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Preface

We are delighted to be the editor(s) of the proceedings of the “International
Conference on Recent Advancements in Civil Engineering and Infrastructural
Developments (ICRACEID 2019),” which is being published by Springer Nature.
The ICRACEID 19 is a major civil engineering conference organized with the
objective of bringing together academia, industry personals and engineering grad-
uates to analyze scientific studies focusing on infrastructure technologies, envi-
ronmental sustainability, smart transportation, smart materials and sustainable
environmental management. The ICRACEID 19 was organized at G. H. Raisoni
College of Engineering (GHRCE), Nagpur, during July 5–6, 2019.

The ICRACEID 19 was planned to organize and integrate various research and
innovation activities for a sustainable infrastructure development. This conference
was aimed to provide a platform for the discussion and analysis of various aspects
of sustainable infrastructure development, environmental issues related to the
development and the optimal solutions, sustainable materials and transportation
systems in the civil engineering and various aspects of the smart technology for the
smart cities. These key topics of central discussion brought effective participation
from the academic Alma mater, industry professionals, governmental policy mak-
ers, as well as NGOs and community service providers. It is seen that due to the
growth of urban areas, urban population has increased exponentially, and to meet
these increasing needs of development, an integrated approach of sustainable
development is required. The ICRACEID 19 has provided a common platform to
academia, industry practitioners, policy makers, engineering graduates to share their
innovation, research and ideas with a special focus on the recent trends and
advances in infrastructure development, smart technologies for sustainable devel-
opment. The purpose of this special issue is to identify innovative technologies for
infrastructure development, environmental management, sustainable materials and
transportations technologies and polices for sustainable infrastructural development
for the society. The peer-reviewed research papers of the ICRACEID 19 have been
divided into four parts: (i) Structural Engineering, (ii) Environmental and Water
Resources Engineering, (iii) Transportation and Geotechnical Engineering and
(iv) Smart Materials and Construction Management with focus on sustainable
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infrastructure development. This book series is going to provide a basis for aca-
demia, industry practitioners, engineering graduates and policy makers to analyze
scientific studies focusing on sustainable infrastructure development and
environment.

As editors of this book series of Springer’s proceedings of ICRACEID 19, we
wish to express our sincere appreciation to the authors, plenary speakers, partici-
pants, international advisory committee, national and international reviewers,
technical committee members as well as conference organizing committee members
of the G. H. Raisoni College of Engineering, Nagpur (India), who have actively
contributed in the success of the ICRACEID 19 international conference and
publication of this book.

Our sincere gratitude to Shri. Sunil Gyanchandji Raisoni, Chairperson of the
Raisoni Group of Institutions; Dr. Preeti Bajaj, Director, G. H. Raisoni College of
Engineering (GHRCE), Nagpur; Dr. P. Y. Pawade and Dr. B. V. Khode, Program
Chairs, and Prof. S. S. Sanghai for handling the Easy Chair conference management
system of the ICRACEID-19 for successfully organizing this conference.

Nagpur, India Dr. Laxmikant Madanmanohar Gupta
Dr. Pawan Kumar Labhasetwar

Dr. Maya Rajnarayan Ray
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Analysis of Tall Building Using IS
16700-2017 and ASCE 7-10

Deepika Nair, S. P. Raut, and S. V. Denge

Abstract With the increase in population, the lack of space in cities becomes the
main issue. Due to this limitation in space, the constructions of tall or high-rise
buildings have become the necessity of time. The design criteria for high-rise build-
ings are very complex in comparison with low- and mid-rise buildings. When a tall
building is considered, it is exposed to static as well as dynamic loading. The life of
a tall building is affected by various parameters such as bending, shear, torsion and
drifts, and these effects have to be considered while analyzing and designing it. Each
country develops its own codes and standards for analysis and design. Till date, the
high-rise constructions in India are carried out according to various Indian standards
and codal provisions. Recently, a new code IS 16700-2017 “Criteria for Structural
Safety of Tall Concrete Buildings” specifically for tall buildings has been introduced
in India. This code focuses on various aspects of tall buildings. In the present work,
a G+ 20 reinforced concrete tall building of height 63 m is considered. The seismic
and wind analysis of the structure is carried out using ETABS 2016 version 16.2.1
software. The results are obtained using Indian andAmerican standards. The analysis
result shows that American standard gives higher values than that of Indian standard.

Keywords Tall building · Static loading · Dynamic loading · Bending · Shear ·
Torsion · ETABS
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1 Introduction

At present, there is rapid emerging trend of construction of tall buildings. In last few
decades, these constructions of tall buildings have been increased [8]. With design
point of view, it is much more complex than any low- or mid-rise buildings, but
with the increase in new technologies and design tools that mainly focus on safety,
economy and stable construction this issue can be dealt with [25]. It necessitates
the development of various methods and tools by which the analysis and design
procedure of tall building could be made easier [17].

Huang et al. [8] studied the incremental dynamic analysis of super-tall building of
height 700 m. The analysis helped to evaluate the structural collapse of the building
under seismic loads along with regular behavior of the structure. Lee and Tovar
[17] focused on the placement of outriggers in tall buildings by using topology
optimization. Similarly, Khanorkar et al. [15] focused on the behavior of tall building
using belt truss and outrigger systems to control the deflection. Xu et al. [26] studied
the effect ofwind loads on super-tall buildingof height 303mbyperforming full-scale
fieldmeasurement. Liang et al. [20] studied the effect of torsional dynamicwind loads
on the rectangular tall buildings. Li et al. [19] described the wind-induced responses
and dynamic behavior of Guangdong International Building located in China with
a height of approximately 200 m. Zhang and Li [27] studied the wind effects on a
super-tall building of height 600 m by wind tunnel test and field measurement. Li
[18] modeled the tall buildings with shear wall having a narrow rectangular plane
configuration. Lu et al. [22] studied a tall building with 60 stories and the podium
structure surrounding it having 10 stories. Esteghamati et al. [6] illustrated the effect
of design drift limit on the seismic performance of RChigh-rise buildings. The design
drift limit affects the seismic performance of the building. Alavi et al. [2] studied
the design of high-rise building subjected to flexural vibration at a preferred natural
frequency. Mwafy et al. [24] studied the effect of seismic performance on economy
of high-rise structure when designed for varying concrete strength ranging from
45 MPa to 110 MPa. This study showed that with the increase in concrete strength,
the cost of steel is reduced up to 37%, whereas unit cost of concrete increases with
increasing strength.Kwon andKareem [16] described the comparative study ofmajor
international wind codes and standards for effects of wind on tall building. Karadi
and Chandra [14] had done a comparative study on analysis of tall buildings using the
Indian standards IS 456:2000 [11] and IS 1893 (Part-1):2002 [12] and Eurocodes like
EC2 and EC8. Binzet et al. [4] studied the analysis and design of a 43-storied 195-m-
high tall building with Istanbul seismic design code for tall building. Mahmoud and
Abdallah [23] carried out the study of seismic performance of a 14-story existing
building with shear wall. It showed that the dynamic response spectrum method
(RSM) was more preferred than equivalent static method (ESM), although ESMwas
used for setting the scale factor. Fu et al. [7] studied the analysis of wind-induced
inter-story drift and equivalent static wind load of tall building 432 m high. The
inter-story drift calculated from equivalent static method was consistent with that
of spectrum decomposition method. Lu et al. [21] carried out a comparative study
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on the seismic design of tall building using Chinese seismic design code and US
seismic design code. Jameel et al. [13] investigated the effect of walls, slabs and
wall openings on structural strengthening of tall buildings. The frame+ wall+ slab
model gave the most economic design.

The present work is the analysis of a G + 20 reinforced concrete tall building of
height 63 m. The structure is modeled using a 3D structural software ETABS 2016
version 16.2.1. The structure is subjected to lateral forces. The main lateral forces
are seismic and wind forces. The analysis is carried out as per Indian standard IS
16700-2017 [10] and American standard ASCE 7-10 [3] using ETABS software [5].

2 Methodology

Initially, a symmetrical model of G+ 20 stories is selected. It is modeled in ETABS
software. Loads are applied to MODEL-A and MODEL-B as per Indian and Amer-
ican standards, respectively. First stage of analysis is static analysis which is carried
out for both seismic and wind loadings. It is observed from the analysis that the
earthquake is predominant. Since earthquake is predominant, for further analysis
only seismic force is considered. The second stage of analysis is dynamic seismic
analysis which is carried out for MODEL-A and MODEL-B as per IS 1893-2016
(Part I) and ASCE 7-10, respectively, in ETABS. The load combinations are decided
as per IS 456-2000 and IS 16700-2017 for MODEL-A and as per ACI 318-14 [1]
for MODEL-B.

2.1 Method of Analysis

In the present study, the structure is analyzed for lateral loads using equivalent
static method, response spectrum analysis (linear dynamic analysis) and static wind
analysis using ETABS software.

Seismic Analysis A structure vibrates in response to the occurrence of earthquake.
The seismic forces can be resolved into two horizontal directions (x and y direc-
tions) and one in vertical direction (z direction). The ground motion due to earth-
quake causes the structure to vibrate in all the three directions. The vibration occurs
predominantly in horizontal direction. Vertical vibration should also be considered
depending on the recommendations of the codes. In the present study, static and
dynamic seismic analysis is considered as per the recommendations of IS 1893-2016
(Part I), IS 16700-2017 and ASCE 7-10.

Equivalent StaticAnalysisMethod (ESAM)Equivalent static analysismethod is based
on the assumption of static cantilever beam. In this method, story force is generated
according to the height atwhich the story is located from the seismic base.As the story
height increases, more loads are developed by that story. The amount of base shear
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that is considered for designing the building is based on the approximate time period
of the building, zone where the building is situated, site-specific ground acceleration,
type of lateral load resisting system, etc.

Response Spectrum Analysis (RSA) Response spectrum analysis is dynamic anal-
ysis of a structure. It is referred as dynamic analysis because for different building
frequencies themode shapes andmodalmass participation of the structure are consid-
ered. During an earthquake, the response of the building is a combination of different
natural frequencies of the building. These frequencies of the structure are known as
eigenvalues, and the shape each mode generates is the eigenvector. It provides more
realistic dynamic response of the building.

Wind AnalysisWhen a building is subjected to wind loads, both positive and nega-
tive pressures occur simultaneously. Exposed basic wind speed, building height,
topography, internal and external pressures, building shapes, etc., are some of the
primary factors that must be considered for wind analysis. Tall or slender build-
ings respond statically or dynamically to the wind effects which must be checked as
per the recommended codal provisions. In the present study, static wind analysis is
performed as per the codal provisions of IS 875-2015 (Part III) [9], IS 16700-2017
and ASCE 7-10.

3 Model Description

Figure 1a–c shows the plan, elevation and 3D view of the building, respectively,
modeled in ETABS. Two reinforced concrete buildings are modeled: according to
Indian standards—MODEL A and according to American standards—MODEL B.
Table 1 shows the common parameters of the building.

3.1 Loads

The loads acting on the buildings are:

• Dead load
• Live load
• Seismic load
• Wind load.

The loads are applied to MODEL-A and MODEL-B as per Indian and American
standards, respectively.

The seismic analysis for MODEL-A is performed as per IS 1893-2016 (Part I).
Table 2 shows the data assumed for static analysis. The seismic analysis forMODEL-
B is performed as per ASCE 7-10. Some values are taken from NEHRP seismic
provisions prepared by FEMA. Table 3 shows the seismic data for MODEL-B.
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Fig. 1 a Plan view of G + 20 tall building. b Elevation of G + 20 tall building. c 3D view of G +
20 tall building

The static wind analysis is performed forMODEL-A as per IS 875-2015 (Part III).
Table 4 shows the wind data for MODEL-A. The static wind analysis for MODEL-B
is performed as per ASCE 7-10. Table 5 shows the data assumed for static wind
analysis of MODEL-B.

3.2 Load Combinations

The load combinations have been applied for the twomodels according to the respec-
tive codes. For MODEL-A, load combinations are considered as per IS 456-2000
and IS 16700-2017, and forMODEL-B load combinations are considered as per ACI
318-14. Table 6 shows load combinations for MODEL-A and MODEL-B.
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Table 1 Description of
building

S. no. Parameters Details/value

1 Plan dimensions 30 m × 30 m

2 Stories G + 20

3 Height of building 63 m

4 Story height 3 m

5 Grade of concrete M 50

6 Grade of steel Fe 500

7 Frame type SMRF

8 Outer wall 230 mm

9 Inner wall 115 mm

10 Slab thickness 150 mm

11 Exterior column 0.7 m × 0.7 m

12 Interior column 0.6 m × 0.6 m

13 Beam 0.3 m × 0.6 m

Table 2 Seismic data for
MODEL-A

IS 1893-2016 (Part I)

Location Mumbai

Seismic zone III

Seismic intensity, z 0.16

Importance factor, I 1

Response reduction factor, R 5

Type of soil Medium

Table 3 Seismic data for
MODEL-B

ASCE 7-10

Location Seattle

Seismic zone III

Site class C

Risk category III

Seismic importance factor, Ie 1.25

Response modification factor, R 8

Spectral response acceleration at short period, Ss 1.289

Spectral response acceleration at 1-s period, S1 0.498

Long period and transition period 6 s
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Table 4 Wind data for
MODEL-A

IS 875-2015 (Part III)

Location Mumbai

Basic wind speed 44 m/s

Probability factor, k1 1

Topography factor, k3 1

Terrain category 4

Wind directionality factor, kd 0.9

Area averaging factor, ka 0.8

Combination factor 1

Table 5 Wind data for
MODEL-B

ASCE 7-10

Location Seattle

Basic wind speed 58 m/s

Risk category C

Surface roughness B

Exposure category B

Wind directionality factor, kd 0.85

Topography factor, kzt 1

Gust factor, G 0.85

Table 6 Load combinations
for MODEL-A and
MODEL-B

As per IS 456-2000 and IS
16700-2017

As per ACI 318-14

1.5(DL + LL) 1.4DL

1.5(DL ± EQ) 1.2DL + 1.6LL + 0.5RL

1.5 (DL ±W) 1.2DL + 1.6RL + 1.0LL

1.2(DL + LL ± EQ) 1.2DL + 1.6RL + 0.5W

1.2 (DL + LL ±W) 1.2DL ± 1.0 W + 1.0LL +
0.5RL

0.9DL ± 1.5EQ 0.9DL ± 1.0EQ

0.9DL ± 1.5W 0.9DL ± 1.0W

DL dead load, LL live load, RL roof live load, EQ earthquake load,
W wind load

4 Results and Discussion

The results of the analysis for MODEL-A and MODEL-B are shown as follows:
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Fig. 2 Variations in base
shear for MODEL-A and
MODEL-B
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• Base Shear

Base shear is an estimate of the maximum expected lateral force that occurs due to
seismic ground motion at the base of structure. The base shear as shown in Fig. 2
for MODEL-B is more than MODEL-A. It is because of the variations in zonal
parameters of both the locations.

• Overturning Moment

Figure 3 shows the variations in overturning moments for both the models. The story
overturning moment varies inversely with the story height. The overturning moment
for MODEL-A is less than MODEL-B.

• Story Displacement

Story displacement is the total displacement of ith story with respect to the base.
Figure 4 shows the variations in story displacement. From Fig. 4, it can be seen that
the story displacement increases with increasing height.

• Story Drift

Figure 5 shows the variations in story drift. The maximum story drift for MODEL-
A and MODEL-B occurs between story 3 and story 5. The story drift for both the

Fig. 3 Variations in
overturning moment for
MODEL-A and MODEL-B
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Fig. 4 Variations in story
displacement for MODEL-A
and MODEL-B
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Fig. 5 Variations in story
drift for MODEL-A and
MODEL-B
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models increases with story height up to 9 m where it reaches to a maximum value
and then starts decreasing. The story drift for MODEL-B is more than MODEL-A.

• Story Stiffness

Figure 6 shows the variations in story stiffness for MODEL-A and MODEL-B,
respectively.

5 Conclusion

The analysis of the two tall buildings as per Indian and American standards reflects
that the base shear for MODEL-B is higher than MODEL-A by 38.32%. The over-
turning moment for MODEL-A is less than MODEL-B. It varies by 38.14%. Simi-
larly, the top displacement for MODEL-B is more than MODEL-A by 38.14% as
higher lateral forces attract higher displacement. The story drift for MODEL-B is
higher than MODEL-A by 38.18%. The story drift for both the models is within
the permissible limits as specified by the respective codes. As per IS 16700-2017
and ASCE 7-10, the stiffness for any story shall not be less than 70% of that of the
story above. The story stiffness for MODEL-A and MODEL-B follows the codal
specifications.
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Comparative Study of Prediction of 28
Days Strength Using Fuzzy Logic
and Model Tree

Vardhan Nagarkar, P. S. Kulkarni, and S. N. Londhe

Abstract Concrete is a construction material which is used in n construction
processes as a major stress resistance due to its strength characteristics. Designing
a concrete mix is a tough task which includes right proportion of ingredients to be
mixed in particular order and in particular environment with the objective to produce
concrete mix with specified strength, durability, workability, and as economical as
possible. Structural engineering field is full of nonlinear problems. This paper speaks
about one of the basic nonlinear problems which is a strength prediction. We have
tried to convert the nonlinear problem of strength into a linear problem by using
model tree analysis and predicted the strength of various mix proportions using
fuzzy logic. The objective of this research work is to study fuzzy logic tool andmodel
tree regression analysis processes for prediction of concrete compressive strength,
respectively, and its result comparison. Results of this study states that model tree
regression analysis works more efficiently than a fuzzy logic.

Keywords Fuzzy logic ·Model tree · Concrete strength · Concrete mix

1 Introduction

Concrete ismost importantmaterial in construction industry.Theproperty of concrete
depends on various factors such as mix proportion, manufacturing method, and envi-
ronmental conditions, are fewof the issues that determine concrete strength. There are
unit several nonlinear issues in construction industry; concrete compressive strength
is one in each of them. It is terribly troublesome to predict the concrete compressive
strength because of its nonlinear behavior, to work out whether or not specific needs
are met or not that we have go to check the concrete.
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The dataset of concrete compressive strength has been collected from various
construction sites. This concrete dataset contains 241 instances that contain eight
attributes.

2 Objectives

The objective of this paper is to find out the reliable method among fuzzy logic
and model tree regression analysis for predicting a concrete strength using a given
dataset. Firstly, we need to learn concepts of both techniques which are being used
for prediction. There is not anymathematical tool for strength calculation, sowe have
solved a nonlinear problem using a fuzzy logic and a conversion of this problem into
linear one and again solving it using a model tree regression analysis.

After that we have compared the results and found out the correlation and error
measures between actual values and predicted values.

3 Methodology

Some of structural engineering problems are nonlinear, which can be solved by
experimental work. There is not any mathematical way to get the result of these
problems. The potential of fuzzy logic concept lies in its working process and its
empirical parameters to achieve research objectives.According to domain knowledge
and experience, we have found out the rules for fuzzy logic model. This fuzzy logic
model is based on nonlinearity of problems. We need to convert these nonlinear
problems into linear once here model tree comes into picture. Model tree gives us
the linear equations for strength calculation using mix proportion dataset.

This paper talks about the comparisons between the fuzzy logic results and model
tree results for strength prediction algorithm. We have used MATLAB for a fuzzy
logic coding and theWEKA, open-source portable software formodel tree regression
analysis. In a parametric study, the data consists of 241 values with eight different
parameters. The instances in the dataset are pertaining to the attributes to represent the
ingredient of concrete. In prediction of concrete compressive strength, composition
consist of cement, fly ash, fine aggregate, 10 mm course aggregate, 20 mm course
aggregate, water, and admixture (Table 1).
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Table 1 Concrete
compressive strength
real-time dataset

Parameter Range Average Std. dev.

Cement 130–460 302.38 73.12

Fly ash 0–120 25.38 31.05

Fine agg 398–1011 837.47 97.57

10 mm 0–958 390.67 143.93

20 mm 482–1242 790.45 135.25

Water 127–202 167.12 15.46

Admixture 0–5.2 2.68 1.31

Strength 12–65 34.2 10.63

4 Modeling Techniques

4.1 Fuzzy Logic

Fuzzy logic concept is a subpart of Boolean algebra. It has been invented to give
solution of partial truth values. Dr. Lotfi Zadeh introduced fuzzy logic in 1960s.
During his research work, he dealt with lot of criticism, but nowadays, there are
many applications which works on fuzzy logic (Fig. 1).

Fuzzifier contains membership functions. This membership function ranges from
0 to 1 that is fromnomembership to highmembership for each of the input. Triangular
membership function is used for this study as a input and output as well. We have
used seven input parameters which are cement, fly ash, fine aggregate, 10 mm coarse
aggregate, 20 mm coarse aggregate, water, and admixture (Fig. 2).

In this work, Mamdani inference system is used for analysis (Fig. 3).
Where A and B are fuzzy sets in the antecedent, while z = f (A, and B) is a crisp

function in the consequent. Usually, f (A, B) is a function in input variable A and
B which is in the form of polynomial function, but if it describes output of model
within fuzzy region specified by rule, then it can be any function.

Defuzzification is a method of extracting some values from a fuzzy set as a repre-
sentative value. Basically in simple language, defuzzification is done to convert
computer-aided output to human-understandable output. In this study, we have used

Fig. 1 Fuzzy logic system
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Fig. 2 Membership function

Fig. 3 Fuzzy inference system
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Fig. 4 Model tree

a centroid defuzzification method which a very basic one and default method if we
go through inbuilt MATLAB application.

4.2 Model Tree

M5Pmodel tree was introduced by Quinlan in 1992. The tree-based model works on
divide and conquers method to form a relation between independent and dependent
variables. It divides a dataset in different nodes (leaf), which sets a relation between
variables. The tree models can be also used for qualitative and quantitative data
(Fig. 4).

Model tree is simply a regression analysis tool. Depending on the database, we
have it to divide our data into various crystals for specific ranges, and it gives us
linear equations comparing input and output for given problem. We can predict our
output using these equations.

5 Experimental Design

Parametric study is conducted using machine learning tool with default parameters.
The data mining method used to build the model is classification. TheWEKA, open-
source, portable, GUI based workbench is used for model tree regression analysis.
Another tool used wasMATLAB for fuzzy logic modeling and coding. The instances
in the dataset are pertaining to the attributes to represent the ingredient of concrete.
In prediction of concrete compressive strength, composition consists of cement, fly
ash, fine aggregate, 10 mm course aggregate, 20 mm course aggregate, water, and
admixture.
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Triangular function is used for input and output as well. In the current work,
Mamdani inference system is used in which almost 50 rules are designed according
to a database and experience. The rules are in the form of “If and then” that is if
cement is mf1, water is mf2, fine aggregate is mf1, 10 mm aggregate is mf1, 20 mm
aggregate is mf1, fly ash is mf1, admixture is mf1, then strength is mf1. The rules
are defined according to ranges of membership functions for input and output which
are defined using domain knowledge and experience. All these processes are done
on MATLAB 2018.

In model tree analysis, the data is divided according to standard deviation, and
regression analysis is performed on the data in which the equation for each node is
defined and predicted the output according to that equation. This whole process is
done on a WEKA software which is a open-source portable software.

6 Results and Discussion

Strength is the main component we need to find out to know the acceptability of
concrete mix. Our conventional method takes 28 days to find the strength, so in the
current work of the fuzzy logic code, you can get the strength within no time. Fuzzy
logic model is prepared using domain knowledge and experience, and there is not
any mathematical base to it.

To get the mathematical base to our nonlinear problem, we have used model tree
regression analysiswhich converts our problem into linear equations and gives output
according to these equations

To examine how close the predicted values to the actual compressive strength,
three indices, correlation coefficient R, root mean square error RMSE, and mean
absolute error MAE were calculated to evaluate the performance of the algorithms
based on mix proportions.

R =
∑n

i=1

(
Pi − P

)(
Ai − A

)

√
∑n

i=1

(
Pi − P

)2 ∑n
i=1

(
Ai − A

)2
(1)

Equation 1: Correlation coefficient

RMSE =
√

∑n
i=1(Pi − Ai )

2

n
(2)

Equation 2: Root mean square error

MAE =
∑n

i=1|Pi − Ai |
n

(3)
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Table 2 Relations between
outputs

Fuzzy logic Model tree

Correlation coefficient 0.90 0.94

Root mean square error 6.58 3.27

Mean absolute error 5.23 2.61

Fig. 5 Relation between
outputs

Equation 3: Mean absolute error

Where Ai is the compressive strength of concrete mixtures, Pi is the predicted value,
n is the total number of data points in validation, A is the mean value of dataset, and
P is the mean value of predicted results.

Figure 5 shows the comparative results for both models in which we can see that
results of model tree are much more precise than a fuzzy logic model, and error
measures are also less than a fuzzy logic.

Figure 5 shows the relation between observed values, predicted values by fuzzy
logic, and predicted values by model tree. From graph, we can clearly conclude that
model tree works more efficiently than a fuzzy logic model.

7 Conclusion

In this paper, two prediction algorithms are applied on the task of classifying concrete
compressive strength dataset, and the most accurate learning method is evaluated.
With high correlation coefficient, lesser RMSE and MAE, the model tree is working
well for this dataset in comparison with fuzzy logic. Model tree is totally a mathe-
matical approach to solve a problem while fuzzy logic is more of a experience and
logical approach, so it may affect a results of fuzzy logic.
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Development of Cementless Recycled
Concrete Aggregates Paver Blocks Using
Molten Plastic Waste as Binder

Dhanesh V. Shirsat, P. S. Kulkarni, S. N. Londhe, and Shirish Phadtare

Abstract Amount of demolished concrete waste and plastic waste being accumu-
lated in twenty-first centuries have been created big challenges for their disposal. At
present, nearly 530 million of tons debris is generated in the country annually. Due
to our society has become dependent on usage of plastic packaging, approximately
5.6 million ton of plastic products are consumed per annum. The degradation rate
of waste is also a very slow process. Using recycled concrete aggregates and waste
plastic in development of paver blocks is an interesting possibility for economy on
wastage disposals. The objective of the research is to study the characteristics of
developed paver block. This paper presents a recent study on properties of paver
block prepared by recycled concrete aggregates by using molten plastic waste as
binder. For the laboratory samples, the compressive strength, split tensile strength,
abrasion resistance, water absorption and heat resistance parameters were measured.

Keywords Recycled concrete aggregates · Plastic waste · Low-density
polyethylene · Paver blocks

1 Introduction

Concrete is widely used in all types of construction. There is a vast increment in
construction industry as compared to past many decades. This increment is due to
rapid growth in population, thus ultimately results in depletion of various construc-
tion materials due to uncontrollable use of construction materials. There has been
introduction of various techniques, various materials and various substitutes of mate-
rials in early research. India is developing country. Due to its developing nature, there
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are lots of new constructions and demolitions of old structure done every day. There-
fore, due to rapid growth in construction industry, a large quantity of construction
and demolition waste (C&D) is generated. It ranges approximately 530 million tons
annually. Our society has become dependent on usage of plastic packaging. Approx-
imately 5.6 million tons of plastic product has consumed annually. Due to liberal
use of plastic metered, huge quantity of plastic waste is generated every day. It is
worth mentioning that plastic waste will never degrade and remain on earth for years
causing several types of pollution. Therefore, the waste disposal has become crit-
ical environmental problem in the country. The possibility of recycling waste from
construction industry is thus of growing significance [1].

Paver block is adaptable, functional and cost-effective and requires literally no
maintenance if preciselymanufactured and laid.Due to its durability, pleasing surface
made them irresistible for many industrial, commercial and residential use such
as parking areas, pedestrian walks, etc. [2]. Paver blocks is made from concrete
consisting cement, fine aggregate, coarse aggregate (<10 mm), water, and there-
fore, performance is depends on material used in it. In households, use of plastic
is increasing day by day. If we use this plastic in our construction industry, it will
help to reuse of waste plastic. So plastic is non-biodegradable; it has longer life and
serviceability. We can use waste plastic in molten state as replacement of cement
paste [3] and aggregates from construction industry waste, by recycling the concrete
aggregates [4] in paver blocks. Recycle concrete aggregate (RCA) is defined as the
aggregate which has been used in previous construction extracted from demolished
concrete structures and used as replacement of natural aggregate because of depletion
of natural resources.

Therefore, use of waste plastic and RCA materials in paver blocks is aimed at
reducing natural resources and leading better durability and economy [5]. It will defi-
nitely help in defending environment effects and provide new way for safe disposal
of waste plastic and construction and demolition waste.

2 Materials

2.1 Waste Plastic

By definition, plastic is used to made different shape of plastic things such as plastic
bags, food bags, drinking containers, and after using such things, they are become
waste material. Gathering of such plastic waste can results into dangerous to human
beings, animals and plants [6]. Therefore, waste plastic needs proper disposal as well
as use this waste plastic in recycle form. If they are not recycled, then these things
become pollutant to the environment. For this research work, we collected low-
density polyethylene (LPDE) waste plastic in shredded form from Pune Municipal
Corporation Plastic Waste Processing Unit, Hadapsar, Pune. Plastic are classified
according to their chemical sources as shown below (Fig. 1):
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Fig. 1 Waste plastic. Source Packagingdigest.com

Table 1 Properties of waste
plastic [9]

S. No. Experiments Results

1 Melting point 150 °C

2 Thermal coefficient of expansion 100–200 × 10−6

3 Density 910–950 kg/m3

4 Tensile strength 20–30 N/mm2

• Low-density polyethylene (LPDE)
• High-density polyethylene (HDPE)
• Polypropylene terephthalate (PET)
• Polypropylene (PP)
• Polystyrene (PS)
• Polyvinyl chloride (PVC).

The basic properties of waste plastic are provided in Table 1.

2.2 Recycled Concrete Aggregates

Recycled concrete aggregate (RCA) is generally produced by two-stage crushing of
demolished concrete, and screening and removal of contaminants such as reinforce-
ment. For recycled concrete aggregate, we collected tested cubes from Durocrete,
Pune. As the quantity of material requirement is less, therefore, there was not any
scope of having crusher to crush the cubes. Hence, we had adopted manual crushing
method. After that, this material underwent for further process of sieving to produced
fine aggregate and coarse aggregate according to the particle size requirement of
Indian standards IS 383:1970 [7]. In this research, we use RCA < 4.75 mm, i.e. fine
aggregates. The basic properties of RCA are provided in Fig. 2 and Table 2.
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Fig. 2 Recycled concrete aggregates

Table 2 Properties of
recycled concrete aggregate
(<4.75 mm)

S. No. Experiments Results

1 Specific gravity 2.41

2 Water absorption 1.79

3 Fineness modulus 3.63

4 Silt content 4%

5 Bulk density 1400 kg/m3

Table 3 Mix ratios by
weight for the mixture

Trial Mixing ratio Waste plastic RCA

1 1:3 1 3

2 1:2 1 2

3 1:1 1 1

3 Mixing Ratios

Three series of mixes were prepared, and identical materials were employed in each
series. Each series contains 100%of recycled concrete aggregate to serve. Themixing
ratios adopted in this research are 1:3, 1:2 and 1:1. The mixing ratios for the mixes
are shown in Table 3.

4 Mixing Procedure

Initially required recycled concrete aggregates for mixing ratio are measured and
placed in oven at temperature of 110º for 2 h. After that required waste plastic
are divided into two equal parts, and one part is heated in GI sheet container at
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temperature of above 150 °C. After that plastic starts melting, add another part
of waste plastic in it and mixed well and keep heating continued. As a result of
heating plastic waste, it melts. Due to heating, its viscosity decreases with increase
in temperature. After that waste plastic becomes semi-fluid. Remove the recycled
concrete aggregate from oven and add it in right proportion in molten state of plastic
and mix well. After that, continue heating mixture. Again, due to heating, viscosity
of mixture decreases due to increase in temperature. Heat the mixture till it becomes
semi-fluid and becomes workable as concrete. At the time of heating, stir the mixture
continuously till it becomes united.After certain timeof heating, themixture becomes
workable and can be seen by naked eyes.

5 Fabrication of Paving Blocks

Paver blocks were fabricated in galvanized iron sheet moulds having internal dimen-
sion of 200 mm long, 100 mm wide and 80 mm thick. The mixture was poured into
the moulds in three layers of each of having equal thickness and compacted by single
tamping of 25 strokes of tamping rod for each layer. After that, compression force
is applied manually to compact mixture in the moulds. Excess mixture was then
removed by trowel. After 24 h of casting, paver blocks were demoulded and were
stored in dry place, free from direct sunlight until the day of testing (Fig. 3).

Fig. 3 Fabrication of paver blocks
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6 Test Method

A lot of tests were carried out as per IS 15658:2006 to determine the compression
strength, water absorption, split tensile strength, abrasion test and heat resistance test
[8].

First of all, the one-day compressive strength was determined using compressive
testing machine (CTM) having maximum capacity of 2000 KN. Paving blocks are
placed in centre of CTM, and load was applied. Compressive strength is calculated
by dividing failure load by loading area. Then, split tensile strength is calculated as
per IS 15658:2006. Test is conducted on longest length of the section. Thereafter,
specimen was concentrically packed with two steel pieces—one at top and one at
bottom. Then, load was applied concentrically with the loading machine. After that
load is terminated when specimen split into two pieces. And load is noted down.
After that splitting, tensile strength is calculated. Then, after abrasion resistance test
carried out as per IS 15658:2006.

7 Results and Discussion

In this paper, each presented result is an average of three measurements. The test
results are summarized in Tables 4, 5 and 6. And each test is carried out confirming
IS 15658:2006.

Table 4 Comparison of
compression strength of
plastic RCA paver blocks
possessing various ratios

Mix designation Plastic: RCA ratio Compressive strength
(N/mm2)

M1 1:3 4.72

M2 1:2 5.49

M3 1:1 9.47

Table 5 Test results of paver
blocks having mix ratio 1:1

Mix Tensile splitting
strength (MPa)

Abrasion
resistance (mm)

Water absorption
(%)

M3 1.82 0.92 0.04

Table 6 Heat resistance
results

Specimen No. Temperature (°C) Remarks

1 50 No change

100 Starts melting

150 Melts
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Fig. 4 Relationship between compressive strength and mixing ratios

Compression test was carried out confirming IS 15658:2006 to obtain compres-
sive strength. The cubes were tested using compression testing machine (CTM) of
capacity 2000 KN.

From Fig. 4, it shows that mix proportion ratio 1:1 (plastic: RCA) shows better
result as compared to other mix proportion, although compressive strength of paver
block is significantly less. Such pavers can be used in pedestrian purpose. That is
why we conducted following test confirming IS 15658-2006 on mix proportion 1:1
such as water absorption, split tensile strength and abrasion resistance test and heat
resistance test. The results are shown in Table 5.

As stated, above paver blocks having mix proportion 1:1 give satisfactory results.
Abrasion resistance of developed paver blocks is less than 1, which means it is able
to maintain its original structure and appearance, and having good resistance of wear
and tear. From Table 5, it is found that water absorption of paver block containing
plastic and recycled concrete aggregates is less, which is within the maximum value
specified by the code.

Paver block is made from waste plastic which is required to measure its heat
resistance [9]. Hence, specimen is placed in oven for 2 h. Results are shown in
Table 6. Results also show that there is no any kind of change in shape of developed
paver block at 50 °C. So, it is good heat resistance, and it can be withstand in
atmospheric temperature.

8 Observations

In concrete paver block, fly ash is used as a substitute material for cement. The effect
of fly ash on the performance of paver block has been reported in many researches.
Fly ash is pozzolanic material contains silica and if reacts with calcium hydroxide
form hydrate silicate which develops strength and lime to fills void. A certain amount
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of fly ash has been used in production of paver block satisfy the targeted value. Due
to its usage, durability and workability of concrete are increased and also reduce
permeability. This study aimed to developed a technique for production of paver
blocks by using waste plastic and recycled concrete aggregates. Laboratory trials
were carried on three series of mixes. At the time of trials, there are certain things
whichwe are observe. On the first trial, whilemixingwe addedwhole required plastic
in container; due to that plastic does notmelt properly. For the second trial, we divided
required plastic in two equal parts. When first part of waste plastic starts melting,
add second part of waste plastic and stir continuously and continued heating. Due to
this molten state of waste, plastic becomes more workable and consume less time for
melting as compared to first trial. Same procedure is followed by the time of mixing
of RCA in mixture. Due to dividing material into two equal parts, workability of
mixture is increased. The result of the study reveals that there is increase in strength
of paver blocks as mixing ratios decease. Mix ratio 1:1 gives maximum strength as
compared to others. In mix ratio 1:3, there is three times of RCA used as compared
to waste plastic. In RCA, it found that old mortar is stick to aggregate which is
more porous. The presence of it on aggregate increases the absorption capacity and
decreases specific gravity. Due to high absorption capacity, amount of molten waste
plastic content which are required to cover the surface of RCA is not satisfied with
this mix ratios 1:3 and 1:2 just because of less amount of plastic content as compared
to RCA. Due to this, RCA surfaces are not completely cover. Just because plastic
content is less bonding between RCA are not done properly results in high void ratio
gives low compressive strength. On other hand, 1:1 mix ratio gives higher strength
due to high content of plastic which are required to cover the surface of RCA and
also fill the void between the mixtures and due to this it becomes more workable as
compared to first one.

9 Conclusions

An experimental investigation on use of waste plastic recycled concrete aggregate
paver blocks has been carried out and present in this paper. The study says that

• Newefficientmanufacturingmethod for suitable alternative for cement andnatural
resources.

• By using waste plastic and recycled concrete aggregates in production of paver
block has beneficial way of disposal of waste plastic and construction and
demolished waste.

• There was on an average 36% decrease in density of paver block.
• By using molten plastic and RCA in production of paver block reduces weight up

to 28% as compared to conventional one.
• Water absorption of developed paver block is negligible as compared to concrete

paver block.
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• Compressive strength is less as compared to the conventional one though it can
be used in gardens and pedestrian purpose.

• It can be used in compound walls.
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Seismic Retrofitting of Indian RC
Buildings Using Shear Walls

Saif Usmani, Kuldeep R. Dabhekar, Isha Khedikar, and Nimita R. Gautam

Abstract Shear walls are often used to increment stiffness in building frames. The
increase in stiffness improves the performance of building and makes it less vulner-
able to the lateral forces it is subjected to in an event of earthquake. Moreover,
the overall safety of building is increased due to increased occupational safety [1].
This study tries to study analytically the effects of retrofitting of RC buildings using
structural walls or shear walls.

Keywords Pushover curve · Target displacement · Plastic hinges

1 Introduction

The buildings nowadays are designed using the earthquake as a design consideration;
however, this was not the practice always. Older buildings are under-designed with
respect to earthquake forces. This paper discusses at length the performance of a
typical under-designed frame, and this is followed by the methodology and details
about modelling. Thereafter, the characteristics of the retrofitted model are studied,
and the pushover analysis results are studied.

1.1 Related Work

Various studies have been forwarded to explain the relation between different perfor-
mance objectives and the retrofitting strategies suitable to achieve desired perfor-
mance. Some studies emphasize on energy dissipation devices to modify the drift
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profile of building; they study the effect of different strategies on the behaviour of
building (6) [2–4]. Some of them investigate the use of memory alloys or shear
linkages in braces for dissipation of energy (7) [1]. While the effectiveness of these
methods cannot be overlooked, they may lead to significant increase in costs and
functionality which might not always be desired from a retrofitting project. Other
alternatives have also been discussed which study effects on experimental models,
and the scope of such studies is somewhat limited as all scenarios and building types
cannot be effectively modelled. Analytical studies however focus on more realistic
and performance-oriented goals.

1.2 Methodology

The paper focusses on analytically comparing the two models, so as to evaluate
performance parameters affected by the use of retrofitting strategy. The main objec-
tive of the study is to study the increase in capacity and the change in target drift due
to jacketing of elements. The models are evaluated using a computer-based tool, and
the results are compared analytically. Themodellingwork is carried out on SAP2000,
and a nonlinear pushover curve is plotted for the yield displacement of h/20 as per
ASCE 41-17. The structural walls are inserted in the exterior periphery of building.
The walls are modelled as nonlinear shear walls.

1.3 Modelling

The paper focusses on analytically comparing the bare frame model with the model
after addition of shear walls, and the study is performed using SAP2000 software
package. The area members including slabs are modelled as shells, and the shells are
modelled as membrane in case of slabs. Constraints are modelled into joints in the
form of diaphragms, and these diaphragms are rigid and are auto-generated for each
individual storey. The bare frame model is modelled using M20 concrete and Fe415
grade of steel. The model is analysed using nonlinear static pushover analysis [5–7].

2 Analysis

See Fig. 1.
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Fig. 1 Typical pushover
curve

3 Nonlinear Static Pushover Analysis

Pushover analysis is a nonlinear static procedure (NSP) where the lateral force is
incrementally increased in a predefined pattern. It gives better insight as to which
member in the structure acts as a weak link, and the trends in formation of hinges help
in identifying weak members(5). Pushover analysis helps in estimating base shear
and displacement capacity of structure along with sequential formation of hinges in
the hinges under analysis. The result is displayed in the form of pushover curvewhich
is essentially a curve of base shear versus roof displacement. This curve can also be
used as capacity curve of the structure. To incorporate the effect of inelastic behaviour
of structural elements, lumped plasticity models have been used and assigned in the
form of moment rotation capacity (i.e. plastic hinge) to individual element. In the
present study, default properties of plastic hinges in SAP2000 as per FEMA 356 have
been used (Fig. 2).

The pushover analysis procedure is validated through the study of Inel and Ozmen
[8], and a frame was defined having plan dimension of 11.2 m and a storey height
of 2.8 m. The material used was a grade of concrete having 16 Mpa as compressive
strength, and reinforcement was selected to have a yield strength of 220 Mpa. The
model was inserted with uncoupled moment (M3) hinges for beams and coupled
axial force and biaxial moment hinges (P-M2-M3) as per FEMA 356-2000.

The pushover curve for bare and retrofitted curve is thoroughly studied and the
following parameters are calculated,

Target displacement,

Fig. 2 Validation curve
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As per 7.4.3.3.2 from ASCE/SEI 41-17, target displacement can be calculated as
follows,

δt = C0C1C2 . Sa . (Te2/4π2) . g
δt = Target displacement
C0 = Modification factor to relate the spectral displacement model to an equiv-

alent single-degree-of-freedom system (SDOF) to the multiple-degree-of-freedom
(MDOF) system.

C1 = Modification factor to relate expected maximum inelastic displacement to
displacements calculated for linear elastic response. For periods less than 0.2 s, C1

need not be taken, for periods greater than 1.0 s C1 = 1.0.
C2 = Modification factor to represent the effect of pinched hysteresis shape,

cyclic stiffness degradation, and strength deterioration on themaximumdisplacement
response.

Sa = Response spectrum acceleration at the effective fundamental period and
damping ratio of the building under consideration.

Te = Effective fundamental period of the building in the direction under
consideration.

4 Calculation of Capacity from Pushover Curve

The target displacement when plotted onto the pushover curve gives capacity of
the building under analysis, as per ASCE 41-17. The capacity gives a vague idea
regarding the performance of building in the predominant mode or first mode. This
mode has the maximum period and is used primarily for pushover analysis [9, 10].

Themodellingwork is done onSAP2000 package; themodel has a plan dimension
of 12 × 14 m with three bays on either side of the structure. The building is a six-
storeyed building with a storey height of 3 m; the building is situated in seismic zone
V. The soil condition is hard rock and soil, and the model is subjected to lateral loads
in the form of earthquake loads which are self-generated by the software. The load
cases are defined as per IS 1893-Part-1-2016. The models are evaluated based on
their target displacement, performance point and hinge formation characteristics.

First mode is predominantly used to perform pushover analysis on the building.
Bare frame and retrofitted frame are inserted with auto hinges compliant with FEMA
356-2000, and uncoupled moment hinges (M3) are used for beams and coupled
force-biaxial bending and moment hinges (P-M2-M3) [11, 12].

Response spectrum load case is defined in accordance with Table 7 of IS 1893
(Part 1)-2016. The mass source is defined to include dead load, 25 per cent of live
load as well as other participating load combinations. The scale factor is calculated
as follows,

Scale factor = (Z/2) × (I/R) × g

where
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Z = Zone factor
R = Response reduction factor
I = Importance factor.
g = Acceleration due to gravity.

The model has similar beams on each floor; the beam dimensions are 230 ×
450mm.Building is designed for gravity aswell as earthquake loads; the requirement
for reinforcement is checked, and this helps in identifying critical members (Figs. 3
and 4).

The members shown in red have failed due to greater than maximum requirement
of reinforcement; the columns failed are identified as GC-6, GC-7 at the ground
storey and FC- 6, FC-7 at first storey (Fig. 5).

The members shown in red have failed due to greater than maximum requirement
of reinforcement; the columns failed are identified from left to right as GC-10, GC-11
at ground storey and FC-10, FC-11 at first storey.

Name/designation of member Location Percentage of reinforcement required (%)

GC-6,GC-7 Ground storey >6

FC-6,FC-7 First floor >6

(continued)

Fig. 3 Typical frame in the X-Z direction
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(continued)

Name/designation of member Location Percentage of reinforcement required (%)

GC-10,GC-11 Ground storey >6

FC-10,FC-11 First floor >6

The identified critical members fail in design itself due to greater than maximum
reinforcement requirement. It should be noted that C stands for column in this naming
system. The columns in other storeys are also beyond the practical limit of reinforce-
ment provision. Flexural members are marginally safe, although ultimate safety is
dependent on the strength of compression members [4, 6, 12].

Retrofitting is done using shear walls on the periphery of building, and the walls
have a thickness of 0.3m.They aremodelled as shell elementswith nonlinearity in the
direction Y-Y, and the walls have two layers of reinforcement. The pushover analysis
is initiated using constraints on each storey in the form of non-rigid diaphragm.
Displacement is in the form of monitored displacement, and the direction is the same
as predominant mode (Fig. 6) [10, 13].

5 Results

The bare frame is evaluated for performance variables, and the ultimate performance
level for a particular zone is calculated. Designs of members help in gaining insight
about the critical members, and flexural members do not fail under any lateral load
combination. However, the columns/compression members fail due to significantly
higher reinforcement requirement (Fig. 7).

The bare frame exhibits a target displacement of 0.654 m, and the performance
level as per the hinges formed in the building is limited safety (LS).

Step Type of hinge Member

3 B-IO Beams except fifth and sixth storey

4 IO-LS Beams at third storey

5 C-D Base column

13 C-D All columns

27 Beyond C Total collapse

The shear walls fail prior to the yield displacement; however, they still satisfy
the target displacement criteria with a target displacement of 0.079 m. The building
exhibits a performance level of immediate occupancy (IO) (Fig. 8).
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Fig. 4 Frame after analysis and design

Fig. 5 Frame along X-Y direction post analysis
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Fig. 6 Frame with added shear walls

Fig. 7 Pushover curve for
bare frame
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6 Conclusion

A substantial increase in the performance level of the building is observed indicated
by the decrease in target displacement and performance level.
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Fig. 8 Pushover curve for
retrofitted frame
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Utilization of Cupola Slag
as a Sustainable Construction Material

S. S. Meshram and S. P. Raut

Abstract Thepresent paper reviews the experimental characterization of cupola slag
as a pozzolanic binder. Chemical composition of cupola slag was investigated using
XRF scan. From the chemical composition, it can be indicated that the constituents of
cupola slag is comparable to the other cementitious materials. Its use in production
of building blocks is advantageous. The present paper explores various optimum
percentage replacement level of cupola slag in the concrete and mortar.

Keywords Cupola slag (CS) · Characterization · X-ray fluorescence (XRF)

1 Introduction

Industrialization in creating nations has come about in consequent accumulation of
unmanageable industrial waste. Different forms of industrial wastes generated in
India are shown in Fig. 1. Pollution emerging from such wastes may be cause of
concern for numerous creating countries, and huge land area is required to dump
this industrial waste. Reusing such wastes into innovative material development can
be a reasonable arrangement not as it were to the contamination issue, but moreover
to the issue of the landfills. Due to continuously growing population, infrastructural
needs are exponentially increasing, and in turn, demand for the construction mate-
rials is also increasing. This demand is continuously rising with the increasing need
of houses both in rural as well as urban areas. Worldwide, researchers have made
significant efforts to develop sustainable materials from agricultural and industrial
waste materials as a central raw material.
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Fig. 1 Industrial waste generated in India

There is an increase in the demand of construction materials due to popula-
tion growth, urbanization and industrial development. Since the huge request has
been put on construction sector, and particularly during last 10–15 years due to the
expanding inhabitants, demand–supply management of these materials is difficult.
Subsequently, to fulfil the growing request, researchers are endeavouring to plan and
create sustainable substitute solutions for the construction materials. Raise in attrac-
tiveness of using natural friendly, low-fetched and low-weight building materials
within the construction sector has brought almost to explore how this may be accom-
plished by profiting to the environment as well as keeping the material prerequisites
confirmed within the benchmarks [1, 2].

1.1 Cupola Slag

In India, 6000 cupola furnaces are introduced. Due to that larger amount of waste
is generated in the form of cupola slag which is presently going to land filling only,
polluting environment.

Cupola slag is a waste material of cast iron manufacturing which is formed in
cupola furnaces during the separation of the molten steel from impurities. The slag is
in the form of molten liquid melt and may be a composite arrangement of oxides and
silicates which solidifies after cooling. Essentially, in integrated iron plants, steel and
iron are now prepared using an electric arc furnace process. The open hearth furnace
process is not utilized. About 5–7% of waste is generated in cupola furnaces while
production of cast iron [3]. Industry produces 50–3000 Tonnes of C.I. depending
upon furnace size and requirements. For each generation of 1 Ton of molten metal,
50 kg of slag is created roughly, i.e., 5% of the molten metal produced in the cupola
furnace. In common, the cupola works for the period of 7–8 h/heat. Depending on



Utilization of Cupola Slag as a Sustainable Construction Material 45

the size of cupola furnace, about 20–25 T of molten metal/heat is produced. The sum
of slag produced is around 1000–1200 kg/heat [4].

Cupola furnace is cylindrical shaped melting device which is used in steel indus-
tries for melting of cast iron ranging from 0.5 to 4 m in diameter. Bottom of furnace
is having a door which can swing in and out. Top of the furnace is kept open. Air
vent is arranged to supply the air in furnace. Shells of furnace are made up of steel
and refractory bricks. There is one slag hole from which slag comes out at higher
temperature with low viscosity that solidifies in black colour lumps upon cooling.
Lumps size varied from 100 to 450 mm. Cupola slag (CS) is a thick solid material,
and its colour changes from grey to black. A physical property of CS to be used as
compared with natural coarse aggregates and IS 383-1970 requirements for material
to be used as aggregates [5].

Portland cement is manufactured by blending sources of CaO, SiO2, Al2O3 and
Fe2O3 in fixed proportion in a kiln.Natural rock such as shale, dolomite and limestone
contain these ingredients. In Portland cement, cupola furnace slag can be a substitute
for calcium oxide, alumina and iron. In the manufacture of Portland cement, cupola
furnace slag is not frequently used as a raw material because it is not available in
commercial quantities. From these furnaces, cupola slag comes out about as by-
product and is generally packed away and disposed [6].

2 Chemical Composition

The original samples of cupola slag are shown in Fig. 2. X–ray florescence (XRF)
scan is done at Indian Bureau of Mines (IBM), Nagpur (As per Annexure 1). Chem-
ical composition of different materials is appeared in Table 1. Physical properties
of different materials are given in Table 2. The percentage of different chemical
constituents of CS is comparable to the other cementitous materials; therefore, the
use of cupola slag in manufacturing building blocks will be advantageous.

Fig. 2 Cupola slag
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Table 1 Chemical composition of various materials

Chemical
composition

PPC (Portland
pozzolana
cement) [7]

Fly ash [8] Rice husk ash
[7]

GGBS
(Ground
granulated
blast furnace
slag) [8]

Cupola slag
(%) [XRF
scan]

Lime, CaO 64.12 2.5 0.74 42.4 32.89

Silica, SiO2 22.28 52.5 83.74 32.3 43.89

Alumina,
AL2O3

4.72 28.2 0.29 13.3 13.28

Iron oxide,
Fe2O3

2.75 10.5 0.67 0.3 1.59

Magnesia,
MgO

1.23 1.6 0.86 6.4 2.77

Sulphur
trioxide, SO3

1.97 0.2 0.87 2.1 0.73

Sodium
Oxide, NA2O

0.28 0.04 0.091 – 0.16

Potassium
oxide, K2O

0.76 0.90 2.84 – 0.71

Table 2 Physical properties of various materials

Materials Density (kg/m3) Specific gravity

PPC (Portland pozzolana cement) 1000–1500 2.9

Fly ash 1120–1500 2.96

Rice husk ash 340–400 2.19

GGBS (Ground granulated blast furnace slag) 1200–1300 2.85

Cupola slag 1200–1300 2.93

Vishwash K. Mistry replaced the cupola slag aggregates to natural aggregates
with a varying percentage from 0 to 100 at a interval of 10% for M20 grade concrete.
0.5 water cement was used with a accelerated curing condition for almost three days
at a temperature of 85 °C. Compressive strength of concrete was calculated. For
ACC curing, getting strength drop for initial and final replacement, but in between
replacement percentages, strength was increased in between 50 and 80% replace-
ment. For ACC curing, 60% replacement gives higher strength. For normal curing,
required characteristic mean strength for M20 grade concrete was also obtained at
80% replacement. So, it can be considered as optimum percentage of replacement
[3].
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Kiran Bhagat found that the physical properties of cupola slag and foundry sand
are similar to those of coarse aggregate andfine aggregate respectively.Bothmaterials
are environmental building material. The problem of the disposal and maintenance
problem of land filling is reduced. Cupola slag and foundry sand were varying from
0 to 100 percentage replacement with coarse and fine aggregates but at 60 percentage
replacement the result were meets the standard requirements [5].

D. A. Aderibigbe revealed that chemical constituents of cupola slag exhibit
pozzolanic properties. In the preparation of cement mortar, Portland cement was
replaced by cupola slag up to 20% without sacrificing considerable strength (e.g.,
a 13.5% reduction in strength). There was considerable improvement in physical
properties by calcining the slag at 700 °C for 5 h. These results suggested that the
cupola slag may be used where cement is costly, as it is a waste product [9].

Researchers have utilized cupola slag as a partial replacement of cement and
aggregates to develop sustainable concrete and mortar, but none of the researchers
have used it to develop the sustainable building blocks. There is a lot of scope for
curtailing the environmental pollution caused due to land filling of cupola slag as it
has a potential of utilizing as a sustainable construction material.

3 Conclusion

• The utilization of cupola slag as an additive material in construction industry by
means of reusing of waste, curtailing the environmental pollution caused due to
land filling of cupola slag thus provides environmental and economic benefits.

• It has been observed that the chemical and physical properties of cupola slag is
comparable to the other cementitiousmaterials, and it canbeused in the production
of sustainable building blocks.

• The results clarify that the density of cupola slag is less as compared to
normal bricks could be effectively used as an alternative in the lightweight brick
production.
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Annexure 1
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Preparation of Flexural Design Charts
Using IS 13920:2016

G. K. Koshti and R. K. Ingle

Abstract The code IS 13920:2016 “Ductile design and detailing of reinforce
concrete structures subjected to seismic forces—code of practice” is used in the
earthquake-resistant design of reinforced concrete buildings. The formulations and
provisions given in IS 13920:2016 are different than the provisions given in IS
456:2000. The structural practice handbook, SP 16:1980, has tables and charts
that help structural designers to rapidly design the simple sections according to
IS 456:1978. Even though the SP 16:1980 is based on IS 456:1978, it continues to
be used for IS 456:2000, without revision as there have been no major changes in
Sect. 5 on which the design aid is based. While designing with IS 13920:2016, SP
16:1980 is used instead of separate design charts even though the design method-
ology is different, cumbersome, and iterative. The present study is aimed to propose
a new design aid useful to the design of RC, sections according to the provisions of
IS 13920:2016 and to provide ease to structural design. This study is validated along
with detailed explanation using examples.

Keywords Ductile design · Design charts · Flexural capacity · Design aids

1 Introduction

The design of flexural members according to provisions of IS 13920:2016 such
as member sizes and minimum reinforcement may not reflect their identities in IS
456:2000. Eventually, charts for these provisions are not available in SP 16:1980
containing this provisions. To design a beam for moments, it is required to refer
doubly reinforced tables given in SP 16:1980 as Table 51, 52, 54, 55, 56 for corre-
sponding Mu/bd2 to get tension and compression reinforcement. These percentage
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reinforcements from the above tables are only for balanced sections and not for under-
reinforced sections (SP 16:1980). Most preferable sections in practice are under-
reinforced sections but not balanced sections which are ductile and give warning
before failure [1]. There is no proper control on the under-reinforced sections as per
Indian code IS 456:2000 and its special extension SP 16:1980. This lack leads to
unpredictable ductility to the beams designed to IS code.

1.1 Need of Design Aid for Earthquake-Resistant Design

In earthquake-resistant design of reinforced concrete beam, the flexural reinforce-
ment provided should sustain the reversal moments, and it should give ductile
behavior [2]. Ductility performance or the reinforced concrete beam is increased by
adding compression reinforcement along with increasing grade of concrete, decrease
in tension reinforcement, decreasing grade of steel, providing special confining rein-
forcement in the form of stirrups [3]. By increasing the compression reinforcement
exactly to half of the tensile reinforcement, beam can be become a under-reinforced
section which gives ductile warning as per clause 6.2.3 of IS 13920:2016.

In order to get the tension reinforcement exactly half the compression rein-
forcement, designer required to do manual calculations. These limitations using SP
16:1980 lead to have a separate design chart for flexure designwhich can give tension
and compression reinforcement half the tension reinforcement in a single reference.
Similarly for the development, length provision for the flexural reinforcement in IS
13920:2016 is different than IS 456:2000 [4]. Design tables in SP 16:1980 may not
satisfy the ductile requirement.

