways, GOI/Newspapers 

detail in the state of H.P. and identify the essential factors responsible for accidents 
and their relative contribution. 

2 Methods 

2.1 Case Study of Himachal Pradesh 

Himachal Pradesh, a state located in the northern part of the country having a major 
part of the road transportation in hilly terrain, with a 7.51 million population (in 2021) 
[16] is considered the place for the case study. Table 1 shows that people killed in 
road accidents in Himachal Pradesh [17] is higher. Thus, there is a need to study 
the safety issues that can prevent or decrease the rate of accidents. PT is involved 
in a few of the accidents happening in hilly terrains [18]. As PT is the most trusted 
and regularly used transportation by the common people, hence, a proper safety 
assessment in consultation with experts and people using the PT can somewhat help 
the state. 

2.2 Data Collection 

Research scholars visited Himachal Pradesh to perform a one-to-one questionnaire 
survey based on some basic questions enlisted in Table 2.
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Table 2 Questions to understand the PT safety-based perception of people in Himachal Pradesh 

S. 
no 

Questions 

1 How old are you and the other members of your household? 

2 Are you a caregiver for a person over age 60 or with a disability while traveling on a bus? 

3 Do you have a disability or other health concern that prevents you from using the bus 
facility? 

4 If MRTS (Mass Rapid Transit System) will be introduced in the city, then which facility 
will you prefer? 

5 What type of bus (private/public) do you prefer safe and why? 

6 Which category of the bus (olda/new/AC) do you prefer safe and why? 

7 If you do not use the bus, why not? 

8 How would you rank the facilities on bus stops? (1—worst, 2—bad, 3—good, 
4—excellent) 

9 Do you feel safe on public transport? Why is sometimes traveling in buses unsafe? 

a Old Bus: Buses with more than 3 years of service [19]; New Bus: Buses with less than 3 years of 
service; AC bus: Air-conditioned buses from the origin of the journey to destination (e.g.: Volvo) 

3 Results and Discussion 

The present study aims to obtain more explorative and qualitative information on 
how PT influences the actual behavior of people living in Himachal Pradesh. It 
was used to review the experiences of people based on the questions mentioned in 
Table 2. The questionnaire was distributed to the different age groups of people near 
bus stands and taxi stands. 5000 person’s feedback was considered for the analysis. 

People were of different age groups, i.e., the percentage of people interviewed 
was based on their age groups. 7% of people were of age group less than 17, 56% 
of people were of age group 18 to 35, 27% people were of age group 36 to 59, 5% 
from 60 to 69, 3% people from the age group 70 to 79, and 2% people were above 80 
ages. Opinions of people varied mostly according to their age groups. The percentage 
of caregivers to people aged above 60 were having some disabilities. Answers are 
described in the form of positive or negative. Disability or other health concerns are 
significant issues that prevent many people from using the bus facility. Figure 1a 
shows the percentage of people who do not use the PT facility due to disability or 
health concerns. Most people do not have a disability, but the percentage of people 
having a problem using PT due to their disability is to be considered.

The transportation system is to be designed so that disabled persons can also 
use the transportation facility within the city. Two types of bus facilities exist in 
Himachal Pradesh, and those are either public or private buses. People have their 
own opinion on using public or private buses. Figure 1b shows the percentage of 
people using private buses and public buses depending on safety. Public buses are 
safer than private buses, but people prefer private buses as private buses travel faster 
because security is compromised. Table 3 provides people’s preferences for using
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Fig. 1 a Percentage of people who do not use or use public transportation due to disability. 
b Percentage of people preferring public and private buses

old, new, or AC PT buses for traveling. Maximum people preferred new buses as 
they are well maintained. This contributes to safety, and the number of old buses 
that exist should be eliminated one by one so that the whole system becomes perfect 
and safe. According to the survey, the number of AC buses should also be increased. 
According to the responses presented in Fig. 2a, Mass Rapid Transit System (MRTS) 
is preferred by higher income people, and lower income people can also use the 
system if it is cheap and user-friendly. However, according to Fig. 2b, people in 
Himachal Pradesh ranked their bus stop facilities as good. People preferred reasons 
for unsafe traveling. The reasons are the terrible condition of the bus, uncomfortable 
seats, and overcrowded bus. Public behavior is the most critical aspect, and driver 
behavior makes a huge difference in the safety of traveling. During the night and in 
bad climate conditions, the driver is solely responsible for safe driving. 

People in Himachal Pradesh do not have better options other than PT. The mass 
rapid transport system is very much necessary to increase the safety and ease of the 
traffic system in Himachal Pradesh. People while traveling in buses face difficulties, 
and those difficulties should be reduced to increase safety. 

Table 4 show the different reasons why people feel unsafe while traveling in buses 
and trains. 62% of people preferred that they want more bus facilities during morning 
and evening peak hours, whereas 9% of people wanted a safe bus facility during late 
night hours and 29% of people were comfortable with the type of bus facility they 
have in the city; 56% people preferred that if they get door-to-door service and safe 
service at night time, their trip will also increase and that will be the comfortable 
type of transportation in the city. People suggested that the Police are responsible

Table 3 Type of bus usage 
information of people in 
percentage 

Age Old (%) New (%) AC (%) 

Less than 17 1 92 7 

18 to 35 2 89 9 

36 to 59 2 70 28 

60 to 69 0 50 50 

70 to 79 0 50 50



248 A. Poddar et al.

Fig. 2 a Comparison of a different mode of public transportation based on safety. b Ranking of 
the facilities of bus stops

for enforcing the rules and regulations and providing a safe transportation system 
for the town. 68% of people prefer that they have a proper police facility in the city, 
whereas 32% of people prefer that police facilities increase at night as shown in 
Fig. 3. Himachal Pradesh’s share has been highest in the total population in hilly 
terrain states. The city experienced unprecedented growth in its people. Although 
Himachal Pradesh was at the bottom among the 23 metropolitan places in terms 
of its population, its growth rate (71.77%) had been recorded. Himachal Pradesh 
contains heterogeneous traffic consisting of people of different classes. The annual 
income of people traveling varies from person to person. The survey in this study 
consists of 41% of females and 59% of males, and they are further classified based 
on income. People of different income groups have other priorities. Higher income 
people preferred safety, comfort, and less traveling time. Lower income people liked 
less traveling costs, less traveling time, and safety. Lower income people compromise 
with comfort, so they ranked the HRTC facility as an excellent facility. 

Table 4 Reasons for unsafe traveling on a bus 

Reasons for unsafe traveling in a bus % of people supporting the reasons 

Rash driving 27 

Pickpocketing 5 

The bad condition of the road 8 

Improper timing of buses 2 

Lack of safety aides on buses 5 

Lack of drinking water during the journey 1 

Traffic jams 12 

Others 40
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Fig. 3 Percentage of people 
feeling safe in PT 

4 Conclusion 

The present study concludes that transport management in the Himachal Pradesh 
state is out of gear with high congestion in major tourist areas, a lack of parking 
facilities, a high rate of accidents, and pollution due to vehicular movement. It is 
argued that most of the problems could be solved with the introduction of economic 
instruments like taxation on old polluting vehicles, incentives that discourage private 
ownership and use of vehicles, subsidizing the use of public transport, and integrating 
transport with urban planning. Further, it was concluded from people’s responses 
that the most critical supply appreciation sub-aspects are safety, travel time, and 
punctuality. People’s satisfaction is explained weakly by supply, travel, and traveler 
characteristics. Therefore, the main conclusion is that much interpersonal bias occurs, 
which means that different travelers show different satisfaction. The results show that 
higher people’s dignity can be obtained if the following points are implemented in 
the PT management system. The offered PT can be better, and the appreciation 
may be higher with the improvement of travel time, frequency, punctuality, people’s 
friendliness, and driving style. Thus, the needs concerning speed and comfort are 
most important. The whole transportation system should be made safe by preventing 
crowding and increasing traveler satisfaction of frequent travelers. 
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Impact of Runway Configuration 
on Flight Delays 

Dhanachand Thokchom and Aditya Kumar Tiwary 

Abstract Flight delays have become a major complication for many airlines around 
the world. In order to reduce the complications like economic loss and customer 
satisfaction, analyzing the data and causes of flight delays is a must. This study 
focuses on runway configuration as a factor for flight delays. The paper will also 
briefly analyze the different types of runway configurations. The study will conduct 
a statistical two-way ANOVA test to test flight delay data of selected airports in 
the United States. Runway configuration and hub types are taken as independent 
variables and flight delay data as the dependent variable for the analysis. The two-
way ANOVA result fallouts to reject all the null hypotheses meaning there is no 
significant level of interaction between runway configuration types, hub types, and 
the interaction between runway configuration and hub types. This research concludes 
that there is no need for any specific runway configuration in order to reduce flight 
delays. The study will also help in the development of new airports according to the 
findings of the study. 

Keywords Flight delay · Runway configuration · ANOVA 

1 Introduction 

Runway configuration is the number of runways and their relative orientation on an 
airfield [1–3]. There may be one or more runways in an airfield, and they can be a 
combination of various basic runway configurations. There are four basic runway 
configurations. They are single runways, parallel runways, intersecting runways, and 
Open-V runways. 

Flight delay is one of the most important indicators of the performance of any 
airline or transportation system [4, 5]. It is a global challenge in the aviation sector. 
As per the report of the US Bureau of Transportation (BTS), the ratio of flight delays
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increases from 14.69 to 20.8%. Some of the major known causes of flight delays 
are weather conditions, aircraft technical problems, disasters like a bird strike, etc. 
[6–8]. 

Delays in flight have many negative impacts on the airline, passengers, airports, 
and also on the whole transportation system. Huge economic loss is there when a 
flight is delayed. Penalties, fines, and restrictions can also be imposed if the airline 
is not punctual. Moreover, it also gives a bad impression to the passengers especially 
frequent flyers impacting the airline marketing strategies [5]. 

There is an increase in the number of flight delays globally. An airline passenger is 
presumed to arrive at their destination on time, and delays in flights account for most 
of the complaints by customers [1]. Aircraft can be late even if they touch down in 
time if they didn’t arrive at the gate in time. This research is done to conduct research 
on whether runway configuration has any significant impact on flight delays. Data 
on flight delays of selected airports will be analyzed with respect to their runway 
configuration. It will help in bringing a better understanding of the relationship 
between runway configuration to flight delays. 

1.1 Scope of Study 

Passengers and airlines assume to depart and arrive at airports on time. Delayed flights 
cause a huge problem for airlines as well as for passengers. Bad weather conditions 
that cause most of the delays are unavoidable, but we need to see other factors as 
well. Although much past research has developed many algorithms and techniques 
for the Optimization of Runways and Optimal selection of runway configuration 
considering the total Traffic volume in Airport design, very little research has been 
done to find out whether there is any relation between the different types of runway 
configuration design and the actual flight delay data statistics. Using the ANOVA 
test, the study will help in finding out whether there is a need for any specific runway 
configuration in order to reduce flight delays. 

2 Literature Review 

Singh [9], express to find some architectural system to prevent runway incursion and 
conflicts. After analyzing the factor for flight delays due to incursion or collision on 
the runway, the paper proposes a combination of Ground Based Guidance System 
(GBGS) and Runway Automated Guidance System (RAGS) for better efficiency. 
This system will secure the runway for any runway configuration before clearance 
is issued for takeoff, landing, or crossing operations.
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Staggered Approach Procedure (SGAP) and Steeper Approach Procedure (SAP) 
are two analytical models offered by [10] for calculating the maximum arrival depar-
ture and mix operation capacity for closely spaced parallel runways (SEAP). Frank-
furt Airport (UK) and San Francisco International Airport (CA) are used as closely 
spaced runway examples for the two models (US). 

