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City Resilience and Sustainable
Infrastructure—An Introduction

Indrajit Pal , Sreevalsa Kolathayar ,
and Satya Venkata Sai Aditya Bharadwaz Ganni

1 Introduction and Background

The cities are vulnerable to adverse effects of natural and manmade hazards and pose
great challenges due to rapid urbanization and climate change. More than half of the
population of the world lives in cities, and it is likely to increase in future. Cities
also account for about 70% of global carbon emissions [43]. The urban sustainability
focuses onmanaging resources in a way that ensures welfare and promotes equity for
current and future generations [29]. Resilience is the capacity of a system to absorb
disturbance, such as a natural hazard or disaster, essentially retaining the same func-
tion, structure, feedbacks and identity [29]. Sustainability should the goal of society
while resilience signifies a characteristic of the urban system. Both sustainability
and resilience come together as a powerful tool in the context of urban development.
OECD [29] defines resilient cities as “those which have the ability to absorb, recover
and prepare for future shocks (environmental, economic, social and institutional).
Resilient cities promote sustainable development, well-being and inclusive growth.”

The guiding principles are based on the predefined ten essentials helping the cities
and local governments to share learning, access information, develop indicators, and
performance measures and track progress. The Ten Essentials for Making Cities
Resilient were proposed to hasten execution of the Sendai Framework for Disaster
Risk Reduction (2015–2030) [31, 44].

Essential 1: Institutional and Administrative Framework.
Essential 2: Financing and Resources.
Essential 3: Multihazard Risk Assessment—Know Your Risk.
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Essential 4: Infrastructure Protection, Upgrading, and Resilience.
Essential 5: Protect Vital Facilities: Education and Health.
Essential 6: Building Regulations and Land Use Planning.
Essential 7: Training, Education and Public Awareness.
Essential 8: Environmental Protection and Strengthening of Ecosystems.
Essential 9: Effective Preparedness, Early Warning and Response.
Essential 10: Recovery and Rebuilding Communities.

Sustainability and resilience need important attentions in planning, design,
construction and operation of the cities’ infrastructure. Thanvisitthpon et al. [42]
describe flood risk management in urban areas relies on infrastructure develop-
ment for flood prevention and management for resilience building and also through
flood adaptive capacity of urban residents (i.e., non-structural strategy). Climate
variability contributed to the unpredictability of precipitation in many parts of the
world and significantly impacted the city development, livelihoods, the environment
and the economy [41]. Similarly, seismic risk can be better addressed though the
micro-zonation mapping to emphasis in any infrastructure development planning
[37].

The chapters in this book volume present diverse insights on urban resilience and
sustainable infrastructure. This article is an attempt to summarize the contents of
the book volume on City Resilience and Sustainable Infrastructure. All the chap-
ters in this volume are segregated in five clusters, e.g., resilient infrastructure in
construction, innovative construction interventions, waste management and disaster
risk reduction, urban development and sustainability and cross-cutting issues.

2 Resilient Infrastructure in Construction

Rungskunroch et al., in their exploratory study on Risk and resilience of railway
infrastructure: An assessment on uncertainties of rail accidents to improve risk and
resilience through long-term data analysis, aimed to analyze uncertainties of railway
accidents and evaluating risk and resilience of rail’s infrastructure after occurring
an accident. The datasets are analyzed by using Bayes’ and decision tree methods
through Python programming. Themodel uses long-term data tomeasure the severity
level of an accident by infrastructure failures. The result shows the severity level
is scored at 18 of 32, which can be interpreted at ‘high risk’ [12]. Alok Rathore
et al., Paper Assessing Resilience of Transportation Networks under Multi-Hazards:
A Review, present a review of various methodologies for assessing and improving
the resilience of the bridge network system against disasters. There are broadly two
assessment approaches used by the authors in this paper, namely resilience aspect
(quantitative) and resilience assessment (qualitative approaches). Resilience opti-
mizes the maintenance method for faster recovery when the system’s life cycle is
considered. Therefore, a structural system’s resilience is considered as a critical
performance indicator for infrastructure [13]. S. Divya Sankar et al., in their Risk
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Management In Construction Industry, present how the people in construction orga-
nizations need to manage the risks and need to know how to manage the risks by
using different techniques of construction management. The analysis of risk and
also techniques of management are applied rarely by the Visakhapatnam construc-
tion organizations because of the absence of knowledge and also expertise. There-
fore, the construction industry is not confident relating to the techniques used and
also its applicability in the construction projects [2]. Poornima Ramesh and Bharani
Alagirisamy in their paper Achieving Sustainability Goals through infrastructure
modifications: Lessons learnt from COVID-19 pandemic present how the world
produced by antivirus looks on the basis of the lessons learned and the value of a stable
and safe environment. This paper looks at the future COVID-19 steps to gradual and
systemic improvements in varying time frames and sizes, which enhance air quality
and less energy use, or the use of materials that eventually fulfill the sustainability
objectives. The pandemic caused decision makers, designers and architects to reflect
more, attempt to mold our physical areas and reset the current built environment, or
to create more ideas to confront potential attacks on the virus [4]. Katopodis et al., in
their exploratory study, explains the vulnerability and impact assessment of extreme
climate events in the Greek oil industry by identifying the vulnerability status of
employees, processes and structures through a three-level analysis. The proposed
approach is built on the use of the high resolution WRF regional climate model to
determine the climate hazards with the most severe impacts to oil infrastructure, the
most exposed structures and processes, and the changes of the trends in extreme
events, under the future analysis. The study highlighted the need for the re-design
or improvement of the defenses of the oil infrastructure, taking into consideration
the prospect of climate change, to withstand extreme hazards and loads expected in
50 years ahead [14]. Elena Dolgopolova in the paper Catastrophic events at the river
basins due to permafrost thawing: review and examples discussed about how thawing
of permafrost results in intensive erosion of river banks, breaking of constructions
and pipes, thermokarst subsidence of landscape, etc. Most of the river discharges
under consideration show increased trends, the rate of increase of water discharge
decreases with a rise of air temperature. At the same time, correlation between the
rate of river discharge increase and growth of ground temperature is found to be
positive. It is found that a river bend is a potential source of hazard connected with
the cemetery erosion. Growth of water discharges increases water levels which result
in intensification of river bank erosion and may be a source of catastrophic pollu-
tion of water due to wash out of burial wastes [10]. Smaranika Panda in the paper
Effect of Land Uses on Personal Exposure of Street Vendors at a Metropolitan City
presents the impact of contrasting land uses on personal exposure of street vendors
in one of the metropolitan cities of India (Bengaluru). Study results indicated heavy
particulate exposure at both the locations. The PM5 personal exposure was observed
to be exceeding the PM10 and PM2.5 standards by several folds at both the land uses.
However, at the traffic intersection the exposure concentration of PM5 was observed
three times higher than the residential area [32]. Sumeet Moktan et al., in their paper
Social Vulnerability Assessment to Natural Hazards in Western Nepal, explained
about the social vulnerability to natural hazards in western Nepal and have aimed
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to assess social vulnerability in 40 districts of the Western regions of Nepal. The
overall vulnerability map was prepared using the indicator-specific outputs obtained
in this research. The indicators considered in this study were population, gender, age,
education, health, poverty, ethnicity, economic and housing unit. The results of this
study have the potential in contributing to policy making and preparedness, emer-
gency planning, public awareness and altogether in creating a more successful and
focused crisis response program [7]. The paper Sustainable Urban Drainage System
to avoid flooding of rain origin and improving green areas, Lima, Peru by López
Amaro et al. aims to provide an engineering solution to the problem with a sustain-
able urban drainage system (SUDS). It consists of a set of elements of the drainage
network that will allow the collection, transport, decontamination, retention, infiltra-
tion and rainwater evacuation sustainably. It is recommended to implement SUDS
alternatives to reduce the risk of floods due to the urbanization process and improve-
ment of green areas and to avoid their occurrence in the urban development process
in this and other areas of the city [39].

3 Innovative Construction Interventions

The explorative study on Replacement of river sand with coal bottom ash as fine
aggregate in cement mortar by Wasnik et al. explained about utilization of coal
bottom ash as fine aggregate in cement mortars. Compression tests are conducted on
cement-mortar cubes (with different proportions of coal bottom ash) to determine
compressive strength. Further, a compression test is conducted on cement-mortar
cylinders in a displacement controlled Universal Testing Machine (UTM) to obtain
the stress–strain curve and modulus of elasticity. The study found that river sand
replaced with up to 50% coal bottom ash exhibited satisfactory performance as fine
aggregate in cement mortar [45]. Vasavi G S et al., in their paper Strength and Dura-
bility properties of Alkali activated Flyash Earth bricks, discussed the strength and
durability characteristics of alkali activated Flyash Earth bricks. Two kinds of bricks
were produced, one set of bricks with the use of manufactured sand or M-sand
and another set without M-sand. Soil Fly Ash alkali activated bricks can be used
as an alternative to traditional burnt clay bricks as the strength parameters of these
bricks are in the same range or even slightly higher than that of burnt clay bricks.
It was found that the dry compressive strength of the bricks is in the range of 8 to
10 MPa, and wet compressive strength is around 70% of dry compressive strength
[26]. Roy et al., in their paper Experimental optimization of GGBS Fly ash-based
geopolymer concrete paver blocks, discussed about an extensive experimental inves-
tigation is carried out using various mix proportions of Geopolymer concrete (GPC),
to identify the design mix considering the compression testing results and other key
parameters of GPC with low-cost technology. From the compression testing results,
GPC can be considered as the right material for construction from both strength and
deformation considerations. Apart from its high strength, this material requires low
production cost at high durability. Practical implementation of GPC technology in
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precast concrete products such as paver block has been developed in Indian scenarios
under ambient curing [11]. The explorative study onAnExperimental Study of Creep
Behavior for Disturbance of Unsaturated Expansive Clay Soil by Balaganesh P et al..
explained about how the recent trends in technological innovations involved in the
design and implementation of a smart composter enabled with IoT. The control
and accuracy of results mainly depend on the selection of the major processing
units having suitable output-related hardware such as Arduino UNO, Node MCU,
Raspberry Pi model 3, track recorder, Siretta antenna and wireless communication
module. It is also observed that selection of proper internet gateway is essential to
address the challenges in data transmission, data safety and power consumption as
in the case of a community-based cluster of smart composters. The study makes
design-oriented prospects toward development of a smart-rapid composter involving
provisions for advanced process control and quality checking (Expansive Soils).
Kok Shien Ng and Yee Ming Chew in their paper Practical Design of Stone Column
in Predicting Settlement Performance present a simple yet practical design method
for both the end bearing and floating stone columns for large and small column
groups. Hence, the methods introduced here focus mainly on the estimation of the
settlements of stone columns and improved ground. They were developed based
on a series of numerical studies using 2D and 3D finite element analyses. Three
methods have been introduced for large stone columns groups and two methods
for small stone columns groups. The methods are derived from numerical analyses
where the effect of influencing factors on the settlement performance is taken into
accounts [28]. Thanh Quang Khai LAM et al., in their paper Using prestressed rein-
forced concrete piles as basement walls for high-rise buildings discussed the latest
construction techniques. There are currently some construction methods for building
houses with basements, such as: pile construction method is done, then dig the soil
to the bottom of the foundation and then build the house from the bottom up, or build
according to the soil wall method (Barret wall), or the top down method, semi top
down methods, etc. The authors present in this paper: “Using pre-stressed reinforced
concrete piles for high-rise buildings as a basement wall.” The use of pre-stressed
reinforced concrete piles saves and lowers the project’s cost, bringing the construc-
tion to high quality [20]. Prakash et al., in their paper Analytical Study on Single
Span Reinforced Concrete Beam with Continuous Spiral Reinforcement Under Pure
Torsion discussed the construction methods. In this paper, four inclination angles of
stirrups and traditional stirrups are adopted. The torsion behavior in beams is studied
by monitoring the load deflection curves, ultimate load values, vertical deflections
measurements and crack propagation during static tests. Test results indicate that
using rectangular spiral shear reinforcement improved the torsion capacity of beams
compared with traditional individual closed stirrup beams. Using rectangular spiral
shear reinforcement is recommended because it enhances the stiffness in beams
[33]. Vigneshwaran R and Prabavathy S in their paper Investigation of wind loads
on setback building using Computational Fluid Dynamics explained about the actual
wind loads acting on the setback tall building. The simulation is carried using compu-
tational fluid dynamics (CFD) with the help of turbulence model realizable k-ε. The
analysis is carried for a particular wind angle 0° at a scaled wind velocity of 10 m/s.
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From the results, the mean pressure coefficient (Cp) is obtained for each face of the
setback building and further pictorial representation the pressure contour on each
face of the building is presented. Additionally, the physics of the wind flow behavior
around the setback is studied [34]. Mahesh Mungulea and Kannan K. R Iyer in their
paper A Review on Role of Pavement Materials on Urban Heat Island Effects have
done the comparison of thermal performance of pavement materials, namely asphalt
and concrete. Despite the obvious advantage with concrete, little attention has been
paid to improve albedo values of concrete. Limited experimental investigations on
modified concrete pavement highlight the potential gain that can be achieved. The
utilization of admixtures for enhancing the albedo value of concrete pavement can
be seen as an effective way to reduce the UHI effects, especially in urban areas [21].
Anjali A et al., in their paper Studies on Strip footings resting on lateritic slopes,
had investigated the settlement behavior of strip footings resting at various levels on
lateritic slopes, by carrying out a series of laboratory scale load tests on model foot-
ings resting along the slope surface. The parameters varied are distance of footing
from edge of slope and slope angles. Finite element analyses are carried out with
the FE software PLAXIS 2D, and the results are compared with those obtained from
laboratory scale load tests for validation. Eccentricity and slope angle are major
factors which affect the load settlement behavior of footing resting on slopes [1].

4 Waste Management and Disaster Risk Reduction

Rohan Deshmukh et al.., in their paper Effective Utilization of Waste Plastic Bottle
as Geocell in Road Pavement: A Numerical Study, describe about an approach to
use cellular reinforcement made up from Waste Plastic Bottle Geocell (WPBG) for
the improvement of pavement. In this study, unreinforced and cellular reinforced
pavement was analyzed by numerical modeling in PLAXIS 2D and 3D. This study
gives an effective result and proves to be a boon for road construction as it improves
the subgrade and also for environmental conservation as it provides effective utiliza-
tion of waste plastic bottles in the form of geocell [40]. The explorative study on
Impacts of Temple waste on the environment and its mitigation by Jahagirdar S. et al.
reviewed about the temple waste management. India is land consisting of millions
of temples which in turn generate thousands of tons of waste every year. This study
and analysis indicated that proper management of temple waste has emerging bene-
fits like excellent quality manure and reusability of water, making the temples more
sustainable and smarter, rather than disposing of the temple waste with domestic
waste [22]. Dani Irwan et al., in their paperAge andHousehold SolidWaste Arising in
SuburbanMalaysia: A Statistical Approach, aim to examine the relationship between
age and the rate of household solid waste (HSW) generation per capita from house-
holds in selected residential areas of the suburban Malaysian townships of Bandar
Baru Bangi, Putrajaya and Kajang. Subsequent data refinement resulted in a final
sample of 219 households consisting of 4623 discrete measurements being used for
statistical analysis in the IBM SPSS software package. Results of statistical analyses
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show that weighted average age has a small and positive but statistically insignificant
correlation to average daily per capita HSW arising. However, evidence from this
study shows that the relationship between the two is insignificant from a statistical
perspective [19]. The paper Feasibility study on Municipal Solid Waste (MSW) as
sustainable engineering material using suction characteristics by M. V. Shah and A.
J. discussed about the study which attempts to observe the suction characteristics of
the waste for different moisture content and to establish the relation between suction
parameters and strength of the waste. To check its suitability as the alternate mate-
rial for construction purpose, the same study is carried out on silty sand so that the
influence of the volatile matters present in the MSW on suction can be observed.
The average pore size of the compressed mass is carried out using the relation of
matric suction to pore size and the void formation is observed in a highmagnification
microscope to visually check and corelate the variation in pore size. The suction has
an unavoidable impact on strength, compressibility and pore size of the compressed
mass. The compaction on the dry side of optimum is preferable for achieving higher
strength and more continuous structure of compressed solid waste [24].

5 Urban Development and Sustainability

Bharani Alagirisamy and Poornima Ramesh in their paper Smart Sustainable cities:
Principles and Future Trends discussed new sustainable development concepts and
intelligent city approaches with respect to the planning policy. This further addresses
the successes and shortcomings with special focus on the degree to which it is
related to in incorporating the principles of sustainable growth. As the examined
papers revealed, many elements are needed to create sustainable cities, but the main
emphasis is on the threefold approach to sustainability (i.e., environment, economics
and equity). Each aspect is linkedwith these principles of sustainability either directly
or indirectly. In the end, the potential of our future cities to imitate the carbon and
water cycles of nature is critical for regeneration and reuse, rather than the present
mitigation conditions that prioritize recycling [8]. Saif Al Zabeeb in the paper Tire
derived aggregate as a sustainable technique to mitigate transient seismic effect
on buried concrete pipes explains how the tier derived aggregate (TDA) is used
as sustainable lightweight fill during the last few years. This research has been
conducted to investigate the static and seismic performance of buried concrete pipe
that is supported using TDA. The finite element method has been utilized in the
analyses using earthquake records that cover a predominant frequency range and a
peak ground acceleration (PGA) range. The results showed that the TDA reduces the
maximum bending moments induced in the pipe wall by 27% for static condition
and by 22 to 39% for seismic conditions. Based on the obtained results, the TDA can
be considered as one of the feasible options to be used as material supporting buried
concrete pipes subjected to transient seismic shake [3]. EbneAlamet al., in their paper
Temporal Variation of Land Surface Temperature in Response to Changes in Vegeta-
tion Index of Bhawal National Park, Bangladesh, discussed about the generality of
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the Normalized Difference of Vegetation Index (NDVI) and Land Surface Tempera-
ture (LST) correlations encountered over a wide range of vegetation coverage areas
of the Bhawal National Park during thewinter season. Information on LST andNDVI
was obtained from long-term (30 years) datasets acquired from Landsat 5 TM and
Landsat 8 OLI after atmospheric correction. Regression analysis is used to find the
correlation between LST and NDVI. The rise in temperature in the recent year and
the correlation coefficient found in this study support the progressive declination of
vegetation coverage in the Bhawal National Park of Bangladesh. The findings also
indicate the negative effects of deforestation and the importance of the forest areas
in the city areas which are altered by the rapid human settlement, urbanization day
by day [46]. Daniel Rios in the paper Use of stream power as a tool for the detection
of critical reaches in channeled streams has explained how we can use stream power
for detection of critical reach in channeled streams. The need of a tool for prioritizing
intervention reach in the Aburrá River arises because there is a canalized reach of
approximately 24 km along the valley, and additionally, there is a metro line and
main roads parallel to the canal to great extent of its length. Finally, the classification
obtained with the criterion of the Task Force Stream Power was compared against
a personal photographic record that the author built over four years in the different
analysis sites. Finding that the active process in the six sites corresponds to predicted
with the criterion of unit stream power, therefore, the use of stream power as a tool
for the detection of critical reaches and schedule your preventive maintenance in
channeled streams is recommended [6]. Dasandara et al., in their paperUrban Facil-
ities Management: A Way of Attaining Sustainable Cities in Sri Lanka Dynamics,
intended to analyze the drivers and barriers to the successful adaptation of UFM
into Sri Lankan context. A qualitative research approach with qualitative interview
survey strategy was followed to accomplish the aim of this study. The empirical
findings revealed that UFM adaptation into Sri Lankan context is still at its nascent
stage in Sri Lanka. The findings would therefore enable relevant stakeholders, who
engaged in management and development of cities, to make informed decisions and
thereby promote modern, innovative and sustainable ways for ensuring the well-
being of the whole society [35]. Shubham Pandeyet et al., in their paper Fuzzy-AHP
Based Design and Performance Indexing Model for Tall Buildings, aim an effort to
encompass all such parameters into a simple, easy to understand hierarchical unit,
which is very simple and can highlight the crucial parameters and make it possible
to assess the comparative need and requirement of one factor and criterion over the
other. In the end, the prevailing design practices and norms are reviewed, and some
suggestions have been summarized considerations of which can further enhance and
improve the likely performance of the tall buildings [36]. The paper Carbon Neutral
Communities: Model for Integrating Climate Action into Development Planning by
Sajan et al., explains that Climate change is one of the major discussions pertaining
to economic development across the globe. The concept of ‘carbon neutrality’ puts
forth the notions of zero carbondevelopment, food and energy self-sufficiency at local
government level and falls in line with the sustainable development goals put forward
by the United Nations. This pilot project paves way for low carbon development in
Kerala and serves as a model for the rest of the country to follow. Achieving carbon
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neutral status is an arduous but worthy task as the resulting sustainable economy will
benefit all. By adopting policies and schemes and setting short-term and long-term
projects, a community can easily become carbon neutral with the support of all actors
in the community [27].

6 Cross-Cutting Issues

Akheel K. et al., in their paper Review of Free Vibration Response of Spar Supported
Wind Turbine with Tuned Mass Damper, have reviewed the necessity and advantages
of offshore floating-type wind turbines compared to the onshore wind turbines are
carried out. Successively a floating-type spar-supportedOC3-Hywindwind turbine is
selected for the investigation. The structural modeling details are studied, and Open-
FAST software framework is used for the analysis. The corresponding changes in the
considered structural degrees of freedom vibrations are evaluated. Corresponding to
this instant, the fore-aft, surge and pitch responses had reductions of 80%, 53% and
99%, respectively. It is found that the response control improves (further) positively
with the increase of Tuned Mass Damper mass ratio [25]. Abitha Babu and Sitaram
Nayak in their paper A Review on Methods for Analysis of Laterally Loaded Piles
have reviewed different methods for the analysis of laterally loaded piles. The appli-
cability, advantages, limitations and comparison of variousmethods are also included
in the study. With the increased computational power of the computers and the avail-
ability of appropriate software, numerical simulation and analysis of the problem has
become the most cost effective and accurate method [23]. Sumathi A and Saravana
RajaMohanK in their paperEffect of Silica fume and Steel fiber onMechanical Char-
acteristics of High Strength Concrete reviewed about characteristics of high strength
concrete. In the present work, the effect of silica fume (SF) as a partial substitute to
cement on mechanical properties of steel fiber reinforced concrete with a character-
istic compressive strength of 60MPawas considered. ANOVA statistical methodwas
used to evaluate the substantial effect of SF and fiber in concrete strength. The addi-
tions of steel fibers to HSC containing silica fume change the complete basic trend of
stress–strain response. The descending branch slope enhances based on the increase
of fiber in volume fractions. The strength model was developed using experimental
findings on the basis of regression analysis. In estimating the different intensity at 28,
90 and 180 days on the basis of estimation more or less similar with measurements,
the proposed regression linear model was found to be accurate [38]. Nurhanani A
et al., in their paper Particle Deposition Analysis using DPM-DEM, have explained
about coastal erosion. The effect of regular strengths, such as wind and waves, can
alter the shoreline structure and rapid coastal erosion. The numerical study showed
that the number of particles changes as time increases due to the generation of waves.
The findings have been validated with the smooth-particle hydrodynamics method to
investigate the effectiveness and accuracy of the numerical analysis of DPM-DEM. It
is also proved that the length of timewould generally increase the number of particles
erosion and change the formation of sand that would lead to erosion [5]. Balaganesh
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P et al., in their paper Recent Trends in IOT enabled composter for Organic Wastes,
reviewed the recent trends in technological innovations involved in the design and
implementation of a smart composter enabled with IoT. The control and accuracy of
results mainly depend on the selection of the major processing units having suitable
output-related hardware such as Arduino UNO, Node MCU, Raspberry Pi model
3, track recorder, Siretta antenna and wireless communication module. It is also
observed that selection of proper internet gateway is essential to address the chal-
lenges in data transmission, data safety and power consumption as in the case of
a community-based cluster of smart composters. The study makes design-oriented
prospects toward development of a smart-rapid composter involving provisions for
advanced process control and quality checking [9]. The paper Study on the Effects
of CNT and Nano Graphene in Clayey Soil of Aligarh City of Northern India by
Jibran Qadri et al. explains and analyzes the possible advantages of nanotechnology
for revolutionary applications in the soil enhancement area. The aim of the study is
to investigate the effect of the addition of different nano-CNT and nano-Graphene
on the geotechnical properties of clayey soil samples from Aligarh city in univer-
sity campus. When the nanoparticles apply the liquid limit, the plastic limit and the
plasticity index decreases. With the inclusion of nanoparticles exceeding the optimal
quantity, the state of a mass cluster is associated, thereby influencing the mechanical
features of soils. Thus, even in very tiny quantities, the inclusion of nanoparticles will
exquisitely increase strength and strengthen properties. The overall cohesion and the
angle of friction have increased, which suggest an increase in shear strength [16]. Site
Onyejekwe et al.., in the paper Highway Development-Related Gully Erosion: The
Case of the Okigwe-Isuikwuato Highway, Southeastern Nigeria, discussed about the
anthropogenic, hydraulic andhydrological factors that led to the development of these
gullies. It also proffered suggestions for the mitigation of the effect of these gullies.
This paper reviewed the causes of these gullies and found that there was interplay of
a number of factors at work in this respect on the inception and progression of gully
development and erosion generally was demonstrated. Considering the scale of the
problem, it is clearly evident that strategies for the control and remediation of erosion
ravaged areas should involve a serious reforestation program and all other strategies
that reduce the rate of flow of surface runoff [17]. Site Onyejekwe et al.., in their
paper Assessment of the Causes of Erosion and Gullying Along the Leru—Nkwoagu,
Amuda (Isuochi)—Mbala (Isuochi) Highway, Southeastern Nigeria: A Case Study,
reviewed the causes of erosion and gullying on the Leru–Nkwoagu–Mbala highway,
a highway in the semi-tropical environment of Southeastern Nigeria. The failure
to implement safeguards, poor design considerations, particularly in relation to the
aspects of design relating to hydraulics, hydrology and geotechnics, and the general
lack of enforcement of environmental regulations on this highway have been found
not to be an outlier. Hence, a river basin-wide, intergovernmental, multisectoral,
multidisciplinary, and all-stakeholder approach to the solution of highway-related
soil erosion is strongly recommended for adoption [18].
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7 Summary

UN Sustainable Development Goal 11: “Make cities inclusive, safe, resilient and
sustainable,” target 11 focuses on resilience and sustainability in urban development
and human settlement. It suggests to substantially increase the number of cities and
human settlements adopting and implementing integrated policies and plans toward
inclusion, resource efficiency, mitigation and adaptation to climate change, resilience
to disasters, and develop and implement, in line with the Sendai Framework for
Disaster Risk Reduction 2015–2030, holistic disaster risk management at all levels,
and to support least developed countries, including through financial and technical
assistance, in building sustainable and resilient buildings utilizing local materials.
System approach for flood vulnerability and community resilience assessment at the
local level is one of the major components for resilience building [30].

This chapter summarized the contents of the book volume on City Resilience
and Sustainable Infrastructure. All the chapters in this volume are segregated in
five sections such as resilient infrastructure in construction, innovative construction
interventions, wastemanagement and disaster risk reduction, urban development and
sustainability and cross-cutting issues.
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Risk and Resilience of Railway
Infrastructure: An Assessment
on Uncertainties of Rail Accidents
to Improve Risk and Resilience Through
Long-Term Data Analysis

Panrawee Rungskunroch, Anson Jack, and Sakdirat Kaewunruen

1 Introduction

Recently, the reduction of railway accident has become a critical development for
railway authorities. It leads to provide sustainability development on the rail network.
Based on the UIC’s report, the railway accident has been slightly decreased due to
high technologies applied to the system [1]. However, an attempt to make zero
accident is a challenge to rail authorities.

The railway infrastructure failures have shown an increasing trend to a railway
accident based on the collected long-term accident data set. The fraction of infras-
tructure failures is changed from 4.19% to 5.14% during 2000–2019; moreover, the
severity level of an accident by infrastructure failures have illustrated at a high level.
Also, more than 70% of all accident shows as a train derailment.

The research has created two novelty models through the Python programming
language. Firstly, the main problem is that railway risk and resilience contain various
uncertainties; therefore, the Bayesian method is taken to understand the uncertainties
of railway accident and predict probabilities on each type of accident in the future.
Then, the risk-based DT model has been provided to evaluate the risk level. This
model offers precisely the risk level based on fatalities and injuries rates. This is a
direct benefit for railway authorities to provide an effective plan to combat avoidable
accidents.
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2 Literature Reviews

An attempt to reduce railway accidents has occurred across the railway operators
and other related sectors. High technologies and new policies have been applied
to the railway operation to eliminate all network risks. As a result, the number of
railway accident illustrated slightly decreased in some areas. The European Union
agency for railways (ERA) reveals an overall number of Europe’s railway accidents
that it has been reduced by almost one-third within five years [2]. The evidence can
imply that the safety level on the rail network has been successfully improvement. The
research deeply studies the causes of railway accidents.We classified them into seven
groups including driver’s error, signalmen’s error, infrastructure failures, improper
maintenance, human’s error, natural causes, and contributing factors. Nevertheless,
the cause of infrastructure failures has slightly increased. It has changed from 4.19%
between 2000 and 2010 to 5.14% during 2011–2019.

Regarding the railway accident from infrastructure failures, using high technolo-
gies and other monitoring techniques can prevent railway accidents [3, 4]. Previous
studies state that installing technologies can increase safety infrastructure, such as
using sensors on the rail network to prevent hazardous events [5–7]. Also, some
studies suggest providing effective maintenance to the network [8, 9]. However, the
failure in railway infrastructure has occurred from climate change.And, itmay lead to
an unexpected railway accident. Some scholars study on the cold weather impacts on
the railway infrastructure in Sweden [10]. The research aims to provide high quality
and secure service for winter climate. As a result, the study finds that the weather
condition impacts the safety level and suggests improving maintenance condition.
Another research also provides a solution to reduce the accident from infrastructure
failures. The study stated that installing a thermoelectric heater to heat rail pads is
purposed to maintain railway infrastructure’s condition [11].

With the aims at evaluating risk among railway network, various methods have
been taken to develop riskmodels. Several studies focus on increasing railway perfor-
mance by using decision tree (DT) methods [12]. Also, the fuzzy logic and Bayes
methods are taken to improve the reliability across the railway industry [13, 14]. On
the other hand, some authors plan to avoid railway accident by providing safety poli-
cies [15]. Similarity, other research applies the analytical hierarchy process (AHP),
maximum absolute weighted residual (MAWR), maximum entropy method (MEM),
fault tree analytic (FTA) and Petri-net (PT) methods [16–19]. Several studies also
focus on accident analysis to predict the accident rate from long-term accident
data. Researchers provide methods to reduce the accident rate on a freight train
for dangerous products [18, 20].

These are rarely analysed in the literature about the different damage size on each
accident. Also, only a few studies intend with a number of fatalities and injuries
passenger. To fill those research gaps, this study examines two novelty models
including;

1. The prediction model based on Bayesian theorem to understanding uncertainty
and forecasting future accident.
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Table 1 The summary of the
infrastructure failures’
sub-cause of railway accident

Cause of accident Sub-cause of accident

Infrastructure failures Track geometry

Frogs, switches and track appliances

Other ways and structure (bridge/design
construction)

Rail joint bar

Roadbed

2. The risk-based DT model to evaluate the risk level from the long-term railway
accident data sets.

By analysing through both novelty models, the study’s outcomes show a high
accuracy risk score; moreover, the research’s prediction model can update real-time
information of railway accidents. Those advantages lead to a high-level evaluation
of the risk and resilience of the railway infrastructure.

3 Methodology

3.1 Data Availability

This study collected railway accidents from official companies, government, and
rail authorisations’ reports worldwide. Also, the research focuses on passenger train
accidents that occurred during 2011–2019 [2, 21, 22]. The 1005 appropriately data
sets of infrastructure failures, including injuries and fatalities, are provided in this
study.

There are five main sub-causes of infrastructure failures that are frequently inves-
tigated after an accident, as shown in Table 1. The research also classified an effect
with train after an accident into three groups including collision, derailment, and
other effects (such as fire, bomb, and vandalism).

3.2 An Application on the Bayesian Network

The Bayesian statistic is a frequently used analytic tool explaining the probability of
two events, which relates to prior knowledge. The Bayesian outcome shows a term
of conditional probability. It also can be converted to the likelihood of a single event,
as illustrated in Eqs. 1 and 2.

(A|B) = P(B|A) ∗ P(A)

P(B)
(1)
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P(B) = P(B|A) ∗ P(A)

P(A|B) (2)

Given ‘A’ is an effect with train after an accident consists of A1 (collision), A2
(derailment), and A3 (other causes). Given ‘B’ is an infrastructure failure that is
one of the causes of a railway accident. Therefore, the posterior probability of train
derailment (TD) from railway infrastructure failure (IF) is shown in Eq. 3, and the
probability of infrastructure failure is shown in 4 as follows;

P(T D|I F) = P(I F |T D) × P(T D)

P(I F)
(3)

P(I F) = P(I F |T D) × P(T D)

P(T D|I F) (4)

The prediction model has created based on the Bayesian concept through the
Python programming language. The causes and effects with a train after an accident
are predicted based on the conditional probability through prediction model. The
result leads to estimate damage’s size of railway accident by infrastructure failures.

3.3 Research Framework

Figure 1 shows a whole research framework. The research collected long-term
secondary accident data sets from railway companies, authorities, and official report.
All the recorded data sets are cleaned and verified. Only the accident data set that
occurs from infrastructure failures accidents is taken in the pre-processing stage.
Then, the development of the prediction model is provided. In this part, there are two
involved with data sets, including the prior belief and likelihood. At the end of this
section, the prediction model at 95% efficiency level has been created.

Next, the predictionmodel has taken to estimate railway accident rate that happens
from infrastructure failures. After that, the novelty risk-based decision tree model
has been provided to evaluate the risk level. Themodel involves injuries and fatalities
numbers, and the outcome shows in the range 1–32 that score 1–8 means low risk,
score 9–16 means moderate risk, 17–24 means high risk, and 25–32 means too high
risk.

3.4 Risk Prediction Model

The risk and resilience of train accident are hard to predict because it relates to many
external factors and contains with uncertainties. This study characterise different
aspects of a train after accident into three groups including collision, derailment,
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Collected railway 
accident data set 

Infrastructure failure data
pre-processing and 

cleaningRisk assessment based on 
likelihood

Risk assessment based on 
prior beliefs

Created novelty prediction 
model through Python

Created novelty risk based-
decision tree model

Risk assessment on 
infrastucture failure

Predicted railway accident rate 
from infrastructure failure

Fig. 1 A whole research framework

and other effects. And, each effect with train after an accident causes difference in
damage’s size.

Therefore, the risk prediction model has been created to evaluate the future’s
railway accident risks. The outcome leads to precisely prevent accidents. Within
this case, the prediction model adopts the Bayes’ theory by using two data sets,
including prior knowledge and collected data. The novelty prediction model has
been developed through Python. This study found that using posterior distribution at
4:4:1 has provided the highest efficiency prediction result. Also, it has been qualified
with FRA’s data set at 95% effective level to verify this model’s effect.

Figure 2 shows the comparison on the posterior distribution among train collision,
derailment, and other effects with train, and the outcome shows probability at 0.279,
0.651, and 0.070, respectively. The result can interpret that the rail’s infrastructure
failures have a high effect on train derailment.
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Fig. 2 An analysis of railway risk from infrastructure failures

4 Evaluating Risk Level Through DT Models

TheDT,which is a non-supervised tool, iswidely applied to classify complexdecision
rules [23]. Within this study, the risk-based DT model is provided to evaluate the
risk level. Five essential factors of this research consist of fatalities and injuries rate,
probabilities of collision (A1), derailment (A2), and other causes (A3). All factors
have been placed as a decision node to design a useful decision tree into the complex
decision rules.

Regarding the decision nodes, the research places fatalities rate at 12 people per
accident, and injuries rate at 66 people per accident as the main decision nodes. With
that, threshold number has been provided by the average number of global railway
accident between 2000 and 2019. Next, A1, A2, and A3’s probabilities are placed as
a threshold by comparing with the global average A1, A2, and A3 values. As shown
in Fig. 3, the outcomes are classified at DT’s leaves into 32 scales of risk levels,
which the small number means low risk and large number means high risk.

5 Result and Discussions

The analysis result through the DT model shows that the severity level of infrastruc-
ture failures equal to 18, which is at a high-risk level, as shown in Fig. 4. Based on
the collected data, the accident by infrastructure failures bring an average number of
fatalities and injuries at 12 and 66 people per accident. The severity of an accident
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Fig. 3 The created risk-based decision tree framework

Fig. 4 Risk interface’s
result analysis through the
risk-based DT model
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compared with other causes of the accident is high. Moreover, the posterior proba-
bility of other effects is above the global rate. Therefore, all factors turn the risk level
of infrastructure failures into ‘high risk’ level.

Our finding on the risk-based DT states that the railway accident by infrastructure
failures should not be neglected. Infrastructure is the most important part of the rail
network. The infrastructure failures have occurred from many reasons such as poor
design, lack ofmaintenance, global warming, natural disaster, etc. Hence, its defect is
possible to show in ‘high risk’ level. This study provides practical recommendations
to avoid future railway accidents as follows;

– Providing an effective maintenance plan:

Most of the railway accidents by infrastructure failures have occurred from lack
of maintenance. As mentioned, attempting to repair outdated infrastructure is a chal-
lenge for a civil engineer [24–26]. It is because some of the railway infrastructures
have been built since 1800s such as London underground. Moreover, this study finds
that an adequate proper maintenance plan is needed to prevent unexpected railway
accident.

– Increase the safety level on the rail track:

Due to uncertainty events that can occur during the operation, such as natural
disaster, the rail track’s increasing safety level is needed as a critical operation
plan. Some issues should be deeply concerned about, such as landslide, drainage
flow. Adequate safety and earthwork plans can lead to preventing long-term railway
accident.

– Maintain operational performance:

As mentioned, the railway accident contains uncertainties, which can be occurred
by external factors such as a natural disaster [27, 28]. Therefore, the fundamental
improvement is tomaintain operational performance into normal conditions. In some
cases, installing new equipment on rail’s infrastructure is required to re-operate the
system. The research recommends the rail authorities to combines high-technologies
with an effective schedule maintenance plan. By following these solutions, they
should decrease the accident by infrastructure failures.

6 Conclusion and Future Work

With the dramatic growth of railway infrastructure, the evaluation of the railway’s
risk and resilience has played an essential role in maintaining the safety level. Rail
authorities have provided various policies to reduce the number of railway accidents.
Also, the new technologies, equipment, and strategies have been addressed along
with the network. However, railway accident contains uncertainties, especially from
external factors. Hence, this research generates two new novelty models including
(i) the prediction model that uses for estimating future accident. The model adopted
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long-term accident data sets and combined with Bayes’ theorem. The prediction rate
is more than 95%. It becomes a direct benefit to rail authorities to precisely prevent
an accident. (ii) The risk-based DT model to evaluate risk level that shows severity
level of accident. The model uses long-term data to measure the severity level of an
accident by infrastructure failures. The result shows the severity level is scored at 18
of 32, which can be interpreted at ‘high risk’. The main conclusion that can be drawn
is that the rail accident by infrastructure failures are harmful to a passenger, and it
should be eliminated to make the network reach safety level. This study’s prediction
model illustrates high accuracy outcomes. The model can also be up-to-date, based
on real-time railway accidents. Future research should consider the effect of railway
accident on infrastructure more carefully by maintaining all equipment in normal
conditions. Also, the research relates to high-technologies with rail’s infrastructure
to prevent severe natural disasters. These can lead to sustainable development on a
rail network.
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Assessing Resilience of Transportation
Networks Under Multi-hazards:
A Review

Alok Rathore and Rajeev Kumar Garg

1 Introduction

The quality and quantity of the infrastructure are essential criteria for a smart city’s
development, andmaintenance of its functional level is equally important. The infras-
tructure consists of physical network (railways, bridge, roads, to name a few) and
institutions that develop the economic, health, environmental and cultural excellence.
Bridges are an essential part of a transportation system of the civil infrastructure.
Recent studies in India and worldwide [19] have highlighted vulnerability of infras-
tructure in hazards. The occurrence of a hazard event may not cause collapse or
visible damages, but still these damages may get enhanced at a subsequent hazard
event.

Disruption to the functionality of a transportation networkmay impact societal and
economic losses; for example, a bridge collapse may cause indirect losses as traffic
delay and network downtime. Apart from the natural hazards, some environmental
or materialistic behaviour such as corrosion, thermal stresses, large soil settlement,
fatigue, etc. affects the functionality of the structurewhich can be prevented by proper
planning, and losses can be avoided by retrofitting appropriately. A bridge system’s
capacity to sustain against the different level of damage states and steps required
for improvised functionality over the service life is termed as resilience. Important
aspects of analysing and improving resilience for bridges against multi-hazards are
presented in this paper.
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2 Infrastructure and Hazards

2.1 Infrastructure and Hazards

Hazards are natural disaster events or human-made phenomena and may occur
without warning. Hazard events usually adversely affect the performance of infras-
tructures and social life. The hazards are categorised by their origins, such as a
geological process that is continuously undergoing process but is noticeable when
it causes loss of infrastructure and life. Common types of hazards are geological
hazards (that cause due to geological changes such as earthquake, flood, landslides,
tsunami, volcanic eruptions), atmospheric hazards (occur in the atmosphere such as
tropical cyclones, tornadoes and thunder storms) and hydrological hazards (such as
drought, flood, rain).

It has been observed that bridges behave differently leading to different states of
damage level during natural hazard conditions like floods or earthquakes. A damage
scenario may not always result in a bridge’s sudden failure but may leave someminor
damages that get highlighted and are disastrous on subsequence disaster event. Apart
from the extreme events, some hazards are time dependent (corrosion, fatigue cycles
and excessive settlement) that can accelerate the capacity degradation process as time
progresses [22] like the scenario of failure of Surajbari Bridge in Bhuj earthquake
[16]. The bridge was having various degrees of corrosion in reinforcement due to
adverse environment, which degraded the capacity and led to the failure during the
Bhuj earthquake.

Flood hazards result in significant disruption in the built environment and damage
to infrastructure, particularly bridge structures. During a flood, soil inundation may
cause instability (large settlement) to foundations, including its collapse (Fig. 1a).
Highway Bridge can be affected by flood and depending on its intensity (peak
discharge). Flood damages the infrastructure in several ways such as increased debris
deposition around the substructure or culverts, removing the foundation support and

Fig. 1 Bridge collapse, a Pier failure in Ramtek, b Shear failure of pier wall (Courtesy www.ndtv.
com) (Courtesy Sung, 2009 [33])

http://www.ndtv.com
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dislodging the superstructure of bridges. It is expected that extreme climatic change
may cause more flood resulting in more damages to infrastructure.

Earthquake is a geological phenomenon that occurs due to rock masses’ relative
movement along faults. The movements of faults are the result of changes in the
Earth’s crust. The behaviour of infrastructure during an earthquake depends on two
basic parameters, namely, the quality of infrastructure and the intensity of the seismic
event. The performance of the bridge structure against earthquake depends on the
structural configuration, design procedure, the ductile detailing of the reinforcement
and good construction practices. Earthquakes may cause permanent ground settle-
ment and may induce unseating of supported superstructures, hinge formation at the
pier support, etc. (see Fig. 1b). Failures of expansion joint due to pounding effect
and bearing failure are secondary damages.

Occurrence of some hazards may coincide and are termed as multi-hazard events.
Multi-hazard process may result varying degree of primary, secondary and tertiary
effects on the infrastructure. Primary effects result from the process itself as structural
damages may be induced during an earthquake or a collapse takes place due to flood
or landslides. Secondary effects are some of the direct effects related to services such
as the disruption of the road network, downtime of traffic,water service damage under
the event. Tertiary effects are time-dependent effects that depend on primary events’
impact as economic losses towards strengthening infrastructure, societal issues, etc.

3 Research in Bridge Resilience Assessment Under
Multi-hazards

3.1 Modelling Resilience

The performance of the bridge and its components is dependent on several factors,
including thematerial and structural form used, type of hazard events and its intensity
which can be assessed using appropriate methodologies. Further, the restoration of
infrastructure to its pre-hazard level can be achieved using appropriate retrofitting
technology. Still these issues need to be practised in an integrated manner so that the
infrastructural functionality is restored as early as possible, depending on the desired
performance goal. This process is best implemented using the resilience approach
and is reviewed in the next sections.

Resilience is defined by theUSNational Academies as “ability to prepare and plan
for, absorb, recover from, and more successfully adapt to adverse events” [8]. The
concept of resilience was first introduced in ecology [25] that is gradually introduced
in various disciplines, including environmental studies, social studies, engineering
science and economics. Historical development of the concept of resilience provides
eleven aspects that include four dimensions (social, technical, organisational and
economical), four properties (resourcefulness, redundancy, rapidity and robustness)
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Fig. 2 a Resilience Aspect, b Resilience Assessment of Bridges

and three outcomes (more reliability, faster recovery and lower consequence) of
resilience. It is shown in Fig. 2a.

Analytically, vulnerability function in the form of fragility curve corresponding
to the damage state, loss model and recovery function is adopted that provides vital
information to estimate the mathematical model of the resilience. In recent years,
several researchers have carried out such studies using different type of bridges and
different type of hazards. There are broadly two assessment approaches, namely
quantitative and qualitative approaches, summarised in the flow chart (Fig. 2b).

3.2 Recent Research Studies

Several articles have discussed bridge vulnerability assessment and their compo-
nents failure subjected to hazards resulting from natural and other events. Most of
these studies discuss the displacement response and damage modes of the bridge
components subjected to seismic ground motions and flood hazards, including the
retrofitting types. A brief description of the studies considering several multi-hazards
is presented in Table 1. Typical multi-hazards are earthquake, earthquake and flood,
earthquake and scour, earthquake and corrosion, traffic and corrosion, earthquake
and liquefaction and earthquake main shock and aftershocks.

4 Modelling Resilience and Post-Event Recovery

4.1 Operational Level

Resilience is defined as a dimensionless parameter representing the system’s quick-
ness to restore from different damage states to pre-damaged operational level or
functionality level. Post-event recovery of the system and loss due to collapse or
damage state caused by hazard event are two crucial components in measuring the
infrastructure system’s resilience. Resilience is represented as Eq. 1.
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Table 1 Studies on bridge assessment under multi-hazard conditions

Authors (Year) Hazards Description of modelling and outcome

Zhang et al. [40] Earthquake and
liquefaction

The study considered the RC bridge with six different
end conditions and derived the fragility curve based
on the damage states and different soil strata during
the seismic event. The effect of lateral spreading due
to liquefaction shows varying bridge responses
related to the damage index

Choe et al. [6] Earthquake and
corrosion

They developed probabilistic models for seismic
demand in the deformation and shear of RC bridge
systems subject to different corrosion stages. They
noted that the sensitivity and importance measures
change over time. Influence of different chloride
exposure conditions, environmental oxygen
availability, water-to-cement ratios, curing conditions
and structural geometry are studied

Franchin and Pinto
[18]

Earthquake
sequences (main
shocks and
aftershocks)

They have suggested some criterion for opening the
bridge for traffic after the main shock event
considering the residual stiffness and strength in
different response directions. The collapsing risk of
the main shock-damaged structure and the intact
structure’s pre-main-shock risk are compared based
on the transition probabilities for the damaged
structure under different damage states. They showed
that the aftershock-risk decreases with time lapse and
the bridge could not be opened until the risk level
reach a threshold

Ghosh and Padgett
[21]

Earthquake and
corrosion

The author developed the fragility curves showing
ageing and deterioration due to corrosion of pier
reinforcement and steel bearing in the steel bridges.
The study highlighted the vulnerability of steel
bearing assemblies (plate and anchor bolts) due to
corrosion. The increased seismic demand in columns
is influenced by cracking and spalling with ageing

Simon et al. [32] Earthquake and
corrosion

The authors considered deteriorated RC bridge
(columns and piles) due to corrosion (under splash
zone). They observed that spalling of the concrete
cover has a more significant influence on strength
than the reduction in reinforcing steel until the
reduction in reinforcing bars reaches 10%

Akiyama et al. [1] Earthquake and
corrosion

The study is carried out on RC Bridge showing
cumulative failure probability of corroded pier under
seismic events. The study considered marine
environmental condition and corrosion due to
airborne chlorides. The life cycle assessment is
accomplished considering the model for bucking of
reinforcing bars and seismic vulnerability under
cyclic loading

(continued)
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Table 1 (continued)

Authors (Year) Hazards Description of modelling and outcome

Deco and
Frangopol [9]

Earthquake, scour,
corrosion and
traffic

Estimated the running cost and time lost considering
traffic (different vehicles) and uncertainties in
structural parameters. They also considered annual
hazard events (seismic, corrosion and scouring) and
evaluation of annual probabilities of different limit
states’ correspondence to the structural failure

Aygun et al. [3] Earthquake and
liquefaction

The study is carried out on continuous steel bridges
resting on liquefiable soil, including the uncertainties
in geotechnical parameters. They suggested a
computationally economical approach towards a
one-dimensional set of force and stiffness of springs
for a coupled bridge-soil-foundation system model
compared to a three-dimensional model. They noted
that columns’ fragility depends on the type of soil
overlying the liquefiable sands while the vulnerability
of rocker bearings, piles, embankment soil and the
probability of unseating increase with liquefaction

Zhong et al. [41] Earthquake and
corrosion

They have considered PSC bridges under corrosion
due to chloride and carbonation. Also, considered
stiffness degradation due to spalling of cover for
developing probabilistic capacity and demand model.
They found that the cracking of cover has a minor
effect on high seismic fragility curve of column, bent
and bridge levels

Prasad and
Banerjee [30]

Earthquake and
scour

The authors studied the effect of seismic activities on
bridge piles subjected to flood-induced scouring and
concluded that the larger diameter piles are more
resilient to scouring than the piles with the smaller
diameter

Ou et al. [27] Earthquake and
corrosion

They have studied RC bridges near the coastal region
by modelling the crack in concrete cover
(compressive stress–strain curve) with softening
coefficient. They noted the effect of corrosion on
longitudinal and shear reinforcing bars, indicating a
marginal difference in their performance. The shear
rebar got corroded earlier compared to longitudinal
reinforcing bars

Padgett et al. [29] Earthquake and
liquefaction

Fragility analysis on steel bridges by modelling
uncertainties in geotechnical and structure is
performed considering the ANOVA method, and a
wide variation of bridge seismic fragility is observed

Wang et al. [35] Earthquake and
liquefaction

Steel bridges and soil foundation are considered for
the study, including liquefaction corresponding to
horizontal and vertical ground motions. They
analysed the influence of the frequency of modes and
the vertical force component; and showed that the
latter has a significant impact

(continued)
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Table 1 (continued)

Authors (Year) Hazards Description of modelling and outcome

Alessandri et al.
[2]

Earthquake
sequences–MS &
AS

They studied RC bridge with unequal pier heights
under MS-AS seismic events. They used a Latin
Hypercube sampling technique and a regression
analysis to eliminate the errors during data analysis

Wang et al. [36] Earthquake &scour They studied the seismic performance of continuous
RC box girder bridge degrading due to flood
(discharge parameter and scour depth). They found
the relation of stiffness and depth of foundation in
fragility curve. The small flood may affect minimal
scour but increases the chances of unseating failure.
Also, an enlarged shaft foundation is observed to
provide better performance in seismic and flood
events

Biondini et al. [4] Earthquake and
corrosion

They have considered continuous box girder bridge
exposed to aggressive environments considering
chloride transportation in concrete by diffusion
process (corrosion initiation and corrosion
propagation). The study on seismic performance
includes time-variant behaviour for several variables
such as moment and curvature and degradation of
concrete and steel

Wang et al. [37] Earthquake and
liquefaction

They assessed the reliability of multi-span
continuous steel girder bridges using first-order and
second-order methods considering fragility in terms
of peak ground velocity (PGV). The effect on the pile
cap and column’s displacements under stiff soil and
liquefaction of soil are studied

Dong and
Frangopol [13, 14]

Earthquake
sequence–(MS and
AS); Earthquake
and scouring

This paper proposes a framework for assessing risk,
including the probabilistic direct loss, indirect loss,
and resilience of bridges under main shock (MS) and
aftershocks (AS). The authors observed an increase
in uncertainties associated with residual functionality
and repair loss during MS–AS sequences

Ghosh et al. [25] Earthquake
sequence—MS and
AS

They developed the damage index based on multiple
main shocks using individual ground motions and
accumulation of damage states in the bridge due to a
series of aftershocks

Fakharifar et al.
[17]

Earthquake
sequence (MS and
AS)

The authors performed the analysis for enhancing the
seismic performance of repaired bridge pier with
FRP and steel jacketing after main shock. The
authors recommend bi-directional fibre wraps (FRP
jacketing) for plastic hinge confinement of
MS-damaged bridge columns subjected to
aftershocks

(continued)
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Table 1 (continued)

Authors (Year) Hazards Description of modelling and outcome

Yilmaz et al. [38,
39]

Earthquake and
scour

The authors carried out a study on the RC bridge in
multi-hazards. Fragility surface is obtained
considering annual peak flow discharge and PGA.
They observed that the ductile pier and pile shaft with
larger diameter could minimise seismic vulnerability
during a flood event. Also, observed variation in risk
due to parameter uncertainty and varied flood hazard
levels

Guo and Chen [23] Earthquake and
scour

The authors performed a time-sensitive assessment of
bridge failure. They have observed that scour
significantly affects seismic vulnerability even after
65 years of service life but the insignificant effect in
the first 45 years. They suggested performing seismic
analysis that includes a scouring effect for evaluating
ageing of the bridge in high flood regions

Gehl and D‘Ayala
[20]

Earthquake and
scour

The study incorporates component fragility curves
considering the sequence of failure modes and the
Bayesian network considering inter-relation between
failures of components in a bridge. Hazards due to
earthquake, flood and ground failure events are
considered, and the significance of flood hazard on
bridge seismic fragility is observed at the bridges’
collapse stage

R =
tO+TC∫

tO

F(t)

TC
dt (1)

where tO represents the timewhen the hazard event E occurs, and TC is a controlled
time set to evaluate resilience. Also, F(t) represents the operational level or system
functionality, which can be represented as a dimensionless function of time t (in
days). Figure 3a, represents the system functionality schematically before and after
a hazard event and during the post-event recovery process. Therefore, resilience is
the area of this functionality curve between tO and tO + TC averaged over TC . The
analytical expression of F(t) given in the Eq. 2, constitutes a loss function and a
recovery function of system performance during the period of system interruption
because of the extreme event [13].

F(t) = 1− [LS(I, TR) × {M(t − tO) − M(t − (tO + TR))} × f rec(t, tO , TR)]
(2)
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Fig. 3 aRepresents the components ofResilience,bRecovery functionused in resilience estimation

Here, LS(I, TR) is the loss function, frec is the recovery function, I is seismic
intensity, and TR is the recovery time for an event E. Figure 4b represents schemat-
ically three recovery functions, namely linear, trigonometric and negative exponen-
tial functions. Here,M(x) is the Heaviside step function; this discontinuous function
takes value equal to either one or zero based on positive and negative arguments.
Calculation of loss requires the information on system vulnerability under natural
disaster.

In the bridge network’s qualitative assessment, simplified procedures are consid-
ered by Ikpong et al. 2015 andDomaneschi et al. 2016 [12, 26]. This process is useful
for rapid estimation of needs of resilience for a large number of bridges and their
network. Proposed methodology [12, 26] adopts a resilience index (RI) applicable
for bridge networks. The term resilience index is used to assess the effects of climate
change to extreme events based on some weighting factor to account for the bridge’s
replacement cost as a percentage of its initial construction cost and post-event cost.
RI is also estimated based on bridge robustness index. The researchers [12] studied

Fig. 4 Functionality function with degradation and without degradation
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the robustness by observing passive and semi-active control algorithms’ behaviour as
applied on bridges and recorded the response of various critical bridges components.

4.2 Role of Gradual Degradation

After considering the aspect of multi-hazard on bridges [15], it was observed that
corrosion changes the life cycle of bridge structure with the time that means the
seismic performance of the bridge (and components) degrades gradually with time
due to corrosion. The researchers [4] highlighted that time-dependent hazard has
significant effects on total life cycle loss. The reduction rate was low at the initial
stage. The reduction rate increases as time elapse after bridge construction; that
makes a non-linear variation of bridge resilience over its life cycle. In a study [5],
the seismic resilience of RC bridge is assessed under corrosion of reinforcing bars.
The time-variant functionality indicator was developed to evaluate the post-event
residual functionality and recovery of the deteriorating system as a function of time
of occurrence of a seismic event.

Figure 4 shows resilience estimation in terms of the system’s functionalitywithout
considering its gradual degradation.At the timeof the extreme event, the functionality
may drop due to system damages.

4.3 Losses and Recovery Time

The studies show that loss and recovery are the two significant components of system
resilience. To estimate the loss, the models consider direct loss and indirect loss
proposed in HAZUS MH 2005 [24]. Further, the direct loss is related to the cost
associated with the post-event system restoration capability. Loss can be estimated
considering the state of the structural damage due to event [24, 34]. Vulnerability
model (Eq. 3) of the bridge is developed, which defines the different damage states
in the form of fragility curves. The fragility curve’s expression is based on two
parameters c j (median value) and ζ j (log-standard deviation) for a damaged state, j .

F
(
PGAi , c j , ζ j

) = φ

⎡
⎣ ln

(
PGAi

/
c j

)

ζ j

⎤
⎦ (3)

wherePGAi represents peak ground acceleration of a ground motion i and j show
different damage (minor, moderate, major damage and complete collapse) of the
bridge. The dimensionless cost, DL of the event E is computed using Eq. 4 and is
the ratio of the restoration cost CDL to the replacement cost CR .



Assessing Resilience of Transportation Networks … 39

DL = CDL

CR
=

∑
j

PE (DS = j) × r j (4)

Here, PE (DS = j) is the probability of bridge failure at damage state j during
the seismic event E, and r j is the damage ratio corresponding to damage state j .
The values of PE (DS = j) are obtained from fragility curves (Eq. 3) developed
for various damage states. Indirect loss is related to the socio-economic losses that
include casualties and delay in travelling time, increased vehicle operating costs and
loss of economic activities due to inability to travel. Indirect loss due to increased
travelling time resulting from bridge and highway network failure is typically 10–
20% times larger than bridge repairing cost [7, 11].

The bridge restoration process depends on the extent of damage and the commu-
nity’s preparedness to recover. Accurate simulation of the path to recovery becomes
challenging in the absence of specific event or location information. Two types of
seismic restorationmodelswere developed for bridges to solve this challenge. Firstly,
the bridge’s probability will be recovered entirely (i.e. it will gain 100% function-
ality) given the bridge’s damaged state and the time after the seismic event [31].
In contrast, the other quantifies the percentage of the bridge’s functionality that is
conditional on the damage state and the time after the earthquake occurrence [24, 28].
Therefore, resilience is measured as a percentage of functionality. A fully service-
able system without any loss in functionality after an extreme event is defined as R=
100%. For partial functionality, it is expressed as 0 < R < 100%. The researchers [7]
have proposed a simplified mathematical model for the recovery process considering
linear, exponential and trigonometric functions (Figure 3b). Recent studies have used
different recovery patterns for different seismic bridge damage states [10, 42].

5 Case Study

The considered bridge is a multi-cell RC box girder (2.06 m wide and 1.58 m deep
with a total span of 140.4 m) supported on five circular 1.219 m diameter piers in Los
Angeles and was damaged during the Northridge Earthquake [34]. The non-linear
rotation springs are provided at the hinges location on the pier, and the rigid links
are provided at the girder connecting with the pier. Expansion joints are modelled
as hook and gap elements. The bridge is analysed for Northridge Earthquake event
and developed the fragility curves under time history of 60 ground motions at PGA
of 0.883 g. The damage states are based on the ductility drift ratio. The uncertainties
considered are control time, recovery time and fragility parameter andmodelled using
FOSM. The authors used mainly two modes of failure. The shear failure indicated
the complete failure and the flexure failure based on different damage states (namely
slightly, moderate, extensive and complete collapse). During analysis, the pier got
failed when shear demand exceeded the shear capacity and is corroborated as was
damaged in the seismic event.
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Fig. 5 a Influence of recovery functions on resilience, b Summary of benefit cost ratio

Steel jacketing was used to retrofit against seismic vulnerability to enhance the
performance in flexural ductility and shear strength while reducing shear demand
in the bridge pier. Seismic resilience is assessed using Equations 1 and 2 based on
fragility curves combining with loss function and recovery function (linear, trigono-
metric and negative exponential functions). The assessment of resilience is based on
an evaluation of failure and losses reduced by proposed steel jacketing. The resilience
is observed to increase by 74% due to the seismic retrofitting. They observed that
uncertainties related to control time and recovery time have significant influence,
but fragility and indirect to direct loss ratio have very low influence on resilience
sensitivity. The authors estimated the total cost of retrofitting as USD 168,800 with
enhanced service life by another 45 years had it been retrofitted before theNorthridge
Earthquake. The study highlighted the importance of loss function and recovery time
for assessing seismic resilience and provided cost-effectiveness of the retrofitting
based on the benefit–cost ratio (Fig. 5) which is high for the expected higher service
life of the bridge.

6 Conclusions

The current review presents methodologies and influences of several associated
factors for studying the resilience of bridges and bridge networks under different
hazard conditions. Bridge capacity and its performance degrade with time due
to various events in a multi-hazard scenario while sudden damages are observed
with extreme events. Resilience assessment of the bridges provides developing the
recovery model and loss function model as per performance goals. These models
help in making judgments and realistic decision for bridge management. Resilience
optimises the maintenance method for faster recovery when the system’s life cycle
is considered. Therefore, a structural system’s resilience is considered as a critical
performance indicator for infrastructure.
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Risk Management in Construction
Industry

Surisetti Divya Sankar , Kulkarni Shashikanth, and Sangamalla Mahender

1 Introduction

Every construction project is exposed to various risks, and the risk is unpredictable.
This construction industry needs a largenumber of individuals havingdifferent talents
and also need a good coordination of people performing different activities in the
construction organization. The construction project risks are of two different types.
They are known risks and unknown risks. Risk is expected when a selected activity
is leading towards loss. Risks can emerge out of unpredictable budgetary business
sectors, failure of projects, lawful accountabilities, and hazards due to accidents,
and also hazards occurring naturally. In ISO 31000, risk management is defined
as the risk identification; risk assessment and also risk prioritization are followed
by team work coordination and also affordable use of resources towards limiting,
monitoring, and also controlling the likelihood effect of unpredicted occurrences.
The risk is assessed by means of functioning of following three variables. They are
possibility if hazard is present; possibility if they are susceptible, and final possibility
is impact towards the construction industry business. The hazards idea in statistics is
frequently demonstrated as the normal estimated value results are not favorable. This
merges the probabilities of different likely occurrences and also particular evaluation
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of comparing sufferings into a single price. A straightforward formula is utilized for
a chance of either occurrence or non-occurrence of an accident. Therefore, the risk
formula is below:

Risk = (Probability of an accident occurrence) × (Expected loss in case of an
accident occurred).

Risk is possiblewhen an activity or action is not carefully chosen, and then, it leads
towards loss. An idea concludes that a decision has an impact on the existing result
(or else existed). Possible losses itself may perhaps recognized as “risk.” According
to PMBOKguide, risk is defined as “an event occurring uncertainly and has a positive
effect or negative effect on project objectives”.

1.1 Research Significance

The reason for not finishing the project and delivering the project within an agreed
low-priced budget and also within the indicated time, may possibly remain for not
observing towards the specifications which are established previously and are unable
to see the hazards and also the steps are not been towards cutting off the hazard, and
this is also causing loss towards all the parties which are concerned.

1.2 Objectives

The objective of this analysis is assessing the acceptability of various management
risks practices utilized by the contractual workers in the urban areas of Vijayawada
and Visakhapatnam. Furthermore, discovering the best reasonable and suitable
method ofmanaging the hazard location in India, thus, the projects possiblywill bring
better-quality, completion of project within given time, and reducing the conflicts and
moreover, getting profit.

2 Literature Review

Hertz and Thomas [1] stated that the construction project activities are built on the
open area, and therefore, the risk complexity is added by different uncontrollable
factors externally.

Chapman [2] explained that risk analysis assists in calculating possible effects
and also decision making of risks towards retaining of hazards and transferring of
risks to different parties. For risk analysis, both qualitative and also quantitative
techniques are available. The quantitative strategy depends on distributing the
hazards probability and also gives precise outcomes than the qualitative strategy.
On individual judgments and earlier experiences of the experts, the results can be
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different from individual to individual in this qualitative method. Consequently, the
quantitative methods are significant if the two decisions are available.

Al-Bahar [3] stated that risks in construction recognizes the occurrences, which
impacts the project aims of costs, time, and quality. In construction process, few
risks are predicted and also identified. Risks in construction have been classified as
follows:

• Acts of God: for example, floods, storms, earthquakes, etc.
• Physical risks: for example, work wounds, fire, and equipment damage;
• Financial and monetary risks: for example, price increasing, funds are not being

available;
• Political and environment risks: for example, changing instructions and

guidelines, political indecisiveness;
• Design risks: for example, defective plans.
• Changes of risks occurring in Bill of Quantities (BOQ), for example, changing

orders, productivity of labor, etc.

Thompson and Perry [4] explained the motivation behind the analysis of risk and
the management is towards assisting stakeholders avoiding the failures.

Edwards [5] stated that large projects which are undertaken are failing to meet
the targeted given time and budget. The customers, contractual workers, the general
population, and others also had undergone suffering.

Nummedal [6] explained riskmanagement definition as a procedure of controlling
risk levels and mitigating its effects and an organized methodology towards
identification, assessing, and reacting to risks faced in a construction project.

In a construction project, the four particular ways responding towards risks are:
(1) Risk elimination (for example, by putting a high bid), (2) Risk transfer (for

example, employing subcontractors), (3) Risk retention (for example, by means of
insurance) and (4) Risk reduction (by giving training to employees about the risk
awareness and also its management).

Zou et al. [7] explained the importance of being conscious of the risks allotted for
every party, whichever is involving, and then, the preparation must be successful
aiming through the hazards dealing and also finally contributing towards the
successful project.

PMI [8] stated that the risks are measured as the occurrences influencing the goals
of a specific project in construction. Risk management can be defined as a structured
and also comprehensive process designed to analyze, identify, and also respond to
the factors of risk towards attaining the goals of project.

Perera et al. [9] stated that various options and also actions are developing for
the promotion of opportunities and decreasing threats towards the project aims. Few
levels of risks need to be accepted by the party which is involved in the contract and
also need to have full knowledge of sharing their own risks and later putting losses
into consideration.

Rostami [10] stated that when risks are unidentified, then it may result into
shortage in the complete procedure. In the organization, critical effects can be
available on the resources when it deals with risk. Identification of risks helps
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firms in involving risk management by identifying best and also most important
input information. Better knowledge in risk management need to be present and can
identify risk and their impacts by providing information for the people who are taking
decisions in the field of construction projects.

3 Research Methodology

The data was gathered by means of questionnaire survey from the construction
organizations in Vijayawada and Visakhapatnam for this research study. The
questionnaire is containing the proofs of identity of serious hazards and also their
influence on costs (Table 1).

The following details gathered from the construction firms are the data of the
respondents and construction company’s time and quality, the plan towards dealing
with the hazards identification, having knowledge about the ease of understanding
analysis of risk and mitigation of risks response techniques. The data collection was
gathered through questionnaires with professional experts in the organizations which
are carefully chosen. Therefore, the analysis was done from the collected data, and
the outcomes also discussed. The following are the definitions of the terms which
are included in this research paper.

• Contractor: Towards obtaining civil engineering contracts, this type of
classification is for the business people, who will place tenders additionally
organizes and also finishes the work. The designing and surveying work, drawing
plans, and also managing the contracts for the clients must be placed in category
civil engineers.

• Subcontractor: The architect or engineer is chosen by a subcontractor towards
carrying out work of a specialist. A provisional sum or else prime cost sum
remains included in the bill of quantities are appointed on the expenditure.

• Expert systems: Technical and economic issues are being associated with the
influence onhealthiness of a humanand environment. This one is involving experts
from various fields towards solving problems. Expert systems are very interesting
and also complex solutions for problem solving.

• Probability analysis: On behalf of quantifying hazards or else uncertainty in
engineering problems, an official source is provided. Through engineering
judgments, the qualitative approach can also be dealt with.

Table1 General data of the
respondent

District Vijayawada Visakhapatnam

No. of companies participating 40 40

No. of companies that responded 29 29

Response rate (%) 72.5 72.5
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• Sensitivity analysis: The set of assumptionswith changedvalues of an independent
variables affecting particularly with a dependent variable will be determined.

• Simulation analysis: In computer-aided design, the process of emerging a
mathematical illustration of an actual computer model is simulation analysis.

• Direct judgment: The judgment should be compulsorily based on exact standards
or else on professional expert and also should be managed in an application part
and in an engineering industrial area.

• Comparing analysis: This one implements the comparative analysis which is
critical, and also abundant practical methods are opening their chances which
are proposed in the civil engineering for further educations.

4 Analysis of Results and Discussion of Vijayawada
and Visakhapatnam

Questionnaire response rate

From topmost management till the site offices in the construction organizations, the
respondent’s qualification, years of experience additionally, and their professional
background details are gathered and which indicate that all of them are having good
knowledge about hazards in the construction industry.

The response rate of Vijayawada is as per the following:

Graph 1 Risk analysis techniques evaluation in Vijayawada, X-axis indicates risk analysis
techniques; Y-axis indicates % of respondents
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Graph 2 Evaluation of risk analysis techniques in Visakhapatnam. X-axis indicates risk analysis
techniques; Y-axis indicates % of respondents

Graph 1. The responses from selected districts about different risk analysis
techniques

Graph 1 explains the results of the most of the construction organizations (about
45%) have a preference towards direct judgment techniques towards dealing with
the hazards relating to the organizations in Vijayawada.

Graph 2 Responses of risk analysis techniques selected from different districts
Fig. 2. Responses of risk analysis techniques selected from different districts explains
the results of construction organizations about 42% in Visakhapatnam having
preference towards analyzing the risks through Comparing Analysis Technique.

The respondents are cooperating and comprehending for not utilizing analysis
of simulation within area of Visakhapatnam, and the below points are gathered and
understood:

(a) The level of complexity which is involving in the techniques remaining there
is not justified or authorized if it is related by means of size of the project.
(b) The organizations are not assured about usage of the management
administration techniques.
(c) Most of the risks are related to the construction process and also contractually.
Therefore, they are dealing in a better manner, and also they are having experience
from their earlier contracts whatever they have already completed.
(d) The management techniques relating to risk requires the ease of accessing
information, which remains very hard towards assuring confidence.
(e) All the projects are dissimilar and are not comparable.
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(f) It is discussed from the above conversation that within given period of
time, organizations will finish the construction projects and will also handover
for about one year or two years or three years. Therefore, for collecting
necessary information and analyzing the information requires few months, but
the construction organizations are not willing to spare time in recognizing the
hazards and also not understanding the mitigation of risks.

The following are the definitions of different techniques relating to the risk
elimination, risk transfer, risk retention, risk reduction, technical risks, and financial
risks.

(a) Risk Elimination: When it comes to risk control, the first step is towards
considering elimination or avoidance of risk.
(b) Risk Transfer is the risk management technique used for transferring risk.
(c) Risk retention is the cost of avoiding the risk which remains greater than the
cost of damaging. Therefore, it is better to avoid risk if it is frequently maintained.
(d) Risk reduction can be frequently reduced by means of taking different
precautions against it and also when exposing the company towards risk remains
unavoidable.
(e) Technical risk includes uncertainty of resources, availability of construction
materials, incomplete designs, and inadequate site exploration.
(f) Financial risks on a construction project is an extensive area and also consist
of difficulties by means of under financed, misusing of projects funds, contractor
nonpayment issues, etc.

Risk responses practice evaluation: In this risk response practices questionnaire
survey, the respondents were asked which risk methods are used by their
particular organization. The responses towards the four principal strategies, i.e., risk
elimination, risk transfer; risk retention, and risk reduction is as follows:

Response rate of Vijayawada is as per the following:
Note: X-axis indicates risk response techniques; Y-axis indicates percentage of

respondents used technique %.
In Graph 3, the results reveal that risk elimination and risk transfer are the utmost

valued strategies utilized by contractors in Vijayawada. Risk transfer towards a
specialty subcontractor or else through monetary methods, such as insurance, also
was examined. In Vijayawada construction, contractors utilize the two techniques
by transferring the hazard to subcontractors once the loss predicted is more. The
response rate of Visakhapatnam is as per the following:

Note: Percent of respondents utilized that technique % along Y-axis.
In Graph 4, the results revealing risk elimination, risk transfer, and risk reduction

are three valued strategies utilized by the general contractors in Visakhapatnam.
Risk transfer to a subcontractor, such as an insurance, was also examined. These

general contractors now in Visakhapatnam construction industry utilize the three
techniques; however, transfers hazard to a subcontractor once the loss is expected.

At the point when the construction firms are not in a position to do research and
development (R&D), at that point, they move the risk of R&D to the external party
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Graph 3 Vijayawada:
Responses from chosen
regions about various risk
response techniques. X-axis
indicates risk methods;
Y-axis indicates % of
respondents

Graph 4 Visakhapatnam
responses from chosen
regions about various risk
response techniques

or some other subcontractor; furthermore, it is gotten that if this R&D is finished by
people, they may.

Whenever the construction organizations unable to do research and development,
then transferring of risk of research and development takes place to the party which
is outside or else to any subcontractor.
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Graph 5 Risk transferring
method used in Vijayawada

Note: Response rate in percent along the Y-axis. From the above Graph 5, it shall
be interpreted that these construction companies transfer technology risk often about
61%.

Note: Response rate in percent along the Y-axis. From the above Graph 6, it
is understood that these construction organizations transfers technology risk often
about 45%.

Note: Response rate in percent along the Y-axis. From the above Graph 7, it is
demonstrated that, these construction companies transfer financial risk often about
65%.

Note: Response rate in percent along the Y-axis. From the above Graph 8, it
is observed that rarely (about 62%) to the contractors or else subcontractors lose

Graph 6 Risk transferring
method used in
Visakhapatnam
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Graph 7 Risk transferring
method used in Vijayawada

Graph 8 Risk transferring
method used in
Visakhapatnam

finishing time, and it might lead towards lowering productivity, reduced quality, and
also delay in the projects.

5 Limitations of the Study

The study was confined to cities of Vijayawada and Visakhapatnam only.
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6 Recommendations

In the construction industry, the professionals need to know about the techniques of
management used in the construction organizations by conducting risk alertness
programs and also by conducting training sections on construction project
management. It is important to recruit construction engineers having knowledge
in using management techniques.

7 Conclusion

The analysis of risk and also techniques of management are applied rarely by the
Visakhapatnam construction organizations because of the absence of knowledge and
also expertise. Therefore, the construction industry is not confident relating to the
techniques used and also its applicability in the construction projects. The contractors
recognized that risk is based on their years of experience and also in their decision
making or judgment.
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Achieving Sustainability Goals Through
Infrastructure Modifications: Lessons
Learnt from COVID-19 Pandemic

Poornima Ramesh and Bharani Alagirisamy

1 Introduction

Any infrastructure investments results in detrimental impacts, such as erosion, air
and water emissions and low climate resilience. Calls for sustainable infrastruc-
ture have risen in recent years. Concerns about barriers to exploiting small public
services were increased by the COVID-19 pandemic. The broad economic effects
of the pandemic made it imperative that expenditure be focused on the required and
well-designed. GDP growth decreased and was gradually negative during the first
quarter of 2020, even within the global economies [1]. The world’s per capita GDP
is predicted to decrease by 4.2% overall by 2020 compared to a 1.6 per cent drop
after the 2009 global financial crisis. COVID-19 also provides a chance in the form
of recovery kits. When nations are trying to rebound as soon as possible, all recovery
package-supported spending needs to be sustainable. There can be hardly any second
chance of more disasters, considering climate change and the grim global macroeco-
nomic outlook. While measures for solving COVID-19 socio-economic challenges,
including economic lockdowns, have led to reduced carbon emissions, the pandemic
will not slow down climate change and associated risks in the long run [2]. In addi-
tion, if new projects are not directed to low-carbon projects, this leads to lock-in,
making it much harder for countries to fulfil their Paris Climate Agreement obliga-
tions as set out in their Nationally Determined Contributions (NDCs). To promote a
green recovery, countries must use their financial stimulus. Sustainable investment,
especially in infrastructure, would offer an opportunity to improve economic growth
while increasing climate resilience and reducing projected losses.
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2 Impact of COVID-19

The global reported COVID-19 cases exceeded 60 million infections and 1.4 million
deaths by the end of November 2020 and covered 191 countries and regions (https://
coronavirus.jhu.edu/map.html). However, COVID-19 is not only a health problem,
but also a major economic catastrophe. GDP statistics obtained during the first four
months of 2020 from global economies indicate that the ongoing economic downturn
is worse than the 2008–2009 financial crisis, rivalling even the Great Depression of
1930 [1]. The International Monetary Fund (IMF) forecasts that per capita global
GDPwill fall by 4.2%by the end of 2020 [1]. Forecast forecasts show in every country
this year a negative GDP rise and by the end of 2021 per capita GDP will already be
smaller than in most countries before the pandemic levels [1]. In developed nations
with less money and social security systems, this would hit more profoundly. Studies
have found that the pandemic has contributed to more than 850 million persons—
most of them in the poorer economies—collapsing into poverty [3]. At the global
level, the pandemic caused both supply disruptions and lower demand. For example,
72.3% of domestic workers in 137 countries were decreased or lost their employment
during the pandemic in June 2020 [4]. For instance, the average price shift of stocks
was massively: −40% and −36%, respectively, in both the aviation and holiday
services sectors [5]. Projections suggest that 14% of consumer spending will be at
risk in the USA alone by 2020 because of physical-distancing requirements [6]. In
general, the number of customer damages will be 84 billion dollars by 2023. The
pandemic also threatens growing business costs, the danger of the nation and public
costs, particularly in developed countries [7]. However, the magnitude and length of
the COVID-19 crisis will depend on these estimates. In order to promote economic
recovery after a crisis, fiscal stimulus—for example tax relief, currency exchanges
and credits to vulnerable companies—is required [1]. Macroeconomic policies are
intended to mitigate the magnitude to prepandemic peaks of the present economic
crisis. The economic recovery is nevertheless threatened due to the fundamental
unpredictability; in particular, the major factors that affect medium-term situation
have been described as five potential uncertainties [8] which includes the actual
number of mortality; means of herd immunity; transmission seasonality; the efficacy
of action in public health; and commitment to indicators of public health.