1.2 Changes Required in SP 16:1980 to Make It Useful
for ERD

After obtaining the top face and bottom reinforcement from flexural design capacity,
moments are required to calculate for shear design according to clause 6.3.3 of IS
13920:2016. In order to get the capacity moments for sagging and hogging, designer
should depend on SP 16:1980. If the percentage of top face reinforcement or bottom
face reinforcement is falling in doubly reinforced tables, corresponding moment is
taken as moment capacity of considered reinforcement percentage [5]. If not, it is
required to refer the singly reinforced table. If the considered face reinforcement
percentages are falling singly as well as doubly reinforced tables two times referring
and iteration make cumber some. This may lead to incorrect values of sagging and
hogging capacities.

Similarly in the joint design calculations, the safety of joint is mainly governed by
shear and the flexure check. While calculating column shear in joint shear strength
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check, hogging moment and sagging moment capacities, i.e., Ms, Mh, McT andMcB
for top face and bottom face reinforcement are required due to formation of plastic
hinges in beams [6]. Double referring iterative calculationsmakes joint shear strength
calculations cumbersome as similar as shear strength. In column shear strength
calculations also, same problem will be faced [7]. Except member size restric-
tions, confining spacing requirements for column the charts given in SP 16:1980
are sufficient enough to use in earthquake-resistant design.

2 Preparation of Design Charts

The provisions given in IS 13920:2016 are sufficient to provide the ductile behavior
to reinforced concrete structures. But still, there are much improvements that are
required to include when it is compared with other international codes [8]. To calcu-
late flexural capacity of a section to design for a shear, much labor work can be
reduced by referring only one chart for top steel and bottom steel. Moreover, this
readily available charts will be helpful to designers for a rapid design. This can be
modified to design for shear produced due to earthquake, considering the effects of
confinement, and more accurate results can be obtained.

2.1 Different Cases Considered for the Study

Dependingon the philosophies and clauses given in different standard codes, different
cases are considered for this study as given in Table 1.

Above design and flexural capacity calculations procedure is discussed for a
considered section. To simplify this, spreadsheet is prepared, and step by stepmethod
is followed.As per flowchart shown inFigs. 1 and 2, one of themajor parameterwhich
plays an important role while calculating the actual flexural capacity is confinement
of the concrete due to hoop reinforcement. Methods are discussed by Kent et al.,
Park et al. [9], and Mander et al. [10]. Inducing this effect, more accurate results
could be obtained.

Table 1 Different cases
considered for the study

Case I Case II

As per SP 16:1978, As per IS 13920:2016; clause 6.2.3,

pt = pt,lim + pt,2 pt = pt,lim + pt,2

psc = pt,2 psc = 0.5 pt



54 G. K. Koshti and R. K. Ingle

Fig. 1 Flowchart for flexural
design using SP 16:1980 and
IS 13920:2016 approach

3 Flexural Design Charts

As discussed in Sect. 2, charts are prepared in spreadsheets using visual basic
program, and sample of this is given in Table 2. To explain the procedure to prepare
charts, the combination of fck = 25 MPa and fy = 415 MPa is considered in the
present study.

Similarly, the flexural design charts can be prepared considering M30 and M35
grade of concrete, different grades of steel, and different levels of strain at compres-
sion steel (d ′/d) viz 0.125, 0.150, and 0.175. The procedure to explaining the use of
these charts is discussed in the next section.

4 Use of Prepared Flexural Charts

The procedure to use the charts considering different cases is explained below with
the help of example.
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Fig. 2 Flowchart for flexural capacity calculation for shear design
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Table 2 Flexural design charts

d ′/d = 0.05 d ′/d = 0.075 d ′/d = 0.1

Mu/bd2 % Ast % Asc =
Ast/2

Mu/bd2 % Ast % Asc =
Ast/2

Mu/bd2 % Ast % Asc =
Ast/2

3.46 1.202 0.601 3.46 1.202 0.601 3.46 1.1822 0.591

3.5 1.214 0.607 3.5 1.214 0.607 3.5 1.1942 0.597

3.6 1.243 0.621 3.6 1.244 0.622 3.6 1.2241 0.612

3.7 1.272 0.636 3.7 1.274 0.637 3.7 1.2541 0.627

3.8 1.301 0.651 3.8 1.304 0.652 3.8 1.2840 0.642

3.9 1.330 0.665 3.9 1.334 0.667 3.9 1.3140 0.657

4.0 1.360 0.680 4.0 1.364 0.682 4.0 1.3439 0.672

4.1 1.389 0.694 4.1 1.394 0.697 4.1 1.3739 0.687

4.2 1.418 0.709 4.2 1.424 0.712 4.2 1.4038 0.702

4.3 1.447 0.724 4.3 1.454 0.727 4.3 1.4337 0.717

4.4 1.476 0.738 4.4 1.484 0.742 4.4 1.4637 0.732

4.5 1.505 0.753 4.5 1.514 0.757 4.5 1.4936 0.747

4.6 1.535 0.767 4.6 1.544 0.772 4.6 1.5136 0.757

4.7 1.564 0.782 4.7 1.574 0.787 4.7 1.5435 0.772

4.8 1.593 0.796 4.8 1.603 0.802 4.8 1.5735 0.787

4.9 1.622 0.811 4.9 1.633 0.817 4.9 1.6034 0.802

5.0 1.651 0.826 5.0 1.663 0.832 5.0 1.6333 0.817

5.1 1.680 0.840 5.1 1.693 0.847 5.1 1.6633 0.832

5.2 1.709 0.855 5.2 1.723 0.862 5.2 1.6932 0.847

5.3 1.739 0.869 5.3 1.753 0.877 5.3 1.7232 0.862

5.4 1.768 0.884 5.4 1.783 0.892 5.4 1.7531 0.877

5.5 1.797 0.898 5.5 1.813 0.907 5.5 1.7931 0.897

5.6 1.826 0.913 5.6 1.843 0.922 5.6 1.8230 0.912

5.7 1.855 0.928 5.7 1.873 0.936 5.7 1.8529 0.926

5.8 1.884 0.942 5.8 1.903 0.951 5.8 1.8829 0.941

5.9 1.914 0.957 5.9 1.933 0.966 5.9 1.9128 0.956

6.0 1.943 0.971 6.0 1.963 0.981 6.0 1.9428 0.971

6.1 1.972 0.986 6.1 1.993 0.996 6.1 1.9727 0.986

6.2 2.001 1.001 6.2 2.023 1.011 6.2 2.0027 1.001

6.3 2.030 1.015 6.3 2.053 1.026 6.3 2.0326 1.016

6.4 2.059 1.030 6.4 2.083 1.041 6.4 2.0625 1.031

6.5 2.088 1.044 6.5 2.112 1.056 6.5 2.0925 1.046

(continued)



Preparation of Flexural Design Charts Using IS 13920:2016 57

Table 2 (continued)

d ′/d = 0.05 d ′/d = 0.075 d ′/d = 0.1

Mu/bd2 % Ast % Asc =
Ast/2

Mu/bd2 % Ast % Asc =
Ast/2

Mu/bd2 % Ast % Asc =
Ast/2

6.6 2.118 1.059 6.6 2.142 1.071 6.6 2.1224 1.061

6.7 2.147 1.073 6.7 2.172 1.086 6.7 2.1474 1.074

6.8 2.176 1.088 6.8 2.202 1.101 6.8 2.1773 1.089

6.9 2.205 1.103 6.9 2.232 1.116 6.9 2.2073 1.104

7.0 2.234 1.117 7.0 2.262 1.131 7.0 2.2372 1.119

7.1 2.263 1.132 7.1 2.292 1.150 7.1 2.2671 1.134

7.2 2.293 1.147 7.2 2.322 1.182 7.2 2.2971 1.149

7.3 2.322 1.178 7.3 2.352 1.213 7.3 2.3270 1.164

7.4 2.351 1.208 7.4 2.382 1.245 7.4 2.3570 1.178

7.5 2.380 1.239 7.5 2.412 1.276 7.5 2.3869 1.193

7.6 2.409 1.270 7.6 2.442 1.308 7.6 2.4169 1.208

7.7 2.438 1.300 7.7 2.472 1.339 7.7 2.4468 1.223

7.8 2.467 1.331 7.8 2.502 1.371

7.9 2.497 1.362

8.0 2.526 1.392

4.1 Design Example Using Prepared Charts

Given data:Mu,h =−369 kNm,Mu,s = 320 kNm.B= 300,D= 600, fy = 415MPa,
fck = 25 MPa, cover for moderate exposure conditions = 30 mm, assuming 20 mm
diameter bars in two layers. Calculate % reinforcement required for this (Source:
Ingle and Jain [11].

∴ Effective depth = 600 – 30 − 8 – 20 − 10 = 532 mm

Mu,h

bd2
= −369 ∗ 106

300 ∗ 5322
= 4.35,

Mu,s

bd2
= 320 ∗ 106

300 ∗ 5322
= 3.77,

d ′

d
= 68

532
= 0.1278

Referring to Table 51 of SP 16 and Table 2 of current study, for fck = 25 and Fe
415 for d ′/d = 0.1. The comparative study of the output obtained considering above
different cases discussed in Sect. 2 is given in Table 3.

4.2 Flexural Capacity Calculation Using Prepared Charts

In earthquake action, due to lateral vibrations, shear gets developed in structural
members as well as at joints. So by knowing the capacity at a section, shear can be
calculated. This is explained with the help of following example.
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Table 3 Comparative study of design parameters obtained from different cases

Case I (SP 16) Case II (IS 13920:2016)

(i) Top steel (Pt ) for hogging action,
Mu,h

bd2
= 4.35

1.476 1.326

(ii) Bottom steel (Psc) for hogging action 0.291 0.738

(iii) Bottom steel Pt for saging action,
Mu,s

bd2
= 3.77

1.300 1.260

(iv) Top steel (Psc) for sagging action 0.102 0.650

(v) Top steel = max of (i) and (iv) 1.476 1.326

(vi) Bottom steel = max of (ii) and (iii) 1.300 1.260

Table 4 Reinforcement details

Longitudinal reinforcement

Beam Left end Center Right end

Top reinforcement 3–16 � straight + 5–20
� + 1–16 � extra
Steel provided =
2374 mm2 i.e. 1.487%

3–16 � straight
Steel provided =
603 mm2

i.e. 0.378%

3–16 � straight +
5–20 � + 1–16 �

extra
Steel provided =
2374 mm2 i.e. 1.487%

Bottom reinforcement 3–16 � straight + 3 20
� extra
Steel provided =
1545 mm2 i.e. 0.97%

3–16 � straight
Steel provided =
603 mm2

i.e. 0.378%

3–16 � straight +
(2–16 � + 1–20 �)
extra
Steel provided =
1319 mm2 i.e. 0.99%

Source Ingle and Jain [11]

Example Given Data: fck = 25 MPa, fy = 415 MPa, d ′/d = 0.1.

Summary of flexural reinforcement is as per Table 4.
The additional shear due to formation of plastic hinges at both the ends of beams

is evaluated as per clause 6.3.3 of IS 13920:2016. Here,MAs
u,lim,M

Bh
u,lim are the sagging

and hogging moments at both the ends of the beam which are to be calculated on the
basis of actual area of steel provided in the section.

At joint A, the beam is provided with pt = 1.487 at top and psc = 0.97 at bottom,
and at joint B, it is provided with pt = 1.487 at top and psc = 0.99 at bottom.

Assume, shear at the ends of beam, V D+L
uA = V D+L

uB = 1.2×(DL+LL)

2 = 84 kN,
length = 5 m now, following Table 5 is prepared for flexural capacity by referring
Table 51 of SP 16:1980 and Table 2 of current study.

Using equations given in IS 13920:2016 to calculate shear for beam section,
flexural capacities obtained in Table 5, and shear is calculated for both the cases, and
the results are given in Table 6.
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Table 5 Calculation of flexural capacity using charts

pt = 1.487 pt = 0.97 pt = 0.99

SP 16 IS 13920:2016 SP 16 IS 13920:2016 SP 16 IS 13920:2016
Mu
bd2

4.476 4.643 2.297 3.128 2.862 3.189

MR (kN m) 380 394 237 265 234 270

Table 6 Comparison of shear developed due to earthquake action

Sway direction Right Left

End shear VuA (kN) VuB (kN) VuA (kN) VuB (kN)

Case I (SP 16) 89 257 257 89

Case II (IS 13920) 101 269 270 103

5 Observation and Discussions

i. It is observed that (Table 3), top steel required is less when we used the charts
prepared using IS 13920:2016 compared with SP 16. Hence, section becomes
under-reinforced leading to more ductility.

ii. The charts prepared using IS 13920:1993 provide ease to structural design as
well as to calculate flexural capacity of a beam section easily compared to SP
16:1980 charts.

iii. From Table 5, it can be observed that more shear is developed in case II
[3] compared to case I (SP 16). This is because of being more compression
reinforcement is considered in case II which gives more moment of resistance.

iv. From Table 6, it can be seen that the flexural capacities required in earthquake
analysis are increased, and this increased capacities need to consider for shear
design as these indications are close to actual behavior of section.

v. As the increased capacities will give increased shear force this will give a safe
design for shear avoiding brittle failure.
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Seismic Response Reduction of RC
Frame Staging in Elevated Water Tank

Sakshi A. Manchalwar and V. Verghese

Abstract Elevated water tank with frame staging is mostly used in India and due to
its requirement after earthquake, it is considered as an important structure. Thus, it
is required to control the seismic response of tank staging to minimize damages. In
this work, the effectiveness of lead rubber bearing (LRB) and X-plate damper (XPD)
in seismic response control of staging is investigated. Initially, two types of frame
staging are considered for the same capacity of the tank and from nonlinear static
analysis, best-suited staging is identified. After this, LRB and XPD are installed
separately and to check the effectiveness of these devices, nonlinear time history
analysis has been performed for four different earthquake records. It is observed that
due to these control devices, seismic responses are significantly reduced.

Keywords Elevated water tank · Lead rubber bearing · Time history analysis ·
Pushover analysis · Frame staging

1 Introduction

Planning structures to react flexibly when they are exposed to quakes are uneconom-
ical, particularly in high seismic peril locales. Along these lines, seismic plan partic-
ulars grant structures to yield under the plan premise tremor. For whatever length of
time that sufficient specifying is given, structures can be intended for power levels
much lower than would be required for the flexible reaction.

Traditional seismic tremor safe structures depend on inelastic conduct in assigned
segments of the structures. For exceptional minute casings, where high malleability
requests are normal, inelastic conduct or harm ought to be continued in the bars from
the section faces and in the bar segment associations. Vitality scattering (inelastic
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reaction) is a consequence of basic harm (yielding), which is now and then trou-
blesome and costly to fix. Furthermore, if the area of the vitality dissemination in
the structure is not anticipated precisely, and if the harm happens in the gravity load
framework, the structures may fall.

Structures ought to have the option to keep up a few cycles of inelastic distortion
without a noteworthy loss of solidarity during quakes. A sensiblemeasure of firmness
misfortune can be obliged during the inelastic distortion, and the presentation of the
structure can be assessed by looking into the vitality dispersal at each cycle of loading.

An assortment of strategies is accessible to manage immense tremor powers.
Among these strategies, confining the structure from the beginning, inactive vitality
dissemination frameworks, and controlling the inelastic reaction of the structure are
the best and usually utilized.

Seismic isolation for tank is effective in decreasing seismic effect of elevated
water tanks [1]. Panchal and Jangid [2] investigated seismic effect of liquid tanks
using variable friction isolator and results show this isolation is very effective in
decreasing seismic effect. Shekari et al. [3] investigated isolated tank for long period
earthquakes which shows significant reduction in response parameters as compared
to fixed base tank. Friction pendulum isolator is more efficient for slender tank [4]
and isolator parameters also affect the response of tank. Soni et al [5] investigated
the effectiveness of double variable frequency pendulum isolator for liquid storage
slender and broad tanks. By using three types of isolation systems, Seleemah and
Sharkawy [6] investigated the seismic responses of base-isolated slender and broad
cylindrical liquid storage ground tanks. Panchal and Jangid [7], the seismic effect
of liquid storage steel tanks was studied using Variable frequency pendulum (VFP)
Isolator.

The present work is distributed into two phases: in the first phase, seismic perfor-
mance evaluation of two different tank staging is done for same tank capacity and
compared the nonlinear static performance. In second phase, the seismic response
of staging for nonlinear dynamic analysis is the study. This nonlinear time history
analysis is performed for two real groundmotions in SAP [8]. From previous study, it
is observed that passive dampers are not studied for tanks. Thus, base isolation (lami-
nated rubber bearing) and passive device (metallic dampers) are used, respectively.
These protective systems significantly reduced the seismic response of structure
which makes safe response of conditions of staging.

2 X-Plate Damper (XPD)

AnXPDmay be a device that is capable of sustaining several cycles of stable yielding
deformation leading to a high level of energy dissipation or damping. Its energy
dissipation depends totally on relative displacement at intervals on the device and
not on the relative velocities. It consists of an assembly that holds either single or
multiple elements of ‘X’-form plates, the amount of plates depends on the requisite
of the system to dissipate the external input unstable energy. The employment of such
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Fig. 1 Typical XPD with
holding devices [17]
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device was first planned by Kelly et al. [9], they played out a progression of trial tests
on structures and his work was reached out by Skinner et al. [10] and Tyler [11].
An X-plate damper device has been studied via experiments by Bergman and Goel
[12] and Whittaker [13, 14], subsequently employed in seismic retrofitting projects
discussed by Matinez-Romero [15] and Perry et al. [16]. A typical XPD with device
employed in the current work as shown in Fig. 1.

Using beam theory, the properties of XPD are expressed in Eqs. (1–3),

Fy = σybt2

6a
n (1)

q = 2σya2

Et
(2)

Kd = Fy

q

Kd = Ebt3

12a3
n (3)

3 Lead Rubber Bearing Isolation

The LRB framework was invented in New Zealand in 1975 and created as an elas-
tomeric-based framework. Afterward, it was generally utilized in created nations, for
example, Japan and theUSA.Theworking rule of this framework is like the laminated
elastic bearing framework. The frameworks contrast in light of the fact that around
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Fig. 2 Lead rubber bearing
isolator

and hollow lead center is put amidst the LRB framework to give extra unbending
nature to the framework (Fig. 2). The lead center builds the vitality retention limit
of the framework; in this way, the parallel solidness is possibly expanded against
solid ground movements. Subsequently, the principle point of the lead expansion is
to increment both the solidness at moderately low even power levels and the vitality
dispersal limit.

The attributes of the lead material have been considered in the generation of LRB
frameworks. By and large, lead has a low yield moment that shear stress achieve 10
MPa, and it shows elasto-plastic conduct. Lead is additionally impervious to rehashed
stacks and can restore itself after some time following deformation, Komur [18].

4 Details of Tank Model

In thiswork, elevated tankof capacity 250m3 with twodifferent staging is considered.
The configuration of frame staging is shown in Fig. 3. The tank frame staging is
considered a special moment resistance frame with response reduction factor R= 4.
Seismic forces are calculated according to IS 1893 Part 2 [19] and designed. Concrete

Fig. 3 Plan and elevation of
staging 3 m

3 m

3 m

3 m

2 m

Staging 1

Staging 2

Plan Elevation
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Fig. 4 Pushover curve for
two different staging patterns
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grade of M30 and steel grade of Fe415 is used in the design. Initially, the size of a
column, top beam, and brace based on IS 1893 Part 2 [19] 450 × 450 mm, 300 ×
600 mm, and 300 × 450 mm is used, respectively. All the sections are designed as
per IS 456 [20].

Figure 4 shows a capacity curve which gives a comparison between two types of
staging used for the same capacity of thewater tank. Staging 2 having additional diag-
onal bracing in a planwhich improves performance of staging as compared to staging
1. Performance of structure has been classified into different levels, viz. Immediate
Occupancy (IO), Life Safety (LS), and Collapse (C). Immediate Occupancy implies
the post-earthquake damage state in which without a doubt, very constrained basic
damage has happened. Life Safety Performance Level methods the post-earthquake
damage state in which critical damage to the structure has happened; however, some
edge against either fractional or all out auxiliary breakdown remains. Breakdown
Performance Level methods the structure is very nearly encountering an incomplete
or complete collapse. To study the effectiveness of base isolation and damper, staging
2 is considered.

4.1 Ground Motion Data

For the numerical analysis, four earthquake records are listed in Table 1 which were
taken from ATC-40. These time histories have been scaled to spectral compatible

Table 1 Earthquake used in the study

EQ ID Earthquake PGA (g)

M Year Name

120522 7.1 1999 Hector Mine 0.34

120612 6.5 1979 Imperial Valley 0.35

120812 7.5 1999 Kocaeli, Turkey 0.36

121211 6.5 1987 Superstition Hills 0.36
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Fig. 5 Compatible response
spectra for four earthquakes
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time history data with peak ground acceleration (PGA) of 0.36 g with the help of a
wavelet transform-based software WAVEGEN [21]. Figure 5 shows the target and
the matched response spectra.

5 Dynamics Response with Isolator

Lead rubber bearing is installed at the base of staging 2. The seismic response of
staging with and without LRB is shown in Fig. 6 for four different earthquakes. It is
observed that base shear is significantly reduced in the case of LRB as compared to
fix base structure. Base shear of the structure is depending on mass and fundament
period of the structure. Fundament period of the structure and base shear is inversely
proportional. The fundament period of the structure with LRB is increased by 2 to
3 times period of the fixed base structure thus reduction of base shear is observed.
Because of the reduction in forces, damages in tank staging and wall will minimize.

6 Dynamic Response with Metallic Damper

Figure 7 shows displacement control of staging with damper as compared to without
damper case for four earthquakes. It is observed that top staging displacement reduces
approximately 60–70% in all earthquakes. Elastic drift limit of the elevated tank is
restricted to 0.4 present of the height of staging as per IS 1893 Part 1 [22]. It is found
that elastic drift limit has been checked in both the cases and found to be in case with
damper, it is in the prescribed limit.
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Fig. 6 Base shear comparison for with and without LRB

7 Conclusions

Most of the failures of water tanks were due to failure in staging and it was observed
in past earthquakes. Seismic isolation and passive energy dissipation systems are
very effective in reducing response of structure. The main objective of study is to
investigate different control techniques for frame staging in elevated water tank.
All analyses were performed in SAP [8] and based on the study of XPD and LRB,
following conclusions are made:

1. Proper bracing system can increase capacity of tank staging.
2. Lead rubber bearing is very effective in reducing forces on structure.
3. Marginal reduction in displacement is observed due to the use of metallic

dampers.
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Fig. 7 Top displacement comparison for with and without damper

References

1. Shenton HW, Hampton FP (1999) Seismic response of isolated elevated water tanks. J Struct
Eng 125(9):965–976

2. Panchal VR, Jangid RS (2008) Variable friction pendulum system for seismic isolation of liquid
storage tanks. Nuclear Eng Des 238:1304–1315

3. Shekari MR, Khaji N, Ahmadi MT (2010) On the seismic behavior of cylindrical base-isolated
liquid storage tanks excited by long-period ground motions. Soil Dyn Earthquake Eng 30:968–
980

4. Abal E, Uckan E (2010) Parametric analysis of liquid storage tanks base isolated by curved
surface sliding bearings. Soil Dyn Earthquake Eng 30:21–31

5. Soni DP, Mistry BB, Panchal VR (2011) Double variable frequency pendulum isolator for
seismic isolation of liquid storage tanks. Nuclear Eng Des 241:700–713

6. Seleemah AA, Sharkawy ME (2011) Seismic response of base isolated liquid storage ground
tanks. Ain Shams Eng J 2:33–42

7. Panchal VR, Jangid RS (2011) Seismic response of liquid storage steel tanks with variable
frequency pendulum isolator. KSCE J Civil Eng 15(6):1041–1055

8. SAP (2000) Integrated software for structural analysis and design, technical reference manual.
Computers and Structures, Inc

9. Kelly JM, Skinner RI, Heine AJ (1972) Mechanisms of energy absorption in special devices
for use in earthquake resistant structures. Bull NZ Soc Earthquake Eng 5(3):63–88

10. Skinner RI, Kelly JM, Heine AJ (1974) Hysteretic dampers for earthquake resistant structures.
Earthquake Eng Struct Dyn 3(3):287–296



Seismic Response Reduction of RC Frame Staging … 69

11. Tyler RG (1978) Tapered steel energy dissipators for earthquake resistant structures. Bull NZ
Nat Soc Earthquake Eng 11(4):282–294

12. Bergman S, Goel S (1987) Evaluation of cyclic testing of steel-plate devices for added damping
and stiffness. Report UMCE 87–10, Department of Civil Engineering, University of Michigan

13. Whittaker AS, Bertero VV, Alonso LJ, Thompson CL (1989) Earthquake simulator testing
of steel plate added damping and stiffness elements. Report UCB/EERC-89/02, Earthquake
Engineering Research Center, University of California at Berkeley

14. Whittaker AS, Bertero VV, Thompson CL, Aionso LJ (1991) Seismic testing of steel plate
energy dissipation devices. Earthquake Spectra 7(4):563–606

15. Martinez-Romero E (1993) Experiences on the use of supplementary energy dissipators on
building structures. Earthquake Spectra 9(3):581–626

16. Perry CL, Fierro EA, Sedarat H, Scholl RE (1993) Seismic upgrade in San Francisco using
energy dissipation devices. Earthquake Spectra 9(3):559–579

17. Manchalwar AA, Bakre SV (2016) Performance of RC structures equipped with steel and
aluminium X-plate dampers. J Inst Eng India Ser A 97(4):415–425

18. Komur MA (2015) Soft-story effects on the behavior of fixed-base and LRB base-isolated
reinforced concrete buildings. Arab J Sci Eng 41(2):381–391

19. IS 1893 Part 2 (2014) Criteria for earthquake resistant design of structures part 2 liquid retaining
tanks. Bureau of Indian Standard, New Delhi, India

20. IS 456 (2000) Plain and reinforced concrete-code of practice (fourth revision). BIS, NewDelhi,
India

21. Mukherjee S, Gupta VK (2002) Wavelet-based generation of spectrum-compatible time
histories. Soil Dyn Earthquake Eng 22:799–804

22. IS 1893 Part 1 (2016) Criteria for earthquake resistant design of structures part 1 general
provisions and buildings. Bureau of Indian Standard, New Delhi, India



Bending Analysis of Laminated
Composite Thick Beam

D. H. Tupe, A. G. Dahake, and G. R. Gandhe

Abstract The aim of this study to investigate the characteristics of a laminated
composite beamwith simple supports. The relations are developed between solutions
of traditional theories of beams with those of the superior order shear deformation
theories. Shear warp theories are those in which the effect of slanting shear strain
is integrated. The interactions are developed for displacement, shear, and bending
analysis. The principal equation of beam can be derived using energy and variational
principles. In energy methods, the principle of virtual work or their derivatives,
such as the principle of minimum potential energy is used to obtain the governing
differential equations. The energymethod has the advantage of providing information
in the form of boundary conditions. The results of displacement, shear, and bending
of a laminated composite beam are given for other shear deformation theories, in
order to illustrate the influence of thick beam on the still behavior of beam.

Keywords Simple support · Laminated composite · Shear deformation · Thick
beam

1 Introduction

The different beam theories, succeeding from the simple traditional lamination beam
theory to the primary order beam theory then advanced order beam theory. The latter
two beam theories allow for the effect of transverse shear deformation which has
been neglected in traditional lamination beam theory. In point of view, the mathe-
matical similarity of the governing equations and on the basis of load equivalence,
exact relationship between the bending solutions of these three beam theories is
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derived. Ferreira et al. [1] pooled the Carrera’s incorporated research and a circular
support function involvement performance to resolve the still distortions and free
quaking effects of slender and deep isotropic and cross-ply-bonded plates. Hiroyuki
[2] analyzed the normal occurrences and buckling effect of laminated compound
round curves exposed to primary axial stress by considering the entire belongings
of perpendicular shear and regular stresses and rotatory inertia. Displacement field
built on advanced order shear deformation theory is executed by Kadoli et al. [3]
to study the stationary effect of functionally graded metal–ceramic beams under
ambient temperature. A new plane stress model of composite beams with interlayer
slips is established by Wu and Chen [4] via state space method.

Patel et al. [5] used the method of initial functions (MIF) to analyze the isotropic
beam with simple supports subjected to udl. The significance of this method is that
no assumptions are required about the variation of stress or displacements. Amabili
and Farhadi [6] studied the nonlinear-forced sensations of isotropic and laminate
composite regular shape simply supported plates. Ghugal and Kulkarni [7, 8] carried
out the analysis considering the temperature stresses and deflections for orthotropic,
two-layer, and three-layer square cross-ply-laminated plates. Mohite and Upadhyay
[9] investigated the excellence of the stresses obtained using superior order shear
flexible laminated theories for a slab.

2 Methodology

The beam considered of three layers:

First layer (0° layer) considering following parts:

0 ≤ x ≤ L ,−b/2 ≤ y ≤ b/2,−h/2 ≤ z ≤ −h/6

Second layer (90° layer) considering following parts:

0 ≤ x ≤ L ,−b/2 ≤ y ≤ b/2,−h/6 ≤ z ≤ h/6

Third layer (0° layer) considering following parts:

0 ≤ x ≤ L ,−b/2 ≤ y ≤ b/2, h/6 ≤ z ≤ h/2

where x, y, z are Cartesian directions,
L = length, b = width and h = total depth of beam.

The beam is exposed to varying force q(x) per unit length (Fig. 1).
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Fig. 1 Laminated beam with varying load

2.1 Displacement Field

The displacement field used in present layerwise shear deformation theory is as
follows:

u(x, z) = u0 − z
dw

dx
+ z

[
1 − 4

3

( z

h

)2
]

φ(x)

w(x, z) = w〈x〉

Example A beam with simple supports three layers (0°/90°/0°) with varying load

Beam is contrasted and three equivalent thickness unidirectionally strengthened
covers of graphite-epoxy and has a length to profundity proportion of four (L/h = 4)
and ten (L/h = 10). The heading of graphite fibers is longitudinal in base and best
(Layers 1 and 3 separately) and typical to the longitudinal pivot of the beam in center
(Layer 2). The numerical values of the properties are as follows:

E1 = 172.75 × 103 MPa, E2 = 6.89 × 103 MPa,

G1 = 3.445 × 103 MPa, G2 = 1.378 × 103 MPa,

μ12 = μ21 = 0.25.
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Table 1 The axial deformation (ū) at (x =0.25 L, z = h/2), deflection (w̄) at (x =0.25 L, z = 0)

in-plane stress (σ̄x ) at (x = 0.25 L, z = h/2), max. Shear τCR
zx and τ EE

zx (x =0, z = 0) of the simple
support beam

Theory S w̄ ū σ̄ x τCR
zx τ EE

zx

Present (HSDT) 4 2.8312 0.2379 5.2675 0.6109 2.2000

FSDT 2.8252 0.2375 5.2500 0.6108 2.0000

CLB 0.1718 0.2978 6.0000 − 2.0000

Present (HSDT) 10 2.1055 3.7171 32.9210 1.4761 5.5000

FSDT 2.1033 3.7109 32.8120 1.4758 5.0000

CLB 0.1719 4.6667 37.5000 − 5.0000

Fig. 2 Deflection w̄ for L/h
= 4
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3 Results

The results are presented in Table 1 and their variations are plotted in respective
figures (Figs. 2, 3, 4 and 5).

4 Conclusions

In this numerical study, higher order type of displacement function is presented. The
displacement function uses higher order terms to represent the displacement across
the thickness and the displacement function satisfies displacement and transverse
shear stress continuity at the interface. Zero shear stress condition at top and bottom
of the beam is also satisfied. Results presented for transverse displacement, in-plane
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Fig. 3 Displacement ū for
L/h = 4
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Fig. 4 Bending stresses σx
for L/h = 4
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Fig. 5 Shear stresses τ EE
zx

for L/h =4
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displacement, in-plane stress, and transverse shear stress are giving accurate results
compare to CLB and FSDT.
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Nonlinear Finite Element Analysis
of Reinforced Concrete Haunched Beams
Without Shear Reinforcement Under
Static Shear Load

Hamzah Sabah Jebur

Abstract In the current paper, the verification of simply supported reinforced
concrete (haunched and prismatic) beams has been done for different haunched
angles. These beams have tested without shear reinforcement previously. These
beams have tested by applying a concentrated static load at a mid-span. The verifi-
cation has been done by comparing the results of nonlinear finite element analysis
method by using ANSYS (Mechanical APDL) software with the experimental work
results, where the load–deflection curves were obtained for both (FEA and exper-
imental). The verification has done for three beams; one was as a prismatic beam
and two more as a haunched beam with different haunched angles (α). The results
obtained from ANSYS were in agreement with the experimental results, where the
load–deflection curves of ANSYS results and experimental results were matching
for all beams. The ANSYS results confirm the different behaviour of RCHBs with
respect to prismatic beam which have been observed in an experimental work also.
This paper shows the strength of ANSYS software in modelling and analysis.

Keywords RCHBs · Pure shear failure · Beams without shear reinforcement ·
Finite element analysis · ANSYS

1 Introduction

The reinforced concrete haunched beam is a beam which has varying depth along
the length of beam with constant width, and it can be used as a simply supported or
continuous beams in bridges and mid-rise framed buildings Fig. 1, where it is used
in Latin American cities such as Mexico City in Mexico or in Ecuador [1, 2]. The
purpose of using RCHBs is to ease placement of facilities (electrical cables, pipes,
air conditioning, sewage, etc.) and to decrease the quantity of concrete as well as the
weight of structure [1, 2, 9]. Using this beam gives more efficient lateral stiffness or
moment capacity to self-weight ratio as compared with prismatic beams [2] and is
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Haunched 
beams 

Fig. 1 Using RCHBs in urban bridge and frame building [2, 3]

used for aesthetic reasons.However, themajor disadvantage of usinghaunchedbeams
is that their use usually involves higher construction prices, as special formwork and
qualified construction staff area unit needed [1–3]. This type of beam is not used in
many other countries because there is no enough data about RCHBs available. The
first study has done for shear failure of RCHBs at the lakebed zone of Mexico City
on September 19, 1985, Michoacán Earthquake [3]. To analyse this type of beam
numerically, it is required using such a software which can model and analyse the
varying shapes. The finite element analysis method uses the advance mathematical
concept to find out the results of complex engineering problems [4]. In this method,
we can model any complex engineering problem, and the results of analysis will
be approximate to the experimental results [4]. The complexity of the engineering
problem may be in the load applied, boundary conditions, varying shape or non-
homogeneous material [4]. The nonlinear finite element analysis is widely used for
analysis in structural engineering to get much clear idea about the behaviour of
structures, and it shows a good agreement with experimental work. Many software
are based on the concept of FEA to analyse a complex engineering problem. Some
of the popular packages are STAAD-PRO, Robot Structural Analysis Professional
RSA, GT-STRUDEL, NASTRAN, ABAQUS and ANSYS [4]. Handling one of this
software can solve several and different problems. In this study, the strength of
ANSYS software system has been shown in modelling concrete haunched beams
(RCHBs) under static shear load, and it had been ready to show the behaviour of
RCHB in steps from initial crack until completed failure. The comparison of ANSYS
results with experimental results is shown in this study. In the current paper, the
verification has been done for reinforced concrete beamswithout shear reinforcement
to understand the behaviour of RCHB and to get idea about the capacity of this type
of beams. Three beams have been presented in this paper to understand the behaviour
of beams by comparing with experimental results which have been done by Nghiep
[5]. The test is shown that the capacity of RCHBs is decreased by increasing the
haunched angle. The shear reinforcement is providing in support region area only,
whilst the longitudinal reinforcement has provided along the length of beams with
enough quantity to ensure the failure will be in shear [6]. The load is applied as a
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point (concentrated) load at amid-span. Thematerial properties and dimensions have
been taken from the experimental work data. The specimens were a slender (a/d >
2.5) [5, 6]. The details of reinforcement and properties of concrete were same in all
beams, but the depth was varying by changing the angle α of haunch. The nonlinear
finite element analysis by ANSYS is shown a good agreement with experimental
work and ABAQUS software as shown in results.

2 Objectives

In this paper, the nonlinear finite element analysis method is used to analyse RCHBs
without shear reinforcement byusingANSYSsoftware byverifying a previous exper-
imental work has been done to ensure the behaviour of this type of beams under shear
failure and to see the cracks pattern by incrementing the load. Handling a software
can save time and cost of studying any behaviour of any structure.

3 Description of Beams

The geometry and properties were taken from references [5, 6], where the verification
is done on this experimental study.

3.1 Geometry of Beams [5]

As shown in photos and table, the beams have the same depth at mid-span, but the
depth at support region is varying with changing the haunched angle (0, 3.95 and
5.91°). The dimensions of beams and reinforcement details are shown in Table 1 and
Fig. 2.

Table 1 Dimensions of beams [5, 6]

Beam ID Ds (mm) ds (mm) Dm (mm) dm (mm) b (mm)

1L-1 340 300 340 300 200

2L-1 240 200 340 300 200

3L-1 190 150 340 300 200

Dm: total depth at mid-span, dm: effective depth at mid-span, Ds: total depth at support region and
ds: effective depth at support region
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a. Cross-section details

b. Longitudinal reinforcement details 

Bottom 3ϕ20

Top 2ϕ8 (regions with stirrups only support region) (3)

Fig. 2 Geometry of beams with reinforcement details [5, 6]

3.2 Properties of Materials [5, 6]

The longitudinal reinforcement in bottom is used along the length of beams, but
the longitudinal reinforcement at top and ties is used in support region only, where
3φ20 bars are used in bottom reinforcement and 2φ8 bars in top reinforcement with
yielding strength 550 MPa, and the bar diameter of ties is φ8. The compressive
strength of concrete ( f c′) is 30 MPa. The longitudinal reinforcement bars were used
much enough to ensure that shear failure will occur in all test beams.

4 ANSYS Model Progress

4.1 Elements Type

The element types can be selected according to ANSYS Mechanical APDL Manual
as following:

(a) Solid 65 [7]

Solid 65 is an element having eight nodes and six faces, for that, eight nodes should
be available to define one Solid 65 element. This element can be used as a concrete
element because it can be cracked and crashed [7, 8]. The behaviour of this element
is in three directions (three degree of freedom). The element can be reinforced by
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Solid65 Solid185

Link180

Fig. 3 Elements shape [7]

bar reinforcement also, where the bar reinforcement can be provided in the element
with specific ratio.

(b) Link 180 [7]

This element required two nodes only to define it, where it is one-dimensional
element. Its behaviour is in three dimensions x, y and z (three degree of freedom).
The element is a uniaxial tension–compression element, means it can carry axial
tensile and compressive stresses. For that we can use this element as a reinforcement
bar in modelling.

(c) Solid 185 [7]

Solid 185 required eight nodes to define, and it has six faces similar to Solid 65, just
its behaviour is different. The element deforms in three dimensions. The properties of
this element as mentioned in ANSYS Manual are plasticity, stress stiffening, creep,
large deflection and large strain capabilities. It is suitable to use as a bearing plate at
supports and at load point to prevent the local crashing of concrete, where the used
element are shown in (Fig. 3).

4.2 Geometry Model of Beams

Node to node method of modelling type has been used. The sequence of modelling
defines the elements, real constant, the properties for every element and adds the
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Bearing plate at support 

Bearing plate as load

Fig. 4 Boundary condition of beam 2L1

nodes then adds the element. To define the element Solid 185 and Solid 65, there
should be there eight nodes to define one element, where the link 180 requires two
nodes only [7]. The meshing is defined already by defining the spacing between the
nodes.

4.3 Boundary Condition and Loads

The boundary condition of beamwas defined as a simply supported beam by defining
one support from one side as a roller and from other side as a hinged support (Fig. 4).
The supports are added to bearing plates not to concrete element directly. The load
has applied on nodes of loading plates at mid-span of beams. The load was defined
as a static load with tolerance value 0.05.

5 ANSYS Results

The results are shown that the failure occurs because of shear failure Fig. 7 and Fig. 8,
and it shows the capacity of beam decreases when the haunched angle α is increased.
The results are matching with the experimental results. The test results have taken
from References [5, 6], where the verification has done on this experimental work
(Table 2).

It can be observed that the deflection capacity is increased by increasing the angle
α (Table 2). (Fig. 5) shows the maximum deflection of beam 1L2 at ultimate load.

Table 2 Results of ANSYS and test summery

Beam ID F. Test (kN) F. ANSYS (kN) δ. test (mm) δ. ANSYS (mm)

1L1 151 142.6 10.7 10.8

2L1 150 134 11.9 10.9

3L1 133 125 11.9 11.6
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Fig. 5 Deflection of beam 2L1 as shown in ANSYS

Figure 7 shows the cracks pattern of beam 2L1 from load 30 kN (initial crack)
till failure load 133 kN, where the sequence of crack pattern is shown by increasing
the load every 10 kN more (30, 40, 50, …, 133).

Figure 6 shows the comparison of ANSYS results with experimental results and
test results with ABAQUS results also by taking the load–deflection curve for every
beam, and this comparison shows a good agreement in ANSYS andABAQUS results
with experimental work results (Fig. 6 ).

6 Conclusion

As shown in results, the shear capacity of beam is decreased when the depth of beam
near support decreases. The angle of shear failure is about 45° similar to test results.
It is worth noting that all these beams are not designed for shear, so whatever is the
capacity in these beams is the capacity of concrete itself. It can be observed clearly
that the ANSYS software can give a good indication about the behaviour of varying
shape beams (RCHBs).
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a. ANSYS relusts in current study, ABAQUS and test results of 1L1

b. ANSYS relusts in current study, ABAQUS and test results of 2L1
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c. ANSYS relusts in current study, ABAQUS and test results of 3L1
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Fig. 6 Load-Deflection curve of beams (1L1, 2L1 and 3L1), respectively, as shown in presented
study by ANSYS software, and experimental and ABAQUS results as shown previously by Nghiep
[6]
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at 30kN

at 40kN

at 50kN

Fig. 7 Cracks pattern of beam 2L1 as shown in ANSYS
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at 60kN

at 70kN

at 80kN

Fig. 7 (continued)
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at 90kN

at 100kN

at 110kN

Fig. 7 (continued)



88 H. S. Jebur

at 120kN

at 133kN

Fig. 7 (continued)

Fig. 8 Crack pattern of beams 1L1, 2L1 and 3L1, respectively, as shown in the present work by
ANSYS and as shown in the previous experimental results [6]
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Seismic Response of Rectangular RC
Building with and Without Infill Walls
Considering Soil–Structure Interaction

P. S. Bhurse, S. S. Sanghai, and N. Lalitha Kumari

Abstract In the last few years, the tall, proportioned and irregular structure exhibits
more risks during earthquakes. For interior wall and exterior walls of structure, infill
walls are frequently used to fill up the space between beam and column frame. In
this study, the influence of the response of infill walls on the seismic performance
of the reinforced concrete building prone to lateral seismic loads is investigated.
The exact modeling of the structure reflects on many structural aspects like strength
and stiffness of the structure to resist the lateral earthquake load initiated by the
earthquake. A comparative and parametric study is carried out with the help of joint
displacement, axial force, maximum bending moment, shear force, time period, etc.

Keywords Infill walls · Soil–structure interaction · Time history analysis ·
Equivalent diagonal strut method

1 Introduction

Themasonry infill wall has themain influence on the structural reaction of reinforced
concrete (RC) structures when exposed to seismic activity. Infill wall is mostly used
to increase initial stiffness and strength of reinforced concrete building construction.
The arrangement of infill strut panel and reinforced concrete edge is mostly used in
the structure, where the section is predisposed to seismic movement. Infill wall is
normally used as a partition element because ofmany suitable components like lighter
in load, openness in structure, excellent visible view, defending fabric goods, etc.,
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even so in the structural investigation, solely the impact of mass is measured and its
structural physical appearance such as strength and stiffness is usually neglected. Still
it provides significant lateral stiffness to the bare framed structures, these existed not
measured in the preceding edition of Indian standard code of seismic activity resilient
project is IS 1893:2002(Part 1) [1]. But, in the new publication of Indian standard for
a seismic activity resilient plan IS 1893:2016(Part 1), [2] many provisions for infill
walls are specified. The condition is that unreinforced infill wall can be modeled as
an equivalent sloping strut, which if not considered results in unequal structure. The
ends of the equivalent strut treated as pin joint are connected to the RC frame and
influence the opening on a width of the equivalent diagonal strut also stated. Infill
wall is unknown, although the mutual masonry wall, brick wall, etc. For the study,
we must measure the structural strength, stiffness of infill walls. As per statement
7.9 p.n. 25 IS 1893:2016(Part 1), [1]

Wds = 0.175 ∝−0.4
h Lds (1)

where

∝h= h

{
4

√
Em .t. sin 2θ

4.E f .Ic.h

}
(2)

Em = Modulus of resistance of the material of the unreinforced brickwork infill
E f = Modulus of resistance of the material of the RC moment resisting structure
IC = Moment of inertia of the adjacent column
t = Width of masonry infill walls
θ = The angle of the diagonal strut with the parallel
h = Height of URM infill walls
Wds = Breadth of equivalent diagonal strut
Lds = Sloping distance of infill strut panel (Fig. 1). It is well known fact that,

Fig. 1 Diagonal strut action of the infill [3]
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characteristics of earthquake motion depends upon local site conditions. If the
soil strata is very soft, then it alters the characteristics of earthquake motion.
Hence, soil-structure interaction plays important role in response calculation of
building. Neglecting the stiffness of infill strut and overestimating the stiffness
of soil strata may lead to conservative approach in response calculation. Hence,
this study is done to calculate the seismic response by considering the stiffness of
infill panels for rectangular building resting on nonlinear soil-foundation system.

2 Finite Element Modeling

The structure models are modeled, while 3D structural solids with element category
are allocated byFEAsoftware,ANSYS15.Mesh convergence studywas prepared for
structure and intended for soil a coarser mesh used. The ANSYS framed framework
is model with 2-node beam element BEAM188, and it has six degrees of freedom at
each node. Slab surface used SHELL181 also has six DOF at each node. And foun-
dation with SOLID 186, interface with the element is CONTA174 and TARGE170;
SURF154 is used for various loads and surface effect application in 3D analysis of
structure. The soil is modeled with SOLID65, and Drucker–Prager model is used for
nonlinear material of soil activities.

3 Material Models Used

The soil volume dimension is modeled as the solid section with dimensions as length
and breadth as five times the equivalent dimension of the structure and depth of soil
should be at least three times elevation of structure [4]. In this paper, soil volume is
modeled by using the direct method. Dead load and live load is given as per IS875
(Part 1) and (Part 2) 1987 [5, 6], respectively. The dead load includes self-weight
and wall loads (Table 1).

Table 1 Material property of concrete and soil [7, 8]

Properties Structure Soil

Material Concrete (M25) Hard Medium Soft

Young’s modulus E (N/m2) 2.5 × 1010 8.40 × 109 4.46 × 108 1.03 × 108

Poisson’s ratio 0.25 0.3 0.35 0.4

Density, P (kN/m3) 25 22 18 16

Cohesion, C (kN/m2) – 20 30 23

Internal friction angle (°) – 30 0 23
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4 Geometry of Building

The design is similar for G+3 and G+7 story structures shown in Figs. 2 and 3.
Usual floor-to-floor altitude is taken as 3.1 m for both the story. The dimension of

Fig. 2 Plan of structure

Fig. 3 Elevation of structure
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Table 2 Geometric details of G+3 and G+7 story building

Parameters Rectangle (m)

Plan dimension 10 × 8

Height of story 3.1

Depth of foundation 1.2

Size of diagonal strut 0.440 × 0.345

Thickness of slab 0.15

Table 3 Acceleration time history records

Earthquake Peak ground acceleration (PGA) Duration (s)

Hard soil (g) Stiff soil (g) Soft soil (g)

El-Centro 0.0922 0.1042 0.08919 40

Uttarkashi 0.3708 0.5042 0.6229 36.16

Dharamshala 1.3734 1.8639 2.29554 16.18

Kocaeli 0.1004 0.10449 0.0995 34.96

Parkfield 0.01226 0.04179 0.01226 30.33

the building is shown in Table 2. The framed structure is modeled in finite element
program ANSYS 15.

The plan and elevation of all three categories of structure are given below:
Following are the acceleration time history records which are used for analysis

(Table 3).

5 Demonstration with a Study on MDOF System

The finite element modeling is done for building along with the foundation system
using FEM software ANSYS 15.0. The soil physical properties are applied from the
material reference library in ANSYS for different linear or nonlinear soil model and
structure.

In the present estimation, the analysis of loam modeled by using ANSYS 15.0.
Following models are studied.
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Table 4 Results of G+3 and G+7 story structure

G+3 square G+7 square

fundamental
time period (s)

Top floor
displacement
(mm)

fundamental
time period (s)

Top floor
displacement
(mm)

Bare frame Model 1:Bare
frame (BF)

0.323 64.6 0.816 128.25

Model 2:BF
with SSI hard
soil

0.650 82.8 1.054 146.32

Model 3:BF
with SSI stiff
soil

0.857 87.80 2.133 164.6

Model 4:BF
with SSI soft
soil

0.923 145.79 2.915 233.14

Strut frame Model 5:Strut
frame (SF)

0.257 0.079 0.768 39.20

Model 6:SF
with SSI hard
soil

0.116 2.23 0.302 42.4

Model 7:SF
with SSI stiff
soil

0.131 2.42 0.416 43

Model 8:SF
with SSI soft
soil

0.340 2.78 0.431 44.4

Fig. 4 Bare frame
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Fig. 5 Strut frame

Fig. 6 Bare frame with SSI

Fig. 7 Strut frame with SSI
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6 Results and Discussion

Displacement in X-direction is calculated for dynamic loading at every point for top
of model is shown in Table 4 (Figs. 4, 5, 6 and 7).

From Table 4, it is clear that in all four types of building time period increase
with consideration of the effect of SSI, while time period decreases with consid-
eration of stiffness of infill strut panel. Since the soil is becoming softer, the time
period increases consequently. And also shows that joint displacement of the struc-
ture decreaseswith consideration of strut frame up to 86.83% as consideration of bare
frame. The maximum deformation in strut frame with SSI is decreases to 90.81% as
compared to the bare framewith SSI. The bare framewith SSI increases to 30.88% as
compared with the bare frame as the effect of SSI specified to the structure. However,
from the results, it is clear that due to the effect of SSI, consideration of infill strut
panel gives better results.

7 Maximum Axial Force for G+3 and G+7 Story Building

Maximum axial force for all models for G+3 and G+7 story rectangle building is
shown in the following figures.

FromFigs. 8 and 9 suggests the graph ofmaximum axial force in rectangle-shaped
building; it is clear that the maximum quantity of axial force decreases to 76.67%
due to infill strut panel. Considering the strut frame with SSI, axial force decreases to
83.92% as compared to the bare frame with SSI. The bare frame with SSI decreases
to 69.14% as compared with the bare frame. The effect of SSI indicates that the axial
force decreases due to the fact soil turn into softer due to expand in a time period.
For high story building, SSI and infill strut play a vital role and gives better results.

8 Maximum Bending Moment for G+3 and G+7 Story
Building

Maximumbendingmoment forG+3 andG+7buildingwith consideration of different
soil is shown in the following figures.

From Figs. 10 and 11, it is clear that maximum bending moment changes dras-
tically while considering infill and SSI. When only infill struts are modelled, it
was observed that, bending moment decreases by 98.60% as compared to the bare
frame. But when SSI effects are considered along with infill struts, bending moment
decreases by 88.68%. This changes will ultimately change the design of main
structural members.



Seismic Response of Rectangular RC Building … 99

(a) El-centro (b) Uttarkashi (c) Dharmshala

(d) Kocaeli (e) Parkfield

Fig. 8 Maximum axial force for G+3 story rectangle building for earthquake. a El-centro,
b Uttarkashi, c Dharamshala, d Kocaeli, e Parkfield

(a) El-centro (b) Uttarkashi (c) Dharmshala

(d) Kocaeli (e) Parkfield

Fig. 9 Maximum axial force for G+7 story rectangle building for earthquake. a El-centro,
b Uttarkashi, c Dharamshala, d Kocaeli, e Parkfield
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(a) El-centro (b) Uttarkashi (c) Dharmshala

(d) Kocaeli (e) Parkfield

Fig. 10 Maximum bending moment for G+3 story rectangle building for earthquake. a El-centro,
b Uttarkashi, c Dharamshala, d Kocaeli, e Parkfield

(a) El-centro (b) Uttarkashi (c) Dharmshala

(d) Kocaeli (e) Parkfield

Fig. 11 Maximum bending moment for G+7 story rectangle building for earthquake. a El-centro,
b Uttarkashi, c Dharamshala, d Kocaeli, e Parkfield
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9 Maximum Shear Force for G+3 and G+7 Story Building

The maximum shear force for G+3 and G+7 story building with consideration of soil
effect is shown in figures.

From Figs. 12 and 13, it shows that the once installation of infill walls to the
structure is reduced up to 98.46% as compared with the bare frame. Similarly in
strut frame with SSI, the axial force the shear force is also decreasing to 87.47% as
compared with a bare frame with SSI. The bare frame with SSI decreases to 87.50%
as compared with the bare frame. Therefore, consideration both infill and SSI effect
provide better results.

(a) El-centro (b) Uttarkashi (c) Dharmshala

(d) Kocaeli (e) Parkfield

Fig. 12 Maximum shear force for G+3 story rectangle building for earthquake. a El-centro,
b Uttarkashi, c Dharamshala, d Kocaeli, e Parkfield
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(a) El-centro (b) Uttarkashi (c) Dharmshala

(d) Kocaeli (e) Parkfield

Fig. 13 Maximum shear force for G+7 story rectangle building for earthquake. a El-centro,
b Uttarkashi, c Dharamshala, d Kocaeli, e Parkfield

10 Conclusions

In this research, the diverse effect of soil–structure interaction on infill strut panel
is considered. RC structure with regarding to the loading of 3.1 m floor-to-floor
height with base measurement 10 m × 8 m is examined for the impact of soil–
structure interface by utilizingDrucker–Prager model nonlinear in ANSYS 15 with
and without infill strut panel. From above results, it can be concluded that

1. Time period influence the earthquake reaction of the structure, since time
period increases with consideration of SSI where as time period decreases with
consideration of infill strut panel.

2. Deformation besides increases with consideration of SSI whereas reducing
consideration of infill strut panel.

3. From ratio between bare frame and strut frame, it has been observed that
maximum axial force, bending moment; shear force decreases after introducing
infill strut panel.

4. From ratio between bare frame with SSI and strut frame with SSI, it has been
observed that maximum axial force, bending moment; shear force increases due
to effect of SSI. For as much as strut frame with SSI decreases the axial force,
shear force; bending moment.

5. From above consequences, it is concluded that the strut frame results more as
balance to a bare frame. And bare frame with SSI results more as balance to a
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strut frame with SSI. So we can convey that strut frame with SSI results is much
more to another model.
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Identification of Enhanced Stiffness
of Beam by EMI Frequency Shift
Technique

Suraj Khante and Pranav Nimkar

Abstract Stiffness of the beam is the main parameter to distribute the load on
the structure. As the concrete gains its strength, its stiffness also increases with it.
Fundamental natural frequency of the structure is proportional to the square root
of stiffness; thus, fundamental and subsequent natural frequencies increase with
the increase in stiffness of the structure and with damage, the stiffness and natural
frequencies decrease while mass is maintained constant. RCC beams are coated
with carbon fiber-reinforced polymer (CFRP) layer, which is used to increase the
flexural stiffness of beam. By using electro-mechanical impedance (EMI) technique,
conductance and susceptance signatures of structure are recorded through Inductance
capacitance resistance (LCR) meter by applying alternating voltage to lead zirconate
titanate (PZT) patches. In the present work, the EMI conductance values of the
structure are recorded against the frequency in the form of signatures. The peak in
the conductance values shows the resonant frequency of the structure and indicates
modal natural frequency of the structure. The increase in stiffness of the beam is
monitored with EMI resonant frequency shift technique.

Keywords EMI · Resonant frequency · CFRP · PZT · Natural frequency

1 Introduction

Structural health monitoring (SHM) is a process in which certain strategies are
implemented for determining the presence, location, severity of damages and the
remaining life of structure after the occurrence of damage. This term is usually
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referred to aerospace, civil andmechanical engineering infrastructure. It is the contin-
uous measurement of the loading environment and the critical responses of a struc-
tural system or its components. Health monitoring is typically used to track and
evaluate the performance, symptoms of operational incidents and anomalies due to
deterioration or damage as well as health during and after extreme events.

Structures are assemblies of load carrying members capable of safely transferring
the superimposed loads to the foundations. They are constructed (e.g., buildings,
bridges, dams, transmission towers, etc.) or manufactured (e.g., machines, trains,
ships, aircraft, etc.) to serve specific functions during their design lives. Each structure
forms an integral component of civil, mechanical or aerospace systems. In order
to serve their designated functions, the structures must satisfy both strength and
serviceability criteria throughout their stipulated design lives. However, with the
passage of time, some amount of deterioration and damages are bound to occur, due
to a variety of factors; such as environmental degradation, fatigue, excessive loads
and natural calamities or simply due to long endurance combined with intensive
usage. Even materials are not 100% immune from damages. According to Yao [1],
‘damage’ is defined as deficiency or deterioration in the strength of a structure, caused
by external loads, environmental conditions or human errors.