Baranishyn [1], examine customer service and satisfaction in case of flight delays. 
The study concluded that flight delays give a negative impression to the customers. 
It also states that the authority fails to convey the reason for flight delays to the 
customer in a reasonable time. Airlines should always be vigilant of possible flight 
delays to reduce inconvenience to passengers. 

Stiverson and Rathinam [11], study ways for optimal selection of runway config-
uration while designing an airport. As runway configuration greatly influences the 
capacity of the airport, the study presents a Mix of Integer Programming (MIP) to 
help in selecting optimal airport runway configuration and keeps a balance of arrival 
and departure. The Mix Integer Programming model is found to be very effective for 
single airports. 

Stiverson and Rathinam [11], proposed a heuristics approach for managing 
runway queue problems. The paper addresses the problem of bottlenecks and queuing 
on the runway resulting in total delays of the aircraft. This paper proposed a 
Runway Quinces Management Problem (RQMP) for scheduling departing aircraft. 
It concluded that 3-opt and 4-opt heuristics outperformed 2-opt heuristics. 

Oktal [12], developed a fresh numerical model for optimizing runway align-
ment. In contrast to the FAA’s wind rise technique, the new Calculation of Optimum 
Runway Orientation (CORO) model uses the number of wind observations directly 
without grouping the wind velocities. The major purpose of the CORO model is to 
configure three different runway directions. 

Haider et al. [13] discuss the idea of endless runway configuration. While the idea 
is not yet put into practical use, the test was conducted by US Navy and General 
Motors in the nineteenth century. The papers point out that the problem of increasing 
air traffic can be solved through circular runway configuration. The paper analyzes 
the possibility of having a circular runway at Jewar Airport Noida. 

Carvalho et al [5], conducted a thorough study of data science’s applicability to 
research on aircraft delays. The report highlights a thorough evaluation of the litera-
ture on several methods for looking at aircraft delays. It lists six key factors to consider 
while analyzing aircraft delays in the conclusion: arrival, departure, propagation, 
airline, airport, and air system. 

Sternberg et al. [5], suggested a taxonomy to address problems related to 
flight delays. The taxonomy includes the domain (scope and problem) and data 
science (data and method) branches. The paper suggested various statistical anal-
yses like regression analysis, correlation analysis, econometric models, etc. The 
paper concluded that delay prediction is a very important step in the process of 
decision-making for air transportation systems. 

Cheung et al. [14], suggested using a dynamic slot allocation method as opposed 
to the fixed slots given to airlines, which frequently result in the slot over-or underuti-
lization. The paper analyzes the airport performance for scheduling both segregated
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Fig. 1 Single runway 
configuration 

and mixed-mode runway configuration operations. According to the study, multiple 
runway configurations with separated modes of operation can manage 20% more 
traffic. 

Tan et al. [8], have thoroughly examined the spread of flight delays in China. 
According to the study, a 10-min arrival delay can result in a 7.49-min departure 
delay for the next flight. The study discovers that the Chinese Hub airport typically 
has smaller delay propagation when compared to the US market. 

2.1 Runway Configuration 

The four most common runway configurations are as follows. These include Single 
Runways, Parallel Runways, Intersecting Runways, and Open-V Runways [5, 15, 
16]. According to their design, a lot of large airports combine the standard runway 
configuration. 

2.1.1 Single Runway 

A single runway is the simplest type of runway. They are mainly used for the non-Hub 
airport. It consists of only one runway, and it is used both for takeoff and landing. 
In ideal conditions, they can handle up to 100 flights in an hour [3]. A figure of a 
Single runway configuration is shown in Fig. 1. 

2.1.2 Parallel Runway 

A parallel runway consists of at least two or more runways configured in a parallel 
way. Generally, one runway is used for takeoff and another for landing [17, 18]. But 
both the runways can be used for takeoff and landing according to the conditions [3].
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Fig. 2 Parallel runway 
configuration 

Fig. 3 Intersecting runway 
configuration 

The runway capacity will increase greatly from a single runway, but there may be 
some negative impacts like the NAS delays. Researchers from the Netherlands are 
observing issues related to queueing for closely spaced runways [10]. A figure of a 
Parallel runway design is shown in Fig. 2. 

2.1.3 Intersecting Runway 

Intersecting runways are those runways that intersect each other at a point. The main 
reason for designing an intersecting runway is to tackle the challenges of strong winds 
[3]. It is also seen that runways that intersect near the end have higher capacity than 
those that intersect in the middle [19, 20]. A pictorial representation of Intersecting 
runway configuration is shown in Fig. 3. 

2.1.4 Open V 

Generally, Open-V runways consist of two runways that do not intersect each other 
but are oriented in different directions. They can be classified as Converging and 
Diverging Runways according to their use [3]. A pictorial view of how converging 
and diverging an Open-V runway works is shown in Fig. 4.
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Fig. 4 Open-V runway configuration 

2.2 Analysis of Variance (ANOVA) 

By assessing a few populous approaches for commonly assigned records, analysis 
of variance (ANOVA) determines whether or not found variations across pattern 
approaches of quantitative records are statistically significant [21]. ANOVA can assist 
establish whether or not the means of numerous independent samples are statistically 
different. ANOVA tests come in a variety of forms, including one-way and two-way 
ANOVA. 

A two-way ANOVA is used to examine the impact of two independent factors 
on a single dependent variable. There are three separate pairs of null and alternative 
hypotheses in this test. The effects of the first independent variable, the effects of the 
second independent variable, and the presence or absence of an interaction between 
the two independent variables are tested in turn in the first, second, and third analyses, 
respectively. 

In contrast to a one-way ANOVA, a two-way ANOVA requires a second compu-
tation of the interaction between the two independent variables. Similar to one-
way ANOVA, testing software is recommended. The p-value for each hypothesis is 
provided by the statistical analysis. Each p-value needs to be compared to an estab-
lished alpha level, and the corresponding null hypothesis needs to be accepted or 
rejected, just as in a one-way ANOVA. Following the rejection of the null hypoth-
esis, post hoc analysis can be used to identify the nature of the mean differences 
[21]. 

3 Methodology 

The methodology used in this study consisted of the following steps: 

(1) Survey and Data Collection 
(2) Data Analysis.
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3.1 Survey and Data Collection 

A survey was done to determine the runway configuration of various airports in the 
USA. Airports will be selected having different runway configurations. 40 airports 
are selected having different runway configurations. After the selection of the airport, 
flight delay data for 2021 of the respective airport will be retrieved from the database 
of the Bureau of Transportation Statistics (BTS). 

Runway Classification—As Airport design the runway configuration by 
combining the four basic types of runway configuration. We classify them as Single, 
Intersecting, Non-intersecting, and Combination. There is only one runway at a 
single-runway airport. Whenever there are two runways at an airport, it’s crucial to 
make sure they don’t intersect with one another. Runways at an airport are consid-
ered to be either “intersecting” or “non-intersecting” depending on whether or not 
they cross each other. Because of their similarity in layout and take-off/landing proce-
dures, this research classified both Parallel and Open-V runways as non-intersecting. 
If the airport has more than two intersecting runways, then they are either classed as 
Intersecting or Combination Runways. In airports with more than two runways, if 
each and every runway crosses one another, they are classed as intersecting runways. 
The airport is referred to as a combined runway if one runway does not contact all 
other runways. This category includes airports that have both intersecting and non-
intersecting runways because it is possible to operate in either classification if one 
or more runways are not in use at any given moment. 

Hub Classification—Airports are divided into two categories: hub airports and 
non-hub airports. Hub airports consist of the airports that the FAA has categorized 
as primary, intermediate, and secondary hubs. Non-hub airports are still considered 
non-hub airports for the study. In order to distinguish delays at airports with varying 
traffic levels, each runway configuration is further divided into hub and non-hub 
airports. 

Flight Delay Data of Selected Airports (from Bureau of Transportation 
Statistics—BTS) 

The flight delay data of selected 40 airports of the year 2021 are tabulated below 
(Table 1).

The final airport category counts between subject factors are shown in Table 2. 
There are ten airports each for single, intersecting, non-intersecting, and combination 
runway configurations. When the data are classified according to their hub type, there 
are twenty airports under the hub and twenty airports under the non-hub category.
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Table 1 Flight delay data 

Airport Runway Hub type Delay % (2021) 

Configuration 

BLI/Bellingham International Single Hub 11.42 

MDT/Harrisburg International Single Hub 15.47 

SAN/San Diego International Single Hub 16.64 

GSP/Greenville-Spartanburg International Single Hub 17.39 

RSW/Southwest Florida international Single Hub 18.12 

MFR/Rougue Valley International Single Non-hub 15.3 

SAW/Sawer International Single Non-hub 17.75 

BGR/Bangor International Single Non-hub 17.74 

JAC/Jackson Hole Single Non-hub 17.42 

CRW/Yeager Single Non-hub 13.94 

LGA/LaGuardia Intersecting Hub 14.01 

ALB/Albany International Intersecting Hub 20.32 

PWM/Portland International Jetport Intersecting Hub 17.76 

ORF/Norflok International Intersecting Hub 18.27 

FNT/Bishop International Intersecting Hub 19.28 

SGF/Springfield-Branson National Intersecting Non-hub 15.23 

ABE/Lehigh Valley International Intersecting Non-hub 16.26 

PIA/General Downing-Peoria International Intersecting Non-hub 20.97 

SWF/Stewart International Intersecting Non-hub 27.49 

GRB/Austin Straubel International Intersecting Non-hub 12.21 

LAX/Los Angeles International Non-intersecting Hub 16.44 

CLE/Cleaveland Hopkins International Non-intersecting Hub 19.38 

IAH/George Bush Intercontinental Non-intersecting Hub 16.66 

IAD/Washington Dulles International Non-intersecting Hub 15.89 

SLC/Salt Lake City International Non-intersecting Hub 13.42 

GPT/Gulfport-Biloxi International Non-intersecting Non-hub 13.31 

MFE/McAllen Miller International Non-intersecting Non-hub 26.36 

ROW/Roswell International Air Center Non-intersecting Non-hub 17.36 

MLB/Melbourne International Non-intersecting Non-hub 11.09 

BFL/Meadows Field Non-intersecting Non-hub 16.93 

BNA/Nashville International Combination Hub 12.43 

JFK/John F. Kennedy International Combination Hub 18.35 

MIA/Miami International Combination Hub 18.15 

CVG/Cincinnati International Combination Hub 18.67 

ABQ/Albuquerque International Sunport Combination Hub 21.45

(continued)
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Table 1 (continued)

Airport Runway Hub type Delay % (2021)

Configuration

HRL/Valley International Combination Non-hub 22.35 

SBN/South Bend International Combination Non-hub 17.04 

LAN/Capital Region International Combination non-hub 12.96 

FWA/Fort Wayne International Combination Non-hub 16.73 

SBA/Santa Barbara Municipal Combination Non-hub 18.01

Table 2 Final airport 
category count between 
subject factors 

Details Number Value label N 

Runway configuration 1 Single 10 

2 Intersecting 10 

3 Non-Intersecting 10 

4 Combination 10 

Hub type 1 Hub 20 

2 Non-Hub 20 

3.2 Data Analysis 

Statistical data analysis will be done for the data collected from the Bureau of Trans-
portation Statistics. Two-Way ANOVA test will be done by taking Runway Config-
uration and Hub Classification as independent variables, and Flight delay data as the 
dependent variable. SPSS software is used for the analysis. 

3.2.1 Hypothesis 

H01: μ single = μ intersecting = μ non-intersecting = μ combination 
Hα1: not all μ are equal. 
H02: μ hub = μ non-hub 
Hα2: not all μ are equal. 
H03: There is no significant interaction between configuration and hub classifi-

cation 
Hα3: There is a significant interaction between configuration and hub classifica-

tion.
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3.2.2 Two-Way ANOVA Output 

After the data were categorized, they were transferred into SPSS for statistical anal-
ysis. The two-way ANOVA test generated the descriptive data for the input and is 
shown in Table 3. The mean and standard deviations for each runway configuration 
and hub type are displayed in the descriptive statistics. The analysis of variance was 
conducted at 0.05 alpha levels. 