3 Consequences of Infrastructure

In reaction to the COVID-19 [9] pandemic, the global infrastructure has become
critical—from communication networks to water facilities that reduce the effect of
good hygienic practises on businesses. Global economies, especially the developing
economies, already had large infrastructural gaps and were unable to effectively
respond to the pandemic [10]. Yet the infrastructure of the countries that had recently
undergone big outbreaks allowed the COVID-19 pandemic to be controlled. South

https://coronavirus.jhu.edu/map.html
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Korea for instance has developed a successful contactability mechanism for delaying
the dissemination of COVID-19, which was an epidemic of MERS for 2015 [11].
Government must determine if capital investment can be expanded in order to boost
national economies or invest in other industries. Public investments decline as history
has shown, as economic growth declines [10]. Moreover, the amount of public and
private spending in OECD countries was well below the precrisis baseline of 2008
before the COVID-19 crisis [12]. The quality of local infrastructure has deteriorated
in some countries and existing infrastructure deficits can impede the socio-economic
recovery and the build-up of resilience in entire regions.Around the same time, before
the pandemic, infrastructure needswere high, not only for new building programmes,
but also to sustain current facilities.

Investing in modern technology, health care, transportation access, welfare and
public sector adaptation to the health crisis has become a big pandemic. Neverthe-
less, states and foreign organizations are mobilizing to heavily spend and stimulate
the economy after the pandemic—investing in industrial recovery and not creating
resilient facilities. The USA and the EU have declared US$2 trillion, while the
IMF Rapid Credit Facility has authorized debt relief and disbursement for more
than 30 countries [13]. The concern is whether this can fix the system’s inherent
susceptibility to climate change and ensure that infrastructure systems are robust
and more effective. In this background, policymakers will be asked to stabilize their
post-crisis economies and to invest in the required stimulation field of resilience
infrastructure [14]. If stabilization is not a core priority, medium-to long-term cost
rises, exacerbating the vicious cycle of deficit and debt growth.

With respect to existing promises and actions, Tracker Energy Policy reports that
54% of all investments announced are carbon intensive. The meaning “clean” can
only be 35%. For those countries and organizations, financial funding for renewable
infrastructure has also been announced [11]. For example, GBP 1,3 billion in housing
and infrastructure investments are approved in the UK to support green economic
recovery while EUR 225million from the Electricities andGrowth Program of Egypt
(EGGSP) have been approved by the African Development Bank Group [15].

4 Reverting Back to Better Infrastructure

The pandemic of COVID-19 supported the concept of what would be “new normal”.
Consumers, for example, are speeding up new channels; 75% of end-users after this
pandemic are preferring to choose digital platforms. The health problem has also
resulted in the widespread use of remote work; such a transition created tremen-
dous benefit from improved organizational productivity to greater satisfaction for
employees. In addition, the COVID-19 crisis has reduced global energy consump-
tion.Movement controls have resulted in a decline in transport demand and changing
usage habits, resulting in a predicted reduction of −2 to −7% in carbon emissions
by 2020 [2]. However, such a reduction is estimated to be only transient and still
insufficient in order tomeet the Paris Climate Agreement goals, requiring a reduction
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of some 7 per cent per year in global carbon emissions to reduce global temperature
change to 1.5 °C [16].

The COVID-19 crisis offers the potential to counter climate change while
promoting economic recovery; climate-resilient infrastructure projects would play
an important part in its realization. Overall, where 1% of national GDP is spent in
infrastructure, the profit increases in the same year by 0.4% and in four years by
1.5% [17]. Thus, renewable infrastructure projects will foster creativity, efficiency
and equity funding in key industries, such as energy and transport [18]. Sustainable
infrastructures will reduce emission of GHGs and foster climate resilience. They
are related to major sources of climate pollution, from electricity to transport. It is
a mutually beneficial option, especially for those countries which are continuing to
develop most of their basic infrastructure. It should be remembered that productive
structural capability and strategies ought to maintain a sustainable system.

Many countries are expected to help COVID-19 development programmes
aimed at improving economic recovery. Sustainable infrastructure in particular will
producemajormedium-termgainswhilemaintaining the long-term effects of climate
resilience. For example, low- andmiddle-incomenationswill benefit from investment
in climate sensitive infrastructure by over US dollars in addition to US$4 trillion [17,
19]. In other words, any $1 dollar expended on green infrastructure is connected to
a return of US $4. Although early capital spending for sustainable development and
equivalent cost of operating can be significantly higher, studies have found the profit
rises indirectly in public expense savings. For example, decreases in air emissions
from transition to green energies save on healthcare costs and improvements in facil-
ities for sanitation and waste management. Improved water drainage and climactic
road networks have been shown to minimize repair costs and infrastructure distri-
bution disruptions, including flooded highways or accidents, creating induced social
savings. Studies also demonstrate that the protection of environmental sustainability
requires sustainable facilities, for instance by eliminating waste rushes from roads
to surface waters, which in turn increases water quality while reducing the risk of
threats to human and livestock health. Sustainable infrastructure thus creates gains
acrossmarkets and actors,which imply a fairer allocation of benefits that goes beyond
the primary objective of delivering utilities, which is the central asset of traditional
infrastructure.

Infrastructure expenditurewould play an important role in helping the stabilization
of economies and will also be important for climate change targets in ensuring
environmental sustainability.As theOECDpoints out, aweak carbon economywould
be related to the efficiency of post-COVID-19 investments in infrastructure projects.
This allows for the long-term economic and environmental purpose of international
obligations such as the Paris Convention or the Sustainable Development Goals
to be balanced with short-term emergency responses. For instance, urban planning
and transport pricing on the new infrastructure will reduce urban energy usage by a
quarter compared to the typical business scenario, especially in Asia and Africa [20].
In combination with current infrastructure alternatives, such initiatives could reduce
infrastructure-related pollution by 45–68%. The research gaps in post-COVID 19
architecture and urbanism is presented in Fig. 1.
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Fig. 1 Research gaps in post-COVID-19 architecture and urbanism

Integrating emerging technology into projects in infrastructure will also greatly
minimize costs and increase functionality. Climate information and early warning
system (CIEWS) is used to modernize national meteorological and hydrological
systems to mitigate the damages incurred by disasters; for example they would yield
a return on the investments that could lower costs and alleviate environmental harm,
while growing revenues like 5G, artificial intelligence, cloud storage, renewables
and 3D printing [21]. Innovations in the current structural and governance structures
would definitely be followed by technical innovations. This is already apparent when
it comes to sustainable development planning or the SDGs. Instead of formulating
plans and investments to facilitate total framework optimization, the present structure
of organizations contributes to sectoral/thematic/departmental optimization.

Ecosystem-based adaptation is an example of a modern approach that will involve
a reflexion on governance structures (EbA). EbA, even in conjunction with infras-
tructure, will reduce the effect on industries of climate change [22] and needs strong
coordination between local plant engineers and national bodies, and incorpora-
tion of ecological, climatic, infrastructure and local growth expertise. Hydropower
producers, for example, will rely on upstream cloud forests to manufacture water
while mangrove habitats guard against increasing sea levels. EbA interventions
will also provide co-benefits such as carbon sequestration, water quality and better
livelihoods for the environment.

However, despite their proven commitment to reducing costs of responding to
climate change, even in infrastructures, EbA are seldom included in climate risk
strategies. Women’s advancement will also benefit from the efficiency and climatic
stability of resources provided by infrastructure: the value of women as partners in
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the various sectors should be understood. In the perfect situation where women are
taking an equal part in workforces with women, the financial deficit in climate action
could be resolved by 26% of GDP worldwide by 2025 [23]. Initially, 70% of global
health workers are women whose expertise could help to make COVID-19 more
effective, in turn improving health systems (World Economic Forum 2020d).

The global economic and health crisis has just started to respond. Economic
solution packages are being established by national governments and supranational
organizations such as the European Commission. It is necessary to balance economic
recovery priorities with climatic goals in order to ensure both the socio-economic and
environmental viability of both packages. Failure to meet the climate goals would
have major implications, from yearly global GDP decreases by up to 3% relative
to the usual business-as-usual scenario to dramatic rises in catastrophe incidence
and severity, which may severely affect sensitive infrastructure [24, 25]. In formu-
lating sustainability projects, strategies must be established to assist construction and
infrastructure planners. The starting point is to improve EIAs for project-level review
and Strategic Environmental Assessments (SEA) for policy growth and evaluation.
These can be practiced for all kinds of projects.

More initiatives are needed at the same time to incorporate EIA and SEA find-
ings entirely into analyses of project financing. The same refers to measures of
sex and fitness. This is a step forward for organizations such as the Green Climate
Fund (GCF), which allows project backers to measure their project according
to multiple parameters addressing social, economic, environmental and financial
metrics. Instead, organizations such as IISD create frameworks and models for such
evaluations to be carried out. The process and models of Sustainable Value Asset
Appraisal are an example [26–28].

The solution packages and quantitative easing schemes do not involve fossil
energy and carbon-intensive industries [29]. Moreover, in order to accelerate invest-
ments, environmental laws need not be relaxed. There would still have to be clarity
in recovery kits. Since capital investment needs to be included in recovery efforts,
the promotion of climate change and adaptation plans must also be environmentally
friendly. The potential preventive measures that can be taken in the built environment
are presented in Table 1.

5 Green Alternatives

Supporting renewables in particular, India has indicated consistently that it has a
commitment to climate action. India was also proactive in carbon taxes, with an INR
400 per tonne coal levy and the world’s largest motor fuel tariff. In recent years,
subsidies for fossil fuel have been gradually reduced. However, any contribution to
combating climate change needs immense financial capital. In order to follow a green
transformation, the pandemic aggravated India’s already limited financial place. The
task is to concentrate efforts on leading industries such as storage and solar, helping
achieve economic growth, social regeneration and carbon transfer objectives.
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Table 1 Modifications in the built environment after the lesson learnt from COVID-19

Built environment system Measure

Street path Pedestrian paths can be made unidirectional, wide by
narrowing the road width and increasing the area of the
pedestrian path

Public equipment Distance (safety) markers on benches. Distributing
public disinfectants, washing infrastructures and local
services like water and food

Public transport facilities Protective and safety barriers can be kept for public
transport drivers. Establishment of automatic doors and
different doors can be kept for entry and exit. Safety
distance markers can be kept between seats, at stops
and in waiting rooms

Green areas and nature-based solutions Establishing natural environment in urban regions

Information technology Internet of things (IoT) approaches integrates the risk
of new disease transmission

Exterior enclosure Sunlight can be provided by glazed opening,
orientation and open blinds. Windows can also be
provided with a pleasant view

Roofing Sufficient openings can be given for light to promote
natural lighting

Interior construction and finishing Hand—free, easy to clean (non-porous) doors and
selection of materials with less virus residence time
(e.g. copper)

Conveying Safety markers in lift, unidirectional stair case with
direction and distance markers can be kept

Water system Regular disinfection of wastewater, testing of
wastewater to ensure hygienic conditions

HVAC Heat recovery unit to ensure complete separation of air
with 40–60% relative humidity to reduce the residence
time of virus

Waste Specific segregation of wastes from quarantined house
and properly incinerating them with strict disinfection
of collecting vehicles

Furniture Use of rugs and carpets should be avoided to reduce the
accumulation of pathogens in building

Terraces, balconies and flat roofs Minimum one outdoor area with sufficient space
should be provided for fresh air and sunlight

Immediate surroundings Natural green landscapes and health promoting
landscape should be kept to facilitate the mental
wellness and reduce stress
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5.1 Energy Storage Systems (ESS)

Energy storage systems (ESS) are crucial for the Indian transition to greener tech-
nologies, whether stationary or mobile. By 2035 [30] the developed countries will
make up 80% of the global market for electricity and more than two thirds of that
demand will come from renewable energy sources. India’s energy consumption per
household is much less than the average worldwide. It gives the chance to place
them on a lower carbon footprint scheme. The transformation of a rural economy
will lead to green energy.With a battery storage facility, micro-mini-grid systems for
remote areas will provide a viable energy source. It will be an inexpensive means of
providing electricity to agriculture, schools and whole societies. It would also have
employment and livelihood.

5.2 Green Investment

A Centre for Politics Research (CPR) report on state finances [31] shows that, also
prior to the pandemic, the fiscal room in countries was already limited by structural
reforms such as a GST, a central funded (CSS) consolidation system and the Ujwal
DISCOMGuaranteeYojana (UDAY) scheme. Thus, their capacity tomake additional
investment in the midst of the pandemic’s economic effect will depend on how well
independent source of income they organize. The same refers to state and subregional
bodies. It will be important for them to tap into independent financial outlets.

Municipal green bondsmay be away to borrowmarket funds.However,municipal
bonds in India have only been partially effective and reflect a small share of overall
municipal revenue [32]. Municipal bonds in developing countries are the primary
source of funding for municipal administrations. India would need both financial and
structural changes tomake themunicipalities and local councilsmore credible if these
resources were to be used. The second tranche of the economic stimulus connects
states’ spending caps to their success to boost the budgets of their municipalities.
This could provide states with an extra impetus for long-term metropolitan local
authority reforms [33].

6 Strategies Required for Both Existing and for New
Buildings

Many experiments have demonstrated howphysical andmentalwell-being is affected
by sensitivity levels to natural conditions. The involvement of the green elements
leads to a wide array of health advantages for all age ranges as well as a significant
contribution in alleviating the effects of a developed environment on the environment
and enhancing the eco-climate conditions [34, 35]. One of their primary impacts is
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mitigating the urban atmosphere, leading to minimizing the health effects of heat
waves, rising air humidity and decreasing the temperature over the hottest time
cycle. Various foreign experiences have offered a potential solution to this issue and
the construction of green roofs as an avenue for the growth of green spaces in urban
contexts. The function of the garden, both in terms of education and well-being,
is equally interesting. This practise occurs in particular in some ages to improve
happiness with life, vigour and psychologic well-being, healthy interactions among
individuals, a sense of community and a cognitive function [36]. It also helps to
alleviate fatigue, cold, tiredness, depression and anxiety [37]. As a result, gardening
is increasingly recognized both as an intervention to benefit well-being [38] and
as a medicinal treatment for persons suffering from mental health issues, so-called
horticultural therapy [39]. Another big construction technique is the redevelopment
of the core values and archetypes of sustainable design, thermal convenience and
indoor air quality (IAQ). This requires the required orientation for the optimum use
of sunshine and natural heat and light.

It is also critical that natural illumination by the glass surfaces is taken into account
for an adequately high degree of lighting in the room, that external views are taken
into consideration and at the same time light colours used by the interior surfaces are
used in order to improve reflexion [40]. In addition, home automation systems (smart
homes) with suitable and programmed measures, assisted even by in situ detec-
tors, can play a strategic role to ensure proper thermohygrometric, natural and/or
mechanical ventilation and adequate IAQ, which can ensure optimal living condi-
tions by automatic window opening for frequent air changes. The co-presence of
the disease during home isolation was the greatest obstacle, since it was important
to protect the other family members: it is also crucial that homes be reprocessed in
compliance with safety guidelines. While it is, on the one hand, decisive to ensure a
supply source of healthy for the consumed, the provision of adequately handled and
delivered drinking water, on the other hand, the handling of both liquid and solid
industrial waste becomes a further critical stage. Fluid waste in particular, including
its potential function as a vehicle for infection, is currently being investigated by the
international scientific community. As far as waste water is concerned, it should be
beneficial to have isolated bathrooms cleansed and disinfected at least once a day
by means of personal safety devices for persons who have suspected (or confirmed)
COVID-19. If the toilets in the home are not connected to the drains, the treatment
systems on the property should be assisted.

7 Conclusions

Since the financial crash of 2008, the movement for a green recovery was noted.
However, green initiatives are not implemented into their stimulus packages in many
nations. Many who have done so today lead the advancement of such technologies.
It is time for India to focus on its incentive to cope with both the economic slow-
down triggered by COVID-19 and the economic direction towards a balanced growth
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direction. As the countries continue to rebound from the economic effects of the
COVID-19 pandemic, they are in danger of developing recovery plans with no focus
on low-carbon policies. While these activities may yield short-term economic devel-
opment, they may aggravate climate change and contribute to continuing problems
in public finances and environment. In the global economic recovery after COVID-
19, sustainable development investments will play an integral role. These ventures
are intended to improve economic activity, encourage GDP growth and build jobs.
Investing in infrastructure environmental protection would give countries the poten-
tial to adapt to the current economic downturn effectively while still ensuring their
long-term climate commitments.

The global pandemic has exposed the restrictions on how to handle our urban
environment in terms of how to plan, build and operate our built environment, but
has presented uswith a chance to learn. However, several concerns persist such as can
these particular lessons be taken into account? If so, we can devote further attention
to the advantages and further innovations of these compulsory trials so that we can
choose them from a revolutionary perspective as long-term changes. In this sense, the
pandemic caused decision-makers, designers and architects to reflect more, attempt
to mould our physical areas and reset the current built environment, or to create more
ideas to confront potential attacks on the virus. This development gives us an insight
into the long-term and better direction in which our towns will change. However,
it is too early to determine the effect of COVID-19 responses on the theories of
architecture and urbanism. These outputs include urgently investigating our urban
environment and not hoping for another pandemic to be a reminder. This strategy
would go hand in hand with other sustainable practises that do not compete with
natural resources or harm our climate. Our new architecture and cities continue to
serve us well if we are able to handle that. However, there will be many problems in
the post-pandemic period involving deeper awareness of COVID-19 and its demo-
graphic and social consequences. There is no question about the future and thus
future multidisciplinary studies are expected.
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Vulnerability and Impact Assessment
of Extreme Climate Events in the Greek
Oil Industry

Theodoros Katopodis , Athanasios Sfetsos ,
and Emmanuel D. Adamides

1 Introduction

Extreme weather events are expected to increase in frequency and intensity under
the prospect of climate change [1], exposing oil infrastructure and their operations
at risk, leading to more devastating Natech (natural disasters triggering technolog-
ical accidents) events in the future. Midstream to downstream oil services have been
designed towithstand climate change pressures over the facility’s designworking life
(DWL), up to specific design thresholds. However, frequently extreme events may
exceed these thresholds, and thus adaptation strategies are necessary to enhance their
resilience. Climate change is anticipated to modify the distribution of the extreme
values of climatic actions, and hence to impact the design values of climatic param-
eters, leading to the increase of the mean or maximum values [2]. Structures and
infrastructures in Europe have already set their DWL at 50 years, based on an annual
probability of being exceeded of 0.02, according to the Eurocodes methodology [3].
However, recent approaches highlight the need for the redesign or improvement of
the defenses of the infrastructures and structures to withstand the extreme hazards
and loads expected in 50 years ahead, taking into account the climate change effect
[2]. The concept of return period is commonly used to carry information about the
likelihood of rare and extreme events, and it is the main element for the development
of a risk assessment tool as it overall includes the collection and processing of all
the associated climate information [4]. Hence, adaptation of critical infrastructures
operations under the future conditions is necessary to incorporate the establishment
of design thresholds and risks to the impacts of climate change over the life span of
assets. The exposure of the oil infrastructure to climate change at a global level has
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recently been studied in [5] through the collection of the critical event parameters
in a hazard threshold matrix. However, due to the idiosyncratic characteristics of
local environments, specific regional climate change analysis with the use of very
high-resolution climate data is required in order to analyze the local conditions,
opportunities, and challenges for each facility [6].

Thiswork highlights the need for the development of a comprehensive approach to
assess the vulnerability of the Hellenic Petroleum (HELPE) facilities, located in the
western part of Attica, near the Megara Gulf, in Greece, for the future non-stationary
climate change conditions. In the context of this study, the regional analysis focused
on the Megara installations and Elefsina/Aspropyrgos refineries (hereafter instal-
lations), which are broadly located in a region that experienced extreme events in
the past [7]. It is the first time that a systematic investigation of the climate change
impacts to the Greek oil industry is undertaken and constitutes the first step in iden-
tifying the vulnerability impact of the most exposed “assets” (employees, processes,
and structures), in a three-level analysis, which can provide further guidance for the
resilience capacities of oil infrastructure.

This study is organized as follows. Sect. 2 suggests the recommended research
methodology for the vulnerability and impact analysis. Sect. 3 presents the vali-
dation of the high-resolution WRF climate model simulations, the projections of
future climate conditions at HELPE facilities and the return periods. Sect. 4 performs
the vulnerability analysis of the most exposed processes, including structures and
employees of the Greek oil industry. Finally, conclusions are introduced in Sect. 5.

2 Methodology

The overall methodology of the vulnerability and impact assessment of extreme
climate events in the Greek oil industry, under the prospect of future climate
change impacts, is presented in Fig. 1. The proposed approach is built on the use
of the high-resolution Advanced Weather Research and Forecasting (WRF-ARW)
(v3.6.1) climate model [8], forced by EC-EARTH (a European community Earth-
System Model), which has been dynamically downscaled to the domain of Greece,
with grid spacing of 5× 5 km2 [9, 10]. Climate simulationswith theWRFmodelwere
performed for the historic period (1980–2004), and were used for model validation
purposes, and the future (2025–2049), for the two RCPs (4.5 W/m2 and 8.5 W/m2).

Most of the exposed critical services of the upstream,midstream, and downstream
services, in a global analysis, can been found in [5] (Table 1) as well in publica-
tions of relevant projects in the field [11, 12]. Under the prospect of the present
study, we focused on the most exposed assets/processes of the Greek oil downstream
and midstream sector (HELPE facilities), which are located in the western part of
Attica, as shown in Fig. 2. Additionally, the most characteristic site-specific climate
hazards that are considered in this study are presented in Fig. 1. These are used to
provide an estimation of the likelihood of the climate-induced risks to infrastruc-
tures and contribute to the identification of the operational or structural thresholds.
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Fig. 1 Methodology of vulnerability assessment of extreme climate events in the Greek oil industry

Table 1 Statistical indices between model simulations and observations from the HNMS
meteorological station for 300 months during the 25 years comparison

Bias RMSE r r_p-value MAE IOA

TX (°C) −0.96 2.57 0.95 0 2.03 0.97

TN (°C) −0.25 2.01 0.952 0 1.58 0.974

TG (°C) −1.85 2.81 0.958 0 2.36 0.96

Precipitation (mm) 27.7 94.5 0.3 0 41.2 0.33

Wind speed (m/s) 0.3 1.89 0.088 0.126 1.46 0.435

In principle, these are the climate hazards that impact directly and indirectly the
employees/processes/structures of the oil sector. In addition, a summary of the most
exposed critical processes to the representative climate parameters, with new quan-
titative critical values (thresholds) is presented, based on a 50 year of return period
analysis derived from the examined scenarios. Then, the climate change vulnera-
bility analysis of the most exposed assets of the HELPE facilities has been proposed,
by identifying the vulnerability of employees, processes, structures in a three-level
analysis.
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Fig. 2 Indicative map of the studied installations over the simulation domain of 5 km

3 Results

3.1 High-Resolution Model Simulations Against
Observations

For the purpose of this study, the implemented WRF regional climate model was
assessed with the use of the “nearest neighbor” to the position of the monitoring
stations method, by comparing the WRF simulations for the historical period 1980–
2004,with themost recent availablemeteorological dataset (1980–2004) validated by
the Hellenic National Meteorological Service (HNMS) of the nearest station at Elef-
sina’s airport. The capability of theWRF to identify satisfactorily the present climate
conditions in Greece has already been evaluated in the studies of [9, 10, 13, 14]. The
statistical analysis for the validation procedure was performed using monthly values
(300 over the 25 years period) of temperatures—maximum (TX), minimum (TN),
average (TG), monthly mean wind speeds, and monthly accumulated precipitation
values. In Table 1, we present the performance of these simulations when compared
to the surface observations from the nearest HNMS station. The statistical signifi-
cance of the Pearson correlation (r) using t-Test at the 95% confidence interval is
also depicted in the table.

The analysis yields that having greater correlation coefficients (r) with high signif-
icance of results (above 0.95), temperatures (TX/TN/TG) are better simulated with
the WRF model compared to the other climate parameters. As a general comment,
it could be said that the WRF model underestimates the temperatures of the historic
period. Within them, the minimum temperatures dataset has the lowest errors (mean
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bias and rootmean square error (RMSE)) in (°C) and the highest correlation.Also, the
index of agreement (IOA), as ameasure of the degree of model prediction error based
on [15], indicates an almost perfect match, with values in the range of above 0.974.
The statistical analysis of the mean monthly wind speeds and precipitation values
yielded a low correlation associated with changes of low statistical significance. The
results agree with results of other similar studies [9, 10, 13], considering that Greece
is a country with a very complex terrain, thus climate simulations still remain a chal-
lenging task [16]. However, analysis yielded that the mean monthly precipitation for
the specific domain cannot be simulated well with model, indicating low correlation
and very high bias errors.

A graphical representation of the probability density functions (PDF) of theWRF
model simulations andHNMS observational dataset is presented in Fig. 3. Regarding
wind speed (Fig. 3a),WRF simulations correspond to wind speeds with smaller stan-
dard deviation, overestimating the frequency of appearance of lower wind speeds
values (5–10 m/s) and underestimating the higher ones (23–27 m/s). For precipita-
tion (Fig. 3a), the model has performance close to observations when filtering the
lowest values (<0.5 mm). Also, WRF has a tendency to predict more intense precip-
itation events in comparison to observations in the particular area. Both findings are
in accordance to [13], which states that precipitation still remains a very difficult
meteorological parameter to estimate locally.

Fig. 3 Comparison of WRF model simulations and HNMS observations in the monthly wind
speeds and precipitation values due to changes in the probability density functions (PDF)
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3.2 Projections of Future Climate Conditions at HELPE
Facilities

This section presents the projected changes in temperature characteristic values (TX,
TN, TG), in mean and maximum winds (WSavg and WSmax) and in precipitation
daily accumulated values, as a result of climate change, for the studied region in
Greece (2025–2049). For every yearly dataset of the climate parameters and for each
installation (at Elfsina, Aspropyrgos, and Megara), which corresponds to different
grid-cell points, daily values of the maximum, minimum, and average air tempera-
tures, mean and maximum wind speeds, and daily accumulated precipitation values
were extracted for the historic and future periods. A continuous probability distri-
bution developed with extreme value theory (GEV) [17] was fitted to the 25 year
datasets. At the end, the differences between the present and future threshold values
with a mean return period of 50 years were computed (Sect. 3.3). The method for
calculating return periods and the probability of exceeding a value is based on the
extreme value theory (EVT), as in [18]. The variations in the characteristic values
of TX, TN, and TG between future and historic period are presented in Fig. 4 and
illustrates the expected variations on average temperature distribution, showing how
climate change cannot only induce a shift in the distribution but also a change in its
shape. Dashed lines in Fig. 4 represent the probability density of the historic condi-
tions that will be shifted to the continuous lines in the future. A flattened distribution
with a higher average temperature indicates a higher variability with increases in the
frequency of extremes. It is, hence, shown that the increase in the mean temperature
will result in a slight increase of the frequency of hot days.

On average, analysis indicated increase of similar magnitude and pattern of the
TX, TN, and TG between the two future scenarios, for the studied installations at
Aspropyrgos, Elefsina, and Megara facilities (Fig. 4). Compared to mean historic
climatology for TX and TG, the WRF model near-term climatology percentage
changes, for the studied regions, are found to be in the range of 12–13% and 16–22%,
respectively, for both future scenarios. However, analysis indicated a percentage of
TN in the range of 25–28% for the Megara, Elefsina, and Aspropyrgos installations
between the historic and future RCPs scenarios. The most remarkable variations of

Fig. 4 Expected changes in the mean value and variance in maximum and minimum temperatures
under the RCP 4.5 and RCP 8.5 future scenarios due to changes in the probability density functions
(PDF)
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TX (>1.3 °C), for RCP 4.5 and RCP 8.5, respectively, are estimated in all the studied
regions, and of TG in Aspropyrgos and Megara (Table 2).

Future analysis showed that increase in thewind speeds for the future scenarios are
predicted to be in the range of 5%, most of them occurring in the Aspropyrgos instal-
lation. Moreover, analysis indicated that RCP 8.5 is considered to be the scenario
with the highest expected maximum and average winds in comparison to RCP4.5
and historic scenarios. Concerning the daily accumulated precipitation values, future
analysis projected the decrease to be in the range of 10–25%, for all the installations
over the future scenarios. The highest decrease is projected for the Elefsina facilities
under the RCP 8.5 future scenario. However, the highest daily accumulated precipi-
tation (PR) values in the range of 150mmhave been recorded only during the historic
period, in the installations of Aspropyrgos and Elefsina.

3.3 Analysis of 50 Years Return Period

In this study, climate analysis determined the trends in extreme events and the return
period of the most severe impacts to HELPE facilities. As it was already mentioned,
climate changemight change the design values of climatic and environmental actions,
resulting in increase in themean ormaxvalues. For instance, [19] found that projected
changes due to greenhouse effect, might bring about significant changes in mean
temperatures, especially on the extreme tails of the PDF. As the need for the redesign
or improvement of the defenses of the infrastructure to withstand extreme hazards
and loads expected in 50 years ahead it is of high priority [2], in the context of
climate change, it is considered noteworthy to calculate the design thresholds based
on a return period analysis of 50 years. The determination of the return periods
necessitates the choice and determination of the underlying distribution function.
The so-called block maximum method has been used, where the sample of extreme
values is obtained by selecting themaximumorminimumof the daily values observed
during a year based on [20]. Threshold analysis indicated a significant increase in TG
and TX design thresholds for the installations studied, under the RCP 4.5 scenario,
while major increases are expected to occur concerning the TN values (Table 3).
Moreover, an increase in the WSmax thresholds of about 1.0 m/s is projected to
occur in the installations of Elefsina, under the RCP 8.5 scenario. Besides, Heat
index (HT) [21] threshold analysis indicated an increase during the return period of
50 years for the installations of Elefsina and Aspropyrgos. On the contrary, Wind
chill [22] indicator analysis, recorded a significant increase for the installations of
Aspropyrgos, under the future scenarios, which might be related to the projected
changes in the variables of temperatures, relative humidity, and wind speeds over the
future period.
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4 Vulnerability and Impact Analysis

As it is alreadymentioned, recently a first step to identify the exposure and to evaluate
the vulnerability of the oil industry to extreme weather events, on a global scale, has
been performed by [5]. In this section, we try to address the impacts of the climate
hazards in the installations studied as found from the literature and as validated and
contributed by the HELPE organization (Table 4). The proposed approach performs
an expansion of the climate change vulnerability assessment of the most exposed
assets of the HELPE installations, by identifying the vulnerability of employees,
processes, and structures, in a three-level analysis. With the objective to quantify the
changing frequency of extremes for the future period of 2025–2049, we also present
in Table 4 the return periods of the climatological parameters the number of events
above their critical design threshold and their impacts in case of exceedances, as found
in literature (scientific journals, international guidelines, etc.,) and as provided by
HELPE installations via internal discussions and technical documentations.

5 Conclusions

This study carried out an improved climate change vulnerability and impact assess-
ment due to climate change of the most exposed assets of the HELPE facilities
located in the western part of Attica, by identifying the vulnerability of employees,
processes, and structures in a three-level analysis. In addition, the study highlighted
the need for the redesign or improvement of the defenses of the oil infrastructure,
taking into consideration the prospect of climate change towithstand extreme hazards
and loads expected in 50 years ahead. In the study, the implemented regional climate
model WRF was assessed with the most recent available meteorological dataset
(1980–2004) validated by the Hellenic National Meteorological Service (HNMS) of
the nearest station of Elefsina’s airport. The high-resolution regional climate down-
scaled WRF model indicated increase in the values of temperatures (TX, TN, TG),
slight increase in the wind speeds (max, average), and decrease for the daily accu-
mulated precipitation values in themid-twenty-first century (2025–2049). Moreover,
threshold analysis during the return period of 50 years indicated a slight increase in
TXdesign thresholds for the installations ofAspropyrgos andElefsina under theRCP
4.5 future scenario, while major increases are expected to occur to all the studied
locations, concerning the TN values. Also, TG design threshold for the installa-
tion of Aspropyrgos is projected to increase, by more than 1.0 °C, under the future
scenarios. Additionally, an increase in the WSmax thresholds of about 1.0 m/s is
projected to occur in the installations of Elefsina, under the RCP 8.5 scenario, while
on the contrary, a significant increase in theWind chill [22] threshold analysis by the
order of −10 °C is projected to occur in the installations of Aspropyrgos, under the
future scenarios. It is the first time a systematic investigation of the climate change
impacts to the Greek oil industry was carried out, and it is a first step to identify
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the risk of the Greek oil industry, which can provide further guidance related to the
resilience capacities of the HELPE organization, so that in the long term, it adapts
to future climate conditions.
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Catastrophic Events at the River Basins
Due to Permafrost Thawing: Review
and Examples

Elena Dolgopolova

1 Introduction

Arctic coastal development and climate warming demand research of rapidly
changing properties of permafrost under modern conditions. A considerable portion
of the Arctic Ocean coast in Russia, Canada and the USA (Alaska Peninsula) lies
in the permafrost zone. Permafrost occupies about 24% of the land (an area of 22.8
million km2), including more than 60% of the Russian territory (Fig. 1). Increase of
the global air temperature [1] is followed by climate changes, leading to changes in
precipitation, melting of sea ices and glaciers, permafrost thaw and increase of water
flux of pan-Arctic rivers. The territories of watersheds and mouths of the rivers of
Siberia, Alaska and Canada are located in permafrost of different properties (contin-
uous, discontinuous and sporadic). Air and frozen grounds temperature monitoring
in Russia shows increase in 1990–2000 [2] in comparison with normal values in
1961–1990. Approximate forecast gives increase of ground temperature in contin-
uous permafrost zone, which is still staying negative, and 100 km shift of the south
permafrost boundary to the North about by 2025. About 80% of Alaska is under-
lain by permafrost [3]. Thaw of permafrost causes numerous thermokarst terrain.
Thin permafrost layer thawing from the bottom to the surface results in permafrost
disappearance. Investigation of permafrost degradation in central Alaska (Tanana
Flats) shows the area of no permafrost increases from 39 to 47% during the period
1949–1995 [3]. Frozen grounds of sporadic and discontinuous permafrost zones at
the eastern coast of Hudson Bay in Canada are also rapidly disappear [4]. At the
Mackenzie Delta which is mostly underlain by continuous permafrost of the thick-
ness less than 100 m, the annual air temperature increases from 1970 by about 2.5°C
[5]. For years 1983–2008, mean active layer depth measured at 12 stations along the
delta showed the increase from 42 to 50 cm.
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Fig. 1 Circum-Arctic map of permafrost and ground ice conditions from national snow and ice
data (Last modified May 12, 2011) [6] with river mouths listed in Table 1

Permafrost thawing andgrowthof active layer depth assisted by increase of surface
temperature contribute to water river fluxes. The dependence of water discharge
change at the Arctic river mouths on permafrost properties demands to be clarified.
In this study, we consider the changes of river discharges in cryosphere, river deltas
morphology (meandering, braided branches and score holes) and abrupt erosion of
the channel banks of a bend creating reformation of river channel structure and
pollution of water.

2 Discharges, Air and Ground Temperature at Pan-Arctic
River Mouths

2.1 Data, Methods and Location

To analyze the long-term trends of annual river dischargesQ at themouth heads of the
rivers listed in Table 1, we used the data on the temporal series of the mean month
river discharges available in the sources [7, 8]. Calculated long-term discharges
<Q> were compared with the values from modern-day papers [9–14]. The rate of
increase/decrease of Q during the period presented in Table 1 was estimated as a
ratio of the difference of Q at the last and first years, �Q, to <Q> in %. The increase
in air temperature Ta leads to a rise in ground temperature Tg and changes properties
of frozen soils which finally results in permafrost shrinking. In northern regions,
permafrost temperature in the period of seasonal thawing varies because of phase
transitions in the frozen soil independently of the external heat exchange factors. In
cold months, after complete freezing of the active layer, the permafrost mass starts
actively interactingwith the atmosphere through the snow cover. Therefore, the effect
of winter season on soil stability in the cryosphere is greater than that of the summer
season. Changes of Ta, Tg were taken from the sources [15–21].
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Table 1 Pan-Arctic rivers in order of decreasing mean annual water discharge <Q> , changes of
Ta, Tg per year with periods of observation. D is delta, E is estuary and E–D is estuarine-deltaic
river mouths, the numbers are shown in Fig. 1

River <Q> (m3/s) Q/<Q> (%/year) �Ta (°C/year) �Tg (°C/year)

Yenisei 17,917 0.12 0.04 0.03

E–D, 5 1936–08 1966–05 1966–2005

Ob (Irtysh) 12,817 0.10 0.05 0.02–0.03

E–D, 2 1936–08 1966–05 1966–2005

Lena 17,178 0.21 0.02 0.01–0.02

D, 8 1936–08 1966–20 1966–2005

Mackenzie 9261 0.21 0.08 0.06

D, 16 1973–11 1969–06 1962–08

Yukon 6557 0.67 0.03 0.03

D, 13 1976–19 1976–19 1949–16

Pechora 4231 0.24 0.02 0.00–0.02

D, 1 1936–05 1966–05 1966–2005

Kolyma 3162 – 1.74 0.02 0.02–0.03

D, 11 1978–93 1966–05 1966–2005

Anadyr 993 – 0.09 0.03 0.03

E, 12 1958–88 1966–05 1966–2005

Indigirka 1603 0.18 0.2–0.3 0.02

D, 10 1937–98 1966–05 1966–2005

Taz 1047 – 0.11 0.04 0.03

D, 4 1962–96 1966–05 1966–05

Olenek 1167 1.10 0.02 0.02

D, 7 1936–99 1964–99 1966–05 1966–05

Yana 1063 0.61 0.02–0.03 0.01–0.02

D, 9 1973–07 1966–05 1966–05

Pur 897 – 0.34 0.04 0.03

D, 3 1939–91 1966–05 1966–05

Anabar 450 0.81 0.03 0.02

E, 6 1954–99 1966–05 1966–05

Colville 289 1.00 0.05 0.06

D, 14 2003–19 2003–19 1949–16 1976–03

Sagavanirktok 48 1.20 0.05 0.06

D, 15 1983–19 1983–19 1949–16 1976–03
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2.2 Variations of Water Discharges

The temporal trends inQ of large rivers in the cryosphere show a tendency toward an
increase under the climate warming. At the mouths of the Ob, Yenisei and Lena, for
which long enough observation series are available (60–70 years), the annual increase
in water discharge Q varies from 0.1 to 0.2% per year [22]. The most western river
in cryosphere—Pechora River also having a long series of Q—shows the largest
increase of water discharge reaching ~0.24% per year. At the eastern mouth of the
Indigirka River during 1937–1998, Q increases by 0.18%. The analysis of shorter
Q observation series at the mouths of the nonregulated rivers of Yana, Anabar and
Olenek mouth (Fig. 2) shows a larger increase in Q—from 0.6% to 1.1% per year.
Temporal trends of Q for the rivers Yukon, Colville and Sagavanirktok having data
till 2019 show increase in the range 0.67–1.2% per year.

The period of data series for the Kolyma River 1978–1993 includes the year 1983,
when the Kolymskaya HPP was brought into operation, which results in decreasing
of Q. Investigation of long-term river flux for the Ob, Yenisei, Lena and Kolyma in
1978–2016 shows increase of the total flux of four rivers, but the shear of the Kolyma
is unknown [23]. Decreasing Q for the rivers Anadyr, Pur and Taz can be explained
by local precipitation tendencies.

0
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1930 1940 1950 1960 1970 1980 1990 2000
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Olenek upstream Olenek mouth

1937-1999 1964 - 1999

Fig. 2 Increase of Q at the Olenek R. upstream gauge (1937–1999) and at the mouth

Fig. 3 Dependence Tg =
f (Ta) with 20% error
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2.3 Impact of Changes of Ta and Tg on the Pan-Arctic River
Discharges

Data of observation of Ta and Tg averaged through 1966–2005 [18] at the river
mouths in Russia show the rate of temperature increases in the ranges 0.02–0.05 and
0.01–0.03 °C/year correspondingly. At the Yukon Delta, air temperature growth is
just the same as it is at the Anadyr—0.03 °C/year. At the coast of Beaufort Sea, Ta

increases more rapidly from 0.05 °C/year at the Colville and Sagavanirktok rivers
[21] to 0.08 °C/year in Inuvik at the Mackenzie Delta [5]. The smallest rate of Tg

increase was observed at the Yukon Delta 0.03 °C/year 0.03, and at the Beaufort Sea
coast, it reaches 0.06 °C/year [17, 24]. Dependence of frozen ground temperature on
Ta is linear with R2 ∼= 0.8.

Many factors influence the fresh water flux of all pan-Arctic rivers under climate
warming such as: air temperature, changes in precipitation and permafrost thawing
[3, 25, 26]. The rate ofwater discharge change for the pan-Arctic rivers decreaseswith
growth of Ta (Fig. 4), whereas it increases with growth of Tg. Ground temperature
increase provokes active layer growth, and permafrost thawing enhances infiltration
which results in significant contribution of groundwater to the base flow [25, 27].
So, growth of Tg results in increase of Q/ <Q> . Air temperature increase causes
decrease of snow cover season and areas covered with snow which lowers rate of
water discharge increase [23].

3 Catastrophic Events in Permafrost Zone

The slopes of pan-Arctic river mouth plains are much smaller than medium river
reaches causing meandering and ice jams formation. The coastal tundra in Russia
is 50–80 m above the ocean level; therefore, river falls vary as follows: i = 2–5 ×
10–4 from the Pechora to the Kolyma. The slope of the Mackenzie Delta plain is i
= 5 × 10–5, for the Yukon Delta i = 10–4, for the Colville Delta i = 7 × 10–5 and

0
0,4
0,8
1,2

0 0,02 0,04 0,06 0,08

Q/<Q> %

Ta, Tg

Q/<Q> = f(Ta) Q/<Q>=f (Tg)
Q/<Q> = f(Ta) Q/<Q>=f(Tg)

Fig. 4 Dependence rate of water discharge increase on air and ground temperatures



90 E. Dolgopolova

for Sagavanirktok Delta i = 5.3 × 10–4 [28–31]. The degree of sinuosity of a river
is estimated using the sinuosity coefficient k = L/l (L is the channel length; l is the
straight-line distance from the source to the mouth), varying from 1.1 to 3 and more.

3.1 Ice Jams

The ice melting beginning upstream the pan-Arctic rivers generates a flow of water
with ice floats moving downstream to the ice-covered flows at the river mouths
causing conditions for ice jam formation especially near the channel sharp bend,
abrupt narrowing and bifurcation. In case an ice jam with high water level is formed,
the flow moves over the jam and further over the ice-covered reach, entraining ice
blocks and sediment toward the sea edge of the delta which is typical for the delta
branches of theYukon andColville [32, 33].Growthof the river dischargesmentioned
above enhancing water levels during freshet or ice jam results in strong flooding over
the vast territory. Due to climate warming, ice cover thickness becomes smaller and
winter base flow increases resulting in spring the process of break up turns to be
“thermal break up” instead of “mechanical” one. Further growth of air temperature
will diminish frequency of ice jams which will be strengthen with higher water
levels [34]. At high levels during ice jams, water can reach frozen soil at the banks
promoting their intensive erosion and retreating.

3.2 Erosion of Banks in River Bends and Land Sliding

Meandering is a characteristic feature for pan-Arctic rivers, especially for delta
branches of the rivers at the Arctic coast which form many bends. Investigations
of 3D structure of the flows in a river bend show considerable transversal velocity vy
directed to the outer bank (Fig. 5) and vertical velocity vz directed to the bottomwhich
cause clockwise cross-sectional circulation initiating scouring of concave bank and
deepen the flow at this bank [35, 36].

If the ratio R/B ≥ 5, the river bend is considered as a sharp one (R is the curvature
radius, B is the width of the flow). For the sharp bend, the outer-bank cell is described
mathematically and is found in experiments [35, 37]. The circulation in this cell is
opposite in direction to the central cell slightly reduce the activity of the central cell
protecting outer bank against erosion.

Highwater levels during ice jams cause niche creation in a concave bank especially
in presence of snow cover (Fig. 6a) which moves inside the bank until the upper layer
of soil with snow becomes too heavy and fall into the flow [38]. The thermo-erosion
process at high water levels during spring freshets and ice jams is characteristic for
different rivers, among them for the middle stream of the Lena River [39] and the
Colville River near the Nuiqsut, where maximal erosion rate reaches 2.2 m/year
during 1980–2015 [40].
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Fig. 5 Scheme of water
movement in river meander
after [35]

Fig. 6 River bend in floom model (a) and map of the Ob River at the Kolpashevo city (b)

Erosion of steep concave bank is observed at the Ob River in Kolpashevo city
(58° 19′ N, 82° 55′ E, 65 m above sea level) (Fig. 6b) with the rate 3–4 m/year in
2007–2009 [41]. Upstream the steep bank and crossing (B= 500m), there is a narrow
reach, where B = 700 m (Sect. 2) and B = 1530 m (Sect. 1). The ratio R/B for the
bend at Kolpashevo changes in the range 4–5 at high water level and at dry season
correspondingly. Catastrophic washout of the cemetery inside the bank happened at
the beginning of May (1979) at high freshet. At this time, minimal magnitude of R/B
resulted in minimal protective effect of the outer-bank cell. The right bank of the Ob
River continues to retreat and the whole streets vanish in the river.
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3.3 Scour Holes in the Mackenzie River

The origin of score holes in the bottom of Mackenzie Delta branches described in
[28] is another puzzle of nature. In 1974, there were observed 7 score holes with
the depth ranging from 13 to 37 m, and then in 1985–1986, there were 13, and in
2004–31 score holes. Their emergence could not be explained by ice jam release.
It is mentioned that one of the main reasons of these score holes formation is delta
channel erosion into floodplain lakes. Some of these captured lakes appeared to be
partially drained, suggesting that permafrost may also be a factor in the formation
of deep holes. The share of permafrost ground in originating of these score holes
is still a problem. Until now, Mackenzie Delta is the sole river mouth where such
dangerous score holes are observed. Our investigation [42] reveals one spasmodic
score hole at the bottom at the Lena Delta branch of depth comparable with those in
Mackenzie Delta, which resulted from the strong ice jam release.

4 Discussion and Concluding Remarks

It was found that the rate of increasing trend of pan-Arctic river discharges lowers
with the air temperature increases despite of the long-term magnitudes of discharges
continue to increase; see also [23, 27]. Temperature of soil increasing with Ta causes
increase of active layer thickness and permafrost thawing which enhances base flux
of the rivers. Table increase trend of water discharges of pan-Arctic rivers can be
used as a gross criterion of permafrost shrinking.

Growth of water discharges increases water levels which result in intensification
of river bank erosion, may be a source of catastrophic pollution of water due to wash
out of burial wastes. Thawing of permafrost provokes subsidence of soil all over the
cryosphere [17, 24, 25]. The icy structure of landscapes in the permafrost zone is
a stabilizing factor during natural evolution, while under urbanization and mining
operations, it aggravates the decay of natural landscapes. Destruction of surface vege-
tation due to urbanization and oil/gas constructions results in accelerating of ground
thawing and subsidence which causes destruction of construction and catastrophic
pollution of the surface [43].

Due to the climate warming and growth of active layer thickness, discontinuous
permafrost at the south boundary turns into sporadic, then into isolated. Frozen
grounds disappear, and the soil becomes excessively moist. At such terrain, easily
eroded soils are formed which cause landslides, as it happened at the Bureya River,
the left tributary of the Amur River, where the landslide occurred in December
2018 [44]. The landslide of volume about 22.5 ml m3 (more 55 ml. ton) completely
blocked the river channel and formed tsunami wave in the opposite tributary of the
Bureya. The landslide occurred in sparsely populated area, that is why there were
no victims, but it was necessary to blow up the blocking dam to avoid a catastrophic
flood upstream the landslide in spring.
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Effect of Land Uses on Personal Exposure
of Street Vendors at a Metropolitan City

Smaranika Panda

1 Introduction

Air pollution in India is one of themajor issues of concern due to rapid growth in trans-
portation, industrial, power generation sectors coupled with planned and unplanned
urbanization, infrastructure development, expansion of cities, industrial and popu-
lation growth. According to the recent reports, 50% of global deaths attributed to
ambient air pollution. The National ambient monitoring program (NAMP) revealed
routine exceedance of PM2.5 and PM10 concentration from the prescribed standards
in all major cities in India [1]. In fact, 27 cities in 2011 and 37 cities in 2014 from
India were listed in top 100 cities with worst PM2.5 pollution [2]. In urban areas, large
number of population are exposed to elevated air pollutant concentrations. Short- and
long-term exposure to high and low pollutant concentrations at different urban loca-
tions can result in various diseases such as asthma, bronchitis, lung and heart-related
diseases, allergies and cancer [3]. The total deaths attributed to air pollution were
reported to be more than 0.5 million per year in India [4]. Among the major cities in
India, Bangalore has witnessed a rapid growth and become the silicon valley of India
in a very short span. The multi-dimensional growths in infrastructure, road network,
vehicular population, industries and street shops in and around the city center have
increased the pollutant concentration beyond the permissible limits. The exposure
of the pollutant concentration varies considerably with time and land use pattern of
the location [5]. In general, the work group population such as traffic polices, street
vendors, etc., get exposed to high pollutant concentrations for a considerable amount
of time. However, the amount of exposure for street vendors and traffic polices also
vary notably in different land uses. In India, studies on personal exposures for the
most exposed group of people in metropolitan cities are very limited. In this regard,
the present study focused on developing PM exposure profiles and chemical charac-
terization of PM5 samples for street vendors in two contrasting land uses in order to
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understand the impact of land uses on personal exposure. Also, health risk assessment
of street vendors in different land uses were carried out.

2 Methodology

2.1 Study Area Description

The personal exposure monitoring of street vendors were carried out for Banga-
lore city at two contrasting land uses such as traffic intersection and residential
area. Kundanahalli traffic intersection (latitude: 12° 57′ 22′′ N; longitude: 77° 42′
54′′ E) which is one of the congested traffic locations was considered for moni-
toring. Personal exposure monitoring for a street vendor sitting in a font open
shop was carried out. The four-legged traffic junction receives traffic from three
major four lane roads and one two-lane minor road. Banaswadi residential area
(13° 00&#x00A2; 24′′ N and 77° 38&#x00A2; 13′′ E) was considered as the other
monitoring location. The area is dominated with individual houses and apartments
with few numbers of street shops for grocery and vegetables. However,movements of
private vehicles were observed in the location. A major road at a distance of 300 m
for movement of city buses and other vehicles were located near the monitoring
location. Figure 1 presents the map of Bangalore city with the monitoring locations.

Fig. 1 Map of Bangalore city showing the monitoring locations at Kundanahalli (traffic intersec-
tion) and Banaswadi (residential area)
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2.2 Monitoring and Instrumentation

PM5 personal exposure monitoring for 8 h was carried out at the traffic intersection
and residential area for 7 days using personal sampler (EnviroTech APM 801) from
Feb 12, 2019 toMar 6, 2019.Monitoringwas carried out forweekdays andweekends.
The deposition of PM5was obtained byweighing the filter papers before and after the
monitoring and the concentrationwas calculated by utilizing theweight of deposition
and total amount of air flow during the entire sampling duration.

2.3 Chemical Characterization of Particulate Samples

Chemical characterizations of PM5 for 15 elements (Al, Ba, Ca, Cd, Co, Cr, Fe, K,
Mg,Mn, Na, Ni, Pb, Sr and Zn) were carried out using inductive coupled plasmawith
optical emission spectroscopy (ICP-OES, make: Optima 5300-DV). The elements
were extracted using hot acid digestion procedure (IO-3.1) and were analyzed (IO-
3.5) based on U.S. EPA methods.

2.4 Health Risk Assessment

Excess cancer risk was performed for the carcinogenic heavy metals (Cr, Ni, Pb and
Cd). Inhalation unit risks (IUR) for the metals were taken from USEPA. The excess
cancer risks were obtained by multiplying the exposure metal concentration with the
respective IUR.

3 Results and Discussion

3.1 Variation of Personal Exposure Profiles at Different
Land Uses

The 8-h average PM5 personal exposure concentration at the traffic intersection
during weekdays and weekends was observed to be 585.2± 107µg/m3 and 431.4±
51 µg/m3, respectively. Similarly at the residential area, the concentrations were in
the range of 203.4± 48µg/m3 and 124.3± 50.9µg/m3 during weekdays and week-
ends, respectively. The week end concentration at the traffic location was observed
26% lower than the weekday exposure concentration. However, the weekend expo-
sure concentration was observed considerably low, i.e., 39% reduction from week-
days at the residential area which may be due to non-working days for offices and
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Fig. 2 PM5 exposure
concentration at Banaswadi
(residential area) and
Kundanahalli (traffic
intersection)

schools which lower the vehicular activities in the vicinity. Figure 2 presents the
variation of PM5 exposure concentration in traffic intersection and residential area.

3.2 Chemical Characterization of Particulates

Analyzed 15 elements contribute 15% of total PM5 exposure concentration at the
traffic intersection. The elevated metal concentration of Mn, Ba, Cu, Zn and Pb at
the traffic location could be from the vehicular emissions and wear/tear of tires.
The heavy metals such as Ni, Cd and Pb concentrations were observed 2, 4 and 5
times higher than the national ambient standard concentration at the intersection. At
the residential area the contribution of heavy metals was observed to be 12%. Ni
and Cd were observed below detection limit for all the analyzed samples. The Pb
concentration was observed below the ambient air quality standard. Figure 3 presents
the elemental concentration of abundance and trace elements at traffic intersection
and residential area.

Fig. 3 PM5 bound abundant and trace elemental exposure concentration at Banaswadi (residential
area) and Kundanahalli (traffic intersection)
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Table 1 Excess cancer risk for heavy metals at the traffic intersection and residential area

Pollutant IUR (µg/m3)−1 Excess cancer risk (10–6 population)

Traffic Residential

Cd 1.8 × 10−3 33.8 0.0

Cr 1.2 × 10−2 130.8 68

Ni 2.4 × 10−4 10.1 0.0

Pb 1.2 × 10−5 26.4 5.8

3.3 Health Risk Assessment

The excess cancer risk for the residential and traffic intersection is provided in Table
1. Cr showed highest cancer risk at both the land uses.

4 Conclusion

Personal exposure monitoring for the street vendors were carried out at a busy traffic
intersection and residential area of Bangalore. Study results indicated heavy partic-
ulate exposure at both the locations. The PM5 personal exposure was observed to
be exceeding the PM10 and PM2.5 standards by several folds at both the land uses.
However, at the traffic intersection, the exposure concentration of PM5was observed
three times higher than the residential area.Weekend concentrationswere observed to
be lower at both the land uses. The elemental analysis indicated presence of elevated
concentration of carcinogenic heavy metals at the traffic intersection. Further, at the
residential area, presence of two carcinogenic elements were observed which was
exceeding the permissible WHO standard.
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Social Vulnerability Assessment
to Natural Hazards in Western Nepal

Sumeet Moktan, Kumud R. Kafle, and Suman Chapagain

1 Introduction

The complicated geophysical structure makes Nepal vulnerable to various kinds of
disasters [1]. Natural hazards including floods, epidemics, landslides, wildfires, wind
storms, GLOF, cold and heat waves, landmines, road accidents, drowning incidents,
and earthquakes are frequent in Nepal [2]. Floods, landslides, and fires often occur
frequently, and the nation is vulnerable to the earthquake as it sits at an edge of
Tibetan and Indian Plates alongside the Himalayan Region [3]. The mountainous
and hilly regions are more prone to the occurrence of landslides and GLOF events
[4] whereas Terai plains are more prone to seasonal flooding as the result of the
monsoon rains and the complex river systems [5]. The country’s DesInventar data
shows that more than 30,000 people were killed by any one of the disasters, with
more than 60,000 people injured creating a great loss of human lives and properties.
Nepal is situated in the tectonically active central part of the Himalayas, being one
of the global earthquake hazard hotspots [6]. In the context of global vulnerability,
Nepal ranks as the 20th most multi-hazard-prone country and 11th in the case of
earthquake hazards [7].

Underdeveloped nations lacking resilience and mechanisms to respond to disas-
ters suffer the most. Disasters claim human lives as well as destroy properties and
infrastructures, raise the risk of outbreaks of infectious disease, threaten food secu-
rity, cause disruptions of social and economic aspects contributing to population
displacement [8, 9]. Disaster vulnerability is highly dynamic and diverse throughout
Nepal. Factors such as weak governance, population and rapid urban growth, rela-
tively weak land use planning, irregular settlement, poor construction techniques,
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steep agricultural practices and settlements invading forest and plains, and the dete-
rioration of the environment have contributed to the rise in the occurrence of disasters
in Nepal [10].

Quite a few studies have explored social vulnerability to natural hazards amid
the subsequent rise in public understanding of natural hazards across substantially
all areas of Nepal. Social vulnerability analysis and mapping are of urgent need in
Nepal as most urban as well as rural settlements are exposed to multiple risks which
can have a significant effect on planning, policies, preparedness, and the allocation
of resources [4].

2 Social Vulnerability

Cutter et al. [11] has defined social vulnerability as a factor that influences or shapes
the susceptibility of society to harmand the ability to respond. Such factors are further
characterized by types of communities and built-environment and level of urban-
ization, growth rates, and economic vitality. The substantial variability of disaster
depends on the local circumstances and its likelihood of severity of impacts compared
to different places depends on the local vulnerability components of the affected
society, i.e., cultural, social, and economic. Consequentially, there is a significant
connection between the potential hazard risk and the social resistance and resilience
of a particular place. In this manner, the disaster response differs based on the social
structure.Hence, the evaluation of social vulnerability is a vital step for understanding
the ability of a society to envision, resist, cope, and recover from the impacts of
natural disaster events in the future [12]. Socially vulnerable groups are more likely
to be adversely affected by disaster events. Hence, addressing social vulnerability
constructively reduces both human casualties and properties. This is guided by the
provision of social services and public assistance in a post-disaster scenario [13].

Yoon [14] examined and compared the developing methodologies for the assess-
ment of social vulnerability to natural disasters. Current literature on vulnerability
indicates that twomethods have been applied in creating social vulnerability indexes:
(a) a deduction method using standardization methods, for example, z scores [15,
16] and (b an inductive method using data reduction techniques such as factor anal-
ysis [11]. The contrast between the deductive and inductive indicator integration and
index development methods in evaluating social vulnerability to natural hazards is
experimentally depicted in this study. The findings showed that although there are no
variations in the measurements of the overall social vulnerability scores using three
separate standardization methods, the overall social vulnerability scores determined
by factor analysis and by standardization are different.

Gautam [4] focused on the assessment of the social vulnerability on a local scale
of all 75 districts. Altogether, 13 variables were selected, and the social vulnerability
indexwas constructed by themaximum value transformationmethod and cumulative
indexes were mapped using ArcGIS. It was observed that only four districts were
having a very low social vulnerability index and 46 districts having moderate to
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high social vulnerability levels. A study done by Aksha et al. [17] looks into the
social vulnerability in Nepal by a modified Social Vulnerability Index (SoVI). 39
variableswere reduced to seven factors using the principal component analysis which
explained 63.02%of the variance in the data. The factor scoreswere then summarized
to calculate final SoVI scores. Higher social vulnerability levels were observed in the
central and western hill, Western Mountain, and central and eastern Terai regions,
while the central and eastern hilly regions are less vulnerable.

3 Study Area

Western Nepal includes western, mid-western, and far-western from the old admin-
istrative division and recently has been divided into a province which includes
provinces 4, 5, 6, and 7. It has an alpine environment of mid-latitude, extending from
the altitude of 150 m covering Terai plains to the 8172 m including the Himalayas
where slope varies from flat to steep indicating the possibilities of slope failures. The
climate is warm temperate. Heavymonsoon rains between 1000 and 2000mm can be
observed between the month of June and September and slightly varying depending
on altitude and topography. Top hills and steep areas are coveredwith highly degraded
forests. The majority of people make their livelihood from agriculture. In Western
Nepal, possible mega earthquakes, famines, and epidemics have long been known
as possible threats [4]. Considering the scenario of western Nepal, there is a need
for the development of effective prevention, mitigation, and contingency plans for a
multi-hazard scenario.

4 Methodology

4.1 Data

The national census report published by theGovernment ofNepal in 2011was used as
a primary source of data. The indicators and variables for the study were identified
and selected from the literature review. The deductive approach was applied for
the selection of the variables. Altogether, 9 indicators and their 17 variables were
identified for the research (Fig. 1).

4.2 Calculation of Social Vulnerability Index

Themaximumvalue transformation approach byCutter et al. [18]was used to convert
each variable was to a common scale from 0 to 1 for the calculation of SoVI. The
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Fig. 1 The location of the study area

ratio of the value of that variable (Xi) to the maximum value (Xmax) for the variable
was calculated as given by the equation:

Score(Ni ) = value of variable, i

maximum value
(1)

As considered by Cutter et al. [18], higher index values indicate higher vulnera-
bility. The social vulnerability index was calculated for each district by integrating
the scores of each variable as the overall vulnerability score given by the following
equation (Table 1):

Total vulnerability score =
13∑

i=1

Ni (2)

4.3 Development of Social Vulnerability Map

The social vulnerability indexes were classified into five different classes: very low,
low, moderate, high, and very high based on standard deviation, as shown in Table
4. QGIS was used to generate the social vulnerability map in terms of vulnerability
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Table 1 Indicators and
Variables used for SoVI
analysis

Indicators Variables

Population (N1) Population Density
(N2) % of Absentee population
(N3) Average household size

Gender (N4) % of female-headed households
(N5) % of the female population

Age (N6) % of children of age below 14 years of age
(N7) % of elders above 60 years of age

Education (N8) % of illiterate people above 5 years of age

Health (N9) % of disabled people above 5 years of age
(N10) % of malnourished children under 5 years
of age
(N11) % Household without toilet
(N12) % of the population without safe water

Poverty (N13) Human poverty index

Ethnicity (N14) % of low caste ethnic group

Economic (N15) % of agriculture holding with livestock
(N16) % without economic provisioning

Housing unit (N17) % of house foundation with mud-bonded
bricks/ stone

Table 2 Vulnerability level
classification based on the
standard deviation approach

Standard deviation Level of vulnerability

>12.49 Very high

11.18–12.49 High

9.87–11.18 Moderate

8.57–9.87 Low

<8.57 Very low

level which shows the distribution of social vulnerability to multi-hazards inWestern
Nepal (Table 2).

5 Result and Discussion

The overall vulnerability map was prepared using the indicator-specific outputs
obtained in this research. The indicators considered in this study were population,
gender, age, education, health, poverty, ethnicity, and economic and housing unit.
The direction of these indicators was determined with regards to their known influ-
ences on vulnerability, which are identified with the help of existing literature. Social
vulnerability assessment of all the 40 districts of Western Nepal shows us that most
of the vulnerable areas fall under mid-western and far-western parts which include
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hilly and mountain regions of provinces 6 and 7. The sum of results shows that 5%
of the districts fall under a very high social vulnerability region, whereas 25% of
districts fall under the high socially vulnerable level. The least vulnerable areas are
located mostly in the western region and extend along the Terai region as listed in
Table 4).

Table 3 Descriptive statistics of the selected variables

Variables Standard deviation Mean Max Min

N1 111.51 138.23 600.95 2.79

N2 15.19 12.89 64.15 0.17

N3 0.64 4.95 6.26 3.92

N4 11.28 28.47 49.50 7.71

N5 2.75 52.47 56.81 44.00

N6 5.54 37.39 46.23 21.58

N7 2.14 8.33 12.74 4.99

N8 7.53 31.83 49.37 16.04

N9 0.95 2.83 5.39 1.12

N10 10.30 46.09 65.70 22.90

N11 19.02 40.88 78.35 0.85

N12 13.68 22.06 48.12 2.14

N13 7.79 34.31 49.26 16.50

N14 7.40 20.28 47.68 5.14

N15 15.47 82.28 96.03 14.41

N16 9.99 34.07 48.14 15.22

N17 27.44 73.98 99.16 12.53

Table 4 District frequency related to social vulnerability level

Level of social vulnerability Number of districts Districts

Very high 2 Achham, Doti

High 10 Baitadi, Bajhang, Bajura, Dailekh,
Humla, Jajarkot, Kalikot, Rolpa, Rukum,
Salyan,

Moderate 15 Arghakhanchi, Baglung, Dadeldgura,
Darchula, Dolpa, Gorkha, Gulmi, Jumla,
Mugu, Mustang, Myagdi, Kapilbastu,
Nawalparasi, Pyuthan, Tanahu,

Low 11 Banke, Bardiya, Dang, Kailali,
Kanchanpur, Lamjung, Mustang, Palpa,
Parbat, Rupandehi, Syangja,

Very Low 2 Kaski, Manang
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5.1 Social Vulnerability of All Indicators

5.1.1 Population

Higher population density indicates the high chances of the existence of socially
vulnerable populations [19]. Higher population density increases the risk of losses
and makes the evacuation process harder [11]. The Post Disaster Need Assessment
of the 2015 Gorkha earthquake published by the National Planning Commission
addressed that the 14 most heavily affected districts had a high absentee population
migrating overseas for job opportunities, and their household income depends on
remittances. According to [11], a large number of dependents in the families obtain
limited finance to support the dependents so there is a need for switching in between
work responsibilities and family care.

5.1.2 Gender

Women tend to have more harsh times than men during recovery the reason being
family responsibilities, lower wages, and sector-specific employment. A study was
done by [20], which explains that women are most affected by earthquakes than men
in the case of every major earthquake in Nepal, for instance, the Gorkha earthquake
of April 25, 2015 killed more women than men. The reason behind this is that most
women in Nepal are mainly involved in household activities and were inside their
houses during the disasters [4]. In relatively poor families, the loss of properties along
with the lack of family security, and stress of finding alternate livelihoods could lead
to dire consequences like sexual abuse, human trafficking, child marriage, and labor
on particularly women, girls, and children.

5.1.3 Age

According to [11], caring for children requires a huge amount of time andmoney and
while the elderly may face limitations in mobility. According to NPC [21], children
are at risk of dropping out of school and get engaged in activities that generate
income to support their household. Several effects on children have been addressed by
various child-focused varying from issues such as food, hygiene, shelter, education,
and access to drinking water.

The elderly people may suffer from “mobility, cognitive, sensory, social, and
economic restrictions that can hamper their adaptability and ability to cope during
disasters” [8].
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5.1.4 Education

Education is associated with socioeconomic status [11]. Higher education results
in greater job opportunities and lifetime earnings, whereas lower education limits
the ability to understand the warning and recovery information. So, in this regard,
higher education decreases and lower education increases social vulnerability. The
developmental potential of a society can be depicted by its average education level.
A higher level of education indicates a better capacity to respond cope and recover
from natural disasters [22].

5.1.5 Health

Disabled people have been immensely affected as many do not possess the means
for the reconstruction of the houses [21]. People, especially with sensory disabili-
ties such as speech, hearing, vision are at greater risk of not being able to receive
information before, during, and after a hazardous event [23]. From the assessment of
post-earthquake, it was observed that food consumption practices have deteriorated
in the affected districts which resulted in the decline below the levels as compared
to the pre-earthquake assessment data. Sanitation is a great concern in Nepal. Most
people do not have access to safe drinking water and toilets. Risk factors like high
population displacement with limited access to the toilet, safe drinking water, and
lack of sanitary facilities may lead to epidemics in the disaster-affected areas [21].

5.1.6 Poverty

Many have to emigrate to neighboring countries and the Middle East in search of
employment opportunities due to poverty which provides much-needed remittances
[17]. The poor communities are the most vulnerable than other groups in terms
of economic, health, and natural hazards. These groups are deprived of access to
material, economic, social, political, or cultural resources and struggle to meet their
basic needs [24, 25]. This in turn will lead to decreased potential in coping at the
time of disaster.

5.1.7 Ethnicity

Low caste groups have always been the victim of disparity. Dalits are considered
as “untouchable” and face social and economic and systemic hardships [17]. In
Nepal, the problem of untouchability still exists to this day and age. People including
Dalits, marginalized ethnic minorities residing in remote geographical regions are
underprivileged and lack access to social services.
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5.1.8 Economic

According to NPC [21], mostly rural areas in the central and western regions have
been affected by the earthquake. A large population there was highly dependent
on agriculture for livelihood, which the earthquakes and the subsequent landslides
have affected. Besides, these districts have a relatively higher per unit of livestock
than the national average which is regarded as one of the key sources of income
for rural households. Loss of livestock at a massive level would potentially trigger
a significant loss of income. Economic deprivation means the absence of material
assets which are regarded as the basic necessities in society. Economic deprivation
generates mental distresses like anxiety and depression because of the stress of not
having sufficient resources available to support their everyday living [26].

5.1.9 Housing Unit

Housing foundations and wall materials have a significant impact on vulnerability
since Nepal is situated in a highly active seismic belt. The case of Gorkha Earthquake
2015 claimed many lives of the people living in poor quality houses. Especially, the
traditional mud and stone houses in rural areas suffered the most in terms of damage
[17].

5.2 Overall Social Vulnerability

The result shows that 5%of the districts fall under the very high vulnerability regions,
whereas 25% of districts fall under the highly vulnerable level. The least vulnerable
areas are located mostly in the western region and extend along the Terai region
encompassing some parts of province 4, 5, 6, and 7 of the western regions with very
low to moderate levels of social vulnerability. 2 out of 40 (5%) districts are at a very
high social vulnerability level, 10 districts (25%) are at a high vulnerability level,
15 districts (37.5%) are at a moderate social vulnerability level, 25 districts (27.5%)
are at a low vulnerability level, and 2 districts (5%) are at a very low vulnerability
level in Nepal. Social vulnerability assessment of all the 9 indicators shows us that
most of the vulnerable areas fall under mid-western and far-western parts which
include the hilly and mountain region of provinces 6 and 7. The reason is well
interpreted regarding all the 9 selected indicators. It can be observed that there are
ample reasons such as backward development, gender and caste disparity, geological
features, insufficient road, and transport facilities, illiteracy, and dependency in only
agriculture that makes up the overall social vulnerability. Out of all the districts,
the study has shown that in Doti and Achham the social vulnerability is very high.
According to the Nepal Hazard Risk Assessment of 2010, Doti and Achham are
prone to three types of Geological, Hydro-meteorological hazards. Doti is one of
the five districts with the highest percentage of permanent houses exposed to a very
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Fig. 2 District-wise social vulnerability to multi-hazard in Western Nepal

high hazard zone. Also, the district area percentage distribution of earthquake hazard
assessment for a 500-year return period is very high in both districts (Fig. 2).

6 Conclusion

This study attempts to illustrate district-level social vulnerability to multi-hazard
in Western regions of Nepal with the help of the SoVI method. Multi-hazards are
beyond human control. The only way to counter this natural phenomenon is to be
prepared. Nepal lies in a seismically active zone. Considering the scenario of western
Nepal, there is a need for the development of effective prevention, mitigation, and
contingency plans for different types of hazards. The results illustrate that social
vulnerability ranges frommid-hills and mountains of mid-western to the mid-hills of
far-western districts. These results have the potential to help policymakers and emer-
gency planners in creating a more successful and focused crisis response program.
Damages and losses due to several hazards in western districts would be very high
and there is a high need for preparation. Social vulnerability due to natural hazards
in various districts of Nepal varies, so there is also a need for decentralization in
regards to preparedness, response, and recovery.
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This study is based on a deductive approach. The results may vary depending on
the number of considered variables. It is important to consider furthermore variables
for the precision of the work. So, to reduce such issues, the municipality-wise data is
required for further uniformity in the variation of the variable; an inductive approach
like principal component analysis is recommended for more reliable SoVI mapping,
and social vulnerability at the local level is recommended.
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Sustainable Urban Drainage System
to Avoid Flooding of Rain Origin
and Improving Green Areas, Lima, Peru

López Amaro, José Luis , Villavicencio Cuya, Raquel Lorena ,
Silva Dávila, and Marisa Rosana

1 Introduction

“Lima is now the fifth-largest city in Latin America, home to almost one-third of
Peru’s population, and—with an annual rainfall of just 25 mm—the world’s second-
biggest desert city after Cairo. Since 1950, the mass migration of rural people from
the country’s highlands has increased its population nine times over. In the past
30 years, the urbanized area has expanded by more than 200 km2” [1].

For this study, the area around Mateo Pumacahua Av. has been selected. It is in
the district of Villa El Salvador in Lima, on the Pacific coast of Peru, whose location
is shown in Fig. 1.

Villa El Salvador is located at an altitude of approximately 177 meters above sea
level, which is characterized primarily by a sandy desert relief and an arid subtrop-
ical climate [2]. In 2018, the authorities carried out paving works to improve pedes-
trian and vehicular access in this area. Later, in August 2018, several news agencies
reported that the main streets of both districts Villa María del Triunfo and Villa
El Salvador (see Fig. 1) were flooded due to the continuous drizzles, provoking
accidents, and affecting many people. An event is shown in Fig. 2.

In 2017, no such damage was observed in the area, even though from January
to March, there were a series of extreme rainfall events on the coast of Peru, which
caused serious floods with hundreds of human victims and billions of dollars in
economic losses [3].
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Fig. 1 Left: Map of Peru
showing Lima, the capital
city. Right: Location of the
study site: district of Villa El
Salvador (Red). Also, it is
shown the neighborhood
district Villa María del
Triunfo (Blue)

Fig. 2 Mateo Pumacahua
Av. was flooded by heavy
rains that fall in the districts
of Villa María del Triunfo
and Villa El Salvador.
September 2018

The main objective of this study is to provide an engineering solution to the
problem with a sustainable urban drainage system (SUDS). It consists of a set of
elements of the drainage network that will allow the collection, transport, decontam-
ination, retention, infiltration, and rainwater evacuation sustainably. Besides this, the
collected water will distribute to increase the green spaces of the district.

In the Villa El Salvador Urban Development Plan to 2021, it was reported that the
district has 2 m2 of green area per inhabitant and according to the recommendation
by the World Health Organization results in a deficit of 6 m2 per inhabitant. It also
indicates that there are public areas in avenues and parks that can be used for the
progressive implementation of green areas. To this goal, it is planned to promote the
reuse of properly treated wastewater in existing treatment plants. Also, it is required
cooperation with neighboring districts [4].

Successful storm water management requires a transition from conventional to
sustainable storm water management over time. The changes must be developed in a
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socio-institutional framework based on three pillars: cultural-cognitive, normative,
and regulatory changes. The elements within the three pillars can work simulta-
neously and synergistically to achieve widespread change in which the urban and
regional planning system can play a crucial role [5].

Also, it is very important to include in the study all the constraints for the imple-
mentation of SDUS. Istianto et al. [6] reported their research to solve flood problems
in the northern part of Jakarta, Indonesia.One of themain constraints to increasing the
volume of storage for controlling floods is the availability of land. It is because most
of the areas have been occupied for residential, commercial, and industrial purposes.
Meanwhile, the use of the public space available as a park or garden in these areas
is not suitable. However, they concluded that it is possible to solve recurring floods
using a sustainable urban development system (SUDs) application of a temporary
retention basin in the urban area known as an urban polder. This requires a combi-
nation of the appropriate design of polder water management components (levees,
open water storage, pumping capacity, and outlet, including the adequate selection
of both their size and location). Likewise, it is necessary to ensure correct operation:
adequate initial condition and permanent maintenance of the drainage systems. Also,
the final solution must consider the economic and environmental analysis of the area
[6].

2 Determination of Rainfall Excess

2.1 Watershed Characteristics

The watershed of study belongs to Virgen de Lourdes creek. It is in the Villa María
del Triunfo district, Lima-Peru, and belongs to the Pacific hydrographic basin. It is
showed in Fig. 3 including the study zone, in green, that has a slope of 4%.

Fig. 3 Watershed limits of Virgen de Lourdes Lima-Peru creek and location of the study zone
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The area of the basin is 9.56 km2, the main channel length is 7.86 km. Its altitude
ranges from 160 to 950 meters above sea level with an average bed slope of 10.0%.
Their surface is composed of 19% of sand, 23% of gravel, and 58% rock. The entire
area is urbanized being 19% for commercial business use and 81% for the residential
area.

2.2 Analysis of Maximum Precipitation

There is no rainfall observation station in the studywatershed, but it is considered that
its precipitation regime is explained by existing measurement data in Von Humboldt
meteorological station which is operated by the National Hydrological and Mete-
orological Service, SENAMHI [7]. This station is located approximately 9 km to
the north, in 247 meters above sea level. It has registered daily precipitation with a
recording period from 1964 to 2018.

A seasonal regime is observed in which the maximum values of rain appear in
January, February, and March. On August 8, 2018, accumulated rainfall depth was
0.2 mm in the early morning but caused flooding in the study area. The observed
values of maximum precipitation in 24 h per year have been used for the calculations.
The average value of 2.4mmwith a standard deviation of 1.8mmhas been calculated.
It was observed that the maximum precipitations of the measurement data did not
occur in the years in which the ENSO phenomenon cause serious damages on the
Peruvian coast.

For our study, it was considered a useful life of 25 years and an admissible
risk of failure of 0.64, obtaining a return time design of 25 years. The Gumbel
frequency curve is used for calculating the corresponding maximum precipitation in
24 h obtaining 6.0 mm.

2.3 Design Peak Discharge Estimation

There is no either hydrometric observation station, so the catchment modeling
technique was used for estimating 25-year peak discharge.

It was performed precipitation-dischargemodeling using a hydrological modeling
system,HEC-HMS [8, 9], for the study basin, considering the recommendedmethod-
ology in Annex N° 01—Hydrology of Standard OS.060 Urban Drainage [10]. A
design histogram was carried out using the alternate block technique.

The Soil Conservation Service-curve number method was used for estimating
losses. A curve number equal to 91 was identified using soil characteristics. For
transforming excess precipitation into a direct runoff hydrograph, the Soil Conser-
vation Service unit hydrograph method was utilized with a concentration–time of
125 min. The computed peak discharge shows a good match with the computed flow
using a regional study based on observed flow in several hydrometric stations.
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Therefore, the calculated design discharge for a 25-year return period is equal to
0.3 m3/s with a runoff volume of 6 700 m3.

3 Determination of the Water Requirement for the Green
Area

The study section has a length of 502 m and an available area of 23,217 m2 was
obtained to implement the green spaces considering the land located in the avenues
and parks. It is shown in Fig. 4, and the direction of the pluvial flow is also indicated.
The area was determined using the plan of the project “Improvement of the Vehicular
and Pedestrian Walkability of the Mateo Pumacahua Avenue section between Av.
Separadora Industrial and Av. Pachacútec, District of Villa El Salvador—Lima” [11].