2 History and Background

The use of natural frequency as a diagnostic parameter in structural assessment proce-
dures using vibrationmonitoring is discussed by Salawu [2]. The approachwas based
on the fact that natural frequencies are sensitive indicators of structural integrity. Park
et al. [3] done experimental studies on three kinds of structural members to detect
the locations of cracks and loosened bolts. It was found that cracks or loosened bolts
near the PZT sensors could be effectively detected by monitoring the shifts of the
resonant frequencies of the impedance functions. Kim et al. [4] done experiment on
pre-stressed beam and found that the resonant frequencies tend to shift left, according
to the decrement of the tendon force. This indicates that the modal stiffness of inter-
face is decreased with the reduction of the tendon force. Zou et al. [5] concluded that
damage may be detected only using frequency response of the structure. The damage
produces a decrease in structural stiffness, which in turn produces decrease in natural
frequencies. Roh and Lee [6] proposed to analyse the changes of the impedances of
the thickness modes wherein frequency range is above 1 MHz at the PZT based on
its resonant frequency shifts rather than those of the lateral modes where frequency
range is above 20 kHz at the PZT based on its root mean square (RMS) deviations. In
order to establish trend of research and developments in the field of Structural Health
Monitoring using EMI technique Na and Baek [7] presented literature review. Wang
et al. [8] found that when the host structure is subjected to a tensile stress, the reso-
nance in the admittance spectrum of PZT increases linearly and the tensile force
also increases. While the host structure is subjected to a compressive load, the reso-
nances decrease linearly as the compressive force increases. Theoretical analysis
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shows that while the tensile force increases the stiffness of both the host structure
and the PZT material, and the compressive force decreases it, the stiffness changes
cause the resonance shift in the PZT admittance spectrum. Hamid and Allan [9] done
strengthening of beam by CFRP sheets. CFRP sheets are epoxy bonded to the tension
face and web of concrete beams to enhance their flexural and shear strengths. The
effect of CFRP sheets on strength and stiffness of the beams is evaluated for various
orientations of the fibers with respect to the axis of the beam. Tests were presented
by Täljsten and Blanksvärd [10] where a cement based bonding agent replaced the
epoxy for retrofitting with an advantage of very good composite action. The CFRP
sheets were epoxy bonded to the tension face and web of concrete beams to enhance
their flexural and shear strengths by Norric et al. [11]. The effect of CFRP sheets on
strength and stiffness of the beams was studied for various orientations of the fibers
with respect to the axis of the beam. To monitor strength gain of precast RCC beams
EMI technique was employed using reusable PZT patches by Khante and Jain [12].
Khante and Chikte [13] studied PZT based EMI technique and its utility for defect
detection of concrete filled tubes.

From above study, it is evident that the natural frequency of structure is better
indicator of the structural damage and it increases and decreases with the increase
and decrease in stiffness of the structure. In the present work, the stiffness of the
structure is estimated by using resonant frequency shift by EMI technique. The
CFRP sheet is used to increase the stiffness of the beam so as to keep mass of the
beam constant.

3 System Development

3.1 EMI Technique

In this technique, the PZT patches are used as piezoelectric transducers for moni-
toring the condition of structure. The PZT patches work as actuator and sensors
simultaneously. The PZT patches are actuated by using electric signals and sensed
with the help of LCR meter. The LCR meter gives the reading of admittance of the
structure. The admittance of the structure has two parts, viz. conductance (G) and
susceptance (B). The admittance of the structure is expressed as follows.

Y = G + Bj (1)

in which conductance is the real part and susceptance is the imaginary part. Since
susceptance is the imaginary part; thus, it can be ignored and only conductance is
used for calculation. The RMSD index of the structure is calculated as follows.

M =
√(∑

(G2 − G1)
2∑

G2
1

)
× 100 (2)
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where
M = Damage metric (root mean square deviation
G1 = Healthy signature
G2 = Signature of specimen after damage.
The stiffness of the structure is the main parameter which decides the distribution

of the load of the structure over the supports. So it is beneficial if the stiffness of the
structure before and after damage can be calculated. The peak in the conductance
signature represents the natural frequency of the structure of certain mode. This
natural frequency decreases as the structure gets damaged. So the frequency shift
will be measure of structural damage.

For simply supported beam, the natural frequency is related to the stiffness of the
structure with following relationship.

f = n2 π2

l2

√
E I

m
(3)

where
f = natural frequency in (Hz)
EI = Flexural rigidity of structure (N/m)
M = Mass per unit length of beam (kg/m)
l = Length of beam (m)
n =Mode number.
So from the above relation, it is clear that natural frequency of the structure is

directly proportional to square root of stiffness of the structure. This relation can be
used to find the reduced stiffness of the structure after damage. This calculated value
of stiffness thus can be used to predict the load carrying capacity of structure and
also to predict the future life of the structure.

3.2 Beam Specifications

The beam size is standardized as 100× 125× 1000 mm3. The beams are reinforced
with two bars of 8 mm diameter at bottom and top. The reinforcement is provided
with the clear cover of 15 mm. Bars of 6 mm diameter are used as stirrups at the
spacing of 95 mm center to center. The grade of concrete used for the casting of
beams is M20, and grade of steel is Fe 500. A total of three beams are casted, namely
control beam, Beam 1, Beam 2. Control beam is without CFRP layer, Beam 1 is
bonded with CFRP layer 1, and Beam 2 is bonded with CFRP layer 2. The PZT
patches of size 10× 10× 0.2 mm are attached to beam at one third length from left
(PZT 1) and right (PZT 2) side of beam. The dimensions of beam and position of
PZT patches are shown in Fig. 1, and details of reinforcement are shown in Fig. 2.

The PZT patch acts as both actuator and sensor. The PZT patches are actuated
by electric voltage with the help of LCR meter. The LCR meter gives the response
of the structure in the form of admittance of the electric signals. Figure 3 shows the
connection of PZT patch to LCR meter.
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Fig. 1 Beam size in mm and position of PZT patches on beam. All dimensions in mm

95c/c   2x8 tor @top and Bottom

  Stirrups 6 dia

Fig. 2 Reinforcements in beam

Fig. 3 LCR meter and PZT patch

4 Performance Analysis

At the beginning of the experimental work after the casting and curing of the beams
for 28 days, the EMI conductance signatures are recorded for the beam with the help
of LCR meter. In order to increase the stiffness of the beam, carbon fiber-reinforced
polymer (CFRP) layer is attached at the bottom side of the beam by epoxy adhesive.
With the addition of the CFRP layer, the flexural stiffness of beam increases. This
increase in stiffness will cause the modal natural frequency of the beam to increase.
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As the peak in the conductance signature represents the natural frequency of the beam
of certain mode. Due to increase in natural frequency, the peaks in the conductance
signature shift toward right, i.e., increase shift. In the similar manner, second CFRP
layer is also bonded and conductance signatures are recorded. From these signatures,
the increase shift in frequency is noted for the CFRP layer 1 and layer 2.

This increase in shift frequency is thus co-related to percentage increase in square
root value of stiffness of beam. From this, the standard values of shift in frequency
corresponding to percent increase in root of stiffness are recorded. These standard
values will be further used for calculation of percent decrease in stiffness due to
damage.

The beam ismodeled in the finite elementmodeling softwareANSYS. InANSYS,
the load verses deflection graph are plotted control beam, Beam 1 and Beam 2. The
slope of load verses deflection graph gives the flexural stiffness of the beam. Flexural
stiffness of the beam is calculated for the three conditions of beam, namely beamwith
no CFRP layer, layer 1 and layer 2. From Eq. (1), natural frequency is proportional
to square root of stiffness of structure.

5 Result and Discussion

The stiffness of the beam is calculated inANSYS for simply supported conditionwith
concentrated load at its center. The beam is modeled in ANSYS workbench without
CFRP layer, with CFRP layer 1 and CFRP layer 2. Simply supported condition
is applied to the beam, and incremental concentrated load is applied to the beam.
After analysis of the beam modeled in ANSYS gives the load and corresponding
deformation. The load verses deformation curves are plotted and slope of this curve
gives the stiffness of the beam. The results of the stiffness of the beam for beam
without CFRP layer, beam with CFRP layer 1 and layer 2 are shown in Table 1.
Figure 4 shows the concentrated load verses deformation curve of corresponding
readings.

Table 1 Stiffness of beam

S. No. Beam Stiffness N/mm Root of stiffness Percentage increase in root
of stiffness

1 Beam without
CFRP

56,363.43 237.40 6.49 Beam 1 with
respect to control
beam

2 Beam with
CFRP 1

63,916.82 252.81 10.71 Beam 2 with
respect to beam 1

3 Beam with
CFRP 2

78,343.3 279.89 17.89 Beam 2 With
respect to control
beam
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Fig. 4 Load versus deformation curve of beam

By using EMI technique, test was conducted on beam at the time of addition of
CFRP layers. Figure 5a, b shows the frequency versus conductance plot of the beams.
The peaks in the signature show natural frequency, which increase with the addition
of CFRP layer. From these peaks in the natural frequency of beam with addition of
CFRP layer, increment in corresponding natural frequency is found out. These shifts
are listed in Table 2.

These shifts are due to increase in stiffness of the beamwith the addition of CFRP
layers. By using Eq. (1), the percentage increase in square root value of stiffness
corresponding to the increase in natural frequency of beam is calculated. These shift
and percentage increase of stiffness results are listed in Table 3.

By using the conductance versus frequency plot of the addition of CFRP layers,
the root mean square deviation (RMSD) index is calculated for Beam 1 and Beam
2. These RMSD indices are shown in the following Figs. 6 and 7. It is observed that
there is variation in the RMSD of PZT 1 and PZT 2 of beams. It is due to the variation
in the bonding condition of the CFRP sheet to the beam.

6 Conclusions

The following conclusions can be drawn based on the present experiment

1. Peaks in the conductance signature of the beam indicate the resonant frequency
of the beam, indicating the modal frequency.

2. With the addition of CFRP layer, the stiffness of the beam increases. This increase
in stiffness results in increase in natural frequency of the beam. Thus, peaks in the
conductance signature shifts toward rightwith addition ofCFRP layers indicating
increase in stiffness.

3. The percent increase in root of stiffness of the beam is co-related to the observed
shift in resonant frequency peaks in EMI conductance signature of beam.

4. RMSD indices of the beamwith the addition of CFRP layer to beam is monitored
and found to be increased with addition of CFRP layers.

5. Conclusively, it is established that the increase in stiffness of beam can be
indicated with the frequency shift technique.
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Fig. 5 a Conductance plot of Beam 1 with the addition of CFRP layer. b Conductance plot of
Beam 2 with the addition of CFRP layers

Table 2 Shift of natural frequency (kHz)

S. no. Beam
number

Peak Beam
with
CFRP 0

Beam
with
CFRP 1

Beam
with
CFRP 2

Shift

Beam
CFRP 1
with
respect to
beam
CFRP 0

Beam
CFRP 2
with
respect to
beam
CFRP 1

Beam
CFRP 2
with
respect to
beam
CFRP 0

1 1 1 208.9 210.85 – 1.95 – –

2 2 244 245.95 – 1.95 – –

3 3 281.05 283 – 1.95 – –

1 2 1 187.45 189.4 191.35 1.95 1.95 3.9

2 2 251.8 253.75 255.7 1.95 1.95 3.9

3 3 316.15 318.1 320.05 1.95 1.95 3.9
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Table 3 Shift results

S. no. Comparison between CFRP layer Shift in natural frequency
(kHz)

Percentage
increase in
square root
value of
stiffness

1 Control beam—Beam 1 CFRP1-CFRP0 1.95 6.49 8.6

2 Beam 1—Beam 2 CFRP2-CFRP1 1.95 10.71

3 Control beam—Beam 2 CFRP2-CFRP0 3.9 17.90 17.90
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Application of Maturity Meter
to Estimate Location of Sensors for Plate
Elements

Pranjali Hajare

Abstract The quality assurance of concrete structures mainly depends on the
measure of the in-place strength of concrete. The in-place strength of concrete plays
an important role in planning the activities on-site such as opening of structure of
occupancy, opening of roads to traffic, construction claims, etc. The strength of
concrete is a measure of temperature and time. This research work scrutinizes the
application of “Maturity Method” in finding the location for placement of sensors
in plate elements, specifically a squared manhole cover. A trial program is proposed
to detect the distress locations in a manhole cover using maturity meter. For this
study, three non-sacrificial sensors were placed in a manhole cover and hydration
extent was examined. Further, the results were interpreted in excel on the basis of
the correlation between the three sensors placed in the manhole cover kept at room
temperature where concrete hydration was permitted.

Keywords Concrete · Hydration · Thermal behaviour · In-place strength · Plate
elements ·Maturity

1 Introduction

Concrete is the most important and most widely used building material in the
construction industry worldwide. The material has gained its predominance mainly
due to its versatile nature and decisive advantages which have proved to be a boon to
the construction industry [1]. The traditionalmethods assuming that the cube strength
represents in-place strength of concrete does not hold accurate unless the standard
practices are adopted during construction. This unbalanced strength of concrete can
lead to a disastrous effect on the structure.

The strength of concrete is a measure of its temperature and time. “Maturity
method is a technique used to estimate the in-place strength of fresh concretewith due
consideration of temperature–time effect on strength of concrete” [2]. This method
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is based on a rudimentary assumption that a given concrete mixture design poured
during the interval of a project has the same compressive strength at its “maturity
index.” Higher the temperature, the faster is the curing of concrete. There is much
saving of time and money since this method is more accurate in predicting the early
age strength [3].

Several research has been carried out about this Maturity method with regards
to its sensor placement which records the temperature of in-place fresh concrete.
Various structural elements were understudy for the placement of sensors which
included beams, columns, slabs, pavements, mass concreting structures, etc. [4].
The research being limited to the specific structural members, plate members with
smaller thickness needed to considered for the research. Also, the maturity meters
are used only to detect the strength of fresh concrete and not the hardened one.

2 Objectives

The objectives of this paper basically rely on the application of Maturity Method
further exceeding to study the fundamental aspects ofMaturityMethod. Also to eval-
uate the criteria specified for placement of sensors in structural elements. The main
objective concentrates on the experimental analysis for determination of location of
sensors in plate elements.

3 Maturity Method

A systematic application of this method can result in saving time, money and work-
manship. The maturity function is dependent on temperature sensitivity for initial
strength development. All concrete mixes have different maturity functions. Matu-
rity meter is much more dependable in estimating relative strength compared to the
absolute strength. The specimens with higher early age temperatures result in higher
initial strengths and lower long term strength provided they have equal values of
maturity index [5].

In 1951, Saul suggested that maturity should be calculated with respect to
datum temperature, which is the lowest temperature at which concrete starts gaining
strength. Thus, maturity is computed from temperature history using the following
equation,

M =
t∑

0

(T − To)�t

where, M—maturity at age t

T—average temperature of concrete during time interval �t
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To—datum temperature.
The traditional method of cube/cylinder breaking test is time-consuming, material

consuming, labour consuming. In order to compensate this losses, maturity Meter
was developed, to know the real-time in-place strength of concrete. Even still, the
traditional method is largely used in developing countries like India. The major
problem found with the traditional methods of finding the compressive strength of
concrete is that the strength of the cubes/cylinders cast for estimating the concrete
strength and the actual strength of elements in the structure do not match with each
other.

This mismatch of strength can lead to various damages to the structure. Either
the structure becomes over-safe or under-safe. There is around ±200% variation in
cube/cylinder and element strength. Hence, for this reason, maturity Meters come in
practice to be used on-site, to save time and money.

The construction industry is predominantly using the traditional method of
breaking cylinder test for obtaining the compressive strength of concrete. On the
contrary, there are many advantages of using Maturity method compared to the
breaking cylinder test in consideration of the test procedure, reliability, speed, and
cost. The break test being the manual one, may have variations in testing time,
whereas using the maturity meters, data is logged or retrieved by external device
in real-time. Specimens used in break test may have small volumes and hence can
retain less heat leading to low strength results but maturity meters can predict the
actual in-place strength of concrete. Traditional method is much time-consuming
since the procedure takes too long to give away the results, meters on the other side
gives real-time strength results.

Casting of specimens, collecting results and repeating the process is much of
time-consuming. The maturity meters save the material cost, labour cost and time
by evaluating the on-site strength results. Financing cost may be increased if the
project gets delayed, whereas a remarkable financial cost saving was observed when
implementing the maturity meters on-site due to early cost completion of projects
[4].

Figure 1 represents the temperature–time graph of a specific concrete mix. Matu-
rity is linearly dependent on temperature is accommodated as a perspective and can
be constituted by the area under the temperature curve. This area under the curve is
the difference between the recorded temperature of placed concrete and the datum
temperature.

Figures 2 and 3 show the maturity meter with its wired sensor used for recording
the temperature of fresh concrete. This technology being the proven one in foreign
countries for 50 years, the meters are manufactured by Sun Pacific company, Pune
under the guidance of research experts from Vishwakarma Institutes of Information
Technology, Pune, andwith sponsorship of Pune Construction Engineering Research
Foundation (PCERF).
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Fig. 1 Nurse—saul maturity function

Fig. 2 Maturity meter

4 Experimental Analysis

The general procedure of Maturity method follows the following procedure—(1)
determination of the concrete temperature history, (2) measurement of compressive
strength development, (3) determination of the strength of concrete [6, 7].

A square manhole cover with dimensions 400 mm× 400 mm× 50 mm was cast
at a precast plant. The location of the sensors depend on either of the two criteria viz.
internal temperature of concrete is low or regions where highest loads are expected.
The manhole cover was filled with M30 normal concrete and external vibration was
provided. Three non-sacrificial (wired) sensors attached to the maturity meter were
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Fig. 3 Sensor of maturity
meter

Fig. 4 Placement of sensors
in a square manhole cover

inserted in the manhole cover. One at the bottom surface near one edge, one at the
mid-depth at the center and other at the top surface on the parallel edge. The readings
were recorded by the meter at a frequency period of 10 min.

The specimen was cured and readings were recorded for 14 days. The readings
were then retrieved and results were interpreted using excel sheets. The sensors were
then removed from the specimen by breaking it manually [8] (Fig. 4).

5 Results and Discussions

The results speculated from the experimental study for square manhole cover casted
with three non-sacrificial sensors inserted in it were interpreted as follows
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Fig. 5 Temperature versus time graph for 3 sensors

• The concrete was workable with slump of 100 mm and no segregation was
observed in the manhole covers.

• The battery life of meters being 17 days, no interruption in the recording of
readings was observed until 14 days.

• As we know that concrete gains its maximum strength during its first 3 days of
curing, the correlation is calculated for the first 3 days only.

• The correlation coefficient calculated for all of the three sensors was as follows—
(1) bottom and surface—0.8367, (2) surface and center—0.9541, (3) bottom and
center—0.9622, much higher than the standard value of correlation coefficient
for concrete which is 0.75.

• In order to get the precise results, percentage error values were calculated consid-
ering central sensor as the benchmark. From the central sensor, the variation in
temperatures was calculated towards both top and bottom of the manhole cover.

• From Figs. 6 and 7, the graphs have predicted the variation in error as 10.72% for
top-center sensors and 10.87% for center-bottom sensors.

• The % Error graphs were calculated using the difference between the top and
bottom temperatures with respect to the central temperatures (Fig. 5).

6 Conclusions

The experimental study and results concluded that the correlation coefficient value
obtained is superior to the standard value. Hence, it can be concluded that there exists
a strong relation between the temperature and time for all the three sensors and the
correlation coefficient is significant. For concrete specimens, the maximum error
should be limited to 15%. Any error exceeding 15% is not contemplated for results.
FromFigs. 6 and7, it can be seen that both the percentage errors arewithin the limiting
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Fig. 6 % Error between top and center sensors

Fig. 7 % Error between center and bottom sensors

values. Hence we can conclude that there is not much variation in temperatures for
both top and bottom sensors and one single sensor can be used to evaluate the
strength gain of a squared manhole cover. Thus, it can be also said that the three
sensor readings are strongly related to each other and do not vary much concerning
the sensor placement. Consequently, it can be terminated that the placement of sensor
in thin plate elements does not rely on the location of sensors and one single sensor
can be replaced to represent a square manhole cover. Ideally, the location can be
selected at the center of the manhole cover at mid-depth as the distress regions.
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Analysis of Various Asymmetric
Membrane Roofs with Opening(s)

Grace Mary Abraham and Ruksa Nizar

Abstract A roof is a part of a building which provides us protection from animals,
weather, notably rain or snow and admits light if a skylight is present. The different
types of roofs are gable roof, hip roof, sawtooth roof, etc., and the materials used in
the roofs include grass, ceramics, Teflon, etc. Opening is the intentional introduction
of ambient air into a space, and it is mainly used to control indoor air quality by
diluting and displacing indoor pollutants; it can also be used for purposes of thermal
comfort or dehumidification. Modern trends of roofs are now available with different
modern and cheap materials with openings. This paper discusses the numerical and
physical models developed for the design of different asymmetric membrane roofs
and thus comparing the results of the models with those of the various models and
their analysis. Generally, the shapes considered are conoid shape, saddle shape, and
elliptical dome shape with one or more openings. The materials adopted for asym-
metric membrane roofs are modern textile material, i.e., polytetrafluoroethylene,
synthetic rubber, i.e., ethylene–propylene–diene–terpolymer and polyvinyl chloride
(PVC). This initially outlines procedures for stress analysis, wind pressure analysis,
and seismic analysis. Finally, construction of the actual membrane is described, and
comparison is made. Determination of the mechanical properties of the fabrics used
to construct the asymmetric membrane roofs which are also briefly discussed.

Keywords Roof · Conoid · Saddle · Semi elliptical · PVC · PTFE · EPDM ·
Stress · Deformation
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1 Introduction

Roof is a part of building envelope. It is one of the major coverings on the uppermost
part of a building or shelter. It provides protection from animals and weather, rain
or snow, heat, wind and sunlight. The word also denotes the framing or structure
which supports the covering. Some roofs are also provided with openings [1, 2].
Opening is defined as the introduction of ambient air into any space [3]. The major
categories of openings are mechanical ventilation which refers to any system that
uses mechanical means, such as a fan, to introduce sub-aerial air to a space [4]. This
includes positive pressure ventilation, exhausts ventilation, and balanced systems
that use both supply and exhaust ventilation, natural ventilation which refer to inten-
tionally designed passivemethods of introducing sub-aerial to a spacewithout the use
of mechanical systems [5]; mixed mode ventilation (or hybrid ventilation) systems
use both natural and mechanical processes, and infiltration is the uncontrolled flow
of air from outdoors to indoors through fissures and leaks (unplanned openings) in
a building envelope [6]. Another type of flow has been referred to as adventitious
ventilation.

From the literature survey, it was understood that internal pressure responses were
closely related to characteristics of opening [7], and response characteristics of the
building cavity determined by opening area, building volume [8]. Many previous
studies focus on wind pressures in a building with a dominant opening in the wall
and only little attention has been paid to the cases of openings on the roofs [9]. Also,
pressure responses of a building with various openings on a flat roof corner were not
focused [10]. No studies were conducted on the basis of seismic analysis. Different
zones and directions are selected for applying wind load. Architectural purposes are
not focused, and application of different materials is not carried out.

This paper focuses on the following objectives:
To compare the performance of asymmetric membrane roofs with opening(s) by

varying the following conditions.

(a) Shape—conoid, saddle, semi-elliptical
(b) Material—Polytetrafluoroethylene (PTFE), ethylene–propylene–diene–

terpolymer, polyvinyl chloride

Scope of this paper includes

(a) The covered area of the membrane roof is 2900 m2.
(b) The opening shape is adopted as circular.
(c) Seismic zone is adopted as zone III.
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1.1 Material Properties

1.1.1 Modern Textile Material, i.e., PTFE or Polytetrafluoroethylene

Polytetrafluoroethylene (PTFE) is a synthetic fluoropolymer of tetrafluoroethylene
that has numerous applications. PTFE is a fluorocarbon solid, as it is a high-
molecular-weight compound consisting wholly of carbon and fluorine. PTFE has
one of the lowest coefficients of friction of any solid. The density of the material is
2200 kg/m3, Poisson’s ratio is 0.46, and Young’s modulus is 5.52E+08 Pa.

1.1.2 Polyvinyl Chloride (PVC)

Polyvinyl chloride is the world’s third-most widely produced synthetic plastic
polymer, after polyethylene and polypropylene. About 40 million tonnes are
produced per year. PVC comes in two basic forms: rigid (sometimes abbreviated
as RPVC) and flexible. The density is 1.35 g/cm3, Poisson’s ratio is 0.4, and Young’s
modulus is 0.0034 Pa.

1.1.3 Synthetic Rubber (Ethylene–Propylene–Diene–Terpolymer)

Ethylene–propylene–diene–monomer rubber (EPDM rubber), a type of synthetic
rubber, is an elastomer characterized by a wide range of applications. This is an M-
class rubber where the “M” in M-class refers to its classification in ASTM standard
D-1418; the M-class includes rubbers having a saturated chain of the polyethylene
type. The value for density is 1.1 g/cm3, Poisson’s ratio is 0.48, and Young’s modulus
is 6E+0.6 Pa.

2 Design and Modeling

Modeling and analysis of conoid semi-elliptical and saddle roofs have been carried
out in ANSYSWorkbench. The area of the roof is kept constant. The values of wind
pressure and dimensions are based upon various journals. The materials considered
for the analysis are modern textile membrane, polyvinyl chloride, and synthetic
rubber. As per IS 875 Part III, the value of wind pressure obtained after designing
is 1.64 N/mm2 for conoid roof, 2.622 and 2.9506 N/mm2 for semi-elliptical roof,
and 2.9 N/mm2 for saddle roof. Seismic analysis is carried on the basis of response
spectrum method.
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2.1 Description of the Geometry of Roof

3 Analysis

3.1 Wind Analysis

The wind loading is along the surface of roof, and the wind load is calculated by
using code IS 875(Part 3)-1987. Basic wind speed is 39 m/s, terrain category is 2,
and building class is taken as C (Fig. 1).

For the material EPDM, the maximum value for deformation obtained is 0.1201
which is at the mid of the roof which is shown in red color and the minimum value
is 0. The maximum value for deformation obtained is 0.66014 cm which is at the
mid of the roof which is shown in red color and the minimum value is 0 for PVC.
The maximum value for deformation obtained is 3.8508 cm which is at the mid of
the roof which is shown in red color and the minimum value is 0 for PTFE (Fig. 2).

Themaximumvalue for stress obtained is 0.00128MPa for EPDM.Themaximum
value for stress obtained is 1.2922 MPa for PVC. The maximum value for stress
obtained is 0.1288 MPa for PTFE.

For semi-elliptical roof, the wind load obtained as per IS 875 Part 3 is 2.622 and
2.9506 MPa (Fig. 3).

The maximum value for deformation obtained is 40.765 mm for PVC. The
maximum value for deformation obtained is 345.49 mm for PTFE. The maximum
value for deformation obtained is 99.53 mm for EPDM (Fig. 4).

The maximum value for stress obtained is 14.71 MPa for PVC. The maximum
value for stress obtained is 15.05 MPa for PTFE. The maximum value for stress
obtained is 0.0263 MPa for EPDM.

For saddle roof, the wind load obtained as per IS 875 Part 3 is 2.94 MPa (Fig. 5).
The maximum value for deformation obtained is 99.44 mm for PVC. The

maximum value for deformation obtained is 42.436 mm for PTFE. The maximum
value for deformation obtained is 28.277 mm for EPDM (Fig. 6).
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Fig. 1 Deformation diagram for conoid roof using the material a EPDM, b PVC, c PTFE

The maximum value for stress obtained is 20.64 MPa for PVC. The maximum
value for stress obtained is 1.061 MPa for PTFE. The maximum value for stress
obtained is 0.01055 MPa for EPDM.

3.2 Seismic Analysis

From IS 1893 Part I: 2002, page 16, Clause 6.4.5, the value for Sa/g is taken as
2.50 for soft soil sites. The value for frequency is obtained from the software. From
frequency values, time period can be calculated. Using the values of time period,
Sa/g can be obtained and thus acceleration values are calculated by multiplying Sa/g
with 9810 mm/s2.

3.2.1 Conoid Roof

Figure 7 shows the acceleration versus mode graph for conoid roof using the material
PVC, PTFE, and EPDM (Fig. 8).

The maximum value for deformation obtained is 0.0791 mm for PVC. The
maximum value for deformation obtained is 0.06233 mm for PTFE.
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Fig. 2 Stress diagram for conoid roof using the material a EPDM, b PVC, c PTFE

3.2.2 Semi-elliptical Roof

Themaximum value for deformation obtained is 5.2917mm for PVC. Themaximum
value for deformation obtained is 78.84 mm for PTFE (Figs. 9 and 10).

3.2.3 Saddle Roof

See Figs. 11 and 12.

4 Results and Discussions

See Table 1.
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Fig. 3 Deformation diagram for semi-elliptical roof using the material a PVC, b PTFE, c EPDM
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Fig. 4 Stress diagram for semi-elliptical roof using the material a PVC, b PTFE, c EPDM
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Fig. 5 Deformation diagram for saddle roof using the material a PVC, b PTFE, c EPDM
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Fig. 6 Stress diagram for saddle roof using the material a PVC, b PTFE, c EPDM
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Fig. 7 Acceleration versus mode graph for conoid roof using thematerial a PVC, b PTFE, c EPDM
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Fig. 8 Deformation diagram for conoid roof using the material a PVC, b PTFE, c EPDM
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Fig. 9 Acceleration versus mode graph for semi-elliptical roof using the material a PVC, b PTFE,
c EPDM
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Fig. 10 Deformation diagram for semi-elliptical roof using the material a PVC, b PTFE, c EPDM
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Fig. 11 Acceleration versus mode graph for saddle roof using the material a PVC, b PTFE
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Fig. 12 Deformation
diagram for saddle roof using
the material a PVC, b PTFE

Table 1 Results and discussions of roofs for wind and seismic analysis

S. no. Shape Material Deformation for wind (mm) Deformation for seismic (mm)

1 Conoid PVC
PTFE
EPDM

0.66014
3.8508
0.1201

0.0791
0.06233
0.2424

2 Semi-
elliptical

PVC
PTFE
EPDM

40.765
345.49
99.53

5.2917
78.84
3.6

3 Saddle PVC
PTFE
EPDM

99.4
42.43
28.27

1.028
104.6
–
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Evaluation of Response Reduction Factor
for RCC Moment Resisting Frame
with Ductile Shear Wall

Akash Soni, Manohari P. Kulkarni, and Shardul G. Joshi

Abstract Most of the buildings are irregular and their behavior during the event
of earthquake is significantly different than that of regular buildings. The actual
base shear which act on the building is much higher than the designed base shear.
That is why it is uneconomical to design the building for the actual base shear. The
building is expected to undergo the inelastic deformations without excess damage
to it. Response reduction factor (R) is an indication of extent to which the energy
is dissipated through inelastic deformation during an event of seismic excitation.
Many of the design codes recommends the different values of ‘R’ accounting for
their ductility, over strength and Redundancy of the structure. IS 1893 (part 1): 2016
has recommended the values of R based on the structural framing system. The main
objective of the present work is to verify the value recommended for the dual system
using Non-linear Static Pushover Analysis and compare the obtained R value with
code specified value.

Keywords Ductility · Response reduction factor · Ductility reduction factor ·
Over strength · Pushover analysis

1 Introduction

Response reduction factor is mathematically expressed as the ratio of elastic base
shear force to the design base shear force. Generally, R is expressed as the product
of the factors which account for reserve strength, ductility, redundancy and added
viscosity. The factor R reduces the elastic base shear to the design base shear and
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makes the structure to behave inelastically during the seismic event and allows dissi-
pation of energy through the inelastic deformations. Some of the building codes
considers R in terms of its components. The main factors which constitutes R are
Over strength factor, Ductility reduction factor and Redundancy factor. The response
reduction factor can be expressed as:

R = Rs ∗ Rµ ∗ Rr

where,Rs is the over strength factor,Rµ is the ductility factor andRr is the redundancy
factor.

1.1 Components of Response Reduction Factor

1.1.1 Over Strength Factor RS

This is the ratio of the maximum base shear at yielding level to the design base shear.
The first significant yield is observed beyond the design base shear in r.c. buildings.
Overstrength is the difference between ultimate strength and design strength. The
factors responsible for overstrength are:

(1) Code defined load factors and safety factors
(2) Contribution from non-structural components
(3) Ductility ensured through codal provisions
(4) Conservations in the design procedures

Koppas et al. [4] have estimated overstrength factors between 1.5 and 2.7. Lee
et al. [6] estimated the overstrength factor between 2.3 and 2.8.

1.1.2 Ductility Reduction Factor Rµ

It is mathematically expressed as the ratio of elastic base shear to the base shear at
yield level. It accounts for the energy dissipating capacity of properly designed and
well detailed r.c. structures. Highly ductile structures perform much better during
seismic events. When a structure is subjected to earthquake induced forces, it expe-
riences inelastic deformations which is mainly dependent on displacement ductility
ratio “µ”. Many researchers have expressed ductility reduction factor for different
values of period of vibration. Pauley and Priestley [10] expressedRµ in terms ofµ for
the structures having different values of period of vibrations. Miranda and Bertero
[8] have correlated to Rµ with different soil conditions.
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1.1.3 Redundancy Factor Rr

The redundancy factor Rr is mathematically expressed as the ratio of the base shear
at yielding level to the unfactored base shear. Redundancy means excessive i.e. more
than required. If the structure is non-redundant, failure of any member is directly the
failure of the building itself. In case of redundant structure, failure occur much after
than the failure of a single member. It is expected that the building should have high
redundancy. For multi storied building, Rr is generally taken as unity.

Rr = 1

Many researchers have worked on the evaluation of response reduction factor.
Some of the research papers which are referred for the study are outlined in the
subsequent paragraph.

Riddell et al. [9] studied the variation of response reduction factor with respect to
the period of vibration of the buildings. Miranda [3] worked on different components
of response reduction factor. Akbari et al. [7] studied the seismic behavior of steel
and r.c. buildings. Tamboli et al. [5] evaluated response reduction factor for r.c.
building strengthened with X bracings at different locations. Kadid and Yahiaoui [1]
studied the behavior of r.c. building strengthened with different types of bracings.
Brahmavrathan et al. [2] studied the variation inR factor for different heights irregular
r.c. buildings. Venkatraman et al. [11] have employed nonlinear push over analysis
to evaluate component wise R factor for different heights of the building.

1.2 Significance of the Study

Most of the buildings are irregular in seismic zone III which covers major portion on
the seismic map of India. As mentioned in earlier paragraphs, it is not advisable to
design the buildings earthquakeproof but canbedesigned as earthquake resistant. The
structure is made to behave inelastically to dissipate the energy so that the structure
can be optimally designed. The response reduction factor (R) values for different
structural framing systems are provided in IS 1893 (Part 1): 2016. It is believed by
many researchers that these values are recommended on the basis of engineering
judgement but has very little technical base. More over the value is provided for R
directly and not for its components. The present work is an attempt to verify the
value of R for the dual system comprising of special moment resisting frames and
shear walls.

The present study calculates response reduction factor for an irregular reinforced
concretemultistoried building using non linear push over analysis. Push over analysis
is a nonlinear procedurewhich estimates capacity of the structure beyond the yielding
up to the failure. The analysis predicts weak areas as it monitors progressive collapse
of the building. Push over analysis is a second stage analysis as the seismic analysis
using equivalent static or response spectrum procedure determines the reinforcement
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required. The analysis results into a push over curve which is the plot of base shear
versus roof displacement. The spectral acceleration versus spectral displacement
curve is obtained thereafter. This curve is known as Capacity Curve. The response
spectrum plot is modified using the correlation between period of vibration and
spectral displacement. This curve is known as Demand Curve. The superimposition
of these two curves is known as Performance Curve.

2 Model for the Study

The model of reinforced concrete building is prepared in etabs 9.7.4 for this study.
A G + 15 storied Reinforce concrete moment resisting frame with a ductile shear
wall at center portion (Considered a lift pit which is surrounded by shear wall) is
considered. The structure is having 15 m × 12 m plan area which is same through
the elevation is considered. Bay spacing between columns along longer side is taken
as 5 m c/c with 3 number of bays while along shorter direction taken as 3 m c/c.
with 4 bays. The floor to floor height of building is considered as 3 m. The size of
the beam is considered as 230 mm × 450 mm and that for the column is 280 mm
× 280 mm which are reinforced with 0.8% steel. Figure 1 shows the details of the
building considered for the study.

Fig. 1 Typical floor plan of the building
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The seismic parameters are referred from IS1893-2016. The building is a residen-
tial building situated in zone IV. Live load of 3 KN/m2 distributed over the slab area
with floor finish load of 1 KN/m2. DL + 0.25LL is considered as lumped on each
floor for seismic weight calculations. Building is considered as general importance
with I = 1.0. The building is special moment resisting frame (SMRF) with Ductile
shear wall (dual system). Damping is considered as 5% of critical damping. The soil
Type is medium soil (Soil type II). A nonlinear push over analysis is carried out using
Etabs software.

3 Results and Discussions

The performance curve obtained through the analysis is shown in Fig. 2. The base
shear corresponding to the performance point is obtained as 2594.55 KN and that
using equivalent static method is obtained as 534.05 KN. The location of hinges
developed are shown in Fig. 3.

The Response reduction factor for particular model of dual system (SMRF with
Shear wall) is obtained by taking the ratio of Performance point base shear to the
design base shear.

R = 2594.55 KN/534.05 KN

R = 4.86

Fig. 2 Performance curve of
the building
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Fig. 3 Location of plastic
hinges

R value is obtained by experimental analysis is 4.86 which fairly matches with
the one as specified in IS code.

Value for SMRF with Ductile shear wall recommended by IS 1893 (part 1): 2016
is 5.

4 Conclusions

The performance of RCC frame with Ductile shear wall by pushover analysis is
investigated by using ETABS 9 software and compare with the design values of base
shear obtained by static equivalent method. Following conclusions are drawn:

(1) The performance ofwell detailed reinforced concrete frame building is adequate
as indicated by the intersection of the demand and capacity curves and the distri-
bution of hinges in the beams and the columns. Most of the hinges developed
in the beams and few in the columns but with limited damage.
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(2) The value of R obtained through the analysis fairly matches with the value
recommended by Indian standard code.

(3) The actual value of R in real designs may be considered as even less than
computed here, because of various reasons, such as, irregularity in dimensions
leading to minor to moderate torsional effects, Lack of quality control and
poor workmanship during the construction, not following the ductile detailing
requirements exactly as per the guidelines, etc.
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Study on Properties of Lightweight
Concrete Using Expanded Clay
Aggregate and Its Value Engineering

Shaikh Mohd. Tazir Asif and A. S. Wayal

Abstract Comparison was made between normal concrete (NC) and lightweight
concrete (LWC) in terms of fresh, hardened and durability properties of concrete like
fresh and hardened density, workability, compressive and flexural strength, modulus
of elasticity, rapid chloride ion penetration and water absorption test. NC of M30
grade with normal aggregate and LWC having densities 1400, 1600 and 1800 kg/m3

from expanded clay aggregate (ECA)with complete replacement were prepared. The
specimens prepared were tested on 7, 28 and 56 days. Key observations were that
the density of the mixes remained constant throughout 56 days for all the mixes.
Strengths of the LWC decrease with an increase in the percentage of ECA in the
mix. However, LWC showed better results in durability properties than NC. Value
engineering between NC and LWC showing best result among lightweight concrete
was considered. Complete replacement of structural members was made by LWC
and compared to get additional floors with the same load of NC for G + 5, G + 10
and G + 15 structures.

Keywords Lightweight concrete · Expanded clay aggregate ·Water absorption ·
Value engineering

1 Introduction

A considerable amount of load coming onto a structure is from the dead load of
the structure. An increase in the consumption of lightweight concrete for the past
few decades due to the load reduction benefits resulting in ease of transport and
placing of materials was observed. Rajprakash et al. (2017) found out the dead
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weight of the concrete considerably reduced when 20 and 40% of ECA are replaced
by coarse aggregate [1]. Hanamanth et al. (2015) made an attempt to replace 100%
ECA by coarse aggregate and achieved 35% of reduction in overall density [2].
Aggregate having air-dried unit weight at 28 days in the range 1440–1850 kg/m3
and compressive strength not less than 17.2 MPa are called lightweight aggregate
[3, 4].

Other lightweight concrete properties like workability, less dead load, resistance
to freezing and thawing, etc., are proven to be better than normal concrete. However,
lightweight concrete offers less strength comparable to normal weight concrete.
Moravia et al. (2010) found out that though the concrete made by ECA has a less
compressive strength than the normal concrete for all the mixes [5]. The strength
of lightweight can further be increased by adding mineral additives. Subasi (2009)
studied the effects of fly ash usage in lightweight concrete from ECA and found
out that strength of lightweight concrete can be enhanced by the addition of fly
ash instead of cement [6]. Murat et al. (2015), Properties like compressive strength,
Poisson’s ratio, modulus of elasticity of lightweight aggregate concrete (LWAC)
mixtures were conducted and found out that within the same range of compressive
strength, LWACmixtures show reduction inMOEand Poisson’s ratios of both LWAC
and CC mixtures [7].

In this study, an attempt ismade by using expanded clay aggregate (ECA) as coarse
aggregate in the concrete, where different densities (1400, 1600 and 1800 kg/m3) of
lightweight concrete mix were prepared. Fresh, hardened and durability properties
of the mix like density, workability, compressive strength, chloride ion penetration,
flexural strength, capillary water absorption, water absorption under submersion
and low pressure, etc., were evaluated and compared against normal concrete. Also
structure of G + 5, G + 10 and G + 15 will be evaluated with NC and LWC to get
the additional floors for the lightweight concrete structure.

2 Experimental Data

2.1 Raw Materials

Binders used for the study purpose were Ordinary Portland Cement (OPC) (Grade
53), fly ash (FA) and micro-silica (MS). Cement used was confirming to IS: 12269
[8] having specific gravity 3.15 gm/cm3 and Initial and Final setting time as 203 min
and 248 min, respectively. The standard consistency of cement was 29%. Chemical
composition of OPC is given in Table 1. Specific gravity of fly ash according to IS:
3812 [9] and micro-silica confirming to IS: 15388 [10] were 2.2 gm/cm3 and 2.26
gm/cm3 respectively. Crushed angular aggregates of 10 and 20 mm sizes confirming
to IS: 383-1970 with specific gravity of 2.8 and 2.82 gm/cm3 having water absorp-
tion of 1.89 and 1.87%, respectively, were utilized as coarse aggregate for normal
grade concrete. Crushed sand confirming to IS 383 limits with specific gravity of
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Table 1 Chemical
composition of ordinary
Portland cement

Properties Values

Lime saturation factor 0.90

Al2O3 to Fe2O3 ratio 0.84

Insoluble residue, % by mass 0.51

MgO, % by mass 2.18

SO3, % by mass 2.04

Loss of ignition, % by mass 2.52

Cl, % by mass 0.017

Na2O, % by mass 0.045

C3A, % by mass 3.11

2.7 gm/cm3 and having water absorption of 3.9% was used as fine aggregate for
both normal and light weight concrete. The particle distribution for both types of
aggregate was in the range given as per IS 383 [11].

Superplasticizers according to IS: 9103 [12] used in the mix are sulfonated naph-
thalene formaldehyde- or polycarboxylate ether (PCE)-based water-reducing super-
plasticizing admixture, set retarding admixture and air entraining admixture were
used in the study. All admixture used was chloride free and complied to IS 9103.

2.2 Expanded Clay Aggregate (ECA)

It is produced from sedimentary sometimes metamorphic clay having zero or very
less amount of lime. The clay is initially dried, heated and then burned in a rotary kiln
at a temperature of 1100–1300 °C. They are usually round or in a shape of a potato
due to their circular movement inside the rotary kiln. ECA can be brown, reddish,
brown–red, yellow which may be due to the difference in its chemical compositions
and also in the manufacturing. Inside the ECA, various tiny holes are interconnected
to each other and are formedwhen gases are released inside the pellets during heating
is trapped inside during the cooling.

It is an inert light material and does not possess any harmful materials with pH
value of nearly 7. Also, it does not get damaged inwater. It is also non-biodegradable,
non-combustible against any adverse conditions. It also has excellent properties like
good fire resistant, excellent thermal insulation and good sound insulation. ECA has
loose bulk densities from 250 to 710 kg/m3. ECA is available in wide range of size
(from 0.1 to 25 mm) and can be suitable for coarse aggregate, fine aggregate and
as well as in combination of both. In this study ECA is used in place of conven-
tional coarse aggregate for lightweight concrete. The properties and particle size
distribution are shown in Table 2.
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Table 2 Properties of ECA Properties Values

Particle size 2–8 mm

Specific gravity 0.80 gm/cm3

Water absorption 20%

Loose bulk density 530 kg/m3

Ph. value 8.05

Crushing strength 2.26 N/mm2

Thermal conductivity 0.10 W/mk

Particle size distribution

IS sieve size (mm) Percentage passing

12.5 100

9.5 100

4.75 20.97

2.36 1.12

2.3 Concrete Mixes

The concrete mix for normal concrete and lightweight concrete was designed as per
IS: 10262 and ACI 213 [13] guidelines, respectively. The design mix for normal and
lightweight concrete is shown in Table 3.

2.4 Preparation, Casting and Curing

Concrete was prepared in central shaft-type laboratory mixer having a capacity of
0.50 m3. Moisture correction for concrete was done, and additional water was added
to maintain the design mix. The concrete were casted in the molds and compacted
by hand compaction as per recommendations of test-specific code. The specimens
after 24 h casting were demolded then cured with complete immersion in water and
removed directly on the day of testing.

3 Result and Discussion

Fresh, hardened and durability properties of normal and lightweight were studied,
and the following tests were conducted.
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Table 4 Fresh density of the mix

Mix description M30 NC D1400 LWC D1600 LWC D1800 LWC

Density (Kg/m3) 2430 1408 1558 1747

Table 5 Slump cone/flow test result

Mix description M30 NC D1400 LWC D1600 LWC D1800 LWC

Slump cone/flow value (mm) 200 500 480 440

3.1 Fresh Properties

Density

The fresh density of the mixes was measured as per IS 1199 and ACI 213R-87 [13]
for normal and lightweight concrete, respectively, and shown in Table 4. The target
density for the lightweight concrete was achieved. Also no bleeding or segregation
was observed resulting in concrete easily pumpable to high floors.

Workability

For workability, the slump cone and slump flow test was done as per IS 1199 [14]
and BS EN 12350–9 for normal and lightweight concrete, respectively. The result is
illustrated in Table 5, and it was observed that the workability of lightweight concrete
increases with an increase in proportion of ECA percentage in the mix.

3.2 Hardened Properties

Hardened density

The densities were measured on 7, 28 and 56 days for both normal and lightweight
concrete. Itwas observed that the densities for all themixes remained in the acceptable
variations to the target density and provided in Table 6.

Table 6 Density of concrete
at hardened state

Densities of concrete at different days
(Kg/m3)

Mix description 7 Days 28 Days 56 Days

M30 NC. 2410 2445 2423

D1400 LWC 1410 1427 1445

D1600 LWC 1559 1570 1581

D1800 LWC 1741 1773 1723
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Fig. 1 Compressive strength of mixes at different age

Compressive strength

Compressive test was conducted as per IS 516 on 3, 7, 28 and 56 days. The specimen
were tested with compression testing machine (CTM) having capacity of 4000 KN
with an application of 0.233 Mpa/sec uniform loading until specimen failure. The
compressive strength result is shown in Fig. 1. It can be seen that percentage in the
reduction was 50%, 43% and 27% for D1400, D1600 and D1800, respectively, with
M30 NC at 28 days. The compressive strength for lightweight concrete was less
comparing it with normal concrete and was decreasing with percentage increase of
ECA in the mix.

Flexural strength

Flexural test was carried as per IS 516. The test was done according to 4-point load
system. The roller on the top was placed 100 mm from the center of the beam, and
there was a distance of 200 mm between the rollers. The rate of loading applied
was 400 kg/min until the failure of the beam, and maximum flexural strength was
recorded. The result is shown in Fig. 2. The flexural strength of D1800 LWCwas the
highest among the lightweight concrete and also in range with strength of the mix
M30 NC.

Modulus of elasticity

Modulus of elasticity (MOE) was carried as per ASTM C469. The MOE was tested
on 28 days for all the mixes, and the results are provided in Fig. 3. MOE was also
evaluated by the empirical formulae given below.
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Ec = 43× 10−3 × d1.5 × f 0.5c

where Ec =modulus of elasticity, d = density of the mix in Kg/m3 and f c = strength
in MPa at 28 days.

It was observed that the MOE values from the experiment and that obtained from
empirical formulae have a slight variation. Also the MOE was directly proportional
to the strength of the mixes.
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3.3 Durability Properties

Rapid chloride ion penetration test

This test was performed as per ASTM C 1202 [15] in which the samples were moni-
tored by observing the total electric charge penetrating through them. The samples
were kept in test device. One test cell was filled with 3% NaCl solution, while the
other test cell with 0.3 N NaOH solution. The whole assembly is then connected
to a constant 60 V DC supply. The amount of charge passing through samples was
noted after every 30 min for a total of 6-h duration. Then, the total charge passed in
coulombs is calculated by the formula given below.

Q = 900 (I0 + 2I30 + 2I60 + · · · + 2I300 + 2I330 + I360)

where Q = charge passed in coulomb, I0 = current in amperes at 0 min after
application of voltage, I t = current in amperes at t mins after the application of
voltage.

The following were the results obtained for the different mixes, and it is shown
in the Fig. 4 given.

It was observed that total amount of electric current passed through D1800 mix
was the least in all the four mixes, showing its tendency to perform better in those
environments.
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Water absorption under submersion

Water absorption under submersion test was performed as per BS 1881: Part 122.
The test was carried at 28 days after casting of the mixes. After 28 days curing, the
specimen was first oven-dried to remove all the moisture and to achieve a constant
weight and recorded. The samplewas cooled down to bring it to the room temperature
after which submerged in water for 30 min. After 30 min, the sample was again
weighed to determine the water absorption of the mixture. The result is illustrated in
Fig. 5.

Water absorption under low pressure

This test is used in the evaluation of concrete structures exposed to water under low
pressure. This test was performed as per Rilem 11.4 test method. Rilem tube filled
with water having the capacity of 5 ml is attached to a face of cube as shown in
Fig. 6, and the decrease in the water level is recorded after specific time interval.
Figure 7 shows the test result of percentage of water absorption under low pressure
for different mixes.

Capillary water absorption

Capillary water absorption was performed as per BS-EN-480-5. The test was
conducted on 28 days. The samples were submerged in water up to 1.5 cm depth, and
the capillary action of water was observed on 3 h, 24 h, 48 h and 72 h by weighing in
these time period. The percentage of water absorption was observed by calculating
the weight difference of the samples. The result obtained is shown in Fig. 8.

The result shows that the capillary action in lightweight concrete is less in compar-
ison to the normal concrete, and hence, the effect of water due to capillary in the
lightweight concrete will be less in comparison to normal concrete.
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Fig. 6 Experimental setup of water absorption under low pressure
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Fig. 7 Rilem water absorption test result

4 Value Engineering

Since the mix D1800 LWC performed better for all the experiments in lightweight
concrete mixes, it was considered for structural design and value engineering. Struc-
tural design analysis is carried on reinforced cement concrete (RCC) residential
towers ofG+5,G+10 andG+15by completely replacing thememberswithD1800
LWC mix. Figure 9 shows the floor plan used for structural design and analysis.

Structural design and analysis were carried out in structural analysis and building
design software ETABS. Only limit-state conditions of live and dead load were
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Fig. 9 Floor plan used for value engineering, all dimensions in mm

considered for the design of structures. The structures mentioned above were drafted
and analyzed. The total load, total cost of steel and concrete were calculated for
G + 5, G + 10 and G + 15 for both M25 NC and D1800 LWC; the complete
replacement of the concrete with lightweight concrete was done. A study was done
to make optimal utilization of total load of the structure of normal grade by complete
of lightweight concrete for structural members. Analyses were done in order to find
additional floors that can be added so as to utilize the additional load of normal
concrete structure. Hence, G+ 6, G+ 7, G+ 11, G+ 12, G+ 16 and G+ 17 were
drafted and analyzed. The results are shown (Table 7).
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Table 7 Total load and total material comparison for complete structural replacement

Floors
NC

Total load
(KN)

Total
reinforcement
quantity (Kg)

Total
concrete
quantity
(cu. m)

Floors
LWC

Total load
(KN)

Total
reinforcement
quantity (Kg)

Total
concrete
quantity
(cu. m)

G + 5 10,445.3 11,869.32 118.62 G + 5 9355.6 11,769.01 120.79

G + 6 10,722.5 11,927.38 142.56

G + 7 12,099.8 12,016.64 156.73

G +
10

17,070.9 20,959.45 205.18 G +
10

15,749.8 20,707.76 208.93

G +
11

17,095.2 21,137.6 225.21

G +
12

18,440.7 21,670.83 246.5

G +
15

24,946.7 31,279.91 269.8 G +
15

22,422 30,321.15 273.83

G +
16

23,767.4 30,772.42 288.9

G +
17

24,956.2 31,357.9 303.97

Table 8 Unit cost comparison of the mixes

Mix description M30 NC D1400 LWC D1600 LWC D1800 LWC

Cost of 1 m3 of concrete (Rs.) 6250 11,485 9330 6950

% increase in unit price from standard
mix

0 83.76% 49.28% 11.2%

From Table 22 above, it can be seen that an additional floor for G+ 10 and above
and two additional floors for G + 15, and above structures can be implemented by
completely replacing D1800 LWC by M30 NC for beams, columns and slabs. This
will also result in saving the cost of reinforcement for same number of floors by
lightweight concrete (Table 8).

5 Conclusion

Workability of lightweight concrete was more compared to normal concrete and
directly proportional to the percentage of ECA in the mix. The compressive and
flexural D1800LWCwas highest among all the lightweight concretemixes; however,
it was 27 and 2% less as compared toM30NCmix at 28 days. The hardened densities
for all the mixes remained in an acceptable range throughout the experimental work.
Since modulus of elasticity is dependent on stiffness of the materials and hence it
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had high values for normal concrete than lightweight concrete also MOE decreases
with the addition of ECA percentage in the mix.

Rapid chloride ion penetration test showed that lightweight concrete has higher
tendency of resisting the chloride ion penetration than normal concrete with mix
D1800 LWC having the highest tendency. In the water absorption test, i.e., under
submersion and low pressure, the rate of water absorption was the least for the mix
D1800 LWC, showing the property of resisting water penetration inside the concrete.
Also capillary water absorption for all the lightweight concrete mixes was less in
comparison to the normal concretemixes.MixD1800LWChas better performance in
fresh, hardened and durability state; it was chosen for comparison with mix N30 NC
for value engineering. An additional floor for G + 10 and above and two additional
floors for G+ 15 and above structures can be implemented by completely replacing
D1800 LWC by M30 NC for beams, columns and slabs.
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Effect of Modern Chemical Admixtures
on the Performance of Strength
of Cement Mortar Cubes

Alima Fernandes and K. G. Guptha

Abstract Admixtures are chemical additives in concrete and play a vital role in
modifying the desired properties in fresh concrete or green concrete. The evolution
of these admixtures in their performance contributed a lot to themodern concrete over
the conventional concrete. In the present experimental study, effect of low, medium
and high end admixtures is considered to evaluate their performance on strength with
their respective optimum dosages. Cement mortar cubes tested for 3 days, 7 days and
28 days with standard water–cement ratio determined from the standard consistency
test of cement paste following IS procedures reveal notable improvements in the
strength. This study highlights the minimum water–cement ratio required in each
category of the admixture, and its effect on strength is discussed.

Keywords Admixture · Strength · Performance

1 Introduction

Admixtures are the widely used additives in modern concrete to produce high-
performance concrete. The addition of these admixtures in the conventional concrete
modifies the desired properties in fresh or green stage of concrete. The availability of
admixtures can be categorized intomany types; however,water reducers, accelerators
and retarders have awide range of applications in the constructionfield. The combina-
tion of more than one admixture in required dosages shall yield a high-performance
concrete. Hence, laboratory experiments are carried out before the application of
these admixtures in the field to determine the behavior on properties of concrete in
green state.
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The present study includes experimental tests to observe the behavior of perfor-
mance of low, medium and high end admixtures on the strength. Conplast SP 430
ES2, Conplast SP 600, Auramix 201, Auramix 300 plus, Auramix 402 and Auramix
450 are six different admixtures having different chemical compositions used in
this study. The Auramix series chemical admixtures are second-generation admix-
tures based on polycarboxylic ethers. However, the conplast series admixtures are
first-generation admixtures.

Compressive strength being the most important property of concrete makes it
necessary to determine the effect of modern admixtures on strength. Studies have
shown that factors affecting strength include quality of materials and the water–
cement ratio. Hence, admixtures are added to produce workable mix keeping water–
cement ratio as low as possible in order to achieve high-performance concrete.

Generally, test cubes of standard sizes are tested to determine the compressive
strength. The present study aims at determining the strength of cement mortar cubes
with the addition of optimum dosage of admixtures. The study reveals clear differ-
entiation of strength for 3 days, 7 days and 28 days of cement mortar with the use
of different admixtures enlisted above. Studies were carried out under controlled
environment as per relevant IS codes.

2 Materials and Methodology

2.1 Materials

Laboratory experiments were carried out to determine the strength of cement mortar
cubes having 70.6 mm size using admixtures. The materials included are cement,
standard sand, water and admixture. The detailed description of these materials and
the apparatus used are listed below:

Cement—Cement is manufactured from calcareous materials and is found to be
the most reactive material when it is in contact with water. All the tests were carried
out usingOPC 43 grade UltraTech cement conforming to IS 8112: 2013 (43 grade) of
38th week. The cement was sieved through 90 µm standard sieve to have a uniform
sample.

Standard sand—Standard manufactured sand corresponding to IS 650: 1991
(reaffirmed 2008) was used in all the experiments. The standard manufactured sand
consists of three different grades. Equal proportions of these grades, i.e., particles
smaller than 2 mm and greater than 1 mm, particles having size smaller than 1 mm
and greater than 500 µm and particles having size below 500 µm and greater than
90 µm, were used.

Water—Fresh and clean water corresponding to IS 456: 2000 was used in all the
experimental tests. Standard water–cement ratio was found to be 0.4 for OPC 43
grade UltraTech cement as determined from the standard consistency test of cement
paste as per IS 4031 (Part 4): 1988.
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Table 1 Parameters analyzed

S. No Admixture Minimum w/c
ratio

Optimum w/c
ratio

Optimum
admixture
dosage (in %)

Optimum flow
achieved (s)

1 Conplast SP
430ES2

0.4 0.5 0.9 21.84

2 Conplast SP
600

0.4 0.5 0.6 23.34

3 Auramix 201 0.3 0.42 0.9 19.65

4 Auramix 300
plus

0.4 0.5 0.6 20.41

5 Auramix 402 0.3 0.42 0.6 27.94

6 Auramix 450 0.3 0.42 0.9 19.43

Chemical admixtures—Low, medium and high end admixtures pertaining to IS
9103 were used for the analysis of all the test cubes. The optimum dosage of all the
six different chemical admixtures is given in Table 1. The chemical admixtures used
in the study were Conplast SP 430 ES2 and Conplast SP 600 identified as low end
admixture, Auramix 201 andAuramix 300 Plus identified asmedium end admixtures
and Auramix 402 and Auramix 450 identified as high end admixtures as per the data
provided by Fosroc Constructive Solutions.