The estimated marginal means of the delayed data were plotted in Fig. 5. They were 
plotted for each runway configuration with respect to their runway configuration. One 
line represents one runway configuration. If the lines are parallel or nearly parallel to 
each other, then they are assumed to have no significant interaction with one another. 
Although it is expected that lines that cross each other interact, further evidence is 
required to determine whether or not the interaction is meaningful. Since the lines 
are roughly parallel to one another, it can be seen from the graph that there is little 
interaction between the runway configurations. It is also seen that no lines cross 
each other meaning there is no significant interaction between the different types of 
runway configurations.

We plot the descriptive data in a bar graph with standard errors which are shown in 
Fig. 6. The graph is plotted for each runway configuration with blue bars representing 
the hub and orange bars representing the non-hub type. It is to observe whether the 
standard error bars overlap each other or not. If there is a huge difference between 
the standard error bars, then it is assumed to have significantly different data. In the 
graph shown below, it is seen that the data do not have significant differences from 
one another.

Table 3 Descriptive statistics for delay data 

Runway configuration Hub type Mean Std. deviation N 

Single Hub 15.808 2.64145 5 

Non-Hub 16.43 1.72595 5 

Total 16.119 2.12895 10 

Intersecting Hub 17.928 2.40029 5 

Non-Hub 18.432 5.96181 5 

Total 18.18 4.2928 10 

Non-intersecting Hub 16.358 2.1261 5 

Non-Hub 17.01 5.83712 5 

Total 16.684 4.15574 10 

Combination Hub 17.81 3.29169 5 

Non-Hub 17.418 3.36025 5 

Total 17.614 3.14272 10 

Total Hub 16.4945 2.63172 20 

Non-Hub 17.1705 4.29695 20 

Total 16.8325 3.53363 40 



Impact of Runway Configuration on Flight Delays 261

Fig. 5 Estimated marginal means plot of delayed data
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Fig. 6 Descriptive data chart  

The two-way ANOVA results showing the significance level are tabulated in 
Table 4. While considering the first hypothesis, we get the significance level of 
p = 0.614. Considering the interaction between the Hub classification, we get the 
significance level of p = 0.772. Lastly, when we see the interaction between the 
different types of runway configuration and hub classification, we get a significance 
level of p = 0.987. The Analysis of Variance was conducted at 0.05 alpha level.
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Table 4 Two-Way ANOVA output 

Source SS (sum of 
squares) 

Df (degree of 
freedom) 

MSE (mean 
square) 

F p-value 
(significance) 

Runway 25.563 3 8.521 0.609 0.614 

Hub 1.201 1 1.201 0.086 0.772 

Runway*hub 1.849 3 0.616 0.044 0.987 

Error 447.918 32 13.997 

Total 12,240.401 40 

4 Results and Discussions 

The different possible runway layouts are the primary focus of the first set of null and 
alternate hypotheses. They look at how Single Runways, Intersecting Runways, Non-
Intersecting Runways, and Combination Runways fare in terms of having roughly 
equal or unequal resources. The two-way ANOVA result had a p-value higher than 
the 0.05 alpha level, F (3,32) = 0.609, p = 0.614. 

The hub kinds are the focus of the second set of null and alternative hypotheses. 
It examines whether or not the means between the hub and non-hub airports were 
equal. The two-way ANOVA result had a p-value higher than the 0.05 alpha level, F 
(1,32) = 0.086, p = 0.772. 

The final set of null and alternative hypotheses is used to test the significance of 
a relationship between runway configuration and hub type. The two-way ANOVA 
had a p-value that was higher above the alpha level of 0.05, F (3,40) = 0.044, p = 
0.987 (Table 5). 

The three null hypotheses cannot be rejected because the two-way ANOVA for 
all three tests yielded p-values higher than the 0.05 alpha level. It is found that 
the two-way ANOVA at 0.05 alpha level has no significance between the runway 
configuration and flight delay percentage, F (3,32) = 0.609, p = 0.614. Additionally, 
neither the hub type interaction (F (1,32) = 0.086, p = 0.772) nor the hub type 
and runway classification interaction (F (3,40) = 0.044, p = 0.987) are statistically 
significant. No post hoc test was required because none of the three evaluated sources 
show significance at the 0.05 alpha level.

Table 5 Summary of two-way ANOVA results 

Source Significance level 
(p-value) 

Alpha level Null hypothesis Status 

Runway configuration 0.614 0.05 H01 Fail to reject 

Hub Type 0.772 0.05 H02 Fail to reject 

Runway*Hub 0.987 0.05 H03 Fail to reject 
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5 Conclusion 

The study concluded that for constructing a new airport that is estimated to accommo-
date more than 10,000 passengers annually, no specific runway configuration plays 
a significant role in delays of flight. For reducing the number of flight delays as a 
whole, this research concludes that no further studies among the four types of runway 
configurations are needed as they all have an equal statistical mean. However, doing 
the same analysis by including data from various countries all over the world will 
give a better and more precise conclusion. 

The concept of Circular runway configuration design may be adopted on a trial 
basis to see if it can reduce the number of aircraft delays. Delay as a whole needs 
to be further investigated across industries as there is a global increase in aircraft 
delays. It will help in finding out the causes and the solution to the problem. 
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Effects of Adding Polyethylene 
Terephthalate (PET) to Dense 
Bituminous Macadam Mixes Using 
the Dry Process 

Mukesh Saini , Praveen Aggarwal, and Sunil Chouhan 

Abstract This study looked at the mechanical characteristics of dense bitumi-
nous macadam mixtures that have been amended using waste plastic bottles (PET). 
Bitumen content was taken as 4.1–4.9% (with a 0.2% increment), and the amount 
of PET content was taken as 4–14% (with a 2% increment) of bitumen content. 
The quantity of bitumen content required for traditional mixes was 4.82%, whereas 
modified mixes require 4.50%. Reduction in optimum bitumen content and better 
rutting performance indicates that dense bituminous macadam mixes improve with 
the addition of PET. This technology is beneficial in an environmentally friendly 
way. 

Keywords Dense bituminous macadam · PET · Mechanical properties 

1 Introduction 

Economic challenges and productivity constraints have been major issues for both 
developed and developing countries during the last two decades. To maintain 
economic competitiveness, manufacturers began to produce large trucks for deliv-
ering products, which increased the axle load on the pavement. Heavy vehicles are 
rising dramatically on roads as a result of regulations, and pavement life expectancy 
is decreasing. This main issue may be solved by utilising high-quality materials or 
employing more efficient construction techniques. With an increase in population,
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there will be an increase in the production of various waste items. Plastics, a daily 
used material, cause environmental problems after their usage. 

Plastic trash has been identified as a severe concern and is being tackled in solid 
waste management. Waste plastics have a long life due to their non-biodegradable 
characteristics. Depending on the kind of waste plastic, an uncontrolled burning 
process produces a variety of dangerous air pollutants. Thermal treatment recycled 
the plastic in the second application, and each thermal treatment degrades the quality 
of the plastic to some extent [1–3]. The wet and dry methods are the two most common 
ways to utilise discarded plastic in road construction. Waste plastic is mixed with 
bitumen in the wet process, whereas aggregates are coated with waste plastic before 
being used in bituminous mixes in the dry process [4]. The kind and dosage of 
plastic used to impact the behaviour of asphalt mixes, and these attributes can be 
enhanced by employing the dry process. More intermolecular interaction behaviour 
of bitumen and plastic-coated aggregate improve strength, resulting in considerable 
improvement in bituminous mix quality [5–7]. The use of PET-coated aggregates in 
asphalt mixes improves fatigue resistance, which helps to improve the durability of 
pavements under severe loading conditions [8–10]. 

2 Experimental Work 

2.1 Materials 

2.1.1 Asphalt 

Asphalt material of Grade VG30 was utilised in this investigation, which was 
procured from the IOCL Panipat Refinery (Haryana, India). Various engineering 
properties were determined as per Indian Standards as given below in Table 1. 

Table 1 Asphalt properties 
S. no Properties Measured 

value 
Required as per 
IS:73-2013 [11] 

1 Penetration value, 
mm [12] 

53 Min. 45 

2 Softening point °C 
[13] 

49 Min. 47 

3 Ductility value, mm 
[14] 

58 Min. 40 

4 Flash point, °C [15] 260 Min. 220 

5 Specific gravity, °C 
[16] 

1.01 – 

6 Absolute viscosity, 
poises [17] 

2980 2400–3600
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Table 2 Characteristics of aggregates 

S. 
no 

Properties Tests Measured values Specification 

1 Cleanliness [18] Grain size 0.60 Max. 5 

2 Particle shape 
[18] 

Flakiness and elongation 
indices 

21.56% Max. 35% 

3 Strength [19] Los Angeles Abrasion 23.45% Max. 30% 

Aggregate impact 19.65% Max. 24% 

4 Durability [20] Soundness: sodium 
sulphate 

7.24% Max. 12% 

5 Water absorption 
[21] 

Aggregate size 

19.0 mm 0.74% Max. 2% 

13.2 mm 0.87% 

6.0 mm 0.97% 

6 Stripping [22] Stripping test Retained coating 
96% 

Retained coating 95% 
Min. 

7 Density [21] Specific gravity 

19.0 mm 2.702 – 

13.2 mm 2.701 

6.0 mm 2.680 

Stone dust 2.596 

2.1.2 Aggregates 

Characteristics of aggregate play an important role in the durability of roads. The 
study employed locally accessible aggregates from the Yamunanagar quarry of 
Haryana, India. Table 2 lists the aggregate characteristics as per the requirement 
of MoRT&H, 2013, specification. 

2.1.3 Mineral Filler 

According to the MoRT&H, 2013 standards [23], limestone of specific gravity 2.25 
was used as mineral filler and grading as listed in Table 3 [24].

2.1.4 Modifier 

The used waste plastic bottles (PET) were shredded into sizes 600 µ to 2.36 mm 
before being added to the mixture. The physical characteristics of PET are displayed 
in Table 4 [24].
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Table 3 Grading of filler 
material S. no Sieve size (mm) Cumulative percentage 

passing 

Required Adopted 

1 0.6 100 100 

2 0.3 95–100 97 

3 0.075 85–100 88

Table 4 Physical 
characteristics of PET S. no Property Value 

1 Size 600 µ–2.36 mm 

2 Density (gm/cc) 1.24 

3 Melting temperature (°C) 170–180 

3 Methods 

3.1 Mould Preparation 

The proportioning of materials affects the mechanical and volumetric properties of 
bituminous mixtures. As demonstrated in Table 5 and Fig. 1, the material propor-
tioning for dense bituminous macadam (Grade-II) was carried out analytically in 
accordance with the MoRT&H, 2013, guidelines. A total of 1200 gm of material was 
used to cast the Marshall Specimens. Bitumen concentrations varied from 4.1 to 4.9% 
(with a 0.2% increment). Bitumen and aggregates were heated separately to 150 and 
170 °C for conventional mixes, and modified mix coating of waste plastic was done 
on aggregates. Once the bitumen was suitably covered over the aggregates, filler 
material was added after the materials had been well mixed to create a homogenous 
mixture. Hydrated lime was added at the end of mixing to control the voids in the 
mixture. When the mixture was uniform and ready to be put into the Marshall mould, 
mixing continued at 160 °C. Seventy-five hammer blows were used to compact the 
mould in the Marshall Compaction pedestal. The sample was inverted after being 
compacted with the same number of blows on the opposite side. The collar and base 
plate were removed after compaction. The specimen was extruded using a sample 
extractor after cooling to room temperature. Figure 2 displays the prepared samples.