In the district of Villa El Salvador, there is a diversity of ornamental plants with
low water consumption, of which Aptenia Cordifolia (known as “señoritas”) and
Ficus, as shown in Fig. 5, were chosen to use in the selected areas. They are very
easy to grow and highly resistant to drought and grow quickly in humid soil. These
ornamental plants have also been planted on the green coast with good results.

The measurement monthly climatic data in Von Humboldt meteorological station
of rainfall, maximum temperatures, minimum temperatures, relative humidity, and

Fig. 4 Green areas and flow direction



120 L. Amaro et al.

Fig. 5 Aptenia Cordifolia
(left) and Ficus (right)

wind speed was used for calculation of reference evapotranspiration (ETo) using the
CROPWAT (water requirement of the crop) software [12].

Using the crop coefficient of each species, it was calculated themonthly real evap-
otranspiration by multiplication. Besides, it is necessary to multiply by the efficiency
of irrigation.

In Lima, there are long periods with almost zero rainfall; however, there are some
periods in which heavy rainfall occurs. Therefore, the water requirement was calcu-
lated if the effective precipitation was zero obtaining the maximum water require-
ment. In humid periods, the rains are enough to satisfy this requirement. Continuous
maintenance is necessary by those in charge of the municipality to ensure that the
green areas do not disappear due to lack of water.

But in the case of heavy rains and the corresponding peak discharge, water volume
is too big for the area. Therefore, the designed SUDS must reduce and/or eliminate
excess water to avoid flood damage and consequently avoid the destruction of green
areas. A detention tank is required to reduce the peak discharge that comes from the
upper part of the basin and ditches that allow the collection and elimination of excess
water.

4 Urban Systems Alternatives Sustainable Drainage

4.1 General Considerations

In the zone selected for the green space, the soil presents granular particles with low
to light contents of non-plastic fines with a predominance of sandy material. The
corresponding slope is 4.58%. The selected factors for the design of channels are
shown in Table 1.

It was considered four alternatives of SDUS: rain gardens, French filter water
drains, green gutter and vegetation, and detention tanks. Their characteristics are
explained below.
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Table 1 Selected factors for
the design of channels

Factor Value

25-year peak discharge 300 l/s

Side slope 2:1 (Sandy soil: only channels of a
trapezoidal section)

Manning’s roughness
coefficient

0.02–0.05 (vegetation cover). It
was adopted 0.02

Maximum velocity 1.45 m/s

Minimum velocity 0.8 m/s

4.2 Bioretention Areas/Rain Gardens

After the channel is excavated, the area will be divided into three parts; the center
will be filled with farmland and the sides with crushed stone which will allow the
treatment and runoff infiltration. Subsequently, it will proceed with the planting of
Ficus every 6 m and 4 units of Aptenia Cordifolia per m2, as shown in Fig. 6.

The main advantages of rain gardens are it improves urban landscaping, and
its maintenance cost can be incorporated into the general management of urban
landscapes; removes urban pollutants efficiently; reduces the runoff coefficient and
the volumes of water generated; makes it easier to detect and eliminate elements that
hinder its operation.

The disadvantages are that they are not suitable in steep areas, and there is a risk
of blockage in the connection with the outlet collector are. As far as its maintenance
is expensive, the elimination must be permanent of the residues that obstruct the
circulation of the water, periodically prune grass and repair eroded or damaged areas
[13].

Fig. 6 SUDS rain gardens
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Fig. 7 French SUDS filter drains

4.3 Filtering Water Drains

After the channel is excavated, it will be filled with draining granular material that
will allow to capture and filter the runoff from contiguous impervious surfaces,
promoting the infiltration of the runoff volumes, see Fig. 7.

They are suitable for treating runoff from large adjacent impervious surfaces,
helping to reduce runoff with infiltration, facilitating the evaporation of water. They
are of easy construction and low cost. A pre-treatment of the water is very effective.
They are easily integrated into the landscape and can have a great aesthetic value are
their main advantages. The disadvantages are they are not suitable in steep areas; they
are not suitable in places where the incoming water has a high pollution load and an
aquifer is nearby, and they do not significantly attenuate runoff water volume or peak
flow. On the other hand, its maintenance leads to inspect and clean them periodically;
they need to care for the present vegetation and repair the eroded and/or damaged
areas [13].

4.4 Green Gutters and Vegetation

Runoff water flows slowly through them, allowing the entrained particles and pollu-
tants to precipitate and settle, later it will infiltrate into the soil and be captured to
satisfy thewater requirements of the plants, but for this, the soil must bewell-drained.

Since the slope of the study terrain is high, a channel section with a very wide
base was proposed to obtain velocities that were not erosive, to which the vegetation
also contributes. After the planning, stakeout, and excavation of the canal, exces-
sive compaction of the soil must be avoided. Subsequently, it will proceed with the
planting of trees every 6 m along the berm in the border crown, as well as 4 units per
m2 of Aptenia Cordifolia throughout the berm area, see Fig. 8.

Advantages: Easy to incorporate into the landscape; good removal of urban pollu-
tants; they reduce the runoff coefficient and the volumes of water generated; they
have low cost and are easy to detect and eliminate those elements that hinder their
operation. Disadvantages: they are not suitable in steep areas; the option of putting
trees to treat them as garden areas is very limited or not convenient, and there is a risk
of blockage in the connection with the outlet collector. Maintenance: elimination of
waste and any element that obstructs the circulation of water; periodically prune the
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Fig. 8 SUDS green gutter and vegetation design

grass and remove debris; cleaning sewer inlets of debris and sediments and repairing
eroded or damaged areas [13].

4.5 Detention Tank

A water reservoir will be proposed to temporarily store the volumes of runoff gener-
ated upstream, promoting sedimentation, and thus reducing pollution. The deposit
will be located on Av. Pachacútec with a volume of 300 m3, whose area is 1200 m2

and a height of 0.25 m. The bed will be covered with the Aptenia Cordifolia, see
Fig. 9.

Due to space and budget constraints, the tank has been dimensioned only for
300 m3, while the design runoff volume is 6700 m3. Therefore, it will not completely
reduce the flooding, but it will reduce the peak of the avenue and increase the time to
the peak, which will allow other non-structural prevention measures that have been
proposed in the Villa El Salvador Disaster Prevention Plan [2].

Main advantages: It reduces the volume of rainwater generated by runoff, allowing
them to be stored and reused for irrigation, the installation of the system is cheap.
Disadvantages: If it is necessary to install a treatment system, it becomes quite
expensive; sometimes a pumping system is required and is not aesthetically attractive.
For their maintenance, they must be inspected and cleaned periodically [13].

Fig. 9 Design of SUDS detention tanks
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Table 2 Costs summary and present value of cost

Item Rain gardens French filter water
drains

Green gutter and
vegetation

Detention tanks

Cost of installation,
USD

42,664 52,660 38,390 36,650

Cost of O&M, USD 11,880 11,825 11,119 10,976

Present value costs,
USD

135,838 145,408 125,598 122,738

5 Economic and Environmental Evaluation
of the Alternatives

5.1 Economic Evaluation

For the economic evaluation of the project, the economic present value of cost indi-
cator was calculated. For this, a 25-year analysis period, the installation cost in year
zero, and the annual operation and maintenance cost were considered. Results are
shown in Table 2.

The detention tank is a complementary alternative to the others that are exclusive
between them. Because the best alternative according to the economic criteria is the
one with the lowest present value of cost; among this collection and driving systems,
the green gutter and vegetation is selected.

5.2 Environmental Evaluation

All the SUDS alternatives allow two main benefits to the environment: control of
the quantity and quality of the water coming from the runoff and improving the
landscaping. In addition to [13]:

• Reduction of pollution that reaches the receiving environment.
• Less interference in the natural regimes of the receiving water masses.
• Reduction of the “heat island” effect in cities, counteracting the increase in

temperature caused by asphalt and concrete surfaces.
• The recharge of aquifers using these techniques can solve environmental problems

such as marine intrusion, subsidence, degradation of wetlands, and reduction of
base flows of river channels, among others.

5.3 Selected Alternative

According to the above, for the study site, the detention tanks and green gutter and
vegetation, which are complementary, were selected. Figure 10 shows the transversal
section of the road with the green gutters (yard), and Fig. 11 shows the plan view.
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Fig. 10 Road section

Fig. 11 Design of SUDS selected alternative

As it was mentioned for the maintenance of the green areas, additional irrigation
is required. For this, the municipality’s logistical management must be compromised
to use the treated water in the existing sewage treatment plant for irrigation using
tank trucks.

Besides, to achieve good results, it is necessary to complement these measures
with the following: proper maintenance of the SDUS components, rigorous control
of irrigation and maintenance of green areas, adequate institutional management for
the fulfillment of the objectives, and compliance with Villa El Salvador plans of both
Urban Development and Disaster Management.

6 Conclusions and Recommendations

The green ditches with detention tank where the adopted solution will allow it to
channel the volume of runoff water, and the use for irrigation of the green areas.
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Complementary irrigation of the green area is required, which would be done with
properly treated wastewater in existing treatment plants when required using tank
trucks.

Themunicipality must commit to the good operation and continuous maintenance
of the SDUS system and logistics to irrigate the green area.

The entire drainage system, conventional and SDUS, must be part of the long-
term planning of the Villa El Salvador district in which both the Urban Development
Plan and the Disaster Management Plan are integrated.

Also, cooperation with neighboring districts is required. Among these, it is worth
highlighting the district ofVillaMaría del Triunfo fromwhich the pluvial flow comes.

It is recommended to implement SUDS alternatives to reduce the risk of floods
due to the urbanization process and improvement of green areas and to avoid their
occurrence in the urban development process in this and other areas of the city.

References

1. FAO Homepage. http://www.fao.org/ag/agp/greenercities/en/GGCLAC/lima.html. Last
accessed 14 March 2021

2. Municipalidad Distrital de Villa el Salvador: Plan de prevención y reducción de riesgos de
desastres distrital de Villa El Salvador 2019–2022”. Peru (2019). CENEPRED Homepage
https://sigrid.cenepred.gob.pe/sigridv3/documento/8033. Last accessed 14 March 2021

3. Son, R., Wang, S., Tseng, W., Barreto, C., Becker, E., Yoon, J.: Climate diagnostics of the
extreme floods in Peru during early 2017. Clim. Dyn. 54, 935–945 (2020)

4. Municipalidad de Lima. Plan integral de Desarrollo de Villa el Salvador al 2021.
Instituto Metropolitano de planificación. Peru (2006). Municipalidad de Lima Home-
page http://imp.gob.pe/wp-content/uploads/2020/09/villa_el_salvador_plan_integral_de_desa
rrollo.pdf, last accessed 14 March 2021

5. Goulden, S., Portman,M., Carmon,N., Alon-Mozes, T.: From conventional drainage to sustain-
able stormwatermanagement: beyond the technical challenges. J. Environ.Manage. 219, 37–45
(2018)

6. Istianto, H., Suryadi, F., Hamim S.: Potentials and constraints of urban polder development in
Jakarta, Indonesia. Case study: Rawa Badak polder. In: Proceedings of the 37th IAHR World
Congress, Malasia (2017)

7. SENAMHI Homepage: Datos hidrometeorologicos https://www.senamhi.gob.pe/?&p=estaci
ones. Last accessed 14 March 2021

8. USACE-HEC Hydrologic modeling system HEC-HMS technical reference manual: US Army
Corps of Engineers, Hydrologic Engineering Centre. HEC), Davis, USA (2000)

9. USACE-HEC Hydrologic modeling system HEC-HMS v3.2 user’s manual. US Army Corps
of Engineers, Hydrologic Engineering Center (HEC), Davis, USA (2008)

10. Ministerio Vivienda, Construcción y Saneamiento. Norma OS.060 Drenaje Pluvial Urbano.
Ministerio Vivienda, Construcción y Saneamiento. Peru (2006)

11. Municipalidad de Villa El Salvador. “Mejoramiento de la Transitabilidad Vehicular y Peatonal
de la Av. Mateo Pumacahua tramo Comprendido Entre La Av. Separadora Industrial y la Av.
Pachacutec, Distrito De Villa El Salvador - Lima - Lima”. Peru (2017)

12. FAO Homepage. CROPWAT. http://www.fao.org/land-water/databases-and-software/cropwa
t/es/

13. SudHomepage. http://sudsostenible.com/beneficios-de-los-suds/, last accessed 14March 2021

http://www.fao.org/ag/agp/greenercities/en/GGCLAC/lima.html
https://sigrid.cenepred.gob.pe/sigridv3/documento/8033
http://imp.gob.pe/wp-content/uploads/2020/09/villa_el_salvador_plan_integral_de_desarrollo.pdf
https://www.senamhi.gob.pe/%3F%26p%3Destaciones
http://www.fao.org/land-water/databases-and-software/cropwat/es/
http://sudsostenible.com/beneficios-de-los-suds/


Innovative Construction Interventions



Replacement of River Sand with Coal
Bottom Ash as Fine Aggregate in Cement
Mortar

Sharmili Wasnik, G. S. Pavan, and Susant Padhi

Notations

Ac Cross-sectional area of cube
E Modulus of elasticity of mortar
Ems Average secant modulus of elasticity of mortar
Es Secant modulus of elasticity of mortar
fc Compressive strength of cube at 28 days
fmc Average compressive strength of cube
P Maximum load at failure
ε Strain in mortar
ε′
p Peak strain corresponding to peak stress at 30%

σmp Average peak compressive stress of mortar
σ Compressive stress of mortar
σ ′
p Peak stress at 30

1 Introduction

India is one of the top five largest coal producing countries in the world. In India,
coal is the prime source of electricity generation and accounted for nearly 71% of the
total electricity produced. Estimation of coal resources in India has reached to 319.02
billion tonnes in 2018 from 298.14 billion tonnes in 2013. Nearly 200 kgs of coal is
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needed to produce 1 tonne of cement and 300–400 kgs of coal is required to produce
1 cubic metre of concrete. By virtue of thermal power stations, mankind is making
the best utilization of coal while assuring that electricity reaches to every house-
hold, industry, commercial buildings and every other sector. However, thermal power
plants are significantly causing severe impact on health and environment. Thermal
power plants, in the course of electricity generation, emit various harmful gases
such as carbon dioxide, sulphur dioxide, nitrogen dioxide and particulate matters
(PM), which are leading to the increase in global warming. The burning of coal
emits hazardous air pollutants that can spread for hundreds of kilometres. Expo-
sure to these pollutants can damage people’s cardiovascular, respiratory and nervous
systems, increasing the risk of lung cancer, stroke, heart disease, chronic respiratory
diseases and lethal respiratory infections.

Moreover, the residues if left untreated are dumped in the landfills which can
cause serious hazards as the residues, namely coal bottom ash (CBA) and fly ash, are
composed of many oxides and other components. Coal bottom ash is granular and
porous particles which are greyish in colour. It has a very rough surface, interlocking
characteristics and the particle size ranges from fine gravel to fine sand. The chemical
composition of CBA corresponds to fly ash but typically contains greater quantities
of carbon. Fly ash is soft fine-powdered material and has pozzolanic characteris-
tics. It is a fine-grained material having mostly spherical, ranging between 10 and
100 micron, and glassy particles. Generally Indian coal contains about 30–45% ash.
Considering a thermal power plant of 2000 MW capacity, the daily ash production
will be about 13,200 tonnes out of which 2200 tonnes will be CBA and remaining
11,000 tonneswill be fly ash. The amount of coal ash produced per day is estimated to
be 2.6 million tonnes out of which 0.43 million tonnes is the estimated production of
CBA. Environmentally safe disposal of large quantities of coal ash is not only tedious
and expensive, but also possesses its own set of challenges. Disposal of ash results in
increased land usage, capital loss to power plants, health hazards, ecological imbal-
ances and related environmental problems. Therefore research studies on utilization
of industrial byproducts like flyash, mine tailings, copper slag, coal bottom ash as
construction materials is necessary and studies have been carried out in literature
towards this direction [1–8]. Due to these real challenges and to address the prob-
lems of pollution caused by the same, government agencies are mandating the usage
of fly ash-based building products such as cement or concrete, fly ash bricks, blocks
and tiles, in all construction projects, in road or flyover embankment construction
and in reclamation of low-lying areas within 100 km of radius of a thermal power
plant. From 55.79% in 2011, the utilization has been increased up to 78.19% till the
first half of 2020. This indicates that there has been a significant reduction in the
improper disposal of fly ash.

There is, however, fewer data available on the utilization of coal bottom ash. The
present study is based on the incorporation of CBA in masonry mortar. Because of
the improper treatment leading to detrimental consequences, disposal of coal bottom
ash has become a primary concern in India. In addition, sand is a limited resource
and is depleting day by day. Mining of aggregates has surged beyond the purview
of the given guidelines and thus threatening the environment. The excessive demand
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has led to the scarcity of sand. Hence, a substitute for sand has become thoroughly
indispensable.

The aim of this study is to assess the suitability of CBA as a fine aggregate in
masonry mortar, either with complete replacement or partial replacement of river
sand. The main objective of this study is the evaluation of mechanical properties
such as compressive strength and modulus of elasticity of mortar composed of CBA
as a fine aggregate.

2 Experimental Programme

Mortar adopted for masonry construction comprises of binder, fine aggregate and
water. Ordinary portland cement of grade 43 was utilized as a binder for the prepa-
ration of masonry mortar. The ratio of cement to fine aggregate adopted for masonry
mortar in this study is 1:6 by weight. River sand, which is generally utilized as a fine
aggregate in cement mortar mix, is now replaced with coal bottom ash in percentages
of 25, 50, 75 and 100. Series of experiments are conducted to investigate the prop-
erties of cement mortar with partial replacement of sand with coal bottom ash as a
fine aggregate. Coal bottom ash procured fromNational Thermal Power Corporation
Limited (NTPC) in Dadri and locally available river sand are employed.

All the combinations of cement mortar mixes adopted in this study are listed in
Table 1. Mix CBA0 represents the control mix, where the abbreviation CBA denotes
coal bottom ash and the following number indicates the percentage of coal bottom ash
in fine aggregate. Similarly, the numbers 25, 50, 75 and 100 represent the percentage
content of coal bottom ash in fine aggregate of mixes CBA25, CBA50, CBA75 and
CBA100, respectively.

Particle size distribution (PSD) of fine aggregates containing varying proportion
of sand and coal bottom ash was carried out through sieve analysis conforming to
Indian Standard specifications (I.S. 2116–1980 and I.S. 2386 (Part 1)—1963). The
finenessmodulus (FM) of river sand and coal bottom ash is 2.09 and 1.2, respectively.
Figure 1 shows the PSD curves obtained for combination of sand and coal bottom
ash. Water/cement (W/C) ratio was determined by the mortar flow table test as per
the guidelines laid by BS: 4551—1980 and IS: 5512—1969. Figure 2 shows the

Table 1 Mix proportion of mortar

Mix design Cement Fine aggregate Sand (%) Coal bottom ash

CBA0 1 6 100 0

CBA25 1 6 75 25

CBA50 1 6 50 50

CBA75 1 6 25 75

CBA100 1 6 0 100
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Fig. 2 Mortar flow versus water/cement ratio for different mortar mix

plot of percentage mortar flow versus water/cement ratio. The water/cement ratio
corresponding to a flow of 85% is determined and is listed in Table 3.
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2.1 Casting of Specimens

A total of 15 cubes, each of size 70.5 mm, was cast (three per mix) to determine the
compressive strength of the cement mortar. A total of twenty cylinders, each of size
150 mm× 300 mm, was cast (four per mix) to determine the modulus of elasticity of
cement mortar. The inner surface of cubical and cylindrical moulds was lubricated
properly and filled with mortar mix in three layers followed by tamping 25 times
using a tamping rod. All the fifteen cubes and twenty cylinders were demoulded
after 24 h of casting and stored for curing in a water tank for a period of 28 days.
Specimens casted for all the experiments are denoted as follows:

Specimens (cubes/cylinders) of mix CBA0 are represented as A1, A2, A3, etc.
Specimens (cubes/cylinders) of mix CBA25 are represented as B1, B2, B3, etc.
Specimens (cubes/cylinders) of mix CBA50 are represented as C1, C2, i3, etc.
Specimens (cubes/cylinders) of mix CBA45 are represented as D1, D2, D3, etc.
Specimens (cubes/cylinders) of mix CBA100 are represented as E1, E2, E3, etc.

2.2 Testing of Specimens

After 28 days of curing, the cubes were subjected to compression under the CTM
at a constant loading rate of 0.01 mm/s, maximum load at which the cube fails and
cracks were recorded. Figure 3 shows the testing of cubes under compression testing
machine (CTM).

The cylinders were tested under the universal testing machine (UTM) of capacity
1500 KN. The cylinder was placed in the centre and fixed properly between the two
plattens of the UTM. Compressive load was applied at a rate of 3 microns/second.
Two dial gauges were attached to the cylinder with the help of L angles to determine
deformation. Distance between the two dial was considered as gauge length and used

Fig. 3 Compressive strength of cubes at 28 days
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Fig. 4 Set-up of cylinder specimen A under UTM

to determine axial strain. The deformation was recorded with every 4 KN of load
until it reaches the peak stress and plummets till the breaking point. The set-up of
cylinder in the UTM is depicted in Fig. 4.

3 Results and Discussions

This section discusses the results obtained from the different experiments conducted
onmasonrymortar. Figure 1depicts the variation in the distribution curves of different
combinations of the fine aggregate considered in this study. Mix CBA100 exhibits
the size of particles finer than the control mix. Besides, the curves of other three
mixes lie between the mix CBA100 and CBA0. Thus, from these curves, it can be
interpreted that as the content of coal bottom ash increases in a mix, the particles
become finer. Table 2 shows the fineness modulus of all the five combinations. The

Table 2 Fineness modulus of
different fine aggregate
combinations

Mix type Fineness modulus

CBA0 2.09

CBA25 2.49

CBA50 2.26

CBA75 1.93

CBA100 1.2
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Table 3 Details of
water/cement ratio for
different mortar mixes

Mix type Mortar flow (%) Water/cement ratio

CBA0 85.16 1.22

CBA25 86.16 1.69

CBA50 85.91 2.26

CBA75 85.91 2.8

CBA100 84.48 3.46

flow characteristics of mortar mix were determined by mortar flow table test. It was
observed that the requirement of water kept increasing with the addition of coal
bottom ash. W/C ratio for mix CBA100 and CBA0 was 3.46 and 1.22 for a similar
flow value of 85%, whereas the w/c ratio of other mixes falls in between. Table
3 shows the details of water/cement ratio. A similar experiment was conducted on
different grades of sand in cement mortar and cement—lime mortar [9]. In their
study, it is explained that mortar with finer-sized particles requires more water to
attain similar flow values when compared to medium-sized particles in cement or
cement—lime mortar. Since the w/c ratio is increasing linearly with the percentage
of coal bottom ash, it can be said that as the particle size becomes finer the water
demand surges. Bottom ash particles possess a tendency of holding water within as
its surface texture is rough and porous which affects the mortar flow [10]. The plot
of mortar flow against water/cement ratio is depicted in Fig. 2.

3.1 Compressive Strength of Mortar

Results of mortar cubes subjected to compression are shown in Table 4. A continuous
decline in compressive strength of mortar (ƒc) was observed. The average compres-
sive strength (ƒmc) of each cubes containing coal bottom ash was lower than the
control mix (CBA0). Cubes cast out of mix CBA100 were the most fragile as it
did not gain sufficient strength within 24 h of casting, therefore crumbled during
the process of demoulding. Moreover, those which sustained further disintegrated
in water in the process of curing. This explains that mix CBA100 requires longer
duration than 24 h to attain sufficient strength. The ƒmc of mix CBA75 was observed
to be the lowest. The average strength of mix CBA25 was lower than the control
mix, however higher among those containing some percentage of coal bottom ash.
The reduction in strength can be attributed to the higher w/c ratio due to the fineness
of particles which results in a reduction in dry density and thus lower compressive
strength [9]. Reference [11] considers the loss in strength due to increase in water
demand and poor interlocking between the aggregate particles when replaced with
coal bottom ash. Table 4 shows ƒc and ƒmc at 28 days. The compressive strength is
calculated as per IS: 2250 -1981 and is given by (Fig. 5)
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Table 4 Compressive strength of cement mortar cubes

Specimen Surface area (mm2) Load (KN) Compressive strength
(MPa)

Mean compressive
strength (MPa)

A1 4970.25 44.8 9.01 9.54

A2 4970.25 45.6 9.17

A3 4970.25 51.9 10.44

B1 4970.25 37.7 7.58 7.10

B2 4970.25 35.6 7.16

B3 4970.25 33.5 6.74

B4 4970.25 34.3 6.9

C1 4970.25 34 6.84 5.38

C2 4970.25 21.3 4.28

C3 4970.25 25 5.029

D1 4970.25 19.6 3.94 3.90

D2 4970.25 17.7 3.561

D3 4970.25 20.9 4.2

E1 4970.25 26.4 5.31 5.31
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Fig. 5 Graph showing compressive strength of cubes at 28 days

fc = P

Ac
(1)

where

fc compressive strength of cube at 28 days in N/mm2,
P maximum load at failure in N,
Ac cross-sectional area of cube
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Table 5 Elastic properties of
cement mortar cylinders

Specimen Peak stress 30% peak stress Secant modulus

CBA0 8.092 2.428 2686.675

CBA25 6.304 1.891 618.718

CBA50 2.150 0.645 1087.202

CBA75 1.471 0.441 445.848

3.2 Modulus of Elasticity of Masonry Mortar

The elastic properties ofmortar combinations are shown in Table 5. The average peak
stress (σmp) of controlmixwas found to be 8.092MPa at a peak strain of 0.00185. The
average secant modulus (Ems) of the control mix andmix CBA75was 2686.675MPa
and 445.848, respectively. Themodulus of elasticity (E) of the control mixmeasured
at 28 days was the highest and mix CBA75 exhibited the lowest. The modulus of
elasticity of mix CBA50 was slightly higher than mix CBA25. The durability and
stiffness ofmix CBA0were found to be quite durable as compared to the othermortar
mixes which have low resistance to deformation. [11] reported that the huge variation
is accredited to the fineness of the aggregate. As the content of coal bottom ash in
mortar increases, the modulus of elasticity decreases. [10] reported in their study
that mortar having fine bottom ash aggregates exhibits lower modulus of elasticity as
compared to normal fine aggregates, i.e. sand. Higher porosity and higher w/c ratio
resulted in lower modulus of elasticity and strength. However, partial replacement of
coal bottom ash, i.e. mix CBA50, provides slightly higher durability in comparison
with mix CBA25 andmix CBA75. Figure 6 shows the stress–strain curve of masonry
mortar. The modulus of elasticity is calculated using the Hooke’s law given below

E = σ

ε
(2)
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where

E modulus of elasticity of mortar in N/mm2,
σ stress in N/mm2 and
ε strain. The secant modulus of elasticity at 30% peak stress is expressed as

follows:

Es = σ ′
p

ε′
p

(3)

where

Es secant modulus of elasticity,
σ ′
p peak stress at 30% and

ε′
p peak strain corresponding to peak stress at 30%.

4 Conclusion

The fineness modulus of three samples of river sand was 2.09, 2.11 and 2.19 that
falls in the range of 2.2–2.6 exhibiting fine sand, which is reliable to be used in
the masonry works. From the PSD curves of all combinations, it can be understood
that mix CBA25, CBA50, CBA75 and CBA100 are finer in comparison with the
control mix (CBA0). The fineness modulus begins to plunge with the increase in
the coal bottom ash. Table 2 shows the fineness modulus obtained for all the mortar
mixes. However, mix CBA25 and CBA50, having fineness modulus 2.49 and 2.6,
respectively, fit in the range of 2.2–2.6 whereas mix CBA75 and CBA100, containing
higher percentages of coal bottom ash, exhibit a fineness modulus of 1.93 and 1.2,
respectively. This indicates that mix CBA25 and CBA50 are the most suitable to be
used as a substitute for river sand as a fine aggregate while mix CBA75 and CBA100
are finer which seem less reliable.

The water/cement ratio of mix CBA100 and CBA0 was evaluated as 3.46 and
1.22, respectively. Higher water/cement ratio could be attributed to be the fineness
of the particles. Finer the particles, higher is the water/cement ratio. Table 3 shows
the reduction in water/cement ratio with the increase in coal bottom ash percentage.
The particles of coal bottom ash have a rough and porous texture due to which the
particles absorb and hold water within and release it during compaction whichmakes
it difficult to work with.

The compressive strength ( fc) of the control mix is higher than all the other
combinations. The average compressive strength ( fmc) of mix CBA75 and control
mix was found to be 3.90 and 9.54MPa, respectively. The lower strength is attributed
to the excess amount of water absorbed by the coal bottom ash particles. Higher
porosity and water/cement ratio lead to a lower compressive strength.
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The modulus of elasticity (E) of mix CBA0, CBA25, CBA50 and CBA75
measured at 28 days was 1519.20, 722.210, 791.583 and 338.560 MPa, respectively.
This explains that the durability of control mix is higher in comparison with other
mortar mix. Mix CBA75 fails to offer higher resistance, and its lower durability is
attributed to the presence of higher percentages of coal bottom ash due to its low
fineness modulus. Mix CBA50 offers the best durability among the other mortar
combination containing coal bottom ash.

From the results obtained, it is understood that the performance of mortar mix
CBA75 and CBA100 was not remarkable. Mostly due to the higher content of coal
bottom ash, they could not offer higher strength, stiffness and durability. Mortar mix
CBA25 and CBA50 seem to render lower strength than the control mix; however,
they provide higher strength than mix CBA75 and CBA100 in every aspect. Strength
and deformation of CBA25 and CBA50 are sufficient for them to be used as mix
proportion for masonry mortar.
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Strength and Durability Properties
of Alkali-Activated Fly Ash Earth Bricks

G. S. Vasavi, R. Mourougane, and G. S. Pavan

1 Introduction

Bricks, generally employed in masonry wall construction, constitute a major portion
of a structure. Different types of bricks such as conventional burnt clay bricks,
concrete blocks, hollow bricks, sun dried bricks, fly ash bricks, porotherm bricks, and
sand-lime bricks are used in construction purposes. But, burnt clay bricks constitute
a significant percentage of use among all the bricks available. These bricks are being
used from many generations. But, the production of these bricks consumes a large
amount of energy as the bricks are burnt at high temperatures in a kiln.

In today’s era, we are constantly searching for more sustainable and energy-
efficient alternatives to prevent the exploitation of natural resources. Soil-stabilized
blocks are a good option to replace the burnt clay bricks and are currently being
used in many parts of the world successfully. These blocks are manufactured by
compacting the processed soil (mixture of soil stabilizer—generally cement and
water) manually or automated using a brick-making machine [1]. The embodied
energy of these bricks, though is lower when compared to that of burnt clay bricks,
the use of cement again adds to the carbon footprint and increases the embodied
energy [2]. To address this problem, alkali-activated bricks look like a promising
alternative. Instead of cement in soil-stabilized blocks, alkali-activated binder can
be used. Generally, pozzolanic materials such as fly ash, metakaolin, and rice husk
ash along with the alkali activator are used as binder. The alkali activation of these
pozzolanic materials is also known as geopolymerization.

In the current study, fly ash is adopted as the pozzolanic material. Fly ash is the
by-product of coal-based thermal power plant. Indian coal contains ash content in
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the range of 30–45% [3]. Hence, enormous quantities of fly ash is being produced in
India every year. In the year 2018–19, more than 200 million tonnes of fly ash was
generated. The percentage of utilization of fly ash amounts to 77.59% [3]. Though
significant amount of fly ash is being utilized, 100% utilization is not happening,
and heaps of fly ash are already present in fly ash ponds near thermal power plants.
Therefore, fly ash can be used to produce alkali-activated bricks.

Soil-stabilized bricks show satisfactory strength, durability, and thermal conduc-
tivity characteristics and can serve as a potential alternative to conventional burnt
clay bricks [4]. It also is environmentally friendly and sustainable alternative. Soil
with non-expansive clay mineral up to 16% can be considered for manufacturing
the soil-stabilized bricks. Sandy soils serves the purpose better than clayey soils [5].
Alkali activation of fly ash involves dissolution of Si andAl ions fromfly ash, conden-
sation of precursor ions into monomers followed by polymerization of monomers,
and hardening of gel [6].

This study focuses on producing alkali-activated fly ash earth bricks using soil,
fly ash, M-sand, alkali activator, and water and assessing its strength and durability
characteristics which are investigated by conducting relevant tests on the bricks.

2 Experimental Programme

The experimental programme involved procurement of materials, characterization
of soil by performing various tests on soil, deciding on mix proportion, casting of
specimens, and curing and testing of bricks by conducting relevant tests. Two variants
of bricks were produced, one set with the use ofM-sand and another withoutM-sand.
Bricks with M-sand are designated as SFM bricks, and bricks without M-sand are
designated as SF bricks.

2.1 Characterization of Soil

The soil was procured from a site at Konankunte, Bengaluru, for the current inves-
tigation. It is reddish-brown in colour and feels sandy. Figure 1 shows the picture
of soil considered for investigation. Various tests were conducted on soil to estimate
the different parameters.

The soil contained 57% sand, 27% silt, and 14% clay. The liquid limit was found
to be 42%, and plastic limit was found to be 22%. The plasticity index was estimated
to be 20%. The specific gravity of soil was estimated to be 2.64. Figure 2 shows the
grain size distribution curve or particle size distribution curve obtained by performing
both sieve analysis and hydrometer analysis.

The different characteristics of soil are tabulated inTable 1 given below.According
to IS1498–1970 [12] soil classification, the soilwas classified to be clayey sandwhich
can also be abbreviated as SC.



Strength and Durability Properties of Alkali … 143

Fig. 1 Soil

Fig. 2 Particle size
distribution curve
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Table 1 Soil properties Parameter Result

Soil composition

Gravel (>4.75 mm) 1.61%

Sand (>75µ and <4.75 mm) 57.08%

Silt (>2 µ and <75 µ) 27.54%

Clay (<2 µ) 13.77%

Atterberg limits

Liquid limit 41.80%

Plastic limit 21.60%

Plasticity index 20.20%

Natural water content 8.60%

Specific gravity of soil 2.64

Specific gravity of soil passing 75 µ 2.5
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Fig. 3 Compaction curve
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2.2 Mix Proportion

Earlier investigation suggested that with the increase in fly ash content, strength
also increases [7]. But, the increased fly ash content demands more alkali activator
solution which does not prove to be economical. Hence, to make it more economical,
fly ash/soil ratio of 0.4was consideredwhichmeans 40%of soil mass was considered
as fly ash content. Earlier investigation found that the Na2SiO3/NaOH ratio in the
range of 0.5–1 [7–9] can be considered as optimum value, and the optimum ratio
of activator/fly ash was found to be 0.6 [7, 8]. Alkali activator/fly ash ratio of 0.6
was considered. Na2SiO3/NaOH ratio of 1 was considered. This means that equal
weights of sodium hydroxide and sodium silicate were considered for the preparation
of alkali activator solution.

For bricks with M-sand, 40% of the cumulative mass of soil and M-sand was
considered as fly ash amount. Soil and M-sand were added in 1:1 ratio for producing
bricks with M-sand. The (alkali activator)/fly ash ratio of 0.6 was followed. The
optimum moisture content for the designed mix was determined by conducting the
standard compaction test, and it was found to be 18%. This included the water in
alkali activator, water content present in soil, and additional water added to the mix.
The compaction curve can be seen in Fig. 3. The additional water of 6% of (soil +
fly ash) was considered for bricks without M-sand, and 6% of (soil + m-sand + fly
ash) was adopted for bricks with M-sand content.

2.3 Casting Procedure

The manufacture of bricks involved soil, fly ash, alkali activator, M-sand, and water.
We have seen the characterization of soil in Sect. 2.1. Class F fly ash is used in
the manufacture of bricks as it contains high-reactive alumina and silica required
for alkali activation. Alkali activator is a combination of sodium hydroxide and
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sodium silicate solution. Sodium hydroxide was used in the pellets form. In the
current investigation, 10 M NaOH solution was used. Sodium hydroxide solution
was prepared 24 h prior to testing. Laboratory-grade sodium silicate was used in
the preparation of alkali activator. Prior to casting, both sodium silicate and sodium
hydroxide solution were mixed which is known as alkali activator. Two variants of
bricks were produced, one set with the use of M-sand (SFM) and another without
M-sand (SF). Density of the wet mix of the brick was maintained at 2000 kg/m3.

Compacted alkali-activated fly ash earth bricks of size 114 mm × 102 mm ×
230 mm (4.5′′ × 4′′ × 9′′) were prepared using a manually operated brick-making
machine. The brick-making machine was of the fixed stroke kind and thus produced
bricks of equal thickness. The manufacture of bricks can be condensed into the
following steps:

1. Soil was first sieved through a 5 mm sieve to avoid gravelly stones and other
large particles.

2. Soil, fly ash, and M-sand were first dry mixed thoroughly.
3. Required amounts of sodium hydroxide, sodium silicate, and excess water were

taken in a bucket and mixed thoroughly to produce a homogeneous alkali
activator solution.

4. The solution was added to the mixture of soil and fly ash or soil, fly ash, and
M-sand for bricks with the use of M-sand. With the help of spades, the mixture
was thoroughly mixed, and some lumps were unavoidable due to the presence
of viscous sodium silicate.

5. Required amount of the damp mixture was added into the brick mould of
the machine, and the lid was closed. The compaction was carried out by the
movement of a piston attached to the toggle lever.

6. The lid was opened, and the brick was ejected out and stacked in a ventilated
place. The brickswere allowed to dry in open atmosphere until the day of testing.
Figures 4, 5, 6, 7, 8, 9, 10, and 11 represent the stages involved in casting of
bricks.

2.4 Tests Conducted

Various tests were conducted on these bricks to assess its strength and water absorp-
tion characteristics. Dry and wet compressive strength tests, flexure test, and split
tensile test were conducted to determine its strength characteristics, and complete
saturation test was conducted to determine the water absorption characteristic which
is also a measure of durability property. For dry compressive strength test, five bricks
in both the variants were considered. For remaining tests, three bricks for each variant
were considered.
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Fig. 4 Sieving of soil

Fig. 5 Soil and fly ash
mixture

3 Testing Procedures

This section details the procedures adopted in performing the tests.

3.1 Dry Compressive Strength

The bricks were first oven-dried at 60 °C for 24 h. The frogs of the brick were
filled with Plaster of Paris to get a levelled surface. Later, the bricks were placed in
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Fig. 6 Soil, M-sand, and Fly
ash mixture

Fig. 7 Addition of alkali
activator

Fig. 8 Filling of brick
mould
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Fig. 9 Brick ejection

Fig. 10 SF bricks

Fig. 11 SFM bricks
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Fig. 12 Failure of brick in
flexure test

compression-testing machine in between two plywood sheets. The ultimate crushing
load was noted, and dry compressive strength was calculated.

3.2 Wet Compressive Strength

This test was performed according to [10]. The bricks were first immersed in water
for 24 h. After removing the specimen from water bath, excess moisture was wiped
out, and the frogs were filled with Plaster of Paris. Later, the bricks were tested in the
compression-testing machine. The ultimate load was noted, and the wet compressive
strength was determined.

3.3 Flexure Test

Flexural strength was assessed by adopting four-point bending test. Ambient cured
bricks were used for this test. The load was applied through the two steel bearings
on the upper bedding surface of the brick. The load at failure was used to calculate
the modulus of rupture or flexural strength of the brick. Figure 12 shows the failure
pattern of the brick.

3.4 Split Tensile Test

This test was conducted according to [11]. Ambient cured bricks were used for the
test. The frogs were first filled with Plaster of Paris to achieve a levelled surface.
Steel loading pieces of 6 mm width and 4 mm depth were placed on the central
lines of two bedding faces, and this assembly was placed in the compression-testing
machine. The load at failure was used for calculating the splitting tensile strength of
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Fig. 13 Split tensile test
setup

the bricks. Figure 13 shows the setup of the test, and a vertical failure at the central
span of the brick was observed which splits the brick into two equal halves.

3.5 Complete Saturation Test

Ambient cured bricks were oven-dried at 100 °C for a day. Later, it was weighed
and immersed in water for 24 h. It was taken out and weighed again. Later, the water
absorption of the bricks was determined by utilizing the difference in weights of the
two.

Table 2 Characteristics of
SFM and SF bricks

Characteristic Bricks with M-sand
(SFMB)

Bricks without
M-sand (SFB)

Dry compressive
strength (MPa)

8.84 8.41

Wet compressive
strength (MPa)

6.27 5.69

Dry density (g/cc) 1.83 1.83

Split tensile
strength (MPa)

0.55 0.49

Water absorption
(%)

10.91 10.5

Flexural strength
(MPa)

0.93 0.91
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4 Results and Discussions

Table 2 below represents the different characteristics of the bricks with and without
M-sand. The values are obtained by performing the respective tests according to
standard specifications. The dry compressive strength varies from 8 to 10 MPa. The
average dry compressive strength of the SF bricks was found to be 8.41 N/mm2. The
average dry compressive strength of the SFMbrickswas found to be 8.84N/mm2.The
wet compressive strength is around 70%of the dry compressive strength. The average
wet compressive strength of the SF bricks was found to be 5.69 N/mm2. The average
wet compressive strength of the SFM bricks was found to be 6.27 N/mm2. The
splitting tensile strength of the bricks is in the range of 0.47–0.55 MPa. The flexural
strength of these bricks ranges from 0.85 to 1.01 MPa. The average dry density of
the bricks was found to be 1.83 g/cc.

Compressive strength of these bricks varied from 8 to 10 MPa in dry condition,
which is similar to the compressive strength of the first class burnt clay bricks which
vary from 7 to 10.5 MPa. The water absorption of the bricks is less than 15%. Hence,
these bricks are promising alternatives to common burnt clay bricks. Alkali-activated
fly ash earth bricks also are more sustainable and have lower carbon footprint, and
results in saving of transportation costs as the bricks are produced at site.

It was observed that the performance of SFMbricks withM-sand as fine aggregate
is slightly higher strength than that of bricks without M-sand, though the difference
is marginal. SFM bricks also possessed perfect edges in comparison to SF bricks.
The process of casting and compaction of the wet mix was also an easier process,
when M-sand was used. Hence, M-sand can be adopted along with soil during the
production of fly ash bricks. Efflorescencewas observed on the surface of the both the
types of bricks, being less in SFM bricks. This is an issue which has to be addressed.

5 Concluding Remarks

Considering strength, durability, and economic reasons, the following ratios were
decided:

1. Fly ash/soil ratio is 0.4
2. Alkali activator/fly ash ratio is 0.6
3. Sodium silicate/sodium hydroxide is 1
4. Ambient curing for 28 days.

Soil and fly ash alkali-activated bricks can be used as an alternative to traditional
burnt clay bricks as the strength parameters of these bricks are in the same range or
even slightly higher than that of burnt clay bricks. However, further research needs to
be carried out in absorption characteristics, shear strength, masonry characteristics,
and durability characteristics. Further study is required to find the optimum soil: M-
sand ratio and also methods to minimize the efflorescence. Alkali-activated fly ash
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earth bricks are also sustainable as there is no usage of cement, bricks are produced
at site using the locally available soil, and no burning of bricks in a kiln is required.
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Experimental Optimization of GGBS Fly
Ash-Based Geopolymer Concrete Paver
Blocks

Debjit Mitra Roy , Satadru Das Adhikary , and Piyali Sengupta

1 Introduction

Geopolymer concrete (GPC), which is termed as an “inorganic polymer,” is known
as a “green” composite of having immense possibility in the construction field with
the help of sustainable byproducts [1]. The production of GPC is performed with
natural resources of geological origin activated by industrial by-products such as
fly ash and GGBS to provide a high silica and aluminum source with calcium. The
production of GPC utilizing the recycled industrial by-products such as fly ash and
GGBS declines the manufacturing of ordinary portland cement (OPC) [2–4]. In
the development of pavement roads, paver blocks are significantly applicable. The
precast paver blocks are primarily considered in the surface of the pavement and
roadside footpath [5, 6]. In comparison with the conventional concrete, GPC paver
blocks are more reliable in medium-traffic areas due to long-durability and abrasion-
free surface. So, thorough experimental investigation is required before designing the
cost-effective cementless GPC mix to ensure the strength requirement of GPC paver
blocks. With the enhancement of strength of cementless GPC mix, the paver blocks
don’t go through crack development quickly, maintaining curing free and economical
production. Existing literature [7–10] accounted for that GPC paver blocks achieved
better resistance to chemical attacks, higher compressive and flexural strength, in
comparison with OPC blocks of the similar mix proportioning.

Therefore, in the present study, an extensive experimental investigation is carried
out using various mix proportions of GPC to identify the design mix considering
the compression testing results and other key parameters of GPC with low-cost
technology [11]. The mechanical property of GPC paver blocks was investigated
with different loading levels for GGBS-FA 50 and 60% and AAS/B 0.45 and 0.55.
In this study, 15 geopolymer paver block samples are cast and cured at an ambient
temperature of 27 °C ± 2 °C before evaluating the compressive strength of the
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samples in the universal testing machine. It is observed that 50% GGBS and 0.425%
AAS/Bproduce optimumdesignmix in terms of compressive strength by considering
economical aspects.

2 Materials

2.1 Coal-Fired Fly Ash

Fly ashes originating from flue gases through electrostatic precipitator in dry
form, consist of fine particles predominantly spherical in shape, mostly glassy and
possessing suitable pozzolanic property. It is known as silica fly ash or class F fly
ash if the calcium oxide (CaO) has remained under 10%. Fly ash (class F) is usually
produced by burning anthracite or bituminous coal,which possesses pozzolanic prop-
erties. When the reactive calcium oxide (CaO) is greater than 10%, it is considered
calcareous fly ash or class C fly ash [12]. This fly ash usually manufactured from
burning lignite or sub-bituminous coal has both pozzolanic and hydraulic properties.
Depending on the amount of unburned carbon, the color of fly ash can range from
grey to black. In the current study, Class F fly ash (low-calcium) fromMaithan Power
Limited, Jharkhand, was utilized.

2.2 Ground Granulated Blast Furnace Slag (GGBS) [13]

Ground granulated blast furnace slag (GGBS) is originated as a by-product from the
iron and steel industry where raw materials (i.e., iron ore, coke and limestone) are
burnt in the furnace at a temperature of about 1500 °C. It leads to the production of
molten iron and molten slag after melting. As molten slag can be lighter than molten
iron, it goes up by floating above molten iron. The granulation is then accomplished
by rapidly cooling the molten slag using high-pressure water or steam. The rapid
cooling of molten slag ensures production of smaller glassy granular particles that
typically have a 95% calcium-alumino-silica content. The obtained granulated slag
is then dried and ground into a fine powder with the required fineness. The off-white
or near-white colored GGBS has cementitious properties (Fig. 1).

As stated in the literature [1], fly ash and GGBS are activated by using an alkali-
activated solution (AAS) to produceGPC. TheGGBS-Fly ash having a high alumina-
silica source is considered in the present study as per ASTM C618. The chemical
component (mass % as oxide) of the fly ash are 0.5–1% CaO, 50–55% SiO2, 30–
35%Al2O3, 5–6% Fe2O3, 0.5%MgO, 0.5%Na2O and a loss on ignition of 0.40. The
major chemical oxide component by weight of the GGBS included 35–40% CaO,
30–35% SiO2, 15–20% Al2O3, 2.5–5% Fe2O3, 5–10% MgO, 0.3% Na2O and a loss
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(b)(a)

Fig. 1 a Fly ash (FA); b GGBS

on ignition of 0.30. The activator was an alkali solution made from a combination
of NaOH and Na2SiO3.

As per IS 3812 (Part 1): 2013 [12], FA consists of both silica and alumina.
According to IS 12089: 1987 [13], GGBS contains silica, alumina and calcium. Both
the FA andGGBS are considered in a combined form of silicate, alumina and calcium
materials for the production of GGBS Fly ash-based geopolymer concrete (GPC).
Chemically and geologically, aluminum oxide (Al2O3), silicon dioxide (SiO2) and
calcium oxide (CaO) are naturally derived from FA and GGBS and activated by an
alkaline activator solution (AAS). The chemical reaction is generally expressed as
xAl2O3.ySiO2. zH2O.

2.3 Alkali Activator Solution (AAS)

The alkaline activator solution [14] is the combined form of sodium hydroxide (SH
or NaOH) solution and sodium silicate (SS or Na2SiO3) solution.

Generally, the sodium hydroxides (SH) are readily obtained in solid shape as in
pellets or flakes. The purchasing amount of the SH is primarily dependent on its
purity. Therefore, SH (of purity 94–96%) is recommended for purchase at the lowest
cost. Bymixing SHwith pure water, a homogeneous sodium hydroxide solution with
preferred molarity (M) is prepared. The SH solution is used to activate the sodium
silicate. In the present study, the SH pellets were used are shown in Fig. 2a [15].

Sodium silicate (SS) utilized as a liquid bonding parameter by the detergentmanu-
facturer or textile developer is readily obtained as a liquid-gel form. SS is considered
for the development of GPC.
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(a) (b) (c) 

Fig. 2 a Sodium hydroxide (SH) pallets. b Sodium silicate (SS) liquid. c Alkali-activated solution
(AAS)

For the current study, sodium hydroxide (NaOH) having a specific gravity of
1.6 g/mL (for pellets) and sodium silicate (Na2SiO3)with a concentration of 1.4 g/mL
(for solution) were used. The alkaline activator solution (AAS) was carried out to
allow adequate time to complete the polymerization reaction. 7 Molar (M) concen-
trations of sodium hydroxide solutions were used to prepare with portable water by
mixing the required weight of pallets of 95–98% purity. The oxide proportions of
Na2SiO3 solution was 30.0% SiO2, 11.6% Na2O and 58.4% water. The weight ratio
of SiO2 to Na2O of Na2SiO3 solution was 2.6. The final prepared AAS is presented
below in Fig. 2c.

2.4 Aggregate

2.4.1 Fine Aggregate

In this present study, the fine aggregates are collected from Mayurakshi river sand.
The fine aggregate (sand) belonging to Zone II was regarded as per Table 3.3 of
IS: 2386–1968 Part III. The fine aggregates as per Tables 4 and 5 of IS 383—2016,
passing through IS Sieve 4.75 mm, obtained from Jharkhand are used for this study
[17] (Table 1).

2.4.2 Coarse Aggregate (CA)

Readily available crushed stones of coarse aggregate (CA) conforming to nominal
size 12.5 mm as per IS 383—2016 [18] are considered for the present study. Physical
components of CA of 12 and 6 mm size as per Tables 2 and 3 of IS 383—2016 are
mentioned below.
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Table 1 Physical components of CA of 12 and 6 mm size and FA of 4.75 mm

Sl. No Descriptions Values obtained IS 383
recommendedCA-12 mm CA-6 mm Fine Agg. −

4.75 mm

1 Specific gravity 2.72 2.84 2.54 2.5–3

2 Water absorption,
%

2.4 3.23 5.23 0.1–2

3 Loose bulk
density, kg/m3

1340.5 1460.5 1590 –

4 Compacted bulk
density, %

1570.5 1640.5 1650 –

5 Impact value, % 9.7 – <30

6 Crushing strength
value, %

7.1 – <30

7 Abrasion value, % 24.7 – <35

Table 2 Combined gradation of CA of 12-mm and 6 mm size

Sl.
No

Sieve
size
(mm)

Passing Percentage % Passing Percentage % Recommendation
for passing % of
nominal size
(12 mm

Fraction (1)
12 mm

Fraction
(2) 6 mm

Fraction (1)
85%

Fraction
(2) 15%

Combined
100%

1 40 100 100 85 15 100 100

2 20 100 100 85 15 100 100

3 12.5 95.5 100 81.17 15 96.17 90–100

4 10 79.7 100 67.74 15 82.74 40–85

5 4.75 0.45 63.2 0.38 9.48 9.86 0–10

Table 3 Mix proportioning of GPC

Descriptions Cement Fine Aggregate Coarse Aggregate Water Admixture

Mix proportion by
weight

1.0 1.826 2.53 0.425 NA

Material quantities in
kg/m3

438 800 1107 186 NA

3 Experimental Programme

3.1 Mix Proportion

In this series, GGBS and FAwere equally proportioned of the total binder andAAS/B
was considered as 0.425. and SS/SH was kept as 2 with 7 M of SH. Based on unit
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Fig. 3 Tested Sample mold
size with a surface area of
0.322578 square meters with
a thickness of 80 mm

volume (1 m3), the ingredients of the proposed GPC were proportioned and the
entire binder quantity (GGBS + FA) was kept identical as 438 kg/m3. The amount
of GGBS and FA particles was calculated by considering the mix-design method as
per IS 10262: 2019 [19]. The total quantity of aggregates was determined from the
remaining amount after deducting the binder content. Portable water was considered
for themixingwhile extrawater or super plasticizerwas not considered in this present
study.

3.2 Testing Program

The methods of preparing the proposed GPC are as follows. At first, the FA, GGBS,
fine and coarse aggregates were placed in a pan-mixer and dry-mixed for 2 min to
make it a homogeneous mixture. Then, the already-prepared AAS was added to the
solid mixture and mixed for another 2–3 min. Fresh GPC was then immediately
placed in paver block molds of surface area of 0.322578 square meters per single
piece and thickness of 80 mm. The paver block mold is shown in Fig. 3.

According to IS-516: 1959 [20], all specimens were cured at a temperature of
27 °C ± 2 °C and a relative humidity level of 60% ± 5% in a concrete laboratory.
After one day, the casted samples were opened and kept aside at the laboratory under
the same environmental condition up to the testing date and compressive strength of
the samples was determined at 28 days from the day of casting by using a Universal
testing machine of 3000 kN capacity with a constant loading rate of 4500 N/s as per
the IS: 516–1959 [20].

4 Results and Discussions

This study was carried out to define the optimum mix proportion of GPC and its
corresponding compressive strength, which was experimented for different loading
levels based on weight. Based on the performance, GGBS and fly ash with 50–50%
showed to the GPC mix sample of paver block to analyze the optimum composition
of SS/SH and AAS/Binder to develop the best quality product.
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Fig. 4 Testing of paver
block under the universal
testing machine at the
laboratory

Fig. 5 Stress versus strain curve of GPC

The compressive strength tests of GPC and OPC paver blocks were performed as
per IS 3495(Part I):1992 (Figs. 4 and 5).

From the compression test, it was observed that the deformation at the load appli-
cation stage is equal to the deformation after a specific increment of load depending
on the shape of the paver block. At the applied load of 110 kN, it was noticed that the
resistance to strain deformation was independent of the tested paver block’s shape.
It was further noticed that all the blocks exhibited similar deformation behavior up
to 1.5 mm deflection. Since Coro-lock blocks presented the highest load-carrying
capability with a magnitude of more than 1600 kN, the Coro-lock shape was found
the most suitable for paver blocks (Table 4).

A cost comparison was made between (OPCCC) Paver block and (GPC) Paver block of
M-40 grade concrete on the basis of compressive strength and production cost [10]
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Table 4 Cost comparison of GPC with conventional concrete

Class designation
[M-40]

Strength of paver block w.r.t production cost

Strength (compressive) (MPa) Production cost (Rupees)

(OPCCC)Paver block 40 3861

(GPCCC)Paver block 49 3550

5 Conclusions

The GPC paver blocks were casted with the percentages of fly ash and GGBS of
(50 and 60%, respectively, and SS/SH as 2. From the experimental investigation,
the optimum design mix was developed considering GGBS and fly ash of 50–50%,
0.425% AAL/Binder ratios and NaOH molarity of 7 M. Based on the design mix-
proportions, it was concluded that the paver blocks with 50% GGBS in ambient
temperature provide optimum performance considering the strength and minimum
deformation after load application. From the compression testing results, GPC can
be considered as the right material for construction from both strength and deforma-
tion considerations. The eco-friendly low-cost construction material uses minimum
natural resources (almost less than 25%) and emits minimum CO2. Because of the
nominal use of minimum use of natural resources, geopolymer-based composites
were compared to conventional OPC. Apart from its high strength, this material
requires low production cost at high durability. Practical implementation of GPC
technology in precast concrete products such as paver block has been developed in
Indian scenarios under ambient curing.
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An Experimental Study of Creep
Behavior for Disturbance of Unsaturated
Expansive Clay Soil

Nariman Hisham Halalo

1 Introduction

Soil swelling issues are considered an important issue from an economic point of
view [1], and in terms of the wide spread of this soil in various parts of the world and
the specificity of this soil when exposed to moisture as it is distinguished from other
soils in that its size increases when it absorbs water and shrinks when it is exposed
to heat [2].

The behavior of puffy soils is a reflection of the capillary property of the soil under
the influence of periodic pathways ofwetting and drying due to natural environmental
fluctuations [3]. This behavior is related to the disturbance of the sample when it is
transported to the laboratory, which is the result of changes in the stress position of
the soil, changes in the moisture content and the ratio of the voids, chemical changes.
The change of the stress position in the soil is related to the water saturation state of
the soil, which is either completely saturated soil or partially saturated soil [4].

Inmany references, the basic concepts of secondary consolidationwere described,
However, no attempt was made to calculate the amount of secondary consolidation
[1, 2, 5–8] Although the secondary consolidation rate is assumed to be constant over
time, field and laboratory measurements indicate that the secondary consolidation
curvesmay have different shapes depending on soil characteristics and test conditions
[7–11]. The primary variable of quantitative analysis of secondary consolidation is
the secondary consolidation index that can be expressed in terms of the percentage
of blanks or the amount of volume change [6–10].
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Fig. 1 Disturbed samples from the field

Fig. 2 Remolded samples in
laboratory (Proctor sample,
Oedometer sample)

2 The Importance and Objectives of Research

The importance of research and its objectives of this research are to provide a
clear view of the impact of sample disturbance on the variables of the primary
and secondary consolidation indicators of partially saturated metastatic soil for soil
samples that are disturbed and compared to samples that have been reconstructed in
the laboratory according to the regular Proctor experience [9].

Two types of samples were used [12]:

1. Disturbed samples from field No. /4/.
2. Remolded samples in laboratory No. /4/ (Figs. 1 and 2).

3 Test Material

Soil samples were brought from Damascus countryside and Sweida Governorate in
Syria, samples were extracted by a simple drilling mechanism at a depth (60 cm)
below the dust layer, samples were brought in sealed plastic bags and two samples
were examined for each site and the samples were labeled as Table 1 [4].
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Table 1 Soil sample sites

Location code Location number Soil color

A-1 Um Rwaq village—Sweida—Syria Dark Brown

A-2 Um Rwaq village—Sweida- Syria Dark Brown

B-1 Deir al-Hajar village—Ghazlania—Damascus countryside- Syria Light Brown

B-2 Deir al-Hajar village—Ghazlania—Damascus countryside- Syria Light Brown

4 Test Equipment and Test Procedure

Themethod in this research, in the first phase, is based on all tests with the basic phys-
ical, classified, mathematical, mechanical, and chemical properties of the soil used
in this research, taking into account the requirements of ASTM [4], and in the second
stage the relationship between the amount of sample reduction (urinary distortions)
was represented. With time logarithm, according to the time logarithm method, the
secondary consolidation index values are recursive from the primary consolidation
index values; the calculation of the amount of total consolidation settlement and the
calculation of the time required for the start of the secondary consolidation settle-
ment in theOedometer test [13] for laboratory soil samples are comparedwith sample
problems.

Tests were conducted within the Oedometer test on a sample (consolidation–
drained) [14]. Dimensions of the inner diameter of the Oedometer ring (5.0 cm), ring
height (1.99 cm).

• The sample is tested in a confined-sided manner, without lateral expansion and
coaxial with increased loads.

• A constant load of (24) hours has been applied and readings have been taken
after each of the applied loads have been applied, and at each load value, we
take readings that reflect the amount of decrease in the sample height (urinary
distortions) with the time taken at each reading of the sample height.

• Sample formation Method

The sample is formed according to American standard (ASTM D-2435) [13]
which requires a path from the soil on sieve number (#4) and dried in the oven at a
temperature (105–110 m), and the sample similar to the original sample is formed
by pinning it into the mold (Oedometer ring) within three layers where each layer
has 25 strokes, so we get the sample that is similar to the sample formed according to
the regular Proctor. The sample formed by the American standard (ASTM D-2435)
obtained by the regular projector (optimal humidity and colonic dry weight), where
the first and the last 3 cm was first scraped is from a sample of a projector template
so that the middle portion remains and from which the Oedometer can be sampled.

• American standard (ASTM D-2435) fully sets the composition of the samples
so that all of the samples that are damaged and formed have the same optimal
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humidity and volumetric weight, so they can be taken as a group and a single
study and effect spirit as one on all samples.

The degree of water saturation of the soil samples was determined from the direct
shear experiment by knowing the specific weight, the optimum humidity and the dry
volumetric weight according to the Proctor experiment of the soil sample from the
relation:

Sr = w ∗ Gs

e
= w ∗ Gs

Gs∗γw
γe

− 1

After all, water saturation (Sr) (%), relative specific weight Gs, dry volumetric
weight of soil (γd) g/cm3, the volumetric weight of a water unit, (γw) g/cm, optimum
humidity (proctor moisture) (W),: porosity coefficient (e).

Study of the relationship between the first consolidation index (Cc) and the degree
of water saturation of the soil (Sr) (Table 2).

• Study the relationship between thefirst consolidation index (Cc) and the secondary
consolidation index (Cα).

Table 2 The results of the water saturation values of the soil samples within Oedometer experience

Location code Disturbed sample Remolded sample Unit

A-1 The primary degree of
saturation

90.3 72.7 %

The final degree of
saturation

102.5 77.6 %

A-2 The primary degree of
saturation

84.1 72.2 %

The final degree of
saturation

91.8 77.8 %

B-1 The primary degree of
saturation

61.9 46.1 %

The final degree of
saturation

67.9 47.2 %

B-2 The primary degree of
saturation

66.7 47.4 %

The final degree of
saturation

75.0 48.8 %
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5 Results and Discussion

5.1 The Results of Physical and Mechanical Properties

The size of particles for each of the studied soils was determined by the sieve granular
analysis method for particles with diameters greater than (0.075 mm) according to
(ASTM-D422) and by sedimentation method (hydrometer) for particles with diam-
eters less than (0.075 mm) according to (ASTM-D1140). The results were as shown
in Table 3 (Fig. 3).

The soil was classified for the studied samples according to the US Standard Soil
Classification (USC) using Casagrande’s plasticity chart [11] as follows:

1 High plasticity (CH) soil (Umm Rawq village), Site (A).
2 Low plasticity (ML) soils (Deir Al Hajar village), Site (B) (Fig. 4).

Table 3 The physical and mechanical properties of expansive soil samples

ASTM Sample (A) Sample (B) Units

Natural moisture content (W) 37.1 23.57 %

Specific gravity (Gs) 2.68 2.71 g/cm3

Unit weight (γ ) 1.62 1.57 g/cm3

Dry unit weight (γ d) 1.18 1.27 g/cm3

Void ratio (e) 1.266 1.133 _

Porosity (n) 0.559 0.531 _

Degree of Saturation (Sr) 78.45 56.38 %

Liquid Limit (LL) 65.92 42.73 %

Plastic Limit (PL) 33.33 36.76 %

Shrinkage Limit (SL) 21.54 33.3 %

Liquid Index (LI) 0.12 0.48 _

Plastic Index (PI) 32.59 5.97 %

Shrinkage Index (SI) 11.79 3.46 %

Consistency Index(CI) 0.88 0.52 _

Activity (PI/C) 0.437 0.176 –

Percent finer passing No.200 sieve 97.54 78.18 %

Clay content (C) 74.56 33.88 %

Silt content (M) 25.44 47.12 %

Sand content (S) 2.46 19 %
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Fig. 3 Hydrometer grain analysis curve

Fig. 4 Soil classification
chart by code chart for
Casagrande [11]

5.2 The Systemic Proctor Experiment Results

The purpose of the Proctor experiment is to determine the maximum dry density
and ideal humidity of the studied samples in order to form samples according to the
American standard (ASTM D-2435) (Fig. 5).

Fig. 5 (A-B) systematic
proctor soil test curves
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5.3 Chemical Test Results

Table 4 shows the results of the soil chemical properties used in research by iden-
tifying the organic content and determining the pH of the soil types used in this
research.

Figures 6 and 7 represent the mineralogical analysis of samples using X-ray
diffraction, which was performed in the Public Institution of Geology [15].

The most abundant clay mineral for both sites is the mineral quartz, which has
a weak relationship with water as the presence of quartz in high proportions in the
two types of soil explains the low plasticity values, especially since quartz is known
to be an anti-sintering of soil particles and thus gives low plasticity [21] as in the
site’s soil. (B). (A) the site soil samples contain agaric bulging minerals such as
montmorillonite and kaolinite but in low proportions (Table 5).

Table 4 The results of the chemical properties of the soil used in the research

ASTM Site (A) Site (B) Units observations

Organic content 6.8 4.6 % Greater than (2%) and soil is rich in organic matter

PH value 5.5 6 – The soil is acidic

Fig. 6 Seismic analysis of
soil sample /A/

Fig. 7 Seismic analysis of
soil sample /B/
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Table 5 Expansive soil mineral composition

Mineral composition

Soil (A) Quartz—Phillipsite—Gismodine—Kaolinite-Montmorillonite

Soil (B) Calcite—Quartz—Mordenite—Forsterite

5.4 The Results of the Oedometer Tests

The figures show the deformation patterns recorded for the studied samples with the
logarithm of time according to the method (Casagrande and Fadum, 1940) drawn
with semi-logarithmic coordinates.

• High Plasticity Soil (A-1) (Figs. 8 and 9)
• High Plasticity Soil (A-2) (Figs. 10 and 11)
• Low Plasticity Soil (B-1) (Figs. 12 and 13)

Fig. 8 Oedometer Test: The
deformations recorded with
the logarithm of
time—disturbed sample
(A-1)

Fig. 9 Oedometer Test: The
deformations recorded with
the logarithm of
time—remolded sample
(A-1)
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Fig. 10 Oedometer Test:
The deformations recorded
with the logarithm of
time—disturbed sample
(A-2)

Fig. 11 Oedometer Test:
The deformations recorded
with the logarithm of
time—remolded sample
(A-2)

Fig. 12 Oedometer Test:
The deformations recorded
with the logarithm of
time—disturbed sample
(B-1)
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Fig. 13 Oedometer Test:
The deformations recorded
with the logarithm of
time—remolded sample
(B-1)

• Low Plasticity Soil (B-2) (Figs. 14 and 15).

Calculate the time needed to begin the secondary Consolidation Settlement
(Creep settlement) (tp)

The time value needed to start the secondary consolidation settlement was deter-
mined in a logarithm of time after the time factor values of the consolidation degree
and the consolidation coefficient were determined [9]. The time of the relationship
is calculated (Tables 6 and 7):

tp = H 2
t ∗ Tv
cv

Fig. 14 Oedometer Test:
The deformations recorded
with the logarithm of
time—disturbed sample
(B-2)
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Fig. 15 Oedometer Test:
The deformations recorded
with the logarithm of
time—remolded sample
(B-2)

Table 6 The results of soil types used in the research to calculate creep time (tp)

ASTM Site (A) Site (B) Units observations

Organic content 6.8 4.6 % Greater than (2%), and soil is rich in organic matter

PH 5.5 6 – The soil is acidic

Table 7 The results of soil
types used in the research to
calculate Creep time (tp)

Location Disturbed sample (tp)
(mm)

Remolded sample (tp)
(mm)

A-1 206 81

A-2 255 59

B-1 69 65

B-2 69 73

According to the tests carried out in this research, the time required for the end
of the first consolidation settlement varies according to the plasticity of the soil. For
low plasticity soil samples, whether the sample is damaged or problematic, the time
required for the end of the first compressive settlement appears after tp = 69(min).

This is quite different for high plasticity soil samples since the time required
for the end of the first compressive subsidence appears after tp = 230(min) (for
disturbed—high plasticity samples) compared to the time required for the end of the
first compressive subsidence (for remolded samples—high plasticity) tp = 70(min),
as the following table illustrates (Table 8).
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Table 8 The secondary
consolidation settlement
(creep settlement) (tp)

Sample type High plasticity soil Low plasticity soil

tp = (min) tp = (min)

Disturbed Sample 230 69

Remolded Sample 70 69

6 Results

Through the previous curves, the results were analyzed to find the correlation
between:

• The relationship between the primary consolidation index (Cc) and the degree of
water saturation of the soil (Sr).

• The relationship between the primary consolidation (Cc) and secondary consoli-
dation index (Cα) (Fig. 16).

The results show an increase in soil Consolidation (Cc) with an increase in the
degree of soil saturation through the following relationships:

High Plasticity Soils
(For Disturbed samples) Cc = 0.015 ∗ Sr − 1.308 where R2 = 0.525 (coefficient of
correlation between variables).

(For Remolded samples) Cc = 0.004 ∗ Sr − 0.314 where R2 = 0.824 (coefficient
of correlation between variables).

Low Plasticity Soils
(For Disturbed samples) Cc = 0.012 ∗ Sr − 0.742 where R2 = 0.423 (coefficient of
correlation between variables).

(For Remolded samples) Cc = 0.021 ∗ Sr − 1.005 where R2 = 0.825 (coefficient
of correlation between variables).

Fig. 16 The relationship between the primary consolidation index (Cc) and the degree of saturation
(Sr)
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The Relationship Between the Primary Consolidation (Cc) and Secondary
(Cα) Consolidation Index:
The relationship between the primary (Cc) and secondary Consolidation index (Cα)

is shown in the following figures: (25), (26), (27), (28), (29), (30), (31), (32).
Through these the values, a mathematical relationship is derived to calculate the

value of the primary and secondary Consolidation index.

High Plasticity Soils
(For Disturbed samples) Cα = 0.308 ∗ Cc − 0.011 where R2 = 0. 993 (coefficient
of correlation between variables).

(For Remolded samples)Cα = 0.332∗Cc −0.006 where R2 = 0. 747 (coefficient
of correlation between variables).

Low Plasticity Soils
(For Disturbed samples) Cα = 0.218 ∗ Cc − 0.005 where R2 = 0. 891 (coefficient
of correlation between variables).

(For Remolded samples)Cα = 0.560∗Cc−0.007 where R2 = 0. 766 (coefficient
of correlation between variables) (Fig. 17).

The data values for both types of samples were analyzed to estimate the sample

quality using several criteria
(

�e
e0

, Cc
1+e0

,OCR, εv

)
. The sample quality index (SQD)

defined by Terzaghi et al. [3] in addition to Lunne et al.(1997) [5].
Tables 9, 10 and 11 show the amount of decline occurring for each sample and

the classification of sample quality.
After all, the primary consolidation settlement Sc.
The secondary consolidation settlement: Sa.
The total consolidation settlement ST = Sc + Sa.

Fig. 17 The relationship between the primary consolidation index (Cc) and secondary (Cα)

consolidation index
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Table 9 The results of the total consolidation Settlement (ST)

Location
code

(Sc) (mm)
Disturbed
sample

(Sa)(mm)
Disturbed
sample

(Sc)(mm)
Remolded
sample

(Sa)(mm)
Remolded
sample

(ST)(mm)
Remolded
sample

(ST)(mm)
Remolded
sample

A-1 4.017 2.756 2.462 1.933 6.773 4.395

A-2 4.698 2.57 3.271 0.267 7.268 3.538

B-1 5.549 1.152 1.172 0.398 6.701 1.570

B-2 6.423 1.275 1.13 0.406 7.698 1.536

Table 10 The Sample Quality Index (SQD) for disturbed samples

Location code OCR εv (%) �e
e0

SQD

Disturbed sample

A-1 2.03 31.041 0.253 Very poor sample

A-2 1.89 33.308 0.230 Very poor sample

B-1 1.44 30.710 0.112 Poor sample

B-2 1.18 35.280 0.109 Poor sample

Table 11 The Sample Quality Index (SQD) for remolded samples

Location code OCR εv(%) �e
e0

SQD

Remolded sample

A-1 1.82 20.140 0.080 Good sample

A-2 1.21 16.217 0.078 Good sample

B-1 1.45 7.190 0.037 Very Good sample

B-2 1.57 7.040 0.038 Very Good sample

7 Conclusions

• The disturbance of samples leads to different values in the design and the effect of
this disturbance is by increasing the value of consolidation characteristics repre-
sented by the values of each of the consolidation index, the amount of the volu-
metric distortion, the amount of the primary and secondary consolidation settle-
ment for disturbed samples compared to the decrease in their value for laboratory
remolded samples.

• The degree of sample disturbance can be estimated from the volumetric distortion
ratio (εv), as with increasing turbulence in the sample, the amount of volumetric
distortion increases.

• The effect of disturbance to the sample increases with a decrease in the plasticity
index. The effect on soils with low plasticity (PI = 6%) is more pronounced than
on soils of high plasticity (PI = 32%).
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• There is a linear relationship between the primary consolidation index (Cc) and
the degree of soil saturation, as with increasing the degree of soil saturation (Sr),
the consolidation index increases.

• There is a linear relationship between the primary consolidation index (Cc) and
the secondary consolidation index (Cα). The mathematical relationships have
been proposed. These the relationships help in knowing the value of the secondary
consolidation index for the soil of the studied area from the primary consolidation
index by using the Oedometer test.

• The index of secondary consolidation (Cα) is constant during the second consol-
idation index (Cα) for all load levels and does not depend on stress. The slope of
this line is defined by time and according to the type of expansive soil.
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Practical Design of Stone Column
in Predicting Settlement Performance

Kok Shien Ng and Yee Ming Chew

1 Introduction

Stone column (also termed as vibro replacement, vibro displacement or granular pile)
has been generally recognized as a useful technique to improve the weak ground.
This technique requires large size columns of granular material to be inserted into
the ground by means of special vibrators or by augered-casing system to form a
stiffer composite structure with the surrounding soils. The beneficial effects of stone
column in treating the soft soils include the decrease in total settlement together with
rapid consolidation time, increase in bearing capacity and shear resistance as well
as the reduction of liquefaction risk. The success of implementing the stone column
in the construction of road embankment, airfield, bridge abutments and lightweight
structures over the past 40 years has increased its reputation as one of the most
versatile and cost-effective ground improvement techniques.

End bearing columns are mostly used in the design, but occasionally floating
stone columns are adopted [1]. Figure 1 shows the foundation supported by the end
bearing columns and the floating columns. Long-term settlement is observed for
foundation supported by the floating columns due to the untreated zone below the
column toe. Therefore, the design of floating type of stone column must be carefully
carried out. Stone columns are arranged in either small group or large group. Small
column group are used to support smaller foundation with smaller loadings while
large column group are used to support widespread loading such as embankment
and mat foundation. Due to different geometries, the failure modes of stone columns
are different as they exist complex load sharing and strain compatibility between
foundation, stone columns and the surrounding soils [2]. Therefore, the designs of
small and large group of stone columns have to be treated separately.
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(a) (b) 

Soft Clay 

Hard stratum Hard stratum 

Soft Clay 

Fig. 1 a End bearing columns and b Floating columns

This paper presents simple yet practical design methods for both the end bearing
and floating stone columns for large and small column group. In stone column design,
the settlement and the bearing capacity are twomain design criteria to be fulfilled. The
settlement criterion is normally of bigger concern compared to the bearing capacity
criterion. Hence, the methods introduced here focus mainly on the estimation of
settlements of stone column improved ground. They are based on previous works of
author [3–5]. The validity of the methods has been proven using different approaches
such as field results, analytical solutions and laboratory works. This paper shows the
comparison of those methods using two design examples with the objective to ease
the use of the methods among the practitioners.

2 Settlement Prediction

Methods to predict settlement performance of stone column improved ground can
be divided into two categories: large column group and small column group. It is
sometimes difficult to decide which categories are the problem lies in. Thus, it is
suggested that when the foundation size or breadth (B) of the foundation is 1 time
or more than the thickness of the soft soil layer (H), it should be categorized as
large column group. Otherwise, it falls under the small column group category. For
example, a 5 m wide foundation supported by stone columns (regardless of end
bearing or floating type) installed in a 10 m thick soft soil is categorized as small
column group. On the other hand, a 20 m wide embankment on 10 m thick soft soil
is considered as large column group.
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2.1 Large Column Group

In this category, three methods are introduced to predict the consolidation settlement
of stone column improved ground under widespread loading. Stone columns under
widespread loading are normally regarded as infinite column grid. All three methods
are derived from the numerical results of unit cellmodel.Unit cellmodel is commonly
used to analyze the performance of the central columns as the representative of the
large column group performance [6]. The central columns experience minor bulging
along the depth and some punching if the columns are floating. The methods to be
discussed here consider cases where groundwater table is on the ground surface to
represent a more critical condition.

Method A
The numerical results of unit cell model for floating stone columns of varied length
ratio, β (defined as the ratio of column length, L over soft soil thickness, H) was
produced by Ng and Tan [3]. End bearing columns (β = 1.0) exhibited the best
performance in controlling the settlement and consolidation time while short floating
columns resulted in larger induced settlement and slower consolidation rate. The
untreated zone significantly influences the settlement performance of the improved
ground. Beside the column length, other factors such as area replacement ratio (α,
defined as area of column over the influential area), column’s friction angle (φ′),
loading intensity (q), post-installation earth pressure (K) were also found to be influ-
encing. With that, the authors produced design equations Eqs. (1) and (2) to predict
the settlement improvement factor (n) of stone columns under widespread uniform
loading. Settlement improvement factor (n) is the ratio of the settlement without
improvement over the settlement with improvement.

n = n0
[
1 − (

Cα + Cφ + Cq + CK
)]

(1)

n0 = 9.43α2 + 1.49α + 1.06 (2)

where no is the basic improvement factor derived from the end bearing column results
with parameters α = 0.11, φ′ = 40°, q = 100 kPa and K = 0.7. Parameters Cα , Cφ ,
Cq, and CK are the correction factors for area replacement ratio, column’s friction
angle, loading intensity and post-installation earth pressure can be obtained from
Fig. 2. The range of parameters in the design charts covers most of the practical
values used in the design of stone columns.