2.2 Apparatus

The strength test of all the analysis was carried out using different apparatus. The
detailed description of the main apparatus used in the present study is discussed as
follows:

Cube molds—Cube molds of size 70.6 mm× 70.6 mm× 70.6 mm of high-level
accuracy with ISI certification mark along with a base plate was used for all the
experiments. All the molds were applied with mold releasing oil to avoid rusting and
to give a smooth and easy removal of the cubes.

Tamping rod and vibration machine—The molds were filled in three different
layers. The mix was compacted by temping with a rod for 25 times per layer. The
mix was vibrated on a vibration table as per procedure laid down to achieve full
compaction.

2.3 Methodology

The methodology adopted for the present study was divided into two parts. In the
first part or preliminary test, Marsh cone test was performed for water–cement ratios
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varying from 0.2 to 0.6 and admixture dosage varying from 0.3 to 1.5% by weight of
cement at an interval of 0.3 to determine the minimum water–cement ratio required
for the respective admixture to perform. Optimum water–cement ratio and optimum
admixture dosage for corresponding flow value were also determined from this test.

In the second part, the strength of cementwater cubeswas testedwith the optimum
admixture dosage values determined from the Marsh cone test. This test included
a mixture of cement and standard sand with standard water–cement ratio of 0.4
of the cement used corresponding to IS 4031 (Part 6): 1988 and optimum dosage
of admixture. Figure 1 shows a picture of cubes casted. Figure 2 shows a detailed
process of the present experimental study carried out. The details of the proposed
methodology to determine the strength are shown in Fig. 3 for low, medium and high
end admixtures.

Typical test procedure to determine the performance of admixture on strength had
the following steps:

(a) Dry mix of cement and standard sand in the proportion of 1:3 was prepared.

Fig. 1 Picture of cubes casted

Marsh cone test Determine 
minimum w/c ratio

Determine optimum 
values of w/c ratio 

and admixture 
dosage

Determine standard 
consistency of 
cement paste

Prepare cement 
mortar cubes of 1:3 

proportion with 
standard w/c ratio 

and optimum 
admixture dosage

Determine strength 
of cubes

Fig. 2 Flowchart of the detailed process of experimental study
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Admixtures

Low 
End 

Conplast 
SP 430 

ES2

water-
cement 
ratio = 

0.4

Admixture 
dosage is 
0.9 % by 
weight of 
cement

Conplast 
SP 600

water-
cement 
ratio = 

0.4

Admixtur
e dosage 
is 0.6 % 

by weight 
of cement

Mid 
End

Auramix 
201

water-
cement 
ratio = 

0.4

Admixture 
dosage is 0.9 
% by weight 

of cement

Auramix 
300 Plus

water-
cement 
ratio = 

0.4

Admixture 
dosage is 
0.6 % by 
weight of 
cement

High 
End

Auramix 
402

water-
cement 
ratio = 

0.4

Admixture 
dosage is 
0.6 % by 
weight of 
cement

Auramix 
450

water-
cement 
ratio = 

0.4

Admixture 
dosage is 
0.9 % by 
weight of 
cement

Fig. 3 Flowchart of the methodology proposed of strength test

(b) Taking water–cement ratio as 0.4 admixture was added to water.
(c) Care was taken to see that the mortar prepared was homogeneous through the

process of mechanical mixing.
(d) Preparedmortarwasfilled in themolds in three layers, each layer being tampered

20–25 times with the tamping rod.
(e) Prepared samples ofmoldswere vibrated as per code to achieve full compaction.
(f) Cubes were cured in freshwater curing tank.
(g) Strength of 3 days, 7 days and 28 days was recorded.
(h) Tests were also conducted for mid and high end admixtures.
(i) All readings were recorded for reference.

3 Result Interpretation

Based on the analysis performed on all the admixtures under controlled environ-
mental conditions following IS procedures, the results are summarized and discussed
in the subsequent chapter.

The minimum water–cement ratio required for the performance of admixture
determined from the Marsh cone test is tabulated in Table 1. From the experiments
conducted, it was observed that the optimum dosage of the admixtures used ranged
from 0.6 to 0.9% by weight of cement. Hence, this study highlights the behavior of
flow values corresponding to 0.6% and 0.9% of admixture dosage. Saturation point
on the flow curve is the optimum admixture dosage corresponding to the admixture
used. Up to the saturation point, the flow value reduces at a high rate, but beyond
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this point there is a nominal reduction in the flow value. The optimum values of
water–cement ratio and admixture dosage are shown in Figs. 4 and 5.

Referring to Table 1, it can be seen that the optimum dosage value of Conplast SP
430 ES2, Auramix 201 and Auramix 450 is 0.9% by weight of cement used, whereas

Fig. 4 Behavior of flow value for 0.6% of admixture dosage by weight of cement

Fig. 5 Behavior of flow value for 0.9% of admixture dosage by weight of cement
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Table 2 Average cube
strength of cement mortars

Description Strength in N/mm2

3 days 7 days 28 days

Without admixture 28.05 37.5 55.68

Conplast SP 430ES2 27.5 37.16 55.01

Conplast SP 600 27.71 37.44 55.42

Auramix 201 27.98 37.81 55.96

Auramix 300 plus 28.13 38.02 56.27

Auramix 402 28.52 38.54 57.05

Auramix 450 29.09 39.31 58.19

Conplast SP 600, Auramix 300 Plus and Auramix 402 is 0.6% by weight of cement
used.

Referring to Table 2, the behavior of strength curve observedwas similar for all the
mortar mix prepared.Marginal improvement in the strength of cement mortar cube in
comparisonwith low,medium and high end admixtures for 3 days, 7 days and 28 days
is observed. From Fig. 6, it is observed that Auramix 450 has the highest strength
compared to the strength of cubes containing other admixtures, whereas Conplast
SP 430 ES2 has the lowest strength. It is also observed that the high end admixtures
show higher strength in comparison with medium and low end admixtures.

The performance of cube strength inclusive of medium end admixtures was found
to be similar to the performance of cube strength without the addition of any admix-
tures. However, in this case, it is observed that the performance of cubes containing
low end admixtures has underperformed.

Figure 7 shows an average curve of performance of admixture on strength for
cement mortar cubes of the admixtures used in the present study. A logarithmic

Fig. 6 Behavior of strength of different cement mortars
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Fig. 7 Average performance curve of strength inclusive of chemical admixtures

equation is fixed having regressive coefficient as 0.999 with tolerance value of± 5%
of strength.

The expression of the average strength of cube with the addition of admixtures is
found to be

y = 12.66 ln(x)+ 13.92 (1)

where
x = age of cube in days
y = strength in N/mm2

4 Conclusions

From the above experimental study, the following conclusions are drawn:

1. The required standard water–cement ratio for OPC 43 grade UltraTech cement
is 0.4.

2. From the above study, it can be concluded that the addition of admixtures does
not yield high performance on the strength of mortars in comparison with the
cubes tested without any addition of admixtures. However, high end admixtures
show exhibited improvement as compared to medium and low end admixtures.

3. The low end admixtures have underperformed in comparison with the perfor-
mance without the use of admixtures.

4. The performance of medium end admixtures is similar to that without the use of
admixtures.
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5. An appropriate expression was fixed to determine the strength of mortar cubes
with the addition of chemical admixtures having regressive coefficient as 0.999
and ±5% tolerance which is given by,

y = 12.66 ln(x)+ 13.92
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Review of Performance-Based Design
of RC Shear Walls

Tarak Santosh Parab and Vikas Chodankar

Abstract Reinforced concrete shear walls are generally used as predominant in-
plane lateral force-resisting members in tall buildings. National Building Code of
India has clauses guiding their design process as well as there are numerous research
papers detailing empirical formulations that can be used for complicated designs.
Many structural design related software packages come with comprehensive shear
wall modelling, analysis and designing modules. But in performance-based design
philosophy it is necessary to consider not only the strength and the stiffness aspects
of a shear wall but also its performance and its ultimate failure mode when subjected
to strong dynamic loads. Especially RC shear walls present more challenges when
it comes to accurate modelling and design because of the heterogeneous nature of
concrete, variable concrete-aggregate and concrete-rebar bonding, strength degrada-
tion or pinched hysteretic behaviour, etc. This paper presents a summary of literature
available of performance-based design methodologies and their applicability to the
design of reinforced concrete shear walls.

Keywords Performance-based design · RC walls · Seismic design

1 Introduction

Shear walls are generally used to resist lateral force borne by tall buildings due to
earthquake ground motions or wind forces along with other gravity loads. A shear
wall increases the stiffness of a building in the direction parallel to its plane. This
helps in reducing lateral sway of the building and increasing stability in that plane.
Multiple shear walls can be ‘coupled’ to behave as a single wall by using coupling
beams. Shear walls can be provided as perimeter wall or can form the main central
core of a tall building.

When a structure is subjected to dynamic forces, lateral force-resisting systems
resist the overturning effect and structural sway by means base fixity and lateral
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stiffness. When shear walls are employed along with Special Moment Resisting
Frame Systems (SMRF), the structure is designed such that 75% of the effective
lateral load is borne by the shear walls while rest of the 25% is carried by frame
system. Hence, it is important to model and detail shear wall appropriately so that
the performance of the actual structure will be as per the predicted performance.

2 Evaluation Procedures

Performance evaluation of a structure can be performed by various methods. These
procedures can be classified into the following four categories:

a. Linear Static Procedure (LSP)
b. Linear Dynamic Procedure (LDP)
c. Non-linear Static Procedure (NSP)
d. Non-linear Dynamic Procedure (NDP).

The first two design procedure employs empirical data and formulations in
designing a structural member. Generally, the design is force-based with certain
modifications to accommodate inelastic non-linear behaviour of the members when
subjected to strong dynamic forces, system ductility, redundancy and over-strength
when subjected to design forces. As per IS: 1893 (Part 1) [1], response reduction
factor R is used to reduce seismic loads so as to allow for permissible displacements.
This is the simplest and least computationally intensive method but the design can
be more conservative and the validity of performance can be the least.

The non-linear static procedure also employs assumptions to accommodate the
dynamic characteristics of the structural response. This procedure is generally only
valid for the first mode dominated structures as the procedure can not accurately
account for higher mode effects. NDP procedure is the most rigorous and the results
can most accurately describe the performance of a real structure. As the model
increases in details, the validity of the results increases. The procedure is highly
accurate as it modifies stiffness of the members with each time iteration. But it
is the most time consuming and computationally intensive. And as the structure
incorporates more complex elements, such as RC shear walls, the designer needs
to utilise rational judgement while deciding whether to simplify the model and use
rigorous evaluation procedures or to rely on empirical formulations.

The analytical study conducted by [2] NDP showed the best structural perfor-
mance while LSP and LDP resulted in the most conservative design. The study
concluded that additional computational expense for NDP has the potential for
reducing unnecessary costs for building owners on seismic improvements. The
structure was within code specified permissible limits.

Ductile behaviour is necessary for the design of shear wall so as to allow for
permissible deformation and redistribution of loads to adjacent elements without
collapse during hazardous events. This can be achieved using capacity-based design
approach. To prevent unpredictable brittle shear failure it is essential for the flexural
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end plastic hinge formation before shear failure. Adequate transverse reinforcements
should be provided to avoid shear failure mode. It is also essential to provide confine-
ment to concrete at the base as well as ends of a shear wall to allow permissible strain
in the concrete without exceeding ultimate compressive stress.

3 Shear Wall Modelling

3.1 Factors Influencing Shear Wall Modelling

• Aspect Ratio, i.e., wall height to width ratio. A slender pier/wall will behave more
like a frame element or a continuous beam in resisting lateral forceswhereaswider
pier will behave more like a cantilever.

• Irregularities and openings in-wall, as well as positions of the openings within the
wall.

• Coupling beam characteristics and behaviour. Generally, coupling beams are
considered as sacrificial so as to sustain deformations. This helps in absorbing and
dissipating energy during cyclic loading and preventing major damage to shear
walls.

• Finite element meshing of the panels. A simple uniform rectangular meshing
scheme is adequate to capture elastic behaviour of the wall. But more compre-
hensive meshing techniques need to be utilised to capture precise inelastic
behaviour.

• Modelled plastic hinge length.
• Strength degradation in concrete when exposed to dynamic loading as seen as

‘pinching’ behaviour in concrete hysteresis graph.
• Variations in cement-aggregate and concrete-rebar bonding strengths.
• Variations in concrete strength due to confinement effect.
• Eccentrically placed walls in the plan of the structure can add unforeseen out of

plane stresses and rotations.

3.2 A Shear Wall Model Should be Able to Recreate
Following Types of Responses

• Vertical axial and bending deformations
• Horizontal axial and bending deformations
• Shear deformations
• Rigid body displacements.



178 T. S. Parab and V. Chodankar

3.3 Shear Wall Element Models

Shear wall models can be broadly classified as:

i. macro models—generally uses empirical formulations for design
ii. micro models—uses finite element modelling and non-linear methodologies for

design

Following are recommended types of wall element models:

a. Two-Component Element:

This element consists two components, an elastoplastic beam and a linear elastic
beam (see Fig. 1), combined in series to represent a vertical element, such as wall or
column was proposed by [3]. The model cannot accommodate strength or stiffness
degradation in cyclic loading.

b. One Component Element:

In thismodel, the element consists of a single elementwith lumped hinges at each end
(see Fig. 2). It was proposed by [4]. The non-linear deformations were assumed to be
lumped at the ends of the elements and elements deform indouble curvature.Different
hysteretic ruleswere assigned to both themodels to consider the degradation in cyclic
loading.

Fig. 1 Two component bilinear model

Fig. 2 One component model
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Fig. 3 Multiple vertical line
element model (MVLM)

c. Three Vertical Line Element Model (TVLM)

Kabeyasawa et al. [5] proposed the model in which the boundary elements are modi-
fied as two vertical springs and the middle element is modelled as multi-spring
element for rotational shear and axial deformations of the wall. The model then was
modified by [6] to the Multiple Vertical Line Element Model (MVLM) in which
multiple vertical elements were used to represent different sections of the shear wall
web (see Fig. 3). The model is successful in representing important parameters of
shear walls. Orakcal et al. [7] studied the behaviour of the model with respect to
cyclic response of the flexural walls.

d. Finite Element Methods

A finite element algorithm was proposed by [8] for modelling shear walls. The mesh
is made up of rectangular elements to which non-linear characteristics of concrete
and steel are assigned.

e. Multilayer Flexibility-based Finite Element

The model was developed by [9] which used multilayer flexibility-based finite
element with multilayer interfaces (see Fig. 4). The hysteretic behaviour of concrete
(pinching), strength degradation, effect of slip was modelled. It was possible to
incorporate confinement behaviour and inelastic shear deformation in the model.
The model was verified with experiments on slender walls.

f. Fibre Cross-Section Elements

Fibre cross-section elements are the most recommended models for RC shear walls
for most predicting non-linear responses. In these models, steel and concrete fibres
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Fig. 4 Multi-layer finite
element model

are provided running in the direction of stress to be resisted (see Fig. 5). These
are now already being implemented in design software packages like SAP2000 and
Perform-3D by CSI.

Basic characteristics of the fibres:

• Steel fibres are allowed to yield and may degrade under cyclic loading.
• Concrete fibres are allowed to crack and may crush.
• Concrete fibres have zero tension strength.

Fig. 5 Fibre cross-section
element showing concrete
and steel fibre sections
arrangement
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• Usually, brittle strength loss is omitted in concrete fibres.
• Only vertical axial and bending deformations affect the fibres.
• The fibre sections account for P-M interaction.

g. Multi-layered Shell Elements

Xinzheng [10] modelled and studied behaviour of shear wall using Multi-layered
shell elements. The shear wall was modelled using OpenSees application. The
element simplifies the three-dimensional wall into shell which has multiple fully-
bonded layers in thickness direction (see Fig. 2).Different propertieswere assigned to
each layer depending upon the assumed location of concrete (confined/unconfined),
reinforcements and cover. The reinforcement layer is usually smeared within the
concrete layer (see Figs. 6 and 7).

Similar experiment was conducted by [11]. The behaviour of a typical plan of 10
storey RC Frame with shear walls building was studied where the shear walls were
modelled as a multi-layered shell elements using SAP2000. Since this type of model
does not directly provide information regarding hinge formation in the elements, it
was concluded that the indirect approach is necessary to be derived to interpret the
results.

Fig. 6 Multi-layered shell
element

Fig. 7 Distribution of rebar
layers
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4 Verification of Design

Verification of design can be done using scaled models having similar aspect ratios
and reinforcements detailing. By comparing various parameters such as elastic and
plastic hinge rotations, deflections and sway, and overall stiffness degradation of the
digital model with experimental data the validity of the design can be determined. It
is important to focus on both local as well as overall structural behaviour as a result
of the performance of the shear walls.

5 Conclusion

RC shear wall presents a challenge in regards to achieving realistic modelling due to
variousmaterial and structural related complexities.Many structural designing appli-
cation has incorporated modelling and designing modules based on recent develop-
ments in this field. But further studies are required for optimising the computation
and enhancing reinforcement detailing as per the strength and ductility demands at
different sections of the wall.

While deciding the type of element to be used it can be concluded that fibre
cross-section elements can produce the most accurate results but needs rational
judgement while choosing number and placement of fibres. Whereas multi-layered
shell elements need further research so as to invent methodologies to simplify the
modelling of the elements while incorporating numerous variables such as cracking
in concrete, slip in rebar, etc.

With the refinement in modelling and detailing procedures, exponential increase
in available computing power, developments in analytical and experimental research
alongwith powerful proprietary and open-source software applications the procedure
of performance-based design of RC shear walls can be easily used for engineering
applications.
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Effect of Urban Land Use on Agriculture,
Forest, and River Beds: A Case Study
of Dehradun City, Uttarakhand, India

Kunal Sawant, Rishi Prakash, and Nitin Mishra

Abstract Urbanization has led to a tremendous pressure on available land in
Dehradun,Uttarakhand, India. Therefore, proper landplanningmeasures are required
to mitigate the effect of urbanization on agriculture, forest, and water bodies. This
study illustrates the use of remote sensing and GIS to detect the change in urban
sprawl of Dehradun region during the period 2013–18 and its effect on agriculture,
forest, and water bodies. Landsat 8 imagery has been used in this study. Super-
vised classification has been adopted in Landsat 8 images of the study area. Four
different land cover classes have been considered in classification stage. These are
urban, forests, agriculture and vegetation, and seasonal river beds. The accuracy
obtained for both the images after classification was above 85% for good change
detection results. The change detection technique used is post-classification compar-
ison method which is the matrix union method. The study has shown that the built-up
area in Dehradun city has expanded from 75.07 km2 in 2013 to 105.51 km2 in 2018
and 0.26 km2 of forest area, 34.40 km2 of agricultural land, and 2.56 km2 of water
beds have been converted into built-up area in the duration of 5 years. The increase
in built-up area from 2013 to 2018 is 40.54%.

Keywords Landsat 8 · Change detection · Recoding · Supervised classification

1 Introduction

The term land can be defined as a figure on the earth’s surface including all phys-
ical attributes of the biosphere and the environment which focuses on the soil and
rock forms, major water bodies (river, shallow lakes, swamps, marshes, and even
undergroundwater reserves), major biodiversity and their respective distribution, and
major physical changes due to human activities [1]. Change detection is the process
of visualizing the difference in a body or phenomenon by observing at different times.
The study about change in land cover is one of the important areas to understand the
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degree of interaction betweenman and ecology. To implement adequate development
plans, a highly maintained and timely organized data regarding land use detection is
must. The change in land use patterns affects aquatic life, water quality, and other
processes that combine together to affect weather and biosphere. Uttarakhand is a
state in the northern part of India formed after its division fromUttar Pradesh in 2000
[2]. Dehradun, the capital city of Uttarakhand, has witnessed a tremendous growth
in construction and built-up area. Therefore, a balanced land use planning is required
for the proper development of Dehradun city. The goal of my project is to identify
the urban sprawl of Dehradun city over time using satellite imagery.

2 Datasets Used

2.1 Study Area

Dehradun extends over an area of 300 square kilometers. It lies between 77° 34′ E and
78° 18′ E longitudes and 29° 58′ north to 31° 2′ N latitudes [3]. Dehradun comprises
Song River in the east, the Tons River in the west direction, and the Himalayan
Mountains in the north and covered by Sal Forests in the south as shown in Fig. 1.

Fig. 1 Study area showing Doon Valley
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2.2 Dataset Used

• Landsat 8 images of the year 2013 and 2018 have been used to study urban land
cover changes in Dehradun city. Landsat 8 satellite was launched on February 11,
2013. It consists of 11 spectral bands. It has a spatial resolution of 30 m, thermal
resolution of 100 m, and panchromatic resolution of 15 m.

• Two images of Dehradun city were downloaded from United States Geological
Survey (USGS) Web site of same place but different dates of duration of 5 years.
Landsat 8 image of Dehradun city of date May 29, 2013, and Landsat 8 image of
Dehradun city of date May 11, 2018, were used.

• Both the images of Landsat 8 were used. We have used band combination of 2,
4, and 7 for layer stacking.

3 Methodology

Following steps have been used for urban land change detection of Dehradun,
Uttarakhand (India):

Step 1: Layer stacking of two Landsat 8 images is performed of dates May 29,
2013, and May 11, 2018.
Step 2: Sub-setting of Dehradun area from both the layer stacked images.
Step 3: Supervised classification of both the subset images.
Step 4: Recoding of all urban and non-urban classes using Thematic Recode
option.
Step 5: Change detection using matrix union method. Change detection matrix
generation. The methodology adopted is shown in Fig. 2.

3.1 Layer Stacking

Landsat 8 images of 2013 and 2018 were downloaded using the earth explorer option
of United States Geological Survey (USGS). The images downloaded are of dates
May 29, 2013, and May 11, 2018. Once the images were downloaded, they were
imported into ERDAS Imagine software. Layer stacking is a preprocessing operation
which combines several bands of Landsat and provides a single image with improved
quality and resolution. The band combination used is 2, 4, and 7 for layer stacking
in both the images.
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Fig. 2 Flowchart of methodology adopted

3.2 Subset of Stacked Images

After the process of layer stacking, we need to extract or cut our study area from
the stacked images because our study area is a very small part of the stacked image.
Therefore,wedonot require the entire stacked image for further processing. Figure 3a
shows the subset image of year 2013, and Fig. 3b shows the subset image of year
2018.

3.3 Supervised Classification

The classification method used for this project is supervised classification technique.
In supervised classification, the user himself performs the pixel classification process
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Fig. 3 a Subset image of year 2013 and b subset image of year 2018

[4]. The user creates training samples consisting of various pixels that should be
associated with each class. This is done by choosing sample sites of known cover
type called training areas. Signature editor method is employed to select the training
samples and technique used is maximum likelihood classification. Figure 4a displays
the classified image of year 2013, and Fig. 4b illustrates the classified image of year
2018. There are a total of four classes taken in classification: Red is for urban, green is
for forestland, yellow is for agricultural land, and blue is for seasonal water beds. The
samples taken for forest area are 25, for agriculture and vegetation is 40, 25 samples
for urban area, and 15 samples for seasonal river bed. Supervised classification is
different fromunsupervised classification in the sense that it requires external training
samples to execute the classification operation [5].

3.4 Recoding

Recoding is the process of reclassification of the classes. This is done by combining
them based on similar characteristics and having a more general class. The goal
of this project is to identify the change of the urban class. Recoding is done using
thematic option in the raster tab and all the urban classes were recorded as 1, all
the forest classes were recorded as 2, all the agriculture and vegetation classes were
recorded as 3, and all water classes were recorded as 4. These recoded images will
be further used as inputs in the matrix union for change detection. In case, the pixels
of a particular class are showing in some other class, thematic recoding helps in this
error correction process by first drawing a polygon around the boundary of the area
in which the error in pixels is showing and then using the thematic recode option,
we correct the pixels in that area. In this project, water beds were getting classified
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Fig. 4 a Classified image of
year 2013 and b classified
image of year 2018. Red is
for urban, green is for
forests, yellow for
agriculture, and blue for river
beds

under the urban region due to same reflectance of rocks and sand in both river beds
and urban regions so we were able to solve this discrepancy using thematic recode
option which enabled us to recode the wrong classes to correct one. Recode option
is available in raster tab of ERDAS IMAGINE.
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3.5 Accuracy Assessment

After performing recoding and thematic corrections, accuracy assessment is
performed on both the recoded images. Accuracy assessment is performed to eval-
uate the accuracy of classification of our images. The accuracy of 2013 image is 88%
and of 2018 image is 85% which is desirable and good for change detection.

3.6 Change Detection Using Matrix Union Method

Change detection is defined as a process used to identify the change that occurred
in a specific area over a span of time. By observing the same area at different time
intervals using satellites or aerial photography, the user can identify the change of
land use and land cover in that area. Several other analyses can also be done with the
help of change detection techniques such as change in the condition of the water or
the degrading of a plant species. Since the images used for this study were already
classified, the post-classification comparison method was used. This is a simple and
more promising method which produces accurate results if the classification is done
accurately. Since the images taken at the different times were already independently
classified, these classified images can be used to produce change maps that will
visualize the pixels that have changed from one class to another.

The method used for change detection is matrix union method present in thematic
option of the raster tab. It takes both the recoded images as input and can be used
to create a visualization map which will display the change of pixels from 2013 to
2018. We saved the matrix union file by the name 2013–18. We have to open this
file in Arc GIS software to generate a change detection matrix in Excel sheet from
there which will display the change in pixel count between 2013 and 2018 and also
the change in area. The matrix union function will create a matrix from two input
thematic rasters. To open this dialog, go to the raster tab, raster GIS group, click the
drop down below thematic and select matrix union. Figure 5 shows the matrix union
image 2013–18 opened in Arc GIS software. We will open the attribute table of this
image in Arc GIS software from which we will generate a change detection matrix
in Excel sheet denoting the change in area during the time duration of 2013–18.

3.7 Change Detection Matrix

A change detection matrix helps us to detect the change in pixel count during a given
time duration from which we can compute the change in area in km2 [6]. Table 1
shows the attribute table of matrix union file 2013–18 opened in Arc GIS fromwhere
we extract its information to generate a change detection matrix [7, 8].
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Fig. 5 Matrix union
image 2013–18 opened in
Arc GIS software

Table 1 Attribute table of matrix union file 2013–18 in Arc GIS

OID Value Count Recode2013 Reccode2018

0 0 0 0 0

1 1 75,884 1 1

2 2 42 1 2

3 3 7429 1 3

4 4 53 1 4

5 5 288 2 1

6 6 131,784 2 2

7 7 15,350 2 3

8 8 1161 2 4

9 9 38,218 3 1

10 10 2348 3 2

11 11 124,032 3 3

12 12 759 3 4

13 13 2845 4 1

14 14 156 4 2

15 15 1689 4 3

16 16 7734 4 4

Table 1 shows the change in pixel count from year 2013 to 2018 between the
recoded classes: 1 (urban), 2 (forests), 3 (agriculture and vegetation), and 4 (seasonal
river beds). We can use this information to generate a change detection matrix from
where we can also calculate the urban land change detection in km2. We will create
the change detection matrix in Microsoft Excel 2016 for better reliability and perfor-
mance. A change detectionmatrix represents the change in pixel count between 2013
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Table 2 Change detection matrix for change in pixel count

1 2 3 4 2018

1 75,884 288 38,218 2845 117,235

2 42 131,784 2348 156 134,330

3 7429 15,350 124,032 1689 148,500

4 53 1161 759 7734 9707

2013 83,408 148,583 165,357 12,424 409,772

Table 3 Change detection matrix for area count in km2

1 2 3 4 2018

1 68.30 0.26 34.40 2.56 105.51

2 0.04 118.61 2.11 1.14 120.90

3 6.69 13.82 111.63 0.52 133.65

4 0.05 1.04 0.68 6.96 8.74

2013 75.07 133.72 148.82 11.18 368.79

and 2018 of urban area and also detects how much area of forests, agriculture, and
rivers have been converted into built-up or urban area during this time period and
how much urban area has been converted into forests, agriculture, and water beds.
From Table 1, it is seen that 288 pixels of forest lands, 38,218 pixels of agricul-
ture and vegetation, and 2845 pixels of seasonal river beds have been converted into
urban land. Table 1 also shows that 42 pixels of urban area have been converted to
forests, 7429 pixels to agricultural land, 52 pixels to river bed, and 75,884 pixels
remained unchanged during this time period. Table 2 shows the change detection
matrix between the years 2013 and 2018 depicting the change in pixel count. Table 3
shows the change detectionmatrix depicting the change in area in km2. Table 3 shows
that the urban area was 75.07 km2 in 2013 and has been increased to 105.51 km2

in 2018 and has been increased by 30.44 km2, and percentage increase in area is
40.54%. From the year 2013 to 2018, 0.26 km2 of forestland, 34.40 km2 of agricul-
ture and vegetation, and 2.56 km2 of seasonal river beds have been converted into
urban area, and 68.30 km2 of urban or built-up area remains unchanged during a span
of 5 years. Our main focus is on the change of pixels in urban class, and hence, there
is an increase of 33,827 pixels in urban class from 2013 to 2018. In order to convert
pixel, count into km2, it is necessary to know about the cell size of the classes and
then multiplying them by their corresponding pixel count to compute the area.
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4 Conclusion

Preprocessing operations of layer stacking and sub-setting are performed on both
the Landsat 8 imagers of years 2013 and 2018. Supervised classification technique
is used for land cover classification, and accuracy obtained for both the images is
above 85%.After the classification process, recoding is performed such that all urban
classes are recoded to 1, forest class to 2, agricultural land to 3, and seasonal river
beds to 4. After that matrix unionmethod is used for land change detection. A change
detection matrix is generated which depicts the change in pixel count from which
change in km2 can be computed during a span of 5 years. The change in urban area
observed in the duration of 5 years is 30.44 km2, and percentage increase is 40.54%.
From 2013 to 2018, 0.26 km2 of forestland, 34.40 km2 of agriculture and vegetation,
and 2.56 km2 of seasonal river beds have been converted into urban area during a
span of 5 years. This study is very important for monitoring and future planning of
Dehradun city and its natural resources.

Acknowledgements Authors are very thankful to Mr. Lakhwinder Singh, Ph.D Research Scholar,
IIT Roorkee, for his constant help regarding various GIS topics related to image processing and
classification.
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Spatio-Temporal Trend Analysis
of Rainfall for Kumaon Region
of Uttarakhand

Pooja Negi, Nitin Mishra, and Amit Kumar Sharma

Abstract Environmental change is upsetting the key climatic parameters at a world-
wide dimension. In any case, the progressions having limited power are not rise to
for all areas particularly in India. These progressions must be measured locally to
deal with the normal water assets all the more adequately. Precipitation is a standout
amongst themost significant climatic parameter. The reason for this investigation is to
watch the worldly fluctuation of precipitation for the time of 1901–2017 (117 years),
of Kumaon area regions of Uttarakhand. The point of the examination is to decide the
pattern in yearly precipitation time arrangement utilizing the M-K and Sen T-tests.
The pattern size in precipitation has been evaluated by Sen’s estimator strategy. Auto
correlation impact is decreased prior applying theM-K test for the pattern in rainfall.
On the yearly premise, examination of M-K analysis shows expanding (positive)
no criticalness pattern in precipitation time arrangement over the Kumaon areas of
Uttarakhand.

Keywords Mann–Kendall test · Non parametric test · Sen slope · Climate
change · Rainfall trend · Trend analysis · Time series · Kumaon region

1 Introduction

Climate change is the change in earth’s atmospheric system which results in new
climate pattern over a critical time-frame. It is regularly used to elude anthropogenic
climate change which is known as global warming. Global warming is due to human
activities and is referred as the long term increase in level of surface temperature
since 1900 for the most part brought about by the emissions of greenhouse gases.
Climate change includes both global warming and its effects such as changing pattern
of rainfall and temperature. As per IPCC Fifth Assessment Report which states that
human influence (emission of green house gases such as Methane, Carbon dioxide
and Nitrous oxide) has been the main cause leading to the warming since the mid
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twentieth century. During the twenty-first century, surface temperature is likely to
increase a further 0.3–1.7 °C to 2.6–4.8 °C depending on the rate of emission of
greenhouse gases. Effect of environmental change in future is very serious as given
by IPCC reportswhich imply that therewill be decrease in the freshwater accessibility
in view of environmental change. Precipitation is fundamental component of climate
[1]. Changes in precipitation can affect human lives, ecosystem, plants and animals
[2].

To examine the trend of precipitation there are several non parametric and para-
metric tests available. Parametric tests are said to be more influential than non-
parametric tests, but data series required in them should be independent and normally
distributed [3].Man–kendall test is the most used and important test used for analysis
of trend of Rainfall [4].

2 Study Area

Kumaon is one of the locales and regulatory division of the Indian region of Uttarak-
hand, the other being Garhwal. It consists of Almora, Bageshwar, Champawat,
Nainital, Pithoragarh, and Udham Singh Nagar. Its miles constrained on the north by
Tibet, at the east by Nepal, on the south by means of the territory of Uttar Pradesh
and on the west by Garhwal locale.

Kumaon locale consists of a massive Himalayan strip, together with submontane
strips known as the Terai and the Bhabhar. The submontane traces had been as much
as 1850 a nearly invulnerable woodland, supplied up towild creatures; yet after 1850,
the various clearings pulled in a wider population from the slopes, who developed
the rich soil at some point of the hot and bloodless seasons, coming back to the slopes
in the downpours. The remainder of Kumaon is a labyrinth of mountains, some part
of the Himalayan range, some of which can be some of the loftiest acknowledged.
In a tract not in extra of 225 km length and 65 km in broadness, there are greater
than thirty pinnacles ascending to heights surpassing 5500 m (Fig. 1).

3 Trend Analysis

(a) Mann–Kendall Test: The non-parametric MK test has been ordinarily utilized
for recognizing monotonic patterns arrangement of natural information, atmo-
sphere information or hydrological information. The invalid speculation, H0, is
that the information originated from a populace with autonomous acknowledges
and are indistinguishably conveyed [5]. The elective speculation, HA, are that
the information pursues a monotonic pattern. The MK test measurement are
determined supportive:
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Fig. 1 Study area showing 13 districts

S =
n−1∑

k=1

.

n∑

j=k+1

sgn(X j − Xk) (1)

for

sig(x) =
⎧
⎨

⎩

1 if X > 0
0 if X = 0
−1 if X < 0

(2)

The mean of S is E[S] = 0 and the variance σ 2 is:

σ 2 =
[
n(n − 1)(2n + 5)

∑p
j=1 t (t − 1)(2t + 5)

]

18
(3)

In which p is the variety of the tied agencies in the records set and t are the quantity
of facts points inside the jth tied group. The statistic S is about regular allotted if the
subsequent Z-transformation is employed:
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Z =
⎧
⎨

⎩

(S − 1)/σ if S > 0
0 if S = 0
(S + 1)/σ if S > 0

(4)

(b) Sen’s slope: The test computes equally the slope (i.e., linear rate of changes)
and intercept according to Sen’s methods [6]. First, a set of linear slopes are
premeditated:

Ti =
(
x j − xk

)

( j − k)
for i = 1, 2, . . . .N . (5)

In which xj and xk are represented as value of data at time j and k (where j >
k) correspondingly. The median of the N values of Ti is considered as Sen’s slope
estimator of which is given as:

Qi =
{
TN+1

2
N is Odd

1/
2( TN

2
+ TN+2

2
) N is Even

(6)

If N is odd, the Sen’s estimator is estimated as Qi = T (N + 1)/2, and if N is even
it is estimated as Qi = [TN /2 + T (N + 2)/2]/2. Lastly Qi is estimated at 100 (1 −
α) % confidence interval by a two sided test and then by the non-parametric test Qi,
a exact slope can be derived with a positive value signifies an upward or increasing
trend and a negative value signifies a downward or decreasing trend in the time series
[7].

4 Results

(a) Non-Parametric Test Results (Fig. 2; Tables 1 and 2)

Parametric Test Result: This test gives statistics for Mann–kendall test i.e., value
of ‘Z’ which will implies the significance of the test. It also provides Sen’s slope
value which tells the magnitude of the trend.

5 Conclusion

Rainfall data of 117 years from 1901–2017 is analyzed to find the rainfall trend in
the Kumaon region. Due to rapid growth, changes in the pattern of rainfall will have
impact on this region and people living here from study, we found that the value
of Z shows an increasing trend and from this we can conclude that climate change
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Fig. 2 Rainfall trend graph represented for Kumaon stations

Table 1 Z value and trend magnitude for precipitation

Station
Name

Pre-monsoon Monsoon Post-monsoon

‘Z’ statistics Sen’s Slope ‘Z’ statistics Sen’s Slope ‘Z’ statistics Sen’s Slope

Almora 3.78 0.712 2.46 4.287 −1.22 −0.903

Bageshwar 3.40 0.786 2.25 3.490 −1.49 −1.162

Chamoli −0.39 −0.377 0.28 1.493 2.38 1.765

Nainital 3.67 0.591 2.65 4.338 −1.33 −0.801

Pithoragarh 3.15 0.614 1.75 2.385 −1.68 −0.800

Udham
S.Nagar

3.58 0.515 2.75 4.736 −1.67 −0.722
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Table 2 Value of ‘z’ and magnitude of trend for precipitation

Station Name Winter Annual

‘Z’ statistics Sen’s Slope ‘Z’ statistics Sen’s Slope

Almora 1.96 0.204 2.33 4.776

Bageshwar 1.53 0.195 2.11 3.312

Champawat 1.76 0.165 2.22 3.560

Nainital 1.74 0.160 2.51 4.809

Pithoragarh 2.00 0.175 1.97 2.776

Udham S.Nagar 1.57 0.133 2.55 5.294

impact is present and there will be heavy rainfall with time. Sen’s slope also shows
an increase in slope magnitude. The study shows increasing trend for pre-monsoon,
winter, summer while shows decreasing trend in post-monsoon for some regions.
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Water Body Mapping of Chennai Region
Using GIS and Remote Sensing

Ashish Bhandari, Nitin Mishra, and K. K. Gupta

Abstract This venture depicts the improvement of water body mapping (WBM),
utilizing a computerized calculation to process Landsat pictures from the United
States Geological Survey (USGS) database. We utilized Landsat 2, 3, 5, 8 band
pictures so as to depict a precisewater bodymap,with no normal unsettling influence.
Perpetual water bodies were recognized from fleeting water-shrouded regions by
computing the recurrence of water body presence from covering, multi-transient,
Landsat scenes. By examining the recurrence of water body presence, the WBM
isolates stream channels and floodplainsmore obviously than past examinations. This
recommends the utilization ofmulti-transient pictures is as significant as examination
at higher goals for worldwide water body mapping. We screen the Chennai and
adjacent surface water region changes from 1977 to 2016. Three scenes from the
Multispectral Scanner System (MSS), three scenes from the ThematicMapper (TM),
and three scenes from the Operational Land Imager (OLI) and Thermal Infrared
Sensor (TIRS) remote detecting information of Landsat satellites, the standardized
distinctive water file (NDWI), standardized diverse vegetation record (NDVI), and
NIR technique were utilized to quantitatively gauge the Chennai buffer surface water
territory during the 1970s, 1980s, 2000s, and 2010s, separately. The examination
closed the estimation of human exercises sway on surface water spatiotemporal
dissemination. The point was to decide the exactness of utilizing basic computerized
picture handling strategies to delineate water bodies with Landsat 2(MSS), Landsat
3(MSS), Landsat 5(MSS/TM), and Landsat 8(OLI/TIRS) information.
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1 Introduction

Surface water is one of the extremely valuable vital assets of human survival and
social improvement. It is essential for biological systems, human, and yields [1]. Land
surface water is a significant segment of the water cycle. Further more, water data
extraction assumes a significant job in wetland depiction, surface water study and the
executives, flood observing and flood catastrophe hazard evaluation, and condition
checking [2]. Among the correlative research, surface water data extraction or the
spatiotemporal change location of surfacewater zone is a key issue [3]. To sum things
up, the exact extraction and estimation of water highlights and surface water zone
change are the most significant examination objective [4]. Moreover, water highlight
is a standout among the most significant articles on the earth, and its extraction is
of extraordinary noteworthiness to many related looks into in remote detecting and
hydrology areas [4]. Some broadly utilized information is MSS, TM, and OLI/TIRS
pictures given via Landsat arrangement satellites. In the present examination, the
surface water zone changes Chennai support which is evaluated dependent on time
arrangement Landsat remote detecting pictures from 1977 to 2016 [5].

2 Study Area

Chennai is arranged on the north-east end of Tamil Nadu on the bank of Bay of
Bengal. It is 12° 9′ to 13° 9′ of the north scope and 80° 12′ to 80° 19′ of the south
longitude on a ‘sandy racking breaker cleared shoreline.’ It extends about 25.60 km
along the Bay coast from Thiruvanmiyur in the south to Thiruvottiyur in the north
and runs inland in a rough semi-roundabout design. It is encompassed on the east by
the Bay of Bengal and on the staying three sides by Chengalpattu and Thiruvallur
districts. Chennai is a low-lying zone, and the land surface is level. Geology of
the land all through the locale renders subdivisions into characteristic areas rather
troublesome. It rises scarcely as the separation from the ocean coast increments,
however, the normal rise of the city is under 22′ above mean ocean level, while a
large portion of the regions are exactly adrift dimension and waste in such territories
remains a difficult issue.

3 Data Sources

In order to do our project, we needed the data for processing, and for further work,
we download the data from USGS Earth Explorer by using the shape file of Chennai
buffer, then select the year from where and till what date we want the image of the
area and then select and download the image of comparatively good quality and
minimum cloud cover from Landsat data [6] (Figs. 1 and 2).

Buffer Used—20 km around the district boundary given for Chennai district
(Table 1).
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Fig. 1 Landsat image acquired from USGS

Fig. 2 Landsat image of Chennai buffer boundary
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Table 1 Specifications of the multispectral scanner (MSS), thematic mapper (TM), operational
land imager (OLI), and thermal infrared sensor (TIRS) data used in this study

Satellite Sensor Path/Row Acquisition date Resolution (m) Wavelength (µm)

Landsat 2 MSS 153/51 07-02-1977 79 Band 4 (Green):
0.5–0.6

79 Band 5 (Red):
0.6–0.7

79 Band 6 (NIR):
0.7–0.8

79 Band 7 (NIR):
0.8–1.1

Landsat 3 MSS 153/51 23-07-1980 79 Band 4 (Green):
0.5–0.6

79 Band 5 (Red):
0.6–0.7

79 Band 6 (NIR):
0.7–0.8

79 Band 7 (NIR):
0.8–1.1

240 Band 8 (Thermal):
10.4–12.6

Landsat 5 MSS 142/51 11-09-1989 79 Band 4 (Green):
0.5–0.6

79 Band 5 (Red):
0.6–0.7

79 Band 6 (NIR):
0.7–0.8

79 Band 7 (NIR):
0.8–1.1

Landsat 5 TM 142/51 25-09-2005
02-03-2006
11-08-2006

30 Band 1 (Blue):
0.45–0.52

30 Band 2 (Green):
0.52–0.6

30 Band 3 (Red):
0.63–0.69

30 Band 4 (NIR):
0.76–0.9

30 Band 5 (NIR):
1.55–1.75

120 Band 6 (TIR):
10.4–12.5

(continued)
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Table 1 (continued)

Satellite Sensor Path/Row Acquisition date Resolution (m) Wavelength (µm)

30 Band 7 (MIR):
2.08–2.35

Landsat 8 OLI/TIRS 142/51 28-07-2015
11-04-2016
12-09-2016

30 Band 1 (Coastal
aerosol): 0.43–0.45

30 Band 2
(Blue):0.45–0.51

30 Band 3 (Green):
0.53–0.59

30 Band 4 (Red):
0.64–0.67

30 Band 5 (NIR):
0.85–0.88

30 Band 6 (SWIR 1):
1.57–1.65

30 Band 7 (SWIR 1):
2.11–2.29

15 Band 8 (Pan):
0.50–0.68

30 Band 9 (Cirrus):
1.36–1.38

100 Band 10 (TIRS 1):
10.60–11.19

100 Band 11 (TIRS 2):
11.50–12.51

4 Software Used

1. ArcMap10.2
2. ERDAS IMAGINE 2014

5 Method

Single-band thickness cutting and the multispectral most extreme probability calcu-
lation were utilized to separate the satellite information [7]. The thickness cutting
endeavored to figure the exactness of a basic method utilizing a solitary band to guide
water bodies. The insights of every territory were broke down to figure out which
bandor groups best segregatedwater bodies from the encompassing scene.A straight-
forward thickness cut characterization of each band was utilized to discover which
groups were most valuable for water limit outline. The subsequent water classes
were then consolidated into one super ‘water’ class. The thickness cut arrangement
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of each band and the most extreme probability characterization were then contrasted
and different information for discovering the adjustment in water body [8].

5.1 Normalized Difference Water Index (NDWI)

Numerical indicator uses the green and near-infrared bands of the electromagnetic
spectrum and is adopted to study remote sensing measurements and assess whether
the result being observed contains water or not [9, 10]. Normalized difference water
index (NDWI) was calculated as follows:

NDWI =
(
GREEN − NIR

GREEN + NIR

)

5.2 Normalized Difference Vegetation Index (NDVI)

This is a numerical indicator that uses the red and near-infrared bands of the electro-
magnetic spectrum and is adopted to study remote sensing measurements and assess
whether the result being observed contains green vegetation or not. Normalized
difference vegetation index (NDVI) was calculated as follows:

NDVI =
(
NIR − RED

NIR + RED

)

The main aim is to delineate a permanent water body map [11, 12]. For that
purpose, water frequency was used to distinguish permanent water bodies from areas
of temporal water covered [13]. The NDVI, NDWI, and NIR of the images show the
water bodies present in the different area [14].We then compare these results with the
other results of different years, and thus, we calculate the change of water body either
increasing or decreasing in the Bangalore city. However, the ideal threshold of each
index for separating water varies regionally and over time due to local similarities
and mixing with other feature types [15–17] (Fig. 3).

5.3 Image Threshold Segmentation

Image division is a significant advance in separating data about water bodies from
NDVI, NDWI, and NIR information. The limit division connected in NDVI and
NDWI to isolate the picture into two classes: foundation highlights and water bodies.
The edge esteems for NDVI, NDWI, and NIR were set to zero, yet limit esteem
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7 FEB 1977 23 JULY 1980 11 SEP 1989

25 SEP 2005 2 MAR 2006 11 AUG 2006

28 JULY 2015 11 APR 2016 12 SEP 2016

Fig. 3 Landsat images of Chennai region

change dependent on genuine condition is fundamental. Also, accomplish a legiti-
mate outcome for the water bodies’ data. Consequently, changing limits are required
when various stages or diverse area of remote detecting information are utilized to
distinguish water highlights data. Numerous strategies can be utilized for edge divi-
sion of picture. The Otsu technique is a profitable edge strategy that used to water
bodies depiction and change of water territory checking. It has been utilized to decide
the different limits for isolating water highlights from the foundation include in the
present investigation. The limit esteems we connected are as per the underneath
criteria: Value of water pixel in normalized difference water index (NDWI) is > = 0
up to 1.

• Value of water pixel in normalized difference vegetation index (NDVI) is < = 0
or from −1 to +1.

• In near-infrared (NIR) band, value of water is zero (Table 2).

6 Result and Discussion

NDWI models were used to extract information of water bodies from the MSS, TM,
and OLI/TIRS Landsat data. The results showing information of the water bodies’
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Table 2 Threshold used for
to reclassify NDVI, NDWI,
and IR images

Image Date NDWI (G) NDVI (L) IR(Pixel stretched
value) (L)

Landsat 8

July 28, 2015 0.05 0 7800

April 11,
2016

0.05 0 9500

September
12, 2016

0 0 700

Landsat 5

September
11, 1989

0.15 −0.12 50

September
25, 2005

0.05 0 40

March 2,
2006

0.12 0 30

August 11,
2006

0.05 0 30

Landsat 2 and 3

February 7,
1977(L2)

0.2 −0.05 20

July 23,
1980(L3)

0.2 0 25

L—Values lesser than, G—Values greater than

detection from images were compared with the other results of different years to
extract the information about water bodies’ change in the area. NDVI is extracted and
then both indices and NIR data are used to water information extraction. Following
images are given and showing the NDVI, NDWI, and NIR band images of the study
area and showing the water body present in the area, as the resulting images are
classified in only two classes so this becomes easy to find visually that which are the
different water bodies present in there.

By applying threshold according to the above criteria, we concluded water body
present in the area [18]. Now we merge the images we get by using raster calculator
so that we can get the more accurate data for the water body, for that we merge the
NDWI, NDVI, and NIR band image which we reclassified already, and the resulting
image is a combination of the data of water body by different methods [19, 20]. The
classes it divided at the end are shown belowwith pixel valueswhere the class divided
for water is ‘3’ as seen in figure below, and it is then further calculated accurately for
different aspects for further discussion (Figs. 4, 5, 6, 7, 8, 9, 10, 11; Tables 3 and 4).

0—Not classified as water by any method; 1—Classified as water by one method;
2—Classified as water by two methods; 3—Classified as water by three methods
(Fig. 12).

The area above is calculated using the no. of water pixels as follows:
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Fig. 4 Attribute table of landsat image showing no. of pixels for different classes

7 FEB 1977 23 JULY 1980 11 SEP 1989

25 SEP 2005 2 MAR 2006 11 AUG 2006

28 JULY 2015 11 APR 2016 12 SEP 2016

Fig. 5 Normalized difference water index (NDWI) images of Chennai region
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7 FEB 1977 11 SEP 1989 23 JULY 1980

25 SEP 2005 2 MAR 2006 11 AUG 2006

28 JULY 2015 11 APR 2016 12 SEP 2016

Fig. 6 Classified NDWI images of Chennai region

Area = (Pixelisizei × No . of water Pixels)

Wecould not identify a clear trend either increasing or decreasing (may be because
of different threshold and different sensor imagery).

• Area of Chambarambakkam lake reduced from 80 to 2005 (three images), but
after 2006 it is of approximately same area as of during 1977.

• India’s coastline near Chennai is almost constant since 1977. (No receding or
advancing of sea water could be observed).

Major water bodies are in and around Chennai Puzhal Lake and Chembaram-
bakkamLake, Alambadhi Lake, Cholavaram tank, Kusasthalai River and Palar River,
and the Great Salt Lake.

The area of water bodies highly decreases from 109.0548 to 28.5948 km2 in
1977–1989.Water bodies area increased in 2005, 2006, and 2007 was due to tsunami
in December 2004 from 28.8045–72.7623 km2. In the late 2015, heavy rainfall in
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7 FEB 1977 23 JULY 1980 11 SEP 1989

25 SEP 2005 11 AUG 2006 2 MAR 2006

28 JULY 2015 11 APR 2016 12 SEP 2016

Fig. 7 Normalized difference vegetation index (NDVI) images of Chennai region

Chennai and nearby area resulted in little increasing water bodies’ area in 2016
compared to July 2015.

7 Conclusion

We determined nine water data extricating information (NDWI, NDVI, and NIR
pictures) in light of MSS, TM, and OLI/TIRS fleeting Landsat information of the
Chennai and adjacent from1977 to 2016.Theoutcomes present that 1.Area of surface
water exceptionally declines from 1977 to 1989 and change of water region was, for
the most part, influenced by human abuse; 2. Chennai surface water region had not
moderately transformed from1989 to 2005; 3. The surfacewater zone ofChennai had
critical changes from2005 to 2006, for themost part in the upstreamand downstream;
and 4. The principle explanations behind the expansion of the zone of surface water
because of substantial flood in Chennai and close-by region in December 2015. The
outcomes additionally connote that NDWI, NDVI, and NIR can separate territory of
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7 FEB 1977 23 JULY 1980 11 SEP 1989

25 SEP 2005 2 MAR 2006 11 AUG 2006

28 JULY 2015 11 APR 2016 12 SEP 2016

Fig. 8 Classified NDVI images of Chennai region

surface water from Landsat information and used to screen changes of dynamic of
surfacewater and flood fiasco distinguish. At that point, diverse flood influenced zone
can be marked to direct appraisal of flood hazard and harm with urban information,
populace information, crop information, and other information. Engineered opening
radar (SAR) used to beat little lakes and streams detection. Small lakes may assume
a significant job in biogeochemical cycles, and redressed identification of those little
water bodies ought to be processed. The investigation of Chennai was centered
around utilizing less number of information assets and gadgets, so as to recognize
the water bodies surface change. The informational indexes were prepared utilizing
ERDAS IMAGINE 2014 and ArcGIS 10.2. The investigation featured the diverse
water bodies present in Chennai and close-by and how they got influenced or changed
when and by various elements including precipitation, vegetation, urbanization, and
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7 FEB 1977 23 JULY 1980 11 SEP 1989

25 SEP 2005 2 MAR 2006 11 AUG 2006

28 JULY 2015 11 APR 2016 12 SEP 2016

Fig. 9 Near-infrared (NIR) images of Chennai region

different elements. Portrayal, watching, and usingwater assets have dependably been
a noteworthy worry so as to improve human foundation, from early years until today.
The examination is a piece of studies gone for Chennai.
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7 FEB 1977 23 JULY 1980 11 SEP 1989

25 SEP 2005 2 MAR 2006 11 AUG 2006

28 JULY 2015 11 APR 2016 12 SEP 2016

Fig. 10 Classified NIR images of Chennai region
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7 FEB 1977 23 JULY 1980 11 SEP 1989

25 SEP 2005 2 MAR 2006 11 AUG 2006

28 JULY 2015 11 APR 2016 12 SEP 2016

Fig. 11 Images after merging classified NDVI, NDWI, and NIR using raster calculator in ArcGIS
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Table 3 No. of pixels of different classes

Image date No of pixels of different classes

0 1 2 3

Landsat 8

July 28, 2015 1,767,042 4941 10,679 27,922

April 11, 2016 1,733,664 7982 21,953 46,985

September 12, 2016 1,737,702 17,776 18,448 36,658

Landsat 5

September 11, 1989 426,401 9914 8393 7943

September 25, 2005 1,709,435 61,101 8043 32,005

March 2, 2006 1,670,170 69,771 9335 61,308

August 11, 2006 1,624,073 83,000 22,664 80,847

Landsat 2 and 3

February 7, 1977 (L2) 372,528 43,621 6209 30,293

July 23, 1980 (L3) 422,923 14,159 3174 12,395

Table 4 Area classified as
water body

Image date No. of water
pixels

Pixel size (m) Area (km2)

Landsat 8

July 28, 2015 27,922 30 × 30 25.1298

April 11,
2016

46,985 30 × 30 42.2865

September
12, 2016

36,658 30 × 30 32.9922

Landsat 5

September
11, 1989

7943 60 × 60 28.5948

September
25, 2005

32,005 30 × 30 28.8045

March 2,
2006

61,308 30 × 30 55.1772

August 11,
2006

80,847 30 × 30 72.7623

Landsat 2 and 3

February 7,
1977 (L2)

30,293 60 × 60 109.0548

July 23, 1980
(L3)

12,395 60 × 60 44.6220
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Fig. 12 Time series of water pixel area in Chennai region
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10. Marangoz AMA, Karakış, His ORUC, M, McFeeters, SK (1996) The use of the normalized
difference water index (NDWI) in the delineation of open water features. Int J Remote Sens
17:1425–1432

11. McFeeters SK (1996) The use of normalized difference water index (NDWI) in the delineation
of open water features. Int J Remote Sens 17(7):1425–1432

12. NASA/NGA (2003) SRTM water body data product specific guidance, version 2.0. Available
online

13. Morse A, Zarriello TJ, Kramber WJ (1990) Using remote sensing and Gis technology to help
adjudicate Idaho water rights. Photogram Eng Remote Sens 56(3):365–370



220 A. Bhandari et al.

14. Rouse JW, Haas RH, Schell JA, Deering DW (1973) Vegetation monitoring systems in the
great plains with ERTS (earth resources technology satellite), Greenbelt, ON, Canada, 10–14;
vol SP-351, pp 309-317

15. Oki T, Kanae S (2006) Global hydrological cycles and world water resources. Science
313:1068–1072

16. Palmer SCJ, Kutser T, Hunter PD (2015) Remote sensing of inlandwaters: challenges, progress
and future directions. Remote Sens Environ 157:1–8

17. Ridd MK, Liu J (1998) A comparison of four algorithms for change detection in urban
environment year. Remote Sens Environ 63:95–100

18. Shen L, Li C (2010) Water body extraction from landsat ETM+ imagery using adaboost
algorithm. In: Conference on Geoinformatics, Beijing, China; pp 1–4

19. Sun F, SunW, Chen J, Gong P (2012) Comparison and improvement of methods for identifying
Water bodies in remotely sensed imagery. Int J Remote Sens 33:6854–6875

20. Xu H (2006) Modification of normalized difference water index (NDWI) to enhance features
in remotely sensed open water imagery. Int J Remote Sens 27:3025–3030



Investigation of Hydraulic Jump Over
Rough Sloping Floor in Prismatic
Rectangular Channel—An Experimental
Study

Murari Kumar, Nitin Mishra, and Sanjeev Kumar

Abstract Hydraulic jump is the one, which has widely been studied in hydraulic
engineering. It is the most regular encountered cases of rapidly varied flow in
hydraulic engineering. Very limited studies have been reported in literature on the
performance of the behavior of hydraulic jump, only for smooth and rough hori-
zontal channel beds. This study attempts to investigate the characteristics of hydraulic
jumps formed on rough sloping channel beds under different flow conditions using
laboratory experiments. A series of experiments were conducted in a rectangular
flume having artificially roughened beds which is formed by placing concrete with
different roughness and tilting flume slope. This study concerns with the investiga-
tions of effects on slopes of channel and channel bed roughness height at hydraulic
characteristics. To achieve this, the bed of flume was provided the roughness with
the help of different size of gravels (d50 = 1, 1.2, 1.5 and 1.7 cm) and three different
channels slopes (0.0115, 0.0146, 0.0174) were used. In all 48 different runs were
conducted with varying discharge and approach supercritical flow depth. The avail-
able empirical relationships for estimating the sequent depth ratio were first checked
for their accuracy for new data. As the existing relationships were inadequate, new
relationship are proposed, herein for parameter of the hydraulic jump. Comparison of
observedvalues of sequent depth ratiowith calculatingvalues coming from respective
proposed relationship showed satisfactory agreement.