3.2 Marshall Stability Test 

The Marshall Stability Test [25] is a widely used method for determining optimum 
bitumen content. The stability value is determined by the specimen’s maximum load 
at 60 °C. Prior to being submerged for 30 min in a 60 °C water bath, Marshall Mould
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Table 5 Aggregate proportioning for dense bituminous macadam (grade-II) mix 

Sieve 
size 
(mm) 

Cumulative percentage passing by weight of 
total aggregate passing 

Gradation 

Designation Specifications for 
GRADing, 
MoRT&H, 2013 

Observed grading 
(30:23:10:35:02)Aggregates Stone 

dust 
Lime 

19 mm 13.2 mm 6.0 mm Range Mean 

37.5 100.0 100.0 100.0 100.0 100.0 100 100 100.0 

26.5 100.0 100.0 100.0 100.0 100.0 90–100 95 100 

19.0 80.4 100.0 100.0 100.0 100.0 71–95 83 94 

13.2 8.6 97.4 100.0 100.0 100.0 56–80 68 72 

4.75 0.0 11.9 92.3 95.4 100.0 38–54 46 47 

2.36 0.0 1.4 8.1 82.1 100.0 28–42 35 32 

0.300 0.0 0.0 1.8 46.4 100.0 7–21 14 18 

0.075 0.0 0.0 0.6 7.8 88.0 2–8 5 3 
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Fig. 1 Dense bituminous macadam mix gradation 

Fig. 2 Prepared Marshall mould

was weighed in both air and water. Strain control loading was applied to the specimen 
as shown in Fig. 3, and the data collection system noted the stability value.
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Fig. 3 Marshall loading frame for stability test 

3.3 Retained Stability Test 

The effect of water on bituminous mixes may be evaluated by knowing its retained 
stability value. Retained stability values of conventional and modified mixes were 
determined as per the given formula: 

Retained Stability (%) 

= 
Marshall Stability for Condition Specimen (24 h at 60◦C) 
Marshall Stability un-condition Specimen (30 min at 60◦C) 

× 100 

3.4 Indirect Tensile Strength Test 

Bituminous mixes are evaluated for their tensile qualities using their ITS value. 
Unconditioned samples were cast in accordance with the AASHTO T283 specifica-
tion [26] and evaluated using Eq. 1: 

ITS = 
2Pmax 

π td 
(1) 

Pmax = Max. Load (N), t = Specimen thickness (cm), d = Specimen Diameter (cm). 

3.5 Wheel Tracking Test 

The ability of asphalt mixes to resist rutting is crucial in determining how long a 
pavement will last. Casting was done on slabs that were 300 × 300 × 50 mm in size
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at optimum bitumen content for rutting performance. The wheel rut shaper was used 
to manage the voids with eight passes applied at 6.5 kg/cm2 pressure, and the wheel 
rut tester equipment was employed to maintain 0.7 MPa pressure. Using AASHTO 
T324 [27] specifications for 20,000 passes/repetitions, the rutting performance of 
conventional and modified bituminous macadam mixes in wet and dry circumstances 
at 50 °C was evaluated. 

4 Results 

4.1 Marshall Stability, Flow, and Marshall Quotient 
Properties 

Marshall Stability value of modified mixtures increases up to 10% PET concentration 
and thereafter drops (Fig. 4). Up to 10% PET content, modified mixtures resulted in 
greater adhesion between the components. Modified mixes are attributed to fatigue 
cracking owing to increased stiffness up to 10% PET content, according to the flow 
value indicated in Fig. 5. Modified bituminous mixes with a higher Marshall Quotient 
(Fig. 6) satisfy the requirement of the stiff bituminous mix. 
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Fig. 7 Retained stability versus PET content 

4.2 Retained Stability 

An increase in retained stability up to 12% PET content as shown in Fig. 7 indicates 
that PET content improves the adhesion between aggregate and bitumen. Dense 
bituminous macadam mixes coated with PET improve the durability of pavement in 
water-logged areas due to more water resistance properties. 

4.3 Indirect Tensile Strength 

Tensile strain behaviour of dense bituminous macadam mixes improves up to 10% 
PET content (Fig. 8). As a result, these improved mixtures may tolerate substantially 
higher tensile loads before cracking.

4.4 Optimum Bitumen Content 

The properties of a bituminous mix are met when the bitumen content is optimal. 
Optimum bitumen content for conventional mixes was found to be 4.82%, whereas
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Fig. 8 Indirect tensile strength versus PET content
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Fig. 9 Rutting (dry condition) 

4.50% at 10% PET content for modified mixes. Thus, a 6.64% reduction in optimum 
bitumen content shows improvement in the volumetric and mechanical properties of 
modified dense bituminous macadam mixes. 

4.5 Rutting Performance 

Rutting occurs in flexible pavements due to over consolidation. It is caused by a 
build-up of irreversible deformations caused by repeatedly applying enormous loads, 
lateral displacement due to shear failure of the layer, or a combination of the two. 
Rutting behaviours of conventional and modified mixes at optimum bitumen content 
as shown in Figs. 9 and 10 indicate that resistance against rutting of conventional 
mixes improves with the addition of PET.

5 Conclusions 

The goal of this study was to see how dense bituminous macadam mixtures (G-II) 
would react when polyethylene terephthalate was added using a dry process. The 
mechanical properties required for an ideal bituminous mix were assessed. Marshall
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Fig. 10 Rutting (wet condition)

Stability has improved up to 10% PET concentration, and the stability of modified 
mixtures demonstrates higher adherence. The flow value of modified mixes increased 
up to a dose of PET 10% and decreases after that due to improvement in stiffness. 
Marshall Quotient of the modified mixture is higher which fulfils the condition of stiff 
bituminous mixes. Higher retained stability of modified mixes increases the durability 
of flexible pavement, especially in water-logged areas. With the addition of PET to 
DBM mixes, the quantity of optimum bitumen content was lowered to 6.64 per cent. 
When compared to traditional mixes, the rutting performance of modified DBM 
mixes is superior. Hence, for safe disposal of non-biodegradable waste plastic, this 
technique is helpful for better durability of pavement along with an environmentally 
friendly solution. 
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Numerical Parametric Study 
on Time-Dependent Response 
of Geocell-Reinforced Flexible Pavements 

Anjana R. Menon and Anjana Bhasi 

Abstract Flexible pavements on weak soil are prone to longitudinal cracking and 
rut formation on the surface. Geocell-reinforced granular layers offer enhanced load 
distribution and restrict settlement on the pavement under regular vehicular traffic. An 
intensive parametric study was done to assess the degree of impact of various factors 
on the time-dependent behavior of flexible pavement with a geocell-reinforced gran-
ular base. Parameters analyzed include stiffness and aspect ratio of geocell, frictional 
characteristics of the granular layer, and subgrade shear strength. The independent 
effect of each influential parameter on the mechanism of load transfer was analyzed 
using three-dimensional modeling incorporating the actual honeycomb shape of the 
geocell. The load transfer mechanism in a geocell is most affected by the tensile 
stiffness of geosynthetic material and the aspect ratio of the cellular pocket. While 
the effect of the wide slab mechanism is affected by the strength characteristics of all 
pavement layers, including fill friction, subgrade cohesion, and geosynthetic stiff-
ness, the membrane effect is dependent purely on the strength and aspect ratio of the 
geocell. The aspect ratio close to unity is desirable for efficient and uniform stress 
transfer through Geocell walls. 

Keywords Geocell · Honeycomb shape · Repetitive loading · Parametric study ·
Load transfer mechanism 

1 Introduction 

Geocells are becoming increasingly popular among civil engineers worldwide due to 
their versatile applications and ease of installation. Some of the significant fields of 
application of geocell reinforcement include foundations, embankments, retaining
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walls, pavements, and slope stability [1–3]. The load transfer mechanism of geocell 
involves two principles: membrane action and wide slab mechanism. The membrane 
action of the geocell is contributed by the vertical component of shear strength 
mobilized by the geocell walls upon external loading, owing to the resistance of 
the membrane to bending action [2, 4]. The wide slab mechanism, also called the 
vertical stress dispersion effect, arises due to the increased rigidity of the geocell-
soil composite. The rigid slab-like structure formed by the geocell-infill composite 
increases the load dispersion angle through the geocell layer, thus increasing the 
effective stress distribution area on the underlying subgrade [2, 5]. Gedela et al. 
[6] studied the load dispersion mechanism of geocell-reinforced foundations and 
analyzed the influence of various factors on the degree of improvement using digital 
imaging techniques. The significant factors influential in geocell-reinforced systems’ 
behavior include the geocell’s strength, geometry, and characteristics of the host 
soil material in which the geocell is embedded [7–9]. Flexible pavements on soft 
subgrades demand a reinforcement mechanism to reduce the imbibed stress on the 
subgrade. Geocell-reinforced granular layer helps in subgrade stress reduction and 
provides a rigid undulating platform that mitigates settlement-induced cracking on 
the surface, thus increasing the pavement’s service life [10]. The conventional design 
based on Burmister’s layer theory can be modified to incorporate the effect of geocell 
reinforcement. It is assumed that the geocell reinforcement improves the elastic 
modulus of the granular layer by a factor that is quantified based on infill strength, 
subgrade strength, and position of the geocell [11]. In the last few decades, natural 
geotextiles are gaining popularity in several applications including pavements [12]. 
But the long-term feasibility can be assured only by using suitable surface treatment 
to enhance the durability of the fibers [13, 14]. It is to be noted that the initial cost 
of geosynthetic reinforced pavements is inevitably higher than the unreinforced case 
due to the additional material cost. However, the reduced maintenance cost owing 
to increased durability and possible reduction in design layer thickness can compen-
sate for this, in the life cycle assessment. However, there are minimal studies on the 
time-dependent response of Geocell-reinforced flexible pavements. Since pavements 
are designed for 5–10 years, and the load is dynamic, the time-dependent response 
of pavement is significant. Considering various influential factors, the dependence 
rate on each factor is vital in optimizing the design to suit the field conditions. In 
the present study, the degree of impact of several influential factors on the Time-
dependent behavior of geocell-reinforced flexible pavement is assessed using three-
dimensional modeling. The actual curvature of honeycomb-shaped pockets is traced 
from the scaled-down specimen for accurate simulation of the load transfer mech-
anism [15]. The effect on wide slab mechanism and membrane effect is analyzed 
separately about time to provide guidelines for geocell-reinforced flexible pavement 
design.
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2 Materials and Methods 

A three-dimensional model of a hypothetical pavement section is developed using 
the finite element package ABAQUS [16]. The model details and analysis procedure 
are explained in the subsequent sections. 

2.1 Model Geometry and Loading 

Basic model geometry: The analysis is performed on a 5 m wide stretch of pavement 
laid on a soft subgrade overlain by a granular base layer of 0.7 m thickness and surface 
asphalt course 0.1 m thick. The base is reinforced using Geocell, having a pocket 
opening size of 0.5 m. To trace the geocell dimensions, a scaled-down specimen 
was manufactured using a polypropylene-based non-woven geotextile procured from 
Geodukan [17]. The honeycomb-shaped pockets were developed by stitching the 
geotextile material in a transverse direction at regular intervals. The coordinates of 
a single pocket were carefully traced and replicated using ABAQUS to generate the 
model of the geocell network. Figure 1 shows the laboratory prototype and numerical 
model of the geocell adopted in the study. The properties of materials used in the 
basic model are listed in Table 1. 