Method B
Simplified homogenization method was developed by Ng and Tan [4] to predict the
settlement of stone column improved ground. In this method, the improved ground
is treated as a composite ground with equivalent stiffness Eeq obtained from Eqs. (3)
and (4).
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Fig. 2 Correction factors for Cα , Cφ , Cq, and CK

Eeq = Ecomp

Ncorr
(3)

Ecomp = α Ec + (1 − α)Es (4)

where Ec = stiffness of column, Es = stiffness of the surrounding soil, Ecomp =
composite stiffness and Ncorr = yielding correction factor. The composite stiffness if
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Table 1 Yielding correction
factor, Ncorr

Ncorr φ′ = 40o φ′ = 45o φ′ = 50o

q = 25 kPa 1.30 1.25 1.20

q = 100 kPa 1.60 1.45 1.25

q = 400 kPa 1.75 1.60 1.40

used for stone column design is found to underestimate the actual settlement of stone
columns improved ground. This is because the stone column is not a fully elastic
material but with significant yielding occurring along the column length. As the
induced load increases, subsequent plastic straining also occurs in the surrounding
soil. Therefore, Ncorr is introduced to account for this yielding effect, as tabulated in
Table 1. The values in this table are conservatively adopted from the results in Ng and
Tan [4] by assuming same yielding intensity happens in the end bearing columns and
the floating columns. Many studies have shown that the stiffness of column should
be limited to 10 to 20 times the stiffness of surrounding soil. In this method, the
column stiffness is set to be 10 times the soil stiffness. Therefore the Eq. (3) can be
rewritten as

Ecomp = (1 + 9α)Es (5)

Subsequently, the settlement, S either for the improved ground or the unimproved
ground can be easily obtained from one-dimensional analytical calculation where
S = qH/Eoed where H is the thickness of soft soil, while Eoed is the oedometer
modulus or constraint modulus. The relationship between Young’s modulus (E) and
oedometer modulus is given in Eq. (6).

Eoed = (1 − ν)E

(1 − 2ν)(1 + ν)
(6)

In this method, the equivalent permeability of the improved ground, keq can be
obtained from Eq. (7).

keq = Kcomposite · ks
1 × 10−4

(m/day) (7)

where keq is equivalent permeability, while Kcomposite is the composite permeability
obtained from Fig. 3. The value of Kcomposite depends on the permeability ratio (kc/
ks; kc = permeability of stone column, ks = permeability of surrounding soil) and
the area replacement ratio (α).

Method C

The third method was presented by Ng [5] to predict the settlement of floating
columns given in terms of settlement ratio (Sf/Suc, where Sf is the settlement of
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floating column group and Suc is the settlement of end bearing columns. The settle-
ment ratio can be predicted using Eq. (8) by combining the effect of area replacement
ratio (α), column’s friction angle (φ) and length ratio (β). The settlement of floating
column can then be calculated when the settlement of end bearing column is known
which it can be predicted from the above Method A or Method B.

Sf
Suc

= 1 + [
7.9α1.4 + 0.029(ϕ − 40◦)

]
(1 − β) (8)

2.2 Design Example 1

A 20 m × 20 m reinforced concrete water tank structure is founded on a raft founda-
tion above an 8.0 m thick soft soil. The coefficient of volume compressibility (mv) of
soil is 0.00025 m2/kN and the unit weight γ b of soil is 16 kN/m3. The stone columns
of 1.0 m diameter are installed in square grid with spacing of 2.0 m (equivalent to α

= 0.2). The friction angle and unit weight of column material is 45° and 20 kN/m3

respectively. The total applied loading is 150 kPa. Compute the settlement of the
improved ground for (a) end bearing columns, (b) floating columns with 6 m length.

Solution (a)
Settlement of unimproved ground, So:

Eoed = 1/mv = 1/0.00025 = 4000 kN/m2
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So = qH/Eoed = 150(8)/4000 = 0.3m

Settlement of improved ground for end bearing columns, Suc:

Method A:

From Fig. 2: Cα = 0 (β = 1), Cφ = −0.08,Cq = 0.024, CK = −0.045 (assume K=
1)

n0 = 9.43α2 + 1.49 α∅ + 1.06 = 9.43(0.2)2 + 1.49(0.2) + 1.06 = 1.735.
n = n = no [1 − (Cα + Cφ + Cq + CK )] = 1.735[1−(0–0.08 + 0.024–0.045)]

= 1.91.
Suc = So/n = 0.3/1.91 = 0.157 m.

Method B:

From Table 1 with interpolation: Ncorr = 1.475.
Equations (3) and (4) can be written in the form of oedometer modulus instead of

secant modulus.

Ecomp = (1 + 9α)Es = (1 + 9 · 0.2)4000 = 11200 kN/m2

Eeq = Ecomp /Ncorr = 11200/1.475 = 7593 kN/m2

Suc = qH/Eeq = 150(8)/7593 = 0.158m

Method A and Method B yield the same results for this case. Comparison was
madewith Priebe [7] andAboshi et al. [8] where the predicted settlementwere 0.12m
and 0.189m, respectively. Aboshi’s method requires the input of stress concentration
ratio (ns) which typical range from 2 to 5 and in this case ns = 4 is used. The results
of above methods lie between these solutions.

Additionally, if time for 90%consolidation is to be predicted, onemay useMethod
B to estimate the t90. In this case, say ks = 0.0002 m/day and kc = 0.05 m/ day, the
permeability ratio would be kc/ks = 250. From Fig. 3, the Kcomp = 0.0043 m/day is
obtained and then from Eq. (7) the equivalent permeability would be.

keq = Kcomposite · ks
1 × 10−4

= 0.0043 · 0.0002
0.0001

= 0.00086 m/day.

Subsequently,

cv = Eeq,oed · keq
γw

= cv = 7593 · 0.0086
10

= 6.53m2/day

If, the drainage path is d =H (1-way drainage); for 90% consolidation, t90 is then
calculated as.

t90 = 0.848d2/cv = 0.848(8)2/6.53 = 8.31 days
Hence, ninety percent of consolidation settlement is completed in about 8 days.

This shows the effectiveness of stone columns in speeding up the consolidation rate.
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Using Han and Ye [9] analytical method, the time required for the above example
would be around 7 days which is slightly faster than the current method. This is
because their method does not consider the yielding effect which slow down the
consolidation rate. On the other hand, use of simplified solution by CUR191 for
equivalent permeability of prefabricated vertical drain (PCD) design yielded t90 =
4.7 days. This substantial difference in result is probably due to the assumption of
infinite drainage capacity in the PVD.

Solution (b)
Settlement of improved ground for floating columns of 6 m length, Sf:

Method A:

β = L/H = 6/8 = 0.75; no = 1.735 and S = 0.3 m from (a) above.
From Figs. 3, 4, 5 and 6: Cα = 0.18,Cφ = −0.04,Cq = 0.012,CK = −0.052
(assume K = 1)

n = no
[
1 − (

Cα + Cφ + Cq + CK
)]

= 1.735[1 − (0 − 0.04 + 0.012 − 0.052)] = 1.56

Sf = S/n = 0.3/1.56 = 0.192m

Method B:

Divide the calculation into two zone: treated (H1) and untreated (H2).
Settlement of untreated zone, So = qH1/Eoed = 150(2)/4000 = 0.075m.
Settlement of untreated zone, St = qH2/Eeq = 150(6)/7593 = 0.119m

Sf = 0.075 + 0.119 = 0.194m

Method C:

Sf
Suc

= 1 + [
7.9α1.4 + 0.029(ϕ − 40◦)

]
(1 − β)

= 1 + [
7.9 × 0.21.4 + 0.029(45 − 40)

]
(1 − 0.75) = 1.244m

Taking Suc = 0.157 m from Method A for end bearing columns.

Sf = 1.244(0.157) = 0.195m

All three methods produced similar settlement results for floating stone columns.
This is not surprising since all these methods are developed from the same numerical
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Fig. 4 n for floating
columns with Lopt
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Fig. 6 Settlement ratio of
α= 0.4

0

4

8

12

16

20

24

0 4 8 12 16 20 24 28 32

S f
 / 

S u
c

L (m)

αα = 0.4

100

64

49

36

25

16

9

Nos.

81

4

result. They are all easy to apply and are practical with given design charts besides
considering most of the influencing factors. Method B has an additional advantage
as it can be used to estimate the consolidation time of stone columns.

2.3 Small Column Group

The deformationmodes for small stone columngroup are different from large column
group. In small column group, three failure modes are involved namely shearing,
bending, and bulging. If column is floating, additional punching mode is observed.
The use of solutions for large column group would lead to the overprediction of
settlement for small column group [2]. Three methods are introduced here to predict
drained settlement of small column group. The proposed methods are derived from
the numerical analysis where the soil models are characterized by linear-elastic
perfectly plastic behavior. The studied range for the loading intensity is from 0
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to 150 kPa, post-installation earth pressure K = 0.7 and friction angle of column, φ′
= 40°.

Method 1
Tan et al. [2] conducted numerical analyses on small column group ranging from
4 to 100 numbers per group subjected to uniform loading on circular foundation.
The drained performance of the floating stone columns was studied. Effect of the
area replacement ratio (α, defined as the ratio of column area to the foundation
area, ranging from 0.2 to 0.7), the loading intensity (q = 50–150 kPa) and the
column’s friction angles (φ′ = 40° to 55°) on the settlement improvement factor (n)
were investigated. The results are shown in Fig. 4 for columns achieving the critical
(optimum) length. Column with length longer than optimum confers no advantage.
The optimum length (Lopt) can be taken as

Lopt = (2α + 0.8)D (9)

where D is the diameter of the foundation (for square foundation, replaced D with
1.13B, where B is breadth of the footing). The results are bounded in the shaded area
and the average line (shown as dotted line) can be interpreted as

n = 2.4α + 1 (10)

The above solution can also be applied to the end bearing columns provided that
the length of the stone columns has exceeded the optimum length.

Method 2
This method is related to the Method C above where the drained settlement of the
floating columns (Sf) in the small group can be predicted using the settlement of end
bearing column from the large group (Suc). The relationship is shown in Figs. 5, 6
and 7 in terms of settlement ratio Sf/Suc for area replacement ratio of 0.2, 0.4 and 0.6
respectively. The details of the findings can be referred to Ng [5]. Once the settlement
ratio is found, the Sf can be calculated after obtaining Suc from either Method A or
Method B prescribed above for the large column group.

2.4 Design Example 2

A group of 16 stone columns with area replacement ratio, α of 0.3, loading intensity,
q of 100 kPa, and length, L of 12 m is to be installed in a thick soft ground (H =
15 m) with oedometer modulus of Eoed of 5000 kPa. The size of the foundation is
6.5 m × 6.5 m. Predict the settlement of this floating stone column group, Sf.

Solution
Method 1
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Fig. 7 Settlement ratio of
α= 0.6
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Lopt = (2α + 0.8)(1.13B) = (2 × 0.3 + 0.8)(1.13B) = 10.28m < L . . .OK!

Settlement of unimproved ground, S:
Numerical analysis was conducted to obtain the settlement of the shallow foun-

dation for the unimproved ground. The drained settlement obtained was 0.28 m. For
hand calculation, Boussineq’s method can be used. The calculation is shown here:

Divide the soil layers into three layers (5 m each). Obtain the stress increase (�σ )
at mid-depth of each layer (z).

�σ1 = 81.5 kPa,�σ2 = 27.3 kPa,�σ3 = 11.60 kPa

S = S1 + S2 + S3 = �σ1 · H1

Eoed
+ �σ2 · H2

Eoed
+ �σ3 · H3

Eoed

= (81.5 + 27.3 + 11.6)(5)

5000
= 0.12 m

which is much smaller than predicted by numerical analysis, i.e., S = 0.28 m. This is
probably because the above equation does not consider the yielding effect and lateral
deformation. The plastic straining in soil is more significant when the soil is very
soft as in this case. Furthermore, the use of secant Young’ modulus E instead of Eoed

maybe more appropriate to account for lateral strain, resulting in S = 0.16 m when
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E is taken as 3704 kN/m2 (taking v′ = 0.3). In the subsequent calculation for stone
column improved ground, the numerical result was used.

Settlement of improved ground of floating columns, Sf:

n = 2.4α + 1 = 2.4(0.3) + 1 = 1.72

Sf = S/n = 0.28/1.72 = 0.16m

Method 2:

The settlement of unimproved ground under oedometric condition, S

S = qL/Eoed 100/5000 × 12 = 0.24m

The settlement of improved ground with end bearing columns, Suc

n0 = 9.43(0.3)2 + 1.49(0.3) + 1.06 = 2.356

Suc = S/n0 = 0.24/2.356 = 0.102m

Settlement of floating stone column, Sf in small group:
From Fig. 9 (for α = 0.2) and 10 (for α = 0.4), the obtained settlement ratio are
Sf /Suc = 1.2 and Sf /Suc = 2.1 respectively.
For α= 0.3, take average of the two: Sf /Suc = 1.65

Sf = Sf/Suc × Suc = 1.65 × 0.102 = 0.168m

In summary, the settlement predicted by Method 1 is in close agreement with
Method 2. The limitation of Method 1 is that it requires the settlement result of the
unimprovement ground which conventional analytical solution may produce uncon-
servative results especially when the loading is high where the significant yielding in
the soil has taken place. On the other hand, Method 2 does not require the prediction
of settlement for unimprovement ground thus making the solution faster to obtain.

3 Conclusion

In this paper, three methods have been introduced for large stone columns group and
twomethods for small stone columns group. Themethods are derived fromnumerical
analyses where the effect of influencing factors on the settlement performance are
taken into accounts. All the methods are simple and yet practical to use. Design
examples are given for comparisons between each method. Engineering discretion
should be exercised for the usage of the methods for cases out of the studied range.
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Using Prestressed Reinforced Concrete
Piles as Basement Walls for High-Rise
Buildings

Thi My Dung Do and Thanh Quang Khai Lam

1 Introduction

Vietnam’smajor cities, such asHanoiCity,HoChiMinhCity. The land area is rapidly
exhausted, land prices are rising, population is rising, demand for people’s housing
is increasing, so the solution to building high-rise apartment buildings, shopping
centers, leasing office buildings, these buildings are now built to have basements,
using the basement space as a garage and technical rooms are the solutions that
invest. The complicating problem is that deep excavation hole construction solutions
in narrow ground can change the state of stress deformation in the environment
surface the excavated area and likely change the level of groundwater. This leads to
ground displacement, which can cause subsidence, if we do not have effective design
and construction solutions, damage to neighboring buildings.

In the study [1], the authors presented possible causes of potential problems,
risks commonly encountered in construction and at the same time offered common
treatment solutions to be overcome in the construction of barrette walls in Vinh Long
City, Vinh Long Province and analyze and suggest solutions for the construction
of barrette walls suitable for the Vinh Long City area, then construct the general
method of constructing the poured barrette wall in place and assemble the basement
for high-rise buildings in Vinh Long City for construction.

Research [2–5] analyzed the effectiveness of the use of prestressed reinforced
concrete piles in the overall protection of the soil as an embankment structure,
providing three directions. Using prestressed reinforced concrete piles, build projects
for the embankment: do not strengthen, strengthen the wall with anchors, and
strengthen the foundation by pre-compression. The results of the study show that
the use of prestressed reinforced concrete piles with the correct length can bring
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great economic efficiency, reducing the cost by almost 60% compared to the tradi-
tionalmethod. The authors analyzed the advantages, disadvantages, and the construc-
tion method of prestressed reinforced concrete piles as basement walls for high-rise
buildings on the basis of the analyzed studies and this paper.

2 Materials and Methods

Many cases are now built with basements or semi-basements to provide more space
for use as parking spaces, storage, etc., when constructing buildings (high-rise and
low-rise). It involves the depth of the basement and the depth of the foundation, so
that the level of excavation is relatively deep and wide (digging the entire surface
area of the work); it is therefore easy to cause neighboring works to subside.

However, the loads are complex due to neighboring structures that place pres-
sure on the excavation. Since then, for example, multi-story buildings, single-story
buildings such as brick construction, fake casting house, shallow foundation solu-
tion, foundation on natural foundation completely depend on the size and structure
of neighboring buildings, etc. Therefore, both the designer and the construction unit
need to provide specific measures from excavation work to build the basement and to
withstand the building loads using the diaphragm wall system to the bracing system.
Adjacent causedwhile digging. It should be a specialist agency to devise thismeasure
and should be checked previous to construction. It is important that the investor and
the construction unit first conduct a structural survey to see how specific the structure
of adjacent buildings (a unit with a design function) is. Since then, his method of
construction has been reasonable.

There are many different solutions for constructing basements at present, but
the common ones are the following measures: open method of excavation, wall
method in soil, topdown method, etc. (Fig. 1). Depending on the actual situation,
each method has advantages and disadvantages, depending on the required options
for the construction unit. The authors analyze the benefits and disadvantages of each
method in this paper and then suggest effective construction methods [6–12].

3 Results and Discussion

3.1 Construction of the Basement of High-Rise Buildings
According to the Open Method of Excavation

The open method of excavation is divided into two methods:
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a) Conventional bottom-up construction                           b) Top-down construction 

c) Open method of excavation 

Fig. 1 Some different solutions for constructing basements

3.1.1 Digging Without Wall Support for the Holes

This method is to dig with a certain excavation coefficient (this coefficient depends
on each type of soil) to the design elevation, measures such as spraying concrete,
concrete coating, etc., may be used for the hole wall. This method is mostly applied
to large-area projects; the deep groundwater level, this water has little influence on
earthwork construction; the geology of engineering at a good construction site; the
depth of digging is not great (1–2 basements).
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Fig. 2 Excavation process
does not have a support
system for the pit wall

The construction process of this method is (Fig. 2).
There are the following advantages to the excavation process without a pit wall

support system:

• It is very convenient for the construction process due to the construction of an
open excavation for the whole project.

• Do not use measures to protect the wall of an excavation hole, thus reducing the
cost of construction.

• In the case of good soil, the depth of the undergroundwater is deep and the soil can
first be excavated to the base of the scaffold before the piles are constructed. Since
it is not trapped at the top of the pile, the excavation work is made simpler (can be
completely mechanized). It should be noted, however, that the groundwater level
must be higher than the scaffold’s foundation. In addition, when pressing the pile,
there is no need to use negative piles.

Disadvantages

• This method is only applicable in places with a large work plan, no neighboring
works (because the excavation with an excavation coefficient).

• Applicable only for strong geological works, deep underground level of water.
• The depth of the basement is not high
• Asmentioned above the excavationmethodwithout the pitwall support systemhas

advantages and disadvantages, it is mostly constructed in crowded construction
conditions in big cities; nowadays, so the construction cannot follow this method.
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3.1.2 Open Excavation with Wall Support System

Open excavation with a wall support system is a technique in which people build
a wall system with earth cement piles, walls with reinforced concrete piles, walls
with Larsen piles, etc. After completion of the pile and wall construction, dig to an
acceptable depth (this depth will be measured in advance), then install the diaphragm
wall support system and continue digging and re-installing the system. After that the
basement wall is usually about 1 m away from the diaphragm wall, creating the
foundations, basement floors, basement walls, columns, and the next floor. When
the construction of the basement wall is finished, it is also very simple for persons
to sweep and paste additional waterproofing layers on the inside and outside of the
wall, expansion joints, stop circuits, settlement slots, etc.

In general, with this method of construction, we can more carefully check the
quality of concrete and waterproof for the basement structures since most basement
walls and floors are covered in a “raincoat” layer. But the BuildingUnit rarely follows
this technique nowadays, since it is very costly to make the support structure for the
diaphragmwall, it is a difficult problem to determine the safe design of the diaphragm
wall. On the other hand, the construction of deep pit excavation is also very easy
to cause problems such as subsidence of neighboring buildings and collapse of the
pit wall with weak geological conditions, high groundwater level, and construction
in narrow conditions. However, some companies also follow this method due to the
ease of construction.

3.2 Construction of the Basement of a High-Rise Building
According to the Method of Wall in Soil

Construction of the basement of a high-rise building according to the wall-in-soil
technique means that the construction unit must first carry out the construction of the
basement wall (barrette wall construction) before the construction of the excavation,
then dig soil inside the wall to the basement bottom. Therefore the effect of soil
pressure on this wall is very high. In order to strengthen the wall, the following
solutions are often used by people: the use of a steel support system. This construction
method is simple, but when the hole is dug deeper, it requires a lot of support, but it
can be recovered and reused for another building after using it (Fig. 3).

The disadvantage of this method is that since the project has a wide diameter,
the support system takes up a lot of space in the excavated hole, this support system
becomes difficult, affecting the construction process greatly. It is necessary and valu-
able to predict the displacement of the diaphragm wall in each construction process,
to ensure that the construction unit has chosen the correct construction plan, as well
as to proactively avoid and cope with the complex changes that take place during
the construction of deep foundation holes. In addition, it is also very complicated
to calculate the stability for this support system; nowadays, there is also software to
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Fig. 3 Method of wall in soil

support the measurement of displacement and the design of supporting structures,
construction measures for works like Plaxis with contact with the surface. However,
the results are also influenced by some input factors when simulating Plaxis, such as

• It requires really reliable geological data, and laboratory tests give high-reliability
results (simulating almost natural lying soil sample) such as triaxial compression
test with UU diagrams, CU and CD = > high cost.

• The construction time is quick or slow with regard to the immediate or long-term
soil behavior, but shear parameters can be used with and without drainage.

• Groundwater level: The building phase will change the groundwater level
considering the underground water pump, leading to a change in wall tension.

• To suit the real construction conditions, it is important to simulate the construction
phases.

• The geology can be uneven for large sites, leading to simulations that offer
unrepresentative results in any one section.

• The measurement model in Plaxis must be chosen to fit the actual working
conditions of the ground.
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3.3 Construction of the Basement of a High-Rise Building
According to the Topdown Method

Topdown construction technology (from top to bottom) is the construction tech-
nology that varies from conventional construction technology from bottom to top
for the included in of the work following the topdown method. Construction Tech-
nology Topdown can also construct the basements below the building’s complete
foundation and the building’s foundation and build some of the building’s upper
floors. There are currently many companies that can perform very well in Construc-
tion Topdown, including a few traditional companies such as Bachy Solatance, Delta,
and Longgiang. Building the basement of a high-rise building with topdown building
technology has advantages such as

• Topdown construction technology does not require a wide excavation area of the
foundation or reduces the cost of building temporary soil digging walls or the cost
of creating temporary support framework structures for later retention of walls as
basement walls.

• Topdown building technology is done quickly because the foundation and base-
ment construction are both carried out on the upper floors at the same time, thus
saving construction time, leading to faster progress in construction.

• During excavation and basement construction, there is no need for an auxiliary
support system to support the basement wall, thereby minimizing costs for this
auxiliary support system, thus saving construction costs.

• Topdown construction technology is a technology that uses a basement beam
system to build a wall systemwhen excavating soil in combination with basement
walls, thereby completely resolving the stability of retaining walls when digging.
As this wall and floor, girder system is very firmly constructed, and this is the
basement floor of the building’s wall and girder system.

• The scaffolding system is not available in the basement girder systemconstruction,
because the basement beam system is built on the ground.

• Topdown construction technology when first constructing the ground-floor girder
system and then constructing the basement works, thus reducing the effect (if any)
of weather factors.

ThisTopdown-based constructionmethod is nowverywidely used in the construc-
tion of basements, because of the very high hardness of the floor, the displacement
of the diaphragm wall when digging the soil is small and easy to control. Using the
retainingwalls as a wall later for the basement. Before pouring concrete, caremust be
taken to ensure a very good quality of concrete and especially waterproof gaskets at
positions between barrettes, expansion joints, wall-to-floor link, between beams and
columns, etc. Before pouring concrete, it must be properly installed and accepted. It
must be re-installed if there is any deviation.

Concrete is formed by the process of surging mortar, and bentonite is the wall-
keeping solution. Disadvantages of this method: When constructing the basement
column system is complicated, it is difficult to link the beams with the columns and
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walls in the basement. Since digging in enclosed space, through pits, excavation is
difficult, so it is very cramped and difficult to mechanize. Construction conditions
in closed tunnels have a major impact on workers’ health and productivity, so artifi-
cial ventilation and lighting systems are necessary. Due to the design of the mortar
process, the quality of concrete is difficult to control, so the quality depends a lot
on the quality of the system to create the walls, the quality of concrete input, the
managers’ qualifications, the employees’ hands, etc. Some projects have to adopt the
reverse waterproofing process, resulting in the low and costly waterproofing effect,
the quality of the concrete directly affects the waterproofing. Sometimes, they have
to do it again and again.

From the above analysis, the authors realize that it is especially important to choose
a basement construction solution to be safe for neighboringworks, easy construction,
and save investment costs. Prestressed prefabricated reinforced concrete piles are first
made by P.S. Mitsubishi (Japan) more than 50 years ago. Since 1999, prestressed
precast reinforced concrete piles have been applied in Vietnam at Phu My thermal
work in the main and branch canal system, carrying water to cool the gas turbines
from the Thi Vai River. Presently, prestressed, precast reinforced concrete piles are
also used in the Kien Giang Province to protect the Can Tho River banks, Tra Noc
River, and reclamation works.

With different shapes such as flat and waveform, piles are designed. There are
connected joints at the boundary of each pile so that they are connected together to
form a retaining wall when lowering them; based on this feature, many units have
researched and proposed plans to use prestressed concrete piles to create diaphragm
wall structure combined with topdown construction to build basements for high-
rise buildings with basements. This technique has been used in a number of high-
efficiency projects, such as

• A mix of on-site poured concrete and semi-assembled concrete is being
constructed at the Mo Market Trade Center project using the new technology
of prestressed reinforced concrete piles for the construction of three basements.
The reinforced concrete wall has a thickness of 550 mm. During pile pressing, the
average depth must be force-resistant, noise-proof, and vibration-free. Vinaconex
XuanMai chose a prefabricated pile solution without digging soil, not mixing on-
site concrete, then pressing 349 bored piles with a hydraulic press with a capacity
of 600–800 tons, 784 piles to a depth of 20 m.

• CT2 Building project, Ngo Thi Nham-Ha Dong, the building was constructed
on a land area of about 10,000m2, built with 2 basements, 25 floors, Vinaconex
Concrete investor and Xuan Mai Construction Joint Stock Company, the project
uses a total of 511 piles equal to 257 m, the pile is 15 m long, the construction
time is 8 m long/day.

• HEMISCO Building project, Sa La - Ha Dong, the building was built on a land
area of nearly 2,810m2, designed with 2 basements, 29 floors, investor: Song Da
101 Joint Venture and Electrical Machinery Construction Ha Tay, the project uses
a total of 376 piles, equivalent to 189 m, long piles of 13 m, etc.

The construction process for the basement wall consists of three phases:
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Fig. 4 Construction of pile pressing

Phase 1: Preparation work
Phase 2: Construction of piles
Phase 3: Construction of the basement and the above structure.

Phase1: Work on preparation

1. Locate the hole for the drill.
2. Drilling to create holes.
3. Locate the pile.
4. Move the machine into the place of pressing.

Phase 2: Pile presses construction (Fig. 4)

5. To load the pile into the clamp, use a crane or an equivalent.
6. Until pressing the pile to the design depth, modify the vertical position and

position of the pile.

Notes: Check the pile back 3 cm from the guide wire of the pile wall during
the pressing process, always machine-check the vertical of the pile. Construction
measures for consultancy work and approval by investors need to be prepared by
contractors.

7. The second pile compressor connects to the first pile, pushes to the design height
of the first pile, and then stops pressing.

8. To continue pressing in this position, pull the second section of the pile out and
move the machine to the new center.
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Fig. 5 Pile segments 2,3, etc., is repeated

9. With pile segments 2,3,4,5, etc., the pressing process is repeated (Fig. 5)

Phase 3: Constructing the basement and the structure above

10. After pressing the prestressed concrete piles to the designed height for the
entire circumference of the building, we continue to construct the top-wall
girder framework, and the location of the displacement monitoring points must
be marked at the top of the pile wall during the construction process (Fig. 6).

11. Digging soil to the bottom of the first basement, pay attention to arrange
temporary water collection holes during construction (Fig. 7).

12. Construction of beams and floors for basement 1 to support piles (Fig. 8).
13. Dig soil to the bottom of the foundation height (for a house with 2 cellars,

if there are 3 basements, this step is to enter the basement height 2). Notice
that during the construction process, it is important to arrange trenches and
temporary water collection holes. (Fig. 9).

14. Construction of foundations, foundation beams (the lower piles are constructed
first) (Fig. 10).

15. Construction of basement columns 2, beams, and basement floors 1 (Fig. 11).
16. Construction of 150-thick waterproof concrete around the basement (Fig. 12).
17. Columns, beams, floors 1, and floors above are constructed.

The following advantages are the use of prestressed concrete piles for the
diaphragm wall structure:
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Fig. 6 Construct the top-wall girder

Fig. 7 Dig soil to the height of the first basement

• High-precision prestressed concrete piles are made in the factory, using high-
grade concrete combined with a high-strength cable to save materials in order to
control the quality of the concrete from the factory.

• Construction of specialized equipment, particularly coastal piles, to ensure
vertical, tight, low noise, and eco-friendly activity.

• Short construction time, 8 to 15 m long/day can be conducted, thus shortening
construction progress of underground work.
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Fig. 8 Construction of beams, floors for basement 1

Fig. 9 Dig soil to the bottom of the foundation height

• When digging, the use of pre-tensioned concrete piles combined with semi-
topdown construction would save all the costs.

• Waterproof treatment: Treatment with the waterproofing concrete layer of the
inner surface of the basement wall improves the looks compared to other choices.

• Quick execution, saving the cost of investment in construction work.
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Fig. 10 Construction of foundations, foundation beams

Fig. 11 Construction of basement columns 2, beams, and basement floors 1
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Fig. 12 Install steel on the inside of the piles wall and pour a layer of concrete 15 cmwaterproofing

• When combining pile pressing with lead drilling, construction has no effect on
neighboring works.

There are also some disadvantages, in addition to the above advantages on
prestressed precast reinforced concrete piles, such as the pile length is reduced so
that it cannot be used for houses with many basements (>3 basements), equipment
construction must be modern because high precision is needed for construction.
Before pressing the pile, drilling must be completed first, so the progress of construc-
tion is relatively slow. Difficult to construct according to curves with small radius,
the depth of the pile is limited by complicated connection details.

4 Conclusion

1. The use of prestressed reinforced concrete piles saves and lowers the project’s
cost, bringing the construction to high quality. Besides that, shorten the time,
improve the construction and ensure the work’s aesthetics, engineering, and
quality. In the construction revolution, this is the optimal solution.

2. Applying prestressed reinforced concrete pile technology to the basement wall
design for high-rise buildings lets design engineers have more choices in the
design calculation and comparison process, allowing investors to choose the
right use and financing plan to help improve the project’s investment effec-
tiveness. However, in order to increase the length of the piles as well as study
to improve suitable construction technology, it is important to have in-depth
studies.
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Analytical Study on Single Span
Reinforced Concrete Beam
with Continuous Spiral Reinforcement
Under Pure Torsion

M. Prakash, V. Deepakraj, N. Parthasarathi, and S. Srinivasa Senthil

1 Introduction

In reinforced concrete (RC) beams, crucial factors such as flexural, shear, and
torsional resistance play a vital role. Torsional moments are developed in RC
members so that the torsional capacity of the members needs to be enhanced to
avoid structural damage, deterioration due to amplified loading scenarios. In rein-
forced concrete structural systems, torsion has been considered the least important,
but they are required to study for modern structural configurations. The brittle nature
of concrete under the development of shear stress due to torsion is an essential aspect
of seismic analysis and design. The rebar arrangement of a beam with the contin-
uous spiral reinforcement is represented in Fig. 1. The general design methods are
complex to ignore the torsional moments produced due to the monolithic construc-
tion. However, the theory of elasticity could precisely estimate the torsional strength
of the sections developed from homogeneous materials.

Although it is very complicated to evaluate the heterogeneous reinforced
concrete’s torsional strength, the problem becomes more intense as these members
hardly undergo pure torsion. Instead, they put through bending, shear, and torsion.
Torsion is always an unavoidable and essential structural aspect. This research
concentrates on a single span beam’s torsional behavior with inclined shear rein-
forcement with a different configuration of angle to understand the beam’s failure
mechanism under pure torsion. The utilization of continuous spiral reinforcement
will result in better ductile performance than the conventional one.
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Fig. 1 Beam with continuous spiral reinforcement

2 Previous Works in Torsional Beam

The use of optimum angle of reinforcement is better resistant against torsion [1].
Abdeldayem Hadhooda et al. observed the torsion in concrete beams reinforced
with GFRP spirals [2]. Jeyashree T.M. and M Nethaji experimented on the flex-
ural behavior of RC beams with special forms of shear reinforcement [3]. Ammar
N. Hanoon and Haider A. Abdulhameed evaluated electricity absorption in CFRP-
strengthened spans strengthened concrete beams under pure torsion [4]. Tuan-Anh
Nguyen et al. performed a more desirable finite detail version for reinforced concrete
beneath torsion with steady fabric parameters. [5]. Mohammed Sirage et al. observed
the vital impact of concrete cowl on bolstered concrete beams underneath pure torsion
[6]. Nasim Shatarat et al. studied the shear capability of reinforced concrete beams
with two distinctive tendencies [7]. Mohammad Amin Azimi et al. investigated
the continuous square spiral transverse reinforcements underneath seismic overall
performance of RC beam–column connections for low ductility instances [8]. Piero
Colajanni et al. investigated the shear capacity of concrete beams in two different
inclinations stirrups [9].

3 Analytical Program

3.1 Design Criteria

For the analysis of structural members, a finite element software ABAQUS (FEA)
has been chosen. In the preprocessing work, the general properties of elements, i.e.,
concrete grade M30 grade of concrete and Fe415 grade of reinforcements, were
used along with those other nonlinear properties of concrete. Then the element was
modeled, and configuration reinforcement arrangement was placed into the element,
and the interaction was provided to acts as a homogenous element, and the element
was finely meshed to obtain the accurate results.
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3.2 Description of Specimens

For the analysis, four reinforced concrete beams with M30 grade of concrete were
used for this investigation. The cross sections of the beams were 230× 300 mm at a
span of 2000 mm. Figure 2 shows the different configurations of rebar arrangement.
Beam (B1) was designed with 2 nos—12 mm Ø bars at top and bottom, 8 mm Ø
@150 mm c/c stirrup (conventional type 90°) are provided, beam (B2) was designed
with 2 nos—12 mm Ø bars at top and bottom, 8 mm Ø @150 stirrup (inclined type
80°) are provided, beam (B3) was designed with 2 nos—12 mm Ø bars at top and
bottom, 8 mm Ø@150 mm stirrup (inclined type 75°) are provided, beam (B4) was
designed with 2 nos—12 mm Ø bars at top and bottom, 8 mm Ø @150 mm stirrup
(Inclined type 45°) are provided, these details are presented in Table 1.

a) B1 - Conventional type 
Stirrups (90o) 

b) B2 - Inclined type Stirrups 
(80o) 

d) B3 - Inclined type Stirrups 
(75o) 

c) B4 - Inclined type Stirrups 
(45o) 

Fig. 2 Rebar arrangement

Table 1 Reinforcement details of the members

Beam ID Cross section Longitudinal
Reinforcement

Transverse
Reinforcement

Type Concrete and
Steel Grade

B1 230 mm × 300
mm

2–12 mm Ø at
top
2–12 mm Ø at
Bottom

8 mm Ø at
150 mm c/c

Conventional
(90°)

M30 & Fe
415

B2 Inclined (80°)

B3 Inclined (75°)

B4 Inclined (45°)
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Table 2 Reinforcement details of the members

Beam ID Initial Crack
load (kN)

Ultimate Crack
load (kN)

Maximum
Crack Width
(mm)

Initial Cracking
Torque (kNm)

Ultimate
Cracking
Torque (kNm)

B1 9.5 12 0.24 16.91 26.70

B2 9.5 0.24 16.91

B3 11.5 0.19 22.40

B4 11.5 0.19 22.40

4 Results and Discussion

4.1 Load Versus Crack

The crack pattern on the specimenswas obtained under the crack/crushing plot option
in ABAQUS. Initial crack can be defined as the load at which the extreme tension
fiber reaches themodulus of rupture. As the applied torque increases, the spiral cracks
developed approximately at 45° and spread over the test region. The maximum crack
observed at specimen (B1) is 0.24mmunder themaximumallowable limit of 0.3mm.
From Table 2, it is observed that the specimen (B1) and (B2) undergo initial crack
due to initial cracking torque of 16.91 kNm and (B3) and (B4) undergo initial crack
due to initial cracking torque of 22.40 kNm. The beam (B1, B2, B3, andB4) observed
the same ultimate cracking torque was obtained as 26.70 kNm.

4.2 Load Versus Deflection

All four specimens were analyzed using FEM, and the results were compared for
maximum deflection and ultimate load-carrying capacity. Specimens were analyzed
for pure torsion loading condition. Fig. 3 shows the span vs. deflection curve of
beams. From Fig. 3, it is observed that specimen (B3 and B4), i.e., specimen with
(45° and 75°) inclined continuous stirrups has an increase in load-carrying capacity
and a significantly less deflection of 0.0011 mm when compared to the specimen
with conventional type stirrup. Under flexural loading conditions, the maximum
allowable deflection 6.6 mm for the span of 2 m. Here, due to pure torsion condition,
the maximum deflection in specimens is 0.0013 mm. Therefore, all the specimens
are safe under deflection.
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4.3 Stiffness

The torsional stiffness of the torsional beam is calculated based on the torsional equa-
tion; Figure 4 shows the comparative torsional stiffness between different configura-
tions of stirrups for the ultimate torque. When compared to conventional type stirrup
specimen (B1), specimen (B3), i.e., 75° inclined stirrups has 81% more stiffness.

4.4 Torque Versus Angle of Twist

Many theories are proposed to find the torsional strength of RC rectangular beam
here followingmethods are used for comparison of analytical torsionwith theoretical
calculations.

• Based on ACI 318–99
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• Based on J.G MacGregor and M.G Ghonelm

In this present study, the above twomethods’ results are compared with analytical
results. Based on the analytical torque, theoretical angle of twist was calculated. The
ABAQUS FEM gives direct torque and angle twist. So, the applied torque depends
on the iteration and amount to load applied on the beam. Based on that theoretical
angle of twist is calculated (Table 3).

Figures 5, 6, 7, and 8 represent the comparative results of the ABAQUS FEA,
ACI, and MacGregor methods. The ACI and MacGregor method results are similar
for all four specimens because of constant theoretical stiffness and applied torque.
When compared to other models (B3), 75° inclined stirrups performed well against
the torsional force; i.e., it has a minimum angle of twist of 4.4 × 10–3 radians/m
for the maximum applied torque of 26.70 kN.m. Other specimens (B1, B2, and B4)
carry the angle of twist of (24.3, 19.4, and 5.8) × 10–3 radians/m. Comparatively,
specimen (B3) resists nearly 81% of twist angle for the applied torque compared to
a conventional type 90° stirrups (B1). We know that if stiffness increases, the angle
of twist will reduce.

5 Conclusion

The study’s main aim is to understand the behavior of torsion, twist, and deflection
under varying inclined angles of stirrups. Based on the analytical research using
ABAQUS FEA and theoretical calculation, the following conclusions have arrived.
So finite element modeling technique can be used to better understand of torsion
failure mechanism.

1. The elements (B3 and B4) having inclined stirrups have significantly less
deflection (0.0011 mm) than the allowable deflection (6.6 mm).

2. The element (B3), which has 75° inclined stirrups, has aminimum angle of twist
of 4.4 × 10–3 radians /m other specimens (B1, B2, and B4) carries the angle of
twist of (24.3, 19.4, and 5.8) × 10–3 radians/m. Thus, comparatively, specimen
(B3) resists nearly 81% of Twist angle for the applied torque compared to a
conventional type 90° stirrups (B1).

3. The element (B3), which has 75° inclined stirrups, has maximum stiffness of
6068.18 kN/m.Other specimens (B1, B2, andB4) have the stiffness of (1098.76,
1376.28, 4684.21) x kN/m. Comparatively, specimen (B3) resists nearly 81% of
twist angle for the applied torque as compared to a specimen with conventional
type 90° stirrups (B1).
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Investigation of Wind Loads on Setback
Building Using Computational Fluid
Dynamics

Vigneshwaran Rajendran and S. Prabavathy

1 Introduction

For the past couple of decades, there is tremendous growth in the construction of
tall building around the world. According to the Council on Tall building and Urban
Habitant (CTBUH), an organization used for collecting and storing tall building
database, reported that there are about 5387 buildings of height greater than 300+m.
For the design of such tall building, wind loads are the major design parameter to be
considered. Since most of the wind engineering code provision lags in pressure
coefficient (Cp) for irregular plan shape building, it is important in the current
scenario to investigate the wind loads for buildings with shapes either numerically or
experimentally.Many comparative studies have been done by the previous researcher
using wind tunnel testing and computational fluid dynamics (CFD) in order to
investigate the accuracy of the results between experimental and numerical analysis.
Researcher [1] investigated the dynamic behaviour of the façade under wind flow.
The façade design in the building is decided based on the minimum wind pressure
acting on the buildings. Indeed, many researchers worked on the buildings with
different shapes, on this sphere author [2] investigated the mean (Cp) on ‘E’ plan
shape building using CFD and wind tunnel testing. The Cp on each face of the are
investigated and the error analysis (R2, SSE, RMSE) is done between wind tunnel
andCFD, the obtained results arewithin the permissible limits. Similarly, researchers
[3] investigated the wind on ‘Z’ plan shape building. The simulation is carried using
a CFD package available in ANSYS software. The simulations are carried for the
wind angles 0˚ to 150˚ at an interval of 30˚. The flow separation behind the bluff
bodies is well captured using CFD for ‘Z’ plan shape building. The author [4] made
a critical review on the investigation of the wind-induced loads and response of
the tall building. The widely used methods are numerical simulations, wind tunnel
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testing and field investigation. Moreover, author [5] has investigated the wind flow
around the building with corner modification such as recessed and chamfered model
building, and the obtained results are compared with CAARC building models. The
investigation is done usingCFDand the turbulencemodel shear stress transport (SST)
is used. The corner modification in building models tends to reduce the formation of
the recirculated regions behind the building.

From the above study, this paper presents with the novelty in investigating the
wind flow around the setback buildings using CFD. The simulation is carried for 0˚
wind angles and the pressures on each faces of the buildings are obtained.

1.1 Details of the Model

For the present study, the building models are scaled in the ratio 1:300. Further, the
building setback is done at two different levels in building height. The total height of
the building is 300mm, the first setback is provided at a height of about 150mm from
the base, and the second setback is provided at a height of about 225 mm from the
base. Figure 1a shows the 3D view of the setback building using solid work software.
Figure 1b shows the plan view of the setback building. Figure 1c shows the elevation
view of the setback building.

Fig. 1 Typical perspective view of setback building a 3D view, b plan view, c elevation view
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2 Numerical Simulation

In order to investigate the pressure coefficient (Cp) on the setback building usingCFD,
turbulence model k-ε is used. Many past literatures [6] investigate that the turbulence
model k-ε is very much useful for external flow simulation. The governing equation
involved is momentum equation, energy equation and continuity equation.

2.1 Computational Domain

In order to study the wind flow behaviour, the building model is placed inside the
computational domain. The computational domain is built on size 5H in the upstream
and side faces of the computational domain and 15H in the downstream of the
computational domain. Where H represents the height of the computation domain.
As per the guidelines provided by the past researchers [7, 8], the provided size should
be sufficient enough to develop the flow inside the domain and to study the physics of
the wind flow behind the buildings. Figure 2 shows the details of the computational
domain.

Fig. 2 Computational domain a 3D view, b side view, c front view
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Fig. 3 Meshing of the computational domain

2.2 Meshing

The meshing of the building models is done in the forms of grid and very fine mesh
is adopted in the wall of the buildings model in order to capture the pressure contour
being developed on the surface of the building. Grid independency study is done
with three category such as fine, medium and course. Further, fine mesh is used for
the capturing the fluid flow and pressure developed on each faces of the building.
Figure 3 shows the mesh pattern using computational domain.

2.3 Validation

The numerical study is validated based on the pressure coefficient (Cp) obtained
from the square building with the code values available in IS 875(Part 3) 2015. The
building of plan size 100 × 100 mm and height 500 mm and the turbulence model
k-ε is used for external flow simulation. Table 1 shows the variation of the pressure
coefficient (Cp) between Ansys Fluent 19.2 and IS 875 (part 3) 2015. A similar
validation study is done by the previous researcher [3] for ‘Z’ plan shape building.

Table 1 Pressure coefficient (Cp) between numerical and codal provisions

Wind loading code Face A (Cp) Face B(Cp) Face C(Cp) Face D(Cp)

ANSYS Fluent 19.2 0.90 −0.20 −0.86 −0.85

IS:875(Part 3) 2015 0.80 −0.25 −0.80 −0.80
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3 Result and Discussion

The investigation of the wind load on square building with setback is done using
computational fluid dynamics (CFD). The simulation is carried for the 0˚ wind angle
at a wind velocity of 10 m/s, and the pressure coefficient (Cp) is calculated using the
Eq. (1).

Cp,mean = p1− p0
1
2 pU

H
2

(1)

where p is the point pressure taken from the building surface, po is the pressure at
reference height, ρ is the density of the atmospheric air as 1.225 kg/m3. UH is the
mean velocity at the height H. Figure 4 shows the direction of the wind towards
setback building.

3.1 Pressure Contour

The outcome of the wind flow around the building results in the formation of the
pressure on each faces of the building. The pressure contour on each face of the
building depends upon the shape, height and configuration of the building. For the
present study, the pressure contour on each face of the building surface is observed.
In order to study the wind pressure distribution on setback buildings, the building is
divided into three segments from the base, from 0 to 15 cm face A1, 15 to 22.5 cm
face A2, 22.5 to 30 cm face A3. Similarly for the sides faces B1, B2, B3; D1, D2,

Fig. 4 Wind direction toward the building
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Fig. 5 Formation of the pressure contour for the faces A1, A2, A3

D3 and in leeward faces C1, C2, C3. When the wind hits the building face A, the
wind diverges and the side face B and D and the leeward face D experiences negative
pressure.

3.1.1 Pressure Contour Distribution for the Face A

Figure 5 shows the formation of the pressure contour on face A of the setback
building. Since face A is subjected to windward direction, it experiences positive
pressure. On the face A1 as shown in the Fig. 5, experiences a very high positive
pressure on the central core and the pressure gradually decreases along the side edges
in face A1. Further, the pressure contour obtained in the face A2 is similar to the
face A1 and the pressure decreases along the side edges. Whereas for the face A3,
the pressure contour decreases along the top and the side edges of this face A3. As
noticed by the previous researcher [8], the positive pressure decreases along the top
and side edges due to the diversion of the wind.

3.1.2 Pressure Contour Distribution for the Face B

Figure 6 shows the formationof the pressure contour on faceBof the setbackbuilding.
Since face B lies on the side faces (i.e. leeward), it experiences negative pressure
coefficient on all the faces B1, B2 and B3. On the face B1, the pressure increases
along the edges and further low pressure is observed in the face B2 (which is based
on the blue patch indication in the face B2) as shown in the Fig. 6. Moreover, for the
face B3, very low pressure is observed, and the pressure increases along the edges.
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Fig. 6 Formation of the pressure contour for the faces B1, B2, B3

Fig. 7 Formation of the pressure contour for the faces C1, C2, C3

3.1.3 Pressure Contour Distribution for the Face C

Figure 7 shows the formation of the pressure contour on the face C of the setback
building. Face C lies completely on the leeward side. When the wind falls in the face
A, the wind diverges and leads to the formation of low pressure on the face C1, C2
and C3. The faces C2 and C3 observe a very low pressure and lead to the formation
of wake regions. The formation of the negative pressure for setback building is less
when compared to the regular square and rectangular building.

3.1.4 Pressure Contour Distribution for the Face D

Figure 8 shows the formation of the pressure contour on the face D of the setback
building. Since face D lies in sideward direction, it experiences negative pressure.
In the face D1, blue colour contour patches are formed in the upper position which
indicate very low pressure, and the lower half of the face D1 green contour are
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Fig. 8 Formation of the pressure contour for the faces D1, D2, D3

observed due to stagnation on the wind. Further, in the face D2, the wind gets
stagnated experiences low negative pressure, and the pressure increases along the
edges. Moreover, in the face D3, low pressure is observed in the face and the pressure
increase along the right edges of the face D3.

4 Flow Pattern

The wind pressure acting on the building surface depends on the wind flow pattern.
When the wind hits the building surface, it deviates in multiple directions. Figure 8
shows the wind flow pattern for the setback building. The number 1 to 5 in Fig. 8
represents the physics of the wind flow. Moreover, the number 1 in the figure
represents the incoming flow of the wind towards the building. Number 2 represents
the free streamline flow, i.e. Movement of the wind without touching the building,
usually occurs at the top of the building. Number 3 represents the stagnant flow.
Number 4 represents horseshoe vortices and number 5 represent the expansion of
the wake (Fig. 9).

5 Conclusion

From the above study, the following conclusion are made.

• The pressure on each face of the building is obtained with the help of CFD, the
maximum pressure is observed in windward face, i.e. face A, and the negative
pressure is observed in the leeward face, i.e. face D, and side faces, i.e. face B
and C.

• The pressure on the building surface is very much essential for the design of
cladding on the building surface; pressure at each point on the building faces
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Fig. 9 Wind flow pattern around the setback building

are needed. And it is important to capture the pressure at the corners of the
building surface since there are variation in the pressure along the edges and the
core regions. From the observation of the present study, the negative pressure
intensifies at the edges and moderate at the centre for the windward direction.

• Further, the pressure positive pressure increases along the edges and moderate at
the centre for the leeward direction.

• The turbulence model k-ε is used for the external flow simulation, and it is good
to capture the flow streamlines and its behaviour when it hits the setback building.
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A Review on Role of Pavement Materials
on Urban Heat Island Effects

Mahesh Mungule and Kannan K. R. Iyer

1 Introduction

The impact and scale of modifications in urban climate contributing to urban heat
island (UHI) effect have been studied by several researchers [7, 11, 12, 19, 25].
These studies identified difference in the reflectivity of rural and urban surfaces as
a dominant parameter driving the modification in urban climate. The reflectivity
of materials measured in terms of surface albedo suggests low reflectivity (dark
colour) materials such as asphalt absorb and store higher amount of energy than
natural or high reflectivity (light-coloured) materials [21, 29, 32]. Albedo, the most
critical parameter influencing ground surface temperature ranges between 0.05–0.4
for bare soil and 0.15–0.45 for sand. In comparison, urban surfaces have albedo
values of 0.05–0.10 for asphalt and 0.25–0.4 for concrete [15, 5]. An analysis of
surface temperature over 11-year period of observation for four different surface
types, namely clayey soil, sand, grass and asphalt, exhibited the highest temperature
for asphalt and the lowest temperature for grass [5]. This observation is consistent
with other studies that reported asphalt has the highest contribution to increasing
urban temperature followed by concrete, natural ground and vegetation [13].

Studies evaluating the impact of albedo values on air temperature concluded that
decrease in albedo value by 0.01 can increase air temperature by 0.2–0.25 °C [32].
The increase in air temperature increases the electricity consumption, with every
0.60C rise in temperature increases the electricity consumption by 2% [30]. Further,
correlation of albedo valueswithCO2 emission suggested that 0.01 increase in albedo
value per square metre area can decrease CO2 emission by 2.55 kg [1].
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Studies conducted to evaluate the land use pattern for four different cities in USA
reported that impervious surfaces representing pavement and roofs account for 56%
of the landscape [2, 26]. Since the impervious surfaces are due to engineeredmaterials
like asphalt and concrete, it is pertinent to review the thermal performance of these
materials and corroborate attempts at improving the performance, thus contributing
to reduction in UHI and enhancement in sustainability of cities. The large part of
impervious surfaces observed in above studies were pavement surfaces that include
roads (15%), parking lots (12%), sidewalks (5%) and driveways (3%). Also, pave-
ment surfaces can be assumed to have same elevation, thereby partly simplifying
the comparison and assessment on performance of different materials. The present
study summarizes the performance of pavement materials and their effects on UHI,
and recent developments towards enhancing sustainability.

2 Pavement Materials

Pavement temperature is important as it influences the distress in pavement mate-
rials and can cause adverse impacts to commuters and environment. For rigid pave-
ment (viz., concrete pavement), high temperature contributes to warping and curling,
whereas for flexible pavement (viz., asphalt pavement), it increases the risk of rutting.
The albedo values for asphalt are reportedly in the range from 0.05–0.10, whereas
for concrete, the range is 0.25–0.4 [15, 5]. With ageing, the albedo values of asphalt
increase to 0.15–0.20 and for concrete decrease to 0.25–0.30. For a freshly paved
pavement, difference in albedo values of asphalt and concrete translates to 3-100C
higher temperature for asphalt [34]. Despite the advantage of lower surface tempera-
ture, share of concrete in comparison with asphalt as pavement material is relatively
low. In USA, only 10% of the total paved surfaces is made up of concrete [16].

In addition to higher surface temperature, temperature gradient is higher for
asphalt pavement than concrete pavement. A typical depth-wise temperature distri-
bution recorded for asphalt pavement over 24-h period in an earlier study indicated
the temperature gradient upto 21 cm depth below asphalt [5]. Higher temperature
gradient within the pavement material influences pavement stability and can lead to
degradation. Asphalt being the popular pavement material, and subjected to higher
surface temperature and temperature gradient, has received considerable attention
from researchers. The essential focus of researchers has been to monitor surface
temperature, quantify its effect on UHI and develop models for life cycle assessment
of pavement. The summary of such studies with significant outcomes is outlined
in Table.1 Accurate prediction of surface temperature and temperature gradient is
important to understand durability and help in the selection of pavement material [6,
14].

In comparison with asphalt, concrete pavement is subjected to lower surface
temperature and lower gradient. As a result, it experiences lower temperature
stress thereby reducing maintenance cost and increasing the life cycle of pavement.
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Table 1 Summary of studies on thermal behaviour of pavement surfaces

References Materials Remarks

[10] Asphalt, granite slab, terracotta bricks,
interlocking blocks

• Amongst all pavement materials
considered, asphalt pavement exhibits
considerably higher temperature over
other pavement materials

• The effect of pavement surface is also
noted to influence air temperature upto
2 m height from the surface

• Optical properties, namely albedo and
emissivity, have been considered
responsible for influencing daytime
and night-time maximum temperature

[31] Asphalt-black, Asphalt light coloured,
grass

[3] Asphalt, concrete and bare soil

[20] Asphalt and concrete

[17] Concrete

[22] Asphalt

[33] Asphalt and concrete

[8] Asphalt

[35] Asphalt soil and grass

However, very few attempts have been made to analyse concrete pavement. A theo-
retical study quantifying the effect of increase in albedo suggested that increasing
albedo value by 0.25 for 1250 km2 would contribute to significant energy savings
along with smog and delay reduction [5].

3 Parameters Influencing Pavement Performance

Given the importance of surface temperature, several attempts have been made
to develop prediction models. Two broad categories of models are employed,
namely analytical and statistical models [18, 23, 27]. Analytical models are based
on heat transfer theories and correlate thermal properties of pavement with those
of incident radiation. Statistical models, on the other hand, rely on the relation-
ship between measured pavement surface temperature and climate data but ignores
thermal properties of pavement.

Heat transfer-based predictive model proposed by Gui et al. [8] can be used
to assess the influence of thermal and optical properties of pavement material on
influencing the surface temperature. In order to rank the effect of each parameter,
influence of the studied parameter on surface temperature has been considered while
all other parameters are kept constant. The effect of each material and parameter is
then discussed by studying the normalized value of the parameter with maximum
and minimum surface temperature. In order to obtain normalized parameter, the
maximum value of optical and thermal properties considered are albedo: 0.5, emis-
sivity: 1, thermal conductivity: 2.59 Wm−1 °C−1, heat capacity: 2.80 MJm−3 °C−1.
Figure 1 shows the plot between maximum/minimum temperature with normalized
values of albedo, conductivity, heat capacity and emissivity, based on data presented
by Gui et al. [8]. From the figure, it has been observed that the most significant
parameter influencing maximum surface temperature is albedo followed by thermal
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(a) Effect on maximum surface temperature 

(b) Effect on minimum surface temperature
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Fig. 1 Effect of thermal and optical properties on pavement surface temperature

conductivity, heat capacity and emissivity. In contrast, for minimum temperature, the
significant parameters have been reported as emissivity and albedo. Further, thermal
properties, namely thermal conductivity and heat capacity, are inversely proportional
to minimum surface temperature. In order to compare the performance of common
pavement materials, namely asphalt and concrete, the thermal and optical properties
of the representative composition of the materials that are generally considered are
shown in Table 2.
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Table 2 Thermal and optical
properties of asphalt and
concrete surfaces

Properties Hot mix asphalt Cement concrete

Density (Kg/m3) 2250 2400

Heat capacity (MJm−3

°C−1)
2.06 2.11

Conductivity (Wm−1

°C−1)
1.21 1.7

Albedo 0.05–0.10* 0.25–0.4*

Emissivity 0.85 0.9

*Ageingmay increase albedo values of asphalt while it may reduce
the albedo values of concrete

Considering the properties in Table 2, the lower surface temperature for concrete
pavement as compared to asphalt as reported in several experimental studies is justi-
fied. The higher values of albedo not only benefit reduction in daytime tempera-
ture but also contribute to reduction in night-time temperature [1, 13]. Attempts
at improving thermal conductivity and heat capacity may benefit with reduction in
daytime temperature, but the increase in night-time temperature will offset part of
the gain. Thus, most significant parameter that will control thermal performance is
identified as albedo value of pavement material [2, 34, 16].

In addition to material properties, the pavement surface temperature is also influ-
enced by incident solar radiation. Influence of solar radiation on maximum and
minimum surface temperature of pavement is observed to be proportional and linear
[23]. The effect of input radiation on maximum temperature is more significant
as compared to minimum temperature. The incident radiation cannot be directly
controlled and so attempts at improving the thermal performance of pavement have
largely focused on improving the material properties. In material properties, albedo
value of pavementmaterial has the highest influence on controllingmaximum surface
temperature and thus received maximum attention from researchers. All attempts
at modifying pavement surface characteristics have been with a view to enhance
albedo value. Fewattempts have also beenmade towards improving other parameters,
namely heat capacity and thermal conductivity.

3.1 Development of Modified Pavement Materials

The effect of pavement surface temperature on life cycle and enhancement of UHI
resulted in developments of modified surfaces for asphalt as well as concrete pave-
ments. The surface modification for pavement was done through the application of
reflective coatings and engineering thematerial composition to achieve higher albedo
values [21, 29, 9, 28]. The primary approach applied largely for asphalt pavement
was to enhance solar reflectance using white coating on the surface. The results
from these studies suggest beneficial role of reflective coatings in reducing surface
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temperature. However, limitations in terms of higher initial cost, construction delay,
reduced skid and abrasion resistance often contribute to reduced lifespan. Further, the
properties of reflective coatings degrade rapidly with ageing and weathering effects
[15, 28]. The glare from reflective coated surface and vehicle headlight is higher and
may cause visibility issues for persons with eye cataract.

Another approach at enhancing surface reflectivity was through engineering the
composition of pavementmaterials to achieve higher albedo values. Albedo values of
asphalt and concrete pavement modified using reflective coatings and by engineering
the material composition as reported in the literature are summarized in Table 3 [21,
29, 24, 17, 35, 9, 28]. It can be clearly seen that the albedo values can be altered
with modification of the surface or by altering the composition. In case of asphalt,
application of reflective coating is more widespread than altering the composition.
The percentage benefit obtained in terms of increased albedo value is higher with
reflective coating than with new compositions. However, the shortened lifespan of
reflective coatings is still a challenge, and thus, these engineered compositions appear
as a more viable solution. Attempts at improving the albedo values of concrete
pavement are at nascent stage with more focus on developing suitable composition
than altering its surface. Limited attempts corroborated in the literature and also
shown in Table 3 highlight the potential gain in albedo values that can be achieved
if the composition is effectively engineered.

Table 3 Albedo values of
modified asphalt and concrete
pavement

Parent Material Modified material Mean Albedo

Asphalt and Hot Mix
Asphalt (HMA)

Asphalt Rubber Thin 0.11

Asphalt Rubber Thick 0.13

Asphalt Rubber Thin
with White Paint

0.13

HMA Thick 0.17

HMA Thin 0.2

HMA Thick with
White Paint

0.25

HMA Thin with White
Paint

0.25

Asphalt Rubber Thick
with White Paint

0.26

Plain Cement
Concrete (PCC)

Crumb Rubber
Concrete

0.32

12’ Concrete 0.36

Fly Ash Concrete 0.25

Slag Concrete 0.55

Fly Ash and Slag
blended concrete

0.4
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As evident in the albedo values of normal and modified concrete, the mineral
admixtures can be effectively used to modify the reflectivity values. The choice
and replacement percentage of mineral admixtures will dictate the net gain or loss in
albedovalues.As evident for slag concrete inTable 3, for right combinationofmineral
admixtures, higher values of albedo can be achieved. Further, the albedo values of
modified concrete are substantially higher than that of modified asphalt suggesting
considerably lower temperatures can be achieved by using modified concrete pave-
ment. In addition to lower surface temperatures, modified concrete have been shown
to enhance concrete strength and durability, thereby contributing to increased lifespan
and reduced emissions.Apart from the benefits highlighted,modified concrete is both
economical and less energy-intensive.

3.2 Concluding Remarks

The role of pavementmaterials on influencingUHI has been recognized, and attempts
have been made to study, quantify and improve the thermal performance of pave-
ments. The present work summarizes the developments in thermal assessment of
pavement and correlates the experimental observation on surface temperature with
the material and surface properties. The correlation justifies the focus of most
researchers on improving the thermal performance by enhancing the albedo value
of the material. The literature studies reported suggest considerable attention being
paid to improve thermal performance of asphalt pavement. The values of albedo for
plain concrete are often higher than asphalt as well as the modified asphalt pavement.
Despite the obvious advantagewith concrete, little attention has been paid to improve
albedo values of concrete. Limited experimental investigations on modified concrete
pavement highlight the potential gain that can be achieved. The utilization of admix-
tures for enhancing the albedo value of concrete pavement can be seen as an effective
way to reduce the UHI effects, especially in urban areas. Studies on enhancing the
albedo values of concrete pavement would play an important role towards making
cities more sustainable.
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Studies on Strip Footings Resting
on Lateritic Slopes

A. Anjali, J. Jayamohan, and S. S. Rageena

1 Introduction

Several studies have been conducted to analyze bearing capacity, settlement, and
failure of footing resting on horizontal surfaces by various researchers [8, 9, 11–
13]. Comparing to those studies, research related to foundations resting on or near
the slopes is limited. The terrains in many places in the state of Kerala are sloping
in nature, and hence, foundations of structures are located on or near the slopes.
Building foundations, bridge pier which is situated in slopes are such examples.
Bearing capacity is the major factor for any type of foundations. In this regard, the
assessments of bearing capacity for foundations which are situated on slope surface
or crest of slope become complicated.

Shields et al. [10] reported that the ultimate bearing capacity increases by 2 to 3
times when the embedment depth of footing was doubled. The field investigation of
[6] on the behavior of inclined footings at a natural slope reported that compared to
horizontal ones, inclined footing with anchors is having more bearing capacity.

The effect of depth which is replaced with sand layer and offset distance between
footing and slope crest under sinusoidal loading determined by El Sawwaf [7].
Settlement reduction with increasing bearing capacity was found out. Numerical
analyses on isolated shallow footings resting near the crest of slope were conducted
using 3D finite element analysis by Acharyya and Dey [1, 2], and various parameters
were studied. They found out that beyond the critical ratio of 4 for square and 6
for strip, and there behavior was approaching similar to footing placed at horizontal
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ground. Also used soft computing and optimization techniques instead of standard
techniques. Interference of strip footings located on slope crest was studied by
Acharyya and Dey [3–5] and reported that, after a critical spacing ratio of 8, the
interference of footing disappears.

Most of the researchers have investigated the behavior of footings resting on the
crest of the slope. In urban areas having sloping terrain, the footings may be placed at
various levels along a slope. In this paper, the load–settlement behavior of footings
resting at various levels along a slope is investigated by carrying out a series of
laboratory-scale load tests on model footings. The influences of different parameters
like eccentricity of footing from the edge and slope angle are investigated. Finite
element analysis is carried out using the FE program PLAXIS 2D connect edition
V20, and the results are compared with those obtained from the laboratory model
tests.

2 Laboratory Model Tests

The experimental program reported in this paper involves a series of laboratory-
scale load tests on model footings resting at various levels along the slope surface
was carried out at Geotechnical Research Lab of LBS Institute of Technology for
Women, Thiruvananthapuram.

2.1 Lateritic Soil

The material used for slope preparation is locally available lateritic soil, and the
properties of soil are given in Table 1.

Table 1 Properties of soil
used in model tests

S. No. Properties Values

1 Specific Gravity 2.6

2 Uniformity Coefficient (Cu) 6.67

3 Coefficient of Curvature (Cc) 1.2

4 Optimum Moisture Content (%) 15.5

5 Dry Unit Weight (kN/m3) 18.84

6 Angle of Shearing Resistance, φ (°) 32

7 Cohesion, c (kN/m2) 5

8 IS Designation SW
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2.2 Test Setup

The load tests are conducted in a combined test bed and loading frame assembly.
The test beds are prepared in a tank which is designed keeping in mind the size of the
model and the zone of influence. The dimensions of the test tank are 1000 mm length
× 750 mm width × 750 mm depth, which has 23-cm-thick brick masonry walls
on four sides. The loading tests are carried out in a loading frame fabricated with
ISMB 300. The loads are applied using hand-operated mechanical jacks of capacity
of 50 kN. The applied loads are measured using proving rings of capacities 50 kN.
The settlements of the two model strip footings are measured using two dial gauges
each of 0.01 mm sensitivity kept diametrically opposite to each other. Drawing of
the test setup is shown in Fig. 1 and photograph in Fig. 2.

Fig. 1 Drawing of test setup

Fig. 2 Photograph of test
setup
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2.3 Preparation of Slope

At first, the lateritic soil is filled in the test tank to the required level of slopes
with compaction done in layers of 10 cm thickness. The water content of the soil is
maintained constant throughout the test procedure. To achieve the desired density
of the soil, the layered filling technique is used. The lateritic soil is compacted by
ramming.

2.4 Testing Procedure

After preparing the slope, the slope surface is leveled, and the footing is placed at
two levels of slope exactly at the center of the loading jack to avoid eccentric loading.
The footing is loaded by a hand-operated hydraulic jack supported against a reaction
frame. A pre-calibrated proving ring is used to measure the load transferred to the
footing. The load is applied in small increments. Each load increment is maintained
constant until the footing settlement is stabilized. The settlement is measured using
two dial gauges, and their average value is adopted. The details of testing program
are given in Table 2.

3 Finite Element Analyses

In the present study, finite element analyses of the strip footing resting slopes are
carried out using the program PLAXIS 2D Connect Edition V20 which is a finite
element software package. Mohr–Coulomb model with drained condition is used in
this study to simulate the soil behavior as it is the simplest model which is based
on the basic soil parameters that can be obtained from direct shear tests: cohesion
intercept and internal friction angle. Since strip footing is used in this study, a plain
strain model is adopted for the analyses. Here the footings are modeled with plate
elements.

Table 2 Experimental program

Type Series ea (cm) eb (cm) θa (°) θb (°)

Lateritic soil A 5 0,2.5,5 30 30

B 0,2.5,5 5 30 30

C 5 5 30 30, 45, 60

D 5 5 30, 45, 60 30
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In the present study, instead of modeling the footing, the indentation caused
by the footing or settlement of the footing is simulated using nonzero prescribed
displacements. The initial geostatic stress states for the analyses are fixed according
to the gravity loading. The soil is modeled using 15 noded triangular elements.
A medium mesh size is adopted for the soil. The outer boundaries of the mesh
are drawn to the same dimensions as that of the tank used for model tests. The
boundary conditions are made in such a way that the displacement of the bottom
boundary is restricted in all directions, while at the vertical sides displacement is
restricted only in the horizontal direction. To simulate the interaction between the
footings and surrounding soil, interface elements are provided between the footings
and surrounding soil.

4 Results and Discussions

4.1 Effect of Distance of Footing from Edge of Slope
(Eccentricity)

Vertical stress versus normalized settlement curves of footings resting on various
levels of slopes with varying eccentricity values are shown in Figs. 3 and 4. The
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Fig. 3 Vertical stress versus normalized settlement curves ea = constant, eb= varying (θa = θb =
30°)
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footing settlement S is expressed in non-dimensional form as S/B (%). Figure 3
presents the behavior with constant upper footing eccentricity (ea) and varying
lower footing eccentricity (eb). It can be seen that when eccentricity eb is zero,
the performance of upper footing is better than lower footing. When eb increased
to 0.5B and B where (B) is the width of footing, the performance of upper footing
gets reduced and due to the influence of upper footing even after increasing the
eccentricity, the performance of lower footing getting reduced. From Fig. 4, which
represents vertical stress versus normalized settlement of footing with constant lower
footing eccentricity (eb) and varying upper footing eccentricity, (ea).

It is seen that when eccentricity ea is zero the performance of upper footing is
better than lower footing. When ea increased to 0.5B and B where (B) is the width
of footing, the performance of upper footing gets reduced, but due to the influence
of upper footing even with the constant lower eccentricity, the performance of lower
footing getting increased. There is a reasonably good agreement of FEA results with
experimental results.
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Fig. 5 Vertical stress versus normalized settlement curves θa = 30° and θb = varying (ea = eb =
5 cm)

4.2 Effect of Slope Angle

Vertical stress versus normalized settlement curves of footings resting on various
levels of slopes with varying slope angle values are shown in Figs. 5 and 6.

From Fig. 5 which presents the vertical stress versus normalized settlement of
footing with constant slope angle for top level of slope, θa and varying slope angle
for bottom level of slope, θb. It can be seen that when top and bottom slope angles
were same (30°), the performance of upper footing is better than lower footing. The
reduction in lower footing performance is due to the influence of upper footing.
When the lower slope angle changes to 45° the upper footing performance increased
and lower footing gets reduced. But when the angle increased more than 45° the
performances got reverse action, i.e., upper footing performance reduced and lower
gets increased. From Fig. 6, which represents the vertical stress versus normalized
settlement of footing with constant slope angle for bottom level of slope, θb and
varying slope angle for top level of slope, θa. It can be seen that when top and bottom
slope angles were same (30°), the performance of upper footing is better than lower
footing. The reduction in lower footing performance is due to the influence of upper
footing. When the upper slope angle changes to 45° the upper footing performance
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Fig. 6 Vertical stress versus normalized settlement curves θb = 30° and θa = varying (ea = eb =
5 cm)

increased and lower footing gets reduced. But when the angle increased more than
45°, the performances got reverse action, i.e., upper footing performance reduced
and lower gets increased. There is a reasonably good agreement of FEA results with
experimental results for both cases. In all the cases, lower footing performance is
lower than upper footing; it is mainly due to the influence of upper footing on the
lower footing, and further, it causes differential settlement for footings.

It is observed from the results that the load settlement behavior of strip footings
resting on lateritic slopes is influenced by eccentricity of footing from edge of slope
and slope angle. The failure loads of the upper footing and lower footing will be
nearly equal when either both upper and lower eccentricities are equal or both the
upper and lower slope angles are equal. So in such cases both the footing will fail at
same time, and a spike is observed in corresponding load settlement graphs.



Studies on Strip Footings Resting on Lateritic Slopes 247

4.3 Contact Pressure Distributions Beneath Footing

4.3.1 Effect of Eccentricity

Figure 7 represents the normal stress distribution beneath the footing with constant
upper footing eccentricity (ea) and varying lower footing eccentricity (eb). The
normal stress is found to be minimum at the center of footing and maximum at
the ends of footing. It can be seen that, in lateritic soil, increasing the lower footing
eccentricity has effect on normal stress distribution. Normal stress is found to be
decreasing for upper footing up to a value of lower footing eccentricity 0.5B where
B is the width of footing, and decreasing for lower footing with the increasing of
lower footing eccentricity (eb).

Figure 8 represents the normal stress distribution beneath the footingwith constant
lower footing eccentricity (eb) andvaryingupper footing eccentricity (ea). Thenormal
stress is found to be minimum at the center of footing and maximum at the ends of
footing. It can be seen that, in lateritic soil, increasing the upper footing eccentricity
has effect on normal stress distribution. Normal stress is found to be increasing for
lower footing and upper footing with the increasing of upper footing eccentricity
(ea).
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4.3.2 Effect of Slope Angle

Figure 9 represents the normal stress distribution beneath the footing with constant
slope angle for upper footing (θa) and varying slope angle for lower footing (θb).
The normal stress is found to be minimum at the center of footing and maximum
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Fig. 9 Normal stress distribution beneath footings: θa = constant θb = varying (ea = eb = 5 cm)
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Fig. 10 Normal stress distribution beneath footings: θb = constant θa = varying (ea = eb = 5 cm)

at the ends of footing. In lateritic soil, increasing the slope angle for lower footing
has effect on normal stress distribution. Normal stress is found to be decreasing for
lower and upper footing up to a value of θb = 45 ˚.

Figure 10 represents the normal stress distribution beneath the footing with
constant slope angle for lower footing (θb) and varying slope angle for upper footing
(θa). The normal stress is found to beminimum at the center of footing andmaximum
at the ends of footing. In lateritic soil, increasing the slope angle for upper footing
has effect on normal stress distribution. Normal stress is found to be decreasing for
upper footing up to a value of θa = 45 ˚ and decreasing the normal stress for lower
footing with the increase of θa.

In all the cases, normal stress peaks are seen at a distance of 0.02 m from the
center on either side of both the footings.

5 Conclusions

Based on the results obtained from experimental and numerical studies, the following
conclusions can be made on the load–settlement behavior of strip footings resting at
various levels on lateritic slopes.

1. Eccentricity and slope angle are major factors which affect the load settlement
behavior of footing resting on slopes.

2. The upper footing adversely affects the load settlement behavior of lower
footing.
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3. The performance of upper footing increased up to a slope angle of 45º.
4. The slope angle and eccentricity of footing from edge of slope have influence

on the normal stress distribution beneath the footings.
5. Normal stress peaks are seen at a distance of 0.02 m from the center on either

side of both the footings.
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Effective Utilization of Waste Plastic
Bottle as Geocell in Road Pavement:
A Numerical Study

Rohan Deshmukh , Gopal Patil, Urvi Bhatt, Ritik Shingote, and Tejas Patil

1 Introduction

The biggest problem faced by the human race in the present era is dealing with
the waste materials being generated at an alarming rate. Due to its production at an
alarming rate, it has become a headache formankind. Themajor wastematerial being
used is waste plastic bottles. Their disposal is such a huge mess that it has become
very difficult to find a solution. Different techniques are being used for finding a
solution. The present study reviews the best solution available for this problem. At
the same time, there is another issue of low bearing capacity of soft soil and loose
sand. There is a need for ground improvement to make structures safe resting on
such soil. A new sustainable method to improve the quality of soil can be developed
with the help of waste plastic bottles. Nowadays there is a shortage of land for the
disposal of waste. Through the use of waste products, this problem can be countered
effectively. This will reduce land pollution which is the effect of excessive dumping
of waste. The sustainable methods may give rise to small-scale industries which may
process the waste material for use. This will boost the economy as well as employ
a large number of people. The use of the waste material to make stabilized soil
can be helpful to reduce the harm to the environment, provide employment as well
as provide an opportunity for small as well as large scale industries and boost the
economy of the country. Because of this several past researchers have attempted to
use these waste plastic bottles as geocell reinforcement for ground improvement.
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2 Literature Review

2.1 Experimental Studies on Waste Plastic Bottle Geocell
(WPBG)

Ramesh et al. [1] performed an experimental study on geocell made up of PET
(polyethylene terephthalate) and on soil subgrade of fiber-reinforced under static
and repetitive load. Improvement was observed in CBR, Resilient Modulus (MR),
and UCS values when soil is reinforced with basalt fiber. When a PET bottle of
80 mm diameter is provided at 1/3H from the top increment is observed in CBR
and MR. Adhana and Mandal [2] carried out an experimental study on fly ash steep
slopes on the soft foundations with and without reinforcement to check the stability
of the steep slope. Results indicated that both geocell strips and geogrid strips made
of waste plastic bottle have a better load-carrying capacity than the unreinforced
soil. Thakare and Sonule [3] analyzed and carried on a detailed experimental study
on all the possible uses of plastic waste bottles for the improvement of soil bearing
capacity. The study observed that the Bearing Capacity Ratio (BCR) was increased
for the spacing of B/8 between the layers. The maximum benefits were obtained at
the space of B/8. The study concluded that the optimum results were obtained by
providing an L/B ratio of 2 with 3 reinforcing layers and with the spacing of B/8.
Lal and Mandal [4] carried out an experimental investigation and suggested that the
maximum load for failure was more for the geocell mattress compared with the strip
geocell when used as reinforcement.

2.2 Experimental and Numerical Studies on WPBG

NadafMaheboobsab andMandal [5] have conducted numerical analyses using finite-
element analysis (FEA) PLAXIS 3D. Results from both experimental and numerical
studies confirmed that the cellular reinforcement made with a waste plastic bottle
allowsmuch better load distribution over a larger area. Lal andMandal [4] studied the
“performance of cellular reinforcement (geocell) in fly ash under the static triaxial
test. With an increase in the height of cellular reinforcement for both the diameters
of reinforcement the Peak deviator stress and shear strength parameters are found
to increase. Similar results are also obtained with Finite element simulation carried
out by using PLAXIS 2D.” Dutta and Mandal [6] “carried out Numerical analyses
of cellular mattress-reinforced fly ash beds overlying soft clay. Results indicated an
improvement in footing capacity by approximately 1.4 times larger over fly ash bed
with the presence of a single geotextile separator.”
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3 Numerical Analysis

3.1 Optimization of WPBG in PLAXIS 2D

Model of standard triaxial loading frame of diameter 75 mm and height 150 mm is
created in Plaxis 2D (Figs. 1 and 2)wherein clayey soil samplematerial properties are
incorporated. The numerical simulation is carried out for 50 mm diameter of geocell
and varying height of geocell as 10, 20, 30, and 40 mm. Axis symmetric model was
considered with Hardening soil model and 15 node triangular elements. Material
possessed undrained behavior. The reduction factor R-inter is 0.87 considered for
reinforced soil. The axial stiffness of geocell is taken as 1000 kN/m. In the model,
horizontal and vertical fixities are incorporated to visualize the failure pattern.
150 kPa of cell pressure is applied. The graph is plotted between deviator stress
(kPa) and axial strain for different geocell heights. One layer of reinforcement was
kept at the center of the model and two-layer of reinforcement were placed at the
1/3rd from top and bottom. Unit weight of 12.2 kN/m3, elasticity modulus (E50) of
2000 kPa were considered for the soil in the analysis.

With an increase in the height of reinforcement geocell, the deviator stress value
and respective strain value were seen increasing (Fig. 3). The optimal depth at which
the deviator stress value came maximum is when the two-layer reinforcement was
placed at one-third height from top and bottom (Fig. 4). It is been analyzed that the
optimized diameter and height of geocell is 50 mm and 40 mm respectively which
is used in PLAXIS 3D for static cyclic loading analysis.