Keywords Bed roughness height · Sequent depth ratio · Length of roller · Energy
loss
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1 Introduction

Hydraulic jump is the process of transition of flow from supercritical to subcritical in
which large scale turbulence is generated with consequent dissipation of energy [1].
The hydraulic jump is used as energy dissipater in hydraulic structures. It is one of
the most frequently encountered cases of rapidly varied flow which has extensively
been studied in the field of hydraulic engineering. The supercritical flow jumps up to
meet its alternate depth. There is a sudden rise in the water surface and considerable
loss of energy in a hydraulic jump. The energy is dissipated into heat through these
eddies [1]. Schematic three-dimension view of a typical hydraulic jump in sloping
channel has been shown in Fig. 1.

For channels of large slope, the weight effect of water in the jump may become
so pronounced that it must be included in the analysis. The momentum formulas for
jumps on horizontal floors cannot be applied straight forwardly to jumps on sloping
floor. Thus, the hydraulic jump on sloping channels has widely attracted attention of
designers [2], hydraulic jump occurs in channels with large bed slope is also affected
by the gravitational force acting on the flow. The major attributes associated with
obtaining a useful solution to the problems related to the hydraulic jump on sloping
floor are [3].

1. The term W sin θ is not defined, because the length and shape of the jump are
not well defined. Here, W is the weight of the water element in the section and
θ is the slope in degrees.

2. The specificweight of the fluid in the control volume changes significantly owing
to air entrainment. The pressure term cannot be accurately quantified.

Whenever a hydraulic jump occurs in a channel there will be heavy amount of
turbulence and considerable energy loss, thus, momentum formulas for jump on
horizontal floor cannot be applied straight forwardly to jumps on sloping channel.
This momentum formula needs to be derived from the second law of Newton [2, 4].

Figure 2 shows the jump occurring on a positive slope in a rectangular channel
of unit width. Neglecting boundary friction and assuming hydrostatic distribution of
pressure, the momentum equation between Sects. 1 and 2 can be written as [1]:

Fig. 1 Three-dimensional view of hydraulic jump on sloping floors (Einstein.atom.colostate.edu)
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Fig. 2 Hydraulic jump on a sloping channel [1]

(ρgh21 cos
3 θ)/2− (ρgh22 cos

3 θ)/2+W sin θ = ρg(U2 −U1) (1)

where

q = discharge per unit width
h1, h2 = depths of water
θ = angle of bed with the horizontal.

Here,

U1 = q/h1 cos θ

U2 = q/h2 cos θ

If the weight of water is assumed equal to

W = KρgL j

(
h1 + h2

2

)
cos θ

Equation (1) may be simplified to

(
h2
h1

)3

− (
2G2

1 + 1
)(h2

h1

)
+ 2G2

1 = 0 (2)

Here,

G2
1 = K 2

1 F
2
1 (3)

F1 = U1/
√
gh1 cos θ (4)

Here, U1 = average velocity at the section where the jump starts.
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Provided the following relationship for K1 [5]

K1 = 100.027θ

where θ is in degrees.
The empirical equation shown above proposed by [5] is used in channels to find

G1 in Eq. (5) and hence the conjugate depth ratio or solution of Eq. (2) is [6] (Figs. 3
and 4)

Fig. 3 Conjugate depth relation for jump on sloping floors [1]

Fig. 4 Length of hydraulic jump on sloping floors [1]
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h2/h1 = 0.5

(√
1+ 8G2

1

)
(5)

The main objective of this study is to investigate the hydraulic jump on slopping
floors with different roughness. To achieve this objective, the experiment was carried
out for both smooth and rough sloping beds. Five rough beds made up of closely
packed crushed gravel particles cemented to the bottom of bed. The grain size distri-
butions were characterized by d50 = 0.002, 0.00398, 0.0056, 0.007, and 0.011 m,
d50 being the diameter of the bed particles for which 50% are finer.

The other objective is to investigate the relationship for hydraulic jump on rough
slopping floors [7–9]

G2
1 = K 2

mF
2
1 (6)

where Km is the modified value of K1.

2 Experiments

For the experiments rectangular flume having a length of 8.02 m and width of 0.6 m.
Sidewalls of the flume are made of glass for facilitating easy visual access. There
was a constant overhead tank used to provide discharge in the flume. The upstream
supercritical flow depth was controlled by the sluice gate while the tail water depth
was controlled by downstream sluice gate and a rectangularweir for themeasurement
of the discharge at any point of time through the flume. For preparation of rough
slopping bed used different size of gravels as (d50 = 0.010, 0.012, 0.015, 0.017 m).
Tomeasure the discharge in the flume, a sharp-crested weir is used at the downstream
of the flume. Discharge through the weir can be measured with Eq. (7).

Q =
(
2

3

)
Cdb

√
2g(H)1.5 (7)

where

Q = discharge
Cd = coefficient of discharge = 0.611 + 0.075 (H/Z)
b = width of the weir
g = acceleration due to gravity
H = height of the water above the weir section
Z = height of the sharp crest weir.

For slope measurement with the help of water level in container and distance
between container.
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Fig. 5 Experimental set up

Slope =
(
h2 − h1

L

)
(8)

h2, h1 = water level in the container
L = distance between the container.

2.1 Experimental Data Collection

Experiments on hydraulic jump have been carried out for various slopes and different
roughness of the channel and at several values of approach flow Froude number F1

in the hydraulics engineering laboratory. Using Manning’s equation obtained value
of roughness’s coefficient was 0.012 (Fig. 5).

Computation and variation of “K1”
The Ballenger’s equation for the sequent depth ratio for a sloping floor as

h2/h1 = 0.5(
√
1+ 8G2

1 − 1) (9)

Here,

G2
1 = K 2

1 F
2
1 (10)

and

K1 = 100.027θ (11)

where θ is in degrees.
Here, K1 is the parameter accounting for the effect of slope on conjugate depth

relationship [6, 10]. Numerous run have been taken with varying slopes. The pre-
jump, post jump data and roller length were collected corresponding to channel bed
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Fig. 6 Comparison of observed values of sequent depth ratio with calculated value of sequent depth
ratio

slope, collection of data was carried out at slope 0.0115, 0.0146, and 0.0174. The
observed value of sequent depth ratio obtained in the laboratory and then calculated
with the help of Eq. (9) [6] (Fig. 6).

It is clearly seen that all the data points lie in one side of line of agreement so this
comparison is not good. Based on this analysis we can say there is a need to improve
this analysis. In the new relationship parameter K1 has been replaced by a modified
factor Km. By substituting the observed values of sequent depth ratio in Eq. (9) we
obtain value of G1, and we can calculate the values of Km by substituting observed
values of G1 and F1 in Eq. (9) With these all values of Km a new relationship has
been formulated between Km and bed angle (Fig. 7)

Km = 1.2892e0.0436θ (12)

where θ = channel bed slope (degree).
By using Eqs. (9) and (10) we have calculated the new value of sequent depth

ratio and compare these values with observed value of sequent depth ratio and it can
clearly be seen from Fig. 8 that all data points lie to the line of agreement with a
maximum error of ±15%.

Variation of energy loss with G1

Energy loss for a hydraulic jump is given as [1]

�E = h1 cos θ + U 2
1

2g
+ L j tan θ − h2 cos θ − U 2

2

2g
(13)

Relative energy loss for a hydraulic jump [1]
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�E

E1
= 1− h2

h1
+ U 2

1−U 2
2

2gh1 cosθ
− Lr tan θ

h1

1+ U 2
1

2gh1 cos θ

(14)

A new relationship has been obtained between relative energy loss and G1 [11].

�E

E1
= 0.0016G2.7631

1 (15)

By using Eq. (15) we calculate the values of (�E/E1) and compare these values
with observed values of relative energy loss. From Fig. 9, it is clearly seen that all
data points within the ±25% error (Fig. 10).

Fig. 9 Relation between relative energy loss and G1

Fig. 10 Comparison between (�E/E1)obs and (�E/E1)cal
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3 Conclusion

A comparison of the values of the length of jump obtained in case of smooth bed
relative to rough bed showed that the effect of roughness can be presented as the
percentage length reduction. For this purpose, three slopes equal to 0.0115, 0.0146,
0.0174 have been taken and four different bed roughness (ks = 0.010, 0.012, 0.015,
0.017 m) have been used. The different 48 runs were conducted by varying channel
discharge and approach flow, Froude number. The existence relationship on sequent
depth ratio for hydraulic jump on rough sloping floors is not satisfactory so new
relationship has been derived.

The following broad conclusions that can be drawn from present study:

(i) A new parameter “Km” is introduced as per Eqs. (9) and (10) for relating thru
parameter F1 and G1

(ii) The modified parameter “Km” is dependent upon slope of the channel ant the
relationship between these variable was found to be

Km = 1.2892e0.0436θ

where θ = slope of channel (degree).
(iii) Relative energy loss (�E/E1) is a function of G1, which is a function of Km so

relative energy loss is also a function of Km

�E

E1
= 0.0016G2.7631

1

With this relationship we calculate the values of relative energy loss and
compare it with observed values which show all the points lie within ±25%
error.
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Groundwater Storage Analysis
in Changing Land Use/Land Cover
for Haridwar Districts of Upper Ganga
Canal Command (1972–2011)

Nitin Mishra and Amit Kumar Sharma

Abstract Over the last century, a key change in land use has happened locally,
provincially and all around. These will prolong in the future also. The affect of built-
up area on groundwater has a key worry over past many years, and in exacting,
to those worried in groundwater amount and subjective examinations. Augmenta-
tion in impermeable region due to urbanization results in decreased infiltration and
finally affecting the groundwater storage. So, land use change has to be calculated
with spatial information technologies; especially, the application of remotely sensed
data and geographical information systems (GIS) has been used. The present study
investigates the urban growth of Haridwar district, Uttrakhand, using satellite data
for the years 1972, 1980, 1992, 2002 and 2011. Unscrupulous population increase,
rise in food, silage and energy demands in combination with industrial action have
led to quick modification in land use patterns. In this study, GIS tool is used to clas-
sify different land use classes from remote sensing data and groundwater potential
in Haridwar district, and supervised classification technique is applied to catego-
rize urban LULC. The study of results shows the extreme increase of urban area and
reduced green cover within the city boundary limit. Due to increase of settlement area
will directly impact the decrease of groundwater level. Proper planning of land use
and groundwater organization is an input to socioeconomic upliftment of a region.

Keywords Urbanization · Groundwater · LULC · Change detection · Remote
sensing · GIS

1 Introduction

Water is necessary for sustaining life on earth. The demand of water is increasing
year to year with the ever rising population. For masses population, water is the basic
requirement for drinking and food production [5]. For agriculture sector, supply of
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water for irrigation becomes not easy assignment, after having restricted source and
irregular distribution sample in space and time of water (cgwb.gov.in). Depending on
a single sources for any purpose ismuchunreliable, and the idea of usingwater for two
or more alternative sources with economic condition is drawing the attention of plan-
ners, engineers and decision makers. The prospects of involving conjunctive use of
surface and groundwater will be better, provided that one may understand the hydro-
logical balance cycle [1, 4]. The various hydrological components are predictable on
a seasonal basis for monsoon, pre-monsoon and post-monsoon seasons. By under-
standing and monitoring the water balance system, it will help in better conjunctive
use (cgwb.gov.in).

Groundwater as the main basis of drinking water all around a globe acts as a very
important role in altering the ecological value of numerous regions [9]. Nonetheless,
the amount and nature of groundwater because of human action are changing [6]
risking reasonableness of the groundwater as a basis of drinking water and disturbing
the existing resources. Indicating effect on groundwater system and analyzing a level
of alter later on are thus a main scientific task [19]. LULC change is an important
human-induced activity changing the groundwater structure [3]. In any case, the
effect of later on LULC changes on the groundwater system has not been calculated
broadly. All over, total narration of mankind, extreme use of land assets by human
have resulted in a considerable change of LULC [2]. From the period of indus-
trialization and quick population increase, land use alter phenomena have rapidly
increased in most of the area. The impact of LULC changes on local water equi-
librium is the important vital research in global hydrological fields, and bunch of
study indicates that major LULC changes are significant components bringing about
the local climate and hydrological cycle adjustments [8, 20]. Thereby, IGBP IHDP
WCRP and DIVERSITAS, etc., acquire the relationship between Biosphere Aspects
of the Hydrological Cycle (BAHC) and the LULC changes, in addition to its climate
frangibility, as the foundation plans [7, 10].

The amount and quality of groundwater are altering due to human activity which
is one of the major scientific tasks. From the era of industrialization and quick
increase in population, land use change phenomenon has strongly increased in most
areas.Management strategies on the development of groundwater resource, while the
growing demand for water by communities and industries for example Urban/Land
use, Cropping Pattern, Industrialization etc, is increased, which is to meet with
groundwater.

The impact of urbanization implicates in groundwater amount and nature studies.
Augmentation in urbanization decreases infiltration. Land use planning and manage-
ment approaches are input for growth. It has been cited that in most regions globally,
water table is depleting at the rate of 1–2 m/year (thirdworldcentre.org). The amount
and nature of groundwater are changing due to human interference. Since the era of
industrial development and rapid increase in population, land use change phenomena
have rapidly accelerated in many areas which directly impacting the hydrology of
the catchment area.

The impact of LULC changes on the local water balance is a major vibrant study
in the international hydrological fields. Such work marks that the local vegetation
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ecosystem alters are due to LULC changes extraordinarily affect the regional hydro-
logical cycle. About 75–80% of human requirements like urban waste disposal into
water bodies cause groundwater contamination [16, 18]. Groundwater pollution has
become one of themost vital problems in India. In January, 1994CPCB,Delhi carried
out the first main groundwater quality monitoring exercise [4]. Many of the serious
regions have to depend on groundwater resources for many needs due to lacking of
surface water. In the built-up central parts of cities, the subsoil water by now has
been adulterated by industrial wastes.

Furthermore, in LULC recognized by IGBP and IHDP, one core trouble is to
recognize the affect of local LULCalters on hydrologicalmethod andwater resources
[15]. Such effort specifies that local vegetation ecosystem alters affected by LULC
changes extraordinarily influence the local hydrological cycle [20]. Therefore, the
mechanismof LULCchanges in the basin affecting on hydrological practice turns out
to be prior fields in the development of hydrology [7]. Therefore, actual assessment
of affect on groundwater system by human behavior is serious to create sensible
operation program of local groundwater resources [13, 14]. Past investigations of the
effect on groundwater system by human actions mainly emphasize on the aspects of
groundwater utilization intensity and reasonability while ignoring the affect of land
use changes on the groundwater system in the catchment. Actually, as the important
part of local hydrological cycle, groundwater system has burly response to LULC
changes [1, 11].

About 75–80% requirements of water for human are fulfilled by groundwater.
Uncontrolled discarding of waste into water bodies, open dump areas and poorly
land filing design cause groundwater contamination [16, 18]. Groundwater pollution
has turned out to be the major toxicological and environmental problem in India. In
January, 1994 CPCB, Delhi has undertaken the first foremost groundwater quality
monitoring exercise. In December 1995, the reports published recognized 22 loca-
tions in 16 states of India as “critical” sites of groundwater pollution and also originate
industrial effluents to be the primary cause of groundwater pollution [4]. Many of
the critical regions have to depend on groundwater resources for different needs
due to scarcity of surface water. In the industrial and urban fringe zones of cities, the
subsoil water in the area has already been contaminated by industrial wastes. Industry
releases high concentrations of poisonous substance. Wells in many built-up areas
are infected with nitrate and detergents. High fluoride content of groundwater has
harmful effects and is suspected to be a severe health risk in the neighboring region.

2 Study Area

Haridwar covers approximately 2360 km2 of area, lies in the west side of Uttarak-
hand, ranges from 29.58° north and 78.13° east longitude, respectively, and a mean
sea level of 249.70 mts. District came into existence on December 28, 1988, former
to its inclusion in the state of Uttarakhand, previously the district was part of Saha-
ranpur Commissionary. The district shares its boundary with Saharanpur in the west,
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Dehradun in north and east, Pauri Garhwal in east, Muzzaffarnagar and Bijnor in the
south. The district is administratively subdivided into three tehsils, i.e., Haridwar,
Roorkee and Laksar and six blocks, i.e., Bhagwanpur, Roorkee, Narsan, Bahadrabad,
Laksar and Khanpur. Haridwar is the first cities in which Ganga emerges from the
mountains to touch the planes. As in line with the 2001 census, 1,444,213 is the
populace of the district (Fig. 1).

The land use/cover map was generated by using satellite image of 1972, 1980,
1992, 2002 and 2011, through ERDAS IMAGINE (version 9.2), which is powerful

Fig. 1 Map of Haridwar district
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image processing software. The reason of digital LULC classification is to have a
significant information class value, which can evaluate the landscape in exact. Land
cover refers to the cover containing greenery, built up, water, barren land, etc. Land
cover is a basic variable that influences on and hyperlinks many parts of the human
and physical environments. Land cover is extremely impacted by humanmade rather
than natural events. Today, primarily agricultural growth, burning actions or fuel–
wood utilization, deforestation, some construction works and urbanization originate
land cover changes. Accordingly, such adjustments might also have terrific impacts
on the catchment with the aid of various hydrological approaches which include
infiltration, groundwater recharge and base drift and runoff. Land use trade is the
principle situation for worldwide surroundings trade and is utilized by town and
states planners to design eco-friendly and sustainable economic growth (Table 1).

3 Groundwater Analysis

Groundwater resources are facing increasing pressure as urbanization is increasing
and climatic conditions are changing all over the world. The affect of LULC changes
and climate changes are problematic to distinct as they partly result in similar changes
in the ecosystems. These cause major risks to our most valued water resource and
on ecosystems (nks-umwelt.pt-dlr.de).

Demand for groundwater is increasing, while the water resources remain almost
constant. Therefore, continuous withdrawals of groundwater may result in depletion
of water table. It is necessary to maintain the water level fluctuations ought to be
stored inside a specific variety over the monsoon and non-monsoon seasons (www.
sys.virginia.edu). Inspite of the favorable average accessibility of groundwater, while
some areas in the country having lack of water. From time immemorial, groundwater
has played a vital role in growing the food production in India [5, 17].

For this, 12 wells are marked in the area, and the data was acquired by Saharanpur
Divisions of UP State Groundwater Department. Storage per year was estimated by
using data. Both the techniques, i.e., recharge due to rainfall using rainfall infiltration
factor and groundwater storage equation are utilized in this study to find out storage
of Haridwar district. The recommended significance for specific yield is 16% by
GEC1997. The soil properties are assumed same for whole Haridwar district for this
study and in the absence of any pumping test. Study area is having area of 1928 km2, a
specific yield value of 0.16 (recommended values Geological Estimation Committee,
1997), considering the sandy loam soil alluvium.

Storage Equation
The estimation of groundwater storage is done by applying the storage equation.
The specific yield values considered in the computations are to be taken preferably
from field tests, in the lack of which, the encouraged values of particular yield are
16% to be taken into consideration. [12] and study area of different districts. Pre-

http://www.sys.virginia.edu
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and post-monsoon data were collected from Saharanpur andMeerut Divisions of UP
State Groundwater Department.

The storage equation used to find out groundwater storage given by GEC1997 is
as follows:

S = �h × Sy × A

where

S = Storage,
Δh=Well location data of pre monsoon (h2)-well data location of post-monsoon
(h1),
Sy = Specific yield.

In Haridwar district as given in Table 2 and Fig. 2, the built-up area has augmented
from 11.42 km2 in 1972 to 693.47 km2 in 2011 which shows an increment, whereas
other like water bodies are decreasing from 51.96 km2 in 1972 to 9.56 km2 in
2011, vegetation from 518.85 km2 in 1972 to 277.70 km2 in 2011, agriculture from
1255.88 km2 in 1972 to 935.54 km2 in 2011 and barren land from 89.90 km2 in 1972
to 11.74 km2 in 2011 which led to the decrease in storage from 0.629 km3 in 1972
to 0.259 km3 in 2011.

Table 2 Year wise change in storage with respect to land use of Haridwar

Year Urban Water Vegetation Agriculture Barren land Change in storage

1972 11.42 51.96 518.85 1255.88 89.90 0.629

1980 126.21 49.52 492.48 1199.47 60.32 0.562

1992 204.33 45.57 486.58 1147.84 43.68 0.336

2002 493.03 18.65 318.21 1062.56 35.55 0.287

2011 693.47 9.56 277.70 935.54 11.74 0.259
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Fig. 2 Year wise change in storage with respect to land use of Haridwar
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4 Conclusions

From the last few years, there has been quick increase in water utilization owning to
the population blast, extraordinary upgrading in living standard and massive growth.
The problem is caused not only by natural factors but also due tomismanagement and
inadequate knowledge of present water resources. Therefore, an appropriatemanage-
ment plan can only be implemented by knowing the balance of different hydrologic
components. The current study is an effort to evaluate the impact of land use change
on groundwater storage in Haridwar district having an area of 1928 km2 of Uttarak-
hand. It has been observed that the land use intensely affects the groundwater storage
in the area. The current study deals with implementing a physical storage equation of
a groundwater, remote sensing data, ERDAS IMAGINE 9.2 for Index Map registra-
tion and GIS techniques to locate the well location on Shapefile, estimating the water
table contour which shows the variation of groundwater fluctuation in pre-monsoon
season and post-monsoon Season.

This result shows an increase in paved area which leads to increase in runoff
volumeanddecrease in timeof concentration,which effect the decrease in percolation
rate, and once the percolation rate gets affected, it is obvious the groundwater storage
will decline. In addition as per decadal calculation results shows groundwater levels
are going downdue excessivewithdrawal inHaridwarDistrict area and also reduction
in natural recharge area.
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Design of Rising Main for Amravati
Water Supply Scheme

R. K. Rai and S. R. Khandeshwar

Abstract Rising main or pumping main is used to convey the water from source or
reservoir to water treatment plant and further to the balancing reservoir or elevated
service reservoir. If water treatment plant is located above reservoir sump level, water
can be transmitted using direct pumping or combined pumping and gravity technique.
This paper reviews the method for the analysis and design of combined pumping and
gravity transmission system by provision of break pressure tank for Amravati water
supply scheme. The water is lifted to break pressure tank by pumping main and
thereafter, it is conveyed to water treatment plant using gravity main. The variable
cost parameters of the transmission system such as cost of pipes, pumps and energy
are studied. Diameters of both the pipes were found to achieve cost effectiveness
and performance. Further, an alternate water transmission system was studied and
designed. Lagrange multiplier method was used to develop mathematical model.

Keywords Break pressure tank · Lagrange multiplier method · Pumping main ·
Water transmission system

1 Introduction

Water transmission is one of the most important component of water supply scheme
like awater treatment plant andwater distribution.Water transmission system (WTS)
is used to transmit water from the supply source reservoir to receiving reservoirs. The
gravity system, pumping system or combined system are three water transmission
systems used for water transmission. If water treatment plant (WTP) is located above
reservoir sump level, water can be transmitted using direct pumping or combined
pumping and gravity technique.
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In case of direct pumping the water is transmitted using direct single stage
pumping. The combined system includes transmission by use of pumping and gravity
main along with break pressure tank (BPT). BPT is provided in between the source
or reservoir and WTP at the higher elevation [1]. The water is lifted to BPT using
pumping main and further conveyed to WTP by gravity main.

The huge investment of cost has been made over the maintenance, construction,
and operation of water supply scheme. The water transmission with pumping system
demands more funds due to pumps and other accessories associated with it along
with energy costs. Thus any small saving in cost for water network leads to significant
markdown over the total cost of scheme. The traditional methods generally used for
design and analysis are proved to be tedious and uneconomical. The prime elemental
objective of this paper is analysis and design of combined pumping and gravity trans-
mission system by provision of BPT. Optimal diameters for gravity main, pumping
main and optimal cost transmission network, are determined by using the method of
the Lagrange multipliers. The design equations for optimization had been developed
by using Hazen-Williams equation.

2 Hydraulic Equations for Design and Analysis of WTS

2.1 Hydraulic Equation

Hydraulic equations commonly used for design and analyses of WTS are as follows:

1. Darcy-Weisbach equation; and
2. Hazen-Williams equation.

In this paper, the design and analysis was worked out by using the most popular
Hazen-Williams equation. This equation is conventionally acceptable equation for
design of water conveyance system as it is simple to use. Hazen-Williams equation
with hydraulic mean depth, slope and velocity is given by Eq. (1):

V = 0.849CHR
0.63S0.54 (1)

where

CH = Hazen Williams constant;
R = Hydraulic mean depth, m; and
S = Slope of the energy line.

For the design and analysis, the value for constant CH was taken from Manual,
1993. The value ofCH for Cast Iron pipe is 130 and for PSC pipe is 140. The frictional
head loss is considered as the major loss in pipe network which can be computed by
Eq. (2) [2, 3]:
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h f = 10.674LQ1.852

C1.852
H D4.870

(2)

where

hf = Frictional head loss, m;
D = Pipe diameter, m;
Q = Flow of water, m3/s; and
L = Length of pipe, m.

2.2 Optimal Diameter of Pumping Main

Lagrange multiplier method was used to calculate the optimal diameter of pumping
main. The variable cost function was added and differentiated with respect to diam-
eter. In the pumping main, water flows in pipe by creating the pressure head differ-
ence using pumps. The optimal diameter for pumping main was calculated by using
Eq. (3):

D =
(
51.98γ Q2.852KT

mC1.852
H Km

) 1
m+4.870

(3)

where,

Km and m = Cost parameters for pipes
KT = Cost coefficient for pumping

The value of KT is calculated using Eq. (4) [4]:

KT = KP(1 + sb)

1000n
+ 8760FAFDRe

1000rn
(4)

3 Cost Functions

Cost function was developed for various components of water transmission network
which are variable in nature. The total cost of pumping system worked out by calcu-
lating cost function for each unit such as pipes, pumps and energy. Cost functions
for different components used in water transmission system are as follows:
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3.1 Cost of Pipes [4]

Pipe is the prime component of water supply scheme. Pipe involves the huge invest-
ment of cost as compare to other components. Cast iron or ductile iron pipes are
most preferable in pumping system and prestressed pipes for gravity main. CI pipes
can sustain the large pressure which is developed in pumping system. CI Pipes are
much easier for connections. Cost of pipe is given by Eq. (5):

Cm = KmLD
m (5)

To determine the cost parameters for pipes, the cost data was taken from Current
Schedule of Rates (CSR) of Maharashtra Jeevan pradhikaran (MJP) for Amravati
region, 2018–19 [5, 6]. The cost of pipes for different diameters were taken from
schedule of rate and it wasmultiplied by capitalization factor calculated usingEq. (6):

Cf = 1 + 1 − α

(1 + r)T − 1
+ β

r
(6)

where,

α = components salvage fraction;
β = the component maintenance fraction;
r = rate of interest as |/year; and
T = components useful life, years.

The values ofα,β, r andT were taken as 0.10, 0.02, 0.08 and 60 years for obtaining
capitalization factor for CI pipe, which came out to be 1.259. The values of α, β, r
and T were taken as 0.08, 0.015, 0.08 and 50 years for obtaining capitalization factor
for PSC pipe, which came out to be 1.208. In order to determine the cost for the any
diameter of CI and PSC pipe, a graph of cost of pipe in | per m versus diameter of
pipe in m can be plotted [6]. The values of cost parameters were plotted by obtaining
the best fit of the curve and comparing it with standard equation of pipe. Capitalized
Cost versus Diameter of CI Pipe and PSC for cost parameters calculation is shown
in Figs. 1 and 2.

The cost parameters for CI and PSC pipes are given in Table 1.

3.2 Cost of Pumping [1]

In case of rising terrain or head difference, it becomes necessary to provide some
external energy to fulfil water demand in such condition pump is used. The pump
cost data was taken from CSR of MJP for Mechanical and Electrical 2018–19 for
Amravati region [5]. The value of cost parameter KP = 17,695 |/kW was obtained
from equation of curve. Cost of pumping plant is given by Eq. (7):
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Fig. 1 Capitalized cost of
CI pipe versus diameter Cm = 32992 D1.4041
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Fig. 2 Capitalized cost of
PSC pipe versus diameter
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Table 1 Parameters for CI
and PSC pipes

Material of pipe Cost parameter

Km m R2

Cast iron 32,992 1.4041 0.9951

Prestressed concrete 20,808 1.6458 0.9914

Cp = Kp

(
(1 + Sb)ρgQh0

1000n

)
(7)

where,

KP = Cost parameter of pump; and
P = Power of pump, kW.
η = Efficiency of pump;
ρ = Mass density of fluid; and
h0 = Net head, m.
Sb = Standby fraction.
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Where, Net Head = Static head + frictional head loss + minor head loss +
residual head [7]

h0 = hs + h f + hm + hr (8)

3.3 Cost of Energy

Total cost of energy can be obtained by multiplying the power by number of hours in
year i.e. 8760 h and rate of electricity Re in |/kWh. The total cost of energy required
annually given by Eq. (9) [4]:

Ce = 8760ρgQh0FAFDRe

1000rη
(9)

where,

FA = Annual averaging factor;
FD = Daily averaging factor for the discharge;
Re = Electricity rate, |/kWh; and
r = Rate of interest.

4 Methodology

4.1 Procedure for Design, Analysis and Cost Calculation
of Pumping Main

1. Find the range of set of diameters for transmission pipe on basis of minimum
velocity of 0.3 m/s and maximum velocity of 3.0 m/s;

2. Calculate the value of pumping cost coefficient, KT using Eq. (4);
3. Calculate the optimal diameter for pumping main using Eq. (3);
4. Find out cost of pipe using cost parameters using Eq. (5);
5. Calculate the head loss for optimal diameter using Eq. (2);
6. Net head calculation is done by adding frictional head loss, static head, minor

loss (10% of frictional head loss) and residual head (3 m). Static head is positive
is case of rising topography;

7. Find out cost of pumps and cost of energy for pipe using Eqs. (7) and (9); and
8. Finally, the total cost is calculated by adding the cost of pipe, pump and energy.
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4.2 Procedure for Design, Analysis and Cost Calculation
of Gravity Main

1. Find the range of set of diameters for transmission pipe on basis of minimum
velocity of 0.3 m/s and maximum velocity of 3.0 m/s;

2. Net Head is sum of Static head, frictional head loss, minor head loss (10% of
frictional head loss) and residual head (3 m). Static head is negative in case of
falling topography. In case of gravity main net head is always zero or negative.
For optimal condition equate the net head to zero.

3. The headloss obtained is used for optimal diameter calculation using headloss
Eq. (2) and;

4. Find out cost of pipe for obtained diameter using cost parameters using Eq. (5).

5 Case Study for Amravati Water Supply Scheme

The case study of Amravati water supply scheme (AWSS) was considered for the
design, analysis and cost calculation. Amravati is a city in the state of Maharashtra,
India, 2nd largest and most populous city of Vidarbha after Nagpur, located at coor-
dinates 20°55′33′′ N and 77°45′53′′ E. The major source of water for Amravati city
is upperWardha dam also called Simbhora dam located near Morshi. The sump level
of dam is 324 m from where the water is lifted to BPT located at Ner Pinglai at
elevation of 406.5 m by pumping main. The water from BPT is further transmitted
to the WTP for aeration and further treatment located in Tapovan at level of 396 m
by gravity main. The data for transmission system of AWSS is given in Table 2 and
Fig. 3 represents its schematic diagram.

The design parameters taken in consideration for AWSS are given in Table 3.
The value for FA and FD was assumed as 0.75, rate of electricity, Re as 8 |/kWh

and rate of interest, r as 8%.

5.1 Design and Analysis of AWSS

The step by step procedure as discussed under heading 4 was followed for both of
the pumping and gravity main. The value ofKT was obtained as 676.90. The optimal

Table 2 Data for
transmission system of AWSS

Parameters Values

Discharge (m3/s) 1.869

Level of source (m) 324.000

BPT level (m) 406.500

WTP level (m) 396.000
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Fig. 3 Schematic diagram for transmission system of AWSS

Table 3 Parameters for
design of transmission system

Parameters Pumping main, P1 Gravity main, P2

Material Cast iron PSC

CH 130 140

L (m) 23,000 25,000

hs (m) 82.5 −10.5

Km 32,992 20,808

Kp (|/kW) 17,695 17,695

m 1.4041 1.6458

diameters were rounded off to nearest 50 mm value for its availability in market so
analysis and cost calculation was done for these values. The cost of components for
various range of diameter for pumpingmain is shown in Fig. 4 and total cost in Fig. 5.

Fig. 4 Cost parameters
versus diameter
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Fig. 5 Total cost versus
diameter
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Thus, optimal diameter for pumping main for transmission of water from Simb-
hora dam to BPT at Ner Pinglai was 1.350 m by CI pipe with provision of pumps.
The total cost of pumping main was | 25,480.800 Lakhs. The optimal diameter for
gravity main for transmission of water from BPT at Ner Pinglai to WTP, Tapovan
was 1.700 m by PSC pipe with no provision of pumping. Thus, the total cost of
gravity main was | 12,452.565 Lakhs. Thus total cost of transmission system for
AWSS was | 37,933.365 Lakhs.

Further, alternate transmission system for AWSS was also studied. Google Earth
Pro was used to study the intermediate topography of transmission system. Among
many alternatives, the alternate system where BPT was located at 414.000 m was
taken in consideration. The water is first pumped to BPT using pipe P1 and further
transmitted by pipe P2 to WTP, Amravati. The length of pipe P1 was 18,200 m and
that of pipe P2 was 26,600 m. The static head for pipe P1 was 90 m and for pipe P2
was −18 m. The intermediate topography using Google Earth Pro for alternative is
shown in Fig. 6.

The optimal diameter for transmission of water for CI pipe from Simbhora dam
to BPT was 1.300 m, with total cost as | 23,160.130 Lakhs. The optimal diameter
for transmission of water using PSC pipe from BPT to WTP was 1.500 m, with total
cost as | 10,784.055 Lakhs. Thus, total cost for transmission system for Alternative
was | 33,944.185 Lakhs.

6 Results

1. The total cost of transmission system for existingAWSSwas | 37,933.365Lakhs;
2. The total cost of alternate transmission system taken in consideration for AWSS

was | 33,944.185 Lakhs.
3. The alternate WTS was found to be 10.516% more economical than existing

WTS.
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Fig. 6 Topography of alternate WTS

7 Conclusions

1. The optimal diameter gives diameter at which total cost of variable parameters
like pipes, pump and energy is minimum for the given discharge, pipe material
and pumps used for transmission;

2. For transmission of water by pumping main, CI pipes along with provision of
high head pumps were preferred and for transmission by gravity main, PSC pipes
were preferred;

3. The optimal diameter for the pumping main does not depend on elevation
difference and that of gravity main depends on elevation difference;

4. Head loss, net head and power varies inversely with the increase in diameter of
pipe;

5. The nature of graph of total cost of pumpingmain is because of its dependence on
the cost of pipe, pump and energy. The cost of pump and energy varies inversely
with the increase in diameter of pipe, while cost of pipe increase with increase
of diameter of pipe and;

6. The total cost of complete transmission system reduce with increase in elevation
of BPT.
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Synthetic Stream Flow Generation
of River Gomti Using ARIMAModel

Hemanshu Singh and Maya Rajnarayan Ray

Abstract Study of synthesizing of time series applies various stochastic models out
of which autoregressive integrated moving average (ARIMA) model has proved to
be an effective tool. Such models are useful to select the best fit model from the
available past values of any time series. The objective of present study is to develop
a methodology to synthetically generate the time series using ARIMA model for an
Indian River Gomti at Gomti Barrage of Uttar Pradesh (U.P.), India. The approach
for prediction of time series is based on the idea of predicting future values of an
observed time series using a model with estimated regression parameters. ARIMA is
a popularly adopted stochastic technique for the various studies in thewater resources
engineering where long futuristic data is necessary. The present model uses an iter-
ative three-stage modelling approach. First stage is to identify and select model,
which involves the checking of stationarity of the variables. Second stage comprises
the checking of the seasonality of the dependent variables and to select the suitable
model based on the plots of the autocorrelation and partial autocorrelation functions
of the dependent time series data. Parameter estimation has been carried out using
computation algorithms to arrive at coefficients which best fit the selected ARIMA
(1, 1, 1) model.Model checking has been performed by testing whether the estimated
model confirms to the least value of AIC and SBIC. By checking of the least value
of the AIC and SBIC, the model is generated and hence the mathematical equation
has been formulated for the generation of the forecasted stream flow for future time
period from the original data of discharge collected from gauge site.

Keywords Synthetic stream flow · Autoregressive moving average · Akaike
information criterion
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1 Introduction

The Box–Jenkins methodology uses an iterative approach; one of such methods is
autoregressive integrated moving average (ARIMA). The ARIMA model is a linear
mathematical model which is able to represent stationary as well as non-stationary
time series. Time step legs presented in the equation of this method are termed
as autoregressive model, and model to predict is called moving average model. An
ARIMA(p,d,q)model represents autoregressive terms asp, non-seasonal differences
as d and q as the forecast errors in particular number of lagging.

The Box–Jenkins method of modelling is used for enabling a tentative model, to
find model parameters and to perform checking. Autoregressive terms predict the
value of series from its previous lag. The term moving average predicts the value
using previous random errors. After arriving to a satisfactory model, one can forecast
future time series.

The process followed to build an ARIMA model is model identification with the
help of ACF and PCF functions, which finally helps to know the pattern of the data
and its stationarity. Second step is to estimate the coefficients using least square
method and maximum likelihood approach. The third step is diagnostic checking
using residual of statistics, ACF and PCF parameters. The last step is forecasting of
time series using statistics and confidence interval.

2 Literature Review

Sarma and Ahmed [1] presented the capability of ARIMA model through their
studies to synthesize stream flow of Pagladia River, Assam, India. Box and Jenkins
[2] presented several models which included ARIMA model as well. This model
is useful when the data series is stationary which means mean, variance and ACF
remain constant. This model finds application in the case where data series shows
strong trend characteristics, and it is also applicable to seasonal and non-seasonal
data series. Jianxin et al. [3] used the ARIMA model to analyse the GPS data for the
period 1996 April to 1998 March. The quality of data was improved after removal
of outlier, discontinuities and seasonal changes. Ong et al. [4] had used ARIMA as a
method to analyse stationary univariate time series data. Mohammadi et al. [5] had
studied on the Amir Kabir Reservoir in Tehran for the prediction of spring inflow; in
their study, they have presented a comparison of ANN, ARIMA and regression anal-
ysis between hydro-climatologic data and inflow. Wurbs [6] presented a capability
of stochastic model for synthetic generation of time series to conduct a study on
reservoir operation. Stream flow, i.e. monthly minimum daily discharge forecasting
for three gauge stations using stochastic approaches like ARIMA and Thomas–
Fiering, has been shown by Yurekli and Kurunc. He found that the performance of
ARIMAmodel was slightly better over the Thomas–Fiering model. Kim and Valdes
[7] revealed the application of synthetic time series to assess the performance of
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water resources project. He presented that parametric models assume the variables
follow the Gaussian characteristics. Kumar et al. [8] had demonstrated the capa-
bility of ANN technique for the river flow forecasting using feed forward recurrent
neural network algorithms. Herman et al. [9] presented a study on the application
of synthetic stream flow for the synthesis of draught for the stockholders. Ghimire
[10] presented an over view of the application of ARIMAmodel for the rivers of US.
Rana et al. [11] shown the application of ARIMAmodel for the forecasting of stream
flow of Doyian station, China. Wang and Salas [12] demonstrated the forecasting of
monthly stream flow using ARMA technique for the Colorado state.

3 Analysis of Data

It includes the collection of data of past years’ time series of the site to be analysed.
In the present study, ten years’ data had been used for the analysis. The data consists
of the monthly and annually minimum and maximum discharge and their respective
mean discharge. Historical stream flow data of river Gomti at Gomti Barrage
site, of Lucknow, U.P. India. The data is arranged and analysed for the stationarity
checked in order to understand change in trend of the historical data. The series
data fluctuates only around an average mean which is not depending on the time.
The stationarity of obtained data can be checked using the mean discharge which
shows that the generated series will be consisted of integrated technique regarding
generation of ARIMA model (Fig. 1).

As the graph of mean discharge found to be as non-stationary, due to this non-
stationarity in the raw series the integrated term ‘I’ has been introduced to ARIMA
model. In order to the stationaries series the differencing of data has been performed
and since data contained excessive negative values, hence an addition of maximum
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value been done to differenced series. This would generate the positive values, and
then log series was generated.

Models have been identified based on the ACFs and PACFs patterns; ACFs and
PACFs are computed for the various lags of data series. There is autocorrelation
between theYt−1 andYt in the first lag,whileACFs andPACFs are computed between
Yt−2 and Yt for second time lag. The ACF and PACF methods for determining the
lag length in an ARIMA model are commonly used, and there are other methods
termed information criteria which can also be used. Mathematically:

ACF(k) =
∑

t=1+k (Yt − Ȳ )(Yt−k − Ȳ )
∑

t=1 (Yt − Ȳ )2
= cov(YtYt−k)

var(Yt )
(1)

The additional correlation between Yt and Yt−k is presented through PACFs.
The value of ACF and PACF is closely related and falls between −1 and +1.
Mathematically:

PACF(1) = ACF(1) (2)

PACF(2) =
[
ACF(2) − (ACF(1))2

]

1− [ACF(1)]2
(3)

4 Selection of ARIMAModel

According to the observed values of ACF and PACF, three models ARIMA (1, 1, 1),
ARIMA (1, 1, 2) and ARIMA (2, 1, 1) were selected for the further diagnosis on the
various parameters presented below:

Root-Mean-Square Error (RMSE)

RMSE(θ̂) =
√

MSE(θ̂) =
√

E((θ̂ − θ)2) (4)

Mean Absolute Error (MAE)

MAE = 1

n

n∑

i=1

| fi − yi | = 1

n

n∑

i=1

|ei | (5)

As the name implies, the mean absolute error is an average of the absolute errors
ei = | fi − yi |, where f i is the prediction and yi is the true value.
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Mean Absolute Percentage Error (MAPE)

M = 100%

n

n∑

t=1

∣
∣
∣
∣
At − Ft

At

∣
∣
∣
∣ (6)

where At is the actual available value and Ft is the predicted value.

ME

ME = f − a (7)

Mean Percentage Error (MPE)

MPE = 1

n

n∑

t=1

ft − at
at

(8)

where at is the actual value of the quantity being forecast and f t is the forecast.

Akaike Information Criterion (AIC)

AIC = 2k − 2 ln(L) (9)

Bayesian Information Criterion (BIC)

BIC = n · ln(σ̂ 2
e

) + k · ln(n) (10)

where σ̂ 2
e is the error variance.

The model is also tested on the basis of the autocorrelation factor (ACF) and
partial autocorrelation factor (PACF) (Figs. 2 and 3).

The diagnostic checking has been performed on the selected model, which is
presented as shown in Table 1.

Further after the assessment on the various criteria, performance of the model was
tested AIC and BIC for the selection of most appropriate model. The model which
has shown lowest value of AIC (8.63475) and SBIC (8.66234) has been emerged as
themost suitablemodel. Therefore, this model has been used for synthetic generation
of stream flow.
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Fig. 2 ACF of the data

Fig. 3 PACF of the data

Table 1 Values of different tests

Model RMSE MAE MAPE ME MPE AIC HQC SBIC

(1, 1, 1) 73.0594 34.4823 54.0063 17.3684 −23.4770 8.6159 8.6348 8.6623

(1, 1, 2) 72.9638 32.2421 53.7621 17.8101 −22.3770 8.6299 8.6582 8.7000

(2, 1, 1) 73.0362 33.7302 54.6691 15.9794 −25.9700 8.6320 8.6602 8.7016

5 Result and Discussion

The result of the work is in the form of the mathematical model. The model which
was generated is ARIMA (1, 1, 1) among the various generated models. This model
was generated after the study of the discharge data collected from the gauge data.
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Table 2 ARIMA model summary

Parameter Estimate Stnd. error t P-value

AR(1) 0.505815 0.0809405 6.24922 0.000000

MA(1) 0.979621 0.0156176 62.7254 0.000000

Model is selected based on the parameters like (i) constant mean = 3.97596, (ii)
linear trend = 3.50374 + 0.00780529 t, (iii) simple moving average of 2 terms.

The model ARIMA (1, 1, 1) is chosen because from the calculated data of gauge
site the AIC and the SBIC values are lowest among all the generated models. Thus,
the model ARIMA (1, 1, 1) is selected for the forecasting of the synthetic stream
flow of the river Gomti at Lucknow, U.P., India (Table 2).

Qt = 0.505815φt−1 + Qt−1 + 0.979621θt−1 + μv + σvξt (11)

Hence, developed model is used for the generation of twenty years’ stream flow
using the historical data of the ten years. The pattern depicting the trend is presented
as shown in Fig. 4. It is verywell seen fromFig. 4 that trend of actual and synthetically
furcate discharge is matching very well all most in all the months. Even the extreme
events are also captured to a significant extent.

The sample presentation of monthly mean and standard deviation of the syntheti-
cally generated series is presented in Figs. 5 and 6, which shows a convincing result.
However, the mean of the furcated series is little bit higher than the actual one and
the standard deviation curve is following very well to the actual stream flow series.

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 10
1

10
6

11
1

11
6

Di
sc

ha
rg

e 
m

3 /
s 

Time period (months) 

Forcasted Disc.

Actual Disc.

Fig. 4 Graph of forecasted data



262 H. Singh and M. R. Ray

0.00

50.00

100.00

150.00

200.00

250.00

1 2 3 4 5 6 7 8 9 10 11 12

Di
sc

ha
rg

e 
(m

3 /
s)

Month

Mean of Discharge Graph
Actual Disc.(mean)
Forecasted Disc. (Mean)

Fig. 5 Graph of mean discharge of main and forecasted data

0
5

10
15
20
25
30
35
40
45

1 2 3 4 5 6 7 8 9 10 11 12

Di
sc

ha
rg

e 
(m

3 /
s)

Months

Standard Deviation Graph

Actual Disc.

Forecasted Disc.

Fig. 6 Graph of standard deviation of main and forecasted data

6 Conclusion

The ARIMA model is developed with the help of the available data set of ten years
from Gomti Barrage at Lucknow, U.P., India. AFC and PCF values for the different
lags are computed, and using those ACF–PCF values the stream flow generation
model is developed. After successful completion of various steps, ARIMA (1, 1, 1)
is found the best model which can generate the synthetic stream flow. The model
ARIMA (1, 1, 1) is used to generate the stream flow of about twenty years. The
generated series is analysed with help of different verification criteria like RMSE,
MAE, MAPE, ME and MPE, and model ARIMA (1, 1, 1) was found to be the best
among other tentatively selected models. The results are presented graphically. The
comparison of the actual series with the synthetically generated series depicts that
the synthetically generated series is following the actual series quite a well in the
most of the time period, and it found to be predicting less as compared to actual
series in a few of monsoon periods.
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Land Vegetation Change Detection Using
Remote Sensing and GIS

Samshul Aarfin, Rishi Prakash, and Nitin Mishra

Abstract The study of vegetation cover change is one of the foremost arenas to
understand the degree of interaction between man and environment. Changes in land
vegetation cover affect biodiversity, water and other processes that come together
to affect climate and biosphere. The study is done using remote sensing and GIS
technique. The aim of this study is to detect vegetation cover change between 2003
and 2018 of Roorkee city region using Landsat image data. Vegetation changes have
been detected by classification technique like unsupervised classification of both
the images of year 2003 and 2018 using ERDAS Imagine 9.3. By monitoring of
vegetation change, we can get the effects in biodiversity, water and other processes
that come together to affect climate and biosphere the national development. The
15-year time period between 2003 and 2018 shows that a major change of vegetation
cover change in the study area. The change in vegetation area observed in the duration
of 15 years is 108.61 square.

Keywords Unsupervised classification · Vegetation change GIS · Remote sensing

1 Introduction

The study of vegetation cover change is one of the foremost arenas to understand the
degree of interaction between man and environment. The changing nature of land
vegetation depends on the existing ecological factors and the level of socioeconomic
development [1, 2]. Information regarding land vegetation change cover is essential
to outdo the problems arising from regular, uncontrolled progress and destruction
of environmental quality, loss of basic water bodies and their associated lifeforms
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Fig. 1 Study area of Roorkee region

while planning changes in land vegetation cover affect biodiversity, water and other
processes that come together to affect climate and biosphere the national development
[3, 4]. The aim of this research paper is to estimate the land vegetation change
detection of Roorkee region over time using satellite imagery for this area for the
years 2003 and 2018.

2 Study Area

Roorkee is a city in north India and amunicipal corporation in theHaridwar district of
Uttarakhand state. Roorkee is located at 29.87° N 77.88° E. In Roorkee, the climate
is warm and temperate. Roorkee is a city with a significant rainfall (Fig. 1).

3 Datasets Used

Landsat data is one of the most important and accurate datasets for understanding
the global land cover status which is freely provided by the United States Geological
Survey (USGS). Two Landsat images of Roorkee region were downloaded from
USGSWeb site onMarch 7, 2003 andMarch 8, 2018, of same path and row (146/39)
for the change detection of vegetation cover of the study area. The image of 2003 is
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Landsat 7 ETM and the image of Landsat 8 OLI. Landsat 7 is the seventh satellite
of the Landsat program launched on April 15, 1999.

Landsat 8 is an American Earth observation satellite launched on February 11,
2013. It is the eighth satellite in the Landsat program; the seventh to reach orbit
successfully. Providing moderate-resolution imagery, from 15 to 100 m, of Earth’s
land surface and polar regions, Landsat 8 operates in the visible, near-infrared, short-
wave infrared and thermal infrared spectrums.

4 Methodology

The imagery which was used in this project was obtained from the USGS Web site.
Landsat 7 image of date March 7, 2003 and Landsat 8 image of date March 8, 2018,
were downloaded using earth explorer option of USGS. For the images which are
downloaded from USGS Web site, there is no need for doing geo-referencing of the
image. After extracting the image, it was imported into ERDAS Imagine. For proper
outcome of the result from the downloaded images, it is necessary that both images
have same row and path (146/39) (Fig. 2).

After importing the image into ERDAS Imagine, layer stacking process has been
done in layer stacking;we combine all images andmake them into one image. Landsat
8 has 11 bands, andwe combine all those bands in layer stacking. The stacked images
of year 2003 and 2018 can be seen in Fig. 3a and b.

Since the study area is a small part of the entire stacked image, sub-setting is
performed to cut the study area (Fig. 4).

The image classification of both the images has to be done appropriately for getting
the change detection. Analysis of digital image values, including one or more spatial,
temporal, and spectral band relationships, to obtain categories of information about
specific features [5]. Unsupervised classification is the method which is selected for
this project unsupervised classification which is chosen because we do not know the
exact area location, and training pixels cannot be accurately associated with the right
class.

The number of desired classes was set to 50, and the number of iterations was set
to 10. Several different outputs were obtained by setting different desired number
of classes while performing the classification, and different iteration numbers were
used to try and improve the accuracy of the classification process. After analyzing the
different outputs that were obtained, the classes that fall under “Vegetation” category
were identified, color-coded differently and renamed (Fig. 5).

Recoding is the process of reclassification of the classes. Recoding is done using
thematic option on setup recode the water classes were recoded as 1, urban classes
were recoded as 2 and vegetation classes were recoded as 3. The recoded images of
year 2003 and 2018 (Fig. 6).

Change detection is defined as a process used to identify the change that occurred
in a specific area over a span of time. By observing the same area at different time
intervals using satellites or aerial photography, the user can identify the change of
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Fig. 2 Flowchart of the
methodology Obtaining Landsat Data From USGS Website

Stacking Of The Satelliter Image

Subsetting Of Study Area From Downloaded 
Image

Unsupervised Classification Of Images Of Year 
2003 and 2018

Recoding Of Both Images of Year 2003 and 2018

Change Detection Between Two Images Using 
Union Matrix Method

Results Of Change Detection

land use and land cover in that area. Since the images used for this study were already
classified, the post-classification comparison method was used. This is a simple and
more promising method which produces accurate results if the classification is done
accurately. We have to open this file in Arc GIS software to generate a change
detection matrix in Excel sheet from there which will display the change in pixel
count between 2013 and 2018 and also the change in area. TheMatrixUnion function
will create a matrix from two input thematic rasters. To open this dialog, go to the
Raster tab, Raster GIS group, click the dropdown below Thematic and select Matrix
Union. A Change Detection Matrix helps us to detect the change in pixel count
during a given time duration from which we can compute the change in area in km2.
Attribute table of Matrix Union is open in ArcGIS (Table 1).

We can use this information to generate a change detection matrix from where we
can also calculate the urban land change detection in km2. We will create the Change
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Fig. 3 a, b are Landsat image of date March 7, 2003 and March 8, 2018, respectively
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Fig. 4 a, b are subset image of date March 7, 2003 and March 8, 2018, respectively

Detection Matrix in Microsoft Excel 2016 for better reliability and performance. A
Change Detection Matrix represents the change in pixel count between 2013 and
2018 of urban area, water bodies as well as in vegetation area. From the above table,
it is shown that 6760 pixels are from urban land and 20,588 pixels are from vegetation
land. It also shows that 21,867 pixels of water bodies are converted into urban land
and 388,227 pixels of vegetation area are converted into urban area also. In order to
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Fig. 5 a, b are classified image of date March 7, 2003 and March 8, 2018 respectively

convert pixel count into km2, it is necessary to know about the cell size of the classes
and then multiplying them by their corresponding pixel count to compute the area
(Table 2).
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Fig. 6 a, b are recoded image of date March 7, 2003 and March 8, 2018 respectively

5 Result

The table given above shows the Change Detection Matrix depicting the change in
area in km2. It shows that the vegetation area was 1687.26 km2 in 2003 and has been
decreased to 1578.65 km2 in 2018 (Table 3).
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Table 1 Years 2003 and 2018 Matrix Union attribute table

OID Value Count Recode 2003 Recode 2018

0 0 0 0 0

1 1 15,498 1 1

2 2 21,867 1 2

3 3 71,313 1 3

4 4 6760 2 1

5 5 151,018 2 2

6 6 216,823 2 3

7 7 20,588 3 1

8 8 388,227 3 2

9 9 1,465,921 3 3

Table 2 Change Detection Matrix for pixel count

Water Urban Vegetation Total 2018

Water 15,498 6760 20,588 42,846

Urban 21,867 151,018 388,227 561,112

vegetation 71,313 216,823 1,465,921 1,754,057

Total 2003 108,678 374,601 1,874,736 2,358,015

Table 3 Change Detection Matrix for area count (in km2)

Water Urban Vegetation Total 2018

Water 13.95 6.08 18.53 38.56

Urban 19.68 135.92 349.40 505.00

Vegetation 64.18 195.14 1319.33 1578.65

Total 2003 97.81 337.14 1687.26 2122.21

6 Conclusion

Pre-processing operations of layer stacking and sub-setting are performed on both the
images Landsat 7 and Landsat 8 of years 2003 and 2018. Unsupervised classification
technique is used for classification, and accuracy for both the image is greater than
75%. A Change Detection Matrix is generated which depicts the change in pixel
count from which change in km2 can be computed during a span of 15 years. The
change in vegetation area observed in the duration of 15 years is 108.61 square from
2003 to 2018.
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Applications of Low Impact Development
for Managing the Storm Water Surface
Runoff in Urban Areas

Ruchika Dabas, Satish Kumar, and Munendra Kumar

Abstract Urbanization is one of the main important factors leading to urban
flooding, which has caused major damage to the environment and society. Control-
ling urban flooding has become a new challenge for urban planners. There are many
reasons of urban flooding in Delhi. It may occur due to increased urbanization,
low rate of infiltration and poor infrastructure for storm water drainage network,
improper drainage system. For controlling urban flooding, there is one of the control
source solutions that help in reducing the urban flooding that is low impact devel-
opment techniques. Low impact development (LID) is a new innovative technique
for managing storm water at the source and helps to improve the water quality as
well. It is most popular method which helps to reduce the hydrologic as well as
water quality which effects by urbanization. The storm water management model
(PCSWMM) is a widely used rainfall-runoff simulation model which has ability to
model LID techniques. The LID used in this study is infiltration trench, green roof
and rain water harvesting. The result obtained from the model (with LID) found to
be satisfactory with the ground reality. In this present study, PCSWMM has been
used for the first time for modelling storm water drains of the urban area (Delhi
city, India), and the results obtained from simulation are in good consent with the
observed data. Thus, the present study will help the floodmanagers to manage excess
surface runoff during storm more efficiently in urban cities.

Keywords PCSWMM · Urban flooding · Storm water drainage systems · Low
impact development (LID)
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1 Introduction

Urban drainage systems are planned to run out the surface runoff from urban areas
(e.g. paved streets, parking lots, sidewalks and roofs) during storm events. However,
excess storm water exceeding the drainage capacity can cause urban flooding and
result in traffic interruption, economic loss, pollution and health issues. An increase
in impervious land cover led to more surface runoff, faster runoff concentration
and increase the peak flow rate. Thus, there is an increasing need to improve
drainage capacity to reduce flooding in fast urbanizing areas. The conventional
method to urban flooding becomes impractical nowadays because it requires more
area. However, the conventional method can be designed in the catchment to collect
storm water by adopting source control method. There are so many new innovative
techniques like low impact development techniques (LID) is one of the new tech-
niques which help to solve the urban flooding-related problems. Many new storm
water management techniques have been developed to solve runoff problems such
as green roofs and rainwater harvesting. These different techniques named as low
impact development techniques.