Loading and boundary conditions: Repetitive wheel loads are the most frequent 
loads on flexible pavement, and pavement response depends on the wheel config-
uration and traffic intensity. For the present study, cumulative traffic of 100 MSA 
is considered, and the pavement thickness is based on respective guidelines by IRC 
[18]. Table 2 shows the wheel configurations and loading characteristics adopted for

Fig. 1 Geocell used in the study: a laboratory prototype and b numerical model
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Table 1 Material properties 
used in the basic model Parameter Infill material 

(B) 
Subgrade (S) Geocell (G) 

Density (kg/m3) 1470 1450 200 

Friction angle 
(°) 

39 5 – 

Elastic modulus 
(kPa) 

57,900 10,600 3.3 × 107 

Cohesion (kPa) – 120 – 

Height (m) 0.7 – 0.2

the model analysis. The tire configuration and contact pressure were adopted from 
Continental Tires [19]. 

Figure 2 shows the actual elliptical contact area of a wheel and the equivalent 
rectangular contact area adopted in the model [21]. Each wheel load was applied for 
a time of 0.01 s and repeated for 1000 continuous cycles. The subgrade bottom was 
restrained against all movements, whereas the lateral boundaries of the section were 
assigned roller boundaries to permit vertical deformation alone. 

Mesh characteristics: The subgrade and granular base were assumed to behave in a 
linearly elastic-perfectly plastic manner adopting the Mohr–Coulomb failure crite-
rion. In contrast, the behavior of the asphalt layer and geosynthetic reinforcement

Table 2 Loading 
characteristics used in the 
analysis [20] 

Characteristic Value 

Traffic (MSA) 100 

Wheel load (kN) 40 

Contact pressure (kPa) 595 

Tire dimensions (length × width) (m) 0.22 × 0.15 
Axle distance (m) 1.5 

Fig. 2 Wheel contact area: a actual elliptical area and b equivalent rectangular area [15] 
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Fig. 3 Numerical model 
used in the analysis 

were assumed to be linear elastic. The pavement layers were modeled as three-
dimensional 8-noded linear brick elements with reduced integration (C3D8R). The 
continuum stress elements are chosen to depict the continuous stress deformation 
response under loading. The Geocell was modeled using three-dimensional 4-noded 
membrane elements with reduced integration. (M3D4R). Membrane elements offer 
zero resistance to bending, thus ideal for simulating the behavior of geosynthetic 
material. While the geocell, embedded in the granular layer, was assigned hard 
contact without separation, the different pavement layers were connected using 
general contact with zero slip and zero separation conditions. Figure 3 shows the 
profile of the model. 

2.2 Parametric Study 

Geocell-reinforced soil is a complex system dependent on many factors like subgrade 
characteristics, base material, and the strength and geometry of geocell. In the 
present study, the time-dependent response of geocell-reinforced flexible pavement 
is analyzed by varying the properties of infill material, subgrade, and geocell. The 
basic model is developed using the material attributes listed in Table 1. For the para-
metric studies, each parameter was varied at a time to assess the independent effect 
of individual factors. It is to be mentioned that while varying a fundamental property 
like the density of fill material, the associated properties like friction angle and elastic 
modulus vary. Hence, the complete set of properties of the material was varied in 
each trial for accurate simulation of the modified material characteristics, as summa-
rized in Table 3. It is to be noted that, unlike the conventional studies on reinforced 
pavements, reduction in thickness is not analyzed in the study because a minimum 
thickness of 0.7 m is required for embedding the geocell of height 0.5 m. Instead, 
the study presents the variation in the degree of improvement in stress transfer and 
deformation under various geocell configurations and material characteristics. The 
material characteristics are assumed to be constant throughout the analysis. However,
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the effect of each parameter on the response of the material is analyzed in terms of 
the stress deformation response of individual layers. 

The height of the geocell varied from 0.5 m to 0.4 m and 0.2 m, mentioned as 
High (H), Medium (M), and Low (L), respectively. For each height, the influence of 
each material—Subgrade, Geocell, and Base—was studied by varying one factor at 
a time, as indicated by the trial name in Table 4. 

The material properties of infill material and subgrade are based on laboratory 
tests. The whole set of analyses was repeated for different geocell heights, 0.2 m, 
0.4 m, and 0.5 m (Fig. 4) for a comprehensive assessment of the impact of the aspect 
ratio of the geocell.

Table 3 Summary of parameters analyzed in the study 

Parameter Infill material Subgrade Geocell 

Trial B1 B2 B3 S1 S2 S3 G1 G2 G3 

Density 
(kg/m3) 

1470 1296 415 1200 1450 1980 80 200 250 

Friction 
angle (°) 

42 39 20 – – – – – – 

Elastic 
modulus 
(MPa) 

59 37 83.3 9.6 10.6 14.5 1 × 104 3 × 104 5 × 104 

Cohesion 
(kPa) 

– – – 80 120 240 – – – 

Table 4 Summary of model 
analysis Geocell height (m) Low (L) 

h = 0.2 
Medium (M) 
h = 0.4 

High (H) 
h = 0.5 

Trial name LB1SG MB1SG HB1SG 

LB2SG MB2SG HB2SG 

LB3SG MB3SG HB3SG 

LBSG1 MBSG1 HBSG1 

LBSG2 MBSG2 HBSG2 

LBSG3 MBSG3 HBSG3 

LBS1G MBS1G HBS1G 

LBS2G MBS2G HBS2G 

LBS3G MBS3G HBS3G 

L—Low; M—Medium; H—High; B—Base; S—Subgrade; G— 
Geocell 
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Fig. 4 Geocell of height: a 0.5 m-H, b 0.4 m-M, and c 0.2 m-L 

3 Results and Discussion 

The time-dependent behavior of flexible pavement is analyzed concerning the two 
primary mechanisms of load transfer in geocell-wide slab effect and membrane 
action. The wide slab effect refers to the rigid slab-like action of soil-geocell 
composite that widens the load dispersion angle, which is reflected in the stress on the 
underlying subgrade. The membrane action pertains to the tensile stress mobilized 
on the surface, enabling the membrane to take up a proportion of the imposed load. 
Each performance aspect is assessed under three different aspect ratios of geocell 
for the effect of various influential factors like base material properties, stiffness 
of reinforcement, the strength of subgrade, and height of geocell. In addition, the 
deformation at the wearing surface and geocell walls after 1000 cycles of loading 
are also portrayed for geocell reinforcement of various heights. 

3.1 Deformation of Subgrade 

The deformation characteristics of the subgrade are depicted using maximum vertical 
strain developed at the surface of the subgrade over time.
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Fig. 5 Effect of the height of geocell on subgrade deformation 

Effect of the height of geocell: Fig.  5 presents the effect of the height of the geocell on 
the time-dependent variation of maximum vertical strain developed at the subgrade. 
At medium and high wall heights, the maximum vertical strain developed remains 
nearly constant over time, slightly increasing with a decrease in wall height. However, 
for a low wall height of 0.2 m, there is a severe fluctuation of vertical strain, and the 
average strain value is much higher. With an aspect ratio as low as 0.4, the wide slab 
mechanism is not much efficient since the low walls fail to form a rigid mat. Hence, 
the efficiency of the geocell is insignificant. The slab action comes into effect at an 
aspect ratio of 0.8, with the strain almost uniform after the initial loading cycles. The 
strain further decreases when the aspect ratio becomes unity and remains stable after 
about 100 cycles of loading. However, considering the meager variation in strain 
levels, an optimum aspect ratio of 0.8 can be adopted in practice. 

Effect of base material characteristics: Fig.  6a–c shows the effect of base mate-
rial characteristics on maximum vertical strain developed at the subgrade surface 
over time for the pavement section with High, Medium, and Low-height geocell, 
respectively. It can be seen that for denser base material with high friction angle, the 
maximum strain is less. With an increase in friction, the interface friction character-
istics also improve, leading to a rigid soil-geocell composite compared to the loose 
fill with low friction angle. Notably, the deformation profile is undulating in the case 
of low-height geocell. When the height of the geocell is too low compared to the 
depth of the embedded layer, the slab action is negligible. As a result, there is less 
uniformity in the magnitude of stress transferred to the subgrade and the resultant 
deformation.

Effect of stiffness of geocell: Fig.  7a–c shows the effect of geosynthetic stiffness on 
maximum vertical strain developed at the subgrade surface over time for the pavement 
section with High, Medium, and Low-height geocell, respectively. In all cases, the 
vertical strain on the subgrade is the minimum for the stiffest reinforcement and vice 
versa. The shear stress mobilized on the reinforcement is proportional to the axial 
stiffness of the material, thus reflected in the stress transferred to the subgrade and the 
resultant deformation. The trend aligns with the fact that the immediate settlement
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Fig. 6 Effect of granular base properties on subgrade deformation for a high, b medium, and c low 
geocell heights

Fig. 7 Effect of stiffness of geocell on subgrade deformation for a high, b medium, and c low 
geocell heights 

of cohesive soil is inversely proportional to the Elastic modulus, an indicator of the 
material’s frictional characteristics. The undulations in the case of Low geocell again 
reflect the inefficiency of low wall height in the stress transfer. 

Effect of subgrade strength: The effect of subgrade strength on maximum vertical 
strain developed at the subgrade surface over time for the pavement section with 
High, Medium, and Low-height geocell is shown in Fig. 8a–c, respectively. The 
magnitude of deformation is inversely proportional to subgrade cohesion, but the 
pattern is seen to be unaffected. The deformation pattern indicates that the subgrade 
settles at the first load cycle and remains uniform.

3.2 Surface Deformation 

Figure 9 shows the surface deformation after 1000 cycles of loading for various types 
of geocell reinforcement. Though the pattern is similar, the improved performance
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Fig. 8 Effect of subgrade strength on subgrade deformation for a high, b medium, and c low 
geocell heights

Fig. 9 Surface deformation after 1000 cycles of loading for a high, b medium, and c low geocell 
heights 

of the High wall geocell is reflected in the magnitude of deformation at the wearing 
surface. 

3.3 Membrane Action of Geocell 

Membrane action is one of the major load transfer mechanisms in a geosynthetic 
reinforcement. It refers to the shear strength mobilized on the surface of the geosyn-
thetic upon loading. The membrane develops tensile stress, which helps it to take up 
the imposed stress. In this study, the influence of various parameters on membrane 
action is analyzed in terms of the shear stress mobilized on the geocell walls. 

Effect of height of geocell: Fig.  10 presents the effect of the wall height of the geocell 
on the maximum shear stress developed on the geocell.

The membrane action is found to be directly related to the geometry. The 
increase in the wall height of the geocell elevates the effective area contributing 
to the tensioned membrane action, which is reflected as higher shear stress on the 
membrane. However, the pattern of stress remains unaffected.
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Fig. 10 Effect of the height of geocell on shear strength mobilized on geosynthetic

Effect of the base material characteristics: The influence of granular base material 
characteristics on the shear stress mobilized in the geocell is shown in Fig. 11a–c for 
High, Medium, and Low-height geocells, respectively. It is noted that the membrane 
action is not much affected by the frictional characteristics of base material, albeit 
with a slight increase in shear stress. Similar observations have been cited by previous 
studies indicating the insignificant effect of infill material on the behavior of geocell-
reinforced soil [5]. The shear strength mobilized is higher when the wall height is 
0.5 m, as summarized in Fig. 12. 

Effect of stiffness of geocell: The axial stiffness of the material is a factor that 
directly impacts the membrane action. The higher the stiffness, the higher the shear 
stress mobilized on the material’s surface, as shown in Fig. 12a–c. The increase in 
stiffness of the material indicates higher resistance to load-induced deformation. In 
other words, shear stress developed on the material against induced deformation is 
higher for a stiffer material. 

Effect of subgrade strength: Subgrade characteristics significantly impact geocell 
membrane action, as indicated by Fig. 13a–c. The geosynthetic reinforcement is 
placed in the overlying granular layer. Hence, the stress developed on the membrane 
due to external load is unaffected by the underlying soil characteristics.