Fig. 1 Triaxial test in
PLAXIS 2D
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Fig. 2 Deformed mesh
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Fig. 3 Result of triaxial test when single WPBG (50 mm Dia.) placed at the center

3.2 Static Cyclic Loading Analysis in PLAXIS 3D

A hardening soil model of size 6 m × 6 m is created in PLAXIS 3D (Fig. 5).
Through this analysis Deformation, Horizontal Tensile strain, Vertical Compressive
strain, Traffic Benefit ratio (TBR), and Rutting Reduction ratio (RRR) is simulated.
An analysis is done for subgrade CBR of 3% and the performance of WPBG is
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Fig. 4 Result of triaxial test when double WPBG (50 mm Dia.) placed at the 1/3rd from top and
bottom

Fig. 5 3D Pavement model

checked against an unreinforced model. Also, a comparison is done betweenWPBG,
conventional geocell of diameter 150 and 350 mm, and geogrids of 20 and 40 kN/m
tensile strength (Figs. 6, 7, and 8). Static cyclic loading with intensity 565 kPa of a
total of 100 cycles is applied on the top of the pavement model to simulate actual
vehicular traffic. The deformed pavement model for geogrid, WPBG, and geocell is
shown in Fig. 9a–c, respectively.

The angle of internal friction (Ø) for subgrade, GSB, and WMM are considered
as 30˚, 43˚ and 48˚. Material properties for all the pavement layers are given in Table
1. Reinforcement properties are given in Table 2. The result of numerical analysis is
plotted in terms of the graph between the number of loading cycles and deformation
(Fig. 10), number of loading cycles and tensile strain (Fig. 11), number of loading
cycles and compressive strain (Fig. 12), rut depth against TBR (Fig. 13) and number
of loading cycles and RRR (Fig. 14) for subgrade CBR of 3%.
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Fig. 6 Geogrid in Pavement

Fig. 7 WPBG (50 mm Dia.) in Pavement

E50, Eoed, and Eur is calculated from the given relation mentioned in PLAXIS 3D
Manual [7]

E50 = E value of pavement layers, Eoed = 2/3 E50, Eur = 3 E50.
E value of pavement layers:

Esubgrade = 10 × Subgrade CBR, EGSB = 0.2 × (GSB thickness)0.45 × Esubgrade,
Egrannular = 0.2 × (GSB +WMM thickness)0.45 × Esubgrade. EBC and EDBM value is
taken from IRC-37 2012 [8] considering reference temperature as 35 °C and VG30
Bitumen grade.
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Fig. 8 Geocell in pavement

)b)a

c) 

Fig. 9 Deformed pavement model for a geogrid, bWPBG, and c geocell
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Table 1 Pavement material properties

Material Thickness
(mm)

Unsaturated
unit wt
(kN/m3)

Saturated
unit wt.
(kN/m3)

E50 (MPa) Eoed (MPa) Eur (MPa) E (MPa)

BC 40 23.3 23.3 – – – 1700

DBM 135 22.6 22.6 – – – 1700

WMM 250 21.8 23 109 72.66 327 –

GSB 380 21.49 23 86 57.33 258 –

Subgrade 1000 17.90 21.2 30 20 90 –

Table 2 Reinforcement Properties

Reinforcement Axial Stiffness (kN/m) Cell diameter (mm) Cell height (mm)

Geogrid 20 kN/m 350 – –

Geogrid 40 kN/m 700 – –

Geocell (Dia. 150 mm) 1000 150 150

Geocell (Dia. 350 mm) 1000 350 150

WPBG 50 60 50
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Fig. 10 Deformation against number of loading cycles
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Fig. 12 Vertical compressive strain against number of loading cycles

4 Results and Discussion

From Fig. 10 it is observed that with comparison to all the types of reinforcement,
conventional geocell is performing well against deformation under static cyclic
loading. WPBG also performing well against deformation compared to geogrid
reinforcements. Similarly, conventional geocell also performing well against fatigue
and rutting failure by reducing horizontal tensile and vertical compressive strain,
respectively in the pavement. WPBG shows the least vertical compressive strain at
the top of the subgrade amongst all types of reinforcement.

When WPBG is encased in the model there is a decrement in deformation by
37% as compared to the unreinforced model. Also, WPBG is seen effective than the
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geogrids of both tensile strengths of 20 and 40 kN/m and Conventional geocell of
size 350 mm.
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4.1 Traffic Benefit Ratio (TBR) and Rutting Reduction Ratio
(RRR)

The benefits of WPBG are also confirming with two new parameters namely, traffic
benefit ratio (TBR) and rutting reduction ratio (RRR). TBR and RRR values for all
the reinforcement are calculated based on Eqs. (1) and (2), respectively.

TBR = Number of Loading Cycles for Reinforced Sectionat perticular rut depth
Number of Loading Cycles for Unreinforced Sectionat same rut depth

(1)

From Eqs. (1) and (2) it is confirmed that the higher the TBR value higher the
benefits of reinforcement because more no. of cycles are needed for a reinforced
section than the unreinforced section for a particular deformation and lower the
RRR value higher the benefits of reinforcement because less deformation is needed
for a reinforced section than the unreinforced section for a particular loading cycle.

From Fig. 13 it is again confirmed that the conventional geocell is better
reinforcement material for pavement due to its high TBR value. WPBG also shows
a good TBR value compared with geogrid reinforcement. Both conventional geocell
andWPBG shows lower RRR value compared with geogrid reinforcement (Fig. 14).

RRR = Rut Depth for Reinforced Sectionat perticular loading cycle

Rut Depth for Unreinforced Sectionat same loading cycle
(2)

5 Conclusions

Conclusions of finite element analysis for WPBG are summarized below,

• Using Finite element analysis in PLAXIS 2D, it is seen that when the height of the
reinforcement increased the value of deviator stress and respective strain value
increased. Themaximumvalue of deviator stresswas obtained at the optimal depth
when the reinforcement was placed at one-third height from top and bottom. From
a 2D analysis, the optimum height and diameter of the geocell are 60 and 50 mm.

• In static cyclic loading analysis, WPBG shows less deformation than geogrids
and geocell of diameter 350 mm. Also, WPBG shows 37% less deformation than
the unreinforced pavement model.

• WPBG shows the least vertical compressive strain at the top of the subgrade
amongst all types of reinforcement. Similarly,WPBGshows less horizontal tensile
strain than the geogrid reinforcement.

• TBR value of WPBG is 2 times than geogrid of 40 kN/m tensile strength and 1.25
times than geogrid of 20 kN/m tensile strength.
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• Both conventional geocell and WPBG shows lower RRR value compared with
geogrid reinforcement.
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Impacts of Temple Waste
on the Environment and Its Mitigation

S. S. Jahagirdar, V. K. Patki, G. J. Kilkarni, and S. B. More

1 Introduction

We give generously to our gods and that is evident from our temple offerings.
It is estimated that some 800 million tons of flowers, including roses and yellow
marigolds, are offered across the temples mosques, and gurudwaras in the country.
Along with flowers vermilion packets, plastic incense packets, and bangles made of
synthetic material are also generated. However, when these generous offerings turn
into colossal waste, it creates a tricky problem that is detrimental to our environment.

The City of Solapur, located in the southern part of Maharashtra, touching the
borders of the States Karnataka and Telangana is an abode to the Lord Siddhesh-
wara. The annual pilgrimage is held in January which attracts lakhs of devotees. The
number swings from hundreds to thousands during the rest of the year. Devotees
present offerings to the gods which is nothing but solid waste after it has served
its purpose. Moreover, the waste generated daily at the temples and periodic reli-
gious gatherings intensifies the complexity of the waste making it harder for the
local bodies to handle and dispose of it. The quantities of the waste and its intri-
cacy increase during the peak festive seasons and pilgrim gatherings. Modernization
and economic development have enhanced the living standard of people through
urbanization which led to an increase in the quantity and complexity of the waste
generated in the cities [6]. In India, the management of urban solid waste (which
includes wastes generated from temples) is considered an increasing and serious
environmental problem that requires immediate resolution [5]. This investigation
has been done to minimize the implication on the MSW management due to temple
wastes. Improper disposal of such waste pollutes all the vital components of the
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living environment, and this problem is more acute in developing nations like India
than developed nations due to the adaption of technologies in waste management in
the latter ones [4]. Mostly, pollution is caused due to littering, which is the improper
and careless way of disposing of small amounts of wastes [2]. Littering is a special
type of waste that largely occurs in the premises of temples, the places where the
devotes temporarily reside during the pilgrimage as well as during any other public
gatherings. The daily solid waste management regime carried by the local bodies is
burdened due to this special kind of solid and liquid waste effluents from the temples
which contain organic as well as inorganic refuse such as floral offerings (Nirmalya),
coconut shells, fruits, polythene bags, plastic, Abhishekam, etc. An attempt has been
made to dispose or reuse such type of temple wastes at the source itself and reduce
the burden on the MSW management which is carried by the Solapur Municipal
Corporation.

Figure 1 shows elements of temple waste commonly observed in temples. Wastes
arising from temples can be categorized as liquid, solid, and gaseous (air emissions).

Few other factors are affecting these waste discharges, namely habits of devotees,
vendors outside the temple and characterization of products, priests and their habits,
etc. Therefore, an attempt has been made to collect, characterize, and analyze two
types of waste discharges, i.e., solid waste and liquid waste. The objective of this

Abhishekam

Miscellaneous

Fig. 1 Elements of temple waste management
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study was to collect, segregate, and analyze solid waste samples and to collect and
analyze liquid waste samples for different water quality parameters.

2 Materials and Methods

For this study, three major temples were chosen from Solapur City, Maharashtra,
India for the sampling process fromwhere the waste samples had been collected. The
following Fig. 2 shows the location of the three sampling sites; Lord Siddheshwara
Temple (LST), Rupa Bhavani Temple (RBT), andMashrumGanpati Temple (MGT).

Solid and liquid wastes samples waste were collected from the above temples on:

• Peak day (PD)—a day having the highest rush
• Average day (AD)—a day/days having the moderate rush
• Lean day (LD)—a day/days having less crowd.

Collected samples were analyzed for pH, chloride content, alkalinity, hardness,
turbidity, conductivity, and dissolved oxygen tests as per standard procedures [1]. On
the other hand, solid waste samples were collected and segregated in the laboratory,

Fig. 2 Maps of Solapur City
indicating sampling locations



268 S. S. Jahagirdar et al.

and its physical and chemical properties such as density, moisture content, volatile
content, carbon content, and nitrogen content were determined.

3 Results and Discussions

Tables 1, 2, 3, 4, 5 and 6 show results of comparative analysis of fresh water and
liquid waste generated during pooja rituals from three temples.

pH of freshwater before Abhishekam is in the alkaline range. However, after
Abhishekam pH reduces because of the addition of milk and curd to water and
comes down to near neutral range. Average values are within BIS 10500 limits. The
change in pH can be attributed to ingredients used during Abhishekam such as milk,
curd, Chandana, Haldi, and Kumkum.

The alkalinity of water before Abhishekam is near to BIS 10500 standards but
after Abhishekam alkalinity of water increases because of the use of milk and curd
during the t process of Abhishekam.

The hardness of water after Abhishekam increases.
The turbidity of Abhishekamwater increases many folds. An increase in turbidity

can be attributed to the use of various materials used during Abhishekam such as
milk, curd, Chandana, Haldi, and Kumkum.

The addition of milk and curd along with water during Abhishekam depletes
oxygen present in water as time progresses. All samples showed DO is absent in
Abhishekam water after a couple of hours. It indicates that biological treatment is
needed to Abhishekam water before it is disposed of.

After segregation of solid waste samples organic and inorganic contents was
determined. Table 6 shows the organic and inorganic contents of solid waste samples.

Results show that solid waste samples collected from all three temples are rich
in organic content. This can be attributed to the use of flowers, tulsi, coconuts, etc.
Inorganic contents were might be because of plastic bags, ash, etc.

Characterization of solid waste samples for physical and chemical properties was
done, and average results are presented in Table 7.

Results indicate that C/N ratio is more than 20 indicating the flower waste can be
composted easily by using traditional composting methods.

4 Conclusion

Instead of letting tons of waste going down the river or any other water body, it should
be collected at one place, sent towaste processing unitswhere it undergoes the process
of shredding, following which the bio-enzymes break down complex waste particles
to create organic manure. Floral waste has a sufficient C/N ratio which is required
for composting. Abhishekam water needs biological treatment before it is disposed
into the environment. A separate study is required to study air emissions from holy
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Table 6 Percentage of organic and inorganic content of solid waste

No. Temple Total weight of sample Organic content Inorganic content

(Kg) (%) (%)

1 LST 3 98.8 1.2

3 99.33 0.67

3 96.97 3.03

2 RBT 3 98 2

3 98 2

3 93.47 6.52

3 MGT 3 98.14 1.86

5 99.02 0.98

3 99.3 0.70

Table 7 Some typical
characteristic of temple waste

S. No. Parameter Flower waste

1 Density 36.4 kg/m3

2 Moisture content 85.42%

3 pH 5.5

4 Carbon content 45.1%

5 Nitrogen content 2.2%

6 C:N ratio >20

places. If liquid waste, solid waste, and air emissions from temples are taken care of
then all temples might become sustainable and smart temples.
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Age and Household Solid Waste Arising
in Suburban Malaysia: A Statistical
Approach

Dani Irwan, Noor Ezlin Ahmad Basri, Kohei Watanabe,
and Ali Najah Ahmed

1 Introduction

A society that is characterized as ageing is a slow and looming disaster to modern
centres of population as it signifies a decline in commercial activity, a shrinking labour
force and also increased healthcare costs. An increase in the average age of a society
signifies not only a slowdown in the working-age population, but also a curtailment
of economic output. Compounded with the main cost of an ageing society, namely
elevated healthcare expenditures, all of the aforementioned are major obstacles for
any city to be truly termed as sustainable.

Additionally, theworld’s population is ever-expanding. In 2011, theworld’s popu-
lation hit the 7 billion mark and in 2013, it stood at 7.3 billion [1]. It is forecasted that
by the year 2100, Earth will have 10 billion inhabitants [2]. With this tremendous
population growth, there has been and will be a commensurate increase in global
municipal solid waste (MSW) generation [3], resulting in copious quantities of solid
waste that is in need of suitable means of handling, processing and ultimately final
disposal.

The issues brought on by the absence of such appropriate solid waste manage-
ment (SWM) measures are multitudinous. Amongst others, these adverse effects
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include environmental pollution [4], degradation of public sanitation [5], compro-
mised quality of life [6] and also a largely irreversible depletion of scarce natural
resources and land area [7].

According to [8, 9], these aforementioned issues are especially prevalent in devel-
oping countries, whereby constraints such as inadequate funding, lack of proper
facilities and technical expertise coupled with common public apathy leads to an
aggravation of the aforementioned issues [10]. Evidently, these problems need to be
solved in an efficient and integrated manner not only for the purpose of diminishing
MSW amounts and hence pollution prevention, but also to avoid depleting already
scarce natural resources and to maintain as high a quality of life as humanly possible,
both of which are goals that are strongly relatable amidst today’s current climate of
heightened environmental awareness.

Generally, in Malaysia, urban areas have higher rates of MSW generation as
compared to their rural counterparts; furthermore, MSW generation in Peninsular
Malaysia is higher than in Sabah and Sarawak [11]. There are a variety of reasons
that this could be attributed to, although many of them are beyond the extent of this
research and will be precluded from further discussion. Nevertheless, it is important
to note that 75% of the Malaysian population dwells in cities and nearby suburban
residential areas. Thus, there is great impetus to focus on the household solid waste
(HSW) component ofMalaysianMSW, in particular those originating from suburban
areas.

The bulk of MSW being produced now consists of household waste. In an extant
study by [12], it was stated that 60–90% of MSW is made up of refuse from house-
holds. Another study by [11] reported that a total of 33,130 tonnes of MSW is gener-
ated daily in the whole of Malaysia, 21,627 tonnes (65.3%) of which is comprised of
HSW. Therefore, sufficient priority should be given to the household waste stream
when planning for and managing waste in a holistic manner. Even so, to date there
has been little discussion made pertaining to household waste specifically. Discourse
has instead been focused on MSW which includes industrial, commercial and insti-
tutional (ICI) sources. Clearly, predicting and managing refuse from households is
a central element in the field of solid waste management, one that holds a profound
interest to the study authors.

Previous studies have suggested that demographic and socioeconomic factors do
affect waste generation rates, chief of which being affluence. According to [13], the
waste output of a country depends on the mean living standards of its people. A
research conducted by [14] investigated the effects a household’s economy on its
production of refuse. The effect of income on MSW generation rates for various
economic levels on a national scale was researched by [15]. More recently, [16]
studied the composition of wastes produced by households based on their mean
annual earnings.

However, income level is not the sole factor thought to have an impact on waste
output. A preceding study by [17] looked into the relationship between electrical
power consumption and residential solid waste arising while [18] investigated how



Age and Household Solid Waste Arising in Suburban Malaysia … 277

per capita HSW is related to education and household size, amongst other demo-
graphic factors. In another study, [19] explored the connection between education
level and employment status to solid waste generation.

More pertinently, [20] posited that age also has a bearing on the quantity of waste a
person produces. In a study by [21], it was reported that households with retirement-
age elderly residents produced more HSW per capita when compared to households
without. Still, the findings of a study conducted by [22] found no rigid correlation
between age and per capita HSW arising.

The question of whether age is in any way related to HSW arising has always been
of singular interest to the study authors. Thus, in this research, the scope of work is
focused on utilizing age as a demographic variable in an effort to achieve the main
objective; that is to determine if age is significantly related to daily HSW generation
per capita in selected suburban Malaysian households through quantitative testing
based on established statistical methods.

2 Methods

This study is an exploratory undertaking that makes use of primary data acquired
directly from field work involving a combination of methods, specifically door-to-
door waste weighing and face-to-face interviews with the household residents or
respondents based on set questionnaire survey forms.

This study was conducted in Bandar Baru Bangi, Putrajaya and Kajang, three
neighbouring suburban townships in the state of Selangor that are approximately
30 kms away from the city centre of the capital, Kuala Lumpur. Ostensibly, the
areas’ local councils and their appointed waste management concessionaires provide
kerbside solid waste collection from households purportedly 3 times a week, either
on Mondays, Wednesdays and Fridays or on Tuesdays, Thursdays and Fridays.

The local climate throughout the study areas is tropical, characterized by high
humidity and precipitation levels throughout the year. Rainfall is brought on by
frequent rainstorms and two monsoon seasons, one running from March to April
and the other from October till November, with the penultimate month of the year
also being its wettest one. The study areas are also subject to a dry season, which
typically occurs from May until September. June is theoretically the driest month of
the year; nevertheless, it still receives around 10 rain days.

Table 1 shows the selected study areas, the housing types present and the number
of houses of each type onwhich this studywas performed. In all, 423 householdswere
selected and sampled from during the course of this study. To best capture varying
socioeconomic levels, the selected study areas were deliberately chosen so that they
consisted of housing elements which are discrete and discontinuous from each other.
The individual households selected for this study were picked mainly due to ease of
logistics and the need to collude with the timing of waste collection vehicles; this is
to enable the study team to work as efficiently as possible within certain constraints
that were imposed with regards to available manpower, transportation and time. The
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Table 1 Types and number of sampled households in selected study areas

Area Housing type Sampled N N post-sporadic exclusion (APP)

Bandar Baru Bangi Bungalows 47 29

Terraced 138 84

Putrajaya Bungalows 25 13

Semi detached 51 30

Terraced 66 26

Kajang Terraced 60 19

Flats 36 18

Total 423 219

selected households are presumed to be analogous to and representative of the entire
neighbourhood and other similar housing projects in other localities in the country.

The first stage of the study is the waste sampling phase. Primary waste generation
data from the households under study was obtained by direct door-to-door weighing
of HSW for 2 weeks and done every day consecutively from Mondays to Saturdays.
The resultant is 12 days’worth ofHSWsampling datawhich constitutes one sampling
phase conducted concurrently in all study areas. Overall, a total of 4 sampling phases
were conducted in pre-determined months over a span of 13 months.

The justification for a two-week waste sampling period is provided in Table 1 of
MS2505:2012 by [23], which stated that the recommendedminimumwaste sampling
period for an academic study pertaining to solid waste is one week. Furthermore, it
is important to note that the study team carefully precluded carrying out the waste
sampling work in months with long school holidays and festive celebrations such as
Chinese New Year and Eid so as to avoid introducing any outliers into the data.

The door-to-door HSW weighing activities were conducted by 3 fieldwork teams
with a team having 2 to 3 personnel each. Every team was also equipped with stan-
dardized digital electronic weighing scales with a maximum capacity of 40 kg, a
resolution of 10 g and a readability of 10 g. The bin sampling method as applied by
[24] was utilized for this study due to its accuracy in identifying the exact source of
the refuse sampled and also because it ensures that waste is not amalgamated during
sampling.

Standard operating procedures during the waste sampling phase is for the field-
work teammembers to identify, withdraw and then uncover thewaste bin of the house
currently being sampled, extricate all the waste that has been discharged within and
then weigh the same using the provided digital scale. Waste that are loose or those
that has been scattered inside the waste bin were repackaged in new litter bags and
then weighed whenever possible. Materials that were sorted into distinct categories,
meaning those that were obviously sorted with a purpose to facilitate recycling activ-
ities, were weighed and recorded separately from commingled waste. The standard
operating procedure outlined above deviates slightly for flats. This is because the
building utilizes a built-in chute system which conveys the waste deposited into the
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chutes on the upper floors directly to the ground-level communal waste receptacle,
from which the fieldwork team members would extract the accumulated waste from
before proceeding to repackage them if necessary and weighing the same.

With regards to demographic data of the sample, a face-to-face questionnaire
surveywas performed on all of the sampled households immediately prior to the third
sampling phase. The face-to-face method was employed because it has been shown
to be the most reliable questionnaire survey approach, especially in the collection
of socioeconomic figures [25]. The survey ran for a period of 16 days and involved
11 trained student enumerators who worked under supervision for 277 man-hours to
complete this phase of the study. Together, they managed to survey 69.03% of the
sampled households successfully.

The questionnaire survey form used by the enumerators consists of 24 questions
pertaining to the various demographic, socioeconomic status and waste management
habits of the household under study. Amongst the more pertinent questions in the
questionnaire survey is regarding the number of persons living in the house, which
is crucial for calculating per capita HSW generation. Another salient question asks
the respondent to state the approximate combined monthly income of their entire
household.

Every effort was made to sample all the houses that were selected. For example,
call cards were left in the mailboxes of houses that were vacant and those that seemed
to be devoid of occupants even after repeated visits by the enumerators. Call cards
were also given to uncooperative or aggressive respondents. These call cards implored
the reader to visit the URL of a website which in turn leads to a link that enables them
to download a soft copy of the survey questionnaire form. The respondent can then
fill out the questionnaire form at their convenience after which they were instructed
to submit the filled-out form to the study team via email.

The demographic data acquired from the questionnaire survey exercise is then
studied in parallel with the waste arising figures from the 4 waste sampling phases
to determine the daily per capita HSW arising and age characteristic of the sampled
households. Analyses were carried out via established parametric statistical testing
methods such as independent samples T-test and Pearson’s product-moment bivariate
correlational assessment primarily using IBM SPSS Statistics version 21 and also
Microsoft Office Excel.

3 Results and Discussion

The initial step undertaken prior to statistical analyses is data refinement, whereby
outliers and unreliable data points were omitted from the dataset in order to preserve
accuracy and avoid erratic results in the analysis. Houses that were vacant or that
discharged waste too sporadically such as guesthouses and houses that were only
occupied on the weekends were precluded from the final data analysis. A house is
designated as being sporadic if it has more than 4 zero readings in one sampling
phase.
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After all sporadic and questionable premises were excluded, together with house-
holds for which there were no questionnaire survey data, the number of houses that
remained for analysis was presented earlier in Table 1. This set of houses is identi-
fied as the All Periods Present (APP) dataset. The APP dataset signifies houses that
consistently produced good reliable data and discharged waste regularly throughout
the whole 13 months sampling period. Overall, a total of 4623 distinct data points or
measurements from 219 households present in the APP dataset were analysed in this
study. Table 1 of Malaysian Standard MS2505:2012 by [23] states that the number
of samples required for the purpose of an academic study on HSW is 50 premises
minimum, which this study’s 219 premises far exceed.

The dependent variable (DV) in this study is ‘Avg’, a continuous variable and a
direct representation of daily per capitaHSWgeneration of a household (also denoted
as a ‘case’ in SPSS) averaged over the 4 waste sampling phases. This DV is in units
of kilograms per capita per day (kg/cap/day). There are two independent variables
(IV) used in the analysis, namely ‘Weighted Avg Age’ and ‘Code Avg Age’, both of
which rely heavily on demographic data acquired from the questionnaire survey.

To better represent the age variable of the sample in the SPSS data editor and
analysis, the weighted average age of each household was calculated by applying
the ensuing method. In the questionnaire survey form, the question regarding age
of the household’s residents were given as six age brackets with predefined set age
ranges (newborn–3, 3–18, 19–29, 30–44, 45–58 and above 58-years old). Respon-
dents answer by indicating the number of the residents that belong in each applicable
age bracket. Then, the number of people in every age bracket was multiplied by the
mid-point or the median of the said bracket’s age range. For example, for the 19–29-
years old age bracket, the median value is 24-years old. If there are two people in
the household that belong to this age bracket, then the result of the multiplication is
equal to 48. Note that the upper range of the ’above 58-years old’ age bracket was set
at 73-years old, which is the Malaysian life expectancy at birth [26]. The products
of these multiplications for every age bracket were subsequently summed up and
finally divided by the total number of residents in that particular household to obtain
the weighted average age of the same and therefore the IV ‘Weighted Avg Age’.

The other IV employed in the analysis, ‘Code Avg Age’ is a categorical IV whose
synthesis is based on the aforementioned weighted average age variable. It separates
the sample into younger and older households based on the Malaysian population’s
median age of 27.1 years [27] as a line of demarcation. Households with a weighted
average age of 27.1 years and belowwere designated as ‘younger’ households, whilst
those that had a weighted average age exceeding 27.1 years were denoted as ‘older’
households. The presence and absence of elderly people aged 58-years old and above
in each sampled household were also recorded and derived into a separate categorical
IV titled ‘Elder’. Similarly, the presence or absence of toddlers were codified in
another categorical IV titled ‘Toddler’. Here, toddlers are defined as children who
are under 3 years of age.

To determine if younger households discharge HSW at a similar rate to older
households, an independent samples T-test was performed. Table 2 shows the results
of the independent samples T-test between the DV ‘Avg’ and IV ‘Code Avg Age’. 95
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Table 2 Independent T-test result of ‘Avg’-‘Code Avg Age’

‘Code Avg Age’ (IV) n Mean of ‘Avg’ DV
(kg/cap/day)

Std deviation Sig Eta2

Younger 95 0.33 0.21 0.52 0.0019

Older 124 0.35 0.2

households of the sample (43.4%) were designated as younger households, whilst
124 (56.6%) were denoted as older households.

It could be seen that the older households group had a higher mean value along
the DV ‘Avg’ of 0.35 ± 0.2 kg/cap/day. In comparison with the group consisting of
younger households had aDVmean value of 0.33± 0.21 kg/cap/day. This essentially
means that older households discharged more HSW per capita daily as compared to
their younger counterparts. However, this discrepancy was found to be statistically
insignificant because the p-value is in excess of 0.05.Thismeans that at the 95%confi-
dence interval, no statistically significant difference between the groups is percep-
tible. Therefore, the null hypothesis is accepted and favoured over the alternative
hypothesis.

The eta square value for this T-test pairing was calculated to be 0.0019, which
according to [28] signifies that the effect size of a household’s age on their HSW
generation is very small.When expressed as a percentage, only 0.19% of the variance
in the DV ‘Avg’ is explained by the IV ‘Code Avg Age’.

In an effort to investigate whether households that had elderly residents generated
more or less waste than households without, another independent samples T-test was
carried out. The result of the T-test between ‘Avg’ and the IV ‘Elder’ is presented in
Table 3. It was observed that the group of households with elderly residents present
had a higher rate of daily HSW generation per capita (0.39± 0.23 kg/cap/day) when
compared to households in which elderlies are absent from (0.33± 0.2 kg/cap/day).

Nonetheless, similar to the findings of the previous T-test, the difference between
the two groups was deemed to be insignificant from a statistical standpoint due to the
p-value surpassing 0.05. Likewise, the null hypothesis was accepted and favoured
over the alternative hypothesis in this T-test pairing. With regard to effect size, the
eta squared value returned was 0.01. This denotes a small effect size [28] and that
1% of the variance in the DV ‘Avg’ can be explained by the IV ‘Elder’.

Conversely, the question of whether households in which toddlers are present as
residents produced more solid waste per capita than their contemporaries was also
explored. Table 4 shows the output from the independent T-test between the DV
‘Avg’ and the IV ‘Toddler’.

Table 3 Independent T-test result of ‘Avg’-’Elder’

‘Elder’ (IV) n Mean of ‘Avg’ DV (kg/cap/day) Std. deviation Sig Eta2

Absent 180 0.33 0.2 0.1 0.01

Present 39 0.39 0.23
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Table 4 Independent T-test result of ‘Avg’-‘Toddler’

‘Toddler’ (IV) n Mean of ‘Avg’ DV (kg/cap/day) Std. deviation Sig Eta2

Absent 176 0.34 0.2 0.96 0.0014

Present 43 0.34 0.22

It can be seen from Table 4 that both groups of households that are being tested,
namely households with toddlers as residents and those without, have similar values
for per capita daily waste arising and that is 0.34± 0.2 kg/cap/day. As to be expected
from the comparable mean values along the DV, this independent samples T-test also
returned an insignificant finding with a p-value of 0.96.

In terms of effect size, the eta squared for this T-test was calculated to be 0.0014.
Based on [28], this signifies a very small effect size. Consequently, the toddler
variable is only able to explain 0.14% of the variance in the DV.

In view of the above test results, it would only be natural to wonder about house-
holds that have neither toddlers nor elders as occupants and also those that have both.
To address this line of inquiry, the one-way analysis of variance (ANOVA) is another
statistical test that was conducted on the study sample. Through utilization of the
one-way ANOVA, comparisons along the DV could be made between 3 or more
groups within the sample. In this instance, the sample was split into 4 groups: one
group of households having only elders (but no toddlers) as part of their occupants,
one group of households with only toddlers (but no elders), another group in which
both toddlers and elders are present, whilst the last group consists of households that
have neither amongst their residents. Table 5 presents the results of this one-way
ANOVA.

Scrutiny of Table 5 shows that neither elders nor toddlers are present as occupants
in the majority of households in the sample. This is followed by households that
count either toddlers or elders as part of their occupants, both of which are more or
less equally divided in terms of numbers. Households that have both toddlers and
elders are in the absolute minority, numbering only 3. In terms of per capita daily
waste generation, the group of households with both toddlers and elderly occupants
have a slightly lower mean value along the DV ‘Avg’ (0.3 ± 0.44 kg/cap/day) as
compared to the group of households that have neither (0.33 ± 0.19 kg/cap/day).
Figure 1 is the means plot of this ANOVA test, which is a graphical representation
of the abovementioned findings. It is of probable note that the HSW generation rates

Table 5 Output of one-way ANOVA

ANOVA grouping n Mean of ‘Avg’ DV
(kg/cap/day)

Std. deviation Sig Eta2

Have elders 36 0.39 0.24 0.3 0.0169

Have toddlers 40 0.34 0.23

Have both 3 0.3 0.44

Have neither 140 0.33 0.19
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Fig. 1 Means plot of the one-way ANOVA

of the group of households with both toddlers and the elderly and those without both
are lower than the other two groups, namely households that have just toddlers but
no elderly and vice versa.

Still, the significance value of this ANOVA test as shown in Table 5 is in excess of
0.05, therefore denoting statistical insignificance. This indicates that no statistically
significant difference exists amongst the mean scores of the four household groups
being compared. The resultant eta squared value calculated for this ANOVA test
signifies a small effect size according to the aforementioned guideline by [28].

With respect to the correlation between HSW arising and age, the salient variable
should be first considered. Figure 2 is the histogram for the continuous scale IV
‘Weighted Avg Age’, in which it can be seen that the main cluster of the calculated
weighted average age values is concentrated around the 30 years mark. This corre-
sponds with the mean value of the weighted average age of the sampled households
which is 30.13 years with a standard deviation of±9.68 years. Hence, it would seem
that the study sample has a mean weighted average age that is generally slightly
above the reported median age of the Malaysian population, which is 27.1 years.

Figure 3 illustrates the scatterplot of the bivariate Pearson’s correlational analysis
between the DV ‘Avg’ and the IV ‘Weighted Avg Age’. Visual inspection yields the
fact that the data points in the scatterplot are quite dispersed and does not conform

Table 6 ‘Avg’-‘Weighted Avg Age’ correlation analysis results

n r p Coeff. of determination % of shared variance

219 0.11 0.1 0.01 1
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Fig. 2 Histogram of the IV ‘Weighted Avg Age’

Fig. 3 Correlation scatterplot of ‘Avg’-‘Weighted Avg Age’
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to a linear line. Most data points are clustered around the 30-years old mark and the
lower range of the DV ‘Avg’. Further numerical scrutiny is warranted and is duly
provided by examining Table 6.

Table 6 presents the results of the bivariate Pearson’s correlational analysis
between the DV ‘Avg’ and the IV ‘Weighted Avg Age’. The Pearson’s Correla-
tion Coefficient value, r, of 0.11 indicates that a positive correlation exists between
the said variables. However, the significance value returned for this variable pairing
is 0.1, denoting insignificance. Hence, the null hypothesis stating that no statistically
significant relationship between the two variables is perceptible is hereby accepted
and favoured.

Considering the abovementioned r value and based on guidelines laid out by [28]
suggests that the relationship between per capita HSW generation and the weighted
average age of a household has a small effect size. By squaring the r value, we
arrive at the coefficient of determination that is calculated to be 0.01. Converting it
to percentage form gives 1%. This means that the DV ‘Avg’ and the IV ‘Weighted
Average Age’ share only 1% of their variance. In other words, there is not much
overlap between these two variables [29]. Alternatively, it can be said that a house-
hold’s weighted average age helps explain 1% of the variance in its per capita HSW
generation rate.

The preceding statistical testing yields several important outcomes. More specif-
ically, it was revealed throughout the course of this research that older households
and households with elderly residents both discharged HSW at slightly elevated
rates as compared to their respective counterparts. Identical HSW arising rates were
observed in households with and without occupants belonging to the toddler age
group. In addition, it was also determined that households with both the elderly and
toddlers as part of their residents discharged HSW at a very similar rate to those
households with neither. Lastly, there is evidence to suggest a positive, albeit small,
correlation between per capita HSW arising and weighted average age. Simply put,
the test findings of this study show that higher rates of HSW arising are associated
with advancements in age. The above outcomes are in line with the findings of [22]
and also of [21].

Even so, it is important to note that all of the above outcomes were found to be
insignificant from a statistical perspective. In other words, even though there were
discernible differences were observed between the groups, at the 95% confidence
interval the values exhibited along the DV did not differ sufficiently from each other
to be statistically significant. As for the correlation test, higher HSWgeneration rates
could be correlated to higher weighted average age amongst the sampled households;
however, the relationship between the two is not substantial enough to be significant
from a statistical standpoint.

Additionally, a key aspect that should be kept in mind regarding any correla-
tional analysis is that correlation does not imply causation. It cannot be said with
certainty that onevariable necessarily causes a change in theother andvice versa, even
when the outcomes show a strong positive correlational relationship. This is because,
more often than not, causality could be attributed to more than just one factor; chief
among them being the presence of another confounding variable, whether measured
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or unmeasured that impacts the results of the correlation analysis. In this instance,
it is more accurate to say that higher rates of per capita HSW generation have been
observed in households attributed with older weighted average ages.

4 Conclusion

A truly efficient, sustainable and integrated solid waste management system is pred-
icated on having the most accurate data on solid waste generation available [30].
This is reiterated by [31], who stated that ‘accurate information on the quantities
of solid waste being generated is fundamental to all aspects of solid waste manage-
ment’. Crucial planning and operational parameters such as collection frequency,
type of waste treatment and final disposal capacity requires accurate data on how
much refuse is produced.

Population ageing together with unrelenting urbanization are major obstacles to
be overcome in the twenty-first century. As cities grow, the portion of their older
population grows commensurately. This not only requires a truly sustainable city
to adapt to cater for an ageing population, it also necessitates a more nuanced and
holistic approach in their methods of solid waste planning and management in order
to ensure that their impacts on the environment remains minimal both in severity and
quantity.

With the information gleaned from the outcomes of this study at hand, poli-
cymakers and stakeholders could formulate protocols and conduct integrated and
sustained efforts that would serve to target the increasing HSW arising from specific
age groups. Educational and awareness raising programmes could be tailored to suit
the needs of younger or older target audiences and/or participants. More impor-
tantly, adequate measures should be undertaken to provide sufficient resources and
the necessary infrastructure to handle the burgeoning amounts of HSW that will be
generated in the future. Indeed, this is made all the more imperative in a country
that is approaching the ageing nation status at an accelerated pace such as Malaysia,
where according to [32], 14.4% of the population is forecasted to be above 60-years
old by the year 2030.
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Feasibility Study on Municipal Solid
Waste (MSW) as Sustainable Engineering
Material Using Suction Characteristics

M. V. Shah and A. J. Brahmbhatt

1 Introduction

In all around the globe, unsaturated soils are frequently found as surface soil as
well as soils available at shallow depth especially arid and semi-arid regions. For
unsaturated soils, compressibility and suction are very prominent parameters relating
its moisture conditions. Soil suction formed due to capillarity effect occurs in the
compressed unsaturated soil due to the presence of water and air in it. Only few
literatures available on classification of municipal solid waste (MSW) due to the
variability of minerals presented in it. Suction characteristics reflect the role of water
in the compressed sample, and thus, suction ofMSW is very much essential for carry
out its re-usability study. The suction characteristics and compressibility of MSW
at various moisture content are required to study for understanding its behavior as a
compressed fill under different weather conditions.

In numerous study, it is shown that as per the IS: 1498-1970, MSW lies in the silty
sand (SM) or poorly graded sand (SP) group of soils and in MSW almost 75–80%
of granulated particles were observed. MSW used is well segregated and particles of
larger size were removed from the sample. The index and engineering characteristics
of the MSW show its similarity with silty sand. The suction and compressibility
characteristics of MSW were compared to that of silty sand which having low-free
swell index and of low plasticity to show the influence of minerals presented in
MSW and check its suitability as engineering fill material. Suction, compressibility
and microscopic study were carried out at optimum moisture content (OMC) and
on dry side and wet side of optimum. The same characteristics of soil and MSW
samples were also observed for submerged condition as the samples were soaked to
water for 24 h.

M. V. Shah (B) · A. J. Brahmbhatt
L.D. College of Engineering, Ahmedabad, Gujarat, India
e-mail: drmvs2212@gmail.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
I. Pal and S. Kolathayar (eds.), Sustainable Cities and Resilience, Lecture Notes in Civil
Engineering 183, https://doi.org/10.1007/978-981-16-5543-2_24

289

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-5543-2_24&domain=pdf
https://orcid.org/0000-0003-0348-4816
mailto:drmvs2212@gmail.com
https://doi.org/10.1007/978-981-16-5543-2_24


290 M. V. Shah and A. J. Brahmbhatt

Suction basically differentiated into total suction, matric suction and osmotic
suction. For measuring all three components of suction characteristics, filter paper
method using ASTMD5298-10 is very much effective as well as one of the methods
which provides wide range of suction measurement. MSW samples were further
observed for void space in it using a microscope having large magnification factor
and capable of reflecting the 3D projection of sample to understand the role of
moisture in void formation.

2 Experimental Programs and Discussion

MSW classification takes place through sieve analysis method as per IS 1498-1970,
and it is classified as SP group of soil. Though it may contain some volatile mate-
rials in it, the energy dispersion X-ray (EDAX) analysis and proximate analysis on
the waste is carried out using IS 1350 (Part-1) 1984. The waste used here contains
very less amount of organic/inorganic content as over the years due to the compress-
ibility waste materials converted into soil like material. Figure 1 shows the graphical
representation of volatile matters as a result of EDAX analysis.

Further, direct shear test and standard proctor test was carried out to measure
cohesion, angle of internal friction and optimum moisture content of the soil and
solid waste. The engineering properties of waste and soil were shown in Table 1. For,
reflecting the behavior of bothmaterials in variousweather condition, compressibility
and suction was observed at moisture content below OMC (−2 and−4%) and above
OMC (+2 and +4%) along with the one at OMC.

Fig. 1 Peak intensities of various elements present in MSW observed using EDAX analysis
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Table 1 Properties of solid waste and soil

S. No. Description Indian standards Solid waste Soil

1 Particle size IS:2720–4 cu = 3.43,
cc = 1.17

cu = 4.63,
cc = 2.14

2 Soil classification IS:1498-1970 Poorly graded sand
(SP)

Silty sand (SM)

3 Specific gravity IS:2720-3 G = 2.24 G = 2.65

4 Compaction
criteria

IS:2720-13 C = 5.8 kN/m2, ø =
32°

C = 19.6kN/m2, ø =
30°

5 Moisture and dry
density

IS:2720-7 OMC = 18.5%,
MDD = 15.76 kN/m3

OMC = 12.5%,
MDD = 18.74 kN/m3

2.1 Suction Characteristics and Strength Comparison

Pirana landfills were about 10-years old, and the material extracted to study was
beneath 1 m depth of the top surface of fill. Thus, in unsaturated landfills like Pirana
suction characteristics play very important role in its compression and strength. Filter
paper method allow to measure all three components of suction and support entire
range of soil suction. Also, the range of suction for MSW is not previously known
that is the basic reason to adopt this method for the study and many of the research
study supports its effectivity of suction measurement.

For un-soaked sample, total suction for the MSW ranges from 310 to 537 kPa,
which is similar to that of silty sand as total suction for silty sand is 340–480 kPa.
However, there is a decrement observed in suction values for soaked condition. The
range is declined to 53–129 kPa for soil and waste. The osmotic suction is higher
for solid waste (ranges from 237 to 403 kPa) and plays major role to develop total
suction. In soil, the matric suction covers the majority stretch of the suction range as
it lies between 287 and 286 kPa. Matric suction (ua − uw) reflects effects of textures
of material and capillary effect in soil due to water present in it and osmotic suction
(π) shows the effect of disbanded ions and various salts in the samples.

Figures 2 and 3 show the suction values of soil andMSWfor un-soaked and soaked
sample, respectively, for different moisture content. The values clearly elaborate the
behavior of theMSWwith variation of moisture, and the suction shows decremented
nature with increment in moisture. The nature of suction in the soil follows the same
pattern. The suction reduces to considerable amount as the sample is soaked into
water for 24 h that is due to the effect of submergence on compacted fill. On the dry
side of optimum, the higher values of suction are observed for both soaked as well
as un-soaked condition than that of on wet side of optimum.

The strength (S) of theMSWis further calculated using the compaction parameters
and compared it to the suction characteristics. The results show that there is an
increment in strength of the MSWwith an increase in suction. Thus, the compaction
on dry side of optimum will get higher strength than that of wet side of optimum.
Thus, it is considered to compact the waste on dry side of optimum for practical
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Fig. 2 Suction characteristics of soil and MSW for un-soaked sample at various moisture content
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Fig. 3 Suction characteristics of soil and MSW for soaked sample at various moisture content

purposes. Figures 4 and 5 show the strength vs. suction representation of MSW for
both the conditions. The considerable decrement in strength for soaked sample shows
the influence of submergence on compressed fill.
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Fig. 4 Strength versus
suction of MSW for
un-soaked condition
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Fig. 5 Strength versus
suction of MSW for soaked
condition
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2.2 Compression and Suction Relation

Compressibility of soil is essential component for the soil strength and to observe
its relativity with suction the consolidation components were observed using IS:
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2720-15 for MSW and silty sand for different moisture contents and the load versus
coefficient of consolidation (CV ) was prepared as shown in Fig. 6.

The comparison of consolidation parameters such as compression index (CC),
coefficient of consolidation (CV ), coefficient of compressibility (av) coefficient of
volume change (mv) with soil suction indicates that the cc, cv, av and mv reduces
with increase in suction. Figure 7 shows the decremental pattern of CV as suction

Fig. 6 Increment in CV
values for different moisture
content
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increases. This indicates that the compressibility behavior of soil is a function of soil
suction (which depends on soil moisture content).

Hence, it can be concluded that unsaturated soil is expected to show lower
compressibility as compared to saturated soil. Suction plays very important role in
compressibility of solid waste and the relation of suction and compressibility shows
the consolidation reduction with increment in suction. As the waste is compacted on
dry side of optimum the higher suction and lesser consolidation is takes place due to
the reduction in water availability.

2.3 Pore Size and Void Formation Observation

Tounderstand the increment in strength ofMSWaswemove toward dry side, the void
formation in the compressed structure is observed using microscope. Also, Laplace
equation suggests that pore size has direct relation with matric suction (Ψm), the
relation given asΨm= 4 T/d, the T is interfacial tension at air–water–solid interface
= 0.072 N/m. So, by knowing the matric suction, the pore diameter can be easily
carried out.

Figures 8 and 9 show the pattern of average pore diameter of compressed sample
for different suction values for un-soaked and soaked conditions, respectively. The
void formation in soaked sample considerably increases than that of un-soaked
sample, and the same scenario is observed in silty sand sample. The reason behind
this is the sample is soaked for 24 h which allows water to further penetrate into the
small pores of compressed fill and widen the pores.

Fig. 8 Suction versus pore
diameter of MSW for
un-soaked condition
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Fig. 9 Suction versus pore
diameter of MSW for soaked
condition
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By using optical microscopy, it becomes easier to visualize the different ingredi-
ents such as soil particle, brick particle andpieces of plastic or glass, if any. Themicro-
scopical study was also carried out onMSWusingmicroscope of high-magnification
factor 50X. Figure 10 represents the void size variations in MSW sample. The dry
side of optimum is showing more continuous structure than that of on wet side of
optimum, and that must be the reason behind the relatively more strength on dry side
of optimum than wet side.

The depth of various voids observed by converting the high-resolution images of
MSW into 3D image using Helicon focus software. Relatively deeper voids were
shown in wet side than that of dry side. The same study conducted on soil sample
also and the results elaborates that the moisture variation plays important role in void
formation and size of the pores.

Fig. 10 Void space in MSW for dry and wet side of optimum
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3 Conclusion

The study presents the importance of suction characteristics in municipal solid waste
and the effect of suction characteristics of MSW in pores formation and attempt
toward establishment of relationship of suction to compressibility and suction to
strength, and the properties ofMSWwere further compared to silty sand for observing
the suitability ofMSW in absence of fillingmaterial. The following conclusions were
carried out:

• Suction is very much essential component for understanding the behavior of
compressedMSWas a fillingmaterial and has considerable impact on the strength
and compressibility of the waste.

• For MSW, the suction is a reflection of the volatility present in it and the osmotic
suction becomes very much important as compared to matric suction.

• The average pore size calculated in the study for silty sand and MSW at OMC,
indicates higher average pore diameter forMSWas compared to silty sand.Hence,
the corresponding capillary pressure causingmatric suction is higher for silty sand
as compared to MSW. Further, this also explains the higher dry density of silty
sand at OMC as compared to dry density of MSW at its OMC.

• The deviation observed in compressibility characteristics and suction parameters
were due to intra and inter structure moisture mobility, which is playing vital role
and creating viscous and non-viscous film on particle because of organic contents
present in this MSW.

• The soaked samples were also present the same pattern for suction characteristics;
however, the values of suction are lesser compared to that of un-soaked samples
of MSW and silty sand for different moisture content. The submergence reduces
the strength of the soil and MSW.

• The variation in suction is clearly define the role of moisture mobility in unsatu-
rated state. As the moisture variation plays major role toward the force required
to extract water from pores and ultimately suction characteristics.

With proper segregation and by adding some important construction materials
like lime, ash, etc., and by making it inert material, MSW can becomes reusable
item. The suction has un-avoidable impact on strength, compressibility and pore size
of the compressed mass. The compaction on dry side of optimum is preferable for
achieving higher strength and more continuous structure of compressed solid waste.
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Smart Sustainable Cities: Principles
and Future Trends

Bharani Alagirisamy and Poornima Ramesh

1 Introduction

The United Nations predicted that 66% of the world’s population would live in urban
areas by 2050 [64]. This indicates a substantial challenge in environmental and social
sustainability issues [45]. Furthermore, the shape of the new cities was perceived as
a cause of social and environmental issues. In addition to the inefficiency of the built
environment, cities consuming about 70% of global capital, and thus, as a result of
the urban population, the scale of the associated economic and social activities, are
the main users of energy resources and are substantially contributing to greenhouse
gas emissions (GHGs). Therefore, the current debates within urban and academic
contexts continue to concentrate in response to significant problems emerging from
the rapidly changing urbanisation as well as the unsustainability of current urban
structures on the role of sustainability in urban planning and architecture.

Many nations worldwide are practising sustainable growth. This is apparent in the
development of modern urban communities. The rationale behind this new boundary
of urban planning is the revived awareness of the growth of human resources, safe
living conditions and environmental issues [4, 58–59]. However, some essential
factors must be present if a city is to be deemed sustainable. The sustainability
dividends can be accomplishedwhen pairedwith educated and ready people (sustain-
able education, green energies, energy conservation, sustainable transport, sustain-
able housing, waste management, etc.). A sustainable city uses fewer renewables
than its rates of production and uses less than the rate at which renewable alterna-
tives are produced, thus reducing their environmental effects [28]. In the future, the
transformation of towns into permanent settlements will be one of society’s biggest
challenges [46]. Cities are centres for electricity usage but, thanks to their infrastruc-
ture and existing capital, having tremendous potential for incorporating green energy
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[16]. There are various possibilities for certain sustainable energy. The emphasis on
a green energy resource in particular, however, is itself a need of the hour [48]. In the
sustainable development sector, it is all about the distinction between a sustainable
building and a green building [19, 25], as is the real meaning of what constitutes
a sustained building. If the environmental impact of a building can be reduced to
reasonable standards, it can be defined as green, while sustainable buildings have
to meet many more. There are many standards for a sustainable building, including
human and environmental health, cultural heritage, social equity and social infras-
tructure [10] which define the sustainable construction of a building. The critical
natural, social and economic impacts of construction have been well documented
[34, 47, 49].

2 Sustainable Cities

Sustainable development undoubtedly has global coverage, but successful policy
initiatives have to be targeted towards meso-orientation, for example by targeting
individual economic sectors and regions, rapidly increasing. A geographic or urban
angle is also definitely warranted in order to evaluate sustainability in an organi-
sational context. In an urban setting, sustainable growth refers to a city’s capacity
for attaining a social, demographic, environmental and technical standard that in the
long term strengthens the base of the urban structure itself. Only by initiating effec-
tive policy strategies is an environmental-friendly growth of a community feasible.
The introduction and application of these ideas in various cities around the world is
obviously different because each city has its own unique spatial, political and envi-
ronmental context. Nevertheless, general integrative principles and protocols for
assessment can be created and recommendations for the sustainability programmes
ofmany cities. Sustainable cities require taking the entire life of buildings into consid-
eration, the sustainability of the environment, the nature of functions and potential
values. The cautious alignment of architecture with the electrical, mechanical and
structural engineering tools therefore represents a sustainable structural concept. The
design team must take into account the long-term expense of natural, financial and
human capital, in addition to the conventional massing, orientation, proportion scale,
texture, shadow and light aesthetics. Construction adds even more than we know to
the quality of life. The climate surrounding the construction of the building promotes
an alternative and cohesive solution. As sustainability continually influences the lives
of businesses, people and the broader community, there are also growing opportuni-
ties for responsible and integrated thought. Biomimetic goods have four key goals for
industrial sustainability: energy conservation and resource efficiency, toxic chemicals
removal and regulation, the use of sustainable, biological resources and the addition
of functions of materials and structures. Sustainable urban planning policies should
also cover many sectors, for example urban rehabilitation, urban land use, urban
transit networks, urban energy management, urban and conservation design, as well
as urban cultural policies. In order to increase awareness of modern towns’ sustained



Smart Sustainable Cities: Principles and Future Trends 303

growth problems, quantitative metrics that include minimum production thresholds
and vital threshold levels must then be identified, calculated and used as prediction
methods. These critical thresholds will be shared by local authorities with all other
urban space stakeholders (including the private sector). Sustainable urban planning
is clearly a mechanism rippled with controversy and inconsistency. Commitment
by key stakeholders in the city to strict environmentally balanced urban planning is
crucial if sustainability policies are to be enforced effectively. This will also involve
economic (market) incentives to improve productivity and cope with the negative
facets of urban life in modern times. If a balanced strategy for urban growth is not
established, urban spread will be strengthened and urban issues will become evident
in a much larger region [55].

3 Sustainable Urban Development and Sustainable Cities

The term of ‘sustainable settlements’ is intriguing forever. Global and local commit-
ments currently exist to make communities prosperous through separate ‘sustainable
urban growth’ processes. Many actors engage in the academic and realistic facets of
the film. For example, we see social scientists, experts on architecture and natural
habitats, technicians and artists focusing on research and the development of policies
and initiatives to fix sustainable urban elements. But it is problematic to know if we
are really moving towards sustainable cities. In some ways, in raising the image of
sustainable cities in the last 30 years, so much has been done that transformation is
encouraging. The vocabulary of sustainability is infused with urban policy around
the world and several exemplary projects can be found. However, we seem in some
ways to go downwards to the point that hope is impossible to see. The rising popu-
lation and lack of capital are escalating urban issues in developed countries. We see
major new infrastructure and development schemes in the developing world, which
defy any notion of sustainability but which are celebrated by the public and the
industry. While enormous progress has been made in some fields of knowledge or
some remarkable realistic measures, an impression of reform ‘on the ground’ is quite
inconsistent or at least fractured. In the background of this dynamic image, often it
is difficult to see the obstacles that common sustainable cities’ face. However, in
conceptualising progress centres, part of the issue lies in what we feel we want to
see what improvements we want to make and what we value as ‘progress’. The key
obstacles are this conceptualization of sustainable cities. The following parts define
(but not according to their significance) the ideals of sustainability, their key values
and importance in creating strong sustainable cities [12]. The vital principles for a
sustainable city are presented in Fig. 1.
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Fig. 1 Sustainability principles for modern sustainable cities

4 Renewable Energy

The introduction of green energy is a key prerequisite to meet environmental targets
and is the best and the simplest. In both developed and emerging countries, a move-
ment towards sustainable strategies for the introduction and deployment of renewable
energy can be studied in the metropolitan areas. Renewable electricity in rural and
remote areas is also an outstanding instrument for sustainable growth and electrifi-
cation. The need of electricity can be met with hybrid green energy sources in these
remote off grid areas [32].

In scaling up the clean energy technology from laboratories to mass markets,
government policies and state involvement are important [35].Kilinc-Ata [39] argued
that renewable energy integration is a welcoming improvement, but does not rely
heavily on government policy, but on the form of policies and modes of implemen-
tation they are. In the international community, this claim is relevant because of
the growing complexities of energy consumption, national security, environmental
conservation and fossil price dynamics. In spite of comparatively high prices, a
limited portion of the economy and a sluggish sector, renewable energy needs help
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policies compared with conventional energy sources [2]. At present, government
interventions are re-defining green and clean energy pathways in the world. For
example, the European environmental policies are focused more on renewables and
the Union’s response to environmental issues is renewable energy [17].

As of 2005, about 55 countries were committed to the adoption of the related
measures, which will further meet diverse goals for renewable energy. By 2013,
this pledge had grown to 144 nations [33]. In order to better appreciate the driving
forces and processes behind their successes, Abdmouleh et al. [1] studied numerous
policies and cases for clean energy deployment. This study classified renewable
energy funding as ecological, fiscal, regulatory, regulation, technical and environ-
mental initiatives. Frommultiple examples, the introduction of off-grid green energy
networks through financial incentives such as lending, grants and subsidies has a
larger effect and policy effects often have a greater influence on network structures.
In a model to research their efficacy, Kilinc-Ata [39] used four well-known and
widely used instruments of renewable energies, such as tariffs for feed-in (FIT),
quota, tax and tender. FIT and quota-driven programmes are incentives based on
clean energy production, and projects are based on tax and tender. The research was
performed over a variety of time between 1990 and 2008 using available evidence.
FIT, tax and tender incentives have been found to be more successful than the quotas
policy instrument to promote clean energy technologies. The findings revealed that
the usefulness of these policy instruments in many countries has been evaluated in a
similar way [29, 31, 54].

Original initiatives around the world were directed at reducing the expense of
green energy (with scientists’ experiments and policymakers’ incentives) so that
fossil fuel rivalswere reasonably affordable.Renewedmeasures to boost clean energy
performance, and adoption are still directed after the cost considerations have been
discussed and are still being addressed. The progress of sustainable energy produc-
tion and adoption remains directly or indirectly correlated with the policy push of
many decision-makers in the world from available literature on the current state of
renewable energy. The developments of most EU and Chinese Member States over
less than two decade have made it possible for renewables to enter, in particular to
reduce the capital cost and to scale renewable energy for various purposes. Renew-
able energy technology’s simple adoption and affordability, especially to incorporate
into the grid, are not without sacrifices and challenges. It was defined how the effects
of variable generation (VG) on electricity grids bywind and solar energy integrations
could be minimised. A recent effort is being made to overcome these problems with
various energy storage technologies [21].

4.1 Energy Efficiency

One significant aspect must be taken into account in energy conservation in order to
reduce the environmental effect of the energy industry, in particular as regards climate
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change. Energy conservation is seen internationally as a core aspect of sustain-
ability. A significant feature of renewable energy system, promoting processes of
decreased emissions, enhancing energy stability and competition at regional level, is
an improvement in energy quality. Information on the existing energy conservation
situation and improvement in the area is required to enforce these steps [65]. Energy
efficiency (EE) policies have a big fiscal, livelihood, emissions, climate change and
energy security effect on a region [41]. Energy protectionwill improve environmental
resilience through sustainable resource utilisation by implementing energy-efficient
technology in sectors.

A holistic strategy must be adopted that can further improve energy efficiency
in order to promote energy planning and management at regional level. Evaluating
energy quality and reliability is a techniquewhich is already available, and the knowl-
edge needed for it for municipal energy services is difficult to obtain. To solve these
EE-related problems, a new approach is therefore required. The solution should take
into account the position and interests of operators and how the regional energy
system is connected, which has historically not been taken into consideration in
conventional models of energy [65]. Energy flows are explored in the framework
and the selected metrics observe sustainability aspects. This strategy presupposes
that the study of energy conservation is part of urban decision-making and related to
community energy resources and priorities for sustainable growth. Related research
has also been gathered to make energy service providers, and policymakers evaluate
the impact of emerging energy technologies on energy quality, recycling, demand
resilience and load changes, taking technology and environmental planning into
account [65]. Ayres et al. [5] spoke about the economic growth position of energy
efficiency. The study also clarified how critical the long-term sustainable global
economy is to reduce GHG emissions. The factors for a smart sustainable city are
illustrated in Fig. 2.

A modern, endogenous and quantitative economic theory integrates certain vari-
ables that the traditional theories did not recognise, such as oil supply or demand
in energy services. The presumption that potential economic development relies on
the continuing decrease of energy resources prices, as was previously stated, is an
implication of this hypothesis not found in the conventional theory. This cannot
be the case in the long term; discoveries like oil and gas and technical develop-
ment have seen this downturn in the past. The generation of electricity and energy
service that cannot proceed at a historic pace is an example of this. Indeed, energy
prices and their suppliers are estimated to decline (e.g. electricity). It is predicted that
economic growth will decrease, or fall, if energy cost rises by a significant proportion
of GDP. Increasing economic activity does not then work to raise electricity prices
by levying carbon taxes to limit environmental consumption, but facilitating energy
saving at a negative expense by leveraging ‘double-dividend’ opportunities. On the
other hand, the second argument suggests that emissions of GHG can be minimised
as the technology-driven economic growth rises. To do this, we do not need modern
technology, but energy controls or deregulation will work [5]. The latest solutions to
sustainability are destructive. This makes it very difficult to introduce them. Proper
businessmodels (BMs)must be built to solve this problem.Global change and energy
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Fig. 2 Factors influencing a
smart sustainable city

consequences can be discussed both for infrastructure and for control of the supply
chain [26].

Industries haveworked and increased their energy efficiency consistently in recent
decades. Today, energy conservation is in the near term the most economic and
efficient way to reduce greenhouse gas pollution in industries. This subsection also
includes the potential contribution of energy-efficient manufacturing technology that
will contribute to energy conservation and minimise greenhouse gas emissions by
2030 [67]. The use of energy-efficient systems and procedures to reduce the excess
heat and materials is possible to achieve proposals for improving manufacturing
energy efficiency [44]. In general, both developed and developing countries have
not used entirely mitigation options. The explanation for this is obstacles, such as
lack of access to resources, insufficient management focus, lack of expertise or
unskilled service providers. It has proved to be difficult to quantify the ability to
boost worldwide energy quality, and only a few research took this matter up. There
are many risks with respect to mitigation and costs in 2030 that include the pace
at which technology is developed and disseminated, the costs of future technology,
emissions and future oil markets, manufacturing practises and the drivers of climate
change and non-climate energy. Information gaps include baseline energy intensity
for some industries, especially in transitional economies, potential for change in
energy performance in non-energy-intensive industries, quantification of co-benefits,
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mitigation growth outcomes and market impacts. Therefore, more study is required
to expand our knowledge base and awareness of the processes necessary to leverage
energy conservation and greenhouse gas emissions opportunities [67]. Low energy
and carbon system based on optimising fuel/energy cycle production and reducing
incarnated energy or carbon through recycling and re-using of goods and materials
should be encouraged [30]. The use of decentralised cogeneration (DCHP systems)
can be economically useful when it comes to energy efficiency, reducing emissions of
GHGs and increasing network reliability. It is also cheaper than central steam power
plants. Conventional unified capability cannot be removed, but DCHP can be used to
satisfy the anticipated 20-year demand rise [5]. New energy management solutions
have the ability to achieve the desired energy-efficient mission. The application of
heat-pumps, smart metres, micro-grids, air-conditioning building output systems,
low-power lighting with LED, with thin isolation materials will do this.

Simulation of building efficiency is an evolving EE approach that involves an
overview of the relationship between the energy demand for a building as regards
HVAC and the availability of renewable and renewed energy supplies to make the
building a zero-energy supply. Advances in BPS were tested for energy-efficient
settlements for different sources of renewable energy (RES) [62]. Various CS
methods and programmes for the design and reprogramming of existing buildings,
along with the BPS method, to become cost- and energy-efficient using RES inte-
grated withmixed energy sources and tri-generation to render renewable zero-energy
areas, for example, in buildings, villages and settlements, have been created. Recent
times have been very complex in the field of computing, data centres which operate
the Internet, business, financial and business applications. The growth in demand for
good networking, computing and storage is responsible. One data centre can have
many servers that can be equivalent to a small city’s electricity usage. Therefore, it is
appropriate to operate these centres with tremendous computing capacity. Because
of this large use of electricity, issues such as carbon gas emissions, high running
costs, heavy fuel consumption, backup and recovery have to be tackled. The new IT
infrastructure contribution to the overall CO2 footprint is 2%. This benefit would
increase if no preventive action is taken. The green IT system will help strength
and productivity of the data centre. This will add to energy efficiency and reduce
greenhouse gas emissions, which could potentially reduce global warming. Cloud
technologies, virtualization and green metrics are among the strategies [63]. Another
modern technology which can reduce loss of electricity is micro-grid and intelligent
grid. The EE micro-grid architecture project reveals that energy can be delivered to
customers as consumers wish without risk of loss and higher prices [52]. This covers
three areas of service, including performance, reliability and sustainability.

5 Sustainable Buildings

The critical impacts of construction have been well illustrated on the climate, culture
and economy [34, 47, 49]. One of the main goals of sustainability is to reduce energy
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consumption in buildings [18].Many countries now take into account the importance
of sustainability in the building industry and play an important role, especially in
reducing electricity. In Europe, for example, Germany has a big role to play in
reaching60kWh/m2/year or lessHVACplus lighting energy requirement, through the
Energy Optimized Building (EnOB) Programme. This is 50% less than the norm for
2007. Based on their environmental impact at their development stage, the products
used in building are an important player in environmental sustainability. Based on
their environmental impacts at the manufacturing cycle, building materials are an
important player in sustainability. Construction materials are valuable construction
choices for eco-sustainable buildings that require low energy. The life cycle and
material effect analyses, material movement studies and urban metabolism studies
enhance the understanding of the usage of capital and inform the desire to create, build
and maintain future infrastructure [6, 15, 23, 36]. The reuse of material is one thing,
and it is complex and impossible to identify the optimal disassembly pathway for
recycling particular construction materials, considering a variety of considerations,
such as economic limitations, environmental requirements and building physical
conditions. For sustainable buildings, the design process is an important period.
Some important steps to take into account are as follows:

• The orientation, surface to volume ratio and thermal loss of the building
• Escalate the use of efficient and passive energy source
• Optimise high-performing envelope
• Choose high efficient, multipurpose energy equipments with effective control

system.

5.1 Sustainable Transportation

In many metropolitan centres around the world, transportation concerns are one of
the most critical topics [24]. Modern sustainable mobility methodologies require
balanced steps that have impacts on better land use, development, management and
utilisation of transport foundations and offices. It can also require actual capital
investment and incorporate the environment into asset policies and decision-making
as well as end-user expenditure. It can also boost the competitiveness of public transit
with other contending metropolitan transport networks. The key issues of sustain-
ability are upgrades on cars, quality of power and rewards for non-polluting fuel
choices. It is primarily due to various core interests involved in diverse frameworks
for simple governance in urban settings that the process towards a more efficient
transport networks is uncertain [38]. In developed nations, more than half a million
people die annually from transportation pollution, with a substantial proportion of
automobile crashes [38]. Because the existing transport systems are unsustainable,
it is critical that considerable simple speculations are made to achieve this aim. The
arrangement would cover extraordinary long-term infrastructural initiatives, irre-
spective of whether it is a more constructive usage of the fewer land dangerous
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forms of transport or an adaptation of vehicle innovation [38]. Sustainable founda-
tions of transport are governance, finance, utilities and districts. Each of the core
elements is important: everything must be firmly developed to represent the needs
of the society in a viable way.

The recommendations for strategies should concentrate on the elimination of
carbon gases, the enhancement of air quality, the promotion of safety in transport,
better access to road and wealth development. Innovation, efficient use of land,
Renewable infrastructure, reliable data collection, competitive costs and better policy
tools must all be included in the solution portfolios [42]. Three stages of mitigation
take place: political/social, scientific and legal steps [50]. Several steps in transport
to solve the issues of climate change include vehicle sharing, car parking-and-ride,
parking space parking, smart cards, low-speed modes, telecommuting, smart growth
and route assessment techniques, etc. The behavioural changes of passengers are
also necessary in order to achieve sustainable transport, etc. Various behavioural
improvements may be used to lead to sustainable travel. In the first place, people
should followmore energy-efficient driving strategies, use cars for the right purpose,
transform conventional fossil-fuelled vehicles into renewable energy saving or live
close to their offices to minimise miles [56]. Steg and Gifford [57] recognised the
inability to maintain the existing transportation system and emphasised the need
to examine the difference between behavioural reform and technical innovations in
sustainable transport. Behavioural reforms include reducing the amount of car use,
while technological improvements concentrate on decreasing the negative impact
per car per kilometre. Individuals are, therefore, oriented for technological advance-
ment (e.g.) on the grounds that behaviour improvements—such as vehicle sharing,
changes in destination, joint journeys, transition towards less polluting alternatives or
less commuting—entail external efforts that might be challenging to adapt. Greater
organisation, by supplying the travellerswith a greater rangeof decisions and constant
knowledge, may be needed to improve the beneficial outcomes. In the end, travellers’
data will have the best travel time and energy benefits. These will affect the use
of public transport or other alternatives or prolong their journey until the traffic is
cleared [51]. Technological frameworks are emerging in the transport industry to fight
the risks of climate change. These include developments in automobile engineering
paired with fuel economy, impactful transport and simple accessibility networks,
which can minimise private vehicles interest [51]. The mandate of noteworthy car
miles is one of the better options for reducing GHG pollution from vehicles [51].
Smart transport networks with a smooth plan will have a huge impact on lowering
emissions and fuel efficiency, smoothing and increasing speeds, decreasing travel,
etc.

6 Food Wastes and Sustainability Issues

Food wasting is a concern worldwide and not limited to a single area, although the
techniques used in food treatment which vary worldwide. The implementation of the
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sustainable development goals entails foodwaste as a big issue. In developed nations,
in particular, in situations in which food waste management schemes are not as
functional as in industrialised economies, food waste poses major environmental and
health dangers. In terms of income, population development or public involvement
in food waste management practises or projects between developing and developed
countries, the discrepancies between foodwastemanagement systemsmay be related
[61]. Disposal and discharge to sewers will accomplish food waste reduction. Food
waste disposals can be used to distract food waste greatly fromwaste collection sites.
While incineration dramatically reduces solidwaste by 80–85% to deposits, a holistic
sustainability approach is required for coping with fly ash and slag, incineration
items. The behavioural approach to avoid food waste from touching waste deposits
by means of home composting. It is necessary to prevent food waste. This is an
example of how to use food waste to enrich and not destroy the environment. The
best practises that take care of sustainable economic, environmental and social aspects
are, however, accomplished by avoiding food being wasted or lost. The money used
for planting, harvesting, refining, carriage and selling of foods is spared by this
behavioural approach.

7 Sustainable Management of Natural Resources

Natural resources are not only protected and maintained for the non-renewable
resources (such as fossil fuels) of the abiots, Crenna et al. [20] believes that the
sustainable utilisation of biotic natural resources (renewable natural resources) simi-
larly requires consideration. In order to successfully handle renewable energy, a
change in order for their regeneration rates to be not smaller than their consump-
tion rates has been proposed to a circular biotic economy. Economou and Mitoula
[22] approach guidelines on natural gas are all-embracing for abiotic natural
resources,those that encourage the use of natural gas instead of carbon-intensive
fossil fuels encourage the use of trams in cities instead of individual cars, promote
building automation in lieu of manual resourced energy-saving mode, encourage
solar harvest for electricity production instead of fossil fuels.

8 Water Security

Water conservation is one of the best-discussed issues in the field of sustainability.
The explanation is that it is the building block of almost all other recognisedmaterials
that is vital in existence. Ironically, water is one of the world’s most available, but
hard to reach, materials in most areas. The fresh water available is less than 1% of
all water estimated to make up nearly 75% of the earth. In certain areas of water
stress (e.g. parts of Australia and the Gulf countries), salt water is being reached and
desalinated, however, at a high price both in cost and in sustainability.Any imaginable
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concept of sustainability has been extended to water; water shortage continues in
most regions of the world from the reuse of water to recycling. As other materials,
the use of circular economy to preserve the comparatively inaccessible water on the
earth is essential. Application to wastewater by circular economy would produce
deliverables; Ghosh and Mukherjee [27] figures worldwide of about 412 billion m3
(1 which is approximately 11% of the worldwide population) on the application of
to wastewater by the circular economy in some underwater stressed regions (which
include Ghana, California, North Asian Countries, Bangladesh, the United Arab
Emirates and the Netherlands). For water sustainability, the storage and recycling of
wastewater and other useful resources (e.g. electricity, fertiliser, nutrients, etc.) that
can be reused on site for a number of urban, industrial and agriculture uses would
need different technical solutions [37, 60, 66].

9 Future Prospects

Thenewsurgeof intelligent, progressive urbandevelopment has brought about signif-
icant shifts in urban and sustainable development. In the field smart sustainable cities,
study and practise tend to be based-on the basis of broad and background data—on
the identification of urban areas identified with sustainability aspects (such as transit,
electricity, climate, mobility and connectivity, public and social services, as well as
public safety). This encompasses how these spheres interrelate and influence one
another in relation to unique physical entities and spatial organisations that are struc-
tured and coordinated [3, 9, 11]. In this respect, urban design (a community-specific
way of life) has evolved in an equally integrated, coordinated and systematic manner
of physical planning of the city and of its underlying infrastructural structures, proce-
dures, functions and services for its management, planning and growth as a feature
of sensed, stored, analysed, modelled, replicated and networked urban data [7–9,
13–14]. The definition and evolution of clever, sustainable cities thus require the
thinking about and concept of urban landscapes as constellations of instruments on a
multiple scale in order to provide continuous data from urban areas through the use
of all-round systems for tracking, learning, processing and monitoring.

Therefore, the urban ICT that themodern computerwave enables is radically trans-
forming theway towns can be built on awide range of sizes and over a number of time
periods [7]. This means that cities are making their attempts to reach the requisite
degree of sustainability more intelligent. The technological aspects of smart sustain-
able urban planning include the use of land use practises, natural environments,
physical arrangements, strategic organisations, natural capital, transport systems,
socio-economic networks and municipal facilities of advanced ICTs as a collec-
tion of scientific and technological processes [3, 7, 12–13, 40, 43, 53]. Current
research argues that integrating these urban growth strands with ICT will make these
cities more sustainable and therefore more attractive and attractive. Smart planning
is important for the accomplishment of the long-term objectives of urban growth
and is a crucial strategic sustainable development. Furthermore, the functioning,
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administration and organisation for sustainable urban planning structures, procedures
and practises involve diverse interdisciplinary knowledge of sustainability and high
technology as well as high-performance computing and data processing capability.

10 Conclusion

Thedesignof sustainable cities needs several initiatives, as illustrated in the preceding
sections; new and refurbished sustainable cities must establish new norms in future
cities, ranging fromhuman capital growth and the information economy to the conser-
vation of the environment. As the examined papers revealed, many elements are
needed to create sustainable cities, but themain emphasis is on the threefold approach
to sustainability (i.e. environment, economics and equity). Each aspect is linked with
these principles of sustainability either directly or indirectly. There are actually over
400 major cities and 23 big cities around the world, with a population of between
one million and 10 million. Cities cover nearly 2% of the earth’s atmosphere, while
60–80% of global energy is absorbed. The global metropolitan population ranged
from 220 million to about 2.8 billion in the twentieth century, with an expansion
to approximately 70% of the world’s population of 6.9 billion by 2050. There are,
then, many variables correlated with communities: large population, intellectual and
social dignity centre, high demand, etc., which may have an effect on sustainable
initiatives as they were aimed at cities. A modern trend is moving for the circular
economy to rule and operate future towns sustainably. Close energy and content
loops, decreased capital intake, pollution, waste and energy leakages can be added
to cities’ economic values. In the end, the potential of our future cities to imitate the
carbon and water cycles of nature is critical for regeneration and reuse, rather than
the present mitigation conditions that prioritise recycling.
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62. Todorović, M.S.: BPS, energy efficiency and renewable energy sources for buildings greening
and zero energy cities planning: harmony and ethics of sustainability. Energ. Build. 48, 180–189
(2012)

63. Uddin, M., Rahman, A.A.: Energy efficiency and low carbon enabler green IT framework for
data centers considering green metrics. Renew. Sustain. Energ. Rev. 16(6), 4078–4094 (2012)

64. UnitedNations:World urbanization prospects. The 2014 revision.Department of Economic and
Social Affairs, New York (2015). http://esa.un.org/unpd/wup/Publications/Files/WUP2014-
Report.pdf. Accessed 22.1.2020

65. Viholainen, J., Luoranen, M., Väisänen, S., Niskanen, A., Horttanainen, M., Soukka, R.:
Regional level approach for increasing energy efficiency. Appl. Energ. 163, 295–303 (2016)

66. Wilcox, J., Nasiri, F., Bell, S., Rahaman, M.S.: Urban water reuse: a triple bottom line
assessment framework and review. Sustain. Urban Areas 27, 448–456 (2016)

67. Worrell, E., Bernstein, L., Roy, J., Price, L., Harnisch, J.: Industrial energy efficiency and
climate change mitigation. Energ. Eff. 2(2), 109 (2009)

http://esa.un.org/unpd/wup/Publications/Files/WUP2014-Report.pdf


Tire Derived Aggregate as a Sustainable
Technique to Mitigate Transient Seismic
Effect on Buried Concrete Pipes

Saif Alzabeebee

1 Introduction

Seismic waves propagation and permanent ground movement have been identified
as the main reasons for buried pipelines failure during earthquakes [1]. Hence, there
has been growing interest in the latest decade to enhance the understanding of
the effect of earthquakes on the response of buried pipes, where previous studies
examined the effect of waves propagation and faults movement induced due to
seismic effect on the response of buried pipes [2–7]. These studies illustrated the
significant impact of the seismic events on the behaviour of pipelines and showed
how the pipe behaves when subjected to either transient seismic shake (propagating
waves) or permanent ground movement induced by seismic effect. Consequently,
these studies recommended to consider the effect of the earthquake in the design
philosophy of buried pipes. However, this will remarkably increase the cost of buried
pipes projects considering that the pipes are usually extended overmany kilometres to
transportwater, wastewater, and oil. Hence, some studies suggested to use tire derived
aggregate (TDA) as a technique to protect pipes against faults movement induced
by seismic effect [1, 8]. The use of TDA has been proposed in these studies as this
material is a cheap alternative, and it is also considered as a greenmaterial as it helps to
reduce the problems associated with the discarding of used tires. Ni et al. [1] utilized
finite element analysis to study the response of steel and high-density polyethylene
pipes crossing faults, where the study simulated strike-slip fault movement induced
due to seismic effect. TheTDAis considered as amaterial surrounding thewhole pipe.
They found that the TDA enhances the structural performance of the pipes compared
with loose sand or expanded polystyrene. However, this study did not consider the
effect of the transient seismic shake associated with earthquakes. Demirci [8] also
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examined the use of TDA as a mitigation technique to reduce additional stresses
applied on pipes crossing slip faults using experimental models and finite element
analysis. He noticed that the TDA reduces bending stresses and axial strains induced
due to fault movement. Demirci [8] also did not consider the effect of transient
seismic shake in his experiments and numerical analyses.

Based on the discussed review, it is obvious that the TDA is a promising
technique to mitigate earthquake effect. However, previous studies did not study
the performance of the TDA as a mitigation technique for buried pipes subjected to
transient seismic shake, although transient seismic shake was found to remarkably
increase the stresses developed in the pipe wall [2, 3]. Hence, to fill this gap, this
study investigates the efficiency of using tier derived aggregate (TDA) as a material
supporting buried concrete pipe subjected to transient seismic shake. This is an
important first step to develop techniques that reduce the impact of the transient
seismic event on the behaviour of buried concrete pipes.