For managing runoff generated in the urban catchments, several models are avail-
able like MOUSE (DHI), HEC-1(US army), Hydroworks (HRWL), SWMM (Storm
watermanagementmodel) and PCSWMM(CHI). Out of this, PCSWMMwas identi-
fied as theGIS-based powerfulmodel formodelling urban drainage networks because
it precisely matches the simulated results with the observed data. PCSWMM used
SWMM model for modelling storm water drainage systems. SWMM is a dynamic
rainfall-runoff model for the simulation of quality and quantity complications related
to catchments runoff in urban areas [12, 18]. EPAhad developed stormwatermanage-
ment model (SWMM) in the year 1791 which is extensively used to simulate all
features of urban hydrologic and water cycles. The features include surface runoff,
rainfall and drainage network’s flow routing, snowmelt and concentrations of pollu-
tants [12]. Further, simulation through single or continuous events can be executed
for the catchments where combined sewer drains or natural drains or storm water
drain exists. The model provides information like flooding locations as well as flood
volume but unable to manage it.

There are several storm management methods have been developed to manage
flood volume such as green roofs, infiltration trenches and rainwater harvesting.
These technologies are known as sustainable drainage systems. LID has been recom-
mended as an innovative solution for storm water management [1–6, 16, 17]. To
understand more clearly why it is useful for communities, the watersheds are incor-
porated with LID techniques, and it is helpful to first understand the effects of tradi-
tional storm water management, which have marked land development and altered
waterways and water quality for decades [7–11]. The main aim of this technology is
to maintain rain water runoff and also help in minimizing flooding [12–15].

Thus, for managing the urban storm water system, distributed rainfall-runoff
models are used. But the main difficulties in using these models are that developing
of these models is a time taking the process and also about the model accuracy.
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PCSWMM is the most dynamic rainfall-runoff model in which runoff is generated
from the subcatchments goes directly to manholes or to the downstream subcatch-
ments. Thus, spatial discretization of the catchments is required by the rainfall-runoff
model for developing runoff model computationally.

In the present study, PCSWMM has been used for analyzing the storm water
drainage system of Delhi city, India. Further, the LID is applied into the developed
PCSWMM model for managing the excess storm water surface runoff. Thus, the
study will help the flood managers to manage excess surface runoff during storm
more efficiently in urban cities.

2 Study Area

The study area (Fig. 1) is Delhi. Delhi, the capital city of India, situated in the
northern part between the latitudes of 28°35′02′′ and 28°30′09′′ N and longitudes of
77°15′53′′ and 77°20′44′′ E. Delhi has a huge variation in temperature and rainfall
during summer and winter. The average temperatures in the city are around 29 °C
that varies between 5 °C (in winter) to 48 °C (in summer). The average rainfall in
Delhi is around 797.3 mm.

3 Model Specification: Storm Water Management Model
(SWMM)

SWMMmodel is also capable of simulating the surface runoff and its quality along
with the computable features of storm water. SWMM tracks the quantity and quality
of runoff generated within each subcatchment, and the flow rate, flow depth and
quality of water in each pipe and channel during a simulation period comprised
of multiple time steps. SWMM was first developed in 1971 and has undergone
several major upgrades since then. The newly added LID module (SWMMVer-
sion5.1.006) is expected to have the capability of simulating the stormwater manage-
ment performance of various types of LID practices including permeable pavements.
The SWMMmodel primarily developed for urban settlements is proficient in simu-
lating the quality and quantity of water generating from the watershed for both single
events as well as long-term (continuous) event. In the present study, dynamic wave
method and Green-Ampt model is employed for computing flow routing and losses
due to infiltration repectively. Rossman [18] can be referred for additional details on
SWMM. Though in this study, inflows have not been assigned to any nodes never-
theless the feature of assigning inflow as a boundary condition to the nodes is also
available in SWMM.
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Fig. 1 Study area

4 Data Used

The data used to develop SWMM5 model have been collected from the various
government agencies (Table 1).
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Table 1 Description of the data used

S. No. Spatial data Resolution Source

1 Digital elevation model
(DEM)

30 m × 30 m Shuttle radar topography
mission (SRTM) of USGS

2 Landuse/land cover
(LU/LC) of 2010

1:250,000 National Remote Sensing
Centre, Indian Space
Research Organization
(ISRO)

3 Soil 1:250,000 National Bureau of Soil
Survey & Landuse Planning
(NBSS-LUP)

4 Drains cross section
survey data

At 100 m RD (reduced
distance)

Various agencies of Delhi
Government (I&FC, PWD,
MCD)

5 Model Setup

The surveyed data of the storm water drains for the study area was converted into
conduits layers and manholes layers with the help of ArcGIS 10.1. The drains
information like invert level, width, depth, latitude and longitude, conduits length
was available in the attributes table. Then, the outfall point layers of the drains
were generated in ArcGIS. All these layers were imported into the PCSWMM. In
PCSWMM, watershed and subcatchments were generated from the DEM on the
basis of manholes. The subcatchments was delineated in such a fashion that runoff
generated from each subcatchments will contribute to single manholes. Further, the
landuse and soil were given to the catchments. And finally, rainfall station informa-
tion and rainfall data were given to the PCSWMM. After loading all the necessary
input data required by the PCSWMM, the model was initially run for the day having
peak rainfall. The methodology is explained by a flow chart as shown in Fig. 2.

6 Results and Discussion

The rainfall-runoffmodel was developed using PCSWMMis shown in Fig. 3. Precip-
itation data from the years 2015–2019 of 15 min interval received from Indian Mete-
orological Department, New Delhi, was used for the simulation. Between 2015 and
2019 years, the maximum rainfall recorded was 84.2 mm on 20 August 2016. Since,
our objective is to store the excess storm water runoff overflowing from the existing
drainage systems. So, the model was first simulated, and the results obtained were
evaluated for the above days. Time series plot of the rate of flow of the drains,
flooding rate and velocity of runoff is shown in Fig. 3a, b. For validating the model
efficiency, the waterlogging locations identified by the model were checked with the
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Collection of Storm Water Drainage Data 

Separation of Input Data in GIS for SWMM 

Development of SWMM Model

Model Calibration & validation

Analysis & Simulated results

Implementation of LID’s in SWMM Model

Result & Discussion

Fig. 2 Methodology

past records. The waterlogging locations information is available fromDelhi govern-
ment. It was found that the simulated results are in close agreement. Thewaterlogging
may be caused due to various reasons like inadequate drainage infrastructure like
drains are undersized due towhichwaterlogging takes place at the junctions or down-
stream. The other reasons are the rainfall intensity and duration of rainfall, improper
gradient of drains, i.e. invert levels of the drains are not uniform due to which flow
is not able to go downstream, and hence, backflow takes place causing waterlogging
in the upstream. The most important reasons were the incapability of the existing
drainage system to accommodate the excess runoff. Thus, further LID like infiltra-
tion trenches, green roof, rainwater harvesting was implemented in the study area
has shown in given Fig. 4a, b. The results show huge reduction in the waterlogging
locations and also in flood volume.



Applications of Low Impact Development for Managing the … 281

Fig. 3 Shows the time series plot of flow rate in the drains, flooding and velocity of runoff in a and
b

7 Conclusions

Along with the rapid urbanization in Delhi, urban distress has occurred and has been
great concerns of the society. Among these, urban problems give the negative impact
of urban runoff on hydrology as well as the water quality of urban storm water.
There are various conventional storm water models are available in the market, and
all the models are ranging from simple processes for prediction of results. However,
the conventional system can be designed in the catchment to collect storm water
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Fig. 4 Shows reduction in flooding by implementing LID like infiltration trenches, as given a and
b

by adopting some source control. Many developed and developing countries adopt
this LID’s techniques to solve urban flooding-related problems. It is modern new
innovative technique for management of storm water by controlling its source by
achieving pre development conditions. The LID also helps in environmental issues
like water quality and to minimize the quantity.
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Analysis of Parameters for Storm Water
Management Model (SWMM) by Using
GIS

Ruchika Dabas and Munendra Kumar

Abstract The most important and basic data required for assessment of water
resource is Runoff. For this runoff water requires proper planning, sustainable
management, water control Strategies. In this present investigation, the area of
Yamuna river flowing through Delhi has been selected for the study. The study
depicts development of watershed catchment delineation, flow direction, develop-
ment of streams, Land use and cover map and Digital elevation model (DEM) by
using Geographic Information System (GIS) applications. DEM is generated from
satellite image. As a result of this, the Runoff of this catchment is discharged into
the Yamuna River. By using the available data rainfall intensity analysis work has
been carried out and the IDF curve has been generated.

Keywords Runoff estimation · GIS ·Water-shed delineation · SWMM

1 Introduction

Runoff is very important data required for analysis of available water resources for
optimum planning, management and new and innovative strategies developed such
as waterways, storage facilities or erosion control structures. Knowledge of peak
and total runoff due to rainfall is most important for planning and designing any
hydrologic structure. Direct measurement of runoff is always good but in most of
the cases, it is not possible at desired time and location and most of the devel-
oping countries infrastructure is not available for measurement of runoff and other
hydrological parameters, as most of the watersheds are ungauged. Rainfall-runoff
modelling in the urban catchment is quite different and complex as compared to the
rural areas because of dynamic nature of hydrological process due to dynamic land
use/cover, heterogeneous nature of urban catchment and more human interference
etc. A rational of hydrograph method that can simulate the runoff corresponding to
variable rainfall intensity (Smith and Lee 1984). Impervious area and rainfall are
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the two main factors, which influence the runoff responses in urbanized watersheds.
Hydrological cycle in urban areas can be assumed to start with rain falling over the
ground, which is either impervious or pervious area. Some rainfall infiltrates into
the sub-surface from the previous area and the remainder forms the surface runoff.
Surface runoff will eventually flow into a watercourse and finally to a receiving water
body. This is not the case for an impervious area,where nearly all the rainfall becomes
runoff. A study being conducted by (Guo 2001) emphasized on improvement of the
rational hydrograph method by introducing a new formula to compute the time of
concentration.

Thus, rainfall-runoff phenomenon is dynamic in urbanized watersheds and the
quantity of water available from corresponding water bodies’ changes with time.
Therefore, a simplified model/relationship is warranted to estimate the runoff gener-
ated from the urbanized watershed for planning level and design level applications.
Such a model/relationship should account dynamic land-use/cover aspect of the
urbanized watersheds and require minimum data. For the Indian conditions, such
a model/relationship has not been reported in the literature. In urbanized watersheds,
impervious areas contribute amajor portion of runoff. So correct estimation of imper-
vious areas or extraction of land use/cover information is very vital. Remotely sensed
images and related techniques like digital image processing and GIS can be used to
extract the landuse/cover information. Further,weneed to forecast thewater demands
and quantity of runoff available from local surface sources (lakes, ponds) in the near
future, while planning the optimum use of available water resources. This, in turn,
requires a relationship between urbanization (change in land use/cover information
like pervious areas into imperious one) and runoff to be generated from urbanized
watersheds for given averagemeteorological conditions. Therefore, the present study
is aimed to investigate the various aspects of rainfall-runoff phenomenon for urban-
ized watersheds and This can be utilized for Rainfall-Runoff modelling for urban-
ized watersheds based on some of the easily available catchment and meteorological
characteristics and suitable for planning level applications.

2 Literature Review

Many studies are available of rainfall-runoff modelling for rural areas, however, a
very few attempts have been made to address the issue of urban areas. In the Indian
context, no example of such deterministic rainfall-runoff model has been reported in
the literature which is suitable for planning level applications. To find runoff depth
of the basin area using SCS-CN (soil conservation service-curve number) method
in integration with remote sensing and GIS, a well-developed technique with spatial
and temporal distribution of hydrological parameters [1] but this method provides
approximate results (Give the limitations of this method for urbanized catchments).
Simple approach for calculating runoff and pollution loads in urban catchments, and
discusses conceptual modelling methods for simulating daily runoff and pollution
loads [2] but it has been found that this approach did not account spatial variability of
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urban hydrological process and catchment. So, furtherwork can be certainly extended
to develop a simple model into the deterministic model by incorporating catchment
characteristics like slope, evapotranspiration based on land use/cover, evaporation,
infiltration, etc.

The SCS model, which fully considers (e.g., topography, soil, and land use), to
simulate the rainfall-runoff relationship of smallwatershed [3] but did not consider for
the spatial and temporal variability of urban hydrological processes in which remote
sensing and GIS technique will be more useful as it considers spatial and temporal
of different hydrological processes can be addressed very efficiently and accurately.
Some of the researchers have found that the true and detailed representation of the
physical system considering spatial and temporal variability enhances the overall
performance in the modelling process. Till now, few attempts have been made to
model the various hydrological processes using RS and GIS techniques mostly for
the urban estimation [4–6].

Rosmiller, 1982 [7] developed a rational hydrograph formula based on the assump-
tions of rational formula to compute hydrographs using a constant rainfall intensity
deduced from the intensity-frequency-duration curves. Smith andLee 1984 [8] devel-
oped a rational hydrograph method that can help to simulate runoff corresponding to
variable rainfall intensity. A study being conducted by Guo, 2001 [9] gives impor-
tance on the improvement of the rational hydrograph method by introducing a new
formula to compute the time of concentration.

Bennis and Crobeddu [10] presented runoff simulation model based on linear
system theory for small urban catchment based on the improvement in the rational
hydrograph (RH) method which mainly considers the pervious area & impervious
area, timevariability of rainfall, initial abstraction on impervious areas and infiltration
on pervious area.

3 Materials and Methods

The different secondary data has been collected from various concerned departments
in India and thereafter preparation of different thematic layers was done using remote
sensing and GIS techniques. An understanding of urban dynamics and estimation
of urban growth has been made to determine impervious area. Thereafter, model
parameterization has been done by using GIS database in order to get model calibra-
tion and validation. Thereafter, model parameterization was done usingGIS database
in order to get model calibration and validation. Also, generation of rainfall-runoff
responses with respect to space and time (runoff depth for different years at micro-
watershed scale) for selected watershed has also been done. The formulation of the
deterministic rainfall-runoff model suitable for planning level application has also
been selected for the same. Thereafter the calibration of the proposedmodel has been
done using watershed characteristics of the study area.
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3.1 Data Used in Present Study

Required data has been collected from various departments like Central Water
Commission (CWC), UP Irrigation department, Survey of India, Delhi Municipal
corporation etc. The data being collected is observed flow data for model calibration
and validation, Survey of India Topo sheets of the proposed area, Base Map, Satel-
lite data/DEM, Soil Characteristics (Soil Map), Land use/land cover information,
Drainage network Data, Meteorological data (Rainfall Data).

3.2 Present Study Area

To study the various aspects of rainfall-runoff modelling, an urbanized watershed is
selected as the study area for which required data are available. After analysis and
verification of available data, we have decided that Yamuna river data will be suitable
for research work. The map shown through Fig. 1 in the catchment area contributed
in Yamuna river in between old railway bridge in Delhi and Okhla barrage in U.P.,
India.

4 Results and Discussions

The results indicated in the form of a DEM, Land use/cover map, Soil map, flow
direction, development of streams and preparation of drainage map.

4.1 Digital Elevation Model (DEM)

DEMis generated from satellite image.Digital ElevationModels are files that contain
the elevation of the terrain over a particular area, generally used for fixed grid interval.
DEM used for extracting terrain parameters, contour development, catchment area
delineation and stream/Drain development by using GIS.

4.2 Soil Map

Geotechnical survey of India map has been collected and create a GIS database
by using ARC GIS software. Soil map is used to find out the soil characteristics
like permeability, porosity, rate of infiltration, etc. This will be required for the
parameterization of rainfall-runoff model.
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Fig. 1 Map showing the location of catchment area consider in the study

4.3 Land Use/Cover Information Map

Land use/cover map developed by ARC GIS software based on Delhi master plan as
shown in Fig: 2 given below. Remote sensing and GIS related techniques are used
to extract the land use cover information. Land use map is used for identification of
catchment surface cover like a residential area, industrial area, water bodies, green
area, open area, roads, public and semipublic facilities, etc. Land use map has been
used for calculation of the percentage of previous area and drawing the drainage lines
for base map of study area is shown in Fig: 3).

4.4 Drainage Network Map

Drainage map of selected study area is prepared with the help of topo sheets, base
map collected from local authority, DEM using GIS technology, etc. as shown in
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Fig. 2 Preparation of Land
use/cover map of the study
area

Fig. 4. General topography of the study area is flatter terrain, some low lying areas
are situated along the Yamuna river and general slope of the study area is from west
to east towards Yamuna river and north to south. All the major and minor drains
have been marked on the map. Flow direction and demarcation of sub-catchment
area are marked on the map. As shown in the map all the tributaries are connected to
the main drains and main drains are finally discharge into Yamuna river. Catchment
boundary of the selected watershed area has been marked on the base map and total
catchment is about 14 km2. Study area comprises of various areas likeOkhla,Malviya
Nagar, Mahrauli, Qutub Minar, Masud Pur, Chirag Delhi, Dhaula Kuon, India Gate,
Connaught Palace, Sarojini Nagar, AIMS area, Delhi golf course, etc. (Fig. 5).

4.5 Meteorological Data

Rainfall data obtained from themeteorological department for the period 1975–2004.
The annual average rainfall in Delhi is 555 mm. Most of the rainfall occurs between
July to September. Themaximum rainfall that occurs in a day during the last 30 years
was 255.9 mm on 30 June 1998. The maximum rainfall that occurs one hour in a day
during the last 30 years was 68 mm on 7 July 1993.
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Fig. 3 Base Map of study area indicating drainage lines

4.6 Rain Fall Intensity Analysis

By using the above available data rainfall intensity analysis work has been carried
out and IDF curve has been generated. As shown in figureMetcalf and Eddy equation
does not represent the true rainfall characteristics of the region. The Talbot equation
most closely represents the true rainfall characteristic of region (Fig. 6).
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Fig. 4 Flow direction in watershed delineation of study

5 Conclusion

GIS database for SWMM which can be used for planning level applications and the
above figures are indicated that development of DEM, land use/cover map, Drainage
map, flow direction, development of streams, respectively. In this Arc GIS 10.2
is used, where DEM, Soil Type, Land use, Drainage Map, Flow Direction all are
processed in GIS with the help of SWMM Model and then converted into usable
Format of SWMM and Rainfall Data Is also used for this Study of this Area. In this
study, it also discussed different parameters required for the SWMMmodel by using
GIS. SWMM modelling approach as an efficient tool in catchment modelling of
input parameters for catchment Hydrology. Therefore SWMM integrated with GIS
have the capability to evaluate storm rainfall.
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Fig. 5 Development of streams of the study area
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Figure 1- One- year IDF Curve
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Application of Six Sigma on RMC Plant

Viraj Parekh, Sagar Jotani, and Jay Patel

Abstract Six sigma is a quality improvement technique widely used in manufac-
turing industry. Application of six sigma is yet to be explored exhaustively in the field
of construction. This study explores the possibility of application of six sigma in the
process of manufacturing of concrete in the RMC plant situated at Navsari, Gujarat.
This paper defines and analyzes process performance of RMC plant using six sigma
technique. The data was collected in the form of batches and its mix proportion.
Total data was collected for 469 batches of the said plant and analyzed using MS
Excel. As per IS 4926:2003, tolerance limit for cement, aggregate, and water was
set, and batch-wise upper limit and lower limit were calculated. These calculations
were then compared with the target value set by the RMC plant. This comparison
led to calculate the defects per million opportunity (DPMO) value for the concrete
manufacturing process of the RMC plant. With the help of DPMO value, the sigma
value is found out to be 1.77 which is not at par with the ultimate sigma level. This
work provides valuable insights on the implementation of six sigma technique in the
construction industry. Six sigma technique can evaluate the quality of the process
and quantify the improvement goals if the process is under performance and less
efficient. Improvement in quality of construction can be observed at large extent if
six sigma technique is applied to more complicated, volatile, and multistep projects
with a linkage to lean principle.

Keywords Six sigma · Quality management · Process performance · Ready-mix
concrete
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1 Introduction

The six sigma concept is derived from statistical distribution known as “standard
normal distribution” illustrated by a symmetrical bell-shaped curve. Theoretically,
this bell-shaped curve has been extensively studied and has been proven very useful
as numerous natural continuous phenomenawhich seem to follow it or can be approx-
imated by it [1]. Six sigma is used inmanufacturing industry since last two decades to
monitor and improve the quality aspect in the process. The six sigma concept empha-
size on improving the process performance rather than focusing on final output only.
Process performance can be evaluated by defects per million opportunities (DPMO).
To achieve the sigma level at six, the value of DPMO is 3.4 [4].

The application of six sigma in manufacturing industry has been proven quite
useful. So, it was applied in construction industry as well, but at small-scale projects
such as a residential building to improve the quality of internal finishing work [3],
this principle was applied to determine and improve the key input variables affecting
the cracks in lightweight partition walls [2]. Application of this technique is yet to be
explored for evaluating the process efficiency of RMC plant. Therefore, to assess the
application of six sigma at this level, RMC plant of Navsari, Gujarat, was selected
for the research purpose.

The selected plant for this study has a capacity to produce 30 cubic meter of
concrete when all the four hopers are filled fully. The plant produces M30, M35, and
M40 grade concrete mainly, and they transport in the surroundings for the various
bridge construction sites.

2 Methodology

The data was collected for 469 batches of concrete. The sample of collected data is
given in Tables 1 and 2 for three batches only. Table 1 shows the data for individual
batches, and Table 2 shows the combined data of all the three batches. The collected
data is provided with target value of each material which were used to manufacture
the concrete. The checklist was prepared inMS Excel for all 469 batches of concrete.
The checklist helped to verify whether the target value of all thematerials whichwere
used in manufacturing process of concrete were within the tolerance limit or not as
per IS 4926:2003. Table 3 shows the sample checklist for the three batches. One
which meets the standard requirement is marked with “

√
” sign and else is marked

with “X” sign.
From the checklists of all 469 Batches, it was observed that total number of

defects are 1108 out of total 2814 opportunities. Therefore, DPMO is found out as
393,745.557. DPMO is calculated as per following formula.

DPMO = (No. of defects/No. of opportunities) × 1,000,000



Application of Six Sigma on RMC Plant 297

Ta
bl
e
1

Sa
m
pl
e
of

ba
tc
h-
w
is
e
co
lle

ct
ed

da
ta

B
at
ch

N
o.

C
yc
le
tim

e
(s
ec
)

W
hi
te
sa
nd

(k
g)

20
m
m

ag
gr
eg
at
e
(k
g)

10
m
m

ag
gr
eg
at
e
(k
g)

B
la
ck

sa
nd

(k
g)

C
em

en
t(
kg
)

W
at
er

(k
g)

A
dd
iti
ve

(k
g)

To
ta
l(
kg
)

1
11
8

13
1

35
7

21
4

26
0

21
9.
2

89
.8

2.
33

12
73
.3
3

2
59

13
0

36
5

22
6

23
8

21
5.
2

85
.1

1.
76

12
61
.4
6

3
69

13
3

36
7

22
3

24
5

21
6.
6

84
.8

1.
73

12
71
.1
3



298 V. Parekh et al.

Table 2 Sample of collected data for combined batches

White sand 20 mm
aggregate

10 mm
aggregate

Black sand Cement Water Additive

Moist. % 0 0 0 0 0 0 0

Actual
total

394 1089 663 743 651.4 259.7 5.82

Target
total

388.5 1107 670.5 753 649.5 255 5.25

Average
value

131.33 363 221 247.66 217.13 86.56 1.94

Target
value

129.5 369 223.5 251 216.5 85 1.75

Table 3 Sample of checklist prepared

White sand Black sand 20 mm
aggregates

10 mm
aggregates

Cement Water

Target value 129.5 369 223.5 251 216.5 85

Upper control
limit

133.385 380.07 230.205 258.53 220.83 87.55

Lower control
limit

125.615 257.93 216.795 243.47 212.17 82.45

Batch 1 ✓ ✓ X X ✓ X

Batch 2 ✓ X X X ✓ ✓

Batch 3 ✓ X X X ✓ ✓

Based on the sigma level table as given in Table 4, the sigma value was calculated
with respect to DPMO value, and it came out to be 1.77 sigma level.

Table 4 Overview of sigma
level and DPMO

Sigma level DPMO

1 690,000

2 308,000

3 66,800

4 6210

5 320

6 3.4
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3 Data Analysis

DMAIC, i.e., define, measure, analyze, improve, and control, is an integral part of
six sigma process for continuous improvement. DMAIC is a five-step process where
one has to define the key variables in process at first place, measure the process
performance at second place, analyze the data collected, find out the root-cause at
third place, improve the process after rectifying the root-cause at fourth place, and
finally control the improved process.

To define, SIPOC analysis is used in the paper. SIPOC stands for supplier, input,
process, output, and customer. SIPOCexplains the entire processwith all the activities
and ingredients required in it as given in Table 5.

Next step of DMAIC is to measure the defect of the process, and for that Pareto
chart is prepared and studied. Pareto chart is a bar and line graph, where data is
represented by bar graph, and line graph represents cumulative total. It shows which
factor is causing 80% defect by having 20% weightage in the process. Pareto chart
for this study is presented as Fig. 1.

Fish-bone diagram is prepared to do root-cause analysis as a part of third step of
DMAIC. Analysis of any data leads to a conclusion about what is to be improved
and controlled as a part of fourth and fifth stage of DMAIC methodology. Figure 2
shows the fish-bone diagram for the manufacturing process of RMC plant.

Table 5 SIPOC analysis for RMC plant

Supplier Inputs Process Outputs Customers

RMC plant 1. Cement
2. Aggregate
3. Sand
4. Potable water
5. Admixture
6. Fly ash
7. Batching plant
8. Control cabin

1. Pumping of
ingredients

2. Batching of
ingredients based
on grade of
concrete

3. Transportation of
ingredients
through belt
conveyor into
mixture

4. Dry mixing of
ingredients

5. Wet mixing of
ingredients

6. Filling of concrete
into trucks

Ready-mixed
concrete (RMC)

Builder or owners
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Fig. 1 Pareto chart for RMC plant

Fig. 2 Fish-bone diagram for RMC plant

4 Result

This work comprehend the application of six sigma technique in construction
industry. The principle can be applied to RMC plant to evaluate the quality of the
manufacturing process and to find out the scope of improvement.

The study carried out on the manufacturing process of RMC plant has given some
valuable insights about the defect in the process, DPMO value, and sigma level.
The sigma level was found out as 1.77 which shows that a lot of improvement is
required in the process of manufacturing of concrete. The ultimate sigma level is 6
and compared to that, 1.77 is articulated as quite a low measure of quality. Pareto
chart showed that it is the quantity of water which causes the major quality defect in
the process. The same was found out from the fish-bone diagram too.
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5 Conclusion

Quality control in construction projects focuses only onmaterials rather than onwork
flows. In present study, methodological and statistical approach is used to determine
quality of manufacturing process of RMC plant. As of now, no research is available
in the field of application of six sigma in RMC plant. So, this study helped us to apply
well-known concept in comparatively new field of work. If quantity of water can be
controlled for this study, it will ultimately increase the quality of produced concrete.
Usage of that concrete will lead to the better quality of construction. However, quality
of the concrete is ultimately considered based on the results of cube test but the
objective here is to examine the quality of the process.

With the aid of the six sigma technique, the parameter which affects the quality
can be controlled with scientific approach. This technique can be applied for each
activity at micro-level for project improvement and process improvement. In future,
it can be proven a very useful statistical tool to identify the defect and improve
the output for any construction material manufacturing. This tool can be applied on
construction projects as well to measure the quality of final outcome.
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Monitoring of a Construction Project
in Its Execution Phase Using Project
Delivery Success Factor (PDSF)

Shubhankar S. Pimplikar and Rohit R. Salgude

Abstract A construction project usually involves different types of activities and
has number of factors affecting it. Such situations demand rigorous monitoring and
fluent coordination on the project. The final output of any project must be that it is
delivered successfully. In this study, the researchers have focused on application of
a conceptual model based on KPIs and project constraints to monitor a real estate
building project in Pune. To predict the project delivery success factor (PDSF) of a 13
storeyed commercial building, two additional parameters, project performance index
(PPI) and project monitoring and coordination index (PMCI), have been defined
and used. Data has been collected from on-site observations, collecting authentic
documents related to the particular project, meeting various involved stakeholders,
interviewing them and making a note of their opinion and expertise. It has been
clearly observed through the results that the PDSF for the real estate project under
study is less. Therefore, the particular project has been considered as a possible
failure, and various measures have been recommended to improve the PDSF.

Keywords Project management · Project delivery success factor (PDSF) · Key
performance indicators (KPIs) · Project performance index (PPI) · Project
monitoring and coordination index (PMCI)

1 Introduction

A construction project usually involves hundreds of small tasks to be performed
even if the project is of limited scope or is not having a huge budget. Also, when
number of factors affecting ismore, projectmanagement becomes a necessity on such
construction projects. Every project is unique, and hence, it cannot be monitored and
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controlled in the same manner. In real estate sector, may it be either a residential or
a commercial project, assuming that the project kicks off as decided along with the
necessary and sufficient amount of revenue, what is left further is the real challenge—
How to deliver the project successfully? Also to monitor whether the project is being
delivered successfully is the next challenge to be faced.

1.1 Factors Affecting Project Success

When the target of successful delivery of the project is set, various factors affecting
the project success and project performance need to be considered. The factors in
favour of the project delivery success (PDS) need to be boosted, and adverse factors
need to bemonitored and controlled. For that, various problems faced on construction
projects (only real estate projects as far as this study is concerned) need to be iden-
tified. A few of these are: (1) unrealistic planning, (2) construction delays, (3) cost
overruns, (4) absence of proper communication among the employees and different
stakeholders, (5) compromised quality of work, (6) improper inventorymanagement,
(7) blocked working capital and (8) high attrition rate.

1.2 Literature Review

From the existing literature reviewed, some following observations were noted:

1. To deliver a successful project outcome, an integrated approach towards project
management is essential [1–5].

2. To improve the performance of a project delivery, a unified framework for
construction project integration is helpful. This framework can be used by
industry practitioners to determine where to allocate resources in order to have
a more-integrated project [6].

3. Construction project performance relies on different dimensions of project
management, out of which, project integration management has a strong impact
on project management performance [2, 7–9].

2 Research Objectives and Methodology

Some of the above-mentioned factors affecting the performance of the project and
further its successful delivery must be quantified by using project performance indi-
cators to monitor and control the construction project. Therefore, main objective of
the study was:

1. To determine the project delivery success factor (PDSF) based on calculating
project performance index (PPI) and project monitoring and coordination index
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(PMCI) of a real estate building project in its execution phase and analyse project
status.

2. To recommend effective measures for project monitoring and control in order
to increase the PDSF, thus making the project successful, in spite of various
problems/issues faced during execution phase.

To achieve the targets as mentioned above the following methodology was
adopted:

A real estate project was identified from which necessary data and information
was collected. Different techniques such as personal interviews, on-field observa-
tions, expert opinion and collection of authentic documentation of the project under
study through site visits were used. Once the data was obtained, it was organised
and then analysed. It was quantified by giving ratings and weightages to different
factors/parameters. The qualitative findingswere also noted, and corresponding inter-
pretation was done. Results were obtained from the data analysis. Recommendations
were made to make the project successful.

3 Case Study

3.1 Basic Information and Problems Faced

Being an on-going project, the exact identity of the project has not been disclosed.
Hence, the identified project was considered as ‘P’ by the researchers. It was located
at Shivajinagar, Pune. The type of building occupancywas ‘commercial’. The project
scope was defined as a 13 storeyed building (G + 10 with two basements, B1 and
B2). Various problems faced on the project are mentioned below:

(a) Location—Due to crowded place, problem was faced for equipment and
machinery to enter site.

(b) Below the ground—Unstable soil mass was found, so retaining wall was
required. Water table was encountered at less depth, so continuous dewatering
was required.

(c) Above the ground—Accessibility issue. Cutting of some trees involved.

3.2 Determination of Project Performance Index (PPI)

Project performance is based on some of the key performance indicators (KPIs). The
KPIs are measurable and hence could be used to determine the PPI. In this study,
the researcher has identified six KPIs, namely speed, value, efficiency, innovation,
impact and complexity. The relation of these KPIs with the project constraints, scope,
time, cost and risk, have been used by the researchers to develop an equation for
measuring PPI. Quality is a common parameter between project performance and
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project constraint. It could be considered as either of the two or both and hence finds
its place as a separate identity (quality factor, QF) in equation.

∴ PPI =
[

Scope3×QF
Cost×Time×Ek

]
(1)

Equation (1) represents the simplified equation for determination of PPI.

3.3 Determination of Project Monitoring and Co-ordination
Index (PMCI)

Monitoring of project is done through various tools and techniques such as monthly
reviewmeetings, various reports such asDPR,MPR, quality reports and earned value
analysis. The researchers have defined PMCI to check the level of monitoring and
coordination on any project. The equation for calculating PMCI has been formulated
as follows:

PMCI =
[

Weighted Score of Issues, Disputes, NCs Resolved
Weighted Score of Total No. of Issues,Disputes,NCs Occurred

]
(2)

If PMCI lies within 0–0.2, then the project is very poorly monitored and
coordinated.

If PMCI lies within 0.2–0.4, then the project is poorly monitored and coordinated.
If PMCI lies within 0.4–0.6, then the project is averagely monitored and

coordinated.
If PMCI lies within 0.6–0.8, then the project is highly monitored and coordinated.
If PMCI lies within 0.8–1.0, then the project is very highly monitored and

coordinated.

3.4 Determination of Project Delivery Success Factor (PDSF)

To determine the PDSF for any real estate project during its execution phase, the
combined effect of PPI and PMCI must be considered. Project delivery success
(PDS) is directly proportional to PPI and PMCI each. Also, both PPI and PMCI
are interrelated in a way that if the monitoring mechanism on a project fails, it is
definitely going to affect the performance of the project. Also, indirectly it means
that if PPI is low, PMCI too might have been low, and hence, in return, the PPI has
been adversely affected. This relation, interdependency, and direct proportionality
between PPI and PMCI give the equation as follows:

PDSF = [PPI × PMCI] (3)
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Equation (3) represents the exact final equation for determination of PDSF. The
significance of PDSF as stated by the researchers is given below:

If PDSF ≥ 1, then the project is said to be delivered successfully.
If PDSF < 1, then the project’s delivery is said to be a possible failure.

3.5 Data Collection

In order to meet the objectives of research, data was collected from the identified
project ‘P’. GFC project drawings, BOQ of the building (refer Fig. 2), detailed
schedule with baseline and tracking (refer Fig. 1), minutes of meeting (MoM) for
eachmonth fromMay 2018 toDecember 2018 (refer Fig. 3), monthly project reports,
daily project reports and daily labour reports (8th Sept, 2018--5th Nov, 2018), quality
update reports and quality review reports (refer Fig. 4) were the data obtained from
the above-mentioned project to determine its PPI, PMCI and further PDSF. From the
available data, following observations were made:

1. Estimated duration for project ‘P’: 422 days (i.e., 14 months approx.).
2. Estimated cost of project (excluding GST): Rs. 20,61,57,924/–.
3. Project start: 29th March, 2018 (approx. April, 2018).
4. Project completed till status date (1st Nov, 2018): Ground parking floor slab (i.e.,

1st slab in totality).
5. Amount spent till status date (1st Nov, 2018): Rs. 4,13,29,372/–.
6. Percentage of cash flow executed: 20.05%.

Fig. 1 Gantt chart (prepared in MSP) representing tracked schedule for project ‘P’
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SR.
NO.

DESCRIPTION OF WORK
AMOUNT IN 

RUPEES
A Civil and finishes work
1 Earth work - Excava on,Filling , An -termite , Soling ,Surface dressing 4,507,915       
2 RCC- PCC,Plum concrete,screeding , Shu ering , RCC ,Steel and PT Work 160,159,731  

3
Internal Finishes - Internal Gypsum,celling,paints,AAC block work,Brick work and 
plaster

5,289,545       

4 External finishes - External plaster,Texture paint 1,779,225       
5 Waterproofing Works - Brick bat,chemical ,shabhad and crystalline waterproofing 760,470          

6
Flooring Works- Flooring,Dado,skir ng,sill,jambs,Concrete paver blocks,wash basin 
counters

5,906,722       

7 Door and Window Works 96,750             
8 Fabrica on Works - Staircase railling 819,000          

9
Misc Items - Column angle rubber guard,MS insert plate,Rock 
anchoring,Couplers,Manhole covers,Rebaring work,Dewatering work,Scaffolding 
work for Li  well.

1,601,597       

B MEP Work
I Fire Figh ng Works
1 SECTION - I - Fire hydrant/Wet riser system 1,281,277       
2 SECTION - II - External fire hydrant 1,921,916       
3 SECTION - III - Automa c sprinkler system 2,402,395       
4 SECTION - IV - Portable Chemical Fire Ex nguishers 960,958          
5 SECTION - V - Pumps & Pump Room Accessores 2,882,875       
6 SECTION - VI - Terrace booster pump & Accessories 1,201,200       

II Internal Electrical Works 4,804,791       

III External Electrical Works 3,203,195       

IV Internal Plumbing Works 171,972          

V Duct Plumbing Works 2,402,396       

VI External plumbing Works 4,003,994       

TOTAL FOR CIVIL ,FINISHES AND MEP WORKS 206,157,924  

COST SUMMARY SHEET  

Fig. 2 BOQ summary (prepared in MS Excel) for project ‘P’

Fig. 3 Sample minutes of meeting for project ‘P’ reported by the PMC
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Fig. 4 Sample quality review report for six sigma analysis

3.6 Data Analysis and Interpretation

The project ‘P’ has been tracked in the month of November 2018. According to
the researchers, whatever was shown in the GFC drawings as well as defined in the
BOQ had to be achieved for successful completion of the project, and hence, it was
identified as the ‘scope’ of work. Similarly, the ‘time’ parameter of the project was
determined and measured using the detailed schedule of the project work. The ‘cost’
parameter was measured based on the BOQ and cash flow reports. The ‘quality’ of
construction work was measured based on the various types of reports like quality
review reports, quality update reports and also the minutes of meeting (MoM). Six
sigma tool was used to determine the quality level of the project. ‘Risk’ factor
was determined based on the complexities and challenges in project by assigning
certain weightages to different parameters contributing to increment in risk. The
data interpretation is done as shown in below (refer Table 1).

The project ‘P’ was monitored through continuous review meetings and MIS on
construction site. No special tool or technique apart from thiswas used formonitoring
and coordination of the project. Hence, the researchers studied the minutes of the
meetings from MoM 1 (May 2018) to MoM 12 (Nov 2018), the details of which
are given below in Table 2. The issues/disputes/non-conformities occurring on site
due to lack of monitoring and improper coordination were pointed out from each of
the meetings, and those were assigned with a weighted score based on not only the
parameters involved in that particular issue/dispute/NC but also its seriousness and
importance in accordance with the particular project. The weighted scores were also
given to the issues resolved, and the results were tabulated as below (refer Table 2).
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Table 1 Comparative study of expected versus actual work on site for project ‘P’

Expected values Actually values

Scope of the project-40% Scope of the project-24%

Schedule of project-214 days Schedule of project-129 days

Cost of project-32.2% Cost of project-20.05%

Quality of project-sigma level 2 for general
works for no rejection. Sigma level 3 for
structural works

Quality of project-sigma level 1.6 for general
works and sigma level 2.5 for structural works
have been observed

Risk of project-30% Risk of project-47%

Table 2 Calculation of weighted scores for issues/disputes/NCs on project

Meeting ID Meeting type Total no. of
issues/disputes/NCs

Weighted score for
total no. of
issues/disputes/NCs

Weighted score for
resolved
issues/disputes/NCs

MoM 1 Review 12 12 6.25

MoM 2 MIS 16 16 9.5

MoM 3 Review 11 12 8

MoM 4 Review 13 13 7.5

MoM 7 MIS 13 27 9

MoM 9 MIS 17 25 11.5

MoM 10 Review 7 8 2.5

MoM 11 MIS 12 24 9.5

MoM 12 MIS 20 37 12

Total 174 75.5

4 Results and Discussion

The PPI is calculated by the researchers based on the analysed and interpreted data
as given in Table 1.

PPI = Scope3 × QF

Cost × Time × Risk
=

(
24
40

)3 ∗ (
1.6+2.5

2

)
/6(

20.05
32.2

) ∗ (
129
214

) ∗ (0.47)

∴ PP I = 0.0738

0.1764
= 0.4183 ∼= 0.42

Therefore, the value of PPI for the project under study is 0.42 which is average.
The PMCI is calculated by the researchers based on the analysed and interpreted

data as given in Table 2.
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PMCI = Weighted Score of Issues, Disputes,NCs Resolved

Weighted Score of Total No. of Issues,Disputes,NCs Occurred

=
(
75.5

174

)
= 0.434(lies in the range of 0.4 to 0.6)

Therefore, the value of PMCI for the project under study is 0.434 which implies
that the project is averagely monitored and coordinated as in accordance with the
scale set in Eq. (2)

The PDSF is calculated as

PDSF =PPI × PMCI

= 0.42 × 0.434

= 0.1822(� 1)

If PDSF < 1, then the project is a failure as mentioned along with Eq. (3).
Therefore, in this case, as the value of PDSF for the project under study is 0.1822,

the project ‘P’ is identified as a possible failure by the researchers.
If at all the project ‘P’ would have been executed as planned, the PDS score for

it would be calculated as:

PPI = Scope3 × QF

Cost × Time × Risk
=

(
40
40

)3 ∗ (
2+3
2

)
/6(

32.2
32.2

) ∗ (
214
214

) ∗ 0.30
= 0.4166

0.3000
= 1.38

PMCI = 1(Ideal Case)

∴ PDSF = 1.38 × 1 = 1.38

If PDSF > 1, then the project is a success.
Therefore, the researchers opine that the project ‘P’ could have been a proper

success, if it would have been executed as per the approved plan and schedule.

4.1 Reasons for Project Failure

The problems/issues faced on project ‘P’ during its execution phase which resulted
in low PDSF for that particular project are identified as below:

(1) Incorrect risk estimation.
(2) Unrealistic planning.
(3) Improper tracking and monitoring.
(4) Unsatisfactory quality due to improper supervision.
(5) Insufficient working capital due to overbilling by the contractor.
(6) Insufficient deployment of labour as well as site and office staff.



312 S. S. Pimplikar and R. R. Salgude

(7) Lack of coordination among the various stakeholders.
(8) Communication gap between client and the contractor.
(9) Less involvement of the project manager in controlling the project.

4.2 Measures to Make Project Successful

The measures that could be effective in improving the PDSF of the project and thus
make it a success are as follows:

(1) Application of correct project management processes at right time through
integrated management approach.

(2) Appointment of competent project manager.
(3) Correct cash flow management by avoiding overbilling.
(4) Proper planning of project before it actually starts by anticipating project delays

and identifying precautionary measures to avoid them.
(5) Rigorous and constant follow-up for troubleshooting aspects of project activities

is the essence of success of the project.
(6) Working out realistic timelines and keeping necessary and sufficient floats in

scheduling of work.
(7) Ensuring speedy, clear communication and coordination among stakeholders.
(8) Achieving defect-free construction through effectively monitoring quality of

work.
(9) Installing a separate mechanism for monitoring labour and productivity aspects.

5 Conclusion

1. Project performance index (PPI) of the project under study is 0.42, and hence,
there is a need for improving the project performance by controlling time delays
and achieving the targeted scope within the budgeted cost.

2. Project monitoring and coordination index (PMCI) value is 0.434. This value
lies within the range of 0.4--0.6, so the project under study has not been properly
monitored and controlled.

3. Based on the indices of PPI and PMCI, the PDSF has been determined. The
value of PDSF (0.1822) has clearly indicated that the project ‘P’ may become a
possible failure if not effectively monitored.

4. The reasons for project failure have been identified, and certain measures have
been recommended in order to improve the PDSF.
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Rainwater Harvesting at Vaageswari
College of Engineering Karimnagar

Umank Mishra, Syeda Saba Huriya, Md. Areef, Ubaid Bin Hameed,
and M. K. Upadhyay

Abstract According to the United Nations Population Fund’s (UNFPA) State of the
World population 2018 report, India’s population grew at 1.2% a year between 2010
and 2019, marginally higher than the global average of 1.1.% a year and also double
than China’s population 0.5% a year. These will lead to high rate of consumption
of most valuable natural resource “Water” resulting in augmentation of pressures on
the permitted fresh and drinking water resources. Ancient method of damming river
and transporting water to urban area has its own issues of eternal troubles causing
socially and politically. In order to conserve and maintain the daily demand of water
requirement, we need to think for alternative cost-effective and relatively simple
technological methods of conserving water. Rainwater harvesting is one of the best
methods fulfilling these requirements of water. The technical aspects of this paper
are rainwater harvesting collected from rooftop which is considered to be catchment
areas from institute’s departmental building at Vaageswari College of Engineering
(S4 campus), Thimmapur, Karimnagar, Telangana (India). Data is collected, i.e.,
catchment areas & hydrological rainfall data. Water harvesting potential for the S4
campus is calculated, and the tank capacity with suitable design is being considered.
Volume of tank has been calculated with most appropriate method of estimation
of water. Optimum location of tank on the basis of hydrological analysis and GIS
analysis was done in the college campus. Finally, Gutter design, its analysis, first
flush, and filtration mechanism are also carried out in detail.
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Keywords Catchment · Rainwater harvesting · Recharging subsurface aquifers ·
Hydrological analysis · Filtration · GIS · Google earth

1 Introduction

Collecting rainwater harvesting means to make best use of rainwater at the location
where it falls, i.e., protect it and not to allow to drain away and cause floods anywhere.
The method of collecting rainwater is collecting and storing rainwater on the surface
or in underground aquifers until it is lost in the form of surface runoff [1]. We
can store it in tanks or use it to feed groundwater, depending on conditions and
situation. This method helps to increase agricultural production by improving the
availability of groundwater at a specific place and time and using rain, improving the
quality of groundwater by diluting, without directly evaporating and polluting the
environment of the area. increase of vegetation cover, etc. Potential areas comprise
where groundwater levels are declining,where substantial amount of aquifer has been
desaturated, where due to rapid urbanization, infiltration on rainwater in subsoil has
reduced extremely, and recharging in groundwater has depreciated [2].

States that have adopted large-scale rainwater harvesting and groundwater
recharge programs areRajasthan,Maharashtra,Gujarat, TamilNadu,Talangana (TS),
Karnataka, Andhra Pradesh (AP), Orissa, Madhya Pradesh (MP), and Chattisgarh
(CG). Main portion of these areas is hidden by six water-scarce river basin schemes,
namely Sabarmati rivers ofKachchh and Pennar, Saurashtra, Cauvery, rivers between
Mahanadi and Godavari, east-flowing rivers among Kanyakumari and Pennar, which
have less than 1000 m3 of renewable water per annum [3].

The regulated Indian research on rainwater harvesting (IRWH) or artificial
recharge up to now has absorbed on the engineering presentation of specific construct
structures [4]. Although there are many unofficial data on economic and social
benefits, there is little sympathetic based on experiential work.

• the impact of activities in water harvesting on the local hydrological system in
terms of net water inflows

• the impact of the basin level on the total water balance of the basin; and also
• long-term economic imperatives.

Recently, researchers have raised queries about the thinkable unintended conse-
quences of collecting water [2] and its economics [5]. One of the details for the
lack of experiential research on the hydrological and economic facets of water
collection schemes is the inability to obtain correct scientific data on hydrological,
hydraulic, and meteorological limits that determine the performance and impact of
water harvesting. The analysis of water collection systems also does not take into
account the influence of the scale factor.

The detail that different periods of history are marked by the genesis, the
emergence and fall of a new tradition of storing water [6], is also not valued.
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Rainwater harvesting do many scientists study antique technique for various
purposes throughout the year. Practical advice is available in books written by [7]
titled “self-reliance in water” and [8], talks by Anupam Mishra. Other than this,
two books, entitled first, Estimation and costing in civil engineering, by [9], and
second, R.C.C. Designs, by [10], were referred for complete structural analysis of
underground sump and for costing and estimation of underground sump.

In this paper, rainwater is being conserved or harvested for whole one campus
area of Vaageswari College of Engineering, Karimnagar. And it used twomethods of
distribution of harvested rainwater (Rapid depletion method & Rationing method).
Finally, the cost for construction of tank was calculated.

2 Study Areas

Thimmapur is located by 78.79 E longitude and 18.57 N latitude in Karimnagar
district of Telangana at an elevation of about 275m abovemean sea level. Thimmapur
has a tropical climate and receives high rainfall during June toSeptembermonths. The
rainfall here averages 907 mm. The precipitation varies 227 mm between the driest
month and the wettest month. The monthly rainfall data of the Karimnagar district
is given below in Table 1 which is expected to be same for the station of Vaageswari
College of Engineering, Thimmapur campus. This data has been collected from the
Web site www.en.climate-data.org.

Given below is a satellite picture that is showing the whole campus and the
only campus considered for rainwater harvesting system at Vaageswari College of
Engineering (Fig. 1).

Table 1 Monthly rainfall
data of Karimnagar
station (Web. P.2)

Month Rainfall (mm)

Jan 9

Feb 5

Mar 9

Apr 15

May 23

Jun 140

Jul 232

Aug 199

Sep 181

Oct 73

Nov 16

Dec 5

Total 907

http://www.en.climate-data.org
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Fig. 1 Whole campus area of Vaageswari institutes taken from “Google Earth” (2019)

The rooftop area considered is the catchment area which obtains rainfall. Catch-
ment area in our case is the whole S4 campus measured. This measurement was done
manually with the help of “reinforced fiber tape” which is the easiest method known
as “tape survey.” Before using the tape, it was checked that there was no error, and
the length of the tape was also carefully checked to verify its accuracy. The places
which are not accessible are measured by using the “Ruler” from tool box of “Google
Earth” (Fig. 2).

Fig. 2 Rooftop area of the campus considered taken from “Google Earth” (2019)
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3 Methodology

3.1 Components of Rainwater Harvesting System

The rainwater collection system contains several components that will be needed
to transport rainwater through pipes or drains, filtration tanks, and storage tanks
for collecting rainwater [11]. The system consists of following basic components—
Catchment area, coarse mesh/leaf screen, gutters, down spout/conduit, first flushing
device, filters, storage tanks, and recharge structures. The figure below shows the
rainwater harvesting system (Fig. 3).

The various methods of recharging subsurface aquifers are through recharge pit,
abandoned hand pump, abandoned dug well/open well, recharge trench, recharge
through shaft, and recharge trench with bore (Fig. 4).

Design of rainwater harvesting system (calculations)

1. Catchment area

Fig. 3 Rainwater harvesting system

Fig. 4 Flowchart showing
the usage of rainwater Rainwater

For direct use Direct Storage Groundwater 
Recharge

rooftop runoff surface runoff
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Rooftop area = 6600m2

2. Average rainfall = 907 mm
3. Runoff coefficient

For roof top area = 1 (Totally impervious)

Harvesting potential or volume of water received (m3) =
Area of catchment (m2) × amount of rainfall (mm) × runoff coefficient
Now, volume of water received = 6600 × 907 × 1 = 5986 m3 = 5900 m3

By rationing method

In this method, the amount of water supplied to the student is limited which is equal
to, say, 30 l/day per capita water demand.

• Therefore, let us suppose number of students at VGSE = 1500

Then, total amount of water consumption per day = 1500 × 0.03 = 45 m3/day
Total no. of days we can utilize preserved water = stored water/water demand
Hence, finally, no of days = 5900/45 = 131 days (or 4.4 months).

By rapid depletion method,

we assumed per capita water demand = 50 lt/day = 0.05 m3/day
Total amount of water consumption per day = 1500 × 0.05 = 75 m3/day
Total no. of days that preserved water can be utilized = 5900/75 = 79 days (or

2.63 months)
Finally, it is observed that if the amount of water stored is equal to 5900 m3, then

applying

1. RDM, consumer can only utilize the preserved stored water for about 79 days
(2.63 months).

2. However, in RM, preserved stored water can be utilized for a period of 131 days
(4.4 months).

So, finally for this volume of water received and usage of water in the campus,
the recharge pit of dimensions 10 m× 5 m × 3 m can be constructed. One recharge
pit can be constructed at the backside of the diploma campus.

By this, if we consider annual rainfall data, then we can obstruct 80–90% of
rainwater.

The tank should be of the first class brick in 1:4 cement mortar foundation, and
the floor should be cement 1:3:6. The inside of the septic tank should be finished with
12 mm cement plaster, and the floor should be treated with cement plaster with a
thickness of 20mmusing solution 1:3mixedwith standardwaterproofing compound.
The upper and lower parts of the absorbing pit should be from the second class of
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Table 2 Detail estimation of sump

S. No. Particular No. Length (m) Breadth (m) Height/depth (m) Quantity (m3)

1 Earth work in
excavation

1 10.80 5.80 3.3 206.712

2 Cement concrete
1:3:6 in
foundation

1 10.80 5.80 0.3 18.79

3 I class brickwork
in 1:4 cement
mortar
(i) Long wall
(ii) Short wall

2
2

10.60
5.0

0.30
0.30

3
3

19.08
9

Total 28.08

4 R.C.C work for
slab cover

1 10.60 5.60 0.20 10.72

5 12 mm plastering
inside with 1:2
cement mortar
(i) Long wall
(ii) Short wall

2
2

10
5

–
–

3
4

60
30

Total (Rs) 90

brick in cement mortar 1:6, and the middle part should be dry brick. Wall thickness
is about 30 cm. Roof covering slabs shall be precast R.C.C.

4 Estimation and Costing

The total cost of tank was come out to be Rs. 491,726.4 (Tables 2 and 3).

5 Results and Discussion

Runoff potential = 5900 m3, and for recharge, size of recharge pit or underground
sump is taken as 10 m × 5 m × 3 m.

The estimated expenditure cost for the underground storage tank is Rs. 491,726.4
(Graphs 1 and 6).

Recharge pit/underground tank can be connected to borewell for borewell
recharge.

For design purposes, the following data was considered constant. These values
can be changed later depending on the other situation.

Therefore, it was assumed that the number of people who consumed water from
any building was 1500 people.

The average annual rainfall was assumed to be 907 mm. The consumption rate
here was set at 30 l/day (Table 4).
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Table 3 Abstract of estimation cost

S. No. Particular Quantity Rate Cost (Rs.)

1 Earthwork in excavation 206.712 m3 100 Rs./m3 20,671.2

2 Cement concrete 1:3:6 in
foundation with brick ballast

18.79 m3 2700 Rs./m3 50,733

3 I class brickwork 1:3 cement
mortar

28.08 m3 3000 Rs./m3 84,240

4 R.C.C work for slab cover 10.72 m3 2700 Rs./m3 28,944

5 12 mm plastering with 1:2
cement mortar

90 m3 2700 Rs./m3 243,000

Total 427,588.2

6 Contingency + work charges
establishment

(3% + 2% = 5%) – 21,379.41

7 Engineering profit 10% – 42,758.82

Grand total 491,726.4

0
100
200
300
400
500
600
700
800
900

1000
Rainfall(mm)

Rainfall(mm)

Graph 1 Graph showing amount of rainfall collected throughout the year

6 Conclusion

This paper covers all aspects of the fight against water scarcity in Vaageswari College
of Engineering, Thimmapur, Karimnagar campus by applying ancient old method
of rainwater harvesting. Two methods have been proposed for tank design, which
have different approaches to consumption of harvested rainwater. For rooftop area
having 6600 m2 and volume of water received 5900 m3, it was concluded that the
water can be stored for a tank capacity of 6000 m3 for 131 days by rationing method
and 78.6 days by rapid depletion method. Therefore, it was finally concluded that
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Grpah 2 Volume of water collected from rainfall throughout the year

Table 4 Analysis of distribution of stored harvested water by two methods

S. No. Building name Rooftop area
(m2)

Reservoir
capacity

RM = R/30
(days)

RDM = R/45
(days)

1 S4 Block 6600 6000 (R1) 131 78.6

the implementation of rainwater harvesting system in the S4 campus of college will
be the best approach to combat the current water scarcity scenario in all aspects,
either from a financial point of view or from the optimal utilization of land surface.
Therefore, water is a very valuable natural resource that is always in great demand
on the Vaagesvari College of Engineering, Thimmapur, Karimnagar, in the state of
Telangana (India).
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Elimination of Process Wastes
in Construction by Using Last Planner®

System

Mitesh K. Bhatt, S. S. Pimplikar, and Piyush Pandey

Abstract Recently, Government of India has decided vision of 100 smart cities in
2020, and for a better productivity (on time, within budget and promised quality
of projects), construction industry should adopt new construction management tech-
nologies but due to the tendency to adopt newmanagement technology andothermore
reasons almost 80% construction projects are either time overrun or cost overrun.
This problem can be solved by the adoption of tools of lean construction in Indian
construction sector. Last Planner® System is one of the most efficient tools of lean
construction and with the use of this tool; process wastes and negative effect of tradi-
tionalmethod can bemitigated. Thus, objective of this study is to overcome the limita-
tions of traditional method of construction and process wastes by the implementation
of Last Planner® System in residential project.

Keywords Traditional construction method · Cost overrun and time overrun ·
Lean construction · Last Planner® System

1 Introduction

Initially, lean concept was used in Venice for making of warship. They used contin-
uous flow method for warship construction, and same concept was used by Henry
Ford in 1914 for the production of ford car and then it failed because of not flex-
ibility in design. German aircraft used Takt time concept, which means available
production time by customer demand. Later Toyoto used the combination of Takt
time concept and lean construction at same time and got best result in production.
Koshleka was first who used lean concept in construction. Last Planner System is
one of the best tools of lean construction, which contains the direct involvement of
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higher authority in project and better project delivery and planning system likemaster
schedule, phase schedule, six-week look-ahead plan and weekly work plan. Last
Planner® System creates a better communication platform between higher authority
and lowest supervisor of the company about project constraints and progress status.