Fig. 11 Effect of properties of the granular base on shear strength mobilized on geosynthetic for 
a high, b medium, and c low geocell heights
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Fig. 12 Effect of stiffness of reinforcement on shear strength mobilized on geosynthetic for a high, 
b medium, and c low geocell heights

Fig. 13 Effect of subgrade strength on shear strength mobilized on geosynthetic for a high, 
b medium, and c low geocell heights 

3.4 Deformation of Geocell Walls 

The deformation pattern of geocell walls indicates the extent of membrane stress 
developed on the walls. It can be seen that even if the stiffness of the geosynthetic is 
the same, the deformation magnitude is higher for the low-height geocell, indicating 
the significance of the aspect ratio of the geocell, which refers to the height-to-
diameter ratio of the pockets. For a wall height of 0.2 m, the aspect ratio is as low as 
0.4. The overall rigidity of the walls is less in this case, which is reflected as excessive 
deformation (Fig. 14).
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Fig. 14 Deformation of geocell after 1000 cycles of loading for a high, b medium, and c low 
geocell heights 

4 Conclusions 

Three-dimensional models of a flexible pavement section with geocell-reinforced 
granular base were assessed for time-dependent response under a standard repetitive 
wheel load. The effect of material characteristics and geocell geometry on the geocell-
reinforced layer’s two primary load transfer mechanisms, namely the wide slab action 
and the membrane effect, was analyzed over time. The observations lead to the 
following conclusions:

. The wide slab mechanism of geocell reinforcement helps the uniform load transfer 
to a broader area toward the subgrade, reflected in the subgrade deformation 
pattern. The maximum vertical strain in the subgrade varies inversely with friction 
angle and density of granular base material.

. The strain fluctuation with time is high for geocell with a low aspect ratio. As 
the aspect ratio approaches unity, the strain variation over time is negligible. 
Considering economy and efficiency, a minimum aspect ratio of 0.8 can be adopted 
in practice. Furthermore, the load transfer mechanism is not much affected by the 
characteristics of the infill material.

. The increase in geosynthetic stiffness and subgrade cohesion improves the stress 
response of the subgrade, the degree of impact being proportional to the height 
of the geocell wall. A soft subgrade suffers a higher immediate settlement, with 
the elastic expansion being lower than that of a stiff subgrade.

. The membrane action is observed to be purely a function of the stiffness and 
geometry of the geosynthetic material. It is independent of the characteristics of 
pavement layers, either the subbase or the subgrade. The maximum shear stress 
developed is low for the low axial stiffness of the geocell and is unaffected by 
the aspect ratio of the geocell. As the geosynthetic stiffness increases, the slab 
action is more effective, and the performance is a function of the aspect ratio of 
the geocell.
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. The deformation of geocell walls and the surface deformation are a function of the 
aspect ratio of the geocell. An optimum height-to-diameter ratio of 0.8 is desirable 
for uniform deformation and stress transfer. 

5 Scope for Future Studies

. The present study is focused on the effect of various internal factors, mainly 
material characteristics and geometry, on the time-dependent response of geocell-
reinforced pavements. Considering the minimum thickness of the granular layer 
for embedding the geocell, the reduction in design thickness is not included. 
Thus, a cost analysis is irrelevant in this research and hence excluded. However, 
the study’s findings can be used for a comprehensive analysis of the life cycle 
assessment of geocell-reinforced pavements in the future.

. The study’s findings can be incorporated into the design methodology considering 
the effect of various parameters analyzed in this article. The modified design 
extended to field studies is vital in assessing the practical implications of geocell-
reinforced pavements. 
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Intelligent Accident Rescue System 

Vishant Kumar, Sandesh Tyagi, Sakshi Garg , and Deepti Mehrotra 

Abstract Vehicles on roads are increasing day by at a very fast pace. This increase 
in vehicles has also increased the number of road accidents. Every year, an average 
of 150,000 people die due to accidents in India. Therefore, it is necessary to evaluate 
such scenarios where first aid and rescue can be provided at the accident site or the 
breakdown site at the earliest. In this paper, we have proposed a solution for situations 
where rescue is needed. We have taken the scenario of school buses as nowadays 
school buses get late in reaching school due to traffic jams, road accidents, etc. A 
network of school buses has been created in which if the drivers or the passengers get 
to know about the traffic jams ahead on the road, then the driver can take another path 
and reach on time or in case of bus breakdown, the driver or the passengers can send 
the signal to the other nearby bus drivers for rescue. This has been established using 
the OMNet++ tool using the SIoV concept. The results obtained are promising with 
a fully deployed functional network that is capable of providing help to the victim 
node at the earliest. 

Keywords V2V · SIoV · Intelligent rescue system · RSU · OBU 

1 Introduction 

As the world is changing day by day, people are focusing more and more on Internet of 
Things (IoT). Today, we see everything is getting smarter. We see smart homes, smart 
cities [1], and many smart devices which make things easier and smarter. Vehicles 
are also getting smarter day by day with the help of Internet of Vehicles (IoV) [2]. 
IoV vehicles are equipped with sensors and other technologies which help connect 
with other vehicles to transfer or receive data. We see many accidents occurring on 
roads due to a lack of concentration of drivers; the cars get off the roads and crash. If 
a vehicle has an early warning system, these types of crashes can be avoided. There
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Fig. 1 SIoV 

could be a situation in which one vehicle is stuck in traffic. In such cases with the 
assistance of V2V communication, the vehicle which is stuck in traffic can inform 
other vehicles to go for a different route as in Fig. 1. 

From IoV, SIoV [1] came into the picture. In SIoV [3], the vehicles that are 
having common interests are socially connected with each other. In SIoV, vehicles 
connected with each other share information of common interest like vacant parking 
places, weather conditions, traffic information, etc. An instance of SIoV [4] considers 
a scenario where an ambulance carrying a patient is moving towards a hospital. Now 
while moving, it connects with other ambulances to know the traffic condition on 
the way to the hospital so if traffic is there the ambulance gets notified earlier and 
then it can change the route. SIoV does not just socialize or connect vehicles, it also 
connects the driver or passengers. Sensors are also attached to the vehicles which 
show information about the vehicles like whether the vehicle is working fine or not 
to the driver or the passengers. Our major contributions to this study are as follows: 
first, to provide a system which can effectively rescue an accidental vehicle. Second, 
a system which is multipurpose or can be used in many domains like ambulance, 
defence, school buses management, etc., and last, to get real-time traffic information 
and inform other connected vehicles. 

The paper is further organized as Sect. 2 which is the literature review, and Sect. 3 
is the methodology applied in the paper. Section 4 is the data analysis and results, 
and Sect. 5 is the conclusion.
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2 Literature Review 

SIoV is a new technology and the recent work done in this field was explored to 
identify the gap. It is given in Table 1. 

Table 1 SIoV overview 

S. 
No 

Author Application Tools and 
Protocol used 

Differences Year 

1. Atzor et al. 
[5] 

This paper tells us 
about the 
implementation of 
social internet of 
vehicles using cloud 
and virtualization 
techniques 

Utilizes 
Intelligent 
Transportation 
System 
Station 
engineering 
(ITS SA) 
using 
Bluetooth 
802.11p and 
Wi-Fi 

It is different from our 
paper in a way that it does 
not make use of any 
simulator such as SUMO 
or NS3. It primarily 
focuses on implementing 
Social Internet of Vehicles 
using cloud and 
virtualization techniques 

2018 

2. Abbas et al. 
[6] 

Gives another 
street-mindful 
steering plan for 
Internet of vehicles 
by computing the 
assessed way ter 

Used SUMO 
and NS3 
simulator with 
IARAR 
protocol 

This is different from our 
paper in a way that it 
emphasizes factors 
affecting the Internet of 
Vehicles (IoV) but we have 
focused on energy  
consumption. It also makes 
use of the IARAR protocol 
but in our paper, we have 
used TCP/IP and UDP 
protocol 

2019 

3. Zia et al. [7] This paper gives a 
specialist-based 
model of a suggested 
framework with 
cutting-edge SIOV 

Uses the 
NetLogo 
which is 
created in an 
agent-based 
environment 

It basically focuses more 
on an agent-based model. 
It does not even talk about 
the security of the model. 
Here, we discussed more 
of the security issues and 
the ways in which one can 
tackle them to prevent any 
piece of information from 
being exploited 

2019

(continued)
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Table 1 (continued)

S.
No

Author Application Tools and
Protocol used

Differences Year

4. Zang et al. [8] MDTCS data 
transmission 
algorithm was given 
in this paper which is 
based on 
single-to-noise ratio 

Uses MDTCS 
algorithm and 
the ISing 
model 

This paper is different 
from our paper in a way as 
it focuses more on the data 
transmission. It highlights 
the challenges to guarantee 
the steadiness of 
information transmission 
because of quick 
organization geography 
changes, high information 
transmission deferrals and 
a few different reasons 

2020 

5. Vershinin and 
Zhan [9] 

The following paper 
mentions the security 
consciousness of the 
vehicle-to-vehicle 
dedicated short-range 
communication 

Uses the 
MATLAB tool 
for simulation 
and works on 
RSA 
algorithm 

This paper does talk about 
the security issues in 
vehicle-to-vehicle to 
communication but in our 
paper, we have attempted 
to involve better recreation 
programming for fostering 
the security execution of 
the DSRC 

2020 

6. Arooj et al. 
[10] 

In this review, they 
proposed the cross 
space, incorporated 
and examined the key 
elements to address 
different related 
viewpoints to 
diminish the intricacy 
among heterogeneous 
information sources 

Makes use of 
OMNeT++ 
and the 
SUMO tool 

This paper focuses more 
on the Internet of Vehicles, 
but we have focused more 
on SIOV, a subdomain of 
IOV 

2020 

3 Methodology 

It is studied that there are very few studies that have discussed SIoV concerning 
emergency situations. Since no system is available which can provide rescue in 
emergency situations, our basic idea is to develop an artificial environment to test 
such situations and develop a system using SIoV which can provide emergency 
support and can be useful in many domains like Defence, Ambulance, and school 
buses. To develop an artificial environment, we have used SUMO and OMNet++ and 
we have analysed data collected from OMNet++. Also, Python script has been used 
to filter the data and generate graphs for further data analysis. Fig. 2 also gives a flow 
of the methodology.
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Fig. 2 Flowchart for this work 

3.1 Sumo Simulation Details 

For making connectivity between school buses and vehicles, Simulation of Urban 
Mobility (SUMO) is used. SUMO permits displaying of intermodal traffic frame-
works including street vehicles, public vehicles, and people on foot. In this, we have 
created a real-time traffic scenario. For the network scenario, we have to use SUMO 
open street map (OSM) feature to create a real-time network scenario of Noida Sec 
125 near Amity University Noida. 

Setting up OMNet++: We imported the SUMO OSM file in OMNet++ to display 
a real-life situation. For making a V2V interface simulation and for a better picture 
of the network, Veins is used which is an open-source network simulation frame-
work for running vehicular-based projects which can offer unrestricted extensibility. 
OMNeT++, an extensible modular and compound-based C++ simulation library and 
framework for building network simulators, supports a variety of frameworks such 
as INET and Veins for vehicle-to-vehicle communication (V2V). It supports TCP/ 
UDP protocol. 

3.2 Data Extraction 

Below here, it can be seen that in OMNeT++ simulation, the map that we’ve fetched 
from SUMO is working perfectly fine and vehicles are moving on roads. The portion



298 V. Kumar et al.

Table 2 Dataset parameters 

Parameters Definition 

Total distance The total distance refers to the actual distance between the origin and 
destination locations of the substance 

Total CO2 
emission 

Total CO2 emission is basically the data of total CO2 emitted by vehicles. Stop 
time: stop time is the time at which the vehicle stopped. Start time: start time is 
basically the time the vehicles have started moving 

Total lost 
packet 

The total distance refers to the actual distance between the origin and 
destination locations of the substance 

SNIR lost 
packets 

Total CO2 emission is basically the data of total CO2 emitted by vehicles. Stop 
time: stop time is the time at which the vehicle stopped. Start time: start time is 
basically the time the vehicles have started moving 

below the map shows the data like which vehicle is moving in which lane, etc. Time 
is also previously set for vehicles moving on the road. As we can see in the data 
shown below the map, the vehicles move every 124 ms. 