2 Cases Considered in This Study

A buried pipe with an external diameter of 0.8 m, a thickness of 0.1 m, and buried
with a backfill height of 2.0 m has been modelled in this study. Two scenarios of pipe
support have beenmodelled to address the aim of the study; these are shown in Fig. 1.
It is clear from the figure that for scenario 1, the dense sand is employed as a soil
surrounding the pipe at the haunch zone and bedding zone and also as a backfill soil.
Scenario 1 has been modelled in compliance with the ASSHTO Type 2 installation
requirements [2]. For scenario 2, the TDA is considered as a bedding material and
also as a material supporting the pipe, while the dense sand is considered as a backfill
soil. The use of TDA as a bedding and supporting material of the pipe also ensures
good haunch support and fulfils the AASHTO requirements for Type 2 installation
conditions based on the mechanism of pressure transfer around the pipe wall [9]. It

a) Scenario 1 b) Scenario 2

Dense sand

Pipe

Na ve soil

Dense sand

Dense sand

TDA

TDATDA

Pipe

Na ve soil

Fig. 1 Bedding and support conditions of the cases considered in this study
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is also necessary to state that dense sand is considered as a backfill soil above the
haunch zone for both scenarios to allow a direct comparison between the two cases
by ensuring that the pipe is carrying the same backfill weight on top of it.

3 Earthquakes Employed in This Study

Five earthquake records have been collected from previous studies and used in this
research to ensure the consideration of different predominant frequencies. These
records are the Parkfield earthquake 1966, Loma Prieta earthquake 1989, Upland
earthquake 1990, Northridge earthquake 1994 and Hyogo-ken (Kobe) earthquake
1995. These records have been obtained from different references [10–13]. These
records have been amended to ensure all the records have the same peak ground
acceleration (PGA). The peak ground acceleration for all records is considered equal
to 0.24 g, which is the PGAof the Upland earthquake. The amendment of each record
has been done by scaling by the ratio of 0.24 g divided by the original PGA of each
record. This has been done to enable easier comparison to unambiguously illustrate
the impact of the predominant frequency. Same approach has also been considered
in previous studies [3, 14, 15]. Figure 2 shows the scaled earthquake records.

In addition, Fourier transformation analysis, with the aid of SeismoSignal, has
been conducted using the scaled records to obtain the predominant frequency. Based
on the results (which have not been presented here for sake of briefing), it can be said
that the predominant frequency of these records ranges between 0.66 and 2.90 Hz.
Table 1 summarizes the predominant frequency for each record.

4 Constitutive Model and Soil Parameters

The hardening soil constitutivemodel is employed in this study tomodel the response
of the soil and the TDA. The model is developed by Schanz et al. [16] based on the
famousDuncan-Changhyperbolic soils [17]. Themodel is able to simulate the impact
of the applied load and the confining pressure on the stiffness of the soil, non-linearity
of the soil stiffness in the elastic range and also the hysteresis damping. It is worthy
to state that the model does not simulate the stiffness degradation and small strain
stiffness like the more advanced hardening soil model with small strain stiffness.
However, initial analyses comparing the hardening soil model and the hardening
soil model with small strain stiffness showed that both models produce very close
results for the shear force and bending moment developed in the pipe wall, where
the percentage difference between both models ranged between 4 and 10%. Thus,
the hardening soil model is considered a robust choice for this problem.

As it is clear from Fig. 1, three materials have been considered in the analyses:
these are the natural soil, the backfill soil and the tire derived aggregate (TDA).
The backfill soil is considered as a dense sandy soil with a relative density of 70%.
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a) Parkfield earthquake 1966 b) Loma Prieta earthquake 1989

c) Upland earthquake 1990 d) Northridge earthquake 1994

e) Hyogo-ken (Kobe) earthquake 1995
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Fig. 2 Earthquake records used in this study

Table 1 Predominant
frequency of earthquake
records used in the study

Earthquake record Predominant frequency (Hz)

Parkfield earthquake 1966 2.10

Loma Prieta earthquake 1989 0.66

Upland earthquake 1990 2.90

Northridge earthquake 1994 0.93

Hyogo-ken (Kobe) earthquake
1995

1.50

The properties of this soil are adopted from Al-Defae et al. [18]. The natural soil is
considered to have properties similar to the backfill soil, but with a cohesion of 45 kPa
to avoid numerical convergence problems associated with excavating and filling the
trench. Also, the TDA properties are adopted from Mahgoub and El Naggar [19],
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Table 2 Hardening soil
model properties used in the
analyses

Parameter Natural soil Dense sand TDA

γ (kN/m3) 16.60 16.60 7.00

E ref
50 (kPa) 47,150 47,150 2750

E ref
oed (kPa) 37,720 37,720 2200

E ref
ur (kPa) 113,160 113,160 8250

φ′(˚) 43.0 43.0 26.5

ψ ′(˚) 13.5 13.5 0.0

c(kPa) 45.0 0.1 24.0

m 0.53 0.53 0.54

R f 0.90 0.90 0.95

υur 0.2 0.2 0.2

P ref 100 100 25

who calibrated these properties using results of triaxial tests combined with three-
dimensional finite element analysis and further proved the validity of the properties
by numerically modelling a case study of steel pipe subjected to traffic load with a
TDA layer placed on top of the crown of the pipe. It is worthy to add that the size of
the TDA particles used was in the range of 13–63 mm [20]. Table 2 illustrates the
adopted parameters for the natural soil, dense sand and TDA.

5 Details of the Numerical Model

The scenarios used in this study have been modelled using Plaxis 2D. This is because
the problem involves only soil load and transient seismic shake, and these can be
accurately simulated using the two-dimensional analysis. The models developed in
this research are based on robust models developed by the author in previous research
studies [2, 3, 15]. The model width is considered equal to 20 m and the model depth
is considered equal to 20 m. Solid elements have been employed to model the soil
and the TDA, while plate elements have been used tomodel the buried pipe. 15 nodes
triangular elements have been used tomodel the soil and the TDA,while 5 nodes plate
elements have been used to model the pipe. In addition, very fine mesh has been used
in the area surrounding the pipe (i.e., the trench area) based on sensitivity analyses
conducted by the author in previous research studies [2, 3]. Also, the elements sizes
comply with the wave propagation requirements [21]. The pipe has been modelled
using liner elastic constitutive model with a modulus of elasticity of and Poisson’s
ratio of 25,000 MPa and 0.15, respectively.

The boundary conditions used in the analyses are based on Plaxis
recommendation, where the model is allowed to move only in the vertical direction
at the sides and fixed in the vertical and horizontal directions at the bottom. In
addition, Plaxis absorbent boundaries are employed in the dynamic analysis to
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Fig. 3 Finite element mesh
of the problem

avoid issues related to wave reflection. Also, the earthquake is modelled as a
prescribed acceleration that is applied at the bottom of the model in a technique
similar to previous studies in the literature [2, 3, 22–26]. The stages of analysis
involved calculation of in-situ stress using at rest earth pressure coefficient (Stage
1). Excavating the trench in sub-steps (Stage 2), placing the bedding layer (Stage
3), placing the pipe (Stage 4), placing the soil surrounding the pipe in the haunch
zone (Stage 5), placing the soil surrounding the pipe in the shoulder zone (Stage
6), adding the backfill on top of the pipe in sub-steps (Stage 7), and applying the
earthquake shake using the time history analysis (Stage 8). The time history analysis
is performed with a time step of 0.004 s, calculated based on the element size and
also considering the Courant-Friedrichs-Lewy condition [21]. Figure 3 illustrates the
finite element mesh of the problem.

6 Results and Discussion

Figure 4 compares the shear forces developed in the pipe wall for scenario 1 (referred
to as soil in the figure) and scenario 2 (referred to as TDA in the figure) for static
loading (after completing the trench backfilling) and for transient seismic shake.
Figure 4 shows that using TDA as a support material produces similar distribution
of the shear forces around the pipe compared to the traditional installation condition
(i.e., using dense sand) for all the cases modelled in this paper. In addition, it is clear
from the figure that the use of the TDA reduces the shear forces developed in the
pipe wall. The maximum absolute shear force has been obtained from each case and
the percentage decrease has been calculated, where it was found that the percentage
decrease is equal to 37% for the static condition, while it ranges between 30 and
43% for the transient seismic cases depending on the frequency of the earthquake.
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a) Static condition b) Parkfield earthquake 1966

c) Loma Prieta earthquake 1989 d) Upland earthquake 1990

e) Northridge earthquake 1994 f) Hyogo-ken (Kobe) earthquake 1995
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Fig. 4 Shear forces developed around the pipe for static and seismic conditions

Similar observations are also noted for the developed bending moment (figures have
not been included due to page limitations). However, the percentage decrease of the
maximum bending moment is slightly less compared with the reduction of the shear
force, where it is equal to 33% for the static case and ranges between 22 and 38%
for the seismic case. The reduction of the bending moment and shear forces is due
to the decrease of the soil pressure applied on the pipe when using the TDA material
as shown in the contour lines presented in Fig. 5. This is actually due to soil arching
effect, where reducing the stiffness of the material supporting the pipe reduces the
overall stiffness of the soil-pipe system and hence leads to shading the soil pressure
away from the pipe crown to the trench as can be clearly noticed in the principal
direction of the soil pressure around the pipe presented in Fig. 6.

To better understand the effect of trainset seismic shake for both scenario 1 and
2, the maximum absolute shear force and maximum absolute bending moment have
been plotted against the predominant frequency of each earthquake. Figure 7 displays
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a) Scenario 1 b) Scenario 2

Fig. 5 Mean soil pressure around the pipe after completing the backfilling process

a) Scenario 1 b) Scenario 2

Fig. 6 Principal direction of the soil pressure around the pipe showing the soil arching

Fig. 7 Effect of the
predominant frequency on
the maximum shear force
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Fig. 8 Effect of the
predominant frequency on
the maximum bending
moment
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the relationship between the maximum absolute shear force and the predominant
frequency for both scenarios. Furthermore, Fig. 8 displays the relationship between
the maximum absolute bending moment and the predominant frequency for both
scenarios. The figures clearly show the efficiency of the TDA in reducing the
maximum shear force and bending moment regardless of the predominant frequency
of the transient seismic shake. In addition, it is also clear from both figures that
increasing the predominant frequency decreases the shear force and bendingmoment
developed in the pipe wall. This can be justified by the densification of the soil
surrounding the pipe as the predominant frequency increases, which ultimately
improves the pipe support, leading eventually to decrease the soil arching [26, 27].
It is worthy to add that this finding is similar to a previous observation noted by the
author for the case of flexible pipes, where increasing the predominant frequency
was found to reduce the thrust and bending moment for uPVC pipes buried in sandy
soil (more details on this can be found in [3]).

To understand the effectiveness of using the TDA for different peak ground
accelerations, the Parkfield earthquake 1966 record (presented in Fig. 2) has been
scaled to produce two additional seismic records with a PGA of 0.15 and 0.50 g.
These records have been used in further analyses for both scenarios and themaximum
absolute shear force and the maximum absolute bending moment have been obtained
from these analyses. Figures 9 and 10 illustrate the obtained maximum shear force
and bending moment as a function of the peak ground acceleration, respectively.
These figures again show the effectiveness of the TDA compared with the normal
installation for all of the PGA range utilized in the analyses. The percentage decrease
of the maximum absolute shear force ranges between 32 and 43%, while the same
percentage for the bending moment ranges between 23 and 39%. Based on these
thorough analyses and discussions, it is obvious that using TDAeven in a very limited
area around the pipe (bedding layer and haunch zone) remarkably decreases the shear
forces and bending moments induced in the pipe wall for both static and seismic
conditions. It is also clear that the TDA is effective regardless of the predominant
frequency or the PGA of the earthquake. Hence, the TDA can be considered as a
promising mitigation technique that reduces the additional forces applied on the pipe
due to transient seismic shake.
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Fig. 9 Effect of the PGA on
the maximum shear force
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Fig. 10 Effect of the PGA
on the maximum bending
moment
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7 Conclusions

A robust two-dimensional finite element model has been developed to study the
efficiency of tire derived aggregate (TDA) as a mitigation technique to reduce the
additional forces applied on the pipe due to transient seismic shake. In addition,
calibrated parameters have been employed in the analyses utilizing advanced soil
constitutive model. Two installation scenarios have been modelled to compare
the response. Scenario 1 simulated the tradition installation condition, in which
the pipe is well supported at the haunch and invert zones by dense soil, while
scenario 2 considered using TDA as a material supporting the pipe. The type of
backfill soil on top of the haunch zone has been kept constant for both scenarios
to allow straightforward judgement of the findings from both support conditions.
Furthermore, wide range of transient seismic shakes has been considered by using
earthquake records with a predominant frequency range of 0.63–2.90 Hz and a
peak ground acceleration of 0.15–0.50 g. The results of the analyses illustrated the
effectiveness of using the TDA as sustainable solution to reduce the shear forces
and bending moments developed in the pipe wall due to earthquake effect. The
percentage reduction of the maximum shear force is found to be equal to 37% for
static case, while this percentage depends on the predominant frequency and the
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peak ground acceleration for the transient seismic cases and it ranges between 33
and 43%. Similarly, the percentage reduction of the maximum bending moment is
found to be equal to 33% for the static case and it ranges between 22 and 38% for
the transient seismic cases. In summary, the study illustrated the effectiveness of the
TDA, and hence, it is hoped that the findings of this studywill encourage practitioners
to implement sustainable solutions in routine designs of buried pipes.
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Temporal Variation of Land Surface
Temperature in Response to Changes
in Vegetation Index of Bhawal National
Park, Bangladesh

Ha-mim Ebne Alam , Md. Yeasir Arafat , Kazi Tawkir Ahmed ,
and Md. Nizam Uddin

1 Introduction

Remotely sensed land surface temperature (LST) has become one of the major
constituents in the study of the earth’s environment and climate processes [1]. Land
surface temperature refers to the temperature that is measured at the land-atmosphere
interface spatially and temporally using satellite thermal infrared remote sensing
and acts as a key index of thermal behavior of the surface. Several factors such as
vegetation coverage, soil moisture, rainfall, and urbanization can affect and alter the
distribution and variation of surface temperature at the local and global scale [2].

Protected forest areas bear an imperative role for a country by conserving
biodiversity and providing several services like ecological, social, and economic [3].
Forests also have an immediate and convoluted relationship with pollution, global
warming, and climate change [4].According to the ForestDepartment ofBangladesh,
there are 37 protected areas in Bangladesh with a total area of 265,981 ha among
which there are 17 national parks with an area of 45,746 ha. Bhawal National Park
is one of the 17 national parks in Bangladesh which is mainly a deciduous Sal forest
situated very close to the capital city of Dhaka. It is the most threatened and declining
protected area of Bangladesh with a threat score of 36% as the development of heavy
industries, human intrusion and urbanization have been taking place very rapidly
in this area [5]. This human disturbance is causing rapid deforestation over time in
this protected area resulting in high land surface temperature and thus warming of
the urban atmosphere. So, it is very important to know about the productive and
deforested areas of this forest to study the temporal warming pattern in relation to
the changes in vegetation, and remotely sensed vegetation indices can come in handy
and be effective in this issue.

Normalized difference vegetation index (NDVI) is one of the most effective
and employed vegetation indices to study the vegetation dynamics and monitor the
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forestry and infrastructures.NDVIvalue is computed frommulti-spectral information
as the normalized ratio between the red and the near infrared bands [6]. The value of
NDVI points out the healthiness and status of vegetation. A healthy forest area shows
low red light reflectance and high near infrared reflectance yielding a higher value
of NDVI. Again, the land portions with low vegetation such as barren soils, clouds,
and water demonstrate NDVI value close to zero and negative values followed by
NDVI FAQs [7].

This study targets to investigate the temporal and seasonal variation of land
surface temperature (LST) in response to rapid urbanization and deforestation in the
Bhawal National Park which is the most threatened deciduous forest of Bangladesh
by analyzing the NDVI value for 30 years.

2 Methodology

2.1 Study Area

The Bhawal National Park is located on the Dhaka-Mymensingh Highway which
is about 40 km north of the capital city of Dhaka and 13 km northwest of Gazipur
district. Geographically, it is emplaced between 23°55´N to 24°00´N latitude and
90°20´E to 90°25´E longitude. This forest is declared as a national park on May
11, 1982, with an area of 5022 ha by the then Ministry of Agriculture and Forest of
Government of Bangladesh to conserve the vegetation and wildlife. It is bordered by
the Rajendrapur Cantonment on the east, Shakipur and Kaliakoir Upazilas of Tangail
district on the west, Savar, Uttara, and Rupganj Thana of Dhaka district on the south,
and Gaffargaon and Bhaluka Upazilas on the north (see Fig. 1). Bhawal National
Park is classified as a category V protected area by the Government of Bangladesh
according to the criteria set by IUCN.

The landscape of this forest is proportionately plane with a little elevation with
a few valleys and depressions with a height ranging from 3 to 4.5 meters formed
by strong acidic yellowish-red soils of sandy and clay loam [8]. It is linked with
a bigger bio-ecological region of Madhupur Sal Tract [9], and this national park is
classified as a tropical moist deciduous forest consisting primarily of Sal tree (Shorea
Robusta) and occupying almost 90% of the canopy due to the highly favorable
climatic condition. Except for Sal, there are 220 plant species can also be found
in this area [10].

Human intrusion is increasing very rapidly in and near this protected area due
to easy accessibility to the capital city of Dhaka, high population growth, and
development of large and heavy industries such as readymade garments (RMG)
and tannery plants [5].
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Fig. 1 Geographical location of Bhawal National Park, Bangladesh

2.2 Data Collection and Pre-Processing

This study uses Landsat 5 Thematic Mapper (TM), and Landsat 8 Operational Land
Imager (OLI)multi-spectral data ofwinter season at 15-year interval for 30yearswere
acquired fromEarthExplorer to analyze the temporal variation of surface temperature
in Bhawal National Park. Images used in this study were obtained during November
andDecember of each sampling year. The dates of data collection were free of clouds
and had a clear atmospheric condition. The Landsat images were further rectified to
a common Universal Transverse Mercator coordinate system using ArcGIS Pro for
further analysis. The satellite images provided byLandsat also had no radiometric and
geometrical distortions; hence, a little atmospheric and geo-correction was applied
by processing the images in ENVI to improve the quality (Table 1).

2.3 NDVI Analysis

The normalized difference vegetation index (NDVI) is used to quantify the growth
and health of the vegetation of an area by computing the spectral reflectance of the
surface. Non-infrared (NIR) and red bands of Landsat images were used in this study
to determine the value of NDVI. Total three images taken during the winter season in
the years of 1990, 2005, and 2020 were analyzed to show the temporal variation in
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Table 1 Landsat datasets that have been used in the study

Satellite/sensor Acquisition
date(s)

Bands used Spectral
wavelength (µm)

Spatial resolution
(m)

Landsat-5/TM 09–12, 1990
16–11, 2005

Red (Band 3) 0.63–0.69 30

Near infrared
(Band 4)

0.76–0.90 30

Thermal infrared
(Band 6)

10.40–12.50 120

Landsat-8/OLI 25–11, 2020 Red (Band 3) 0.64–0.67 30

Near infrared
(Band 4)

0.85–0.88 30

Thermal infrared
(Band 6)

10.60–11.19 100

vegetation coverage of Bhawal National Park. The following equation was applied
to calculate the NDVI value [11],

NDV I = NIR − RED

NIR + RED
(1)

where NIR and RED refer to the near infrared and red spectral reflectance values.
The value of NDVI ranges from +1.0 to −1.0, and the area with a value of NDVI
less than −1 or greater than +1.0 is considered a no data zone.

2.4 LST Analysis

The thermal band is used to convert the raw value into the black body temperature in
degree Celsius using ArcGIS Pro software. The TM thermal infrared band 6 (10.4–
12.5µm) data and OLI thermal infrared band 10 (10.6–11.19µm) were utilized to
derive the LST.

The first step is to convert the digital number (DN) values of band 10 to at-sensor
spectral radiance using the following equation [12],

Lλ =
(

Lmaxλ
−Lminλ

Qcalmax − Qcalmin

)
× (

Qcal − Qcalmin

) + Lminλ
(2)

where

Lmaxλ
Lmaxλ

= Maximum spectral radiance scaled to Qcalmax in
[watts/(m2 + sr + μm

)
].

Lminλ
Minimum spectral radiance scaled to Qcalmin in [watts/(m2 + sr + μm

)
]
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Table 2 Constants used for
the calibration of thermal
band

Satellite Sensor K1 K2

Landsat 5 TM 607.76 1260.56

Landsat 8 OLI 774.8853 1321.0789

After that, the conversion of spectral radiance to temperature in kelvin [12] is

TKelvin =
⎡
⎣ K2

ln
(

K1
Lλ

+ 1
)
⎤
⎦ (3)

where

K1 Calibration constant 1
K2 Calibration constant 2
TKelvin Surface temperature in kelvin

The calibration constants K1 and K2 obtained from Landsat data user’s manual
are given in Table 2.

Conversion of Kelvin to Celsius,

T(◦C) = TKelvin − 273.15 (4)

2.5 Regression Analysis

Statistical programming language R was used to estimate the regression equation
between NDVI and LST of Bhawal National Park, Bangladesh. All the pixels of
NDVI and LST were used in the regression analysis, where NDVI was considered
as the independent and LST as the dependent variable, as LST has been found to be
strongly determined by the value of vegetation index [13, 14]. In most studies, the
LST has been found to be negatively correlated with NDVI [17–19].

3 Results and Discussion

The NDVI analysis performed in the study area of Bhawal National Park for the
years of 1990, 2005, and 2020 is illustrated in Fig. 2.

The lowest value represents no vegetation coverage and refers to urban areas,
infrastructures, water bodies such as lakes and ponds; in contrast, the highest value
refers to healthy and dense vegetation in the reserved and protected region of the
park.



334 H. E. Alam et al.

Fig. 2 NDVI computed from Landsat data for 1990, 2005, and 2020 of Bhawal National Park

The value of NDVI varied from−0.37 to 0.58 in 1990,−0.24 to 0.64 in 2005, and
−0.16 to 0.52 in 2020. The analyzed images show dense and healthier vegetation
in the year 1990 and 2005, respectively, where the year 2020 shows distortion in
the vegetation index indicating a deterioration in the vegetation coverage, which can
be linked to the enormous development of infrastructures and urbanization for the
last 15 years. The factors responsible for forest degradation and biodiversity loss are
extensive fuelwood collection for cooking purposes, industrial pressure, forest land
encroachment,expansion of agricultural lands, and illicit removal of timber wood. It
is confirmed that the number of floral species had declined one-third compared to the
number of species recorded in previous decades [15]. Because of military activities,
ground fires are destroying flora and killing medicinal herbs and shrubs as well,
although they are still disappearing by human intervention and present practice [16].

The thermal variation of land surface over the study area from 1990 to 2020 with
a 15 years gap has been shown in Fig. 3.

The change in temperature in each consecutive illustration after 1990 is ascending.
The LST analysis presented here depicts a rise in the lower and upper range of the
temperature where the minimum temperature ranged between 19.28 °C (in the year
1990) to 21.80 °C (in the year 2020) and the maximum limit of temperature varied
between 23.68 °C (in the year 1990) to 34.63 °C (in the year 2020) showing a gradual
rise of temperature in between the years of the study period. This increase of land
surface temperature in the current year is due to the vegetation loss that has been
proved by the decreased value of NDVI found in 2020 which can be connected to
the rapid industrialization and urbanization near the study area.

The value of correlation coefficient between NDVI and LST is found −0.5908
and indicates the correlation between NDVI and LST, and the calculated regression
coefficient from NDVI to LST is negative (see Fig. 4), which indicates the relation
between the NDVI and LST is just opposite, where the higher land surface
temperature for lower NDVI value and lower land surface temperature for higher
NDVI value as higher LST increases the evapotranspiration and the dense vegetation
(higher NDVI) with more evapotranspiration decreases the LST vice versa. The
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Fig. 3 Variation of land surface temperature estimated for 1990, 2005, and 2020 ofBhawalNational
Park

Fig. 4 Relationship between NDVI and LST for the study period

relationship betweenNDVI andLST is significant in according to the previous studies
[17–19].

4 Conclusion

The rise in temperature in the recent year and the correlation coefficient found in
this study support the progressive declination of vegetation coverage in the Bhawal
National Park of Bangladesh. This study also confirms that the loss of vegetation
and protected forest areas are responsible for the upward sweep of land surface
temperature affecting the local weather and climate. The findings also indicate the
negative effects of deforestation and the importance of the forest areas in the city
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areas which are altered by the rapid human settlement and urbanization day by day.
Moreover, this attempt points to the necessity of strengthening the management
policies to mitigate the obstacles and protect the national parks of the country.
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Use of Stream Power as a Tool
for the Detection of Critical Reaches
in Channeled Streams

Daniel Rios

1 Introduction

The stream power concept was introduced by Bagnold within its formulations for
sediment transport [1] and has been analyzed on nature streams by Knighton [2],
Barker et al. [3] among others. Furthermore, nowadays some authors like Bizzi and
Lerner [4] have proposed using the concept to evaluate channel sensitivity to erosion
and deposition processes.

In the present work, we use stream power concept for detection of critical reach in
channeled streams. The need of a tool for prioritize intervention reach in the Aburrá
River arises because there is a canalized reach of approximately 24 km along the
valley, and additionally, there is a metro line and main roads parallel to the canal on
great extent of its length.

2 Materials and Methods

2.1 Study Area

The Aburrá River (Fig. 1) is located on Colombia (South America) and over the
Andes mountain range. The headwaters of the basin are located at the top of San
Miguel (2400 m above the sea level). The region’s climate is tropical in character,
mainly determined by altimetric variations, the topography of the relief and the
influence exerted by the movement of the Intertropical Confluence Zone (ITCZ),
which generates two wet and two dry periods in its path that appear interspersed
throughout the year.
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Fig. 1 Location of Aburrá River

2.2 Dataset

The dataset of discharges (Table 1), widths and friction slopes are available thanks
to the network of environmental monitoring of the hydrographic basin “RED RIO.”

Table 1 Maximum discharge (m3/s) in the stations of analysis

Station Area (km2) Return period (Years)

2.33 5 10 25 50 100

South
nnickpoint

133.20 45.62 59.62 71.03 85.44 96.13 106.74

Before San
Fernando

237.08 80.47 101.66 118.92 140.73 156.91 172.97

After San
Fernando

273.94 92.77 116.28 135.43 159.63 177.58 195.4

Guayaquil
bridge

333.54 112.61 139.69 161.76 189.63 210.31 230.84

Environmental
classroom

474.38 159.27 194.16 222.59 258.49 285.13 311.58

Acevedo bridge 510.91 171.34 208.14 238.12 275.99 304.09 331.99
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Table 2 Criterion of the task force stream power. (Source https://extension.umass.edu/riversmart/
sites)

Risk Erosion Aggradation (Deposition)

Low Moderate High Low Moderate High

Specific stream power (W/m2) 0–60 60–300 300 300 60–300 0–60

Below are the flows estimated for different return periods at the six analysis sites
(Station), In general, it is observed that the flow increases as the basin area increases
and the friction slope decreases.

2.3 Methods

We use the definition of Bagnold [1] for calculate the total stream power and unitary
stream power:

� = ρ g Q S (1)

where: � is the total stream power (W/m), ρ is the fluid (water) density, g is the
acceleration of gravity, Q is the discharge (m3/s) and S is the friction slope (m/m).

ω = ρ g Q S

w
(2)

where: Ñ is the unitary stream power (W/m2), ρ is the fluid (water) density, g is the
acceleration of gravity, Q is the discharge (m3/s), S is the friction slope (m/m) and
w is the width of the stream.

Furthermore, we used the criterion of the Task Force Stream Power of United
States Department of Agriculture (Table 2) for reclass the unit stream power and to
find the reaches with risk of erosion and aggradation (Deposition).

3 Results and Discussion

The total streampower (Fig. 2) and unitary (specific) streampower (Fig. 3) calculated
are shown below, on this it is observed that the stream power decreases as the basin
area increases.

In addition, it is observed that the first three analysis sites present high risk of
erosion for different periods of return and the last three analysis sites present on the
contrarymoderate to low risk of aggradation (Deposition) according to the criterionof
the Task Force Stream Power of United States Department of Agriculture (Table 2).

https://extension.umass.edu/riversmart/sites
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Fig. 2 Total stream power (W/m)

Fig. 3 Unitary stream power (W/m2)

These results are consistent with the evidenced of field (Fig. 4), however, today the
processes are in a state of quasi equilibrium due to the maintenance works carry out
by Urban Environmental Authority.

4 Conclusion

The results show that the use of stream power in combination with the criterion of
the Task Force Stream Power of United States Department of Agriculture (Table 2)
is a useful tool for the detection of critical reaches in channeled streams and schedule
your preventive maintenance.

Although the concept of power is old, it is possible to take it up again for the
systematic analysis of river systems with rigid river training.
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South Knickpoint Before San Fernando

After San Fernando Guayaquil Bridge

Environmental Classroom Acevedo Bridge

Fig. 4 Physical appearance of six analysis sites
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Urban Facilities Management: A Way
of Attaining Sustainable Cities in Sri
Lanka

S. P. M. Dasandara, W. A. P. R. Weeratunga, and Piumi Dissanayake

1 Introduction

Facilities Management (FM) can be defined as the process of establishing the envi-
ronment to carry out the organisation’s primary operations, supplying customer satis-
faction and adding value for money by taking an integrated view of the infrastructure
services for an enhancement of the core business [11]. It simply deals with people,
place, process and technology to support the core business of the organisation [7].
Although the concept of FM was originally limited to the built environment, it has
been started evolving to the society level, as per [10]. In otherwords, nowadays, tradi-
tional FM, which is only limited to micro-level, is moving to macro-level, which is
called as Urban FacilitiesManagement (UFM). A recent study by Yuan [18] compre-
hensively disclosed that UFM is performing in a larger area than the traditional FM,
and it manages the integration of services to drive the urban facilities with better oper-
ation and sustainability. In this context, it simply implies that UFM is an effective
and novel approach, brought in to manage the space, place, people and technology at
a macro-level. More importantly, UFM stresses on providing a dynamic platform to
bring the government and private sectors together, as disclosed by Boyle andMichell
[3].

Having an in-depth understanding about UFM is highly important in order to
achieve urban sustainability [10]. He indicated that urban sustainability can be iden-
tified as performing innovative, equitable and economically feasible actions to meet
aspirations and needs of the present, without compromising the capability of meeting
aspirations and needs of future generation. Further, a close partnership between
private, public sectors and government is required for the development of urban
sustainability, as specified in the study by Michell [10]. In such a context, UFM
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offers a flexible and general platform to manage social, economic, ecological and
institutional dimensions of sustainability to implement the urban sustainability [3].

Nevertheless, UFM, like the broader concept of urban sustainability, has many
challenges, when it comes to implementation. Similarly, many plans for UFM have
fallen short of their desired outcomes [3]. When moving to the Sri Lankan context,
FM is currently performing in the individual buildings and stand-alone facilities [9].
It is where the FM is performing at the micro-level. However, with the emergence
of the UFM concept, FM can now perform at the macro-level or in the urban level,
as emphasised by the above authors. However, as stated by Boyle and Michell [3],
adaptation of the concept to the Sri Lanka need to be studied well prior to the
implementation. Although it is, adaptability of this concept to the Sri Lankan context
has not been studied yet. Hence, it has become aworthy researchable area. This paper,
therefore, aimed to analyse drivers and barriers to the successful adaptation of UFM
to the Sri Lankan context.

2 Literature Review

The following subsections explore the relevant literature in the research arena with a
major focus on the concept ofUFMand its applicability, drivers and barriers affecting
the successful implementation of UFM.

2.1 The Concept of UFM and Its Applicability

FMcan be simply identified as the practice ofmanaging people, places and process to
accomplish the core business function of the organisation [14].As further noted by the
authors, FMcan be identified as amulti-disciplinary field,which has a combination of
different types of fields and it affects the organisations’ fundamental strategic goals.
Presently, FMconcept has beenmoved frommicro-level tomacro-level,whichmeans
FM functions are now not limited for a single building but also can be applied to
specific geographical area [12]. In this context, the concept of UFM, which manages
the urban areas in a new, innovative andmore sustainableway has been emerged from
the concept of FM [10]. As pointed byRoberts [13], UFM is a comprehensive concept
rather than FM, which mainly focuses on greater sustainability and resilience and it
is paramount to support human activities for a standardised living style. A similar
argument was brought forward by Michell [10] stating that UFM provides a flexible
platform for both public and private sectors to uplift the whole society in an urban
precinct scale. Accordingly, it can be argued that the notion of UFM plays a vital
role in the way of creating sustainable cities by embracing the underlying concepts
of space, place and people, which underpin the concept of FM.
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Table 1 Drivers of UFM

Drivers of UFM A B C D E F G H I J

Economic and regulatory development
√ √ √

Increased service integration
√

Nationalisation and internationalisation of
contract procurement

√ √

Proper organisation structure
√

Improved knowledge and skills of facility
managers

√ √

Good teamwork
√ √

Proper change management
√ √ √ √

Development of Information and Communication
Technology (ICT)

√

New competencies and education
√ √ √ √

A: [3], B: [12], C: [1], D: [13], E: [5] F: [8], G: [9], H: [15], I: [6], J: [14]

2.2 Drivers Influencing Adaptation of UFM

When performing UFM as an overarching construct for urban sustainability through
the whole community scale, many drivers can be identified, which encourage the
adaptation of the concept [12]. The drivers identified through the existing literature
are presented in Table 1.

A recent study by Pearce [12] disclosed many drivers that influence the adapta-
tion of UFM in the Sri Lankan context. These drivers include economic and regula-
tory development, nationalisation and internationalisation of contract procurement,
proper change management, development of ICT and new competencies and educa-
tion as shown in Table 1. Moreover, [13] identified in his study that increased service
integration, proper organisation structure and improved knowledge and skills of
facility managers as some main drivers of UFM. When mapping with Table 1, it
is obvious that proper change management and new competencies and education are
the two main drivers, which were mostly identified by the researchers.

In this context, aforementioned factors can be identified as the major driving
forces for adaptation of UFM concept in a successful way.

2.3 Barriers Influencing Adaptation of UFM

However,UFM, like the broader concept of urban sustainability, hasmanychallenges,
when it comes to implementation.As noted byDrion et al. [4], these challenges can be
arisen during the implementation, continuous improvement as well as maintenance
of the concept of UFM. The barriers identified through the existing literature are
presented in Table 2.
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Table 2 Barriers of UFM

Barriers of UFM A B C D E F G H I

High cost
√ √

Conflicting stakeholder requirements
√ √ √

Lack of information and knowledge
√ √ √ √

Lack of understanding of contextual issues
√ √

Lack of integration of stakeholder knowledge
√ √

Lack of funding for private owners
√ √

Lack of communication among parties
√ √ √

A: [13], B: [12], C: [1], D: [3], E: [16], F: [4], G: [2], H: [8], I: [11]

According to Table 2, many barriers, which influence the adaptation of UFM
were identified in a recent study by Pearce [12], namely high cost, conflicting stake-
holder requirements, lack of information and knowledge, lack of understanding of
contextual issues and lack of funding for private owners. In addition to that lack
of integration of stakeholder knowledge and lack of communication among parties
were identified as by the other researchers as presented in Table 2.

Accordingly, these barriers can be identified as the challenges of UFM imple-
mentation, which discourage the way of implementing it within the current
context.

3 Research Methodology

This study was designed to analyse the drivers and barriers to the successful adap-
tation of the concept of UFM into the Sri Lankan context. Accordingly, research
question can be developed as,

RQ:“How could drivers and barriers be influenced the adaptation of UFM in Sri Lanka?”

Initially, an extensive literature review was conducted, which facilitate to
strengthen the base of the study by reviewing the prevailing knowledge around the
research area. Since there is a need of carrying out an in-depth investigation on the
analysis of drivers and barriers to the successful adaptation of UFM into Sri Lankan
context, a qualitative research approach with qualitative interview survey strategy
was selected to conduct the study. Further, qualitative interview survey was carried
out using semi-structured interviews with experts in the field who have wide knowl-
edge regarding current FM practices, and also with the key stakeholders who are
engaged in the management and development of sustainable cities to gather data.
The literature review (refer Sect. 2.1) facilitates the researcher to identify the rele-
vant interviewees for the study. Altogether, fifteen (15) respondents were selected
with their familiarity with the urban context, profession and the year of experiences
as tabulated in Table 3.
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Table 3 Profile of the
respondents

Respondent Profession Industry experience
(years)

Respondent 1
(R1)

Town and transport
planner

15

Respondent 2
(R2)

Facility manager 05

Respondent 3
(R3)

Chartered quantity
surveyor

16

Respondent 4
(R4)

Town and country
planner

07

Respondent 5
(R5)

Chartered architect 07

Respondent 6
(R6)

Chartered architect 15

Respondent 7
(R7)

Chartered quantity
surveyor

25

Respondent 8
(R8)

Architect 15

Respondent 9
(R9)

Facility manager 09

Respondent 10
(R10)

Facility manager 05

Respondent 11
(R11)

Property manager 10

Respondent 12
(R12)

Architect 12

Respondent 13
(R13)

Facility manager 09

Respondent 14
(R14)

Quantity surveyor 18

Respondent 15
(R15)

Facility manager 06

When moving to data analysis, content analysis can be identified as the most
applicable, flexible aswell as commonly used technique,which can be used to analyse
textual data, as suggested by White and Marsh [17]. Thus, it can be identified as the
mostly preferred data analysis technique for this study. The drivers and barriers were
extracted through analysis of research findings using an abductive analysis.
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4 Research Findings and Analysis

A detailed description of analysis of the findings is presented under three subsec-
tions, namely understanding of the concept of UFM in Sri Lanka (Sect. 4.1), drivers
(Sect. 4.2) and barriers (Sect. 4.3) to the successful adaptation of UFM to the Sri
Lankan context.

4.1 The Concept of UFM in Sri Lanka

UFM is a novel concept to many stakeholders, who engaged in the management and
development of cities in Sri Lanka, except facility managers. Being facility managers
by profession, R2, R9, R10, R13 and R15 have already aware of the concept UFM
as they are continuously seeking innovative and modern ways to carry out their FM
practices. As further stated byR2 andR9, the principles and basics ofUFMhave been
using in their professional role as they are mainly involved in urban development
projects. They perceived UFM as a systematic process, which uses micro-level FM
practices at a macro-level with the participation of both public and private sectors. A
similar perception was shared by the other respondents as well, though the concept
is new to them still. As stated by R8, UFM practices are currently performing in
the field in Sri Lanka anyhow without having a proper idea about it. Furthermore,
R6 and R12 explained that the country needs a balanced development with available
resources through UFM to achieve urban sustainability. Otherwise, the country will
fail to achieve the goals of the adaptation of UFM.

4.2 Drivers to the Successful Adaptation of UFM in Sri
Lanka

According to the experts’ opinions, driving forces, which encourage the relevant
stakeholders to perform UFM as a concept in Sri Lanka are discussed as drivers of
UFM under this section.

It was witnessed through the empirical findings that economic and regulatory
developments has become a major driver of UFM today. Identifying the priorities
of the country and establishing the required goals to achieve the major requirement
is the basis of implementing a new concept within the country, as per R3 and R2.
Furthermore, developing a proper regulatory framework has also become a major
need, when adapting a novel concept within the country in a practical way. There-
fore, as UFM is a major concept, which affects the lifestyle of the whole society,
proper economic goals and regulations need to be established in an appropriate way,
as stressed by R11. With the presence of such economic and regulatory develop-
ments, adapting UFM into the current practices will not be a huge challenge for the
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stakeholders. As per the views of many respondents, increased service integration
was identified as another main driver of UFM.Most minor FM services can be linked
with major FM services and better UFM services can be provided for the society due
to service integration, which is the basis of performing UFM. As elaborated by R10
and supported by R4, if the service integration does not practice, performing UFM
can be failed since services cannot provide from one single hub. As per the opinion of
R7, this service integration needs to be done with a proper plan and proper communi-
cation between suppliers, by reducing the issues that can occur during implementing
tasks. However, the attention of the stakeholders should be paid for integration of
services for better application of UFM into the current practices.

When implementing a new concept into a country, there is a higher need of an
improved procurement system without any corruption. As described by R4 and R5,
these procurement systems need to have transparency procedures and also func-
tion with local as well as global standards. It was further justified by R7 stating
that although nationalisation is enough for contract procurement, there is a major
requirement of internationalisation since it will transfer funds from many countries
and will provide opportunities to get involve human resources with many innovative
ideas, when implementing UFM. Such internationalisation of contract procurement
will be very easy today as FM services have a good international market, as per R11
and R15. Thus, it is obvious that both nationalisation and internationalisation of
contract procurement can be considered as one of the major drivers of UFM. As
the views of R3 as well as R15, when implementing UFM as a novel concept in
Sri Lanka, a proper organisation structure need to be in advance indicating roles,
responsibilities, authorities and communication procedures of all stakeholders, who
involved in the UFM. It was strongly insisted by R12 mentioning that UFM imple-
mentation is definitely lead to its ultimate goals by objectives and characteristics of
the organisational structure. According to the opinion of R10, as the objectives and
characteristics can be changed with the time due to external environmental factors
and business cycle, they need to be revised appropriately to achieve the aims of
UFM. Further, awareness and knowledge regarding the concept of UFM are highly
required for the parties in the organisational structure for better implementation of
it, as mentioned by R2. Accordingly, it can be argued that organisation structure is
very important during the implementation process of UFM into the current practices.

Another important factor, which was captured through the interviews is knowl-
edge and skills of facility managers. Facility managers play a foremost role in the
process of UFM implementation because it has emerged as a novel concept from
the concept of FM, where facility managers have the basic knowledge and skills
on FM practices. It was clearly witnessed through the discussions with R2, R9,
R10, R13 and R15, who are working as Facility Managers. They further elaborated
that currently facility managers are involving in managing individual buildings with
requirements of FM and it can get as an exposure to perform FM practices in an
urban scale. Accordingly, it is obvious that current performance is totally different
from performing UFM as the scale is bigger than present, though the concept is
same. Therefore, proper communication with the stakeholders is highly required for
facility managers to get actions, which fulfil the requirements of the stakeholders and
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covering UFM objectives, as further stated by R10. Moreover, teamwork is a major
requirement for every work to achieve the required goals. Thus, it can be applied for
the process of implementing UFM as well. As mentioned by R4, interpersonal and
interprofessional skills are need to be developed between all participants for imple-
menting UFM. The implementation process will be highly encouraged by skilful,
knowledgeable, experienced and professional teamwork as further explained by all
respondents.

In the way of implementing UFM, different changes can be happened in many
aspects positively as well as negatively, as shared by R12. These changes need to
be properly identified and properly managed with appropriate solutions as unwanted
situations may automatically occur with the absence of proper change management.
With the results of such change management, the process of adapting UFM into
current context will become more efficient and innovative, as stated by R2 and
supported by R10. That is why proper change management can be identified as
one of the major drivers of UFM. As per the views of majority of the respondents,
new and advanced technologies are highly required for implementing and practicing
UFM. As further elaborated by R5 and R3, there is a major need for lot of data and
information to manage and operate urban practices in a standard way, which high-
lights the importance of ICT in adapting UFM. Although many new technologies
can apply to the urban practices, unwanted technologies need to be rejected as they
may be less advantaged for Sri Lanka, which is still a developing country with minor
facilities and resources, as per R1 and R11. However, development of ICT makes
the UFM implementation process more effective when it is used in its best way and
appropriate situations.

When implementing the concept of UFM, professionals who involve in the imple-
mentation process should have a proper knowledge about it because being a new
concept, UFM can make both positive as well as negative impacts on current prac-
tices, as explained by R6. With the experience in the field, he further elaborated that
in such negative situations, professionals need to find solutions without failing the
adaptation of the concept. Moreover, the society also needs to have a proper idea
about how they can adapt to this new concept. Hence, establishing new educational
paths for professionals as well as common society to get an idea about the UFM
concept will be a major driver to its implementation. Uplifting laws and ordinance
is also an enabler of UFM according to the views of R4 because current laws and
ordinance are not properly functioned and some cannot be applicable today. Hence,
uplifting them in an applicable manner for the present situation will be a main driver
for UFM implementation.
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4.3 Barriers to the Successful Adaptation of UFM in Sri
Lanka

Despite the drivers, UFM, like the broader concept of urban sustainability, has many
challenges, when it comes to implementation. Those barriers are comprehensively
discussed with relevance to the views of the respondents under this section.

According to the opinions of R8 and R12, when implementing UFM as a new
concept within the country, all the processes and systems need to be converted into
a systematic way as it is trying to integrate all FM services in a macro-level. Hence,
this implementation process can be costly, especially the initial cost. Though this
cost can be covered by the savings of UFM adaptation, it may somewhat difficult
due to the lack of resources in a county like Sri Lanka, which is still a developing
country. Therefore, this high cost may be a barrier for implementing UFM. Many
stakeholders have been involved during the implementation process of UFM. The
requirements of these stakeholders of UFMcan differ resulting conflicts among those
requirements. These conflicting stakeholder requirements may hinder the UFM
implementation process as stakeholders focus more to achieve their personal objec-
tives rather than achieving the commongoals ofUFM, as stated byR5.As emphasised
by R2, when implementing a new concept, the stakeholders should need to give their
best support and priority to achieve the goals of the concept. Unfortunately, such
support or priority is lacking in current situation of the country, as further stated
by R2. Moreover, implementation of UFM needs to have every proper, clear and
validated information as well as improved knowledge regarding the area in order to
become successful. However, asmentioned byR8 and supported byR13, getting each
and every information has become very difficult today due to poor communication
between relevant parties. Further, R6 explained that existing knowledge, specially
existing FM knowledge is not sufficient for UFM implementation as it deals with
many broad areas rather than FM and this was endorsed by R15 as well. Thus, lack of
information and knowledge creates another huge barrier for UFM implementation
to achieve its great success.

Another important barrier, which was captured through the findings is lack of
understanding of contextual issues. Presently, many urban issues have emerged
in Sri Lanka and there is a higher need of overcoming those issues through proper
adaptation of UFM, as mentioned by R7. Further, he stated that when doing this,
stakeholders of UFM should have a proper understanding of the current context.
However, as per the experiences of the interviewees, it was apparent from the find-
ings that the understanding of the stakeholders on contextual issues is very poor
and it has made a main barrier to implement UFM successfully. In line with the
preceding barrier, another barrier can be identified as lack of integration of stake-
holder knowledge, as per the views of the respondents. What they have elaborated
in here is, proper integration needs to be developed among both theoretical and prac-
tical knowledge of the stakeholders from different fields regarding adapting UFM.
However, currently, such integration can be seen at its infancy, which may result
many issues and conflicts. As further disclosed by R4, it may difficult to provide the



354 S. P. M. Dasandara et al.

best, possible solutions for available urban issues with the absence of such integra-
tion among stakeholder knowledge, which creates a barrier for UFM implementation
into Sri Lankan context.

Moreover, lack of funding for private owners has also become a huge challenge
today for UFM implementation. As previously discussed, both public and private
parties have to involve in the process of adapting UFM into current practices. As per
the arguments ofR8, although the public organisations are driving only forwell-being
of the society, private sector is also seeking it, while driving for profit earnings. Thus,
proper funding should be done for the private investors by the public sector as private
sector is also very essential in achievinggoals ofUFM.However, currently, it is poorly
happened creating a barrier for UFM implementation. According to R2 and R6,
current working patterns in government organisations have become more inefficient
asmajority of employees do not tend to fulfil their duties and responsibilities properly.
Therefore, these inefficient government organisations create a huge barrier in the
way of implementing UFM because, when implementing such new concept within
the country, active participant of both public and private sectors is highly required.

5 Discussion

UFM has emerged as a novel concept based on the concept of FM to manage current
urban practices in a modern, innovative and sustainable way [10]. Although FM
is currently performing at the micro-level in Sri Lanka, with the emergence of the
notion of UFM, it can be performed at the macro-level [9]. However, adaptability
of UFM into Sri Lankan context needs to be studied well prior to the implementa-
tion. It is, therefore, this study endeavoured to analyse the drivers and barriers for
proper adaptation of UFM in Sri Lanka. When mapping with the literature findings,
[3] proved that living standards of the people will be highly increased through the
adaptation of UFM by providing quick access to a wide range of services, which are
managed in a macro-level by different stakeholders from different fields. This was
further confirmed by the respondents stating that adaptation of UFM will facilitate
the provision of urban facilities and services for the community in a comfortable
and convenient way. However, adaptation of UFM is still at its infancy in Sri Lanka,
where the many driving forces as well as challenges can be arisen during the path of
UFM implementation.

When reviewing the literature, nine main drivers of UFM were identified based
on the existing literature, namely economic and regulatory development, increased
service integration, nationalisation and internationalisation of contract procurement,
proper organisation structure, improved knowledge and skills of facility managers,
good teamwork, proper change management, development of ICT and new compe-
tencies and education. Although these findings were in general, similar results can
be seen in Sri Lankan context as well according to the respondents. Apart from
these drivers, establishing new educational paths and uplifting laws and ordinance
were captured as newly identified drivers through the views of the respondents. As



Urban Facilities Management: A Way of Attaining … 355

elaborated by the respondents, professionals as well as common society can gain
proper understanding on the concept of UFM to adapt to this new concept properly
by establishing new educational paths. Moreover, uplifting the existing laws and
ordinance will be a main driver for UFM implementation since they are not currently
practiced properly and not applicable for today according to the respondents. At the
same time, seven main barriers for adaptation of UFM were discovered through the
prevailing literature. They include high cost, conflicting stakeholder requirements,
lack of information and knowledge, lack of understanding on contextual issues, lack
of integration of stakeholder knowledge, lack of funding for private owners and lack
of communication among parties. Respondents confirmed that as same as the iden-
tified drivers through the literature, these barriers also can be applicable into Sri
Lankan context, though they have discussed generally in the literature. Addition-
ally, inefficient government organisations were identified as a new barrier for UFM
adaptation through interview findings. Michell [10] disclosed in his study that active
participation of both private and public sectors is highly acknowledged, when imple-
menting a new concept for a country. Similarly, respondents argued that effective
participation of private and public sectors is highly required for adaptation of UFM
into Sri Lanka. However, current working patterns in government organisations in
Sri Lanka have become more inefficient as further highlighted by them. Hence, it
creates a major barrier towards the UFM implementation process. On the whole,
these identified drivers and barriers can be summarised as presented in Fig. 1 (refer
Annexure 1).

An exclusive role is played by all these drivers and barriers, when implementing a
new concept like UFM into Sri Lankan context. As per the views of the respondents,
all stakeholders should highly dedicate for encouraging these drivers as well as
overcoming the barriers through appropriate solutions for a better adaptation ofUFM,
which ultimately focuses on urban sustainability in performing urban practiceswithin
the country as indicated in a study by Pearce [12].

6 Conclusions

Currently, in Sri Lanka, FM is performing in a micro-level. However, with the emer-
gence of the concept of UFM, FM activities can be performed in a macro-level
to manage the built environment in a modern, innovative and sustainable way for
uplifting and standardising the living styles of the society. However, adaptability
of this concept to the Sri Lankan context has not been studied yet. When adapting
this novel concept into Sri Lanka, many drivers as well as barriers can be identified.
Thus, this paper intended to analyse these drivers and barriers for proper adapta-
tion of UFM to the Sri Lankan context. Altogether, eleven drivers for UFM imple-
mentation were identified through the empirical findings of the study. They include
economic and regulatory development, increased service integration, nationalisa-
tion and internationalisation of contract procurement, proper organisation structure,
improved knowledge and skills of facility managers, good teamwork, proper change



356 S. P. M. Dasandara et al.

management, development of ICT, new competencies and education, industrialisa-
tion and uplifting laws and ordinance. At the same time, eight barriers, which create
many obstacles in the way of UFM implementation were identified as high cost,
conflicting stakeholder requirements, lack of information and knowledge, lack of
understanding on contextual issues, lack of integration of stakeholder knowledge,
lack of funding for private owners, lack of communication among parties and ineffi-
cient government organisations. According to the findings, it was witnessed that the
adaptation of UFM is at the nascent stage in Sri Lanka. Thus, these drivers need to
be further encouraged and the barriers need to be overcome by applying appropriate
strategies for the successful implementation of UFM into current urban practices in
Sri Lanka. In fact, implementation of the concept of UFM definitely leads for a stan-
dardised living pattern for the whole society through a sustainable, innovative and
modern urban management. However, all the stakeholders should highly contribute
in achieving the goals of UFM by managing aforementioned drivers and barriers
successfully.

The study provides a contribution to the literature on applicability of UFM into Sri
Lankan context. Hence, the knowledge generated through this study can be assisted
in many ways by the respective industry experts in Sri Lanka in implementing the
concept of UFM successfully.

Annexure 1

See Fig. 1.

Successful 
Adaptation 
of the con-

cept of UFM

Economic and regulatory 
development
Increased service integration
Nationalisation and interna-
tionalisation of contract pro-
curement
Proper organization structure
Improved knowledge and 
skills of facility managers
Good teamwork
Proper change management
Development of ICT
New competencies and edu-
cation
Establishing new educational 
paths
Uplifting laws and ordinance

High cost
Conflicting stakeholder re-
quirements
Lack of information and 
knowledge
Lack of understanding on 
contextual issues
Lack of funding for private 
owners
Lack of communication 
among parties
Inefficient government or-
ganisations

Drivers
Barriers

Fig. 1 Summary of the identified drivers and barriers to the successful adaptation of UFM in Sri
Lanka



Urban Facilities Management: A Way of Attaining … 357

References

1. Alexander, K.: Community-based facilities management. Facilities 24(7/8), 250–268 (2006).
https://doi.org/10.1108/02632770610666116

2. Amaratunga, D. et al.: Process improvement in facilities management: the SPICE approach.
Facilities 90–106 (2003)

3. Boyle, L., Michell, K.: Urban facilities management: a systemic process for achieving urban
sustainability. Int. J. Sustain. Dev. Plan. 12(3), 446–456 (2017). https://doi.org/10.2495/SDP-
V12-N3-446-456

4. Drion, B., Melissen, F., Wood, R.: Facilities management: lost, or regained? Facilities 30(5/6),
254–261 (2012). https://doi.org/10.1108/02632771211208512

5. Hallam, S.: ‘FM research—the leading edge’. Facilities 18(7) (2007)
6. Hosseini, M.N.: Cultural planning and urban planning. J. Urban Manage. 8, 56–61 (2007)
7. International FacilityManagement Association.: Energy Efficiency Indicator Summary Report

(2009). Accessed 12 December 2020
8. Larsen, J.L., et al.: Urbanising facilities management: the challenges in a creative age. Facilities

29(1), 80–92 (2012). https://doi.org/10.1108/02632771111101340
9. Manjula, N.H.C., Senarathne, S.: Team work in facilities management. Global Challenges

Construct Indus. 258–265 (2012)
10. Michell, K.: Urban facilities management: a means to the attainment of sustainable cities? J.

Facil. Manag. 11(3), 3–5 (2013). https://doi.org/10.1108/jfm.2013.30811caa.001
11. Noor, M.N.M., Pitt, M.: A critical review on innovation in facilities management service

delivery. Facilities 27(5), 211–228 (2009). https://doi.org/10.1108/02632770910944943
12. Pearce, A.R.: ‘Sustainable urban facilitiesmanagement’, encyclopedia of sustainable technolo-

gies. Elsevier 2, 351–363 (2017). https://doi.org/10.1016/B978-0-12-409548-9.10183-6
13. Roberts, P.: FM: new urban and community alignments. Facilities 22(13), 349–352 (2004).

https://doi.org/10.1108/02632770410563059
14. Roper, K.O., Payant, R.: In: The Facility Management Handbook. 4th edn. AMACOM (2014).

Available at https://www.oreilly.com/library/view/the-facility-management/9780814432150/
15. Rosa, M.D.: Land use and land-use changes in life cycle assessment: green modelling or black

boxing?’. Ecol. Econ. Elsevier B.V. 144, 73–81 (2018). https://doi.org/10.1016/j.ecolecon.
2017.07.017

16. Weerasinghe, N., Sandanayake, Y., Bandusena, P.: Collaborative facilitiesmanagementin urban
regeneration projects: problems and potentials. In: Proceedings of the International Conference
on ‘Cities, People and Places’, pp. 316–329. (2014)

17. White, M.D., Marsh, E.E.: Content analysis: a flexible methodology. Libr. Trends 55(1), 22–45
(2006). https://doi.org/10.1353/lib.2006.0053

18. Yuan, J., et al.: Examining sustainability indicators of spacemanagement in elderly facilities—a
case study in China. J. Clean. Prod. (2018). https://doi.org/10.1016/j.jclepro.2018.10.065

https://doi.org/10.1108/02632770610666116
https://doi.org/10.2495/SDP-V12-N3-446-456
https://doi.org/10.1108/02632771211208512
https://doi.org/10.1108/02632771111101340
https://doi.org/10.1108/jfm.2013.30811caa.001
https://doi.org/10.1108/02632770910944943
https://doi.org/10.1016/B978-0-12-409548-9.10183-6
https://doi.org/10.1108/02632770410563059
https://www.oreilly.com/library/view/the-facility-management/9780814432150/
https://doi.org/10.1016/j.ecolecon.2017.07.017
https://doi.org/10.1353/lib.2006.0053
https://doi.org/10.1016/j.jclepro.2018.10.065


Fuzzy-AHP Based Design
and Performance Indexing Model for Tall
Buildings

Shubham Pandey , Prateek Roshan , and Shobha Ram

1 Introduction

Ever since the beginning of human civilisation, tall structures have always fasci-
nated mankind. Right from ancient times, humans have always built structures like
temples, cathedrals and pyramids, which had significant height, pointing to the sky,
in their constant pursuit of reaching the sky. Nowadays, there seems to be a marathon
between countries, where everybody wants to come out on top, be it, technological
advancements, upgrading defence capabilities, reaching out in space, or constructing
“the tallest building”. Due to technological advancements and expanding interest for
business and residential space, there is a critical requirement for high-rise structures.

A structure is known to be a tall building if 50% of the structure is habitable;
otherwise, it is just a tall structure, not a “tall building”. As per Bureau of Indian
Standards, a building with a height greater than 50 m and less than 250 m is a tall
building (IS 16700:2017) [1]. In this study, tall buildings within this specified height
range are considered.

Tall buildings have various components, and designing a tall building requires
a significant amount of knowledge about each component and their impact on the
design of tall buildings. Therefore, the decision regarding design, construction and
performance of a tall building in service life relies on various parameters and factors,
making it a complex problem to deal with. Analytic Hierarchy Process (AHP) is quite
possibly the most useful and valuable multiple criteria decision-making (MCDM)
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strategy that can be used tomanage such complex subjective and qualitative decision-
making problems. Saaty initially developed AHP [2] which is a technique by which
a complex decision-making problem can be broken down into simple and manage-
able components and represented as a hierarchical model. Based on the judgement
of experts’ opinions, priorities or weights of various components or factors are
computed. After that, calculations are performed to arrive at the final result or to
decide among a set of alternatives. The complete calculation process of conventional
AHP is not explained here due to brevity. The AHP approach is often subjected to
a certain amount of uncertainty and ambiguity because of the lack of apt decision
making sometimes by experts. Due to the uncertainty that prevails in this method
because of an expert’s optimism and pessimism, the conventional AHP method is
used with a concept of fuzzy embedded into it, making it a Fuzzy Analytic Hierarchy
Process (FAHP).

The analysis of tall buildings is a very complex process; therefore, different aspects
of a tall building are thoroughly reviewed to ease this. The problem is then broken
down into small and manageable components, which are then incorporated into
a hierarchical model by grouping these components and aspects of similar cate-
gories. The relative weightage of attributes or components at one level is determined
through an exhaustive experts’ judgement. In total, fifteen experts’ opinions were
taken into consideration by using a questionnaire survey form. The survey opinion
was collected in the form of pairwise comparison tables. The α-cut method, as used
byChang [3], has been employed to calculateweights for each criterion, sub-criterion
and alternatives in the present study. A design and performance assessment index
for tall buildings is hence developed. This model was applied to a set of existing
tall buildings, and individual scores were calculated for each building. Later on,
the ranking of these buildings was carried out and also comparisons of the design
and performance features are discussed. This model can efficiently and effectively
accommodate both the qualitative and quantitative design, safety and performance
aspects of a tall building.

2 Literature Review

2.1 Review on Analytic Hierarchy Process

The fuzzy modification of AHP was developed by Buckley [4] following Buckley’s
work, fuzzy-AHP methods have found many applications. Saaty [5] studied about
relative technique making use of the pairwise comparisons among the elements to a
common alternative. Chang [3] applied FAHP to develop an expert decision-making
process. The main objective of the study was to tackle the uncertainties faced during
evaluation stages, in order to avoid that the author represented expert’s judgements
as fuzzy triangular numbers thus the results obtained were represented in the form of
decision matrices and then by using a fuzzy prioritisation method crisp values were
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obtained. Wang and Chin [6] found that the existing defuzzification techniques were
very sophisticated and were also subjected to some significant drawbacks. Hence-
forth they proposed a logarithmic fuzzy preference programming method (LFPP).
Chaphalkar and Shirke [7] applied MCDM for selecting the type of bridge to be
constructed at a particular site. The hierarchical model was formed, and with the help
of a panel of six experts, they arrived at the result. They used pairwise comparisons
to arrive at the result using FAHP methodology.

2.2 Review on Tall Buildings

The Indian standard code IS 16700:2017 [1] is used in order to study the building
configuration parameters, height limit, slenderness ratio, storey stiffness, plan geom-
etry and the aspect ratio of the structural plan. Fu [8] well-researched floor system
studies and lateral stability provisions were adopted as parameters in the study. The
monograph published by the Council on Tall Buildings and Urban Habitat (CTBUH)
[9] covers the topic of structural systems for tall buildings and how it has changed
over the past decade. For wind provisions, the Indian standard code, IS 875 (Part
3) [10] was adopted. Mendis et al. [11] completely cover the primary and essential
aspects associated with the design of tall buildings on the effects of wind loading.

Parameters covered under this study include wind speed, design wind loads, types
of wind design, design criteria, along and crosswind loading directions. The concept
of vortex shedding and how it can be avoided by doing some aerodynamic modifi-
cations to the building, and avoiding any vibrations which cause occupants inconve-
nience along with a brief introduction of purpose-designed damping systems are also
studied in this paper. Li et al. [12] evaluated the factors that affect the fire resistance
of high-rise buildings and how efficiently a building is designed to overcome the fire
outbreak in the building. Fire safety in a tall building is a crucial safety concern that
needs to be addressed at the design and planning stage. To take care of this aspect,
fire safety factor has been included in this study which consists of parameters like
fire safety hardware facilities, e.g. availability of a proper fire extinguishing system,
a proper smoke control system, availability of a fire lift and a properly functioning
alarm system.

3 Methodology

In the present study, Saaty’s fundamental scale of absolute numbers (Saaty 1980) [2],
which uses the scale of 1, 3, 5, 7 and 9 for relative comparison of the importance of two
criteria over one another was used for procuring the experts’ judgement. The typical
AHP procedure for calculation of weight matrices is carried out as used by Roshan
et al. [13, 14] and Sharma et al. [15]. AHP is very useful for checking the consistency
of the decision-maker’s evaluations or the experts’ judgement. The consistency of
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Table 1 Random index (R.I.) values given by Saaty [2]

n 1 2 3 4 5 6 7 8 9 10

R.I 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49

the judgemental matrix can be measured by the term known as consistency ratio
(C.R.).

C.R. is defined as:

Consistency ratio(CR) = Consistency Index(CI)/Random Index(RI) (1)

The consistency index (C.I.) can be given as

C.I. = λmax − n

n − 1
(2)

where “n” is the number of evaluation criteria considered, and λmax is the Eigen
value. A perfectly consistent decision gives C.I= 0, but small values of inconsistency
may be tolerated. If the consistency ratio exceeds 0.1, then the set of judgements are
not consistent and hence are not reliable. R.I. is the random index, i.e., the consistency
index when the entries of matrix “A” are completely random. The values of R.I. for
different values of “n” are shown in Table 1.

3.1 The Fuzzy-AHP Methodology

In normal AHP method, developed by Saaty, there were some ambiguities and
uncertainties. So to improve the concept of fuzzy, first introduced by Zadeh [16],
was incorporated to AHP, to form a new technique called Fuzzy Analytic Hier-
archy Process (FAHP) methodology. The earliest published work on FAHP was by
Laarhoven [17]. In fuzzy-AHP, the experts’ opinions are considered fuzzy values
that spread around a crisp central value with different degrees. This degree of asso-
ciation is called the membership function. There are three major elements of FAHP
methodology, namely, hierarchy construction, priority analysis and consistency veri-
fication. The utilisation of fuzzy logic in an MCDM problem has made the process
for comparing multiple criteria and attributes has become free of any uncertainties
and ambiguity. This process of representing the parameters into linguistic terms is
known as fuzzification.

Defuzzification is a process of breaking the linguistic term of the problem into
crisp numbers. There are numerous defuzzification techniques, like the geometric
mean method, fuzzy logarithmic least square method, the centre of gravity method,
lambda-max method and α-Cut method [18–21]. In this study, the α-cut method has
been implemented for the defuzzification of the data by considering a triangular
membership function.
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Fig. 1 Graphical
representation of triangular
fuzzy number

α-cut Method
In theα-cutmethod, the opinions of the expert are demonstrated as a triangular area

between L and U values representing the lower and upper limits of the membership
function, respectively, andM is the geometric mean of experts’ opinion representing
the major value of the shape function. Using the values of L, M and U a fuzzy
comparison matrix is obtained.

ai j = (
Li j , Mi j ,Ui j

)
where Li j ≤ Mi j ≤ Ui j

and Li j , Mi j ,Ui j ∈ [
1
9 , 1

] ∪ [1, 9]

Li j = min(Bi jk), Mi j = n

√√
√√

n∏

k=1

Bi jk (k = 1, 2, 3, . . . , n)Ui j = max(Bi jk) (3)

where Bi jk represent opinions of expert k for the relative comparisons of two
criteria i and j. So, the expert opinions obtained are demonstrated in a triangular area.
A graphical representation is shown in Fig. 1. aij is an element of fuzzy comparison
matrix as represented by Eq. (4), where, Ui j ,Mi j and Li j denotes the figures of the
highest, geometric mean, and the lowest values of the experts’ opinion, respectively.

[
A
] = ai j =

⎛

⎜⎜⎜
⎜
⎝

1 a12 . . . a1n
1
a12

1 . . . a2n
...

...
...

...
1
a1n

1
a2n

. . . 1

⎞

⎟⎟⎟
⎟
⎠

(4)

The α-cut method tends to show the uncertainty (α) and risk tolerance (λ) in the
fuzzy opinion of the decision-maker. The degree of uncertainty is maximum and
minimum for the two values of α at 1 and 0, respectively. The value of α can vary
from 0 to 1. It can also be showed as a degree of stability or fluctuation. The increase
in value of decision making means increase in the stability and reduction in variance
of decision making. Risk tolerance (λ) is reviewed as degree of expert’s pessimism.
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The value of λ ranges between 0 and 1. The value of λ = 0 means that the decision-
maker is most optimistic, while λ = 1 means the decision-maker is most pessimistic
and expert consensus is lower bound.

(
aα
i j

)λ = (
λ · Lα

i j + (1 − λ)Uα
i j

)
(5)

where 0 ≤ α ≤ 1, 0 ≤ λ ≤ 1,
Lα
i j = (

Mi j − Li j
)
α + Li j represents the left end value of the α-cup for ai j ,

and Uα
i j = Ui j − α

(
Ui j − M

)
represents the right end value of the α- cup for ai j .

Finally, the resultant defuzzified single pairwise comparison matrix is generated
as given in Eq. (6).

[
(Aα)

]λ = (aα
i j )

λ =

⎛

⎜⎜⎜⎜
⎝

1
(
aα
12

)λ
. . .

(
aα
1n

)λ

(
aα
21

)λ
1 . . .

(
aα
2n

)λ

...
...

...
...

(aα
n1)

λ (aα
n2)

λ . . . 1

⎞

⎟⎟⎟⎟
⎠

(6)

4 Proposed Model for Performance Assessment Indexing
of Tall Buildings

The performance assessment index model of tall buildings is divided into four sub-
categories, design, lateral stability provisions, structural systems and fire safety. The
design of tall buildings is further sub-divided into building configuration, foundation
type, floor systems and soil type. The flow chart of the proposed study is shown on
Fig. 2.

Building configuration is divided into elevation and plan. Elevation has been
further sub-divided into height limit, slenderness ratio and storey stiffness. The plan
of a tall building is then further divided into plan geometry and plan aspect ratio. The
plan geometry of a tall building is sub-divided into rectangular, circular, square and
elliptical shapes. Floor systems used in a typical tall building can be broadly divided
into concrete floor systems and composite floor systems. The concrete floor system
can be divided into three categories based on slabs used: solid slab, post-tensioned
slab and flat slabs. Composite floor system used in a tall building is divided into solid
R.C., precast slab and composite truss. The type of foundation used in tall buildings
is sub-divided into pile, raft and composite pile and raft foundation. The soil type of
the site is divided into soft, medium and hard.

Lateral load resisting provisions of tall buildings includes wind and seismic
provisions. Wind provisions further include topography, aerodynamic modifications
and dampers. The topography is further divided into four main terrains based on
the terrain of the particular building site. Various engineering enhancements like
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Performance Score Based Ranking of Building

Calculation of Individual Score of Each Sample Building

Application of Tall Buildings Indexing Model To Sample Buildings

Finalization of Tall Building Indexing Model

Determination of Calculation Indices

Data De-fuzzification

Development of the Fuzzy Matrices

Compilation of Collected Data

Taking Expert's Decisions

Questionnnaire Forms Design

Formulation of Tall Building Performance Assessment Indexing Model

Fig. 2 Flow chart of the proposed study

tapering, twisting, porosity and corner shortening may be done to tackle the high
wind loading in the tall buildings.

Dampers used in tall buildings are broadly divided into three categories: active,
passive and semi-active. To deal with seismic loading in a tall building, seismic
provision is taken at the designing level. These can be further divided into base isola-
tion, shock absorber, damping systems and provisions for the shear wall. Structural
systems used in constructing tall buildings are broadly divided into the rigid frame,
braced and shear-walled frame, outrigger and tubular frame. Fire safety is divided into
two sub-criteria: warning systems and emergency evacuation. The warning system is
further sub-divided into the fire alarm and smoke control. The emergency evacuation
includes staircase width, staircase per floor, evacuation guidance and fire lift.

To facilitate the development of the hierarchical model and to identify the crit-
ical factors that influence the design of tall buildings, an exhaustive review of past
literature was carried [8–12, 22–27].

4.1 Questionnaire Formation and Collection of Data

After the development and finalisation of the tall buildings indexing hierarchical
model, a detailed questionnaire in the form of tables (Appendix I) for comparing
parameters at each hierarchical level, a feature of AHP, was crafted to gather the
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experts’ opinions. The comparative assessment between the two criteria “a” and “b”
is developed at scale with values ranging from 1 to 9. If a value is selected on the
left side of the scale, that would mean that “a” has more weightage than “b” which
means “a” is more important than “b” and vice-versa. A value of 9 towards right
implies that the criterion “b” is extremely important with respect to the criterion “a”.
Similarly, a value of 7 towards left means criterion “a” is stronger than “b” and so
on. Suppose the selected value turns out to be 1, which means that both the criterion
is equally important. With the questionnaire survey form, the experts were given a
detailed explanatory instruction sheet (Appendix II) on how to properly fill out the
survey forms and do the scaling part. These questionnaire survey forms (Appendix I)
were sent to experts engaged in the academics, construction and designing industries.
AHP is a subjective method, does not require a large sample size [28–30]. For this
reason, data were collected from a total of fifteen experts through the questionnaire
form.

4.2 Buildings for the Application of the Proposed Model

After the successful distribution of questionnaire survey forms to the experts for their
judgement, data collectionwas done. The data collectionwas done by visiting the site
location and talking to the respective construction authorities to get all the relevant
data for the study. The buildings which were taken for consideration in this study are
given in Table 2. The names of the five buildings were given as A-96, B-106, C-155,
D-130 and E-55 with the numbers after alphabets representing the respective height
of the buildings.

5 Calculations Involved

Fuzzymatriceswere developed from the compiled data obtained from survey opinion
forms by using values of Lij, Mij and Uij. Calculation of Lij, Mij, Uij is done using
Eq. (3). Hence, the table obtained after the calculation is shown in Table 3. The values
obtained from the experts’ opinion through the pairwise comparisons were shown as

Table 2 Buildings for the
proposed tall buildings
performance assessment
index model application

S.No Buildings Location

1 A-96 Ghaziabad

2 B-106 Noida city centre

3 C-155 Noida

4 D-130 Gurugram

5 E-55 Gurugram
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Table 3 Experts’ judgement with the values of Lij ,Mij , Uij

Criteria “A” Criteria “B” Lij Mij Uij

Height limit Slenderness ratio 1/5 0.890 7

Height limit Storey stiffness 1/5 2.629 7

Slenderness ratio Storey stiffness 1/5 1.817 6

Table 4 Fuzzified matrix for
different parameters with
respect to: elevation

Criteria
“a”/“b”

Height limit Slenderness
ratio

Storey
stiffness

Height limit 1,1,1 1/5, 0.890, 7 1/5, 2.629,
7

Slenderness
ratio

1/7, 1.124, 5 1,1,1 1/5, 1.817,
6

Storey stiffness 1/7, 0.380, 5 1/6, 0.550, 5 1,1,1

an arrangement of fuzzy matrices by means of the values of Lij,Mij and Uij. Hence,
a fuzzified matrix is obtained which is shown in Table 4.

Fuzzy matrices values are converted into a crisp value by using Eq. (5). These
values are carried out by taking the central value (0.5) of uncertainty (α) and risk
tolerance (λ) factors in the fuzzy opinion of the decision-makers from 0.1 to 0.9.
Hence, the obtained values of Lij

α , Uij
α and (aijα)λ are given in Table 5. Hence, the

resultant defuzzifiedmatrix obtained is given inTable 6. The principal Eigenvalue and
Eigenvector of these defuzzified matrices are evaluated. Eigenvalues of defuzzified
matrix obtained are shown as “λmax”, whereas normalised Eigenvector of the same
is represented as “w”. For checking, the consistency of the comparison matrix of
performancemodel of tall buildings Eqs. (1) and (2) were used. The whole procedure

Table 5 Calculation of Lijα , Uij
α and (aijα)λ for performance assessment index of tall buildings

α λ Lij Mij Uij Lijα Uij
α (aijα)λ

0.5 0.5 1/5 0.890 7 0.5448 3.9448 2.2448

0.5 0.5 1/5 2.629 7 1.4147 4.8147 3.1147

0.5 0.5 1/5 1.817 6 1.0086 3.9086 2.4586

Table 6 Defuzzified matrix
for different parameters with
respect to: elevation

Criteria
‘a’/’b’

Height limit Slenderness
ratio

Storey stiffness

Height limit 1 2.2448 3.1147

Slenderness
ratio

0.445478 1 2.4586

Storey
stiffness

0.321062 0.406742 1
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Table 7 Values of different calculation indices for the sample matrix

n Random Index Eigen value,
λmax

Eigen vectors, w Consistency
Index, CI

Consistency
Ratio, CR

3 0.58 3.0366 0.5516, 0.3000,
0.1484

0.0183 0.0315

is repeated for all the comparison matrices obtained in the study. Hence, the obtained
values of all calculation indices for the matrix have been summarised in Table 7.

5.1 Scoring for the Performance Assessment Indexing Model
of Tall Building

For the calculation of the scores, a simple and systematic approach has been evolved
in this study. All the criteria related to the performance assessment indexing of tall
buildings are placed in the first columns with their respective weights placed in the
next column. Columns next to alternatives contain the values of measurable items
and observed items. The measurable items at the very end of the hierarchical model
have a value equal to 1, and the corresponding complementary value is equal to 0. For
the calculation of scores, a weighted sum is used for any given option with respect
to each criterion. Similarly, the score at the topmost level is determined. A particular
building’s maximum score is achieved when all the performance assessment index
model criteria meet their maximum weights obtained. The maximum score thus
found for performance assessment indexing of tall buildings is 0.6048. Similarly,
the index value for each building is calculated and the final scores thus obtained are
shown in Table 8.

Table 8 Total performance assessmentweighted score of buildingwith obtained relative normalised
scores (NS) and their corresponding ranks

S. no Buildings Weighted score Normalised Score (NS) of the building

NS = WS
WSmax

× 100

Rank

1 A-96 0.3456 57.1429 2

2 B-106 0.3169 52.3975 3

3 C-155 0.3080 50.9259 4

4 D-130 0.2842 46.9907 5

5 E-55 0.3870 63.9881 1
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5.2 Relative Performance Assessment Index of Tall Building

Once the weighted score of the sample buildings is calculated, they are further
normalised at the base of 100. The scaling procedure taken up for the study is
explained below.

For example, let us assumeWS is the obtained “weighted score” for a sample tall
building andWSmax (i.e., 0.6048) is the extreme likely score possible in this indexing
study. The calculation of the “normalized score” at base of 100 can be represented
as “NS 100” and is evaluated as shown in Eq. (7):

NS = WS

WSmax
× 100 (7)

The relative NS scores hence obtained with their corresponding ranking based on
performance score are represented in Table 8.

6 Results and Discussions

The performance assessment index model for tall buildings developed in this study
was applied to five sample tall buildings. The scores obtained for each building
were then normalised on the scale of 100 to obtain Relative NS score for a particular
building. The sample tall buildingswere ranked according to their RelativeNS scores.

E-55, with a score of 63.9881 was ranked first. E-55 is a residential building
having 16 floors. The main reason behind the building’s better performance score is
the introduction of an aerodynamic modification in the building; the corner short-
ening technique (corner chamfering) is adopted in the building to overcome any
wind-induced vibrations. In contrast, no suchmodifications were present in any other
buildings taken in the study. In the past, researchers [31] have reported that cham-
fered corners effectively reduce the dynamic along-wind and crosswind responses
in comparison with the basic rectangular shape of a tall building.

The building with the second-highest relative NS score was found to be A-96 with
a score of 57.1429. Due to the lack of aerodynamic modifications in the buildings, it
was ranked slightly below the E-55.

A score of 52.3975 was obtained in B-106. It performed well in all the design
parameters but lacked in fire safety features as there were no smoke control devices
installed in the building and also no proper evacuation guidance systemwas installed
for the safety of the occupants.