2 Literature Review

Through literature review, it was found that [1] explained that use of push schedule
is the main reason for process waste in traditional method. Shingate and Hedaoo
[2] explained the use of Last Planner System to overcome the limitations of tradi-
tional construction work. More et al. [3] explained that in residential buildings non-
value adding activities can be reduced by 27% with the use of proper lean tech-
niques. Abhiram and Asadi [4] identified process wastes in construction. Ballard
[5] suggested use of Last Planner® System in Indian construction and benefits from
it. Devaki and Jayanthi [6] identified the barriers to apply lean principles in Indian
construction industry. Harsha et al [7] explained use of Last Planner® System has
clear set of objectives rather than traditional construction method. Lindhard and
Wandahl [8] suggested changes in each stage of Last Planner® System. Porwal et al.
[9] explained that Last Planner® System is tool of lean construction which gives a
better control on planning and monitoring of project. Seppanen et al. [10] explained
the combination of Last Planner® System and location-based management system.

3 Objectives

a. To critically examine the owner’s traditional organizational structure, for the
functionality aspects considering coordination, communication, record keeping,
stakeholder interest, teamwork aspects, contractor engagement hence determine
the limitations and negative impacts on project performance.

b. To apply the concepts used in Last Planner® System (lean construction), to
overcome the limitations of the traditional organizational project management
practice on a residential project.

c. To analyse the existing Last Planner® System being currently used on a real estate
project for its impact on project time and cost.

4 Methodology

Data has been collected from an ongoing building project, which is mentioned below.
Subsequently, analysis of data has been done with the reference to the objectives set.
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5 Limitations

The limitation of this study is that the project under construction was already partly
completed using traditional construction management system; hence, the benefits of
the Last Planner® System could not be used in early stage of project and another
limitation is that the inferences obtained from the feedback analysis are based on
limited responses from participants.

6 Data Collection

Data related to research work is collected data from Symphony Buildings B1 and
B2. Developer of these properties is Pegasus Properties Pvt. Ltd., Hinjewadi, Pune.

(A) An online questionnaire survey has been done and on that, 41 persons
have given their feedback. These include trainees and junior engineers,
cost engineer, planning engineer, professor, valuation engineer and project
manager.

(B-I) Constraint Management sheets and problem-solving sheets from Last
Planner® System (duration between 27th December 2018 to 14th February
2019) have been collected of Symphony B1 building.

(II) Material procurement sheet (procurement schedule) of SymphonyB1building
and steel procurement inventory sheet with the use of Last Planner® System
from the duration of 15th November 2018 to 20th March 2019 are obtained.

(C) Site photographs of Symphony B1 from the period of April 2017 to April
2019 for better tracking of construction progress. Total expense sheet and
planning sheet of construction (while the use of traditional method) are
collected and also expense sheet, master schedule and six-week look-ahead
plan (Last Planner® System) sheets have also been collected from Symphony
B1 building.

7 Data Analysis

In the data analysis, the data of Last Planner® System is been compared with feed-
backs which are received from the questionnaire survey as well as progress of
symphony B1 building is also compared based of progress ratio with the use of
traditional method and with the use of Last Planner® System.

(A) Based on questionnaire survey, the involvement of higher authority, mainte-
nance of daily progress sheet and effect of resource planning in schedule can
be scrutinized as:
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Fig. 1 Questionnaire survey feedback

As per Fig. 1, it can be identified that above-mentioned three factors are not
getting efficiently used in traditional construction project. Comparison of traditional
construction method and Last Planner® System is as shown in Table 1.

Based on these functionality aspects, limitations of traditional construction
method can be identified as:

• Lack of top management involvement.
• Huge process wastes.
• Lack of material planning and delayed delivery.

Most negative effect of traditional construction method on project is time overrun
and cost overrun.

(B) (i) Constraint management sheets and problem-solving sheets are used in Last
Planner® System to better communicate about the issues. Constraint manage-
ment sheets are reviewed to identify current issues on site and who will solve
those issues, and at same time, futuristic constraints and their mitigation plans
are also discussed among site engineers, project manager and higher authorities
(Fig. 2).

With the use of constraint management sheets and problem-solving sheet at
symphony site, it enabled the higher authority involvement. Therefore, constraints
were mitigated quickly, hence preventing delay in project progress.

(ii) Material procurement system and material delivery are also the key problems
of traditional construction method. In traditional method, material schedule is
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Table 1 Comparison between traditional method and Last Planner® System

S. No Functionality Traditional method Last planner®

system
Researcher’s critical
observation

1 Coordination and
communication

Have to wait for
higher authority
signature and
approvals. (delay in
process and problem
cause solution)

Project manager
(PM) is responsible
for work and PM
will directly
communicate with
higher authority If
needed

In Last Planner®

System, involvement
of top management
is high so any
approval time will be
fast (based on
constraint
management Sheet)

2 Record keeping Not properly
maintained

Well maintained In Last Planner®

System, each
day-completed task
has to be noted in
daily progress sheet
board. Thus, all data
can be easily
evaluated by higher
authority

3 Schedule Push (focused only
on start and finish
dates of activities)

Pull (focused on
every possible
aspect and make
project Scheduling
w.r.t it

In Last Planner®

System, detailed
project scheduling
enables six-week
look-ahead targeted
work and hence
possible to know all
upcoming
constraints

4 Stakeholders
interest

Stakeholders’
interests are not
aligned

Stakeholders’
interests are aligned

Audit is done on site
(once in a week),
and at that time, all
internal stakeholders
are supposed to be
present, and based
on performance,
they get incentives

5 Team work Functional Cross-functional Every morning
GEMBA (at actual
place—on site)
meeting clears the
daily targeted goal

6 Contractor’s
performance

Less effective Highly effective In Last Planner®

System, contractors
are aware of their
roles and
responsibilities.
Which is highly
effective for project
progress
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Fig. 2 Constraint resolution analysis at symphony B1 building

not done in proper manner because not used in detail scheduling. So most of
the time at the end, material shortage is been recorded, and also, here material
procurement takes much time for approvals from different departments, while
in Last Planner® System 25% lead material stock is always available at site. In
Last Planner® System, PM and store manager do not require higher authority
permission for the procurement of material. So delay and over process kind of
process wastes can be mitigated in material procurement (Table 2).

In Symphony B1 building, total quantity of received steel is 374,299 kg while
actual issued is 374,501 kg. So 202 kg steel is used more than planned quantity but
still it is just 0.05% of actual quantity. Thus by proper material procurement system,
wastages like over-production and over-processing can be controlled.

(C) SymphonyB1projectwas started inApril 2017 and decided end datewasMarch
2019; but due to the failure of traditional constructionmethod at symphony site,
Last Planner® System has been implemented over there from November 2018
and estimated end date is March 2020. Analysis of cost and time overrun in
both systems is given below:

As per Fig. 3 and Table 3, it is identified that in traditional construction method
actual cost was much higher than expected cost while using Last Planner® System
(1st floor to 8th floor), cost escalation was slightly higher than expected cost.

Table 2 Material procurement system tracking

Item A B C A + B + C

XYZ Lead time Avg. consumption Safety stock 25% Daily update
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Fig. 3 Symphony B1 cost while using traditional const. method and Last Planner® System

Table 3 Expected versus actual cost percentage of Symphony B1

Percentage complete (lean construction method)

1 Lean construction cost 5, 93, 79, 913.41 5, 96, 89, 044.74

2 Symphony B1 Estimated Cost 29, 52, 23, 059.00 29, 52, 23, 059.00

Total Percentage 20% 20.21%

Fig. 4 Symphony B1 progress while use of traditional method and Last Planner® System

While tracking of project progress of Symphony B1, as per Fig. 4. it is identified
that with the use of traditional construction method, project progress was highly
delayed and while use of Last Planner® System, project progress was as per planned,
and it seems that project might be completed on estimated time.



332 M. K. Bhatt et al.

8 Conclusion

Distinct advantages of using the Last Planner® System (LPS) technique of lean
construction over the traditional construction management system are summarized
as:

(i) Significant involvement of top management is achieved. (ii) Daily monitoring
of site progress is facilitated. (iii) Bottlenecks are visualized ahead of time and
effective measures implemented due to six-week look-ahead schedule. (iv) Rework
cost is reduced. (v) Effective control on time and cost overruns is attained. (vi) Actual
cost of construction till second parking floor, using traditional method is Rs. 5.11
crores as against the expected cost of Rs. 4.407 crores, which is 16.08% more. (V)
Actual cost of construction from above second parking floor [till the present stage of
construction (8th floor)+ finishing work (in progress)] using Last Planner® System
is Rs. 5.969 crores as against the expected cost of Rs. 5.937 crores which are only
0.54% more.

Therefore, Last Planner® System enables better communication and coordina-
tion among the higher authorities than traditional method of construction and also
enabling solving of constraints which cause delay; hence, it prevents time and cost
overruns.

9 Future Scope

Last Planner® System enables consideration of all futuristic issues with the use of
six-week look-ahead plan but still due to much uncertainty in construction sector, all
issues are not getting solved, though steering committee and site in charge team know
before six weeks but if steering committee as well site in charge team can prioritize
them and solve them systematically than nearly all the futuristic constraints can be
solved before they actually happen.
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Runoff Volume Estimation by SCS-CN
Method Through Arc-GIS Approach
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Abstract The salient resources ofwater for discharge of groundwater in awatershed
or catchment area are rainfall and rainfall runoff. The primary source of groundwater
recharge is rainfall. Runoff in the watershed or catchment area affected by geomor-
phologic feature principally, land use change affects the surface runoff volume over
and rate of runoff considerably. This project aims to estimate the runoff volume
over Gangadhara watershed (289.29 km2), Telangana by one of the methods called
Soil Conservation Services (SCS)–Curve Number (CN) method. In this method,
alternate land use/land cover (LULC) and soil type shape files were first obtained
and compiled using by remote sensing (RS) and geographic information system
(GIS) techniques. Then, hydrologic soil group (HSG) maps will be developed by
interpreting formative elements by soil taxonomy. Available rainfall data of the past
30 years (1988–2018) from rain gauge station of Gangadhara watershed is collected
and screened to consistency and accuracy and is linked to GIS database. Based on
soil and rainfall conditions of a watershed, the antecedent soil moisture condition
(AMC) is found to be AMC-I, i.e. dry condition. By using relevant equations, the
runoff volume over the watershed estimated is 0.81 km3.
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1 Introduction

SCS-CNmethodwas developedby theUSA in1963, [1]There are numerousmethods
offered for surface rainfall runoff modelling, but SCS-CN method [2–4] is the
simplest method to calculate the volume of runoff of the watershed. The method
requires the numeric watershed characteristics which are on the base of a watershed
runoff determination. The objective of this technique is to determine the accurate
curve number of the watershed that defines the runoff potential. By using RS and
GIS, the processing will be easier. [5] studied the hydrological reply of watershed
to land use changes based on the geologic information system (GIS) and remote
sensing (RS) approach. [6, 7] carried out hydrological modelling usingRS andGIS.
Accurate modelling is required for the estimation of spatial and worldly distribution
of the water resources parameters. Rainfall runoff estimation and assessment are
valuable and pertinent issues of hydrological in addition to geographical investiga-
tion. It is an important factor affecting the growth and progress of floods, soil erosion
and other hydrological risks. There are many techniques offered for rainfall runoff
modelling.

1.1 Objective of Study

The watershed hydrologic generations leading to the generation of surface runoff
are governed by the interaction of precipitation with topological, land use and soil
properties. Hence, the use of geographic information system is preferred over the
traditional methods in proper quantification of runoff.

The following objectives are explored in this project:

(a) To develop hydrological soil group (HSG) maps for the watershed of the study
region based on soil order, infiltration rate, soil depth and soil characteristics of
that watershed.

(b) To detect the extent of land use/land cover (LULC) occurred in study region
and examine its impact on CN.

(c) Cumulative rainfall data, soil parameters and hydrological groups of the
watershed are modelled to determine the curve number.

2 Study Region

The Gangadhara watershed is a part of Mothevagu sub-basin and is located in upper
part of Telangana. The Mothevagu flows in Gangadhara district and joins in Manair
River. The area of watershed is 289.29 km2. The highest elevation is Kachireddypalli
(367 m) and the lowest elevation is Chegurthi (250 m). The drainage pattern is
dendritic pattern with some percolation tanks (Fig. 1).
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Fig. 1 Gangadhara watershed map

3 Methodology and Data Collection

Figure 2 shows the methodology that is adopted for this present study. The land
use/land cover maps are extracted from the Landsat image downloaded from USGS.
Soil information is collected from Telangana State Remote Sensing Application
Centre (TRAC), and HSG of that watershed is determined according to infiltration
capacity of that soil. Thirty years of rainfall data, i.e. 1988–2018, is collected from
CPO, Karimnagar. By using all this data, Curve Numbers for the different HSG are
found from LULC map and the weighted Curve Number is determined.
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Fig. 2 Flowchart of methodology

Fig. 3 Hydrologic Soil groups of the Gangadhara watershed
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Fig. 4 LULC of Gangadhara watershed
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The above are the frequently used empirical methods to estimate the runoff value
from the watershed. The following is the formula used to determine runoff.

Q = (P − 0.3S)2

P + 0.7S
(1)

S =
(
25400

CN

)
− 254 (2)

where Q is discharge or runoff, P is the rainfall depth, S is a maximum possible
retention after runoff begins, CN is Curve Number. Equation 1 is for Indian
conditions.
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Table 1 Hydrologic soil groups

Groups Runoff potential Soil texture

A Low Deep sand, deep loess and aggregated silt

B Moderately low Sandy loam, shallow loess, red loamy, red sand and red sandy loam

C Moderately high Clayey loam, shallow sandy loam, mixed red and black soils

D High Heavy plastic soils, certain saline soils and deep black soils

3.1 Hydrologic Soil Groups

According to SCS-CN technique, the soil types of a watershed are classified into
four bands, i.e. A, B, C, D. But a watershed taken for this study has only C and D
HSGs. Table 1 shows the hydrological soil groups (Fig. 3).

3.1.1 Antecedent Moisture Conditions

In SCS-CN method, AMC is one of the important factors to be considered for the
calculation of runoff. AMC is again defined into three conditions, i.e. AMC-I, AMC-
II and AMC III. But for this watershed, the soil condition is dry; therefore, it has
AMC-I condition. Table 2 shows the soil conditions of AMC types.
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Table 2 Antecedent
moisture conditions

AMC type Soil conditions

I Soil are dry

II Average conditions

III Saturated soil conditions

3.1.2 Land Use/Land Cover

LULC is themost significant factor in calculating the surface runoff of the watershed.
The Gangadhara watershed is classified into many classifications. The classifications
are barren lands, fallow lands, water bodies, built-up area, cropland and vegetation
cover of the study region.

Figure 4 shows the map of LULC of Gangadhara watershed.
Calculation of weighted Curve Number CNW :

CNW = %area× CN

Totalarea
(3)

Table 3 shows the land use/land cover of the Gangadhara watershed.
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4 Result and Discussion

The average value of the runoff for theGangadharawatershed is 280mm.The average
value of total losses for the Gangadhara watershed is 478 mm. The average value
of volume of runoff for the Gangadhara watershed is 81037265 m3, i.e. 0.810 km3

for the last 30 years (1988–2018). Hence, there is a requirement for the construction
of recharge structure (Table 4).
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Table 3 LULC of Gangadhara watershed

Land use
cover

HSG types Area in km2 CN % Area % Area ×
CN

Total area in
km2

CNW

Barren land C 23.44 77 8.10 623.92 289.29 2.16

D 5.26 83 1.82 150.92 289.29 0.52

Cropland C 78.58 88 27.16 2390.43 289.29 8.26

D 22.9 91 7.92 720.37 289.29 2.49

Vegetation
cover

C 36.46 77 12.60 970.49 289.29 3.35

D 10.92 83 3.77 313.32 289.29 1.08

Fallow land C 49.91 74 17.25 1276.74 289.29 4.41

D 4.52 78 1.56 121.88 289.29 0.42

Water
bodies

19.49 100 6.73 673.00 289.29 2.33

Built-up
land

C 26.5 94 9.16 861.10 289.29 2.98

D 11.31 55 3.91 215.03 289.29 0.74

5 Conclusion

The present work shows that remote sensing satellite images are very useful to
determine runoff volume over a watershed. In this work, SCS-CN model was used
to determine the runoff of Gangadharawatershed. From the Landsat images, Curve
Number has been determined based on LULC and HSG soil types. GIS arises as a
well-organized tool for the preparation of most of the input data obligatory by the
SCS-CN model and requires less time. The average runoff volume of the watershed
computed was 0.810 km3 as the soil conditions in that watershed are in dry condition
and exist only Antecedent Moisture Condition-I. Since the conservation of water is
possible in that watershed, no water is going to be wasted by joining the rivers. Soil
Conservation Service–Curve Number (SCS-CN) method is efficiently established
as a better method, which consumes less time and facility to handle extensive data
set as well as larger environmental area to identify site selection of artificial recharge
structure.
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Table 4 Total losses acquired from 1998–2018

Years Rainfall in mm Runoff in mm Runoff volume in m3 Total losses in mm

1988 1331.5 736.78 213,143,301.9 594.72

1989 1247.8 664.16 192,136,178.8 583.64

1990 1184.9 610.35 176,566,779.5 574.55

1991 781.4 287.33 83,121,616.92 494.07

1992 847.4 336.72 97,408,404.42 510.68

1993 806.6 305.98 88,516,539.25 500.62

1994 657.2 199.81 57,803,493.62 457.39

1995 1032.0 482.75 139,655,788.1 549.25

1996 814.0 311.50 90,115,223.14 502.50

1997 792.0 295.14 85,381,467.28 496.86

1998 922.2 394.63 114,162,875.3 527.57

1999 548.0 130.48 37,745,824.32 417.52

2000 658.6 200.75 58,075,520.07 457.85

2001 635.0 185.06 53,536,197.55 449.94

2002 554.4 134.30 38,851,533.56 420.10

2003 566.8 141.80 41,020,808.96 425.10

2004 438.1 70.70 20,453,600.89 367.40

2005 691.0 222.83 64,462,910.87 468.17

2006 866.7 351.47 101,677,913.10 515.23

2007 630.9 182.37 52,757,861.69 448.53

2008 567.9 142.47 41,214,928.41 425.43

2009 491.0 98.00 28,350,099.6 393.00

2010 957.0 422.19 122,135,938 534.81

2011 634.1 184.47 53,365,076.83 449.63

2012 591.0 156.77 45,352,571.2 434.23

2013 634.3 184.93 53,498,157.81 449.87

2014 629.2 181.26 52,436,053.66 447.94

2015 578.8 149.17 43,152,951.15 429.63

2016 696.2 226.43 65,503,896.12 469.77

2017 883.9 364.74 105,515,128.8 519.16

2018 836.6 328.52 95,036,575.09 508.08

References

1. Subramanya K (2013) Engineering hydrology, textbook of IV edition. McGraw Hill, New York
2. Mishra SK, Jain MK, Singh VP (2004) Evaluation of the SCS–CN-based model incorporating,

antecedent moisture. Water Resour Manag 18:567–589



Runoff Volume Estimation by SCS-CN Method … 345

3. Michel C, Andreassian V, Perrin C (2005) Soil conservation service curve number method: how
to mend a wrong soil moisture accounting procedure? J Water Resour Res 41:W02011

4. SahuRK,Mishra SK,EldhoTI, JainMK(2007)Anadvanced soilmoisture accounting procedure
for SCS curve number method. J Hydrol Process. 21:2872–2881

5. Kiran ST, Singh PVS, Trevedi TP (2001)Hydrologic response of awatershed to land use changes
a remote sensing and GIS approach. Int J Remote Sens 22

6. Satheeshkumar S, Venkateswaran S, Kannan R (2017) Rainfall–runoff estimation using SCS–
CN and GIS approach
in the Pappiredipatti watershed of the Vaniyar sub basin, South India. Model. Earth Syst Environ
3:24 https://doi.org/10.1007/s40808-017-0301-4

7. Gangodagamage C, Agarwal SP (2001) Hydrological modelling using remote sensing and GIS.
In: Asian conference on remote sensing, 5–9, Nov

https://doi.org/10.1007/s40808-017-0301-4


Analysis and Design of Urban Water
Distribution Network Using Hardy Cross
Method and EPANET

R. K. Rai and P. S. Lingayat

Abstract Water distribution networks (WDNs) serve many purposes in addition
to the provision of water for human consumption, which often accounts for less
than 2% of the total volume supplied. The purpose of water distribution system is
to supply required water quantity at adequate pressure. Water distribution networks
play an important role in modern societies because its proper operation is directly
related to the population’s well-being. The analysis and design of hydraulic network
of Waghapur Naka medical college (WNMC) in Yavatmal city were carried out
which contains dead ends and modelling it in computer software EPANET. The
hydraulic networkwas analysed for residual pressure of 7m.Design for 12m residual
pressure forWNMC in Yavatmal city is given in this paper. The procedure developed
for analysis and design in this paper has been explained and tested using a case
study of WNMC in Yavatmal city as hydraulic network. It also compares between
analytical solutions by Hardy Cross method using Hazen–Williams equation and
analysis results using computer software EPANET.The aimof this paper is to develop
a simple procedure for water distribution network analysis and design using Hardy
Cross method and EPANET.

Keywords EPANET · Hardy cross method · Hydraulic network · Pressure ·Water
distribution network

1 Introduction

The demand of water required for agriculture, industry, sanitation and domestic
consumption increases continuously alongwith the population and economic growth.
Managing the water distribution system in a sustainable and integrated manner is
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necessary to meet the growing demand of water for drinking, industrial and other
necessities. In this regard, there is an urgent need to develop well-designed and
optimized solution methods to achieve better control of water distribution networks
using different solution approaches. The purpose of a system of pipes is to supply
water at adequate pressure and flow.

The present-day water distribution networks are complex and required huge
investments in their construction and maintenance. Engineers may not have enough
time to monitor all the hydraulic parameters under different operating conditions.
Hence, a number of modification attempts to the standard solution methods for the
development of a powerful algorithm may help to assess both steady-state solution
and particularly time-dependent simulations of water distribution systems when the
nodal demands change on a daily basis.

EPANET has the capacity to analyse unlimited number of pipes and tanks.
EPANET is a computer program that performs extended period simulation of
hydraulic and water quality behaviour within pressurized pipe networks. A network
consists of pipes, nodes (pipe junctions), pumps, valves and storage tanks or reser-
voirs. EPANET tracks the flow of water in each pipe, the pressure at each node,
the height of water in each tank and the concentration of a chemical species
throughout the network. This paper aims to develop a simple procedure for analysis
of water distribution network using Hardy Cross method with the help of electronic
spreadsheets and EPANET.

2 Literature Review

Anisha et al. [1] provided the information about various demands, losses and uses
of the public. The design of a new network of supply will make the municipality be
aware of the new demands and rate of increase in the demands.

Kakadiya and Mavani [2] presented the hydraulic analysis of pipeline network of
Punagam area near Surat city using EPANET 2.0. It is difficult to provide safe water
to the rural people in sufficient quantity, quality and at satisfactory pressure head
with achieving economy constraint.

Rai and Sanap [3] reported that with rising population and increase in the living
standards of people, demand for water in cities has increased. Water distribution
network requires huge investments to be made, and hence, the network should serve
its purpose. The analysis of complex hydraulic network is a time consuming and
equally tedious task.

Swamee and Sharma [4] observed that designing a large water-distribution
network as a single entity is difficult. The present practice of designing such a system
is by decomposing or splitting it into a number of subsystems.

Lungariya andKatharotiya [5] presented a case study of the analysis of continuous
water distribution system in Surat city using EPANET software and carried out the
workwith a specificobjective of effective planning, development ofwater distribution
network and analysis using EPANET software.
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3 Objectives

Keeping in view the literature, the following objectives are planned.

1. To analyse the existing water distribution system using EPANET and to suggest
some measures if the present network does not fulfil the present and future
demand;

2. To analyse the data by using EPANET software; and
3. To check the discharge and pressure head in looped network.

4 Equations Used for Design and Analysis of Network

4.1 Hydraulic Equations

Hydraulic equations commonly used for design and analyses of water transmission
network are as follows:

1. Darcy–Weisbach equation; and
2. Hazen–Williams equation.

In this paper, the design and analysis were worked out by using the most popular
Hazen–Williams equation. This equation is conventionally acceptable equation for
design of water conveyance system as it is simple to use. Hazen–Williams equation
with hydraulic mean depth, slope and velocity is given by Eq. (1)

V = 0.852CH R0.63S0.54 (1)

where

CH Hazen–Williams coefficient of pipe;
S Slope of hydraulic gradient line (m/m) and
R Hydraulic mean depth, m.

Substituting V = 4Q/ (πD2), CH= 100, R=D/4 and S = hf /L in Eq. (1) and after
some algebraic manipulations, one can obtain equations.

h f = 10.68LQ1.852

C1.852
H D4.87

(2)

h f = K Q1.852 (3)

where K = Resistance coefficient of a pipe and given by

K = 10.68L

C1.852
H D4.87

(4)
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The Hazen–Williams formula expressed in the forms of above equations can be
used to compute the loss of head in a pipe flowing under pressure.

4.2 Method for Design of Branch Network

Most village water distribution networks are designed as dead-end network or branch
network due to ease of design and economical aspects of the project. The design
procedure for branch network is as follows:

1. As the demand at each node is known, then apply continuity equation at each
node and find out the flows in each pipe;

2. The elevation at each node and HGL at reservoir is known;
3. Calculate the require heads at each node by adding design pressure and elevation

at that node;
4. Consider the pipe connecting the reservoir and the first node;
5. Assume any suitable diameter for the given flow and find out pipe resistance

constant K;
6. Find corresponding head loss and check whether the head loss is just less than

the permissible head loss;
7. If this condition is not satisfied, decrease the diameter and calculate K and hf

and check again. Repeat this procedure until the proper diameter is obtained;
8. Now that the diameter and corresponding head loss for the first pipe is known,

find out the new HGL at node 2; and
9. Now considering new HGL at node 2, find permissible head loss in pipe 2

connecting node 2 and 3. Repeat the procedure from Steps 5 to 7.

The above-mentioned procedure is utilized for obtaining suitable pipe diameters
in the branch hydraulic network.

4.3 Steps for Analysis Using EPANET

1. Draw a network representation of your distribution system;
2. Edit the properties of the objects that make up the system;
3. Describe how the system is operated;
4. Select a set of analysis options;
5. Run a hydraulic/water quality analysis; and
6. View the results of the analysis.
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5 Analysis and Design of Distribution Network for WNMC
Outlet 1 Part 1

The water distribution network of WNMC outlet 1 part 1 is shown in Fig. 1, node,
elevation and required head shown in Table 1, and its required HGL equals to
463.38 m. Elevation of source of supply is equal to 448.38 m, and hence, it is
possible to provide such supply level. Also, pipe details are given in Table 1 like
length, diameter and flow.

5.1 Calculations, Results and Discussion

WNMC of Yavatmal city water distribution network was modelled and analysed
using HCM and EPANET. The water level of ESR is 15 m above from the ground
level and calculate head loss in each pipe and determine the hydraulic gradient line.
It was observed that the calculated pressure at each node is greater than 12 m, which
satisfies the required condition. After satisfying designed requirement, then find out
the required diameter and calculate the cost of each pipe for hydraulic network of
WNMC. 15 m water level satisfies the pressure demand and required diameters for
WNMC outlet 1 part 1. These nodes however meet pressure of 7 m in hydraulic
network of WNMC outlet 1 part 1, and consumers at these nodes are expected to
obtain flow by means of their own arrangements for pressure of 12 m. Residual
pressure of different nodes in the hydraulic network is given in the tabular form.
The cost analysis of WNMC outlet 1 part 1 was carried out; the total design cost

Fig. 1 WNMC outlet 1 part 1
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Table 1 Pipe and node details for outlet 1 part 1

Pipe L, m Q, lps D, mm Node Elevation, m Req. Head, m

1–2 20 0.000 150 1 448.38 –

2–3 10 0.052 200 2 449.52 461.52

3–4 82 0.026 200 3 449.48 461.48

4–5 62 0.213 200 4 450.00 462.00

5–6 113 0.161 200 5 447.98 459.98

6–7 88 0.294 200 6 448.30 460.30

3–13 142 35.282 100 7 448.36 460.36

13–14 96 0.369 100 13 448.16 460.16

14–15 50 0.249 100 14 446.05 458.05

15–16 64 0.130 100 15 445.70 457.70

15–17 26 0.166 100 16 444.84 456.84

17–18 86 0.067 100 17 445.92 457.32

17–19 40 0.223 110 18 445.71 457.71

4–20 50 0.104 100 19 444.80 456.80

20–21 92 0.13 100 20 449.30 461.30

20–22 56 0.239 100 21 448.50 460.50

5–23 50 0.145 160 22 448.72 460.72

23–24 62 0.130 110 23 448.12 460.12

24–25 37 0.161 100 24 447.97 459.97

25–26 175 0.096 100 25 447.81 459.81

of WNMC outlet 1 part 1 distribution system was calculated and its find out that
reduction in cost than conventional cost of WNMC outlet 1 part 1.

When the reservoir level is 15 m
Keep the water level 15 m above the ground level and calculate head loss in each pipe
and determine the hydraulic gradient line. From the calculation, it can be observed
that the calculated pressure at each node is greater than 12mand the required diameter
of each pipe is given in Table 2 (the minimum pressure is at node 4 (13.38 m), and
maximum pressure is at node 80 (21.63m), which satisfies required condition. Graph
of node number versus nodal pressure is shown in Fig. 2.
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Table 2 Node and pipe
details for outlet 1 part 1

Node Pressure, m Pipe D, mm

1 15 – –

2 13.86 01-Feb 200

3 13.9 02-Mar 75

4 13.38 03-Apr 75

5 15.4 04-May 75

6 15.08 05-Jun 75

7 15.02 06-Jul 100

13 15.22 Mar-13 200

14 17.33 13–14 75

15 17.68 14–15 75

16 18.54 15–16 75

17 17.46 15–17 100

18 17.67 17–18 100

19 18.58 17–19 75

20 14.08 Apr–20 100

21 14.88 20–21 75

22 14.66 20–22 100

23 15.26 May-23 75

24 15.41 23–24 100

25 15.57 24–25 75

26 17.33 25–26 100
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Fig. 2 Graph of node number versus nodal pressure
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Fig. 3 Schematic view WNMC outlet 1 part 1 using EPANET

5.2 Computational Analysis of Branched Network

The step-by-step procedure for analysis of hydraulic network using EPANET was
used.

Input
Elevations and diameters at all nodes and pipes inWNMC of Yavatmal city for water
distribution network, respectively, are shown in Fig. 3.

5.3 Results and Discussion

WNMC of Yavatmal city water distribution network was successfully modelled and
analysed in EPANET. Some nodes in hydraulic network did not meet requirements
of residual pressure due to their high elevations. These are nodes 4, 6, 7, 34, 35, 39
and 40 in outlet 1 part 1. These nodes however meet pressure of 7 m, and consumers
at these nodes are expected to obtain water by means of their own arrangements
for pressure of 12 m from sump that can be provided at respective nodes. Results
obtained from the computer tool, such as residual pressure of different nodes in the
hydraulic network, are given in the table format obtained from EPANET.

Node report
It includes 43 junctions. The result obtained using EPANET is presented. The results
obtained using EPANET software for WNMC outlet 1 part 1 were calculated. The
error between actual pressure and the pressure computed using software is also
compared.
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The pressure was computed using Hazen–Williams approach. For WNMC outlet
1 part 1, pressures are negative at junctions 4, 6, 7, 34, 35, 37, 39 and 40, and hence,
there is fluctuation in the pressure head.

Pipe report
Pipe report of WNMC outlet 1 part 1 includes 43 pipes. The result is obtained using
EPANET software for WNMC outlet 1 part 1. The error between actual flow and
flow computed using software was also compared. The error between actual head
loss and head loss was also computed using EPANET software. The flow computed
using EPANET is nearly equal to the actual flow, and the head loss computed using
EPANET is nearly equal to the actual head loss.

5.4 Cost Analysis

Here, the cost analysis ofWNMC outlet 1 part 1 was carried out. The item rates were
referred from the current schedule of rates for the year 2018–2019. Using Equation
(Cm = Km L Dm), the cost of pipes was obtained and is given in Table 3.

The total amount for WNMC outlet 1 part 1 distribution system works out to be
5,178,543.99Rs., and conventional cost ofWNMCoutlet 1 part 1 is 6,045,907.02Rs.,
and percentage reduction of cost is 14.35%.

6 Conclusions

From the study, it can be concluded that:

1. At the end of the analysis, it was found that the resultant pressures at all the
junctions and the flows with their velocities at all pipes are adequate enough to
provide water within the study area.

2. The present study on the analysis ofwater distribution network usingHardyCross
method gives better emphasis on effective design and distribution of network
pipes using EPANET.

3. Hardy Cross method is easy, but it requires more number of iterations to get
acceptable results; and Hardy Cross method can be used for large networks
easily.

4. Hardy Cross method can be easily applied for the analysis of dead-end systems
with single source, if dummy pipes are included.

5. The analysis by using EPANET is less time consuming as compared to the excel
programming;

6. Graphical details of demand, pressure at nodes and links can be obtained by
EPANET without any tedious work; and



356 R. K. Rai and P. S. Lingayat

Table 3 WNMC outlet 1 part 1 design cost

Pipe D, m L, m Km m Total cost, Rs.

1 0.200 20 36876 1.8825 35,642.05

2 0.075 10 36,876 1.8825 2812.20

3 0.075 82 36,876 1.8825 23,060.06

4 0.075 62 36,876 1.8825 17,435.65

5 0.100 113 36,876 1.8825 54,616.29

6 0.100 88 36,876 1.8825 42,533.04

12 0.200 142 36,876 1.8825 253,058.60

13 0.075 96 36,876 1.8825 26,997.14

14 0.075 50 36,876 1.8825 14,061.01

15 0.075 64 36,876 1.8825 17,998.09

16 0.100 26 36,876 1.8825 12,566.58

17 0.100 86 36,876 1.8825 41,566.38

18 0.075 40 36,876 1.8825 11,248.81

19 0.100 50 36,876 1.8825 24,166.503

20 0.075 92 36,876 1.8825 25,872.26

21 0.100 56 36,876 1.8825 27,066.48

22 0.075 50 36,876 1.8825 14,061.01

23 0.100 62 36,876 1.8825 29,966.46

24 0.075 37 36,876 1.8825 10,405.15

25 0.100 175 36,876 1.8825 84,582.76

26 0.100 125 36,876 1.8825 60,416.25

27 0.075 44 36,876 1.8825 12,373.69

28 0.150 34 36,876 1.8825 35,254.49

29 0.100 37 36,876 1.8825 17,883.21

30 0.075 60 36,876 1.8825 16,873.21

31 0.075 60 36,876 1.8825 16,873.21

32 0.100 98 36,876 1.8825 47,366.345

33 0.075 55 36,876 1.8825 15,467.11

34 0.150 227 36,876 1.8825 235,375.61

35 0.075 82 36,876 1.8825 23,060.06

36 0.075 80 36,876 1.8825 22,497.62

37 0.100 130 36,876 1.8825 62,832.90

38 0.075 78 36,876 1.8825 21,935.18

39 0.100 75 36,876 1.8825 36,249.75

40 0.100 30 36,876 1.8825 14,499.90

41 0.075 20 36,876 1.8825 5624.40

(continued)
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Table 3 (continued)

Pipe D, m L, m Km m Total cost, Rs.

42 0.200 1201 36,876 1.8825 2,140,305.56

43 0.100 255 36,876 1.8825 123,249.16

44 0.150 738 36,876 1.8825 765,229.95

45 0.10 290 36,876 1.8825 140,165.71

46 0.075 192 36,876 1.8825 53,994.29

47 0.075 155 36,876 1.8825 43,589.14

48 0.150 480 36,876 1.8825 497,710.54

� = 5,178,543.99

7. Cost data fromfield for the conventionalwater distributionnetworkwas collected,
and it was compared with design cost; the percentage reduction in the cost was
found that indicates that the development of procedure for the analysis of water
distribution network is successful.
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Estimation of Surface Runoff Potential
Using SCS-CNMethod and GIS for Parts
of Doddahalla3 Watershed in Krishna
River Basin

Bhavyata Jethva, Ashim Ghosh, and Lingaraju Yale

Abstract A study was conducted to estimate the runoff by using SCS-CN method
and geospatial technology for part of Doddahalla3 watershed in Krishna River Basin.
The study area falls under Gadag, Sirahati, and Mundargi Taluks of Gadag District,
Karnataka, with an area of 752 km2. Spatial data like raingauge station locations, land
use and land cover, and soil texture for the study area was determined using Water
Resources Information System (WRIS), Bhuvan, andGoogle Earth. Non-spatial data
like daily rainfall was obtained from Karnataka State Natural Disaster Monitoring
Centre (KSNDMC). The SCS-CN runoff curve number is one of the most widely
accepted and frequently used techniques for the estimation of surface runoff. Once
the yield is available, then further planning can be done for the river rejuvenation
activities in the same area.

Keywords SCS-CN · Rainfall · Surface runoff · Gadag

1 Introduction

Gadag District is the dry region of Karnataka and is facing water crisis. To solve the
problem of water unavailability in the area, the art of living along with the Govern-
ment of Karnataka took up the river rejuvenation project for the entire GadagDistrict.
Surface runoff availability is the first step in planning the river rejuvenation activi-
ties. Runoff is the part of rainfall, snowmelt, and/or irrigation water that runs over
the soil surface toward the stream rather than infiltrating into the soil. For surface
runoff to occur, the infiltration capacity of the soil has to be lower than the rain-
fall available. Runoff calculations become imperative for river rejuvenation projects
(watershed management) as it will show the availability of rainfall which is available
as a runoff to recharge the groundwater and harvest the rainwater. It has been explored
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by various researchers that accurate measurements of runoff are time-consuming and
costly. However, National Resources Conservation Service (NRSC), United States
Department of Agriculture (JSDA) in 1969, developed SCS-CNmethod. It produces
reasonably high accuracy, simple to carry out, and less time-consuming. It is widely
accepted because of its reliability and stability in the scientific fraternity [1–3].

2 Study Area

The present paper deals with a project area of part of Doddahalla3 watershed that
falls in Gadag District administrative boundary which drains into Tungabhadra River
in the Krishna River basin. The watershed is spread across 752 km2 covering parts
of three taluks, namely Gadag, Sirahati, and Mundargi, of Gadag District. The study
area extends between 15°05′53′′ N-15°27′23′′ N latitude to 75°36′20′′ E-75°57′00′′
E longitude. The highest land use and land cover are agricultural built up and water
bodies. There are three raingauge stations which are influencing the study area,
namely Gadag, Sirahati, and Mundargi raingauge stations.
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3 Materials and Methodology

Data is divided into two parts: spatial and non-spatial. It was collected from various
sources. After data acquisition, the data was processed using Google Earth, MS-
EXCEL, and ARC GIS software.

3.1 Data Collection and Software Used

1. Spatial Data:

a. To prepare land use and land cover (LULC), watershed along with miniwa-
tershed boundary and soil texture thematic layers, open sources like WRIS
and Bhuvan WMS servers were used in ARC GIS.

b. To locate the raingauge stations, Google Earth software was used.

2. Non-spatial Data:

a. 30 years of monthly rainfall data were collected from KSNDMC.

3.2 SCS-CN Method and GIS

Soil layer
The soil texture map was prepared using WRIS WMS layer. After delineation of the
map, it was further classified into hydrologic soil groups as Groups A, B, C, and D
as per the definitions given by National Engineering Handbook (NEH) developed by
USDA, based on the infiltration rate and other characteristics. The USDA-SCS soil
classification is given in Table 1 [4].

Land use and Land cover Layer (LULC)
Various land use and land cover types were interpreted and prepared using WRIS
WMS layer as per the USDA guidelines to determine the curve number [5].

Antecedent Moisture Condition (AMC)
The moisture content of the soil at the beginning of the rainfall event is showed by
the AMC. Curve number depends on AMC type. There are three categories of AMC.
According to the Engineering Hydrology book, AMC-I shows soil which is dry but
not towilting point. Soils where satisfactory cultivation have been taken place. AMC-
II shows average conditions. AMC-III shows sufficient rainfall has occurred within
the immediate past 5 days. That means, soil condition is saturated. AMC takes into
consideration the season, whether it was in dormant or growing.

The following table shows the AMC class and its relation with the curve number
(CN) [5] (Table 2).
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Table 1 USDA-SCS soil classification

Hydrological soil
group

Type of soil Runoff potential Final infiltration
rate (mm)

Notes

Group A Sands and gravel Low >7.5 Water
transmission rate
is high

Group B Moderately deep
with moderately
fine to coarse
textures

Moderate 3.8–7.5 Water
transmission rate
is moderate

Group C Clay loams,
shallow sandy
loams, soils with
moderately fine to
fine textures

Moderately high 1.3–3.8 Water
transmission rate
is moderate

Group D Heavy plastic and
soils with a
permanent high
water table, clay
soils that swell
significantly

High <1.3 Water
transmission rate
is low

Table 2 AMC for the
determination of CN value [5]

AMC type Total rain in the previous 5 days in mm

Dormant season Growing season

I Less than 13 Less than 36

II 13–28 36–53

III More than 28 More than 53

Curve numbers to calculate the runoff were taken from the [5], which is given
for the AMC-II type. For dry conditions of AMC-I or wet condition of AMC-III,
equivalent curve numbers can be calculated using the following equations.

CNI = CNII

2.281 − 0.0128 CNII
(A)

CNIII = CNII

0.427 + 0.00573 CNII
(B)

SCS–CNMethod The runoff estimation is the most significant aspect in hydrolog-
ical modeling. Out of available empirical methods for its estimation, SCS-CN is very
popular due to its simplicity, flexibility, and requirement of a single parameter called
curve number (CN) for computing the runoff.

It is based on the water balance equation of the rainfall in a known interval of
time, which can be expressed as
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P = I a + F + Q (1)

where

P total precipitation
Ia initial (early) abstraction
F cumulative infiltration excluding Ia and
Q direct surface runoff.

Two fundamental hypotheses are used in the above equation [5].

1. “The first suggestion states that the ratio of the real quantity of direct runoff to the
maximum possible runoff is equal to the ratio of the amount of real infiltration
to the quantity of the potential maximum retention”.

Hence,

Q

P − I a
= F

S
(2)

where S = potential maximum retention after runoff begins and is given by

S = 25,400

CN
− 254 (3)

where CN is the curve number that is determined from land use and land cover and
soil conditions.

2. The second hypothesis talks that the amount of early abstraction is some fraction
of the probable maximum retention. Values of the constant range from 0.1 ≤
constant ≤ 0.4 as documented in number of studies from various geographical
locations, which include the USA and many other countries. For Indian condi-
tions, the constant ranges from 0.1 to 0.3 subject to certain constraints of soil
type [5].

I a = (Constant) S (4)

Substituting values of Eqs. 2 and 4 in 1, we get

Q = (P−I a)2

p−I a + S
(5)
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Table 3 Raingauge stations
details

Raingauge station
name

Latitude Longitude

Mundargi 15° 12′ 29.891′′ N 75° 53′ 26.893′′ E
Sirahatti 15° 13′ 50.493′′ N 75° 34′ 56.660′′ E
Gadag 15° 25′ 03.978′′ N 75° 37′ 56.481′′ E

For Indian conditions, some modifications were done and Ia = 0.3S is to be
considered. Hence, the above equation would be,

Q = (P−0.3S)2

(P−0.7S)
(6)

Once, the value of CN is known, the value of S can be calculated using Eq. 3
and substituting value of S, we can find out value of Q using Eq. 6. The SCS-CN
curve number is a function of type of the land use, the kind of antecedent moisture
conditions prevailing and the ability of soils to allow infiltration ofwater. The depth of
the volume of runoff from watershed with different types of hydrological soil groups
and different land use and land cover can be obtained by using the above-mentioned
equations.

3.3 Rainfall Data

The rainfall data was collected for 30 years for three raingauge stations mentioned
below, which is influencing the study area (Table 3).

4 Results and Discussions

4.1 Soil and LULC

The most predominant categories as shown from the table and the map are agri-
cultural cultivated straight-type land representing 84.12% of total area. The other
categories like forest, residential, and water bodies constitute 12.87%, 0.92%, and
1.18%, respectively (Table 4).
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Table 4 Land use and land cover classification as per SCS-CN type

S. No. LULC type Area (Sq km) Area (percentage of total)

1 Cultivated straight 633.20 84.12

2 Forest scrub 72.99 9.70

3 Open forest 16.28 2.16

4 Dense forest 7.62 1.01

5 Residential, average 65% impervious 6.91 0.92

6 Fallow land 4.66 0.62

7 Wasteland 1.38 0.18

8 Hard surface areas 0.79 0.10

9 Water bodies 8.91 1.18

Total 752.75 100.00

Soil layer was regrouped as hydrological soil groups (HSG), and the following
table and map show the distribution, total area covered as well as percentage of HSG
in the study area. Hydrological Soil Group C with moderately high runoff potential
covers the maximum area followed by type Bwhich showsmoderate runoff potential
(Table 5).
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Table 5 Soil classification per hydrological soil group

S. No. Soil texture HSG type Area (Sq km) Area (percentage of total)

1 Clay C 376.50 50.02

2 Sandy clay loam B 152.85 20.31

3 Clay loam C 121.82 16.18

4 Sandy loam B 74.79 9.93

5 Loamy sand B 10.44 1.39

6 Habitation mask C 6.91 0.92

7 Rock outcrops C 0.54 0.07

8 Water body mask Waterbody 8.90 1.18

4.2 Rainfall and Runoff Calculations

The first step after collecting the rainfall data was to find out the probability of
minimum available rainfall for 30 years (1984–2015) using semi-logarithmic graph
of recurrence period versus annual rainfall. It shows us the probability of exceeding
or equaling the rainfall for the given period [6]. Choosing the value of the year to
be 2, i.e., once in every two year, the minimum rainfall that would definitely occur
in the study area was computed for all three raingauge stations using this graph.
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According to the weightage percentage of the area of influence (according to the
Thiessen polygon), the rainfall was calculated for each miniwatershed.

AMC was computed using daily rainfall data of the last 30 years, considering
those years for which the assumption of minimum rainfall requirement was met. It
was found that the entire study area falls under AMC type I. By overlaying LULC-
and HSG-type layers, we found the curve numbers for the average AMC, i.e., type
II. Using Eq. A, the equivalent CNI was determined.

The rainfall distribution for two years 2013 and 2014, pre-monsoon, southwest
Monsoon, and northeast monsoon (post-monsoon) have been shown in the maps
below. As it can be seen from the table, 2014 seems a good rainfall year where the
total pre-monsoon and the NE monsoon rainfall are more than the previous year
considering all three raingauge stations (Table 6).
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Overlaying thematic layers of LULC, soil texture, miniwatershed boundary in
GIS environment using ARC GIS, the curve number for each miniwatershed was
determined. Putting values in the above-mentioned equations for SCS-CN, and the
final runoff value were calculated. The following table shows miniwatershed wise
runoff calculations for the area (Table 7; Fig. 1).
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Table 7 Miniwatershed-wise runoff calculations for the study area

S. No. Name of
miniwatershed

Rainfall
(mm)

CNI Runoff
(mm)

Area
(Sq km)

Runoff
volume
(MCM)

1 Alur 566.86 78.00 489.15 33.11 16.20

2 Attikatti 562.73 55.46 331.96 18.20 6.04

3 Ayyanakerihalla 586.69 55.79 292.49 26.77 7.83

4 Baradur 584.99 71.90 501.08 22.19 11.12

5 Basapura
(Bennihalli)

588.84 67.85 499.92 19.02 9.51

6 Bennihalli 592.90 75.31 499.35 18.24 9.11

7 Bidanahal 595.18 68.66 412.43 38.43 15.96

8 Dambal 595.24 61.06 414.33 24.14 10.00

9 Dindur 578.92 57.59 341.16 32.66 11.14

10 Doni 589.09 59.84 368.70 24.64 9.09

11 Eklaspura 582.36 76.76 502.84 25.18 12.66

12 Govankop 590.51 75.24 502.02 21.79 10.94

13 Gudigere 582.18 86.60 505.62 0.33 0.17

14 Gudigere North 582.60 86.60 505.67 1.69 0.85

15 Halligundi 582.73 73.37 503.65 19.50 9.82

16 Harlapura 552.88 70.01 475.13 38.03 18.07

17 Harogeri 589.95 63.47 452.80 19.48 8.82

18 Hatti 588.27 75.21 500.97 1.29 0.65

19 Hire Vaddatti 594.51 57.72 350.70 35.32 12.39

20 Kalkere 592.00 70.75 467.69 24.76 11.58

21 Kesalapura 588.23 77.90 501.15 22.98 11.52

22 Lakkundi 560.11 79.15 478.81 26.86 12.86

23 Mevundi 588.70 71.19 507.92 15.68 7.96

24 Mevundi (North
West)

590.77 64.85 493.28 40.03 19.75

25 Mundargi 592.00 72.73 491.60 24.85 12.22

26 Murlapura 583.71 73.33 503.69 12.92 6.51

27 Nelogi 594.88 75.53 493.97 1.90 0.94

28 Ramenahalli 589.73 71.49 502.57 23.93 12.03

29 Shirol 589.60 71.39 509.60 20.69 10.54

30 Singatarayanakeri 592.12 67.59 492.98 16.36 8.07

31 Sirur Kere 563.28 57.56 466.03 26.90 12.54

32 Talavarthihalla 583.16 83.21 506.27 22.74 11.51

33 Turchihal 593.87 59.51 431.58 23.39 10.09

34 Venkatapura 582.64 75.72 504.08 28.45 14.34
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Fig. 1 Rainfall versus runoff graph for 34 miniwatersheds in Doddahalla3 watershed

5 Conclusion

With the integration of geospatial technology and SCS-CNmodel, the calculated esti-
mated runoff shows the availability of water for harvesting and recharge. Hence, the
watershed management becomes more efficient. Since it is showing runoff volume
(yield), it can be concluded that the river rejuvenation projects team can go ahead and
plan the engineering measures for the watershed management to recharge ground-
water and harvest rainwater. It can further be concluded that the trend showed by
different miniwatersheds is varying because of the LULC and soil themes being
different in particular terrains. This method depicts that it is the powerful tool to
estimate the runoff and hence, along with watershed management, land use planning
[7] can also be done efficiently.
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Use of BIM for Study of Life Cycle Cost
Analysis of Residential Complex

Aditi A. Sathe and S. S. Pimplikar

Abstract The initial costs of a building are quite small in comparison to the life
cycle costs, as it is estimated that they represent less than 30% of the total life cycle
cost of a building. Accordingly, if we consider integration of the life cycle cost of a
building into the estimation of investment values, then we would have a better and
clearer idea of how much our total operation costs are during and after construction
process. Did an overview of Life Cycle Assessment and Modelling tools and BIM
integrated LCC evaluations. Used BIM objectives by Krieder for to generate Life
Cycle Cost Analysis of the Residential Building. Findings of this study demonstrate
the opportunities to manage and estimate a reliable and accurate information on a
building’s life cycle in real time by considering each element and its components into
the calculation, which may change the metrics for a real estate economic evaluation
in order to achieve sustainable and efficient property investment. The adoption of
the building information modelling to generate relative LCCA databases directly
benefits the real investment cost calculation for investors.

Keywords Life cycle cost analysis (LCCA) · Building information modelling
(BIM) · Real estate · Revit · BIM

1 Introduction

Our construction industry has huge impact on our environment, and it contributes
to significant amount of world’s energy and resource consumption. The building
materials manufacturing uses about 10% of the global energy, and operational phase
produces at least 30% of all greenhouse gas emissions, and demolishing buildings are
responsible for 40%of all solidwaste.Building informationmodelling is dimensional
tool which supports effective designs and construction technique. Due to increasing
awareness and environmental concerns and pressure from several government bodies,
clients, and other factors, many studies have been conducted to reduce building
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energy consumption and its environmental impacts. The cost-effective analysis of
the process is termed life cycle costing (LCC). Current research in this area explores
the use of building information modelling (BIM) tools for LCA of buildings, taking
advantage of its integration of process, technology, and people. The ease of access
to information and flexibility to early design changes that BIM tools offer probably
make them more appealing for use for LCA of buildings. Life cycle costs give
additional comprehensive assessment of the future cost effectiveness of a building
than various alterative building analyses that importantly concentrate on the initial
capital costs or on operating-related costs in the short term. Reduction in costs is
significant to company profitability, and it is possible through action research that the
life cycling costs of buildings can be reduced by design, often at no overall increase
in capital cost. Notwithstanding the significance of life cycling costing, practical
difficulties have prevented effective use of this technique in making decisions about
buildings due to lack of rigorous techniques for life cycle costing and appropriate
practical working tools in building design techniques.

2 Literature Review

Through the literature review, it was found that

1. The LCI analysis is the quantification of the inputs and outputs for each of the
phases of the building’s life cycle [2].

2. The parametric approach possesses the advantage that input parameters can be
adjusted easily and quickly in BIM design process [4].

3. To support decision-making in the critical early design stages, we propose a
workflow of using conceptual BIM models and visual scripting for life cycle
cost assessment [6].

Abidin and Powmya [1], Rashid and Yusoff [7], Chau et al. [3], Bayer et al. [2]
have given idea about the basic relation between the LCCA and BIM which helped
in further analysis for the conclusions.

3 Objectives

a. To interpret how we can apply building information modelling (BIM) in the
projects.

b. To show the data interoperability through building model.
c. To show how the adoption of the building information modelling to generate

relative LCCA databases directly benefits the costing of project.
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4 Methodology

•Need for Study, Objective, Scope of work, Problem Statement.
General

• In this research work literature review was done by referring to 
research papers from various national and international journals.

Literature Review

•Revit Model generation in Revit 2018.
Data Collection

•Inputs for data representation in model and preparation of schedules.
Data Analysis

•This study to suggest data input system for systematic LCA calculation.
Probable Conclusion 

5 Data Collection

5.1 Prelude

The framework of LCA includes: the goal and scope definition, life cycle inventory
(LCI) analysis, life cycle impact assessment, and interpretation of results (ISO 14040
2006). The goal and scope definition include the reasons to carry out the LCA and
intended application, the intended audience and the use of the results, in addition
to the definition of system boundary and functional units. The LCI analysis is the
quantification of the inputs (such as materials and energy) and outputs (such as
carbon emissions and wastes) for each of the phases of the building’s life cycle [2].
Life cycle impact assessment is the classification and characterization (weighting)
of the results from the LCI based on human and environmental impacts or effects
[2, 7]. The last process in standard LCA framework is the interpretation of results.
This phase uses an iterative procedure both within the phase and with the other
phases of an LCA (ISO 14040 2006). At the interpretation phase, LCA results are
reported in the most informative way possible, and the need and opportunities to
reduce the impacts of the building on the environment are systematically evaluated
[2]. Validation of results (comparing with results from other published articles) and
sensitivity analysis (checking on the reliability of variables for LCA) may also be
conducted during this process [7].
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5.2 3D Model

3D BIM model was generated for representation of LCA data.

5.3 BIM Integrated LCC Evaluations

The estimation of LCC in the first stages of design is based on the comparison with
the cost of similar buildings in the past, but as the design evolves in more detail,
the life cycle cost can also be estimated more accurately. However, if the individual
building components are identified, then the LCC of each of them can be estimated
by assigning a certain price, life expectancy, and the frequency of maintenance and
operating activities. Therefore, data aggregation by means of integrating all building
components costs into the model database to estimate the efficiency and performance
of the building can enable the investor to know the running cost of a design proposal.
In this sense, the owner has the possibility to know how much the construction
process, environmental performance, and future maintenance of a building would
cost. To achieve an integrated evaluation, using parameterised modelling tools that
associate geometric models of a building into databases can be considered as a
practical solution. The BIM technology enables the possibilities to aggregate data
from all sources into the model and simulate the building data for many different
uses from the earliest conception to the demolition stage, in addition to simula-
tions related to existing buildings. Based on the computer integrated construction
research program at the University of Pennsylvania, which identified 25 BIM uses
during the life cycle of a facility, this paper considers three of them to integrate
into economic evaluation of LCC. The three selected uses are (1) cost estimation
with quantity take-off methods, (2) energy consumption analysis, and (3) building
(preventative) maintenance scheduling, where the integration and combination of
these tools provide an instrumental integrated approach to run more accurate LCCA.
These abovementioned uses can be summarised as follows.

5.3.1 Cost Estimation (Quantity Take-offs)

a. Precisely quantify modelled materials.
b. Generation of more cost estimates at faster rate.
c. Better visual representation of project and construction elements that needs to

be estimated.
d. Easier exploration of different design options and concepts within the owner’s

budget.
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5.3.2 Energy Consumption Analysis

a. Save time and costs by obtaining building and system information automatically
from the BIM model instead of inputting data manually.

b. Improve building energy prediction accuracy by auto-determining building
information, such as geometries and volumes precisely from the BIM model.

c. Optimize building design for better building performance efficiency and reduce
building life cycle cost.

5.3.3 Building (Preventative) Maintenance Scheduling

a. Plan maintenance activities proactively and appropriately allocate maintenance
staff.

b. Track maintenance history.
c. Reduce corrective maintenance and emergency maintenance repairs.
d. Evaluate different maintenance approaches based on cost.

6 Data Analysis

6.1 Prelude

BIM technology enables us to model and simulate the real construction process
and its cost in a virtual environment. This process includes the information and
performance of each building element, which provide an estimation possibility of
accurate initial cost of a building, as well as the renovation cost. Building energy
modelling (BEM) can be performed either in external applications or directly inside
a BIM authoring program (i.e. Revit), in which it analyses the parametric model in
terms of environmental behaviour and energy consumption.Accordingly, estimations
of total cost per year based on systems and sources used in the building could be
demonstrated. This would provide the total utility cost needed for the LCCA. The
FM-BIM would demonstrate an accurate planning system connected with time and
cost and with scheduling and tracking of service and maintenance events associated
with their cost.