Datasets. The dataset below shows us the following details as explained in 
Table 2. 

The formula for the same is given below 

SNIR = Signal Power/(Noise + Interference power) (1) 

3.3 Data Filtration 

Data filtration is done to remove the multiple fields and any null values in the dataset 
that weren’t necessary for the study like CO2 emissions, etc. For this, a Python script 
is created to filter out the data and a code is written and implemented based on Python 
inbuilt libraries to create various graphs using Python script. 

4 Data Analysis and Results 

Data analysis is used to extract meaningful information from data and make decisions 
based on that knowledge. Analysing our past or future and making judgments based 
on it is what this is all about. After the deployment of the network over the simulation 
tool, we could establish a socially connected network where in case of an accident the 
nearby accessible active nodes can provide aid. So, during simulation we observed 
that nodes 68 and 70 had an accident. So, they reached out for help to other nodes 
in the network. We can see from the simulation that an accident took place between 
node 70 and node 67. Now if we see below that, node 70 is sending a signal to all
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other nodes that are there within seconds. Similarly, if two accidents occur then the 
nodes are capable to send a signal to other nodes or vehicles simultaneously. 

After doing the analysis of nodes, we’ve created a graph which shows the SNIR 
packet loss for different nodes for node 70 and node 68 as in Figs. 3 and 4, respec-
tively. The broadcast messages for node 68 and node 70 are shown in Figs. 5 and 6, 
respectively. These figures show a graph for node 68 and node 70 SNIR lost packet 
for different datasets like 130 nodes, 145 nodes, 160 nodes, 180 nodes, and 200 
nodes. 

Broadcast devices are simple messages from other apps or the system itself. These 
signals are referred to as events or intents on occasion. For example, applications can 
send out broadcasts to inform other apps that data has been downloaded to the device 
and is ready for them to use; the broadcast receiver will intercept this communication 
and take the required action.

Fig. 3 Node 70 SNIR 
packet loss 

Fig. 4 Node 68 SNIR 
packet loss
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Fig. 5 Node 68 broadcast 
receiver 

Fig. 6 Node70 broadcast 
receiver

The aim was to build a simulation to manage the connectivity between school 
buses in OMNet++. In the simulation, we could see that the vehicles are moving on 
roads and are perfectly visible with the time set at 113 ms. 

5 Conclusion 

In this study, a simulation has been developed by using OMNeT++, Veins, and INET. 
In this work, we varied the number of vehicles and did 5 simulations as 130, 145, 160, 
180, and 200 vehicles or nodes to create connections and make them communicate 
with each other. As shown above, when the first node meets with an accident, it
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sends a packet named accident first to the radio manager and then sends it to the 
nearby other two nodes. In the paper, there is a brief explanation of the concepts 
used to achieve our goal. In the paper, we were able to gather datasets for 4 different 
node network for better results. Those numbers are 130, 145, 160, 180, and 200. 
In this paper, we showed communication between the vehicles. This is very helpful 
and if used in the real world, it could solve many problems like the problem of a 
school bus when stuck somewhere or it could be very helpful in emergency vehicles. 
The solution is not just helpful for school buses but is also helpful for emergency 
vehicles. We see many deaths in ambulances that take place daily in India because 
of not reaching on time, so with this, the vehicles could reach on time and lives can 
be saved. 
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A Critical Review on Transitopia 
of Tomorrow as a Solution of the Transit 
System to Stimulate the Use of Public 
Transportation to Make Cities Liveable 

Snigdha, Charu Nangia, and Manoj Kumar 

Abstract Urbanization has caused cities to grow horizontally, leading to issues 
with urban sprawl, longer commutes, and a rise in the demand for private vehicles, 
all of which have a negative impact on the environment. Adding new mass rapid 
transit systems (MRTS), such as metro railways and bus rapid transit systems, has 
boosted public transportation in many cities in order to address issues and fill in gaps 
(BRTS) [1]. However, in order to create liveable, healthy, and intelligent cities, it is 
crucial to utilize these systems effectively. Urban transportation is a serious concern 
in today’s megacities. The transportation network extended and evolved to cover the 
new urban fabrics and connect them to the rest of the city because of considerable 
urban expansion and population growth. It is quite challenging to achieve growth 
and development, especially in developing cities. Urban transportation is facing a 
new issue due to the ever-increasing population of urban regions. The difficulty with 
which these options can be used to meet the current requirements as well as the 
constraints on the options’ availability, space, and relationships with one another 
increase the complexity of the issue. The need for speedier communication, travel, 
and transportation is increasing quickly as the world gets smaller [2]. Technology 
both facilitates and offers answers for this process, functioning as both a catalyst and 
a supporter of it. Planners and engineers are interested in finding solutions for urban 
transportation, despite its complexity and difficulties. Public transit, or PT, is one 
such option that has shown promise in addressing the aforementioned issue. This 
paper explores the potential of TOD and IPT, as well as its viability in a developing 
country like India. This novel kind of urban transportation is thoroughly discussed 
in the paper, along with the transportation needs and potential use and solution for 
this technology to address them.
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Introduction: India is rapidly urbanizing, with urban population growth outpacing 
that of the country’s overall population. India is up against the world’s fastest growing 
nations. Urban sprawl issues were brought on by the cities’ horizontal growth 
resulting in urbanization. Trip lengths have risen, private vehicle use has increased, 
there are pollution issues, and infrastructural needs have expanded as a result. Many 
cities have improved their public transportation systems to deal with these problems. 
To make cities liveable, healthy, and sustainable, it is crucial to combine land use 
and transportation infrastructure effectively [3]. 

Transitopia of Tomorrow: Transportation options are widely recognized as facili-
tating access to education, employment, and leisure activities, but they are also the 
source of many issues that cities face. Identifying the significance of change is needed 
to prevent the future of transportation from being dystopian. So to understand the need 
for alternative methods, think about planning for sustainable utopian transport. The 
mobility of people and goods, the physical aspects that support and inhabit mobility, 
and the governance framework with respect to formulating and implementing trans-
portation policies and minimizing the negative effects of traffic on the environment 
to make the city liveable, sustainable, and healthy are the three components of the 
transportation system that should each be separately “utopianized” in Transitopia. 

1 Urban Mobility Index in Transit-Oriented Development 
Zone 

Urbanization is now occurring at the fastest rate ever. Urban agglomerations will be 
home to more than 5 billion people by 2030. With the urbanization of the world, a 
new age of prosperity, economic growth, and resource proficiency will start. Mobility 
is a key factor in urban economic growth [4]. It is true to say that the modern city’s 
rise is based on mobility. Only improvements in mobility have allowed cities to grow 
from the mediaeval metropolis, where all moves were on foot, to today’s enormous 
agglomerations. However, transportation systems need to change significantly, as 
cities develop. 

When faced with a growing population, can a city that occupies a fixed area reduce 
congestion? Would it be possible to stop the lengthening of journey times as more 
people wish to travel? Can a city sustain or even improve its quality of life with or 
without making large expenditures on its transportation infrastructure? So on. 

The demand for transportation in cities must be met through the effective and 
seamless use of already available transportation infrastructure and urban space in 
order to minimize bottlenecks by minimizing the frequency and length of vehicular
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Fig. 1 Principles of TOD and measurable indicators (Source http://moud.gov.in/link/urdpfi-guidel 
ines.php) 

trips as well as the transit ridership itself. Less noise and air pollution, as well as 
lower greenhouse gas emissions, are the projected results of these initiatives. In 
metropolitan regions, there is worry over the growing influence of transportation on 
the environment, particularly the quality of the air [5]. Consequently, the innovative 
urban objective is to develop sustainable mobility based on eco-friendly modes of 
transportation. With a proper modal share of various modes of transportation and 
by figuring out how to provide transportation services in cities, sustainable mobility 
should satisfy the transportation demands of all groups. 

Assessment of cities’ accessibility in three crucial areas: sustainability, infras-
tructure, and people. These factors are frequently cited in statements of visions, 
aims, and goals, as well as in mobility planning papers for cities all over the world, 
which makes them a natural fit for the pillars of the Ease of Moving Index. Utilizing 
the Three Pillars of Evaluation—People, Infrastructure, and Sustainability—we can 
assess the general mobility of a city. Among the main dimensions of evaluation, the 
Accessibility of Moving Index would include details on how easy it is to relocate to 
a specific city [2]. How should my city develop going forward (Fig. 1)? 

2 Pillars of Evaluation 

Urbanization is a current and future trend since more than partial of the world’s 
residents now live in cities. This number is projected to increase to 6.5 billion by 
2050, or two-thirds of the completely human population. Urbanization offers a variety 
of opportunities and difficulties that call for planning with the goal of achieving 
an ideal coexistence and viable growth [6]. Metropolises all over the world have 
come to the realization that if we are to achieve the global agenda on sustainable 
development, our approach to planning and managing urban areas must undergo a 
profound transformation. In actuality, what makes cities distinct from one another 
are the different urban transportation systems that they have created to negotiate their

http://moud.gov.in/link/urdpfi-guidelines.php
http://moud.gov.in/link/urdpfi-guidelines.php
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particular surface topography and urban consequences density, demographic trends, 
and form. 

Urban mobility is defined as the movement of individuals through a Mode between 
a journey’s senders to the receiver. Based on the assumption that people migrate 
to obtain housing, jobs, and amenities including education, health, recreation, etc., 
designing for urban mobility is necessary. Additionally, they anticipated that as cities 
improve and community grows more rich, users will prefer motorized transportation 
over non-motorized transit since the former is more practical and viewed as being 
more time-efficient than the latter. These assumptions may not be true, particularly 
in the current climate where technology has helped to modify perceptions about how 
people travel and how cities function. Due to the development of e-mobility and 
mobility as a service, commuters no longer need to move in order to access services. 
Due to growing public awareness of the negative effects that motorized mobility 
has on the environment, human health, and other factors, as well as the increasing 
acceptance of non-motorized transportation (NMT), such as travelling and walking, 
the trend of the future of mobility, as we currently understand it is changing. 

As Shanghai Declaration on Better Cities, Better Life “Cities should respect 
nature, view the urban ecological environment as a resource, include environmental 
concerns into urban planning and management, and quicken the shift to sustainable 
development. They ought to encourage the development of low-carbon eco-cities and 
the utilization of renewable energy sources. They should fervently support resource 
preservation and infrastructure that is friendly to the environment [7]. Cities and 
their citizens should work together to develop ecological civilizations and sustain-
able lifestyles that allow people and the environment to coexist together.” The four 
key principles of urban mobility—planning, infrastructure, and sustainability—are 
endorsed in this proclamation. We observe significant influences in India, in which 
the National Urban Transport Policy of India (NUTP), enacted in 2006, is considered 
as the cornerstone of Indian mobility [3]. According to the National Urban Transport 
Policy (NUTP) of India, our cities are the most liveable in the world and have the 
capability to become the “engines of economic growth” that drive India’s develop-
ment in the twenty-first century. Recognizing that people are at the centre of our 
cities and that all planning is for their benefit. Allowing our cities to grow into an 
urban shape that is most appropriate for the unique topography of their locations is 
the best approach to promoting the fundamental, social, and economic activities that 
take place in cities. 