C-155 was ranked fourth in this study with an NS score of 50.9259. C-155 has
two identical towers. Both have 45 storeys. The height limit criteria, adopted from
IS: 16,700 (2017) [1], was not found to be in “In range” criteria. This caused the
relative score of building to fall short.
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D-130was the least performing building, among others. Due to not being in an “In
range” category of height limit according to IS: 16,700 (2017) [1], D-130 performed
poorly in this assessment. D-130 had the best safety features among other studied
buildings, owing to the presence of a proper evacuation guidance system installed in
the building. Hence, safety features give a slight upper hand to this building.

6.1 General Findings

Some of the typical findings for the tall buildings studied are discussed below:

1. In most of the studied buildings, there were no aerodynamic modifications to
counter wind vibrations except in E-55 where the corner shortening technique
was adopted.

2. All the studied buildings considered had a concrete floor system, making use of
one-way and two-way slabs. Therewas no use of a flat slab or any post-tensioned
slab in any of the buildings.

3. There was no single building making use of any dampers to tackle the wind and
seismic induced vibrations. In order to avoid the vibrations, heavy foundations
were used rather than using a damper.

4. Provision for the shear wall was adopted in each of the buildings to reduce
seismic damages. Techniques like base isolation, using shock absorbers and
damping systems were not found in any of the building considered in the study.
Generally, tall buildings are more flexible and have a larger mass; therefore,
they have a longer natural period. Past researchers [32] have reported that the
incorporation of base isolation may reduce inter-storey drifts and floor level
accelerations considerably in buildings.

5. In order to protect the building and the its occupants during any fire outbreak,
fire lift was not used in any of the buildings, although all the essential fire safety
features like smoke control and fire alarm system were properly installed.

6.2 Suggestions

General findings of the buildings were analysed, and their effect on each of the
criteria was studied. Some suggestions to improve the behaviour of tall building and
consequently the relative score of the building which is discussed below:

Designers and clients must prioritise occupants’ safety by making it necessary
to incorporate the techniques like base isolation and damping systems wherever
required. Cost-cutting should not be done at the expense of the safety of the occu-
pants because this can prove to be disastrous in case of any major hazard. From the
observations, it was also seen that influence of nearby structures in the construction of
a new building is normally assessed, but the reverse is often sidelined. Designersmust
also pay sufficient attention to the aerodynamic interference effect on the surrounding
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structures by constructing a newly proposed tall building in an area, as proposed by
Quan et al. [33].

Fire lift is a lift mainly installed to enable the fire service personnel to reach
the upper floor with minimum delay, they are recommended by the Model Building
By-Laws [34]. The speed of such a lift should be such that firefighters can reach
the top floor from the ground floor within a minute. To avoid any electric failure,
the electric supply for this lift must be kept separate from the building’s electric
supply mains. The building bye-laws also recommend using fire escapes or exterior
staircases, whose entrance must be separate and remote from the building’s internal
staircases.

7 Conclusions

In the past few decades, the rapid urbanisation and population growth have forced the
designers to build tall buildings to fulfil residential and commercial requirements.
Design, safety and performance aspect of a tall building are different from the regular
structures. This study is an effort to encompass all such parameters into a simple, easy
to understand hierarchical unit, which is very simple and can highlight the crucial
parameters and make it possible to assess the comparative need and requirement of
one factor and criterion over the other. FAHP has been utilised for carrying out the
same. The generated model is applied to a set of buildings, and the individual scores
are obtained, and hence, a detailed study is carried out to investigate the reasons and
factors responsible for the high and low scores of all the studied buildings. In the
end, the prevailing design practices and norms are reviewed and some suggestions
have been summarised considerations of which can further enhance and improve the
likely performance of the tall buildings.

More detailed structural investigation and inclusion of practical factors for a better
analysis can be incorporated for a more refined result as a future scope.
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**Refer to Appendix II: Explanatory Sample Sheet for Filling the Questionnaire
Form
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Table 1. Compare the relative preference with respect to : Parameters governing the design of Tall Buildings
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Table 3. Compare the relative preference with respect to : Building Configuration
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Table 4. Compare the relative preference with respect to : Elevation
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Table 5. Compare the relative preference with respect to : Plan
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Table 6. Compare the relative preference with respect to : Plan Geometry 
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Table 7. Compare the relative preference with respect to : Floor Systems
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Table 8. Compare the relative preference with respect to : Concrete Floor Systems
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Table 9. Compare the relative preference with respect to : Composite Floor System
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Table 10. Compare the relative preference with respect to : Foundation Types
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Table 11. Compare the relative preference with respect to : Soil Type
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Table 12. Compare the relative preference with respect to : Lateral Load resisting provisions
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Table 13. Compare the relative preference with respect to : Wind Provisions
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Table 14. Compare the relative preference with respect to : Topography

E
xt

re
m

e

V
er

y 
St

ro
ng

St
ro

ng

M
od

er
at

e

E
qu

al

M
od

er
at

e

St
ro

ng

V
er

y 
St

ro
ng

E
xt

re
m

e

S.No. Criteria ‘a’
9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9

Criteria ‘b’
Rating Scale

1 Terrain 1 Terrain 2

2 Terrain 1 Terrain 3

3 Terrain 1 Terrain 4

4 Terrain 2 Terrain 3

5 Terrain 2 Terrain 4

6 Terrain 3 Terrain 4

Table 15. Compare the relative preference with respect to : Aerodynamic Modifications
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Table 16. Compare the relative preference with respect to : Dampers
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3 Passive Semi-active

Table 17. Compare the relative preference with respect to : Seismic Provisions
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Table 18. Compare the relative preference with respect to : Structural Systems
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Table 19. Compare the relative preference with respect to : Fire Safety
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Table 20. Compare the relative preference with respect to : Warning Systems
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Table 21. Compare the relative preference with respect to : Emergency Evacuation
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1 Staircase 
Width

Staircase per 
floor

2 Staircase 
Width
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3 Staircase 
Width Fire Lift

4 Staircase per 
floor

Evacuation 
guidance

5 Staircase per 
floor Fire Lift

6 Evacuation 
guidance Fire Lift

Comments and reviews (optional):
Kindly provide some details about you

Name:
Maximum Qualification:
Expertise in:
Organisation and post:
Experience (in years):

Thank You for Your Precious Time and Effort.

Appendix II: Explanatory Sample Sheet

Mark your opinion about the relative importance of the factors given on the two sides
of the scales of category ‘a’ over category ‘b’ (refer the scoring pattern). Please put
tick marks on the number of your choice on each scale.

If category ‘a’ is more important, move towards left hand side (LHS) of the scale.

If category ‘a’ and ‘b’ are equally important, put tick mark on center portion
(MIDDLE) of the scale.

If category ‘b’ is more important, move towards right hand side (RHS) of the scale.
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Scoring Pattern

Relative importance Score

Equal importance 1

Slightly more important 3

Strongly more important 5

Very strongly important 7

Absolutely more important 9

Intermediate values 2, 4, 6, 8

Sample: If relative preference of the following sample table is to be filled.

Table 1. Compare the relative preference with respect to: Performance Index Assessment of Building
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S.No. Criteria ‘a’ 9 8 7 6 5 4 3 2 1 2 3 4 5 6 7 8 9 Criteria ‘b’Rating Scale

1. Height Limit
Slenderness 

Ratio

2. Height Limit
Storey 

Stiffness

3.
Slenderness 

Ratio
Storey 

Stiffness

For example,

• If you think “Height Limit” (element of criteria ‘a’) is very strongly important
over “Slenderness Ratio (element of criteria ‘b’), then, write “R” under column
7 towards criteria ‘a’ (i.e. towards LHS).

• If you think “Storey Stiffness” (element of criteria ‘b’) is strongly important over
“Height Limit” (element of criteria ‘a’), then, write “R” under column 5 towards
criteria ‘b’ (i.e. towards RHS).

• If you think “Slenderness Ratio” (element of criteria ‘a’) is equally important to
“Storey Stiffness” (element of criteria ‘b’), then, write “R” under column 1 (i.e.
in the middle).
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Table 1. Compare the relative preference with respect to: Performance Index Assessment of Building
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1. Height Limit R
Slenderness 

Ratio

2. Height Limit R
Storey 

Stiffness

3.
Slenderness 

Ratio R
Storey 

Stiffness

Likewise, I would like to express your opinion as expert to select amongst the alter-
natives (or elements) for comparing their relative weightage for all the tables in the
questionnaire.
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Carbon Neutral Communities: Model
for Integrating Climate Action
into Development Planning

Sajan Sharon Maria, S. Lakshmy, Davis K. Nidhin, and Nair K. Shibu

1 Introduction

1.1 Climate Change as a Social and Political Issue

Climate change is the most profound threat faced by humanity today which has
become the axis of development around the globe. The ‘climate crisis’ has revealed
the need to replace the business-as-usualmodelswith alternate climate resilient devel-
opment trajectories.Current conventional development programmes are not equipped
to address this ‘climate emergency’, and the impacts of climate change exacerbates
vulnerabilities that already exist in society. The underprivileged communities, in
terms of social, political and economic aspects, are exposed to the most adverse
effects of climate change like floods, droughts and heat waves, escalating social
unrest. The growing problem of climate change and global warming has created
a need to reduce anthropogenic greenhouse gas (GHG) emissions and its atmo-
spheric concentration, which is the prime cause of climate change. As the current
economy is carbon-intensive, there arises an urgent need for a radical transformation
in society to shift into a low carbon economy. This transition makes climate change
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not only an environmental problem, but a socioeconomic and political one. This
climate constraint can only be overcome by a paradigm shift in the economy and
technologies to one that corresponds to the present challenges.

Climate changegained attention in social, political and economic decision-making
in the international platforms since the Earth Summit in Rio de Janeiro (Brazil)
in 1992, where global campaigns began which culminated with the formation of
the United Nations Framework Convention on Climate Change (UNFCCC), an
apex body to deal with climate change internationally. UNFCCC and the Kyoto
Protocol (1997), which defined precise targets for GHG emission reductions, laid
the foundation for future regimes globally.

1.2 Greenhouse Gases and Climate Change—A Reality

Climate change is driven by greenhouse gases (GHGs) emitted from anthropogenic
activities such as deforestation, industrial farming, waste generation and burning of
fossil fuels. GHGs trap heat energy from the sun in the atmosphere and prevent it from
radiating from the earths’ surface, thereby creating a greenhouse effect and increasing
global temperature. Carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O),
hydrofluorocarbons, perfluorocarbons, sulphur hexafluoride, etc. are themajorGHGs
that remain in the atmosphere and oceans for hundreds of years trapping heat energy
causing ‘global warming’. Carbon dioxide is themajorGHG that has the largest share
in global emissions and is responsible for 64% of human-induced global warming.
Methane is the most intense GHG which traps up to 100 times more heat in the
atmosphere than carbon dioxide within a five-year period. This increase in global
mean temperature alters the natural climate pattern in a short time, rendering humans
and other living beings unable to adapt.

1.3 Impacts of Climate Change and the Need for Action

The global average temperature has increased by 1.1 degree Celsius in 2018 since
the pre-industrial level which corresponds to the increase in GHG concentration
of about 147% of pre-industrial level [1]. Climate change, which is triggered by
global warming, has direct impacts such as extreme weather events like floods,
droughts, heat waves and cold storms, rising sea-levels and melting of glaciers. It
also has indirect impacts that affect the things we depend on and value—air, water,
ecosystem, wildlife, transportation, energy, agriculture and human health. Climate
change is a global issue, and its impacts are transboundary in nature. Due to the rising
levels of anthropogenic emissions, global institutions like the UN, World Bank and
European Union have taken efforts to prevent and reverse dangerous human inter-
ference with the climate systems. These institutions encourage national, regional
and local levels of climate actions under global co-operations. ‘Think global, Act
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local’ is a concept introduced during the Rio Earth Summit which called for actions
at municipal level. The impacts of the climate crisis are extreme to the underprivi-
leged groups and communities, especially in developing and underdeveloped nations.
These severe impacts on their livelihoods, health, social security, quality of life and
resource accessibility call for community level initiatives for ensuring sustainable
development.

2 Framework for Global Sustainable Development

2.1 Rethinking Human-Centric
Development—Mainstreaming Climate Change
and Disaster Management in the Development Process

Development can mean many things to many, but fundamentally, it revolves around
the economic prosperity of people. It is considered that economic growth, building
human capabilities and improving people’s well-being and quality of life are the
important measures of development. People are placed at the centre of development
in the present-day economy. But, this type of development enhances over exploitation
and increased inequalities and lacks effective resource management which in turn
makes it vulnerable to environmental and climate challenges. Hence, it is high time
to address this current global threat by placing people and environment/climate at the
centre of development for a sustainable future. The mainstream notion that environ-
mental protection hinders development or economic growth destroys the environment
has to be demolished to pay way for a new economy that puts climate change at the
forefront.

2.2 2030 Agenda for Sustainable Development
and Sustainable Development Goals

The term sustainability was introduced in the beginning of the eighteenth century,
and the concept gained global attention in the second half of twentieth century.
Sustainable development was officially defined in 1987 in the Brundtland report as
‘development that meets the needs of the present without compromising the ability
of future generations to meet their own needs’ [2].

The 2030 Agenda for Sustainable Development was released in 2015 by the UN
which came into action on 1st January 2016 as a historic decision to build a better
future for all with a promise of leaving no one behind. It focuses on five critical pillars
of sustainability (5p’s) as People, Prosperity, Planet, Partnership and Peace. 17
Sustainable Development Goals (SDGs) with 169 associated targets were announced
and pledged by world leaders from 193 countries for common action and endeavour
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across a broad and universal agenda for the first time. ‘We are the first generation
that can end poverty, the last that can end climate change’ [3].

The sustainable development goals and targets are integrated and indivisible,
global in nature and universally applicable, taking into account different national
realities, capacities and levels of development and respecting national policies and
priorities [4]. TheUNurges all countries towork to implement this agenda in regional
and global levels by incorporating global commitments while considering the real-
ities, capacities, level of development and their priorities as a nation. The 2030
Agenda is considered as universal, integrated, transformative, nationally owned and
right-based and requires global partnership. The 2030 Agenda and SDGs, along with
its targets and indicators, help to translate the core values and principles underlying
the agenda to concrete and measurable results.

2.3 Climate Action and Sustainable Development

Climate action is the thirteenth goal set in the Sustainable Development Goals of
2030 Agenda—‘take urgent action to combat climate change and its impacts’—
to address climate change, and it is also intrinsically connected with other SDGs.
This synergy helps in achieving sustainable development in different dimensions by
global climate action. Climate action in energy efficiency can increase the access
to energy and reduce energy expenditure (SDG 1, 7), can improve health (SDG 3),
reduce pollution (SDG 11, 14, 12) and also improve economic productivity (SDG
8, 9) (Fig. 1). The reduced usage of fossil fuels in vehicles, energy industries and
households helps to cut down emissions and provide us cleaner and fresher air.
This can ensure improvement in quality of life (SDG 3). Global climate action also
ensures the conservation and protection of forest ecosystems, oceans, peat lands and

Fig. 1 Sustainable development goals cross cutting with climate action



Carbon Neutral Communities: Model for Integrating Climate Action … 389

other fragile land areas ensuring healthy life under water and on land. Achieving
SDGs ensures that future generations will be able to enjoy the resources and lead a
sustainable life.

2.4 National and State Level Actions to Achieve SDGs

As a rapidly developing economy which is home to 17.7% of the world population,
India has made strong commitments to achieve SDGs as the policies adopted by the
nation can play a huge role in leading the world to a sustainable future. The National
Action Plan on Climate Change (NAPCC) released in 2008 created a movement in
India to address climate change. As a response to this, each state developed their
own state action plans to incorporate climate change in their development policies.
In October 2015, India pledged to reduce the emission intensity of its gross domestic
product (GDP) by 20–25% from its 2005 levels by 2020 and by 33–35% by 2030
[5]. India’s motto for development ‘Sabka Saath, Sabka Vikaas’ (collective efforts,
inclusive growth) reflects the SDGs, and several flagship programmes of the govern-
ment like the Swachh Bharat Mission and Make In India are driven by SDGs. Niti
Ayog is the principal body in India that coordinates programmes and policies that
helps to achieve SDGs in the country.

The state and local self-governments play a major role in achieving SDGs in
India. Kerala is the leading state in achieving SDGs in India in 2019 as per the SDG
India Index developed by Niti Ayog which tracks the progress of policies related to
SDGs in the country. The state’s strong decentralized governance system enabled
local self-governments to carry out projects at the grass-roots level and achieve this
top position.

3 Climate Responsive Planning at Local Level

3.1 Local Level Development Planning for Carbon Neutral
Communities

Countries around the globe have framed ambitious national level development poli-
cies to achieve SDGs. But, these policies can be accomplished successfully when
they are executed at sub-national/regional or local level as the participation of citi-
zens and all stakeholders in the society plays key roles in achieving the goals. While
low carbon or carbon neutral development has become the path to attain sustainable
development, community-level initiatives have gained the spotlight with success
stories flowing from across the globe. Community-level carbon neutral development
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has received traction in many countries as involving the community, people, govern-
ments, private sector and other important actors in the society seems to be the best
way to achieve SDGs and carry out climate action.

3.2 Meenangadi as a Carbon Neutral Community

‘Carbon Neutral Meenangadi’ is a pilot project under the ‘Carbon Neutral Wayanad’
project of the state government of Kerala initiated by Dr. T. M. Thomas Isaac,
Former Finance Minister of Kerala and a well-known economist, as a commitment
in response to the Paris Agreement on Climate Change. This project was created
to set an example in the state for the rest of the nation to follow in its low carbon
and climate resilient footsteps. Meenangadi is one of the 25 Grama Panchayats
(local self-government) in Wayanad district of Kerala which is situated at an eleva-
tion of 700–2100 m above sea level on the Western Ghats, highly vulnerable to the
adverse impacts of climate change. The panchayat is situated between two major
urban centres, Kalpetta and Sulthan Bathery. It has a geographical area of 53.52
sq km. with rocky hills, valleys and plains and has a population of 34,601 distributed
across 8199 households. It is a primarily rural panchayat with an urban area stretched
along the National Highway-766 that passes through Meenangadi which connects
Kozhikode in Kerala to Mysore in Karnataka. Providing better livelihood opportuni-
ties and socioeconomic resilience through nature-based adaptation strategies is the
backbone of this project which makes this attempt unique.

3.3 Methodology

The scientific methodology used for GHG emission estimation of Meenangadi is
based on the 2006 IPCC1 guidelines for National Greenhouse Gas Inventories. The
GHG inventory has been prepared for the baseline year 2016–17 for four sectors—
transportation, energy,waste andAgriculture, Forests andOther LandUse (AFOLU).
Carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4) emissions were
considered for this particular inventory since the emissions of other GHGs are negli-
gible. CO2 being the most abundant GHG contributing almost 75–80% of total GHG
emissions, quantities of N2O and CH4 are converted in terms of CO2 equivalent (CO2

eq.) by multiplying it with corresponding global warming potential (GWP) values.
The amount of carbon sequestered in Meenangadi is calculated for forests, planta-
tions, homestead trees and organic carbon in soil. The equations for GHG emission
and carbon sequestration calculations are given below.

1 IPCC—Intergovernmental Panel on Climate Change—the scientific body of the UN that deals
with climate science.
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Total GHGemissions = � ActivityDataXEmission Factor (1)

Total carbon sequestration = � Sectoral DataXSequestration Factor (2)

where
Activity data—is the data on the magnitude of human activity resulting in emis-
sions or removals taking place during a given period of time (e.g. tonnes of coal
mined nationally in a given year).
Emission factor—is the average emission rate of a given GHG for a given source,
relative to units of activity (e.g. CH4 emitted per tonnes of coal mined) [6].

Emission factors for various sectors and activities were considered according to
2006 IPCC guidelines with TIER 12 precision.

Activity data pertaining to various sectors were collected through surveys with
the help of students and volunteers and secondary data from respective government
departments. Emission for transportation, energy and waste sectors was calculated
using emission factors from internationally approved toolkits relevant for India,while
secondary data were used for estimating emissions from AFOLU sector.

3.4 Results and Discussions

The total GHG emission ofMeenangadi is estimated at 33,375 tonnes of CO2 eq., and
net GHG emissions (surplus of total emissions over total sequestration in terms CO2

eq.) was 11,412.57 tonnes of CO2 eq. in the base year 2016–17 [7]. The following
figures explain the GHG emission profile of Meenangadi. The estimate shows that
transportation (45%) and energy (39%) sectors are the largest contributors of GHG
emissions in Meenangadi. Similarly, the carbon sequestration profile explains how
carbon is sequestered naturally and stored in different forms. There is a signifi-
cant share of emission removal by forests (38%) and homestead trees (34%) in
Meenangadi (Figs. 2, 3 and 4).

To achieve carbon neutrality, the surplus of GHG emission over the annual carbon
removal has to be brought down to zero. As there will be change in annual emissions
every year, it is very important to understand how the emission rates are going to be
in future for setting targets for emission reductions. An emission profile of 2008 and
2012was also estimated for plotting the trend line of future emissions ofMeenangadi
under business-as-usual scenario. The emission projection is as shown below (Figs. 5
and 6):

2 Tier 1: uses default data and simple equation for emission estimation.

Tier 2: uses country-specific emission factors; Tier 3: uses region-specific emission factors.

Tiers 2 and 3 are more demanding than Tier 1 in terms of complexity and data requirements.
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Fig. 2 Total GHG emission, sequestration and excess emission graph of Meenangadi
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Fig. 4 Carbon sequestration profile in Meenangadi
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Fig. 6 Carbon excess projections for Meenangadi Grama Panchayat

3.5 Recommendations for Low Carbon Development
at Community Level

The recommended strategies for achieving and maintaining carbon neutrality
are i. reducing emissions, ii. improving carbon sinks and iii. creating carbon
credits/reserves through nature-based solutions. Apart from quantitative estimation
of GHG emissions and carbon sequestration, a qualitative assessment of the liveli-
hood needs of the people was a crucial element for the success of this project.
To know more about the needs, issues and potentials in Meenangadi, a ward-level
and panchayat-level stakeholder consultations were conducted in a non-conventional
manner. For implementing the ‘Carbon Neutral Meenangadi’ project, it required
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a lot of efforts in terms of research, planning, organizing, integration, execution
and campaigns. As a part of strengthening the existing institutional mechanism,
it was suggested to constitute a ‘Carbon Neutral Meenangadi Technical Cell’ and
‘Carbon Neutral Meenangadi Campaign Team’ for managing the implementation
and creating a conducive environment along with embedding an ownership status of
the project among the residents. Targeting a shift of 30% of domestic and commer-
cial energy consumption to off-grid and improving energy efficiency by 10% will
bring about 10% of net emission savings. Promoting electric auto-rickshaws and
implementing zero waste will help to cut down 8% of net GHG emissions. Planting
around 2,00,000 trees and introducing ‘Tree banking’ schemes for the farmers will
not only ensure natural removal of CO2 but also introduce a platform to develop a
local green economy. Carbon neutral agricultural products have high value in inter-
national markets and coffee, which is the major crop in Meenangadi, will be branded
as ‘Carbon Neutral Coffee’ which will generate more income for the farmers.

4 Limitations

‘Carbon Neutral Meenangadi’ is a unique and pilot attempt in integrating climate
action for developing a sustainable economy at a community level, and hence, it faced
numerous constraints. Generating GHG emission profile at a sub-national level was
challenging as therewere no specificmethodologies for regional or sub-national level
emission estimation, and the entire calculations were dependent on national-level
determinantswhich can affect its accuracy. Apart from the technical limitations, there
were other difficulties in carrying out a project like this for the first time in the state.
Even though the local bodies are entitled with decentralized power of governance,
the existing systems have a centralized nature in reality which makes execution of
such unique and outstanding initiatives from the bottom level of governance more
laborious. The communication gap between stakeholders, institutions, government
departments, etc. also creates some order of limitations in the implementation stages.
The lack of human resources such as technical support, researchers and experts at the
local level also calls for capacity-building programmes for strengthening the same.

5 Conclusion

5.1 Low Carbon Development as a Universal Model

As countries around the globe have realized the importance of reducing anthro-
pogenic emissions to tackle the current climate crisis, carbon neutral development
has become the sustainable option for a green future ahead. The society today, which
is highly dependent on fossil fuels, is in direct need of radical transformation into a
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low emission economy. Many countries have come forward with promises to phase
out coal and other fossil fuels and instead promote technologies that use renewable
resources. Developing into a low carbon economy not only helps to combat climate
change but also helps to create a sustainable, self-sufficient, healthy and green future
for all.

Achieving carbon neutral status is an arduous but worthy task as the resulting
sustainable economy will benefit all. By adopting policies and schemes and setting
short-term and long-term projects, a community can easily become carbon neutral
with the support of all actors in the community. As each and every community
across the globe attains carbon neutrality and takes steps to maintain it; the planet
will become a better place for the present and future generations. Mainstreaming low
carbon development is the new path to achieve SDGs, combat climate change and
make a sustainable future a reality.

6 Discussion

6.1 Implementation Status of Recommendation Including
Achievements in GHG Reductions or Sequestration
Capacity

During the period of 2017–19,Meenangadi panchayat has planted about 4 lakhs trees
in private land. Tree banking schemes introduced as part of low carbon development
has become a source of income for farmers who planted trees under the project.
Bamboo is also being planted extensively in the panchayat due to its high sequestra-
tion rates, especially in riverbanks which also helps in conservation and soil preser-
vation. The panchayat also started implementing energy-efficient measures such as
energy auditing, promotingLEDbulbs,wastemanagement plants, vermi-composting
and supply of kitchen composting equipment to households. The project anticipates
improving the livelihood of people, adapting to climate change and emerging as a
sustainable community. The methodology developed for Meenangadi panchayat in
Kerala can be adapted for any region or local government for planning a sustainable
low carbon economy.

6.2 Low Carbon Development in Costa Rica

Costa Rica is the first country in the world to sign aNational Pact to the Advancement
of the SDGs in 2016 to achieve the 2030 Agenda. This pact involves multiple stake-
holders in the country including the government, civic society, private sector, reli-
gious organizations and citizens to join hands for sustainable development. In 2019,
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Costa Rica released the National Decarbonization Plan 2018–2050 to achieve net-
zero emissions by 2050, which is more ambitious than its Paris Agreement targets.
The country adopted new policies to electrify its transportation sector, which is
the largest source of its GHG emissions, by providing incentives and tax conces-
sions. Costa Rica also promotes carbon neutral coffee, banana, pineapple and cattle
produces.With the help of all these sustainable policies, CostaRica is close to achieve
its 2030 Nationally Determined Contributions (NDC) goals.
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Review of Free Vibration Response
of Spar-Supported Wind Turbine
with Tuned Mass Damper

K. K. Akheel , Muhamed Safeer Pandikkadavath ,
and A. P. Shashikala

1 Introduction to the Investigation

The effort for renewable and clean energy is pushing the world to focusmore onwind
energy [1]. Onshore and near offshore wind farms near populated areas are wreaked
with noise and visual difficulty disturbances [2]. Additionally, onshore wind farms
may consume costly land area to a greater extend [3]. Deepwater floating wind
turbines (such as spar-type) can eliminate these issues considerably [4]. The afore-
mentioned deep water floating-type offshore wind turbines have increased power
production efficiency compared to the onshore or near offshorewind turbines, mainly
owing to smaller wind shear and superior wind speed [5]. Such wind turbines also
have an option to go for larger capacity (in terms of size well) to have a higher
quantum of power generation [6]. Thus, floating offshore wind turbines can be a
reasonable choice to meet the increasing energy demands for sustainable growth [4].
However, these types of wind turbines are highly vulnerable to extreme marine envi-
ronmental conditions such as wave, wind, and current loadings. This situation makes
the floating-type wind turbines more sensitive to instability and fatigue-related diffi-
culties to both the structure and mooring ties [6]. This may affect power production
efficiency, service life of the wind turbines (adversely) and increases the mainte-
nance cost. To mitigate the extrememarine condition, stimulated vibration responses
of floating wind turbines passive control devices such as tuned mass dampers (at
nacelle) can be utilized [7–10]. The present study aims to review the free vibration
responses and its control on an offshore wind turbine (spar supported) using a tuned
mass damper. The natural frequencies corresponding to various degrees of freedom
are found in the beginning. Subsequently, free vibration analyses corresponding to
fore-aft initial displacement are carried out. For the free vibration response control,
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different mass ratios have been adopted and corresponding response reductions are
analyzed.

2 Details of Study Wind Turbine

For the study, a 5-MW rated baseline wind turbine (OC3-Hywind type platform)
used in previous investigations is adopted [6, 11]. The rotor diameter, hub height,
blade length, hub diameter, and tower height above ground dimensions are 126, 90,
61.5, 3, and 87.6 m, respectively. The corresponding blade mass, nacelle mass, hub
mass, and overall mass are 17,740, 2,40,000, 56,780, and 2,49,718 kg, respectively.
Similarly, the spar (havingmass= 7,466,330 kg) diameter above taper and spar diam-
eter below taper are 6.5 and 9.4 m, respectively. The mass (per unit length), diam-
eter, unstretched length, fairlead radius, fairlead depth below sea water level, anchor
radius, and anchor depth below the seawater level of mooring are 77.71 kg/m, 0.09,
902.2, 5.2, 70, 853.87, and 320m, respectively (The properties of OC3-Hywind plat-
form is summarized in Table 1 and a typical schematic sketch of the platform is shown

Table 1 Properties of
OC3-Hywind [6, 11]

Rated power 5 MW

Cut-in, rated, cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s

Depth of water 320 m

Total draft 120 m

Rotor diameter 126 m

Hub height 90 m

Blade length 61.5 m

Blade mass 17,740 kg

Nacelle mass 240,000 kg

Hub mass 56,780 kg

Hub diameter 3 m

Tower height above MSL 87.6 m

Tower mass 249,718 kg

Platform mass 7,466,330 kg

Spar diameter above taper 6.5 m

Spar diameter below taper 9.4 m

Mass of mooring lines 77.7 kg/m

Diameter of mooring lines 0.09 m

Unstretched length 902.2 m

Fair lead radius 5.2 m

Depth of fair lead from MSL 70 m

Radius of anchor 853.87 m
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Fig. 1 Typical schematic
plot of spar-supported
OC3-Hywind wind turbine
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Table 2 Natural frequencies with various degrees of freedom

Degrees of freedom
(Platform)

Natural frequency
(Hz)

Degrees of freedom
(Tower)

Natural frequency
(Hz)

Surge/sway 0.008 Fore-aft 0.476

Heave/roll/pitch 0.032 Side-side 0.471

Yaw 0.120

in Fig. 1). This wind turbine incorporated OpenFAST framework is used to eval-
uate the response under free vibration scenario [12]. The natural frequencies corre-
sponding to the different tower and platform degrees of freedom are obtained. The
tower response-related degrees of freedom; fore-aft and side-side natural frequencies
were 0.476 and 0.470 Hz, respectively. Similarly platform response-related degrees
of freedom; surge, sway, heave, roll, pitch, and yaw natural frequencies are 0.008,
0.008, 0.032, 0.032, 0.032, and 0.120 Hz, respectively. These details are given in
Table 2.

3 Free Vibration Response Evaluations

For the free vibration analysis, an initial displacement of 2 m is applied along the
fore-aft direction (Since the fore-aft response governs the power generation efficiency
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largely). The corresponding free vibration response of fore-aft, side-side, surge, and
pitch is obtained (predominant structural responses for deepwater floating-type wind
turbines). The peak responses of side-side, surge, and pitch (corresponding to 2 m
fore-aft initial displacement) are found to be 0.21, 0.74, and 0.52 m, respectively. To
control the above described free vibrations, tunedmass damper, TMD is incorporated
along the fore-aft direction in the nacelle [7–10]. Tuned mass damper is tuned to
have desired resonance with respect to the fore-aft vibration frequency (0.476 Hz)
of the structure. The corresponding mass and stiffness of the tuned mass damper are
calculated for different mass ratios, μ (mass of TMD, mTMD/ mass of the structure,
mStructure). The total mass of the structure (mass of nacelle + mass of hub + mass
of 3 blades) is found to be 3, 50,000 kg. Corresponding to this structural mass, five
mass ratios, i.e., 1, 2, 3, 4, and 5% (mostly the mass ratio of tuned mass dampers
for wind turbines will be 1–5% range) are considered. To find out the corresponding
stiffness and damping values, the following equations are used [13].

KTMD = mTMDωFore−Aft (1)

ξTMD =
√
3μ

/
8(1+ μ) (2)

where KTMD and ξTMD are the stiffness and damping ratio of TMD for a given
mass ratio, μ; ωFore-Aft is the natural frequency in the fore-aft direction (0.476 Hz);
mTMD is the mass of tuned mass damper. The calculated values of stiffness and
damping corresponding to 2% mass ratio are obtained as 62,664 N/m and 3592
Ns/m (damping ratio, ξ = 8.6%), respectively. The relevant values of tuned mass
damper corresponding to different mass ratios, μ, are given in Table 3.

The fore-aft 2 m initial displacement without tuned mass damper condition takes
around 100 s to die out the fore-aft free vibration response. Once the TMD is
applied, the same response dies out within (around) 40 s. As the mass ratio changes
(increases), the dying out nature of fore-aft vibrations intensifies. For the same initial
displacement-induced free vibration without tuned mass damper, side-side response
takes around 120 s to die out completely, with a peak response of 0.214 m at around
30 s. With the enabling of tuned mass damper, the vibration tendency remains the
same but the vibration magnitude depletes out faster with the increase of tuned mass

Table 3 Properties TMD corresponding to respective mass ratios

Mass ratio, μ TMD mass mTMD
(kg)

Stiffness, KTMD
(N/m)

Damping ratio,
ξTMD

Damping (Ns/m)

0.01 3500 31,332 0.061 1276

0.02 7000 62,664 0.086 3592

0.03 10,500 93,996 0.105 6567

0.04 14,000 125,328 0.120 10,061

0.05 17,500 156,660 0.134 13,994
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Table 4 Percentage reductions in side-side responses with respect to different tuned mass damper
mass ratios

Mass ratio, μ (%) Maximum side-side response (m)

Without TMD With TMD % Reduction

1 0.214 0.177 17

2 0.214 0.168 21

3 0.214 0.161 25

4 0.214 0.155 27

5 0.214 0.148 30

damper mass ratio. The percentage reduction in side-side response with different
mass ratios of tuned mass damper is given in Table 4 (as the reductions are very
evident compared to other responses). Corresponding to the 2% mass ratio, the side-
side response is decreased to 0.168 m from 0.214 m (without tuned mass damper) to
have a percentage reduction in the level of 21%. Similarly, corresponding to 5% of
mass ratio, the same response is reduced to 0.148 m to have percentage reduction in
the range of 30%.

The surge and pitch vibration responses under 2 m fore-aft displacement have a
largerwavelength compared to fore-aft and side-side vibrations and it takesmore than
200 s to die out completely. Once the tunedmass damper is applied, the magnitude of
surge and pitch vibration response decreases with respect to increase of mass ratio.
Still, it takes more than 200 s to die out this response completely possibly owing to
large wavelength characteristics. The fore-aft, side-side, surge, and pitch vibration
responses under the 2 m fore-aft initial displacement with and without tuned mass
damper cases are shown in Fig. 2.

4 Concluding Comments

Abrief review of the necessity and advantages of offshore floating-typewind turbines
compared to the onshore wind turbines are carried out. Successively a floating-
type spar-supported OC3-Hywind wind turbine is selected for the investigation. The
structural modeling details are studied and OpenFAST software framework is used
for the analysis. Initially natural frequencies of fore-aft, side-side (both for the tower),
surge, sway, heave, roll, pitch, and yaw (all for the platform) are found by respective
free vibration trials. Later free vibration analysis corresponding to 2 m initial fore-aft
displacement is carried out. Corresponding to this initial displacement, predominant
responses fore-aft, side-side, surge, and pitch are studied. In the next step, the mass,
stiffness, and damping of the tunedmass damper are calculated for different values of
mass ratio (damper mass to nacelle mass). The tuned mass damper is enabled in the
nacelle and the free vibration test (2 m fore-aft initial displacement) is repeated. The
corresponding changes in the considered structural degrees of freedom vibrations are
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Fig. 2 Fore-aft, side-side, surge, and pitch vibration responses under 2 m fore-aft initial
displacement with and without TMD

evaluated. It is scheduled to carry out force vibration analysis with and without tuned
mass damper in the next stage. The observations from the present investigations can
be summarized as follows.

• When tuned mass damper with 2% mass ratio (practical) is incorporated, the
maximum fore-aft response had a reduction of 21% (0.214–0.168 m) from its
peak value (without tuned mass damper).



Review of Free Vibration Response of Spar-Supported Wind Turbine … 405

• Corresponding to this instant, the fore-aft, surge, and pitch responses had reduc-
tions of 80% (0.664–0.130m), 53% (0.124–0.058m), and 99% (0.1266–0.0001°),
respectively.

• It is found that the response control improves (further) positively with the increase
of tuned mass damper mass ratio.
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A Review on Methods for Analysis
of Laterally Loaded Piles

Abitha Babu and Sitaram Nayak

1 Introduction

1.1 General

Pile foundations are generally used to transmit loads from the superstructure to the
surrounding soil, when the adequate bearing capacity is not available at shallow
depths. In addition to the vertical loads, piles are often subjected to lateral loads and
moments due to the forces such as wind, waves and earthquake. Such foundations
need to be analyzed for lateral loads since the pile behavior under lateral loads are
more critical than that under axial loads. High lateral loads are usually experienced
by piles which are used under tall chimneys, television towers, high rise buildings,
high retaining walls, offshore structures, etc.

Piles subjected to lateral load act as a transversely loaded beam and they transmit
the lateral load to surrounding soil by means of lateral resistance of the soil.

Under static or dynamic loading conditions, the ultimate lateral resistance of a
pile and the deflection of pile as the load builds up are complexmatters which involve
soil-structure interaction. The pile presses in the direction of applied load against the
soil in front of it and develops stress and strain in the soil which offers resistance
to movement of the pile. The shallow surface layers are of greatest importance for
the study of laterally loaded piles since they gain most of their support from top
portion of the soil. After a certain length pile length loses its significance (termed
as critical length), such piles with length greater than the critical value are called as
long flexible piles. Short piles behave as a rigid member, which loses significance of
its flexural stiffness (EI). In practice, depending on the relative stiffness of the pile
and pile cap and the type of connections, there may be two pile head fixity conditions
which are free head and fixed head. Based on pile head conditions and length, the
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Fig. 1 Short vertical pile under horizontal load. a Free head. b Fixed head [1]

Fig. 2 Long vertical pile under horizontal load. a Free head. b Fixed head [1]

pile as a part or whole tries to shift horizontally in the direction of applied lateral
load which leads to its failure either by rotation or translation or fracture as shown
in Figs. 1 and 2.

1.2 Analysis of Laterally Loaded Piles

In the case of laterally loaded pile, even under the working load the lateral move-
ment of a pile is significant, which is the major difference between the design and
analysis of an axially and laterally loaded pile. The determination of pile resistance
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under lateral loads can be done either by calculating ultimate lateral resistance or
by calculating permissible deflection at working load [2]. Before the pile undergoes
failure, the pile head may move horizontally over a considerable distance to such an
extent that the displacement of the structure supported by the pile exceeds tolerable
limits [1]. Therefore, while designing laterally loaded pile foundation, the major
concern of engineers is the allowable deflection of pile rather than ultimate lateral
load. Reviewing the available literatures, it was observed that the commonly used
methods of calculating lateral resistance of piles can be divided into two categories
in which allowable lateral load is taken as follows:

(1) Load obtained by dividing ultimate lateral load with an appropriate safety
factor.

(2) Load corresponding to permissible deflection.

The effect of vertical loads on the pile have been very well established in the
past years, but researches on vertical piles subjected to lateral load are limited and
the researchers are still working on it to obtain a well defined method of analysis
considering all the influencing factors. This paper gives an overview of different
methods which are used for the analysis of lateral load capacity of piles. Also an
attempt is made to include various studies carried out by researchers to employ
different software in analyzing the piles.

2 Ultimate Lateral Resistance of Piles

Todetermine the ultimate lateral load resistance of a single pile twomethods proposed
byBrinchHansen andBroms [3] are commonly used. The basic concept used in these
two approaches is explained here. The mechanism of mobilization of ultimate soil
resistance to resist combination of lateral force Q (or H) and moment M is illustrated
in the Fig. 3.

By considering equilibrium conditions
∑

Fx = 0 and
∑

M = 0, the ultimate lateral
resistance (Qu) and corresponding moment (M = Que) are related with the ultimate
soil resistance pu as following:

Qu−
x=xr∫
x=0

pxu Bdx + x=L∫
x=xr

pxu Bdx = 0 (1)

Que + x=xr∫
x=0

pxu Bxdx − x=L∫
x=xr

pxu Bxdx = 0 (2)

In Eqs. (1) and (2), xr is depth of point of rotation and Qu is ultimate lareal
resistance. The values of xr and Qu can be obtained using above equations, if the
distribution of ultimate unit soil resistance pxu along pile length is known.



410 A. Babu and S. Nayak

Fig. 3 Mobilization of lateral resistance for a free head laterally loaded rigid pile [2]

2.1 Brinch Hansen’s Method

Brinch Hansen suggested a method for obtaining distribution of soil resistance for
short piles [4]. This method of analysis based on earth pressure theory is applicable
to c-� soil, uniform soils and layered system. The center of rotation is determined by
taking of moment of all forces as zero at the point of application of load. It is possible
to measure the ultimate lateral resistance on the basis of Eq. (1), so the relation for
ultimate soil resistance at any depth is given as follows:

Pxu = σ ′
vx Kq + cKc (3)

In Eq. (3), σ’vx is vertical effective overburden pressure, c is cohesion of soil, Kc

and Kq are factors that are function of F and x/B. The undrained strength cu and
F can be taken as zero for short term loading such as wave forces and the drained
effective strength values (c’, F ‘) are used for long term sustained loading conditions.
However the applicability of method is limited to analysis of short piles and to locate
point of rotation trial and error solution is required.

2.2 Brom’s Method

Broms [3, 5] proposed a method for determining lateral resistance of vertical pile
based on earth pressure theory like the Brinch Hansen method, but with few simpli-
fying assumptions. This method can be used for the analysis of short and long piles
with both the pile head fixity conditions in either purely cohesive or cohesionless
soil. However the method is not applicable to c-� soil and layered system. For short
piles in cohesionless soil, ultimate resistance of pile is given by:
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p = 3Bσ ′
vKp = 3γ ′LBKp (4)

In Eq. (4), p is unit soil pressure, σ’v is effective overburden pressure at any
depth, U’is effective unit weight of soil, L and B are embedded length and width
of pile, Kp is coefficient of Rankine’s passive earth pressure. For short piles in
cohesive soil, ultimate resistance of pile is assumed to be zero from the ground
surface up to a depth of 1.5B and a constant value of 9cuB afterwards. In the case
of long piles in cohesionless soil, L is being replaced by xo (depth below which
soil reaction decreases) in the above equation. For long piles in cohesive soil, soil
pressure decreases beyond a depth of (1.5B + xo).

3 Permissible Lateral Deflection of Piles

The modulus of subgrade reaction approach and elastic continuum approach are
two methods mainly used for calculating lateral deflection of piles. In addition to
these two methods, this section discusses extensions and modifications of subgrade
reaction method carried out by several researchers.

3.1 Modulus of Subgrade Reaction Approach

Reese and Matlock [6] developed non-dimensional solutions for pile subjected to
horizontal forceQ (orH) and momentM, with soil modulus assumed proportional to
depth. They considered laterally loaded piles as a beam on elastic foundation [7]. Soil
was assumed tobeWinkler soilmodel, according towhich a series of infinitely closely
spaced independent elastic springs replace the elastic soil medium. For normally
consolidated clay and cohesionless soils, Reese andMatlock have established a series
of curves. The deformed shape of the pile and the corresponding bending moments,
shearing forces, and soil reactions are depicted in Fig. 4.

The behavior of pile can be evaluated by using equation of an elastic beam
supported on an elastic foundation, given as follows:

EI
d4y

dx4
+ p = 0 ⇒ d4y

dx4
+ Kh y

EI
= 0 (5)

In general, the solution of Eq. (5) can be expressed as:

y = f (x, T, L , Kh,EI, H, M) (6)

From this solution, Matlock and Reese [8] developed equations for the determi-
nation of deflection, slope, moment, shear and soil reaction along the pile. Equations
for the free headed condition are given below:
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Fig. 4 Deflection, slope, bendingmoments, shearing forces and soil reactions for elastic conditions
[6]

Deflection, y = yA + yB =
[
HT3

EI

]

Ay +
[
MT2

EI

]

By (7)

In Eq. (7), y is total deflection of the pile at any point, yA is deflection due to
horizontal load H and yB is deflection due to moment load M.

Similarly; Slope, S = SA + SB =
[
HT2

EI

]

As +
[
MT

EI

]

Bs (8)

Moment, Mp = MA + MB = (HT)Am + (M) Bm (9)

Shear, V = VA + VB = (H)AV +
[
M

T

]

BV (10)

Soil reaction, p = pA + pB =
[
H

T

]

Ap +
[
M

T 2

]

Bp (11)

In Eqs. (7–11), Ay and By are the deflection coefficients, As and Bs be the slope
coefficients, Am and Bm the moment coefficients, Av and Bv the shear coefficients
and Ap and Bp the soil reaction coefficients respectively for horizontal load H (or
Q) and moment load M acting on the pile at the ground level. These coefficients for
long piles are given in tabular form and for intermediate piles it can be taken from
graphs given by Matlock & Reese. This method of analysis has gained significant
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experience in applying the theory to practical situations but the continuity of soil
mass is not taken into consideration in the analysis.

3.2 Elastic Continuum Approach

Poulos [9] analyzed the behavior of laterally loaded piles by considering soil as
an elastic continuum, which makes this approach theoretically more realistic than
subgrade reaction method. However the realistic determination of soil modulus Es

(Kh and Es are sometimes used interchangeably) was an obstacle to its practical
application. And the approach requires more field verification before theoretical
concept could apply to practical problems. Using Mindlin equation for horizontal
loads within a semi-infinite mass, soil displacement was calculated and the pile
displacements have been evaluated using beam on elastic foundation Eq. (5). Then
the solutions for lateral deflection andmaximummoment were obtained by assuming
that soil modulus increases linearly with depth.

3.3 P-y Curve Method

Reese andMatlock’s [6] analytical approach is applicable only for the pile deflection
which are within the range of the elastic compression of the soil. However, this
analytical method can be extended beyond the elastic range to analyze movements
where the soil yields plastically up to and beyond the stage of shear failure. This could
be made possible by employing the p–y curves [8], which represent the deformation
of the soil at any given depth below the ground surface as shown in Fig. 5. Since
the p-y curves employed in the method were obtained from full scale field test, this
method has been considered as most convenient and commonly used procedure for
analyzing laterally loaded piles. In the analysis, however some significant factors
such as soil continuity and few pile properties are not taken into account. Therefore
various researchers made attempt to improve efficiency of p-y curve method and
some of them have introduced new methods.

3.4 Characteristic Load Method

Duncan et al. [10] modified p-y curve method and referred it as the Characteristic
Load Method (CLM) which was simpler than p-y method of analyses, but closely
approximates results of p-y analysis. In this method, dimensional analysis has been
employed to model the nonlinear behavior of laterally loaded piles and drilled shafts.
In order to determine the degree of approximation involved in CLM, the results
acquired from both CLM and p-y analyses was compared, which indicates a close
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Fig. 5 P-y curves for laterally loaded piles. a Shape of curves at various depths x below soil surface.
b Curves plotted on common axes [8]

approximation for static loading and fair approximation for cyclic loading on piles
or drilled shafts in soft clay. The major drawback of the CLM is that its application
is limited to piles and drilled shafts that are long enough so that the pile length
loses its significance on pile behavior. In the case of shorter piles and drilled shafts
in uniform soil the CLM overestimates the lateral deflection while underestimating
bending moments. The results of the study show a reasonable agreement with the
results of field load tests performed by Reese et al. and Cox et al. on single piles.
Later Brown et al. [11] suggested an advanced analytical method of interpreting
lateral load test on piles and drilled shafts using inclinometer data [11].

3.5 Strain Wedge Model

Ashour et al. described the application of the strainwedge (SW)model in the analysis
of lateral response of single long piles, drilled shafts, and pile groups in layered soil
(either sand or clay) and rock deposits [12]. The capabilities of the SW model over
other procedures and approaches are highlighted in this study. TheSWmodel analysis
is based on a representative soil-pile interaction that includes pile and soil properties.
In the analysis, prediction of related p-y curve at any point along the deflected part of
pile, liquefaction potential of soil, interference among adjacent piles are considered.
Through several comparative studies with model tests and full scale lateral load tests,
the SWmodel has been validated and confirmed. The SWmodel has the potential to
determine the response of a laterally loaded pile group in layered soil on the basis of
more realistic assumptions of pile interference as compared to currently employed
or proposed methods and practices.
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4 Numerical Analysis of Laterally Loaded Piles

Howe [13], Matlock and Reese [8], and Bowles described their attempts to use
the finite-difference method (FDM) to analyze a laterally loaded piles. Since 1960’s
computers have been availablewith computer programs for analyzing laterally loaded
pile, which are obviously better tools for these analyses. Bowles [14] initially used
the FDM for analyses but soon it became evident that the finite element method
(FEM) offered a considerable improvement. FEM has both node translation and
rotation, while the FDM has only translation. The elastic curve can be defined better
using both translation and rotation.Most of the recently published numerical analyses
were based on the finite elementmethod using software such as PLAXIS Foundation,
PLAXIS 2D, PLAXIS 3D, ALP OASYS, ABAQUS, ANSYS, FLAC, LPILE etc.
Some of those studies which are performed with the aid of software are discussed
here.

Kok et al. [15] presented a numerical modeling of laterally loaded pile based
on some analytical results and case history. The single pile response obtained was
then compared with the published results. A two dimensional finite element program
PLAXIS 2D has been used to simulate lateral response of two single piles, one near
an excavation and the other one used to stabilize sliding slope. The major limitation
of the whole study is that, since the pile was modeled as an infinitely long wall in
this 2D finite element analysis, the shear flow around the pile seems to be ignored,
thereby underestimating the maximum moment along the pile.

Ahmari et al. introduced a three dimensional finite element model using the
ANSYS computer program, to analyze laterally loaded piles in clay [16]. Two field
measured full scale case studies, one conducted by Matlock in soft clay at Lake
Austin and the other by Reese in stiff clay, have been analyzed using the developed
finite elementmodel. The comparison of results shows a good agreement between the
results of finite element analysis and field measurements. By applying the developed
model in the first case study, the p-y curve was obtained and then compared with the
traditional p-y curves suggested by Matlock & Reese and the hyperbolic p-y curves
proposed by Wu et al.

Jayantha et al. [17] proposed an alternative theoretical method for predicting the
p-y curves for laterally loaded single piles placed in undrained clay, which directly
takes into account governing variable groups. This method is based on finite differ-
ence analysis using commercial FLAC software. The ultimate lateral displacement
predicted using the proposed closed form solutions were compared with that of the
Matlock (1970). Results obtained for the tension failure condition was much closer
to the value obtained using the empirical method of Matlock.

Kim et al. have done a non linear finite element modeling using PLAXIS 3D
Foundation to investigate numerically the deflection of pile, bending moment and
p-y curve along the pile length [18]. The results from finite element analyses were
validated with results of lateral field load tests performed on the steel pile and drilled
shaft embedded in soil profiles in South Korean offshore deposits. The validation
of the lateral response of the pile has been presented in terms of lateral deflection,



416 A. Babu and S. Nayak

Table 1 Comparison of field
test and two numerical
analyses [19, 20]

Method Displacement (mm)

Field test 4.12

PLAXIS 2D analysis [19] 5.51

ALP OASYS analysis [20] 5.83

bendingmoment distribution and p-y curves at various depths. The comparison shows
a good agreement of the study with general trends observed in field measurement.
They also made an attempt to carryout parametric studies for verifying the p-y char-
acteristics, which shows that the modulus of subgrade reaction (K) and the ultimate
soil resistance (pu) increase linearly with pile diameter, whereas pile elastic modulus
(Ep), interface property (Rinter) and pile-toe condition have no significant influence.

Naveen et al. [19] presented the results of a field test carried out on a later-
ally loaded bored cast in-situ piles of 1 m diameter and 17 m length and of M35
grade concrete, embedded in residual soil. They made an attempt to simulate these
lateral load test on larger diameter piles in residual soil using finite element model
in PLAXIS 2D. Naveen et al. [20] simulated the same lateral load test using ALP
OASYS software. Final results of finite elementmodelingwere validatedwith results
of field test on laterally loaded pile. The curve obtained from numerical simulation
using PLAXIS 2D and ALP OASYS shows good agreement with field test results.
Displacement obtained fromfield test, PLAXIS 2D andALPOASYSwere compared
in the paper [20]. In the field test, simulation of displacement such as 12 mm or 10%
of pile diameter (IS code requirement) are not possible using existing techniques,
especially for larger diameter piles. Accurate numerical methods can be adopted
under such situation to simulate displacement as per code provisions (Table 1).

Fath et al. [21] performed finite element analyses of laterally loaded piles in
medium stiff clay using ABAQUS program. In terms of ultimate lateral load,
maximum bending moment and the p-y curves, the lateral response of pile is
presented. The effects of various factors such as L/d ratio, pile dimensions and soil
shear strength on the performance of pile have been studied. The conclusion drawn
from the study is that with the increase in soil shear strength, the L/d ratio and the
pile diameter, the ultimate lateral pile capacity increases. In the study, the maximum
bending moment occurs in between a depth of 0.12–0.18 times the length of pile.

Thadapaneni et al. [22] performed the analysis of piles subjected to lateral and
vertical loads by using various methods. In the analysis, piles were modeled as linear
elements and the soil-structure interaction was taken into consideration. Lateral load
analysis of piles was carried out by using empirical equations and finite element
methods. Empirical methods used were Vesic’s method using subgrade reaction and
Brom’s method and the finite element analysis were done with the aid of STAAD Pro
and LPILE software. The comparison of results obtained from various methods of
analysis has been presented. When software is not available for the analysis, Brom’s
method which holds good in computing pile head deflection under lateral loads
could be used in small scale projects. Though the analysis using LPILE software
provides conservative results, the soil-pile behavior such as bending moment of
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pile, soil reactions, p-y curves etc. can be analyzed with less effort within a short
period of time. The STAAD Pro analysis can be used effectively to determine pile
head deflections with a certain multiplication factor due to its significantly lower
deflection values.

5 Conclusions

The effects of vertical load on the pile have been very well established in the past
years, but researches on piles under lateral load are still going on to obtain a well
defined method of analysis. This paper has presented a detailed literature review of
various methods generally used for the analysis of laterally loaded piles. The appli-
cability, advantages, limitations and comparison of different methods are discussed
in this study. The modifications and extensions suggested by various researchers on
the existing procedures and approaches are also reviewed.

The lateral load resistance of pile depends on soil properties, pile material, pile
diameter, pile length, loading type etc. Even though it has been found that the analyt-
ical solutions are complicated and tedious, the implementation of computer-based
programs has solved the problem to a great extent. With the increased computational
power of the computers and the availability of appropriate software, numerical simu-
lation and analysis of the problem has become the most cost effective and accurate
method. Real soil-pile interaction is three dimensional which makes it difficult to
model highly accurate two dimensional model of pile. However some researchers
managed to simulate lateral response of pile in 2D finite element program by simpli-
fying the geometry of model. For the better understanding of different methods and
their comparison some figures and table are included. There is still need to explore
the available features in various numerical modeling software, in order to perform
muchmore efficient and quick analysis of laterally loaded piles under various loading
conditions and in different types of soil.
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Effect of Silica Fume and Steel Fiber
on Mechanical Characteristics
of High-Strength Concrete

A. Sumathi and K. Saravana Raja Mohan

1 Introduction

The chief binder part of concrete is ordinary portland cement (OPC), but high CO2

emissions are increasingly affecting the infrastructure.As a consequence, it is deemed
environmentally unacceptable. A variety of works have been carried out on alter-
native cement binders or replacements aimed at reducing the environmental effects.
Minimumworks were, however, published to examine HSFRC’s structural behavior,
especially with regard to its ultra-high ductility. This is one of the explanations for
the analysis mentioned here, with an emphasis on silica fume (SF) and HSSFRC.
The uses of SFRC over the past thirty years have been so varied and so wide spread,
that it is difficult to categorize them. The most common applications are pavements,
tunnel linings, airport pavements, bridge deck slab repairs, and so on. SF used is a
by-product of silicon and ferrosilicon. The fineness and the specific surface area of
SF are very high, about 2000 m2/kg, whereas this value is only about 350 m2/kg
for OPC. Because of its very efficient pozzolanic action, this has led to the evolu-
tion of the use of microsilica as a cement substitute, but as more laboratory and field
results are obtained, the material becomes an additional cementitious material giving
increased strength and durability in fresh and hardened states [1–3]. Silica fume does
not only influence in the rate of hydration but also reacts with the hydration products.
For improved concrete performance based on strength and durability, use of SF as
cement supplement has been tried with success. Different researchers have achieved
different optimal values. However, most research studies agree on the replacement
level ranging between 5 to 10% depending on the type of desired concrete properties
[4–13]. Higher silica fume content led to enormous weight loss and strength loss
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under aggressive environment [14–16]. Mahmoud Nili [17] on their study inferred
that the SF and steel fiber enhance the concrete properties such as long-term compres-
sive strength (CS), dynamic frequency, and less water absorption for 1% steel fiber
on SF concrete. Al sakiny [18] studied the performance of steel fibers content and
high-range water reducer (HRWRA) in UHSFRC. From the tests, control concrete
with 2 to 3%with 0.5% increment of fibers in volume fractions of steel fibers showed
a minimum reduction in CS at early period of curing. Soulioti [19] carried out an
experimental work to evaluate the mechanical properties of SFRC and hybrid fibers
with regression model. The result showed also that the increase in fiber volume
lead to an improvement in the first and final peak strengths, residual strength as
well as flexural strength of the tested beams with hooked-end fiber exhibiting higher
flexural toughness behavior. Addition of carbon steel fibers, viz., low and high to
concrete enhanced the compressive and flexural strength at 28 days [20]. Baran [21]
investigated the pull-out behavior of prestressing elements embedded in SFRC. The
variables considered were steel fibers with two different lengths of 30 and 60 mm
each of 0, 0.2, 0.4, 0.6, and 0.8% content in volume. Based on the results, there was
an improvement in the tensile behavior and flexural post-cracking response of SFRC
due to crack control by the fibers. [22, 23] via experimental studies, differentmechan-
ical properties of HSC forta-ferro and steel fibers with and without nanosilica and
SF found that pozzolan fiber-reinforced concrete improved the different properties
of HSC compared to plain concrete. This paper deals with the basic materials prop-
erties, mix design, and testing methods. It also consists of experimental results and
discussions on mechanical properties of HSC and HSSFRC like cube compression
strength, indirect tensile strength, modulus of rupture, elastic modulus, and stress–
strain curve under compression for concrete along with experimental and statistical
interpretations.

2 Experimental Program

2.1 Materials Used

Ordinary portland cement (OPC) of 53 grade conforms to IS 12269 [24]. Specific
gravity (SG) is 3.23, 55, and 355 min are the initial and final setting times, respec-
tively. Elkem microsilica 920 D was used as cementitious material of SG of 2.26.
Maximum size of 4.75 mm river sand and coarse aggregates of size 12.5 and 20 mm
were used. The fineness modulus of fine and coarse aggregate was 3.39 and 5.25,
respectively [25]. Superplasticizer (SP) with the SG in the range of 1.220–1.225 and
pH greater than 6 was used. Hooked-end steel fibers of 80 aspect ratio and density
7850 kg/m3 were used.
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Table 1 Mix proportions
(kg/m3)

Concrete mix M60

Cement (kg/m3) 450

Silica fume 10% (kg/m3) 31.5

Fine aggregate (kg/m3) 780

Coarse aggregate (kg/m3) 1130

Superplasticizer 0.8–1.2%

2.2 Mix Design and Methods

The mix configuration for the M60 grade was performed in the present study in
compliance with IS 10262 [26], and the proportion of the mix used for the study
was 1:1.73:2.51:0.3. SF dosages are 5, 10, 15, 20, 25, and 30%, replaced by cement
percentages. To study the SF and steel fiber effect on HSC material features, steel
fibers are added to this by 0.5, 1, 1.5, and 2% by volume. The water-to-binder ratio
arrived from the slump test is having water-to-binder ratio 0.27 with the addition of
superplasticizer. Specimens were prepared based on the exact quantity of material
for each mix as presented in Table 1.

2.3 Details of Specimens

Cubical specimens of size 150 mm were used for compressive strength (CS), cylin-
drical specimens of 150 mm diameter and 300 mm long specimens were used for
indirect tensile strength (TS), elastic modulus (E) and stress–strain curve, prism
specimens of size 100 × 100 × 500 mm were used for modulus of rupture (MOR).
Mixtures containing 0, 5, 10, 15, 20, 25, and 30% of SF as cement replacement and
0 to 2% steel fibers with an increment of 0.5% have been used. Six samples for each
mix were casted for various water-to-binder ratio, the percentage of cement replace-
ment level, percentage of steel fiber content in volume fractions, and period of curing,
respectively, for testing compressive strength and three samples for other properties.
The casted and cured specimens were tested on 3000 kN capacity compression-
testing machine in accordance with IS 516 [27] to obtain the CS and TS of concrete
at the curing days of 7, 28, 90, and 180 days. The MOR is carried out on prisms to
estimate the flexural strength. For each concrete batch, tests were conducted on three
prisms in flexural strength-testing machine of capacity 100 kN in accordance with
ASTMC78 [28]. The center distance between supporting rollers for beams (prism) is
400 mm, and the center distance between loading rollers is 133 mm. The specimens
were tested for 28, 90, and 180 days. The stress–strain curve was studied in 150 Ø
× 300 mm long cylinder in a servo-hydraulic closed-loop CTM of capacity 3000
kN with a displacement rate of 0.05 mm/min at the age of 28 days. Before testing,
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the extreme ends of the specimens were made horizontal by grinding and constant
length for all cylinder specimens.

3 Results and Discussion

3.1 Silica Fume Effect on CS

The average CS studied in six specimens for eachmix with replacing cement with six
different percentage of SF for different curing days is shown in Table 2. The results
showed an increasing trend up to replacement of 10% of silica fume by cement.
Similar trends were observed by other researchers [7, 10, 30]. The SF contains
amorphous silica, and pozzolanic reaction gives the better strength results. When
the replacement ratio is greater than 10%, the intensity is found to be decreased.
Compared with cement, the CaO content in the silica fume is comparatively lower.
Even though the strength decreases after silica fume replacement of 10%, the char-
acteristic strength of 60MPa was achieved for SF replacement more than 10%. Since
silica fume is cheaper than cement, 10% SF as cement replacement is considered as
optimum replacement for HSC.

3.2 Silica Fume Effect on TS

In each mix, three cylindrical specimens were tested to calculate the split TS of high-
strength concrete. The variations of average tensile strength with respect to silica
fume content are presented in Table 2. The maximum split TS obtained is 8.16 MPa,
which is about 28%more than the control concrete specimen. Themaximum strength
is obtained for 10% silica fume at 28 days.

3.3 Silica Fume Effect on MOR

The results of MOR of control and SF concrete are presented in Table 2. The
maximum MOR concrete at the age of 28, 90, and 180 days is 6.92, 8.15, and
8.39 MPa, respectively. The maximum increase in MOR for 10% silica fume
compared to control concrete is observed as 17.48, 19.5, and 18.84% at 28, 90,
and 180 days.
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3.4 Steel Fiber Effect on CS

The CS of cubes with various steel fiber content at all ages are detailed in Table 2.
There is an increase in strength up to 1% steel fiber content in volume fractions,
and there is a reduction in strength beyond 1%. The enhanced strength was observed
for steel fiber specimens than control for 3, 7, 28, 90, and 180 days of curing. The
percentage strength increase is 11.86, 19.27, and 25.91%compared to 28 days control
concrete.

3.5 Steel Fiber Effect on TS

In each mix, three specimens were casted and tested to estimate the split TS with
(0, 0.5, 1, 1.5, and 2%) fiber content in volume fractions. From Table 2, the increase
in development of strength was found when the fiber content increases. HSC with
fiber 1% tends to maximum increase in strength compared to control specimen at
different days. At 28, 90, and 180 days, the percentage increase was 33.44, 38.96,
and 50.33%, respectively, compared to 28 days control concrete.

3.6 Steel Fiber Effect on MOR

The flexural strength (MOR) studied at different curing ages for concrete with
different percentage of SF and steel fiber is presented in Table 2. The highest value
of flexural strength is attained for mixes with 1% of fibers at all ages. The 28, 90, and
180 days flexural strength was 7.72, 9.06, and 9.53 MPa. It showed an increase of
31% at 28 days and 53.82% at 90 days and 61.8% at 180 days compared to 28 days
control concrete.

3.7 Silica Fume and Steel Fiber on CS

The CS for 10% SF with different percentage of steel fiber content were tested for 7,
28, 90, and 180 days curing. Based on the variations of strength with respect to fiber
content and silica fume, it is observed that the maximum strength was 87.47 MPa,
obtained for S10F1 mix, i.e., 10% silica fume and 1% fiber content in volume frac-
tions. Maximum increase in strength over control concrete was found to be about
45.59% at 180 days. The general inference is from the results, all mixes show similar
trend of steep changes between 7 and 28 days but flatten out for additional duration.
This is due to the bonding action of the fibers in concrete matrix that is effective
initially up to 28 days [6, 11]. Hence, the fiber content increases, the strength of the
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concrete also increases. It is found that the reduction in compressive strength due
to introduction of silica fume could be easily compensated through the addition of
fibers. At 28 days, silica fume increases the pozzolanic reaction, and it was sufficient
to contribute to the strength under compression. Thus, the efficiency of the silica
fume to act as cementitious material has increased substantially at the age of 28, 90,
and 180 days. Compressive strength for an optimum mix (S10F1) varied from 75.59
to 82.93 MPa at 90 days and 82.93 to 87.47 MPa at 180 days. There was a 9.71%
increase in strength at 90 days and 15.72% at 180 days compared to 28 days strength.

3.8 Silica Fume and Steel Fiber on TS

Splitting TS for silica fume and fiber content was observed. The maximum tensile
strength for 3, 7, 28, 90, and 180 days was 3.97, 5.68, 8.07, 9.39, and 10.36 MPa
which is about 17.10, 24.017, 34.95, 38.49, and 42.30% than control concrete. From
Fig. 2, the highest strength is obtained for mixes containing 10% SF with 1% of fiber
at all ages. Beyond 10% replacement of cement by SF and 1% of fibers, there is a
decrease in strength. For this optimum range, the percentage increase in split tensile
strength is 16.36% at 90 days and 28.38% at 180 days when compared to 28 days.

3.9 Silica Fume and Steel Fiber on MOR

MOR studied at different curing ages for various percentage of SF and steel fiber
and the results are shown in Table 2. The maximum strength is obtained for mixes
with 10% silica fume and 1% of fibers at all ages. The 28, 90, and 180-days flexural
strength is 9.22, 10.92, and 11.55 MPa. It showed an increase of 18.44% at 90 days
and 25.27% at 180 days compared to 28 days.

3.10 Stress–Strain Curve Under Compression

An experimental stress–strain curve under compression for optimum silica fume
10% with different steel fiber content is shown in Fig. 1. The addition of fibers to
HSC enhances the curve at the post-peak segment and increased the strain at peak
stress. It can be observed that the elastic portion of the curve increases when the
strength increases in ascending portion and decreases the drops in the softening
portion of the stress–strain curve for control concrete and gradually flatters for steel
fiber-reinforced concrete [33]. The ultimate strains at failure for control specimen
were 0.00697, and steel fiber-reinforced specimens were found to be in the range of
0.012 to 0.019. Earlier findings noticed that steel fibers with hooked-end are much
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Fig. 1 Stress–strain curve

Fig. 2 Modulus of elasticity
for SF-based fiber in Vf (%)
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effective in mechanical properties and energy absorption at post-peak load carrying
capacity [31].

3.11 Elastic Modulus

Elastic modulus (secant modulus) was found from the cylinder specimen for the
optimum percentage of silica fume with steel fibers in different volume fractions at
28 days. According to ACI 318 [29], the elastic modulus is estimated from the slope
of the straight line between the 40% compressive stress and the strain point. The
variation of the elastic modulus for optimum silica fume 10% by weight of cement,
various fiber content in volume fractions of each mix shows higher order than control
concrete, but the modulus of elasticity seems to change very little over the test range
are shown in Fig. 2. The percentage increase in elastic modulus of fiber concrete
relative to silica fume concrete (control) was 1.2, 2.96, 1.8, and 1.05% for 0.5, 1,
1.5, and 2%, respectively [11, 23]. From the results, the maximum improvement in
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elastic modulus is obtained for 10% silica fume and 1% fiber content (S10F1) was
2.96% compared to control concrete [23]. This means by the addition of steel fibers,
the beam flexural rigidity is rather unaffected. From the stress–strain curve, it may
be observed that even though the specimens showed less modulus of elasticity for
larger volume of steel fiber content, their larger strain sustainability without sudden
failure was the notable one to use high volume fractions of steel fibers, i.e., 1.5 and
2% in specimens requiring larger flexibility for increased rotation or ductility for
large deflection. Generally, it can be found that the fibers addition to HSC slightly
enhance the static elastic modulus.

3.12 Statistical Method

From the test data, the model is developed by graphical approach to enumerate the
effective use of silica fume as a cement replacement to develop a HSC and effect of
steel fiber content in volume fractions to enhance themechanical properties to develop
a HSSFRC especially on CS, TS, and MOR, at 10% SF with steel fiber content (0,
0.5, 1, 1.5, and 2%) in volume fractions. It was to be checked whether the variation in
the fiber and silica fume has statistically significant effect on the strength. This was
done using ANOVA. Tables 3, 4, and 5 show the values of Factual and Fcritical. Factual

was calculated based on the ratio between the sample mean square to within sample
mean square.Fcritical was verified from the statistical tables, and it was comparedwith
Factual from the known values of degrees of freedom and significance level. There
was no difference between Factual and Fcritical and considered as null hypothesis, if
Factual is less than Fcritical means accepted and rejected when Factual is greater than
Fcritical. Tables 3, 4, and 5 show the variance ratio for various strengths for different

Table 3 Variance ratio values for compressive strength

Parameters Actual variance ratio, Factual Critical variance ratio, F
critical7 days 28 days 90 days 180 days

SF (%) 17.83 35.52 51.63 38.25 2.69

Fiber (%) 7.97 6.71 5.27 6.08 2.87

SF and fiber 39.77 41.92 58.58 46.48 2.42

Table 4 Variance ratio values for split tensile strength

Parameters Actual variance ratio, Factual Critical variance ratio, F
critical7 days 28 days 90 days 180 days

SF (%) 0.95 1.141 0.904 1.070 2.69

Fiber (%) 0.16 0.680 0.621 0.425 2.87

SF and fiber 0.68 1.162 1.485 1.856 2.42
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Table 5 Variance ratio values for modulus of rupture

Parameters Actual variance ratio, F actual Critical variance ratio, F
critical28 days 90 days 180 days

SF (%) 0.405 0.576 0.640 3.55

Fiber (%) 0.506 0.745 0.917 3.88

SF and fiber 0.991 1.514 1.719 3.08

parameters, viz., silica fume content, fiber content, and both silica fume and fiber
content. Table values are verified and concluded that fiber content and silica fume
are much effective and statistically significant.

4 Conclusions

The important conclusions drawn from the experimental results are summarized
below.

• Among different percentages of SF and steel fiber used in concrete, 10% SF and
1% steel fiber shows better strength and was considered as suitable percentage in
terms of CS, split TS and MOR, and elastic modulus.

• The CS increases from 1% steel fiber to SF concrete ranging from 25 to 30%,
at different curing days than control concrete. The incorporation of SF in the
reinforced fiber concrete enhances the compressive strength due to an improve-
ment in the bond of cement paste with aggregates and reduction of pores through
pozzolanic reactions in cement paste, and concrete fibers provide resistance to
crack propagation and control the rate of crack growth.

• The addition of steel fibers to HSC containing silica fume changes the complete
basic trend of stress–strain response. The descending branch slope enhances based
on the increase of fiber in volume fractions.

• The strength model was developed using experimental findings on the basis of
regression analysis. In estimating the different intensities at 28, 90, and 180 days
on the basis of estimation more or less similar with measurements, the proposed
regression linear model was found to be accurate.

Acknowledgements Authors would like to thank SASTRA Deemed University for the support to
perform the experimental works in the laboratory.
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Particle Deposition Analysis Using
DPM-DEM

Nurhanani A. Aziz, M. H. Zawawi, N. M. Zahari, Aizat Mazlan, Aizat Abas,
Aqil Azman, and Muhammad Naqib Nashrudin

1 Introduction

Coastal bank is the most imperative financial locale that can support the satisfaction
of human nature. Still, this region is always beneath frequent threat from various
natural and man-actuated threats, including coastal erosion and shoreline scouring
[1]. Coastal erosion is a natural phenomenon that influences a large number of coastal
bank sites worldwide [1–10]. Storminess and endless sea level rise has become a
major problem toward coastal erosion along with a worldwide increment in coastal
advancement of numerous nations [10]. Coastal authority dealing with erosion diffi-
culty and long-term shoreline stability depends essentially on balance between the
rate of sediment supply and transport [11].

Due to wave movement, beach and shallow water sediments are continually
responding to the erosion-causing action and affecting the dynamic equilibrium of
the coastal bank [12]. This event is not only induced by unpredictable and extraordi-
nary sea storms. It is, however, the result of the natural behavior and persistent impact
of the waves on the coast [2]. Besides, the wave’s impact toward the shoreline and
the resultant erosion rely on a few aspects such as the strength, the action time, the
type of soil, and the direction of propagation [2]. Numerous coastal preservation and
protection measures have been applied for the improvement and rehabilitation of the
coastal bank, but the destructive aftermath of erosion continues [8]. In order to build
or create new coastal protection, it is essential to investigate more about the behavior
of waves toward sand sediment to understand the nature of this erosion [13–15]. This
paper will further discuss the simulation of sediment erosion using the DPM-DEM
method.
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2 Numerical Model

The equation for the conservation of the continuity equation can be composed as
shown [16]:

∂ρ

∂t
+ ∇ · (ρ�v) = Sm (1)

Equation (1) is the general form of the mass conservation equation and can be
utilized for compressible and incompressible flows. Sm is the mass included in the
continuous phase of the dispersed second phase and any user-defined sources.

Conservation of momentum can be described by

∂

∂t
(ρ�v) + ∇ · (ρ�v�v) = −∇ p + ρ �g + �F (2)

where p is the static pressure and ρ �g and �F are the gravitational body force and
external body forces, respectively. �F also contains other model-dependent source
terms such as porous-media and user-defined sources.

Energy conservation is expressed by

∂

∂t
(ρE) + ∇ · [�v(ρE + p)

] = −∇ ·
⎛

⎝
∑

j

h j J j

⎞

⎠ + Sh (3)

2.1 Volume of Fluid (VOF)

Momentum equation for the volume of fluid [16] is given as

∂

∂t
(ρ�v) + ∇ · (ρ�v�v) = −∇ p + ∇ · [

μ
(∇�v + �vT

)] + ρ �g + �F (4)

The energy equation is shown below.

∂

∂t
(ρE) + ∇ · (�v(ρE + p)) = ∇ · (keff∇T ) + Sh (5)

The VOF model treats energy, E, and temperature, T, as mass-averaged variables:

E =
∑n

q=1 αqρq Eq
∑n

q=1 αqρq
(6)
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where Eq is based on the specific heat of the phase and the shared temperature for
each phase.

2.1.1 Air Wave Theory

The wave profile for the linear wave is shown below

ζ (X, t) = A cosα (7)

where

α = kx x + ky y − ωet + ε (8)

x and y are the space coordinates in the x̂ and ŷ directions, respectively, while ε is
the phase difference, and t is the time.

For both shallow and intermediate waves, the wave frequency ω is defined as
given below:

ω = √
gk tanh(kh) (9)

And for short gravity waves:

ω = √
gk (10)

where h is the height of the liquid, k is the number of waves, and g is the gravity
magnitude.

2.1.2 Stokes Wave Theory

Based on the past study of John D. Fenton (1985), the Stokes wave theories in
fluent is formulated [16]. These theories can be used for the large steepness of finite
amplitudes of waves operating in the intermediate to deep liquid depth range.

For higher-order Stokes theories (second to fifth order), the generalized expression
for wave profiles is shown as:

ζ (X, t) = 1

k

n∑

i=1

i∑

j=1

bi jξ i cos( jα) (11)

The generalized expression of the associated velocity potential is shown as:
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	(X, t) = 1

k

√
g

k
tanh(kh)

n∑

i=1

ξ i
i∑

j=1

ai j cosh(jk(z + h)) cos( jα) (12)

where

ξ = kH

2
(13)

ξ is referred to wave steepness.
n = wave theory index (2–5: from second-order Stokes to fifth-order Stokes,

respectively).
Wave celerity, c, is given as;

c =
√
g

k
tanh(kh)

(
1 + c3ξ

2 + c5ξ
4
)

(14)

For second-order Stokes, c3 = c5 = 0, while for third and fourth-order Stokes,
c5 = 0.

Wave frequency, ω, is defined as

ω = kc (15)

The velocity components for surface gravity waves are derived from the velocity
potential velocity function.

u = ∂	

∂x
cos θ (16)

v = ∂	

∂x
sin θ (17)

w = ∂	

∂x
tan θ (18)

2.2 Discrete Particle Model

Each particle is tracked individually in an Euler-Langrangian model by using
Newton’s second law of motion [17], given by

mp
d�vp

dt
= mp�g + Vpβ

1− ∈
(�u − �vp

) − Vp∇ p (19)
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Fluid phase hydrodynamics is described in the continuity equation and thevolume-
averaged Navier–Stokes equations [17]:

∂
(∈ ρ f

)

∂t
+ ∇· ∈ ρ f �u = 0 (20)

∂
(∈ ρ f �u

)

∂t
+ ∇· ∈ ρ f �u�u = − ∈ ∇ p − ∇· ∈ �τ f − �Sp+ ∈ ρ f �g (21)

where �Sp is the source term that accounts for the exchange of momentum between
the fluid phase and the particle phase. �Sp can be calculated as shown below:

�Sp = 1

V

∫ Np∑

k=0

Vp,kβ

1− ∈
(�u − �vp,k

)
δ
(�r − �rp,k

)
dV (22)

The δ function is to ensure that the reaction force acts as a point force at the
position of the particle in the system.

2.3 Discrete Element Model (DEM)

The implementation of DEM is based on [18] and accounts for the forces that result
from the particles colliding. The discrete element method (DEM) is a common
computational approach introduced by [18] for modeling the dynamics of granular
matter such as gravel, coal, and beads of any substance. It involves trajectories and
spins of all particles and objects in the system and is capable of predicting their inter-
actions with other particles and with their environment [16]. DEM simulation can
be described by a high volume fraction of the particles, where interaction between
the two particles is necessary [16].

2.3.1 The Spring-dashpot Collision Law

In spring-dashpot collision law, the spring constant K can be defined as in the spring
collision law, together with a coefficient of restitution for the dashpot term (η)which
0 < η ≤ 1.

In preparation for the force calculations, the following equation is evaluated:

floss =
√

π2 + ln2η (23)

m12 = m1m2

m1 + m2
(24)
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tcoll = floss

√
m12

K
(25)

γ = −2
m12 ln η

tcoll
(26)

�v12 = �v2 − �v1 (27)

where floss is a factor of loss, m1 and m2 are Particles 1 and 2 masses, respectively,
whilem12 is the “reduce mass.” Then, tcoll is the time scale of the collision, �v1 and �v2
are the velocities of Particles 1 and 2, respectively, while �v12 is the relative velocity.
Here, γ is the damping coefficient, and γ ≥ 0 because ln η ≤ 0.

The force on Particle 1 can be calculated as shown below;

�F1 = (K δ + γ (�v12 · �e12))�e12 (28)

By the third law of Newton, the force of Particle 2 is given as

�F2 = − �F1 (29)

3 Results and Discussion

3.1 Volume Fraction

Figure 1 illustrates the volume fraction of the seawater together with sand particles
at various time steps. It can be seen that the seawater at its initial position is stable as
the seawater just fills the model, and after few seconds, the wave generation can be
observed in Fig. 1(b–e) as the seawater is not stable as it was at the initial position.
Whenever these phenomena occur, the sand particles begin to switch their initial state
and are transported to other locations. With the help of the drag force, the particles
move slowly toward the direction of the incoming wave, leading to the erosion of
the particles.

At the beginning of generation, sand particles are full within the sediment
boundary before waves as shown in Fig. 1(a). Sand particles at the top of the sedi-
ment boundary begin to erode and have a gap after a few seconds. This phenomenon
occurs because of the wave behavior that acts toward the sediment boundary and
changes the sand formation. Based on Fig. 1(a–e), the gaps between sand particles
at the top of the sediment boundary increase as time increases.
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(a) 0s.

(b) 5s.

(c) 10s. 

(d) 15s.

(e) 20s.

Fig. 1 Movement of waves and sand
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3.2 Number of Particles

The division of the sediment boundary, the number of particles in each division,
and the changes of particles over time are shown in Fig. 2 and Tables 1 and 2
simultaneously. Through this division, the change of the number of sand particles
can be investigated to determine the most critical division that has a high risk for
erosion to occur. The number of particles can be determined by the particle file
that has been injected during the simulation is conducted. The particle files consist
of particle size and the gap or distance between particles. Hence, the most critical
division can be determined by the number of particles change as time is increased.

Table 1 presents the number of particles in each division. The number of particles
at the initial position is different for each division as the volume of each part is
different. Division A has a bigger number of particles with 55,152, while division C
has a smaller number of particles with 14,472. As the simulation is conducted, the
number of particles in each division starts to change due to the behavior of the wave.

Based on Tables 1 and 2, the number of particles in division A is decreasing as
time increases. The number of particles for Division A starts with 55,152 and drops
to 52,673 after the 20 s. While in Divisions B and C, the number of particles is
increasing when the time increases. The number of particles for Divisions B and C

Fig. 2 Division of sediment boundary

Table.1 Number of particles in each division

Number of particles

Division/time 0 s 5 s 10 s 15 s 20 s

A 55,152 54,342 53,694 53,142 52,673

B 34,272 34,844 35,210 35,457 35,517

C 14,472 14,642 14,888 15,159 15,542

Table 2 Changes in the number of particles over time

Change of particles

Division/time T0–T5 T5–T10 T10–T15 T15–T20

A −810 −648 −552 −469

B 572 366 247 60

C 170 246 271 383
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starts with 34,272 and 14,472, then increases to 35,517 and 15,542 simultaneously
after the 20 s.

This phenomenon happens because of the drag force that acts toward the sediment
boundary. The particles from the upper part (Division A) had been dragged by the
waves toward the Divisions B and C. Therefore, the number of particles in Division
A is decreasing, while Divisions B and C are increasing. Based on Tables 1 and 2, we
can conclude that the most critical division between these three divisions is Division
A since this division lost a lot of the number of particles compared to other divisions.

3.3 Validation

To investigate the efficiency and the accuracy of the numerical analysis of DPM-
DEM, the validation with another method which is smooth particle hydrodynamics
(SPH) should be made. The same model is used for both methods to compare and
validate the results. However, the results of these two methods are slightly different
due to themesh used.DPM-DEMis a numerical analysis that neededmesh to analyze,
while SPH is mesh-free.

The validation of the two methods is shown in Fig. 3. Based on the figure, the
pattern of the particle erode is slightly the same between these twomethods. For both
methods, the particle erodes occur in the same area which is at the upper part of the
sediment boundary (Division A). The particle erodes from the upper part because the
particle is dragged by the drag force of the wave and move downward to the lower
part followed by the direction of the incoming wave.

4 Conclusion

The sediment erosion has been successfully simulated numerically using a DPM-
DEM method. Accordingly, we presumed that the findings were validated based on
the SPHmethod as the pattern of the particle erode is the same for both methods. It is
also proved that the length of time would generally increase the number of particles
erosion and change the formation of sand that would lead to erosion. For instance, the
number of particles for the top of the sediment boundary (Part A) keeps on decreasing
as the time increases, while in other parts (Parts B and C), the number of particles
keeps on increasing due to the loss of particles in Part A. This will, therefore, indicate
that Part A has a high potential for erosion due to wave behavior.
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Fig. 3 Validation between
two methods

(a) 0s

(b) 5s

(c) 10s

Undisturbed

Undisturbed

Undisturbed

Undisturbed
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Recent Trends in IOT-Enabled
Composter for Organic Wastes

P. Balaganesh, M. Vasudevan, R. Rameswari, and N. Natarajan

1 Introduction

The contemporary world is undergoing a silent smart revolution with the rising tech-
nological developments touching all aspects of life. The smart technologies located as
the epicenter of digital transformations has drastically lead the innovations towards
design of Internet of things (IoT) as the key pillar of latest Industrial Revolution
(Industry 4.0) [1]. Waste management has always been a tough task for the govern-
ment and local administrators despite spending huge budgets on collection, separa-
tion, treatment and disposal [2]. A few critical issues reported in the case of solid
waste management in developing urban communities are, (i) ever-increasing volume
surpassing all design capacities of handling; (ii) difficulties in actual separation; (iii)
inefficient treatment facilities; (iv) poor financial support system; (v) NIMBYism
(not in my backyard syndrome); (vi) lack of awareness and communication; and
(vii) lack of coordination and participation. On a fair-base analysis, we can observe
that the points (i.), (ii.) and (iii.) are more related with technological aspects, (iv.)
with economic background and (v.), (vi.) and (vii.) with social elements. On the
technological aspects, selection and success of proper treatment technology depend
on the efficient separation of materials and suitable pre-treatments (if necessary) [3].

Composting is reported to have huge environmental benefits in terms of reduced
pollution (reduction in open dumping, reduced emission of greenhouse gases and
reduced subsurface leaching) as well as increased agricultural benefits (crop produc-
tivity, soil nutrient balance and soil reclamation) [4, 5]. In general, composting prac-
tices are conventional in small-scale in rural areas while urban composting practices
are generally more innovative and in larger scales. The major difference is, however,
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in the successful operation through proper monitoring scheme which is not well
developed so far in the rural communities. As the compost quality eventually deter-
mines its stability and application, there is a large scope of advanced technologies in
large-scale compost monitoring.

Henceforth, ‘smart composting’ is the need of the hour which enables the IoT
application and automation that can potentially eliminates the inebrieties of phys-
ical monitoring and other above-mentioned issues. Particularly, aerobic in-vessel
composting devices (composters) are preferred to be the suitable reactors to prepare
compost in urban areas that avoids space constraints and produces quick stable bio-
manure. Qiu andWang [5] developed a kitchen waste composting machine and iden-
tified the significant expectations of people as optimum size, aesthetic look, interac-
tive panel, odorless operation and cost effectiveness. Zhou and Wang [6] analyzed
various design elements of an automatic domestic food-waste composter based on
perceptual engineering method and reported the significance of selection of feasible
materials, surface texture, color and models based on a questionnaire survey.

Being an interdisciplinary area, a collaborative approach is necessary to break the
natural hindrances in earmarking the required research components by demystifying
the specific technical attributes from the physical science of composting and the
digital science of IoT. Thus, the present study aims to provide a comprehensive review
on the recent trends in the development of IoT-enabled composter by highlighting the
technological aspects under various sections such as (i) selection of feed and suitable
hardware components; (ii) significance of data acquisition and storage systems; (iii)
aspects of IoT gateway selection; (iv) available standard protocols and (v) prospective
data mining. According to the author’s knowledge, this is the first of its kind study
on the investigation for selection of digital technology on a conventional physical
system.

2 Advances in Smart Composter Design

2.1 Feed Selection and Optimization

Suitable and optimum feedstock ensures efficient and rapid conversion of the organic
constituents irrespective of their source resulting in good quality compost. The
carbon-rich composting materials are normally called as browns, and nitrogen-rich
materials are known to be greens (Fig. 1). The selection of feedstock proportion is
based on optimizing the carbon and nitrogen ratio (C/N) of the feedstock in order to
achieve stabilized compost (optimum range 15–30:1). In case of mixed feedstock,
the overall C/N ratio can be obtained by taking their weighted average as shown in
Eq. 1.

[C/N ]mix =
∑

i [C/N ]iWi
∑

i Wi
(1)
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Fig. 1 Stability parameter ranges of the typical composting substrates

where (C/N)m is the C/N ratio of feedstock mixture, (C/N)i is the C/N ratio of
individual feed types and Wi is the corresponding weight (kg) [7].

Regular and reliable measurement of environmental parameters such as tempera-
ture and moisture content are the preliminary requirement for the smart composting
process [8, 9]. The organic wastes tend to degrade due to microbial activity, and thus
it discharges energy in the heat form. It changes the temperature of the pile/bin to
increase from the initial phase (mesophilic) to a range of 40–60 ° Celsius (C) (ther-
mophilic phase). During the final stage of maturation (cooling phase), the approxi-
mate pile temperature fall in the range of 25–40 °C. The overall moisture content of
feed mixture needs to be maintained in the range of 50 to 60% (v/v) for maintaining
sufficient thermal comforts for effective decomposition. It is observed that provision
for free air space (FAS) through regular mixing controls the entire aerobic reac-
tions by optimizing the environmental conditions. A measure of aeration or oxygen
uptake can bring more light to the efficiency of mixing and health of active biomass
in the system. Proper aeration also eliminates the accumulation of odorous gases and
decreases the composting period [7].

Considering the chemical transformations during composting, pH serves as a
good indicator for the change in microbial activity. The optimum pH range for the
composting is 6.5–8.0. When the pH increases above 8.5, the possibility of ammonia
emission is high due to the biochemical conversion. The redistribution of common
ionic species in the compost can be easily monitored by measuring the electrical
conductivity which gives an overview of the amount of nutrient contents and salts
present in the compost. In the real-time operation scenario, most of these aspects
are seldom captured with rapt accuracy [10, 11]. Hence, it is important to realize
that provisions for real-time monitoring and control of composter can aid in better
performance. Now, we will consider the technology-related requirements for an IoT-
enabled composting unit to work in the smart mode.
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2.2 Selection of Hardware for Process Monitoring
and Control

As there are plenty of parameters (both constitutional and environmental) involved
in defining the composting process, the selection of suitable hardware components
to obtain reliable data plays a vital role in successful monitoring and controlling for
a smart composter. The common array of hardware components to be employed in a
smart composter includes, but not limited to, temperature sensor/ thermocouple,
humidity sensor, pH sensor, flow meter, gas analyzer (oxygen, carbon-dioxide,
ammonia) and quartz crystal microbalance (QCM) sensors [12–15]. Pump steering
system, flow adjuster, aeration fans, solenoid valves and hot wire anemometer are
some of the common actuators that performs operation based on the user set point
for automation. The hardware components for the processor and output generally
consist of Arduino UNO, Node MCU, Raspberry Pi, microcontroller, track recorder,
wireless communication module, Siretta antenna, etc. In addition, the data transfer
system for an IoT-enabled composter needs uninterrupted power supply, provision
for USB communication port and flexibility to operate with analog inputs while
generating digital outputs (Table 1).

2.3 Data Acquisition and Storage Facilities

The data acquisition system varies with respect to reliability and as per user require-
ments. As mentioned in Table 1, there are a few automated composters deployed
with Arduino, MATLAB, LABVIEW, PLC and Colony V software to access the
data (Table 1). However, selection of suitable software is based on the user require-
ments for their intended result with accuracy. Similarly, hardware for data acqui-
sition includes, Arduino UNO, Node MCU, Raspberry Pi, etc. Since data storage
provision is a critical requirement for data analysis, the SD card module is widely
used as low-cost technology to store the monitored data. In recent studies, a server-
based cloud platform to store data finds its wide application with remote access.
Wireless technologies such as WiFi, LoRa are also bridged with input devices
for the efficient data acquisition and storage. The functioning of an IoT-enabled
composter integrates a whole range of activities including data management system.
The common peripherals include input–output pins, analog–digital converter, real-
time clock, pulse-width modulator and universal asynchronous receiver–transmitter
unit.
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3 Developments in System Architecture for IoT-Enabled
Composter

3.1 Selection of IoT Gateways

Considering the scenario of multiple composting units located in a locality, an IoT-
based integrated data management system can handle the entire data received from
themultiple sensor nodes frommultiple smart composting bins/piles and can process
the same through suitable system architecture models (Fig. 2). The gateways inte-
grate the protocols for networking, data storage for further analytics and ensure
safe data transfer between edge devices. Recent studies advocate for the multi-task
performance for the IoTgateway through the cloud environment. The gateway system
comprises of a suitable hardwarewith sufficientmemory (RAMand storage) and soft-
ware with supporting cloud platform integration and datasheets. The commonmeans
of communication include 3G, 4G, GPS, GPRS, GSM, Zigbee/Thread, Ethernet,
Bluetooth or Wifi depending on the preference of the service providers. If the cluster
of composters is separated wide apart, it is quite reasonable to assign the gateway
with a booster near high elevated points so as to minimize the power consumption

Fig. 2 Schematic diagram for smart composting system
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and loss of data. The security of data transfer is ensured by limiting targeted connec-
tions to the Internet only through the gateway. Jo et al. [22] deployed an IoT gateway
technology that contains Raspberry Pi B, HTTP (hypertext transfer protocol), REST
(representational state transfer), LoRa wireless communication module and 4GMiFi
modem to remotelymonitor the composting operation in a farmland. In another study,
Elalami et al. [21] used rotary composting having portable sensors to measure pH,
temperature, humidity and ammonia concentration. The measured data were bridged
to the cloud platform by integrating the gateway with 4G Mifi device for enabling
remote control.

3.2 Standard Protocols for Data Transfer

The IoT application requires various standard protocols that have to be aligned
with the operation of different components. extensible messaging presence protocol
(XMPP), advanced massage queuing protocol (AMQP), constrained application
protocol (COAP), data distribution service (DDS) and message queue telemetry
transport (MQTT) are some of the different application layer protocols gener-
ally required to communicate with sublayers. Multicast DNS (mDNS) and DNS
service discovery (DNS-SD) are the major service discovery protocols for the
enriched (appropriate functioning) IoT services. Infrastructure protocols bridge
various systems and devices with networks. Routing protocol, network adaptation
layer protocol, link layer protocol andphysical layer protocols are the available infras-
tructure protocols [23]. It is observed that in the case of wireless sensor networks,
the frequent on–off operations can delay in network latency and delay in communi-
cations. A novel routing called lightweight non-increasing delivery-latency interval
routing (LNDIR) was reported to solve this issue by changing individual time slots
into non-increasing delivery-latency interval. In addition, the selection of operating
system resembling an embedded system can be made suitable for long-time applica-
tions owing to their minimum power consumption and cheaper price. Such interven-
tions can possibly deliver smooth and continuous data transactions for the successful
operation of integrated smart composer systems.

3.3 Data Mining-Based Optimization

In order to optimize the composting operation, the monitored data from various
sensors need to be transmitted to appropriate storage devices as raw data, which
are further analyzed by suitable software for their reliability and applicability.
Chakraborty et al. [23] optimized compost monitoring parameters by comparing
the visible and near-IR spectroscopy data. They scanned around 55 (dairy manure)
compost samples for the observation and used regression analysis to predict the
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relationship between organic matter and other monitoring (pH, electrical conduc-
tivity, moisture %) parameters. They also took around 100 compost samples and
used visible near-infrared (VisNIR) and diffuse reflectance spectroscopy (DRS) to
envisage enzyme activities of compost. Their method was considered to be econom-
ical and rapid based on the selected artificial neural network tool usage. Usage of
machine learning anddatamining algorithms can eventually result in better prediction
of composter performance.

4 Futuristic Scope

4.1 Design of Smart Composter Bins

Adapting/merging the traditional physico-chemical process with advanced tech-
nology led to the creation ofmany innovative smart devices forwastemanagement. In
this regard, Sevik et al. [10] fabricated a smart composter using 100 L capacity stain-
less steel reactors with automated design for temperature (K type thermocouple) and
gas measurements. Boniecki et al. [13] identified the maturity class of the compost
samples by introducing an artificial neural network module which can predict based
on the visual observations of the color of compost samples. Ahmadi et al. [14] fabri-
cated a smart composter consisting of temperature and humidity sensors,Wheatstone
bridge circuit, 12 V electric pump and hot air circulatory system. They automated
the composter with MATLAB, PID controller, telemetric and human machine inter-
face via Internet. In essence, many innovations are happening in the world of smart
compost design by incorporating the fundamental concepts of embedded systems to
reach rational technological breakthrough.

4.2 Advanced Data Analytics on Human Perception

Technological implementation enhances the quality of output by reducing the
manpower and increasing the accuracy. However, human perception on choosing
the right methodologies and product specifications can still be a vital component
in the progress of automated systems. Qiu and Wang [5] studied the kitchen waste
composting machine and classified the most critical expectations of people in terms
of optimum size, aesthetic look, interactive panel, odorless operation and cost effec-
tiveness. Similarly, Zhou and Wang [6] analyzed various design elements of the
automatic domestic food waste composter based on perceptual engineering method
and reported the significance of feasible materials, surface texture, color and models
based on a questionnaire survey. It is also evident from the literature that IoT-enabled
composters canpull hugedemands in themarket by adapting to adynamic andpeople-
centered approach in their design, implementation and operations. Considering the
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futuristic vision with increased connectivity, individual perceptions are bound to be
influenced by the way the world looks around, and the data mining and analytics can
also influence the development of perceptions through the increased human activity
in the digital world.

4.3 Prospective on Smart and Rapid Composters

As reported in many studies, the optimum feed proportion for specific feedstock,
appropriate amendments and design-based process modification can lead to incre-
ment the composting rate. Particularly, adiabatic composting systems are found
to increase the rate of composting by optimizing the environmental parameters,
resulting in the reduction of the composting time. Enhancement in the speed and
quality of food-waste compost through addition of biochar and natural zeolite was
reported by Waqas et al. [2]. The significance of microbial treatment in improving
the rate of composting of domestic sewage sludge (bio-solids) was reported in many
studies [3, 5, 6]. Considering the prospects of rapid composter in delivering quick
solution to the growing issue of waste management, the incorporation of smart tech-
nologies in making a smart-rapid composter can be a better solution [3]. Though it
is technically feasible, the associated economic liabilities certainly undermine the
sustainability of large-scale application of smart-rapid composters as a favorable
low-cost solution. To a greater extent, this issue can be handled by promoting federal
incentives to the prospecting vendors and customers.

5 Conclusion

The review highlights the recent trends in technological innovations involved in the
design and implementation of a smart composter enabled with IoT. The common
hardware peripherals include sensors for measuring temperature, humidity, flow rate
and pH while specific sensors are also available for special applications such as
gas analyzer (oxygen, carbon-dioxide, ammonia). In addition, the pump steering
system, flow adjuster, aeration fans, solenoid valves, hot wire anemometer are
some of the common actuators that perform operations based on the user set point
for automation. The control and accuracy of results mainly depend on the selec-
tion of the major processing units having suitable output-related hardware such as
Arduino UNO, Node MCU, Raspberry Pi model 3, track recorder, Siretta antenna
and wireless communication module. It is also observed that selection of proper
Internet gateway is essential to address the challenges in data transmission, data
safety and power consumption as in the case of a community-based cluster of smart
composters. The study makes design-oriented prospects towards development of a
smart-rapid composter involving provisions for advanced process control and quality
checking. Apart from the technological innovation, the feasibility of fabricating a
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smart composter also depends on human perception and expectation such as optimum
size, aesthetic look, interactive panel, odorless operation and cost effectiveness. It is
envisaged that integration of smart technologies in conventional waste management
operations can transform the entire sector by creating more avenues for customized
design and implementation of smart composting units in varying environmental
conditions.
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Study on the Effects of CNT
and Nano-graphene in Clayey Soil
of Aligarh City of Northern India

Jibran Qadri , Mohd. Aleem Farshori , Mohd Asim Khan ,
M. Nizamuddin , and Ibadur Rahman

1 Introduction

At present, a very limited literature related to nanotechnology is available in geotech-
nical engineering. A new intensive research methodology is systematically required,
which can define new dimensions, and aspects for the improvement of the soil in
a traditional engineering problem. In the case of fine-grained soil, nanoparticles
can easily inflict and disperse through the grain pores, because nano-size nanopar-
ticles compared to clay particles are smaller. Intensive analysis is required into the
substance to enhance the soil’s properties. The physicochemical relationship between
nanomaterials and soil is worth remembering. Better understanding of the surface
and interface interaction between nanomaterial and naturally occurring material is of
great importance for new-generation nanomaterials used in geotechnical engineering
that can improve the nanotechnology outcome.With the reduced size of the nanoma-
terial, a specific surface region increases, indicating an increase in the surface area
in the molecule, which results in stronger contact with other natural matter parti-
cles. Soil with nanoparticles typically has a higher plastic and liquid limit, since it
is apparent that more water molecules in its surroundings are in the specific region,
resulting in improved liquefaction resistance. Nanotechnology involves an atomic
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analysis, which includes atomic motion and atomic shifts. Nanotechnology inves-
tigates and manipulates on a molecular scale, and so the new substance with new
functions and new fundamental characteristics can be obtained. Nanotechnology can
be defined as a facilitator that in almost any area offers a new horizon. Nanotech-
nology reaches beyond discipline and field. In this regard, various studies [1–4]
and [5] suggest that nanomaterials and numerous research analysis applications will
soon be utilized. [6–9], many experimental research suggest promising outcomes,
which are fascinating in the near future of nanotechnology and nanomaterial [10–12].
Carbon nanotubes can indeed be described simply as tubular-folded graphite sheets.
CNTs exhibit excellent physical and chemical properties and researchers’ curiosity
in these nanomaterials in power storage, pharmaceutical goods, substance strength-
ening, microwave absorption, etc., is tremendous because of these extraordinary
properties [13]. Stabilization of soil is a customary technique for civil construc-
tion to accommodate diverse types of engineering and construction specifications
[14]. Traditional materials such as lime, which are in use since millennia back, and
new materials such as cement are presently in practice, as materials such as fly ash
derived from power stations, and goods such as silica fume and other conventional
materials have been used continuously.

2 Experimental Program and Methodology

This research delineates laboratory testing and experimental testing conducted on
soil samples in order to determine the effect on clayey soil on the complement of
various CNTs and nano-graphenes (0gm, 0.2gm, and 0.6gm). The limits of Attenberg
for the different amounts of nanomaterials were determined, and the plasticity index
from test results was acquired. The study of the clay samples was performed by
means of scanning electron microscopy (SEM). The basic sample analysis was also
obtained for X-ray diffraction (XRD).

(1) Plastic limit determination: Plastic limits have been checked in compliance
with IS: 2720(Part-6)-1972.

(2) Liquid limit determination:Ameasurement of the liquid limitwas carried out in
a laboratory using Casagrande equipment as provided in IS: 2720(Part5)-1985.

(3) Shear strength parameter (s) of the triaxial shear compression, unconsolidated
and undrained, carried out according to IS 272(Part 11):1993; Shear strength
parameter (s) of the triaxial shear compression

2.1 Materials

Nano-graphene and CNTs were bought from Sisco Research Laboratories Pvt. Ltd.
(SRL)—India
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Table 1 Synthesis details of
clay nanocomposites

Sample I.D Clay (gm) Nanoparticles (gm)

Clay 300 NIL

Clay/CNT 300 02, 0.4 and 0.6

Clay/nano-graphene 300 0.2, 0.4 and 0.6

2.2 Synthesis of Clay Nanocomposites with Nano-Graphene
and CNTs

Clay nanocomposites with nano-graphene and CNTs were prepared by mechanical
mixing method in the presence of different amounts nanoparticles. The details of the
synthesis are given in Table 1.

2.3 Soil Characterization and Properties

Clay samples were taken from dry pond nearby area of Aligarh district (India) and
dug out using shovel fromdepth of near about 1m fromexcavated pit obtained sample
was disturbed sample. Figure 2 displays the XRD spectrum of the soil sample. The
XRDpattern indicates that the soil primarily consists of quartz containing some small
concentrations of montmorillonite and calcite. Figure 1 shows the SEM micrograph
of pure clay having flakes-like structure.

Fig. 1 SEM images of clay at 5 µm are shown
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Fig. 2 XRD of plain clay
soil

Fig. 3 Effect of nanomaterial on cohesion (KPa) of the soil

Table 2 Properties of the soil
sample

Characteristics Soil

Specific gravity 2.55

Soil classification CL

Liquid limit 35

Plasticity index 14

Optimum water content 19%

Maximum dry unit weight (g/cm3) 1.64
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Table 3 Variation of water
content with different
amounts of CNT

S. No Plastic limit Liquid limit Plasticity index

S0 21 35 14

S1 20 34 14

S2 20 32 12

S3 18 30 12

Table 4 Variation of water
content with different
amounts of nano-graphene

S. No Plastic limit Liquid limit Plasticity index

S0 21 35 14

S1 21 34 13

S2 20 32 12

S3 20 31 11

3 Result and Discussion

3.1 Effect of Different Nanomaterials and Water Content
on Engineering Properties of the Soil

The effect of nanoparticles on clayey soil is shown in this section. With the inclusion
of nanoparticles in the soil, the liquid limit, plastic limit, and plasticity index decrease,
lower plasticity indexes show dramatically improved soil properties. Thus, even
in very small amounts, nanoparticles will improve their strength and enhance the
properties as shown in Tables 3 and 4. The use of CNT and nano-graphene in clay
soil leads to reduced plastic limits by 14 and 5%, and liquid limit by 14 and 11%,
and plasticity index by 14 and 21.4%, respectively.

3.2 Effect of Nanomaterials on Cohesion and Angle
of Friction of the Soil

A cohesive variation and the friction angles with the inclusion of nanoparticles are
shown in Figs. 3 and 4. Friction angle and cohesion are the parameters which check
the shear strength of soils. The cohesion is the molecular force of bonding. The
frictional force can commonly be separated into two: Occlusion and sliding frictional
intensity are highly determined by the friction angle. In clay, the cohesion value
should be greater than the friction angle, and vice versa in sand. In order to find
a relation between the nanomaterial content and the shear strength parameters, the
cohesion (C) and the friction angle (�) shear strength parameters were correlated
with the substance of nanomaterials, and the graphs were used to determine the
association between the two parameters. Figures 3 and 4 demonstrate the increase
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Fig. 4 Effect of nanomaterials on angle of friction (degree) of the soil

in nanomaterial content results in improvement in angle of friction and cohesion as
nanomaterial CNTs and nano-graphenes increase, respectively. It indicates a growing
trend of nanoparticles fill the gap between soil and continue to cause soil interlocking
behavior, with more amounts of nanomaterials incorporated into soil. This describes
the cause of high cohesion in the soils as the content of nanomaterials is increased.

4 Conclusion

The nanocomposites of clay, CNT and nano-graphene were successfully synthesized
with the help of mechanical mixing process and characterized using SEM and XRD
analysis. When the nanoparticles were applied to the liquid limit, the plastic limit
and the plasticity index decreased. With the inclusion of nanoparticles exceeding
the optimal quantity, the state of a mass cluster is associated, thereby influencing
the mechanical features of soils. Thus, even in very small quantities the inclusion
of nanoparticles in the soil will exquisitely increase strength will strengthen the
properties of the soil. Cohesion and the angle of friction have increased, which
suggests an increase in shear strength. The findingswill lead to improving soil quality
and other properties for researchers and field engineers.
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Highway Development-Related Gully
Erosion: The Case
of the Okigwe-Isuikwuato Highway,
Southeastern Nigeria

Site Onyejekwe, Jeremiah C. Obi, and Elamin Ismail

1 Introduction

In order to provide for an ever-growing population, humans have had to modify the
natural environment to provide infrastructure required by this population. This is
practically true in such areas as agriculture, housing, utilities, transportation, and
such like where the natural environment has to be modified to suit the scheme as
appropriate. These modifications typically involve a large-scale removal of vegeta-
tive cover, modification to the natural topography, alteration of the natural drainage
system, etc., which mostly result in an increase in the volume of runoff and the
attendant flooding and erosion when implemented improperly.

When done right, with all environmental safeguards in place, these modifica-
tions have a minimal impact on the environment and hence are generally considered
to be beneficial. When executed haphazardly, the result is often severe environ-
mental issues such as flooding and erosion. More often than not, the environmental
safeguards required to remediate the effect of modifications to the natural environ-
ment are not put in place. Where they are put in place in the inception of a scheme,
haphazard implementation and follow-through coupled with the lack of maintenance
culturemean that thesemeasures fall into distress shortly afterward resulting in severe
environmental conditions like flooding and erosion, including gully erosion.

The causes of erosion (soil/gully) have often been traced to factors such as
geology/soil type, topography, climate, vegetation, and anthropogenic actions.
Erosion has been an issue in southeasternNigeria for a longwhile. Several researchers
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have studied the problemof soil erosion in southeasternNigeria fromvarious perspec-
tives, the earliest being the review by Stamp [1], followed by those by Grove [2, 3].
Other researchers have studied soil erosion in southeastern Nigeria from various
perspectives: geomorphology [4–7]; geology [8–10]; hydrology/hydrogeology [11,
12]; engineering–geological properties of the soil [13–18]; and anthropogenic
activities and prevention and control measures [6, 19–22].

Almost all severe erosion gullies in southeastern Nigeria are located on moderate
to very gently dipping, poorly consolidated sandstone, usually associated with
local or regional highlands, among which the Udi-Orlu and the Okigwe-Ohafia-
Arochukwu highlands are themost prominent [23, 24]. Themajor highlands, plateau,
and their precipitous escarpments are formed by sandstone bedrocks (Ajalli sand-
stones and Nanka sands) while the lower slopes and plains are underlain by mainly
shaley units (Imo, Mamu, Nsukka, and Bende-Ameki [Ameke] formations) [17, 23,
25]. The gentle slopes of undulating plains are covered by thick and highly sandy
overburden. The highest point in the region (343 m) occurs around Okigwe while
the southern plains of the region stand at about 61 m above sea level [17, 23, 25].
Gully processes aremost prevalent in the fine- tomedium-grained coastal plain sands
(Pliocene to recent) and Nanka Sands (Eocene) and the medium- to coarse-grained
Nsukka Sandstone and Ajalli Sandstone (Cretaceous) of the Anambra-Imo basin
region [17, 25].

Various studies on erosion in southeastern Nigeria [14–16, 18] have shown that
the initiation and propagation of gully erosion are influenced by threemajor groups of
factors: rock/soil type and properties, topography and rainfall, and human activities.
Combinations of all three factors have resulted in severe gully erosion issues on the
Okigwe-Isuikwuato highway.

Constructed on a largely rugged terrain on the scarp slope of the 250 km north–
south trending Arochukwu-Ohafia-Agwu-Udi-Nsukka cuesta in the late nineteen-
seventies (1976–1978), a number of gullies have developed on the Okigwe-
Isuikwuato highway mainly at points where inappropriately sized culverts have
obstructed the natural drainage path.

This paper reports on an investigation into the factors (anthropogenic, hydraulic,
hydrologic, etc.) that have led to the development of these gullies. Recommendations
as to the mitigation of the effect of these gullies are also provided.

2 Physiography, Climate, and Geology of Study Area

The 25 kmOkigwe-Isuikwuato highway is locatedwithin the old Isuikwuato/Okigwe
Local Government Area (LGA) of Imo State. It originates at the Ugba (ABSU) Junc-
tion, Uturu (geographical coordinates: 5.828874 N, 7.395468 E) on the Okigwe-
Afikpo highway and ends at the Akara (Ahaba) Junction (geographical coordinates:
5.722539 N, 7.560681 E) on the Umuahia-Uzuakoli-Ohafia-Arochukwu highway.
The study area is located between Ohafia and Awgu within the scarp slope of the
250 km long north–south trending Arochukwu-Ohafia-Awgu-Udi-Nsukka cuesta.
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Fig. 1 a Study area (adapted from Wikipedia [57]). b Highway alignment

The study area is shown in Fig. 1a. The road is shown in Fig. 1b. The former Isuik-
wuato/Okigwe Local Government Area is located within latitude 5° 40′–6° 03′ N
and longitude 7° 10′–7° 35′ E, which locates in the tropical monsoon (AM) climatic
zone based on the Köppen Climate Classification System [26, 27]. At an average
of about 130–200 m above sea level, the region lies on a relatively higher terrain
relative to the other parts of Imo and Abia states.

Typical of the rain forest regions of the tropics, rainfall is heavy with a range of
2250–2500 mm and accompanied by frequent storms of very high intensity. There
are two seasons in a year: the rainy season (March–October) and the dry season
(November–February) with the characteristic dry winds of the Harmattan period
dominating most of December and January. The annual average monthly maximum
and minimum temperatures range from 28 to 35 °C (during dry season) and 19–
24 °C (during peak rainy season and the dry Harmattan season), respectively. Mean
relative humidity ranges from 60 to 70% and 80 to 85% for the dry and rainy seasons,
respectively.

Geologically, the study area falls within the southeastern Nigeria sedimentary
basin. The rocks, rock systems, and geological history of the Isuikwuato/Okigwe
region are derived from geological events that span the Cretaceous and Tertiary
periods of the Mesozoic and Cenozoic eras, respectively [28]. The oldest rocks in
the Isuikwuato-Okigwe region are of lower Cretaceous age, while the youngest rocks
are still being formed. About ten main geological formations can be distinguished in
the region. Following in order of stratification is a brief discussion on the geological
formations through which the highway courses [28, 29].

The False-Bedded Sandstones (Ajalli Formation) consist of thick, friable, poorly
sorted sandstones typicallywhite in color, but sometimes iron-stained. The formation
is oftenmarked by repetitive banding of coarse and fine-grained layers [30]. The sand
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grains, especially the larger ones, are sometimes sub-angular in shape. Because of
this characteristic, the formation is highly porous and can be texturally unstable. The
formation is highly unstable, being highly porous and weakly consolidated in places.
Because of the highly unstable, porous, and unconsolidated nature of this formation,
it is very prone to sheet and particularly gully erosion when disturbed mindlessly.
The most important structural characteristic is the cross-bedding.

The Lower Coal Measure (Mamu Formation), unlike the Upper Coal Measure,
contains a distinctive alternating admixture of sandstones, dark shales, dark blue or
gray mudstones and thin bands of sandy shale with thicker lignite and coal materials
seams at several horizons. The sandstone is fine to medium-grained and may be
white or yellow in color in the lower horizons. They are normally well-bedded, even
though cross-bedding is evident in places [28].

3 Genesis of Present Problems

The 23.6 km Okigwe-Isuikwuato highway (a single lane two-direction highway)
in southeastern Nigeria was constructed in the late nineteen-seventies (1976–1978)
to link the Okigwe-Afikpo highway and the Umuahia-Uzuakoli-Ohafia-Arochukwu
highway. The highway has its origin at the Ugba (Abia State University [ABSU])
Junction on the Okigwe-Afikpo highway and terminates at the Ahaba (Akara) Junc-
tion on the Umuahia-Uzuakoli-Ohafia-Arochukwu highway. The highway, located
mainly in Isuikwuato and, to a lesser extent Okigwe (Uturu), was constructed on
a largely rugged terrain on the scarp slope of the 250 km north–south trending
Arochukwu-Ohafia-Agwu-Udi-Nsukka cuesta, one of the major cuestas in south-
eastern Nigeria (the other cuesta being the 75 km Northwest–Southwest trending
Awgu-Awka Uplands cuesta).

Construction of highways through largely rugged terrains such as theArochukwu-
Ohafia-Agwu-Udi-Nsukka cuesta inevitably involves massive earthworks involving
both cuts and fills that have the added effect of altering the natural drainage pattern
and the hydraulics of the affected areas. Additionally, any earthworks or schemes
constructed on geologically sensitive areas that are known to be highly susceptible to
erosion are to be executed with utmost care, with special emphasis paid to the perfor-
mance of the scheme throughout its service live. The Okigwe-Isuikwuato highway is
mainly located within the medium- to coarse-grained Ajalli Sandstone (Cretaceous)
of the False-Bedded Sandstone (Ajalli Formation) in the Anambra-Imo basin region
which is known to be highly susceptible to the gullying process [16–18, 23, 25, 31–
33]. The lesser proportion of the highway is located within the Lower Coal Measures
(Mamu Formation) which is less susceptible to the gullying process.

Over the years, a number of gullies have developed on the Okigwe-Isuikwuato
highway due to changes in the land use pattern that have resulted in an increase in the
volume of runoff. The major gullies that have developed on the Okigwe-Isuikwuato
highway are presented in Table 1. The first major gully developed in Umunnekwu,
Isuikwuato at about Kilometer 11 sometime in 1981 or 1982. These gullies have
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Table 1 Major erosion
occurrences on the highway

Site* Location Distance* (km) Status

1 Uturu 2.5 Active

2 Umunnekwu,
Isuikwuato I

7.2 Active

3 Umunnekwu,
Isuikwuato II

9.2 Active

4 Umunnekwu,
Isuikwuato III

11.0 Very Active

5 Amokwe Amaiyi,
Isuikwuato

13.0 Inactive

6 Amaba, Isuikwuato 17.0 Inactive

Note * = Relative to origin at Start [Ugba (ABSU) Junction] on
Okigwe-Afikpo Highway

primarily developed at points where inappropriately sized culvert structures have
obstructed the natural drainage path. The combination of the undersized culvert,
pressure flow through the undersized culverts, topography, and vulnerable geologic
formation has led to the development of massive gullies in some locations.

The following is a discussion of the various factors related to land use (defor-
estation, fire, grazing, cropping, and cultural practices) and factors related to the
environment that have contributed to the increase in the quantity and the rate of
runoff and hence to the development of gullies of various magnitudes along the
highway. The hydrologic and hydraulic factors that have contributed to soil erosion
and the development of these gullies are also discussed.

3.1 Land-Use Related Factors

Over the years since the construction of the road in the late 1970s, vast areas of
forested land in the watershed have been converted to various uses in an attempt
to meet the demand of food for humans and animals, fuel, housing, and general
infrastructure. The change in land use and the range of cultural practice of soil
and crop management employed have drastic effects on erosion. The following is a
discussion of some land-use factors that affect the rate of erosion.

3.1.1 Deforestation

Vegetation offers general protection to the soil surface. Vegetation protects the soil
surface from the erosive forces of trampling, raindrop impact, overland flow, and
wind [18, 34]. Vegetation also produces the litter layer with which it also combines
to protect the soil from compaction. The destruction of vegetation and possibly the
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litter layer, by way of cutting of trees, and burning of bushes exposes the soil to
erosive forces [18, 34]. Since the construction of the highway in 1976–78, more
areas of land have been cleared for agriculture, infrastructure, and other purposes,
and this has resulted in increased exposure of the soil to erosive forces in terms of
increased volume and velocity of runoff as evidenced by the hydraulic structures
(line drains and culverts) on the highways that are now undersized.

3.1.2 Quarrying

The excavation of soil, sand, laterite, and other natural construction materials from
hills or pits or sides of a river or stream causes erosion, especially in hilly areas
[18]. The quarrying process also involves large-scale removal of vegetation and the
development of earth roads and footpaths all of which are known to contribute to
soil erosion [17, 35, 36]. Since the construction of the highway, several quarrying
sites have been established along the highway corridor. The most prominent of them
being the sand quarry at Umunnekwu, Isuikwuato, which is near one of the earliest
locations where gully erosion breached the highway in about 1986 (Fig. 2).

Fig. 2 Active quarry site at Km 6.8, Umunnekwu, Isuikwuato
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3.1.3 Crop Farming

Generally, due to the downturn in the economy and deliberate government policies
that encourage agricultural production since the completion of the highway, increas-
ingly more land has been put under cultivation for both commercial and subsistence
purposes. This has led to an increase in erosion in the region. Traditionally, agricul-
ture in the region is rain-fed and crop farming is by shifting cultivation. The farming
cycle is such that crops are typically planted at the outset of the rainy season in
March/April [29, 37], and they are not well established before the onset of heavy
rains in the months of June to July [29, 37]. Hence, the farms are most vulnerable to
soil loss due to the lack of vegetative cover during heavy rains [38–40]. This has led
to an increase in erosion in the region.

3.1.4 Grazing

Erosion has been shown to increase with grazing, particularly overgrazing [41, 42].
Overgrazing, trampling of turf/breaking up of turf, and multiple animal tracks are
some of the effects of livestock (cattle, and to a lesser extent, sheep and goats) that
increase erosion by creating channelized and accelerated-velocity surface runoff
[43]. The variation in soil structure wrought by overgrazing is not favorable for
the establishment of the continuous vegetation cover required to limit soil erosion
[18, 44]. Uncontrolled grazing has increased in the areas adjoining the Okigwe-
Isuikwuato highway following the construction of the highway in 1976–78. This has
significantly contributed to the increase in the forces of erosion as can be seen in the
gullies that have developed within the highway right-of-way.

3.1.5 Footpaths and Earth Roads

Communities typically create footpaths and earth roads for a variety of purposes:
access to rivers and streams, farms, homes, civic facilities (schools, health centers,
etc.), major highways, and the like. Pressure from traffic (human and, or, motor-
ized) on footpaths and earth roads creates an enabling environment for differential
erosion of soilmaterials and soil erosion.Additionally, since they are neither properly
designed nor planned in terms of their orientation relative to the ground contours,
they mostly function to promote the concentration of runoff and erosion [17, 35, 36,
45, 46]. Figure 3a, b shows some instances of the erosive effect of footpaths and
earth roads, respectively.
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Fig. 3 a Earth road as erosion channel at Km 0.25, beside ABSU fence, Uturu. b Footpath as
erosion channel at Km 13.7, NNPC Pipeline, Amiyi, Isuikwuato

3.2 Environment-Related Factors

Accelerated erosion is the increased rate of erosion that often arises when humans
alter the natural system by various land-use practices and engineering construc-
tions [4, 18, 47]. Accelerated or anthropogenic erosion is a manifestation of envi-
ronmental imbalance [18, 38]. It is fast and very dangerous. The problem of soil
and gully erosion is largely the problem of man-accelerated erosion. Accelerated
erosion is a multifaceted and complex process that is affected by a multitude of
interacting environmental parameters [48]. The following is a discussion on some of
these environmental factors as they relate to the erosion on the Isuikwuato-Okigwe
highway.

3.2.1 Rainfall

The former Isuikwuato-OkigweLGA,withinwhich theOkigwe-Isuikwuato highway
is situated, is within the tropical monsoon (AM) climatic zone, based on the Köppen
Climate Classification System [26, 27]. The annual rainfall ranges from 2250 to
2500 mm [29, 49]. Rainfall intensities exceeding 100 mm hr−1 sustained for 15 to
30 min are frequently observed in this region [49]. The high intensity of tropical
rainfall is partly attributed to relatively large drop sizes. Rains with median drop size
in excess of 2.5 mm are common [50, 51]. Rains with an energy load of 100 J m−2

mm−1 of rain are often received at a timewhen the protective vegetation cover is poor
[50]. High-intensity rains are particularly damaging when vegetative cover is poor
[38–40]. Crops are typically planted in Region at the outset of the rainy season in
March/April and are not well established before the onset of heavy rains in June/July.
Consequently, the farms are most vulnerable to soil loss during the months of rainfall
due to the lack of effective vegetative cover.
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3.2.2 Soils

The Okigwe-Isuikwuato Highway is mainly located within the medium- to coarse-
grained Ajalli Sandstone (Cretaceous) of the False-Bedded Sandstone (Ajalli Forma-
tion) in the Anambra-Imo basin, region which is known to be highly susceptible to
gullying process ([16–18, 23, 25, 31–33]. The lesser proportion of the highway is
located within the Lower Coal Measures (Mamu Formation), which is less suscep-
tible to the gullying process. Several studies have been conducted on the properties of
soils in erosion-prone areas of southeastern Nigeria. Several researchers have studied
the soils in the areas that are prone to severe gully erosion and have found that they
are underlain by lateritic coastal sands that have very specific geotechnical properties
(such as grain size and grain size distribution, uniformity, and dispersion character-
istics) that are amenable to gully erosion [14–18]. The geotechnical properties of the
soils in the highway right-of-way are within the range as detailed by Hudec et al.
[17, 18].

3.2.3 Landform/Topography

The Okigwe-Isuikwuato Highway is situated on a largely rugged terrain on the scarp
slope of the 250 km north–south trending Arochukwu-Ohafia-Agwu-Udi-Nsukka
cuesta. Erosive forces are known to have greater effect on steep slopes than on flat
land, with slope length and the amount of soil erosion being proportional to the
steepness of the slope [5, 52]. The topography of the Okigwe-Isuikwuato region is
classified into four broad relief units [29, 37]: (a) the lowland plains and lowlands
including all the river valleys; (b) the low plateau; (c) the upland plains; and (d)
the highland zone. It is observed that the uplands that are made up of highly friable
sandstones (False-Bedded Sandstones) yield easily to erosion and induce gullying
even on slopes of about 5%. The gradients over this landscape range from 5 to
10%, reaching 15% on valley sides [29, 37]. While the highlands have considerably
stable lithology and hence are able to resist erosive forces, particularly gullying,
they provide a massive amount of fast-flowing runoff which goes on to devastate
the lowland areas particularly at the toe slopes and the valleys where many of the
headwaters of the rivers in the area are located [29, 37].

3.3 Hydrology/Hydraulics-Related Factors

Highways alter the hydrology of the catchment basins they traverse. Hence, to
avoid negative environmental outcomes, adequate attention should be paid to issues
relating to the hydrology andhydraulics in highwaydevelopment.Best environmental
management practice requires that prime consideration is given to the hydrology of
areas traversed by highways and the hydraulics of the drainage structures installed
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in the highway. This is particularly important in the determination of the appro-
priate structures required to transfer runoff from the catchment basin safely and at
the termination of these hydraulic structures, where in order not to trigger gully
erosion, geotechnical and geological factors are critical. Following is a discussion
on some of these hydraulic and hydrological factors as they relate to the erosion on
the Isuikwuato-Okigwe highway.

3.3.1 Hydraulics/Hydrology

Highways have a great impact on the hydrology of the catchment basins they traverse.
Highways and associated structures serve either to retain or drain/pass runoff, often
concentrating runoffwhere it did not exist before. The prevailing engineering practice
relating to drainage is to protect the road and evacuate runoff from the road as soon
as possible; highway authorities are responsible for the safe disposal of runoff about
20 m from the highway [53], leaving the disposal of runoff after the first 20 m to
no one in particular. This practice is fraught with very severe shortcomings and has
been one of the major causes of gully erosion on the Okigwe-Isuikwuato highway.
Additionally, there is a serious lack of consideration for hydrologic and hydraulic
factors in the state-of-the-practice of highway development in Nigeria as the most
emphasis is placed on the geometric design aspects of highway development to the
detriment of other aspects, particularly drainage and its effect on the immediate
and wider environment. This has resulted in inappropriately sized and sometimes
inappropriately located drainage structures that act as trigger points for erosion.
These usually undersized line drains (trapezoidal, rectangular) often overflow under
normal conditions and certainly overflow when partially clogged by debris, thereby
exposing the soil at the point of overflow to the erosive power of surface runoff. The
same applies to the undersized culvert which increases the erosive power of runoff
via pressure flow conditions. Absent suitable outlet structures, there is continuous
erosion of the soil at the outlet due to the high momentum of flow and its attendant
erosive power. This high erosive power runoff eventually leads to the formation of
gullies through head-cutting of the drainage channel and the collapse of sidewalls.
Figure 4a, b shows active gullying at Km 11 while under remediation.

4 Suggestions for Mitigation

The need to arrest the wasteful trend in soil loss due to erosion has always been
recognized in southeastern Nigeria. There is a long tradition of soil conservation
being practiced in southeastern Nigeria. Indigenous techniques from the pre-colonial
era focused on erosion control in combination with water conservation by ridging,
mulching, constructing earth bunds and terraces, multiple cropping, fallowing, and
planting trees [17, 18, 25, 54]. The colonial administration embarked on extensive
development of plantations that served the dual purpose of commercial agricultural
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Fig. 4 Increase in gullying due to structures constructed during the reinstatement of the highway
section at Km 11, Umunnekwu, Isuikwuato

developments and erosion control measures. The cashew (AnacardiumOccidentale),
oil palm (Elaeis guineensis), and oil bean (Pentaclethra macrophylla, Benth) trees
were used extensively in the Isuikwuato-Okigwe region during this period. The post-
colonial period saw a continuation of the deployment of trees with the inclusion of
the Gmelina (Gmelina arborea) and the Douglas fir (Pseudotsuga menziesii) trees.
Extensive soil conservation schemes including agronomical measures, as well as
other techniques like contour plowing, construction of bunds, the construction of
concrete (reinforced and unreinforced) structures, and drainage channels in erosion
control, were also implemented during the post-colonial period.

However, notwithstanding the early recognition of the wasteful trend in soil loss
due to erosion and the several techniques deployed to combat soil erosion in south-
eastern Nigeria, there has been no clear indication of success from the deployment
of these techniques. On the contrary, these efforts seem to have failed, to a large
measure, as areas under soil erosion have generally increased [53]. The area exposed
to soil erosion (sheet, rill, or gully) in southeastern Nigeria was 1021 km2 in 1976
while in 2006 it was recorded as 2820 km2—about a 280% increase [53]. This scale
of failure calls for an urgent reassessment of our soil conservationmeasures/practices
with a view to identifying the most appropriate strategy to deal with the problem.

The failure of the soil conservation and agronomical measures implemented in
erosion control has always been attributed to farmer apathy or lack of farmer/local
cooperation, which culminates in the “bad farming practices” [4, 53]. However,
there are several other reasons why soil conservation and agronomical measures
implemented in erosion control have failed. These reasons, which generally apply to
southeastern Nigeria and are also relevant to the Okigwe-Isuikwuato highway, can
be grouped into three broad categories:

(a) Lack of stakeholder participation and/or buy-in: Most medium- to large-scale
efforts at soil conservation and erosion control are typically conceived and
executed by Governments (Federal, State, and Local) without input and buy-in
from the local populace that will be most affected by these programs. Hence,
due to this lack of ownership of the program by the local community and the
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typical ad-hoc nature of most of these programs, the conservation methods are
not appropriately understood and generally result in the failure of the program.

(b) Implementation of inappropriate solutions: More often than not, largely due to
inadequate understanding of issues relating to erosion control and soil conser-
vation, inappropriate techniques have been deployed in the solution of erosion
control and soil conservation problems. In the area of soil conservation, tech-
niques based on the poor/faulty understanding of tropical agriculture have
resulted in the use of plants not best suited for conservation. This is particu-
larly evident in the use of cashew trees in erosion-prone areas of southeastern
Nigeria, including areas abutting the Okigwe-Isuikwuato Highway. While the
leaves of the cashew tree provide cover to the soil, the roots of the tree neither
hold the soil together nor encourage the thriving of undergrowth to form a
protective cover for the soil [5, 32]. Junge et al. [55] present a summary review
of the extensive research (mainly on agronomic measures) conducted on soil
conservation in Nigeria that can be implemented to achieve good results. In
the area of engineering, the lack of knowledge of hydrology, hydraulics, and
geotechnics has resulted in the construction of inappropriately sized, inap-
propriately located, and inappropriately terminated concrete structures and
drainage channels as a means to control or prevent erosion. However, due to
the inappropriateness of these structures, they actually exacerbate the problem
as the gullies intensify their activities due to the erection of these structures.
Several researchers [19, 22, 56] have documented a number of such structures
in Imo State, and old Anambra and Imo states, respectively.

(c) Anthropogenic excesses: The lack of effective regulations on the exploitation
of the environmental resources with respect to agriculture, mineral exploita-
tion/mining, infrastructural developments, and related activities have also
resulted in the failure of soil conservation and erosion control measures. As
discussed in the previous sections on the causes of the gullies on the Okigwe-
Isuikwuato highway, there is need to implement multifaceted countermeasures
as there are factors that lead to the inception and development of gullies. Some
of the countermeasures include:

(d) Farming/Agricultural Practice: Generally, farming should be donewith conser-
vation in mind. Limits should be placed on the extent and timing of bush
burning, which practice should be restricted to the beginning of the dry season.
Farming/cultivation and grazing should be restricted around the immediate
vicinity of gullies, depending on the location restriction of farming within 0.5–
1 km radius of gullies should be implemented in order to give conservation
and erosion control measures a chance to succeed. Movement of livestock and
grazing should be controlled and carried out with conservation in mind and not
indiscriminate.

(e) Infrastructural Development: Infrastructure (roads, buildings, etc.) should be
developed in line with environmental best management practices. The removal
of vegetation for infrastructure projects should be restricted to the footprint
of the project. Considering that the region’s geology is highly susceptible
to erosion, attention should be paid to drainage from the conception of the
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schemes. The hydraulics and hydrology of the drainage system should be deter-
mined and used in the design of the hydraulic structures/drainage, and these
should be updated as changes in the parameters (hydrologic and hydraulic) of
the watershed warrant. This has to be done to avoid undersized hydraulic struc-
tures which are one of the major causes of gullying on the Okigwe-Isuikwuato
highway. All bare surfaces resulting from the development of infrastructure
should be reinstated (revegetated) in order to prevent the development of
erosion in those bare areas devoid of vegetation.

(f) Mineral Extraction/Mining: There is need to control the current indiscriminate
mineral extraction/mining activities. There is need to promulgate and enforce
an extensive and thorough full-cycle reclamation regime. Mine owners should
be required to submit a reclamation plan before they obtainmining licenses, and
they should be made to put money aside for reclamation activities throughout
the life of theminewhile also taking care of the environment effects of the oper-
ation of the mine. Reclamation process should include all activities including
slope reduction, leveling, burying of toxic materials, and revegetation which
is aimed at the re-establishment of vegetative cover, soil stability, and water
conditions at the site such that the site can be used beneficially for fish and
wildlife, grazing, forestry, wetlands, and commercial and industrial use as the
case may be. The current case whereby mines and quarries are abandoned
without any hint of reclamation activities contributes to soil erosion.

From the foregoing, it is readily observable that issues of soil conservation and
erosion control are multifaceted and hence will require a multifaceted approach
to its solution. Therefore, the most effective approach to adopt in tackling erosion
is to consider it as a component of an all-encompassing environmental resource
management program. To this end, the most effective solutions are those that are
multi-pronged, multifaceted, and sustained through the long run and that harness
the efforts of both the local populace and a wide range of professionals including
engineers (hydraulic, geotechnical, civil, highway, structural, agricultural, environ-
mental, etc.), environmental scientists, agriculturists (soil scientists, crop scientists,
horticulturists, forestry specialists, agricultural extension specialists.), geologists,
hydrogeologists, hydrologists, communication specialists, etc.

5 Conclusions

The Isuikwuato-Okigwe region is by the nature of its geology susceptible to erosion
(sheet and gully). The development of the Okigwe-Isuikwuato highway in 1976–
1978 has led to the development of gullies on the highway. This paper reviewed the
causes of these gullies and found that there was interplay of a number of factors at
work in this respect. The effect of geology, climate, relief (topography), hydrology,
hydraulics, soil type, anthropogenic factors—agricultural practices, infrastructural
development, mineral extraction/mining—on the inception and progression of gully
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development and erosion generally was demonstrated. Considering the scale of the
problem, it is clearly evident that strategies for the control and remediation of erosion
ravaged areas should involve a serious reforestation program and all other strategies
that reduce the rate of flow of surface runoff. Also, special attention should be paid
to the hydrology and hydraulics of erosion control structures to ensure that these
structures are continuously maintained and upgraded so that they do not become part
of the problem that they were erected to solve as is often the case.
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Assessment of the Causes of Erosion
and Gullying Along the Leru–Nkwoagu,
Amuda (Isuochi)–Mbala (Isuochi)
Highway, Southeastern Nigeria: A Case
Study
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1 Introduction

The nexus between population growth and environmental degradation has been
established in published literature. Several studies indicate that population growth is
among factors that contribute to environment degradation [1–6]. Population growth
leads directly to an increase in the demand for infrastructure required for the general
wellbeing of the population. To fulfill this increasing demand, recourse is often made
to the natural environment/land resources and involves some form of change in land
use.

The expansion of infrastructure to meet the increasing demand of an increasing
population requires some form of change in land use which, if not done correctly,
ultimately leads to environmental degradation. These include the clearing of virgin
forest, reduction of fallow period, expansion intomarginal land, large-scale clearance
of grounds, creating access road into virgin forests, mining and quarrying operations
which lead to deforestation and soil erosion [7]. This is particularly true for the
countries of the global South where the function of land as a factor of production is
still of prime importance and the implementation of environmental safeguards, where
they exist, with respect to infrastructural developments is so lax as to be considered
non-existent.

Nigeria is a developing country with a great rural population. Hence, there is
a great need to ‘open up’ these rural areas (i.e., link these rural areas to the major
transportation network) so as to provide access to greater social and economic oppor-
tunities and thereby improve the general wellbeing of the inhabitants. Successive
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political administrations at all levels (federal, state, and local) have had rural road
development programs. However, for some reasons, mainly policy shortcomings and
notwithstanding the well-documented negative environmental effects of large-scale
linear clearances like roads, and utility lines on forests [8], most of these road devel-
opments are executed without environmental safeguards. This has resulted in the
unintended consequence of accelerated land degradation in terms of soil erosion by
water, particularly, sheet and gully erosion. The effect is more prevalent in environ-
mentally sensitive regions such as southeastern Nigeria which has severe issues of
soil erosion by water, particularly, sheet and gully erosion [9–16].

Soil erosion has been an issue in southeastern Nigeria for a long while. Several
researchers (e.g., [14, 16–29]) have studied the problem of soil erosion in south-
eastern Nigeria and have attributed the causes of erosion (soil/gully) to factors such
as geology/soil type, topography, climate, vegetation, and anthropogenic actions.
Almost all severe erosion gullies in southeastern Nigeria are located on moderate
to very gently dipping, poorly consolidated sandstones, usually associated with
local or regional highlands, among which, the Udi–Orlu and the Okigwe–Ohafia–
Arochukwu highlands are the most prominent ([11, 30]. The major highlands,
plateau, and their precipitous escarpments are formed by sandstones bedrocks (Ajalli
sandstones and Nanka sands) while the lower slopes and plains are underlain by
mainly shale units (Imo, Mamu, Nsukka and Bende-Ameki [Ameke] formations)
[11, 12, 16, 30]. The gentle slopes of undulating plains are covered by thick and
highly sandy overburden. The highest point in the region (343 m) occurs around
Okigwe while the southern plains of the region stand at about 61 m above sea
level [11, 12, 16, 30]. Gully processes are mostly prevalent in the fine to medium-
grained coastal plain sands (Pliocene to recent) and Nanka Sands (Eocene) and the
medium- to coarse-grained Nsukka Sandstone and Ajalli Sandstone (Cretaceous) of
the Anambra-Imo basin region [12, 16]. The 19 km Leru–Nkwoagu–Mbala highway
is situated between Okigwe and Awgu within the scarp slope of the erosion-prone
250 km long north–south trending Arochukwu–Ohafia–Awgu–Udi–Nsukka cuesta
in Southeastern Nigeria.

This paper reports on an assessment of the causes of soil erosion and gullying on
the 19 km Leru–Nkwoagu–Mbala highway, particularly on the recently upgraded 9
km Leru–Nkwoagu section. Remedial measures for the mitigation of the effect of
these environmental issues are also recommended.

2 Physiography and Geology of Study Area

The 19 km Leru–Nkwoagu–Mbala (Isuochi) highway is located within the northern
fringes of the old Isuikwuato/Okigwe Local Government Area (LGA) of the old Imo
State. The road is now located within the Umunneochi Local Government of Abia
State and originates a few meters after the Leru Underpass (6.058433 N, 7.358325
E) on the old Enugu–Port Harcourt highway and ends at the Mmam River (Mbala,
Isuochi) (5.915286 N, 7.408039 E) on the Abia/Enugu state border. The study area,
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Fig. 1 a Study area (adapted from Wikipedia [48]). b Highway alignment

shown in Fig. 1a, is located between Okigwe and Awgu within the scarp slope of
the 250km longnorth–south trendingArochukwu-Ohafia-Awgu-Udi-Nsukka cuesta.
The highway is shown in Fig. 1b. The former Isuikwuato/Okigwe Local Government
Area is located within Latitude 5° 40′–6° 03′ N and longitudes 7° 10′–7° 35′ E, which
places it within the tropical monsoon (AM) climatic zone based on the Köppen
Climate Classification System ([31, 32]. At an average of about 130–200 m above
sea level, the region lies on a relatively higher terrain as compared to the other parts
of Imo and Abia States of Nigeria.

The Isuikwuato/Okigwe region has two seasons: rainy (March to October) and
dry (November to February). Rainfall is typical of tropical rainforest regions and
ranges from 2250 to 2500 mm. Annual average monthly maximum and minimum
temperature range from 28 to 35 °C (in the dry season) and 19 to 24 °C (in the peak
rainy, and the Harmattan seasons), respectively. Mean relative humidity for the dry
and rainy seasons ranges from 60 to 70% and 80 to 85%, respectively.

The study area is located within the Anambra Basin (in the southeastern Nigeria
sedimentary basin). The Anambra Basin along with the Abakaliki Anticlinorium and
the Afikpo Syncline are the major components of the Lower Benue Trough of the
Benue Trough of Nigeria [33]. The rocks, rock systems, and geological history of the
Isuikwuato/Okigwe region are derived from geological events which span the Creta-
ceous and Tertiary periods of theMesozoic and Cenozoic eras, respectively [34]. The
oldest rocks in the Isuikwuato-Okigwe region are of lower Cretaceous age, while the
youngest ones are still being formed. The following ten main geological formations
(in order of stratification, from the youngest to oldest) can be distinguished in the
study area [34, 35]: Coastal Plain Sands Formation (Benin Formation); Bende-Ameki
(Ameke) Formation; Imo Shale Group; Upper Coal Measure (Nsukka Formation);
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False bedded Sandstone (Ajalli Formation); Lower Coal Measure (Mamu Forma-
tion); Asata-Nkporo Shales Group (including the Afikpo and Agwu Sandstone vari-
ants); Agwu-Ndeaboh Shales Group; Eze-Aku Shales Group; and Asu River Group
of Rocks. The Leru–Nkwoagu–Mbala highway falls within the False Bedded Sand-
stone and the Lower Coal Measure Formations. From the sections of road cuts, the
change in formation from Lower Coal Measure for the road section in Leru to False
Bedded Sandstone for remainder of the road in Isuochi occurs at about Kilometer
(Km) 6. A brief discussion on both formations is presented below. A more detailed
discussion on the geology of the Isuikwuato/Okigwe region can be found in [35, 36].

The False Bedded Sandstone (Ajalli Formation) consists of thick, friable, poorly
sorted sandstones typicallywhite in color, but sometimes iron-stained. The formation
is oftenmarked by repetitive banding of coarse and fine-grained layers [37]. The sand
grains, especially the larger ones, are sometimes sub-angular in shape. Because of
this characteristic, the formation is highly porous and can be texturally unstable. The
formation is highly unstable, being highly porous and weakly consolidated in places.
This makes it is very prone to sheet and particularly gully erosion when disturbed
mindlessly. The most important structural characteristic is the cross-bedding.

The Lower Coal Measure (Mamu Formation), unlike the Upper Coal Measure,
contains a distinctive alternating admixture of sandstones, dark shale, dark blue or
gray mudstones and thin bands of sandy shale with thicker lignite and coal materials
seams at several horizons. The sandstone is fine to medium-grained and may be
white or yellow in color in the lower horizons. They are normally well-bedded, even
though cross-bedding is evident in some places [34].

3 Origin of Present Problems

The 19 km Leru–Nkwoagu–Mbala (River Mmam, the Abia/Enugu State border) is
a ‘legacy’ road that has evolved from a footpath to single track earth road then to the
present asphaltic concrete/surface-dressed highway. Like most roads in the area, the
Leru–Nkwoagu–Mbala highway started as a Native Authority footpath linking Leru
to the colonial Native Administration offices at Nkwoagu, Amuda, Isuochi.

The road is of two sections: the 9 km Leru–Nkwoagu, and the 10 km Nkwoagu–
Mbala (Enugu/Abia State border). The Nkwoagu–Mbala section was upgraded from
a 2-lane earth road to an all-season surface-dressed pavement in 1981 as part of
Ihube–Nkwoagu highway construction project. About 4.5 kms of this section from
Nkwoagu was paved with asphalt concrete in 2014. From the end of the recent
asphaltic concrete overlay at Km 13.5, there are some traces of the 1981 surface-
dressed pavement still existing up to Km 15. After this point, the road is essentially
an earth road with no trace of the previous surfacing up to the end of the road at
Mmam River. The Leru–Nkwoagu Section of the highway on the other hand was
upgraded from a 2-lane earth road to an all-season asphaltic concrete pavement in
2013.
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The Leru–Nkwoagu–Mbala highway was constructed in the environmentally
sensitive southeastern region of Nigeria that, due to the geology of the area, is known
to be highly susceptible to soil erosion by water [9–16]. The erosion susceptibility
of this area has long been recognized as the colonial government (pre-1960) and
successive governments established and maintained cashew plantations as erosion
control measures in the area during and after colonial rule [22, 23, 38].

While the opening of roads has well-documented benefits (social, economic, etc.),
it similarly has its disadvantages [8, 39]. For environmentally sensitive areas, appro-
priate safeguards have to be instituted and implemented during and post-construction
to mitigate the negative effects of road/highway development. The Leru–Nkwoagu–
Mbala highway was constructed without the institution and implementation of these
safeguards; this, in combination with factors such as unregulated exploitation of
natural resources, poor engineering design, and poor farming practices, have resulted
in severe environmental degradation in terms of soil erosion and gullyingwithin some
segments of the road corridor. This is particularly so for the Leru–Nkwoagu section
which was upgraded in 2013. The Nkwoagu–Mbala section, which was upgraded
many years ago in 1981, has inadequately maintained segments that have signs of
sheet and gully erosion, particularly the last four kilometers.

The several instances of land degradation, particularly soil erosion and gullying
that have occurred as a result of the recent upgrade of the Leru–Nkwoagu section
of the highway and other cases on the Nkwoagu–Mbala section are discussed in the
following section.

4 Causes of Soil Erosion and Gullying

Several cases of soil erosion and gullying, and other activities unregulated excava-
tions, and quarrying, landslides, slope failures, which ultimately degrade the envi-
ronment, are present within the road corridor. While the most severe cases are on the
recently upgraded Leru–Nkwoagu section of the highway, other cases are present in
the Nkwoagu–Mbala section. Following is a discussion of some of the causes of soil
erosion and gullying on the highway.

4.1 Highway Drainage and Drainage Structures

Roads and highways are known to induce a concentration of surface runoff, a diver-
sion of concentrated runoff to other catchments, and an increase in catchment size,
which enhance gully development after road construction [40]. To limit these risks,
roads and highways should be designed in a way that keeps runoff interception,
concentration, and deviation minimal [41].

The state-of-the-practice of highway development in Nigeria emphasizes the
geometric design aspects of highway development to the exclusion of other aspects,
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particularly the drainage and its effect on the immediate and wider environ-
ment. This is clearly evident on this highway. The is lack of hydrological studies
during the design and the upgrading of hydraulic structures with changes in the
hydraulic/hydrological regimewhich is clearly evident has resulted in the deployment
of inappropriately sized and sometimes inappropriately located drainage structures
which act as trigger points for erosion on the highway.

Instances include: (a) the development gullies in roadside sections without
drainage channels or structures and other locations where due to inappropriately
sized and located drainage structures a greater percentage of runoff flow outside the
drainage channels are shown in Fig. 2a; (b) effect of high-velocity runoff from under-
sized culverts when running full on the erosion-susceptible geology of the highway
corridor is evident at several locations particularly Km 7.0 in Ndiawa, Isuochi (see
Fig. 2b) and the worst case is at Km 8.6, near the Local Government Area Headquar-
ters, where a 600 mm diameter twin cell ring culvert is clearly not the appropriate
size for the volume of runoff conveyed and has resulted in gullying which breached
the highway in the rainy season of 2016. See Fig. 2c, d.

Fig. 2 a An instance of a poorly located drainage. b Gullying around culvert outlet at Km 7.0.
c Gullying around culvert outlet at Km 8.6—armor protection still present. d Gullying around
culvert outlet at Km 8.6—highway breached by gully
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Fig. 3 Gully development
from poorly reinstated utility
(optical fiber) excavation

4.2 Excavation for Utilities

Improperly reinstated linear excavations for optical fiber cables on the Isuochi-bound
side of the road have developed into erosion channels and gullies in many segments.
The excavations which are typically about 250 mm wide and 450 to 600 mm deep
have developed into channels of varying proportions, with dimensions that range
from 1 to 2 m wide and 3 to 4 m deep in some locations. Figure 3 shows these
channels.

4.3 Excessive Clearing

Therewas unnecessary removal of vegetative cover in some segments of the highway,
sometimes in excess of 20 m beyond the carriageway shoulders without any form of
reinstatement. This is not advised as it exposes the bare soil to erosive forces, thereby
exacerbating soil erosion ([42, 43]. Erosion features (splash, rill, sheet, and gully)
have developed in the exposed unconsolidated sandymaterials in these unnecessarily
cleared sections as shown in Fig. 4.

4.4 Side-Cast Construction

Shale and lateritic materials from the cut described in §4.6 were side-cast between
Km 0.4 and 0.6 on the Isuochi-bound lane side of the roadway; the area beyond
the shoulder and the slope of the embankment were neither protected nor was there
an effort made to establish vegetative cover for this area, thereby exposing these
loose unprotected decomposed shale materials and lateritic materials to the forces
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Fig. 4 Excessive site
clearing without
reinstatement

Fig. 5 Side-cast construction. a Erosion at unprotected verge. b Gullying at unprotected side-cast
slope

of erosion resulting in the development of sheet erosion, rills, and gully erosion
features as shown in Fig. 5. Side-cast construction is one of the methods used for
the construction of roads in hilly and mountainous terrains [44]. However, side-cast
fills are usually not well-compacted and not draining and are over-steepened which
factors make them prone to erosion [43, 44].

4.5 Footpaths and Earth Roads

Footpaths and earth roads are necessary components of rural transportation systems.
However, these footpaths and earth roads being neither planned nor designed in
terms of their orientation relative to ground contours largely function to promote the
concentration of runoff and erosion [14, 45]. When unchecked, these footpaths and



Assessment of the Causes of Erosion and Gullying … 491

Fig. 6 a Footpath as runoff channel. b Earth road as runoff channel

earth roads develop into gullies that continue to erode long after they are no longer in
use [46]. The completion of the highway and associated improved access and more
footpaths and earth roads have been established in addition to previously existing
ones. Figure 6 shows cases where footpaths (Fig. 6a) and earth roads (Fig. 6b) have
effectively become drainage channels.

4.6 Slope Failures

Slope failures of varying magnitudes arising from unprotected slope faces and non-
provision of earth retention structures where needed can be found along the highway,
particularly in the first five kilometers. Three larger slope failures occurred within the
first 250 m (Km 0.15–0.4) where the carriageway section was constructed expanding
the bench on an existing steep slope at the Leru Hills on the Enugu–Port Harcourt
Expressway by cutting into it. This increased both the length and the angle of the
slope of the cut and thereby making the formerly stable slope highly susceptible to
slope failure [43, 44]. These failures occurred as a result of the effect of water on very
steep unprotected cut slopes in an unstable geological formation. This segment of the
highway is situated within the Lower Coal Measures (Mamu) geological formation
(general lithology—shale with intercalations of sand and clay). In most cases, the
unstable soil layer is first eroded thereby putting the slope in disequilibrium. The
stable soil (usually lateritic overburden) then fails subsequently. Figure 7 shows
a picture (taken from the Enugu-bound carriageway of the Enugu–Port Harcourt
Expressway) (Fig. 7a) and an idealized cross section of the segment of the highway
(Fig. 7b). Figure 7c shows a larger slope failure, with debris covering part of the
Leru-bound lane while Fig. 7d shows alternating layers of stable and unstable soil
layers on steep cut slopes.
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Fig. 7 aView of the Leru–Isuochi Highway from the Enugu-bound carriageway of the Enugu–Port
Harcourt Expressway. b Idealized cross section of the segment of the highway. c A larger slope
failure, with debris covering part of the Leru-bound lane at Km 0.15. d Layers of stable and unstable
soil layers on steep cut slopes

5 Recommendations

The requirements of the modern highway and high-speed travel on highways
includingwider carriageways, wider right-of-way, and the extensive amount of earth-
works needed to achieve safe, suitable horizontal and vertical alignments have turned
highway construction into a high-risk activity in terms of its propensity to trigger
soil erosion by water [47]. This is particularly true for the construction of the high-
ways in environmentally sensitive areas such as areas with known susceptibility to
soil erosion by water without the institution of safeguards both during and after
construction to prevent soil erosion as in the case of the Leru—Nkwoagu—Mbala
highway.

Considering the huge damage wrought by highway-related soil erosion on the
environment and the economic cost of the damage, it is of utmost importance
and urgency that necessary countermeasures be instituted to check this alarming
trend in environmental degradation. To this end, taking into cognizance the scale of
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the problem at hand, a river basin-wide, intergovernmental, multi-sectorial, multi-
disciplinary, and all-stakeholder approach will be required to solve the problems of
highway-related soil erosion in the southeastern Nigeria.

In light of the foregoing, the following countermeasures aimed at remediating
and preventing highway-related erosion on the Leru—Nkwoagu—Mbala highway
and other highways similarly constructed in environmentally sensitive regions are
proposed.

(a) Stakeholder participation: Highway development is usually by governments
(federal, state, and local) and in this process, public consultations with the
communities that will be most affected by highway projects to obtain both
their inputs and buy-in are rarely held as should be the case. These communi-
ties should be enlightened on the effects of the project on their environment and
themeasures proposed to remediate these effects. Hence, there is usually a lack
of ownership and participation by the communities and other stakeholders. This
lack of stakeholder participation has far-reaching effects on the entire highway
development process, particularly the implementation of environmental safe-
guards during and after the execution of highway projects. Absent community
and stakeholder participation, the implementation of environmental safeguards
is left to government agencies that have all failed in their mandate, as is evident
in the ever-increasing area under highway-related gully erosion.

(b) Standard of practice: There is an urgent need to re-calibrate the standard of prac-
tice of highway engineering in Nigeria to emphasize other aspects of highway
designother thangeometric design.Designprofessionals should bemade to pay
adequate attention to geological, geotechnical, drainage, and related issues in
the design of highway projects. In this regard, capacity-building in hydrology,
hydraulics, and geotechnics for highway design professionals is warranted.
The lack of capacity in these subject areas has resulted in the construction of
inappropriately sized, inappropriately located, and inappropriately terminated
concrete structures and drainage channels that act to exacerbate and intensify
erosion processes rather than aid the control or prevention of erosion.

(c) Environmental-impact assessment (EIA): Environmental-impact assessments
(EIAs) are currently mandated for highway developments. However, they are
generally limited in scope and their recommendations are almost never imple-
mented. EIAs should be more detailed and extensive not only covering the
direct effects of the road building within the R-O-W but the indirect effects
of highway development like mining, development of earth roads and foot-
paths, bush fires, and deforestation which all lead to land degradation in the
larger catchment area. They should also meet all state and local regulations.
The recommendations of EIAs should be strictly enforced.

(d) Erosion and Sediment Control (ESC) Plan: An erosion and sediment control
(ESC) plan, covering both the construction period and the post-construction
period, should be prepared for every highway development project by the
lead design engineer in concert with other relevant professionals. The ESC
plan should detail best management practices (BMPs) for the mitigation
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of any erosion and sediment-related issues that may arise during and post-
construction. The ESC plan should bemade available to all stakeholders—civil
society (religious organizations, youth organizations, community development
associations [CDAs], professional organizations, traditional councils, etc.) and
relevant government (local, state, federal) agencies—who should jointly ensure
compliance with the ESC plan during and after construction.

(e) Anthropogenic factors: The lack of effective regulations on the exploitation
of the environmental resources with respect to agriculture, mineral exploita-
tion/mining, infrastructural developments, and related activities have also
resulted in the failure of soil conservation and erosion control measures. There
is a need to bring into force an effective framework for the regulation of these
activities at the level of the river basin, the Anambra-Imo River basin in this
case.

6 Conclusions

The Leru–Nkwoagu–Mbala highway was constructed without safeguards in an envi-
ronmentally sensitive region that, due to its geology, is known to be highly susceptible
to soil erosion by water. The absence of safeguards, in conjunction with poor design
decisions, and other activities associated with improved access like deforestation,
illegal excavations, and quarrying have expectedly resulted in several instances of
soil erosion, gullying, and general land degradation within the highway. The failure
to implement safeguards, poor design considerations, particularly in relation to the
aspects of design relating to hydraulics, hydrology, and geotechnics, and the general
lack of enforcement of environmental regulations on this highway has been found
not to be an outlier. Hence, a river basin-wide, intergovernmental, multi-sectorial,
multi-disciplinary, and all-stakeholder approach to the solution of highway-related
soil erosion is strongly recommended for adoption.
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