3 Global Trends Challenges and Forecasts 

Although the transition to a largely urbanized world situated formally recognized 
everywhere, it acquired more than ten years to begin developing multinational regu-
latory frameworks on climate, sustainability, and biodiversity. Local and regional 
governments have aggressively embraced change alongside national governments,
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and occasionally even more actively. They are on the front lines of everyday diffi-
culties, including an extensive range of stakeholders from the communities and the 
commercial region. The most urgent issues affecting communities worldwide are 
those related to transportation, health, environmental responsive infrastructure, air 
index, and emissions. Cities now rely on quicker environmental transformation and 
adaptability as a result. This is taking place in the midst of more extensive industrial 
developments taking place on a worldwide scale, comprising digitization and expan-
sion of on-demand mobility, which have prospective to greatly aid in the expansion 
of viable mobility approaches [1]. However, the leap from dispersed experimental 
tactics to major structural changes still needs to be in the world. 

The Commonwealth of Independent States has seen an increase in the trend of 
car ownership during the last ten years. Nevertheless, because initial reference levels 
were low, these countries’ motorization levels are today noticeably lower than those 
of industrialized nations; however, the ratio of automobiles per 1,000 people in 
several of these countries’ largest cities is approaching 300–400, and it is expected 
to continue to climb. The majority of countries had seen increases in both the number 
of privately owned automobiles and the number of kilometres travelled per person 
in automotive usage (and the trend continues in many). 

Local governments and civil society are pushing in the opposite direction in 
various parts of Europe because they believe that private car ownership and private 
car mobility, especially in cars that use fossil fuels, are major obstacles to living 
sustainably [8]. The recent significant social unrest in France, which was the idea 
of raising the price on fossil fuels, particularly diesel, in order to finance a more 
carbon–neutral economy, demonstrates that the equation is not that straightforward. 
Along with the ideas, steps were to lower the posted speed limits on the nation’s 
roads. Car ownership is not just seen as a lifestyle choice that may be altered to fit 
current trends in the peri-urban and rural areas surrounding France’s major urban 
centres. 

Global trends, whether they are related to electro mobility, shared mobility, or 
active mobility, are altering mobility patterns throughout the UNECE member nations 
and having an impact on transportation systems and cars. Industry, society, and urban 
governance are impacted by this. Urban patterns and mobility difficulties can be 
rethought in many ways, thanks to the economy’s rapidly growing digitization, but 
doing so will require future cross-sectoral and multi-stakeholder collaboration. 

4 Remarkable Success in Transit-Oriented Development 

4.1 Case Study—Hong Kong 

Geographical constraints have caused Hong Kong to grow into a dense metropolis. 
The public transportation network has expanded alongside the growth of the city to 
accommodate citizens. One of the most effective and diverse public rail networks
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in the entire globe is Hong Kong. The city’s vitality depends on its mass transit 
systems. A rail Transit-Oriented Development (TOD) has the ability to provide a 
superior alternative to private transportation in metropolitan areas and considerably 
enhance the quality of life for people by blending residential needs with alluring 
public transit options. It has been placed as the leading supplier of light rail, tramway, 
and metro conveyance in Hong Kong [9]. The World Bank (2019) ranked 14 cities 
with exceptional TOD achievement and chose Hong Kong as one of the top three 
benchmarking cities in its report, “Benchmarking Transit-Oriented Development.” 

The largest number of individuals who use public transportation is in Hong Kong. 
Public transportation accounts for 81% of all journeys undertaken in the city, with 
12.4 million passengers boarding each day (Fig. 2). 

R+P (RAIL + PROPERTY) 
DEVELOPMENT MODEL 

1. Rail-oriented community 
(Rail + Property as a living 
style) 

2. People-vehicle segregation 
(A safe and healthy living 
environment) 

3. Station-Property 
Integration (A compact 
development with seamless 
connections) 

Fig. 2 Design of R+P Model in TOD Zone and measurable indicators (Source http://moud.gov.in/ 
link/urdpfi-guidelines.php)

http://moud.gov.in/link/urdpfi-guidelines.php
http://moud.gov.in/link/urdpfi-guidelines.php
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Fig. 3 Demand estimation and route network design technique (Source Author) 

5 Ideologies of TOD in Hong Kong 

The five “Ds” Approach of TOD applicable in the case of Hong Kong (Fig. 3). 

6 Ease of Access and Growth Versus Congestion 

A city living on total automotive dependence becomes dysfunctional, inefficient and 
inconvenient for life. The goal of the transport system is to move people, not vehicles [10]. 

Urban transportation experts concur that traditional and developed cities don’t elon-
gate at ease to living as an outcome of the unchecked increase in the usage of privately 
owned cars. Urbanization and population growth increase the need for transportation, 
population mobility, and concomitant difficulties with access to some metropolitan 
areas, travel destinations, and transportation services. Large metropolitan road 
networks get congested because transportation demand exceeds the capacity of the 
available road infrastructure. Major city administrations have long viewed expanding 
the capacity of urban highways through their rehabilitation and development as the 
primary method of reducing traffic congestion [11]. The paradigm of “planning for 
vehicles in cities” served as the foundation for the respective transport planning 
theories that were adopted during the century noted for “rapidly growing motoriza-
tion.” The practise has demonstrated that these attempts to address the problems 
of enhancing accessibility to urban areas and reducing congestion never produced 
long-term favourable results of the creation of so-called “induced” mobility [12]. 

The reality of rising car ownership rates that have significantly exceeded the 
growth of urban road networks, as well as rising pollution and environmental damage 
brought on by increased road infrastructure, have emphasized the necessity for an 
innovative paradigm for urban transport development. The idea of “sustainable urban 
transport” or “sustainable mobility” is sought to retain the population’s mobility by 
moving transportation demand towards safer and more environmentally friendly 
types of transportation, or “urban mobility planning” [13]. However, despite all
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the advantages of this strategy, which is adopted in many large cities, it is still a 
result of the specific transportation needs for which the public transportation system 
was created. Forecasting metropolises and transportation infrastructure nearby motor 
vehicle traffic flow remains to have significant negative externalities related to trans-
portation activities in particular, resulting in 1,250,000 deaths annually from traffic 
accidents and 3,200,000 deaths annually from air pollution. It is obvious that we 
need to change the current transport paradigm and concentrate efforts on building 
vivacious, vibrant cities that can accommodate people’s daily activities. A rising 
number of experts are beginning to recognize the significance of this method of 
urban planning. 

7 Comprehensive Mobility Plan (CMP) 

Comprehensive Mobility Plan (CMP) is introduced in Indian cities by the Ministry 
of Urban Development as a toolkit, for Sustainable Urban Transport with the support 
of Global Environment Facility under the influence of the National Urban Transport 
Policy [14]. The main objective is to provide desired ease of access and mobility 
patterns for residents in the urban cluster. It emphasizes the mobility of people to 
address the issues and problems towards urban transport and encourage good prac-
tice around the globe which is essential for cities. The objectives of the tool kit were 
prepared to enhance the mobility pattern of residents rather than of vehicles, advance-
ment of public transport, NMVs, and pedestrians in the context of Indian cities. The 
Sustainable Mobility Plan is a method to deal with transportation concerns efficiently 
[15]. In the existing practices, the governing outlines are formulated on a participa-
tory approach for sustainability and an integrated approach to outline the vision, 
objectives, and measurable targets to review the costs and benefits of transport. CMP 
emphasis on four substantial essentials to promote sustainable urban mobility in the 
cities includes transit system, Land use, NMT, and Public Transport. 

8 Lessons Applicable to Indian Cities 

The outcome of the study is to provide steadily rising number of city residents with 
sustainable, rapid, comfortable, inexpensive, and safe access. This is intended to 
accomplish by

. Local Area Planning for TODs: Effective planning for TODs begins at the 
regional scale followed consistently by the level of station area planning, as evident 
in the case of Hong Kong.

. Station Area Planning: In India, the absence of station area planning and inte-
gration of adjoining private developments as part of the overall station design has 
led to substandard development, which is adjacent to transit. MTR station and its
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above-station property development are excellent examples of TOD value capture 
[16].

. Strategic Intensification along transit corridors: High-density, high-rise devel-
opment concentrated along strategic transit interchange nodes is a stable feature 
amongst a majority of Hong Kong’s transit stations.

. Design of the Public Spaces alongside Station Development: Emphasis on, 
physical integration of R+P project with stations and surrounding buildings, 
vertical connectivity for pedestrians at above ground levels and vehicular connec-
tivity at ground floor level and underground levels, integrating in-station retail 
with pedestrian footbridges and corridors; and presence of high-quality public 
spaces are some of the elements that have contributed in enhancing the overall 
quality of life and increased property values. 

9 Issues and Gap 

The types of pollutants produced by cars in cities that are contributing to an increase 
in air pollution have been the focus of numerous specialists’ investigations. In several 
studies, researchers made an effort to monitor various data, including AQI of various 
city neighbourhoods, and then compare the primary data acquired with National 
Ambient Air Quality Standards to identify areas with high pollution levels. In megac-
ities, some academics have tried to explore the connection between traffic congestion 
and air quality, while others have looked at how traffic congestion affects air pollution, 
which has had a negative impact on health, and still others have attempted to inves-
tigate the relationship between public transportation and its environmental impact. 
Some scholars have recently discussed vehicle air pollution in terms of CO2 emis-
sions, while others have attempted to examine the failure of TOD in terms of public 
transit. A few researchers have attempted to discuss modes of transportation in some 
studies, with the findings that vehicular congestion is the major cause of air pollu-
tion, and that the cause of vehicular congestion is a lack of proper connectivity and a 
shortage of public transportation within the city [17]. There was no thorough study 
that could highlight the various effects of traffic congestion in a city or the connection 
between transit-oriented development and urban mobility. In order to improve public 
transportation and investigate the effects of traffic congestion in the city, it has been 
decided to undertake thorough research and propose a recommendation on last-mile 
connection and TOD strategy [8]. 

10 Parameters of Evaluation 

All around the world, there is a focus on assuring connectivity, ease of access, and 
sustainability. The Indian Government’s Ministry of Urban Development (MoUD) 
has lately published a study titled Livability Standards in Cities that examines how
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Fig. 4 Parameters of evaluation and measurable four key components of urban mobility (Source 
Author) 

liveable Indian cities are [10]. The study names transportation and mobility as essen-
tial principles of assessment, highlighting mobility’s importance in urban develop-
ment and its commitment to enhancing the standard of living for Indian city dwellers 
[18]. When previous efforts by different organizations working on urban mobility 
are analysed, it is evident that mobility planning is prepared with a vision that is in 
accordance with the overall goals of sustainable development. A prime example of 
such a multinational endeavour was the Shanghai Declaration [19]. The Shanghai 
Declaration on Sustainable Communities, Better Standard of Living, which is iden-
tified as a major statement leading the world towards liveable cities, was signed 
by 192 countries in 2010, including India. This proclamation identifies consumer, 
governance, infrastructure, and sustainability as the four essential elements of urban 
transit (Fig. 4). 

11 Conclusion 

The outcome of this study is on how transit systems affect land use, which raises 
crucial questions about the locations, types, and costs of development projects, as 
well as accessibility issues and traveller preferences and performance. By focusing 
on parameters of evaluation, which include principles of TOD variables and measur-
able indicators of mobility patterns, the study seeks to uncover the traits of urban
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transportation users, cars, modes, infrastructures, and services [20]. The strategies 
and recommendations for reducing traffic congestion, last-mile connectivity, and 
the environmental effects of transportation are required to investigate the effects 
of these elements on commuters’ travel characteristics and mode selection choices. 
The indices outline critical goals to help each index achieve its objectives, but they 
are not viewed as least significant as achieving sustainability metrics. Based on the 
above case studies, the attributes and indicators are categorized to review the quality 
assessment to identify the intention of people from public transportation to private 
vehicles. Once the cities are willing to compete with fundamental knowledge of 
TOD and sustainable practices across and within various sectors of urban develop-
ment, this index might be more advantageous in assessing efficiency guidelines for 
reimagining mass transit pertaining to urban mobility as a sustainable solution. 
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