6.2 Case Study

The core value of BIM is the information attached to the model. This technology
enables the modeller to collect and aggregate data from different sources and run
a different series of simulations on them. This way, it is possible to produce an
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Fig. 1 3D model of building

automatic and systematic report on final outcomes. This case study explores the
use of autodesk Revit, a 30-year-old BIM authoring application, for life cycle cost
analysis for an imaginary residential building project (Fig. 1).

The case study project is residential building of 2100 m2 per floor with fourteen
floor. The building is divided into two stories and is located on a hypothetical plot
of vacant land near Kothrud without any nearby structure. To simplify the process
and keep the focus of the study on workflow of the case study, this paper limits
itself to this small building with simple functionality. The building has been virtually
built in Revit through a collection of intelligent building elements, which constitute
an important database. Throughout this case study, a simulation has been run to
determine the building performance. The basic specifications of the construction
elements and cost are defined in following Fig. 2.

6.3 Data Analysis

The methodological approach of this case study is based on the five major categories
of purpose and objective of BIM that are defined by Kreider et al. [5]. To develop an
integrated workflow, this study tries to use the five objectives as the path to generate
a practical solution to integrate BIM into LCCA.
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Fig. 2 Screenshot of Revit building materials properties that highlight the physical properties and
cost in order to show how the information for simulation is entered to Revit

6.3.1 Gather: Collect or Organize Facility Information

There are two resources of data to collect and organize information about the facility.
The first one refers to the different costs addressed to each building element, and the
second one refers to the information needed to simulate the energetic performance
of the facility to obtain its utility cost.

Cost Elements Resource Database

To be able to gather information for each building element, the cost breakdown struc-
ture that is used this way each building element can be connected to an external cost
database. The BEDEC developed by the Institute of Construction Technology of
Catalonia (ITEC) is a complex database where different levels of detail can be esti-
mated accordingly, such asmaterial, labour, machinery, and ancillary costs; this gives
a direct connection of import and export to Revit as the BIM authoring application.

Energy Resource Database

To be able to run the energy analysis and estimate the utility cost of the project, four
necessary sources have been identified (Table 1).
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Table 1 Source of energy resource information

Sources Information required

Construction elements of physical properties Defined by the characteristics of their own
materials, such as thermal conductivity, heat
capacity, embodied energy, or embodied carbon

Environmental data Location (latitude and longitude), soil type
(thermal conductivity, density and heat capacity),
wind protection, shading elements and climate
data (air temperature, relative temperature, solar
radiation, and wind speed)

Operational profile Schedules of usage shall be set in order to have a
more accurate energy analysis in different
periods of time

Building systems This indicates what kind of energy input and
output systems are implemented. Sources of
energy and cost of the purchased energy are
inputted

6.3.2 Generate: Create Information Databases of a Facility

Once the resource databases are identified, it is time of aggregate the different sources
of information together through the virtual construction of the facility inside Revit.
The building materials have associated the physical properties, such as thermal
conductivity, heat capacity, and embodied energy or embodied carbon of the same
material used in the real construction. When the basic building structure is modelled,
the rest of the building elements can be introduced into the model, such as doors,
windows, and skylights. Therefore, as the model has more details, the analysis will
be more accurate. Correspondingly, in the element cost breakdown defined for this
case study, each building element can be linked with the external database (Fig. 3).

6.3.3 Analyse and Communicate: Examine Elements of the Facility
to Gain a Better Understanding of It and Present Information
of a Facility in an Exchangeable Format

To be able to simulate the future building performance and obtain the LLC costs, we
need to internally analyse the energy efficiency of a facility in addition to commu-
nicating the information generated with external applications for more advanced
databases or simulations. The final results are based on the combination of the
initial cost information of each element and the quantity take-off list from the virtual
construction made in Revit. Comparing this method with the traditional workflow,
which should quantify the elements in a manual way, the quantity take-off process
requires significant effort and time that may be associated with possible errors.
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Fig. 3 Screenshot of Revit building element’s physical properties

6.3.4 Realize: Make or Control a Physical Element Using Facility
Information

In case of LCCA, the integrated database built throughout the virtual modelling
process allows investors to realize and consequently control the total cost of an
investment, including both initial and future running cost. In order to achieve sustain-
able and efficient property investment, the BIM model becomes a live database
of an existing or future facility. This final stage, where all data has been real-
ized through accurate reports and simulations, demonstrates the possibilities of the
different choices that directly impact the total cost and also provides a more accurate
vision of the future costs.

7 Conclusion

The findings of this study demonstrate the opportunities to manage and estimate
reliable and accurate information on a building’s life cycle in real time by considering
each element and its components into the calculation via BIM tools and a series of
simulations, which may change the metrics for a real estate economic evaluation
in order to achieve sustainable and efficient property investment. In this study, the
implementation of an integrated approach of BIM, BEM, and BIM-FM tools into
LCCA is explored as an intelligent solution, which not only analyses the required
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aspects of a building but also simulates future behaviour and provisions. In this
regard, the development of comprehensive databases is essential to serve as the basis
for required future periodic assessments and to generate relative LCCA databases
directly benefits the real investment cost calculation for investors. However, the
validity of the BIM databases will be as accurate as the model; thus, the wrong
modelling process can produce the wrong databases. Therefore, when the modelling
process is correct, this integrated solution can assist private and public investors
to achieve the goal of promoting the quality, sustainability, and competitiveness of
the building stock. This study suggests an accurate data aggregation and series of
simulations to provide a more accurate estimation of efficiency and performance of
a building, where consequently investors are enabled to know the running cost of a
design proposal.

References

1. Abidin NZ, Powmya A (2014) Perceptions on motivating factors and future prospects of green
construction in Oman. J Sustain Dev 7(5):231–239

2. Bayer C, Gamble M, Gentry R, Joshi S (2010) AIA guide to building life cycle assessment in
practice. The American Institute of Architects AIA, Washington, DC

3. Chau CK, Leung TM, Ng WY (2015) A review on life cycle assessment, life cycle energy
assessment and life cycle carbon emissions assessment on buildings. Appl Energy 143:395–413

4. Hollberg A, Ruth J (2016) LCA in architectural design—a parametric approach. Int J Life Cycle
Assess 21(7):943–960

5. Kreider R, Messner J, Dubler C (2010) Determining the frequency and impact of applying BIM
for different purposes on building projects. In: 6th international conference on innovation in
architecture, engineering and construction (AEC, University Park, Penn State University, PA)

6. Röck M, Hollberg A et al (2018) LCA and BIM: Integrated assessment and visualization
of building elements’ embodied impacts for design guidance in early stages. Procedia CIRP
69(2018):218–223

7. Rashid AFA, Yusoff S (2015) A review of life cycle assessment method for building industry.
Renew Sustain Energy Rev 45:244–248



Water Resources Planning, Policy
and Management—Experiences
from Kumudvathi River Rejuvenation
Project

Ravindra Desai, Anjali Kumari, Girish G. Shetty, and Bhavyata Jethva

Abstract Kumudvathi River Rejuvenation Project is an initiative taken to revive the
natural process of water resource renewability, which existed in nature. The terrain
analysis using geospatial technology revealed the geomorphological and geohydro-
logical processes that had been operating since ages and the conventional human
interventionswhichmade thewater resources sustainable [1]. Itwas possible to reveal
the causative factors which distorted the pre-existing water resources renewability
factors, which in turn helped in evolving a methodology to copy nature’s method of
cycling the water source between the surface and sub-surface with different layers of
soil, vegetation, and subsurface aquifers, collecting the spatial and non-spatial infor-
mation. It was possible tomap, locate suitable sites for harvesting rainwater, recharge
groundwater, revive the surface, and base flowwith environment-friendly conditions.
The structures constructed accordingly have been able to perform the function effi-
ciently and yield good results of increased base flow, raising the water table, and
improved groundwater potential. The pilot exercise proved efficient when concur-
rent impact assessment was done. This helped in project extension as stakeholder’s
confidence and involvement increased, resulting in an extension of the project to
the entire basin. Many hindrances and constraints faced are discussed in this paper.
It needs the attention of the policymakers and also the government to adopt such
proven cost-effective, eco-friendly, and innovative methods elsewhere in the similar
geological terrains (Sharachchandra in World Dev 19(6):607–621, 1991 [2]). This
also brings awareness and provisions for regulations to protect and maintain such
structures to sustain the augmented process of water resource renewability.
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1 Introduction

River basins of Karnataka have been undergoing increasing water stress for the last
four decades resulting in drying up of rivers. Although the average annual available
rainfall figure has not changed much, water is still not available throughout the year
in many parts of Karnataka. This increases drinking water shortages, less yield of
agriculture crops, and leads to migration of farmers toward cities and debt traps
leading to farmer suicides [3]. The degradation of the rivers can be attributed to
overexploitation of groundwater which results in sapping the base flow in rivers and
also catchment degradation through mining, deforestation, and land-use changes [4].
Hence, there is an urgent need to work for reviving rivers.

One such pilot exercise to rejuvenate the river has been carried out by the volun-
teers of the River Rejuvenation Projects in the Kumudvathi watershed. The river
catchment area is influenced by mainly three rain gauge stations, Thyamagondlu,
Nelamangala, and Solur indicated the 30-year average rainfall to be 840.7 mm,
827.1 mm, and 785 mm, respectively, in the region. As the area receives good rain-
fall as observed, it creates good scope for harvesting the rainwater and recharges
the aquifer [5]. For two decades, the process of natural groundwater recharge has
decreased due to the removal of natural vegetation, siltation of the water bodies,
increased evaporation, and overexploitation of groundwater resulting in water cycle
imbalance [6]. The dependency on the groundwater made farmers indiscriminately
drill deeper borewells, resulting in failure of borewells and/ormore cases of borewells
having fluoride/nitrate concentration [7]. Farmers are using water tankers and cans
for drinking and other domestic needs [8].

The study of rejuvenating Kumudvathi watershed was started by comparing the
historical and present conditions of groundwater availability and rainfall analysis for
the calculation of available rainwater in the project area for recharge to the aquifer
[9, 10]. Considering the basic concept of the hydrological cycle, drainage treat-
ments were planned for rejuvenating the natural river system. The major objective
was to restore the local water resources and sustainably recharge groundwater. Four
important components of river rejuvenation to restore the water resources are:

• Tobring back the hydrological balance of the area by integrating rainwater, surface
water, and groundwater in harmony to make the river flow.

• To balance local water sources and user’s requirements to ensure that water
supplies are available when and where they are needed.

• To encourage the farmers for agroforestry/horticulture based plantations that help
birds and bees to thrive, thereby restoring the ecosystem and increase greenness.

• Water Literacy: Awareness of Water Resources and its Management.
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2 Study Area

Kumudvathi River is a tributary of Arkavathi River and originates from Shivagange
hills in Nelamangala Taluk of Bangalore Rural District, Karnataka, India. The river
catchment covers 460km2 area across 278villages (18mini-watersheds) ofNelaman-
gala Taluk, Bangalore Rural District and Magadi Taluk, Ramanagara district, with
a population of 1.92 Lakhs. Both Arkavathi and Kumudvathi flow into Thippagon-
danahalli Reservoir which was serving 30–40% water requirements of Bangalore
city in the past. geologically the terrain as hard rocks. There was sufficient inflow
to the reservoir but has drastically reduced for three decades due to deforestation,
quarrying, soil erosion, siltation of the existing 223 irrigation tanks, and overexploita-
tion of groundwater. The basin is declared as one of the overexploited and highly
water-stressed areas by the Karnataka Groundwater Authority [11] (Fig. 1).

3 Water Resource Management Approaches
and Methodologies

3.1 Planning

An initial and important step is to understand the natural processes of rivers and their
flow based on the topography, geology, geomorphology, geohydrology, pedology,
and biological framework inherent to the terrain. Survey and Site Suitability (Identi-
fication of area interest) is carried out by evaluation of the hydrogeological suitability
of the site which largely depends on the ease of injecting, the aquifer storage capacity,
and the aquifer’s resistance to clogging should be carried out. The terrain, geolog-
ical conditions, drainage, and soil scape are important aspects that decide the site
suitability. With the help of GIS and remote sensing techniques, the preparation of
thematic maps using remote sensing technology like soils, geomorphology, lithology
and lineaments, and slopes is referred to locate the congenial sites for harvesting the
rain waters and recharging the aquifer [12].

3.2 Mobilization, Capacity Building and Execution

3.2.1 Mobilization and Organization Hierarchy

It is imperative for any project of this size which needs a thoroughly thoughtout plan
that addresses people mobilization, capacity building by consistent and periodic
training sessions subjectively for every different role played and including different
stakeholders. It was important that Art of Living as Nodal Agency created a platform
for all stakeholders to perform their roles and ensured participation and ownership
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Fig. 1 Location of study area
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along with facilitating labor mobilization, training and technically guiding the action
plan implementation.

To ensure all processes are carried out effectively, a well-defined project manage-
ment team was created. This involved many visits to each village/gram panchayats
identifying qualified field engineers and needed contractors for implementation. A
three-layer team was created, the first layer related field engineers interfacing with
contractors on a day-to-day basis to assign and review action plan implementation
by the contractors. This team will be sent to the target area to train the villagers and
material suppliers in each village.

Roles for field engineers including contractors have been defined with clear job
responsibilities, reporting hierarchies and information sharing. Each person in the
team shall be trained on PRA techniques, river rejuvenation structure construction
techniques and implementation.

The second layer is the technical team comprising of senior field experienced
engineers who will select and award work to contractors. The field engineers will
be trained, and many relevant educatory programs to all stakeholders are organized.
This second layer continuously monitors work from the in every micro-watershed.

The third layer is the overall project management team, which will focus on
ensuring the overall strategy, execution, monitoring, and documentation. Apart from
these inputs from various experts, resource persons will be solicited. The whole
technical and project management team is being trained through workshops and
exposure visits [13–15].

3.2.2 Execution

The team outlined above will undertake the responsibility of executing the project.

Steps Activity

Step 1 Micro-watershed-wise list of structures relayed to the second layer team

Step 2 Second layer team identifies and marks these points on ground and hands over it to field
engineers to execute with contractors

Step 3 Second layer team will also work with gram panchayat elected members for intimation
and needed approvals

Step 4 Field engineers will ensure work progress and reporting to the third layer and first layer

3.2.3 GPS Devices/Mobile Apps

Mobile monitoring devices with GPS and cameras with required mobile apps are
used for continuous and effective monitoring of the work by field engineers. These
data collected is analyzed at the central office and discussed with the second layer
for improvements and course corrections. The third layer integrates various key
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performing areas and reports it to various stakeholders. Mobile apps are also used for
baseline data collection (private borewells data), farmers surveywith the landholding
and crop details, market place survey, PRAs, the water level at our observation
borewells, etc.

3.2.4 Monitoring and Review

Roles and Responsibilities of Field Engineers: coordinating with Local Government
Body (PanchayatDevelopmentOfficer andGramPanchayat President andMembers)
and ensuring contractors execute work on time and quality.

Roles and Responsibilities of the Second Layer: identification of the locations of
the structures on the ground using the GPS data provided, regular visits to micro-
watershed and ensuring and resolving field engineers’ issues on the ground. Quality
assurance and monitoring with appropriate authorization.

Roles and Responsibilities of the Third Layer: Planning, project survey, satellite
mapping and structure identification; identifying physical locations of the structures
planned using satellite imagery; regular review of the overall project and planning
course corrections as need be. Reporting to various stakeholders including overall
finance management and related reporting [16].

3.2.5 Convergence

Simultaneously, afforestation in forest area, other government lands, and in farmland,
where our river rejuvenation activities are already in progress, is being planned to
be taken up intensively to supplement the water harvesting and recharge structures.
Through convergence with Integrated Watershed Management Program, the entire
identified watersheds in these districts are being taken up for saturation; such works
related towater conservation andwatershed development are being identified through
an intensive and participatory planning process, at the end of which Gram Sabha
approvals are being obtained.

The creation of durable and productive assets through convergence with depart-
ments of agriculture, horticulture, sericulture, forest, animal husbandry, fisheries,
minor irrigation, and Panchayat Raj Engineering Departments is being planned,
executed, and monitored, to optimize the financial resources, physical infrastruc-
tures, and human resources of various government agencies to maximize the gain to
the vulnerable sections of the society and contribute to the development of the state
and its people.

3.2.6 Outcomes

The increase in the water yield in the borewells and thereby improvement in the
agricultural crop production which thereby improves their economic status are the
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primary outcomes of this project. The third-party impact assessment carried out in
the Kumudvathi River basin; based on the study of the recharge structures and the
approach plan adopted by the Art of Living (AOL) Foundation and the data gathered,
the following conclusions are drawn:

1. Rainwater recharge is one of the best strategies that AOL has adopted for quanti-
tative and qualitative water management and adaptation to climate change in the
Kumudvathi basin. The overall methodology adopted is found to be suitable to
rejuvenate the river, particularly in Kumudvathi basin and in the hard rock terrain
elsewhere also.

2. The background studies leading to site selection and the initial implementation on
a pilot scale are yielding encouraging results. Availability of source for recharge,
i.e., runoff, has been established by hydrological studies. Actions by AOL
in adopting an integrated approach to conserve water within the hydrological
boundary conceiving the concept of river rejuvenation need appreciation.

3. An increase in the water table has been observed in all the injection wells. The
magnitude of the increase is from 20 to 137 ft. There are 23 injections wells that
have recorded an increase in water level more than 50 ft. The increased water
level in these non-pumping wells is a clear indication of augmented recharge.
Overall improvement in the groundwater regime is observed (increased water
levels within one year).

4. Augmented recharge is estimated approximately at 2% that needs to be increased
byway of increasing the injectionwells, i.e., intensification of recharge activities.

5. The time taken at the suggested rate of augmented recharge through intensifica-
tion varies from 7 to 26 years for reaching an equilibrium statuswith groundwater
draft and dynamic resources (natural and augmented).

6. Water pools have already exhibited useful results. These have been able to store
water generated from the rainfall. Instances of livestock feeding on these pools
reflect the actions by AoL in organizing water to cattle as well. If water pools
can store 50% of the built-in capacity, a minimum of 900 cm of water gets
recharged/percolated.

3.2.7 Community Participation

Water resource management activities can be classified under two major heads,
namely supply-side activities and demand-side activities. AoL has specific and
detailed programs designed to encourage and empower the commune to participate in
the supply-side and demand-side activities based on the stakeholder’s identification,
understanding of their needs from and values for ecosystems.

Supply-side activities are:

• Increasing the groundwater recharge by constructing recharge structures along
the length of streams,

• Maintaining the water bodies,
• Tree plantations, creating eco-restoration cells,
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• Working on the area treatments like CCTs, contour bunds, farmer ponds, etc.

While the recharge structures and tree plantations are done based on the supply-
side activities by the team specified in prior sections, it is imperative the Art of living
(AoL) team which has to work on the demand side of the water to ensure that usage
is understood, monitored, and contained based on the needs of the communes by
communes itself. To bring the communes to this level, awareness is a key focus of
AoL’s demand-side activities.

Demand-side activities are:

• To undertake Water Literacy Programs.
• Plan and adopt water-use efficiency measures such as reducing water-intensive

crops, drip/sprinkler irrigation methods, then flood-based irrigation, slowly and
gradually adopting natural farming.

• Agroforestry and creating nurseries.
• Market creation to their current produce ensuring sustainable income.
• Creation of MSME for value additions on their produce.
• Ensuring linkages to all available and relevant incentives/support from GOVT.

line departments.

On the above demand-side activities, approaches have been made on skill devel-
opment (empowering farmers and their families with various types of skill devel-
opment programs), leadership and entrepreneurship (leadership and entrepreneur-
ship training, creation of local employment opportunities), value addition on animal
husbandry, honey beekeeping, and other farm activities. Franchise retail outlets
helping entrepreneurs to establish retail outlets in franchise businessmodel for growth
in every village. Also providing all necessary infrastructure support, technical skills,
IT support, and marketing support to run the outlets. Providing transparency and fair
opportunity to sell the farmproductswith end-to-endhandling andmarketing support.
Technology usage for connecting various buyers and sellers (farmers) digitally has
been planned and being implemented.

3.2.8 Rejuvenation Water Bodies

The rejuvenation of the water resources through cleaning the existing water bodies.
For the same, volunteers have been called through the “Volunteers for Better India”
program which resulted in assembling volunteers to clean the existing water bodies
(stepwell, tanks). This attracted corporate, local communities to participate and take
responsibility for the watershed.

3.2.9 Tree Plantation

All the trees planted are of native species that attract bees and birds for flowers and
fruits. Creating eco-restoration cells around the existing water bodies accelerates
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the natural process of infiltration of rainwater to enrich groundwater, sustain surface
water, and decrease temperature.

4 Need for Holistic Policy for River and Ecosystem
Rejuvenation

4.1 Preamble for Policy

Water security is the key to India’s continued economic growth and poverty reduc-
tion. India has 18% of the world’s population, but only 4% of global renewable
water resourceswithin its territory. Parts of India are already consideredwater-scarce.
Increased competition over fragile and finite resources poses risks to economic devel-
opment, food and energy security, and livelihoods. Extremes of floods and droughts
routinely strike the country, with disastrous consequences. Pressures on the water
resource base and the frequency and intensity of extreme events are expected to be
exacerbated by climate change. India has extensive groundwater resources, estimated
at 30–40% of its annual utilizable renewable water resources. The physical charac-
teristics of the groundwater resources vary considerably within India. Shallow, low-
storage hard-rock aquifers in the basaltic and granitic systems of peninsular India
have comparatively limited groundwater availability Approximately 2532 billion
m3 of groundwater is abstracted in India each year. This represents 25% of global
groundwater withdrawals and makes India the world’s largest user of groundwater.
India’s groundwater resources are under threat from overexploitation. Intensive and
unregulated groundwater pumping in many areas has caused rapid and widespread
groundwater decline, where an estimated 15% of India’s food is being produced by
groundwater mining.

Hence, it is quintessential that a large-scale intervention seeks to protect and revi-
talize our riverine ecosystem. Given the current state of affairs, what is imperative is
a holistic policy framework, focusing on river rejuvenation that ensures the conser-
vation of rivers by augmenting the recharge by artificial structures and effective tree
plantations all along the catchment area and settlements. The focus has to be on the
demand-side measures that emphasize water literacy, reduce consumptive ground-
water use, and incentivize the participant to ensure de-risking. This needs to happen
both at the national and state government levels.

Based on the current affairs as said above and AOLs experience implementing
12,000 structures and working various stakeholders and farmers at large as key and
important benefactors across 5000+ km2 area in four states reviving 41 rivers across
nine main river basins, the following detailed recommendations can be made to
address the current challenges



392 R. Desai et al.

4.2 Detailed Policy Recommendations

4.2.1 River Rejuvenation

Policy framework that identifies key eco-sensitive zones in the very watershed and
ensures a long-term and short-term revival is ensured in a planned approach. It should
also regulate/ensure zero river pollution (industrial, domestic, and agricultural), stop
sand mining, and regulate any detrimental land-use changes in context to the riverine
and its ecosystems

1. Demarcation of key catchments area in every watershed and to be declared as
key eco-sensitive zones. An afforestation drive in these areas by selecting native
tree species those mostly are flower and fruit-bearing encouraging the birds/bees
to help create these sensitive zones to key eco-restoration cells. This would be
the key long-term measure to help revive the ecosystems related to the river and
its entire basin. To ensure quality plantations are available key focus on cresting
nurseries in each gram panchayat and/or block should be planned.

2. Declaration of these eco-sensitive zones to be chemical-free zones. STPs and
micro-STPs must be commissioned with the involvement of local communities
ensuring that the riverine system is safe from chemicals and gray water/sewage.

3. Afforestation through the key measure would take at least a decade and a half
to two decades to reach the needed objective, but the crises being massive an
immediate intervention should be made to ensure an increase in the rainwater
harvesting. Governments should align various line departments such as Rural
Development and Panchayat Raj, agriculture, minor irrigation, environment and
forest, NABARD, Watershed Department, dairy, horticulture, etc., to increase
fund source for creating recharge structures from catchments areas till valleys.
Recharge structures must be planned in farmer lands as well [17].

4.2.2 Community and Stakeholder Participation

1. Engaging many civic societies, NGOs, and corporates for effective implemen-
tation of water literacy programs to all relevant stakeholders involving village,
farmer, women, youth communes and industrial associations.

2. Identification of a key watershed manage(s) every village and or block/gram
panchayat who is well trained on available water resources for her/his area and
his management and should be responsible as keeper of important and key water
bodies related to supply and demand side.

4.2.3 Farmers

1. Incentivize for effective usage of water

• Open to smart water usage measurement and control tools.
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• Drip irrigation (note: we have enough schemes to be made effective with
awareness).

• Natural farming with NO fertilizers and NO pesticides (training and hand-
holding/incentives to adapt).

• Support for improved livestock preferably Bos indicus if cows.
• Incentivize agroforestry and horticulture.

2. Market linkage and sustainability.

• Identification of marketplace and introduction to the digital platform.
• Effectively connecting through digitally connected logistics and storage

godowns.
• Associating farmer groups with NGOs/companies, for training and hand-

holding so that farmer can be an entrepreneur that can brand and institu-
tionalize his produce/product.

4.2.4 Water-Related Data and Its Dissemination

1. Evidence-based planning for groundwater management will have to be under-
pinned by investment in data collection, sharing, and use. Aquifer mapping is
ongoing but has limited coverage, and water quality monitoring is nascent, and
abstraction rates are inadequately monitored. Collaboration between central and
state agencies on data sharing, resource assessments, and research needs to be
strengthened.

2. The data must be made free of cost to all institutions working on these restoration
and rejuvenation areas and is not used by these institutions for any commercial
purposes.

5 Conclusion and Suggestion

This paper discusses Art of Living’s water resource restoration (groundwater) by
harvesting rainwater, its methods and outcomes. This has increased the rate of
recharge and considerably changing groundwater table. The methodology being
very holistic and effectively copying nature has yielded good results and can be
made repeatable in similar terrain. Other terrains can also replicate process of under-
standing different geological and geomorphological situations and changing action
plan suited to those areas. As it seems, it is quite important for effective handling
on demand side similar to supply side that brings in effective usage or builds water
usage efficiency. Based on experience on the technical and social side, many policy
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recommendations are made which will holistically bring about a drastic change in
water supply and demand side [10].

Ethics Declaration
Statement of Human Right

This study has been approved by the Art of Living ethics committee and has been
performed in accordance with the ethical standards as laid down in the 1964 declara-
tion of Helsinki and its later amendments or comparable ethical standards. Also, the
study deals with the data from the past event which was collected during the course
of field survey; hence, for this study, formal consent of farmers and other human
beings are not required. Also, all the data used in study has been authenticated by
Art of Living.
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Optimal Design of Sewerage Networks
Using Swamee Algorithm

R. K. Rai and D. K. Madavi

Abstract Sewerage system is the significant infrastructural component of society
which collects wastewater from various areas/localities and conveys the same toward
the sewage treatment plant. Sewer line is the basic unit occurring repeatedly in
design process of sewerage network. Huge amount of investment is required for the
construction and maintenance of the sewerage system which includes cost of sewer
pipe, cost of excavation, cost of manhole, etc. The reduction in the cost of sewer lines
results in substantial savings in the total capital cost. In this paper, Swamee algorithm
was used to design the cost-effective sewer line by determining the cost function and
optimal solutions. Manning equation was used to obtain the set of feasible diameter,
head loss, etc.

Keywords Cost function ·Manning equation · Optimal design · Sewer line

1 Introduction

A set of sewers collecting discharges at their nodal points and emptying the same into
another set of sewer lines is called as sewerage network. Sewage collection, treat-
ment and disposal systems are embraced to ensure that the sewage released from
colony/society is appropriately collected, transported, and treated without causing
any environmental problems. Sewers must be designed of appropriate size and
planned skilfully so that it is prevented from overflow and succeeding damages
to properties and health.

In any society, sewer networks are important part of infrastructures, and investment
required for construction and maintenance of such large-scale sewer line is huge.
Therefore, it is mandatory to provide low-cost sewers as any saving in the cost of
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these sewerage systems may result in considerable reduction in the total construction
cost. Thus, the aim of optimal design is to find a cost-effective solution that reduces
capital investment as well as ensures good system performance under given criteria
and constraints.

In this paper, with the help of Manning’s equation as hydraulic model the optimal
design of sewerage network has been carried out usingSwamee algorithm.Thedesign
processes have been explained and compared considering a small 3-link sewerage
network, and the results obtained have been presented.

2 Objectives

Keeping in view the literature, following objectives was planned.

1. To study various design constraints, design criteria, and hydraulic design
equations for design of partially full sewerage networks;

2. To develop and optimize the cost function for major component of sewerage
network;

3. To develop a simple procedure for the optimal design of sewerage networks using
Swamee algorithm;

4. To obtain optimal design of sewerage network using Swamee algorithm.

3 Equation Used for Design of Sewerage Network

3.1 Hydraulic Equations

The Manning equation is the most popular and reliable hydraulic model in practice
around the world due to its simplicity [1].

Manning’s equation is:

V = 1

N
R

2
3 S

1
2 (1)

where

V = Flow velocity, m/s;
N =Manning’s coefficient of roughness;
R = Hydraulic radius, m; and
S = Sewer pipe slope.

The value of Manning’s coefficient of roughness for concrete sewers is 0.013–
0.015. The method comprises of designing the sewers as circular concrete sections
with sewer running partially full [2]. The formulae used for the design of sewer
flowing partially full are as follows:
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The central angle in terms of the relative depth of flow kd is given by:

θ = 2 cos−1(1− 2kd) (2)

The area ratio ka:

ka =
(

θ − sin θ

2π

)
(3)

The hydraulic mean depth ratio kr :

kr =
(

θ − sin θ

θ

)
(4)

The velocity ratio kv:

kv =
(

θ − sin θ

θ

) 2
3

(5)

The discharge ratio kq:

kq =
(

θ − sin θ

2π

)(
θ − sin θ

θ

) 2
3

(6)

For a given sewage flow, the design of a sewer can be obtained if the self-cleaning
velocity and design relative depth are known, and these can be obtained only when
the diameter is known using Eqs. (1)–(6).

3.2 Cost Function

For the optimal design of sewer line, it is necessary to describe the cost function
of the various components of a sewer line. The main components are sewer pipes,
manholes, and excavation [3].

3.2.1 Cost of Sewer Pipes

The capitalized cost of the sewer Cmi can be demonstrated as:

Cmi = kmLi D
m
i (7)

where
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km and m = Cost parameters of pipe;
Li = Length of pipe, m; and
Di = Diameter of sewer, m.

The cost of RCC pipe for different diameters was taken and cost parameters found
were km = 3697 Rs./m, and m = 1.2148. The cost of CI pipe for different diameters
was taken and the cost parameters found were km = 28,577 Rs./m, and m = 0.9961
[4].

3.2.2 Cost of Excavation

The total cost of excavation is the summation of sheeting cost and shoring cost of
sewer trenches and earthwork. Assuming sides of excavation trench to be vertical,
the capitalized cost of earthwork for sewer Cer can be written as:

Cer=1

2
Liwi (di−1 − di )ce + 1

6
Liwi

(
d2
i−1 + di−1di + d2

i

)
cr (8)

where

Cer = cost of capital earthwork;
ce = ground level unit earthwork cost, Rs./m3;
cr = per unit depth increase in unit earthwork cost, Rs./m4;
di−1 and di = invert depth at upstream and downstream nodes, respectively, m;
and
wi = width of sewer trench, m.

The surface area of sidewalls of excavation trenches influences the cost of sheeting
and shoring of sewer trenches. The capital cost Ces can be demonstrated as:

Ces = 1

2
Li (di−1 + di )cs + 1

3
Li

(
d2
i−1 + di−1di + d2

i

)
crs (9)

where

cs = unit capital cost of sheeting and shoring at ground level, Rs./m2; and
crs = increase in unit sheeting and shoring cost per unit depth, Rs./m3.

Combining Eqs. (8) and (9), and rearranging the terms, the total capital cost of
excavation Ce is given by:

Cei = kei Li (di−1 + di ) (10)

where

ke = earthwork cost coefficient given by
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ke = 1

2
wi ce + 1

6
wi

(
d2
i−1 + di−1di + d2

i

di−1 + di

)
cr + 1

3
ce

(
d2
i−1 + di−1di + d2

i

di−1 + di

)
crs

(11)

Costs of earthwork, and sheeting and shoring were taken. The cost parameters for
excavation found were ce = 159.57 Rs./m3; cr = 15.33 Rs./m4; cs = 162.18 Rs./m2;
and crs = 21.2 Rs./m3 [4].

3.2.3 Cost of Manhole

The cost of a manhole is based on the depth of manhole. The capitalized cost of the
manhole Ch can be demonstrated as:

Chi = Khdhi (12)

where

kh = Manhole cost coefficients;
dhi = Depth of manhole, m.

The cost parameters found were kh = 10,306 Rs./m [4].

3.2.4 Total Cost

The total cost CT of a sewer line is the addition of the cost of prime components of
the line together and is given by [5]:

CT = Cmi + Cei + Chi (13)

3.2.5 Objective Function

To arrive at the objective function to beminimized, it is necessary to describe the cost
function of the various components of a sewerage network. The objective function
of sewerage network consists of (1) the cost of sewer pipe; (2) the cost of excavation
of sewer trenches; and (3) the cost of manhole [6].

The cost function F for complete gravity sewerage network having n links is
obtained by combining Eqs. (7), (10) and (12) and can be expressed as:
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F =
n∑

i=1

kmLi D
m
i +

n∑
i=0

khdi +
n∑

i=1

kei Li (di−1 + di ) (14)

After rearranging the terms, Eq. (14) can be written as:

F = khd0 + ke1L1d0 +
n∑

i=1

kmLi D
m
i +

n∑
i=1

khdi +
n∑

i=1

kei Lidi +
n−1∑
i=1

kei+1Li+1di

(15)

Assuming kei to be constant with respect to Di, and differentiating Eq. (15)
with respect to Di, equating it to zero and simplifying, the diameter equations were
obtained as:

Di =
⎧⎨
⎩

(
4

16
3 Q2N 2

3mπ2km

)⎡
⎣(n − i + 1)kh + kei Li + 2

n∑
j=i+1

kej L j

⎤
⎦

⎫⎬
⎭

1
m+ 16

3

, i < n

(16)

Dn =
{(

4
16
3 Q2N 2

3mπ2km

)
[kh + kenLn]

} 1
m+ 16

3

, i = n (17)

3.3 Procedure for Design of Sewerage Network

The procedure for the design of sewerage network is as follows:

1. Determination of set of feasible diameters for each link;
2. Determination of head loss and slope for each diameter;
3. Determination of cost of the sewer link considering the cost parameters such as

cost of pipe, cost of excavation, and cost of manhole;
4. Design of all the lines coming at junction manhole and selecting the line with

minimum cost;
5. Extending the design with minimum cost and minimum downstream depth up to

next junction point;
6. Select one main line and join the branch lines with minimum cost option and

checking their downstream depth at junction; and
7. Repeat all the steps till outlet is reached.
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4 Design of 7-Link 2-Junction Sewerage Network

The Swamee algorithm and dynamic programming have been adopted for the optimal
design of a sewerage network. The process of optimal design of a sewerage network
is illustrated using a design example of 7-link 2-junction sewerage network (Fig. 1;
Table 1).

4.1 Results and Discussion

The design of 7-link 2-junction sewerage network design example was carried by the
design procedure. The set of feasible diameters and the corresponding head loss for
each link of the sewerage network were determined using design procedure. Feasible
set of diameters with their corresponding head loss calculated for each link is given
in Table 2.

Consider the sewer pipe 1-1 as a starting point. Slope and head loss for each
diameter of line 1-1 were determined; invert depths and total costs for each option
were calculated. Similarly, the invert depths and total cost for each option of the line

J1

1-2 1-3

3-1

3-2

2-2

2-1

J2

1-1

Fig. 1 7-link 2-junction sewerage network

Table 1 Design data for 7-link 2-junction sewerage network

Pipe q, m3/s z1, m z2, m L, m

1-1 0.240 158.00 157.00 80

1-2 0.330 157.00 156.50 85

1-3 0.550 156.50 155.00 65

2-1 0.030 158.00 157.50 75

2-2 0.060 157.50 157.00 50

3-1 0.100 158.50 157.00 75

3-2 0.150 157.00 156.50 60
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Table 2 Set of feasible
diameters and head loss

Pipe Set of feasible diameters (head loss), m

1-1 0.600 (0.175), 0.550 (0.280)

1-2 0.600 (0.355), 0.550 (0.560)

1-3 0.600 (0.745), 0.550 (1.185)

2-1 0.300 (0.210), 0.250 (0.765)

2-2 0.350 (0.190), 0.300 (0.430)

3-1 0.450 (0.205), 0.400 (0.385)

3-2 0.450 (0.370), 0.400 (0.690)

2-1+ 2-2 were determined. The line option having least cost was selected from both
the line 1-1 and 2-1 + 2-2 and depending on the downstream invert depth of both
the lines at junction J1, line 1-1-2 having downstream invert depth equals to 1.710 m
which is greater than the downstream invert depth of line 2-1-2 + 2-2-2. Therefore,
line 1-1 was selected as main line and line 2-1 + 2-2 was selected as branch line.
The total cost and downstream invert depth up to junction J1 for each options of line
1-1 and 2-1 + 2-2 are given in Table 3.

The variation in the cost of different groups of line with the options up to junction
J1 is shown in Fig. 2. The variation in depth of two lines at junction J1 is shown in
Fig. 3.

The main line was extended up to next junction point and designed using the
design procedure. Each option of the main line 1-1 was grouped with the options of
link 1-2 thereby producing four options, and the invert depths and total cost for each
option were determined. Similarly, the invert depths and total cost for each option of
the line 3-1 + 3-2 were determined. The line option having least cost was selected
from both the line 1-1+ 1-2 and 3-1+ 3-2 and depending on the downstream invert
depth of both the lines at junction J2, line 1-1-2 + 1-2-1 having downstream invert
depth equals to 1.610 m which is greater than the downstream invert depth of line
3-1-2 + 3-2-2. Therefore, line 1-1 + 1-2 was selected as main line and line 3-1 +
3-2 was selected as branch line. The total cost and downstream invert depth for all
the options of line 1-1 + 1-2 and 3-1 + 3-2 up to junction J2 are given in Table 4.

Table 3 Cost options of line
1 and 2 at J1

Line Options Total cost, Rs. d at J1, m

1-1 1-1-1 134,249 1.500

1-1-2 114,125 1.710

2-1 + 2-2 2-1-1 + 2-2-1 246,035 1.350

2-1-1 + 2-2-2 229,407 1.300

2-1-2 + 2-2-1 227,118 1.350

2-1-2 + 2-2-2 218,024 1.495
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Fig. 2 Cost variation of line
1 and line 2 up to junction J1
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Table 4 Cost options of line
1 and 3 at J2

Line Options Total cost, Rs. d at J2, m

1-1 + 1-2 1-1-1 + 1-2-1 516,445 1.710

1-1-1 + 1-2-2 525,305 2.640

1-1-2 + 1-2-1 488,026 1.610

1-1-2 + 1-2-2 496,646 2.540

3-1 + 3-2 3-1-1 + 3-2-1 367,689 1.450

3-1-1 + 3-2-2 358,411 1.690

3-1-2 + 3-2-1 344,917 1.450

3-1-2 + 3-2-2 331,170 1.590
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Fig. 4 Cost variation of line
1 and line 3 up to junction J2
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The variation in the cost of different groups of line with the options up to junction
J2 is shown in Fig. 4. The variation in depth of two lines at junction J2 is shown in
Fig. 5.

The least cost solutionof the extended line 1was again checked for the downstream
invert depth of branch line at junction J1 and was found out to be ok. Thus, the design
was continued considering line 1 as main line. The main line was extended up to
outlet and designed using the design procedure. Each option of the line 1-1 + 1-2
+ 1-3 was grouped thereby producing eight options and the invert depths and total
cost for each option were determined. The line option 1-1-2+ 1-2-1+ 1-3-2 having
least cost and greater downstream invert depth equals to 2.295 m at the outlet was
selected. The total cost and downstream invert depth for all the options of line 1-1+
1-2 + 1-3 up to outlet are given in Table 5.

The variation in the cost of main line with the options up to outlet is shown in
Fig. 6. The variation in depth of two lines at outfall is shown in Fig. 7.

The least cost solutionof the extended line 1was again checked for the downstream
invert depth of branch line at junction J1 and J2 which was found out to be ok. Thus,
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Table 5 Cost options of line 1 at outlet

Line Options Total cost, Rs. d at outlet, m

1-1 + 1-2 + 1-3 1-1-1 + 1-2-1 + 1-3-1 739,452 1.845

1-1-1 + 1-2-1 + 1-3-2 737,446 2.335

1-1-1 + 1-2-2 + 1-3-1 729,656 2.005

1-1-1 + 1-2-2 + 1-3-2 722,848 2.395

1-1-2 + 1-2-1 + 1-3-1 716,976 1.845

1-1-2 + 1-2-1 + 1-3-2 714,971 2.335

1-1-2 + 1-2-2 + 1-3-1 696,373 1.905

1-1-2 + 1-2-2 + 1-3-2 689,501 2.295

Fig. 6 Cost variation of line
1 up to outlet
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Table 6 Design details for the optimal solution of 7-link sewerage network

Line Pipe Diameter, m di−1, m di, m Total cost of line, Rs.

Main line 1-1-2 0.550 2.270 1.550 689,501

1-2-2 0.550 1.550 1.610

1-3-2 0.550 1.610 2.295

Branch line 1 2-1-2 0.250 1.250 1.515 218,024

2-2-2 0.300 1.565 1.495

Branch line 2 3-1-2 0.400 2.515 1.400 331,170

3-2-2 0.400 1.400 1.590

Total cost in Rs. 1,238,695

1.565

1.515 1.250

2.2951.550
1.590

1.400

2.215 1.400

2.270 1.6101.550

1.495

1.610

1-2 1-3

3-1

3-2

2-2
2-1

1-1

Main Line
Branch Line

Fig. 8 Main and branch lines of 7-link 2-junction sewerage network

the design was ok considering line (1-1-2 + 1-2-1 + 1-3-2) as main line and line
(2-1-2+ 2-2-2) and (3-1-2+ 3-2-2) as branch line. The ultimate optimal solution is
as given in Table 6 having a total cost of Rs. 1,238,695.

At junction J1, invert of incoming sewers is 1.550 and 1.490 m, and that of
outgoing sewer is 1.550 m. At junction J2, inverts of incoming sewers are 1.610 and
1.590 m, and that of outgoing sewer is 1.610 m. Since the terminal depth of branch
line 1 at junction J1 and of the branch line 2 at junction J2 is less than the depth
of main line at junction J1 and J2, the network design is feasible. Also, the invert
depth at outlet is 2.295 m. The main line and branch lines of the optimal design of
the 7-link sewerage network are represented in Fig. 8.

5 Conclusions

From the study, it can be concluded that:
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1. Using Swamee algorithm, the diameters of each link were determined easily,
since it gives only single value of diameter due to which set of feasible diameters
is obtained in the increment and decrement of 50 mm;

2. Various constraints, design criteria, and hydraulic design equations for design of
partially full sewerage network were studied;

3. Cost data from field for the major component was collected and its cost function
was developed for sewerage network;

4. By solving the sewer lines coming at junction in parts using Swamee algo-
rithm and developed procedure optimal solution of entire sewerage network was
obtained easily;

5. The Swamee algorithm restricts the number of options at each stage which
reduces numerous cost-effective grouping and thus, reduces error due to large
data handling;

6. The upstream invert depth of the sewer pipe should be more than or equal to the
downstream invert depth of the previous sewer pipe;

7. The design procedure was developed using illustrative design examples and
successfully applied to the case study example for obtaining optimal solution;
and

8. The optimal design of a sewerage network can be obtained easily using Swamee
algorithm.
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Comparative Study of Designing
of Common Effluent Treatment Plant
by STAADX PRO Software
and by Manual Calculations

Rishab Pardeshi, Abhishek Satputale, and Shraddha Admane

Abstract The increasing small andmedium scale industries in India, environmental
pollution and wastewater percentage increases. So waste minimization and cleaning
technology are encouragedunder SwacchBharatAbhiyan.Thegovernment hasmany
facilities to promote the CETP in small-scale industry. According to that Abhiyan,
every industry should have their Effluent Treatment Plant, so thatwaterwill be treated
before leaving it outside the industry. In this paper, the designing of a Common
Effluent Treatment Plant (CETP) for 20 MLD is studied. The design parameters and
the design verification of the plant are also done using certified design software of
STAADX PRO. Therefore, the establishment of CETP plant is considered in saving
rivers from adverse effects of industrial pollution. The treated water can also be
used for boiler or gardening purposes. The calculations for all the equipment like
sedimentation tank, precipitator, etc. have done. The simulation of CETP plant gives
an overall idea about the minimization of pollution then according to treatment we
can modify the design of a common effluent treatment plant.

Keywords Common effluent treatment plant (CETP) · Effluent-generating
industries · Design and operational aspects · STAADX PRO

1 Introduction

India has so many water resources but that water is not used for drinking purposes.
So India is now started to think that how can be water used for drinking or any
purpose. Due to the increasing industrialization, government has made a compulsion
to every industry that they should have their ETP plant so that they will not take out
their wastewater directly into the river. The main aims of ETP plants are to decrease
COD, BOD, DO, etc. all the parameters from the wastewater which are harmful to
the environment. The wastewater plant should be more efficient and cost-effective
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[1]. The design will give the output of every process in a significant way. While
designing the process first assume the overall ton over of company then by using
software start designing the process [2]. So from the process, people will come to
know about the plant layout of any industries. The common effluent treatment plant
consists of various equipment like grit chamber, Primary settling tank, Secondary
Settling tank, Trickling filter, etc. the actual implementation of common effluent
plants in the industrywill require the prior calculation of every equipment and process
so the coast of pant reduces. The use of STAADX PRO software will provide the
detailed designing of the water treatment plant [1]. The wastewater treatments are
explained by preliminary treatment, primary treatment, secondary treatment, and
tertiary treatment. By considering all these treatments the CETP plant is designed.
By using this treatment the wastewater can be made environmentally friendly.

2 About Software

The STAADX PRO software is used for simulation of 20 MLD plant. For designing
we have considered screen chamber, grit chamber, skimming tank, primary settling
tank, aeration tank, trickling filter, secondary settling tank, digester units, and sludge
drying beds, respectively [3–6].

It is a product ofKOMVEEversion 2016of SustainingEnvironment. It is commer-
cially used software for quick estimation and verification of parameters of a common
effluent treatment plant and also of each and every unit involved. Through this soft-
ware, we can design the entire process to develop CETP and even verify manual
calculations if necessary. This software also helps in evaluating and in turn verifying
the credibility of calculations performed.

In this project, we have used STAADX PRO 2016 version software as a veri-
fication tool since it would not be feasible to implement a pilot plant and devise
our calculations. This software provides the output based on basic and universally
accepted theories and formulas using a pre-defined algorithm. This algorithm helps
in providing output in a sequence similar to that of performing manual calculations,
which makes it desirable for its use as a verification tool [7].

This can also be used for different water treatment methods and technologies like
SewageWater Treatment (STP-PD pro), WasteWater Treatment (WTP-PD pro), etc.
with its different modules still in progress.
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3 Calculations

See Table 1.

4 Discussion and Results

The table shows the comparative result of manual calculations as well as software
results (Table 2).

After giving all the inputs to software the final design of the process is as given
as.

The overall process diagram shows all the equipment required for designing
common effluent treatment plants like screen chamber, grit chamber, Aeration tank,
Primary settling tank, Trickling filter, Secondary settling tank, and digester tank.
Figure 1 shows the overall dimensions of every equipment as well as total area
required for the process. The design calculations are also shown. The comparative
study of manual as well as software calculations is as follows.

5 Conclusion

The designing of common effluent treatment plants is highly affected by population
density, population growth and type of industry. The study indicates that all major
pollutants can be reduced in the wastewater after treatment on various levels. Design
values obtained from manual calculations were compared with those obtained from
software. Both the numerical values obtained were found to be nearly equal. The
waste obtained in the form of sludge is also converted into useful Methane which
can be used as fuel. Another by-product obtained after drying in sludge drying beds
can be used as manure.



414 R. Pardeshi et al.

Ta
bl
e
1

A
ll
th
e
co
nd
iti
on
s
an
d
ge
ne
ra
lp

ar
am

et
er
s
fo
r
so
ft
w
ar
e

Sc
re
en

ch
am

be
r

G
ri
tc
ha
m
be
r

Pl
an
tc
ap
ac
ity

is
20

M
L
D

A
ve
ra
ge

flo
w
=

20
,0
00

m
3
/d
ay

M
ax
im

um
flo

w
=

0.
34
7
m

3
/d
ay

Si
ze

of
ba
rs
9
m
m

×
50

m
m
,9

m
m

fa
ci
ng

th
e
flo

w
In
cl
in
at
io
n
of

ba
rs
w
ith

ho
ri
zo
nt
al
as

30
°

A
ss
um

e
ve
lo
ci
ty

of
flo

w
no

rm
al
to

sc
re
en

as
0.
3
m
/s
ec

at
av
er
ag
e
flo

w
A
ss
um

e
ve
lo
ci
ty

of
flo

w
no

rm
al
to

sc
re
en

as
0.
75

m
/s
ec

at
m
ax
im

um
flo

w
N
et
su
bm

er
ge
d
ar
ea

fo
r
av
er
ag
e
flo

w
=

0.
77

m
2

T
he
re
fo
re
,g

ro
ss

su
bm

er
ge
d
ar
ea

of
th
e
sc
re
en

=
0.
38

m
2

T
he
re
fo
re
,v
el
oc
ity

of
flo

w
in

sc
re
en

ch
am

be
r
=

0.
6
m
/s
ec

T
he

gr
os
s
w
id
th

of
th
e
sc
re
en

ch
am

be
r
w
ill

be
=

1.
2
m

T
he
re
fo
re
,l
iq
ui
d
de
pt
h
at
av
er
ag
e
flo

w
=

0.
31
6
m

H
en
ce
,t
ot
al
de
pt
h
of

th
e
sc
re
en

=
0.
61
6
m

T
he

si
ze

of
th
e
ch
an
ne
l=

1.
2
m

(w
id
th
)
×

0.
61
6
m

(d
ep
th
)

C
al
cu
la
tio

n
fo
r
be
d
sl
op

e:
B
ed

sl
op

e
is
ne
ar
ly

1
in

42
72

m

V
s
=

g 18
[S
−1

]
V

D
2
=

3.
15

cm
/s

R
ey
no

ld
s
N
um

be
r
R
=

V
s
·D

/
ν
=

5.
53

>
0.
3

U
si
ng

V
s
=

3.
15

cm
/s
ec
,c
al
cu
la
te
R
an
d
C
d
an
d
th
en

ag
ai
n
V
s
til
li
tc
on
ve
rg
es

Su
bs
eq
ue
nt

tr
ia
lV

s
=

2.
4
cm

/s
ec
,R

=
4.
21
,C

d
=

7.
5

V
s
=

2.
4
cm

/s
ec
,H

en
ce
,O

.K
.

N
ow

fo
r
β
=

0.
06
,f

=
0.
03

,a
nd

D
=

0.
02

cm
,V

c
=

22
.7
6
cm

/s
ec

N
ow

Q
=

20
M
L
D
=

0.
23
2
m

3
/s
ec

T
he
re
fo
re
,C

/S
ar
ea

A
=

Q
/V

=
9.
66

m
2

D
ep
th

is
ta
ke
n
as

3
m
,S

o
w
id
th

be
co
m
es

W
=

3.
22

m
Si
nc
e
it’
s
do

ub
le
ch
am

be
r
gr
it
W

=
6.
44

m

L
=

3
×

22
.7
6

2.
4

=
28
.4
5
m

A
er
at
io
n
T
A
N
K

Fl
ow

to
th
e
ae
ra
tio

n
ta
nk

=
20
,0
00

m
3
/d
ay

Pe
rc
en
ta
ge

re
ci
rc
ul
at
io
n
=

0.
25

To
ta
lfl

ow
to

ae
ra
to
r
=

25
,0
00

m
3
/d
ay

So
vo
lu
m
e
of

sl
ud

ge
re
tu
rn
ed

to
th
e
ae
ra
to
r
=

50
00

m
3
/d
ay

P
ri
m
ar
y
se
tt
li
ng

ta
nk

(c
on

tin
ue
d)



Comparative Study of Designing of Common … 415

Ta
bl
e
1

(c
on
tin

ue
d)

Sc
re
en

ch
am

be
r

G
ri
tc
ha
m
be
r

Su
rf
ac
e
ar
ea

of
pr
im

ar
y
se
ttl
in
g
ta
nk

D
es
ig
n
flo

w
to

th
e
pr
im

ar
y
se
ttl
in
g
ta
nk

=
20
,0
00

m
3
/d
ay

A
ss
um

e
SO

R
=

20
m

3
/m

2
/d
ay

A
re
a
=

Q
SO

R
=

10
00

m
2

Ta
ke

nu
m
be
r
of

ta
nk

s
as

2
A
re
a
of

ea
ch

ta
nk

=
50
0
m

2

Fl
ow

th
ro
ug

h
ea
ch

ta
nk

=
10
,0
00

m
3
/d
ay

Ta
ke

de
pt
h
of

ta
nk

as
3
m
,

V
ol
um

e
of

ta
nk

=
3
×

50
0
=

15
00

m
3

C
he
ck

th
e
ov
er
flo

w
ra
te
at
av
er
ag
e
de
si
gn

flo
w

T
he

ov
er
flo

w
ra
te
=

Q
A
re
a
=

20
m
/d
ay

T
hi
s
sh
ou

ld
no

te
xc
ee
d
50

.H
en
ce

sa
tis
fa
ct
or
y

A
ve
ra
ge

vo
lu
m
e
of

pr
im

ar
y
se
ttl
in
g
ta
nk

=
15
00

m
3

D
et
en
tio

n
tim

e
un

de
r
av
er
ag
e
flo

w
co
nd

iti
on

s
=

0.
15

da
y
=

3.
6
h

C
al
cu
la
tio

n
of

ta
nk

di
am

et
er

ar
ea

of
ta
nk

=
50
0
m

2

D
ia
m
et
er

of
ta
nk

=
25
.2
2
m

D
ep
th

of
pr
im

ar
y
se
ttl
in
g
ta
nk

Sl
op
e
is
1:
12

(V
:H
)

D
ep
th

of
se
ttl
in
g
ta
nk

at
ce
nt
er

=
1 12
×

R
ad
iu
s
of

ta
nk

=
1.
05

m
Pr
ov
id
e
a
fr
ee

bo
ar
d
an
d
sa
fe
ty

of
0.
75

m
,

H
en
ce

To
ta
ld

ep
th

=
4.
8
m

T
ri
ck

lin
g
fil
te
r

In
flu

en
tB

O
D
(S

o
)
=

15
0
m
g/
L

E
ffl
ue
nt

B
O
D
(S

e)
=

20
m
g/
L

D
ep
th

of
fil
te
r
(d
)
=

2
m

N
o.

of
un
its

=
6

R
ec
yc
le
ra
tio

(R
)
=

1

O
ve
ra
ll
ef
fic

ie
nc
y
=

(1
−

S e S o
)
×

10
0
=

86
.6
6%

A
pp
lie
d
B
O
D
=

(S
o
+

R
S e
)/
(1

+
R
)
=

85
m
g/
lit

C
al
cu
la
tio

n
of

hy
dr
au
lic

lo
ad
in
g
ra
te
(q
)

T
he
re
fo
re
,

A
re
a
of

ae
ra
to
r
=

31
25

m
2

D
ia
m
et
er

of
ae
ra
to
r
=

63
.0
9
m

Se
co
nd

ar
y
se
tt
lin

g
ta
nk

Su
rf
ac
e
ar
ea

of
se
co
nd

ar
y
se
ttl
in
g
ta
nk

D
es
ig
n
flo

w
to

th
e
se
co
nd

ar
y
Se

ttl
in
g
ta
nk

=
20
,0
00

m
3
/d
ay

Ta
ke

nu
m
be
r
of

ta
nk

s
as

2
Fl
ow

th
ro
ug

h
ea
ch

Ta
nk

=
10
,0
00

m
3
/d
ay

Ta
ke

re
cy
cl
e
ra
tio

=
1

To
ta
lfl

ow
th
ro
ug

h
ea
ch

ta
nk

=
20
,0
00

m
3
/d
ay

A
ss
um

e
SO

R
=

20
m

3
/m

2
/d
ay

A
re
a
=

Q
SO

R
=

10
00

m
2

A
re
a
of

ea
ch

ta
nk

=
10
00

m
2

Ta
ke

de
pt
h
of

ta
nk

as
3.
5
m
,

V
ol
um

e
of

ta
nk

=
3.
5
×

10
00

=
35
00

m
3

C
he
ck

th
e
ov
er
flo

w
ra
te
at
av
er
ag
e
de
si
gn

flo
w

T
he

ov
er
flo

w
ra
te
=

Q
A
re
a
=

20
T
hi
s
sh
ou

ld
no

te
xc
ee
d
50

.H
en
ce

sa
tis
fa
ct
or
y.

D
et
en
tio

n
tim

e
A
ve
ra
ge

vo
lu
m
e
of

se
co
nd

ar
y
se
ttl
in
g
ta
nk

=
15
00

m
3

D
et
en
tio

n
tim

e
un

de
r
av
er
ag
e
flo

w
co
nd

iti
on

s
=

8.
4
h

C
al
cu
la
tio

n
of

ta
nk

di
am

et
er

A
re
a
of

ta
nk

=
10
00

m
2

D
ia
m
et
er

of
ta
nk

=
35
.6
8
m

D
ep
th

of
se
co
nd

ar
y
se
ttl
in
g
ta
nk

Sl
op
e
is
1:
12

(V
:H
)

D
ep
th

of
se
ttl
in
g
ta
nk

at
ce
nt
er

=
1 12
×

R
ad
iu
s
of

ta
nk

=
1.
48

m
Pr
ov
id
e
a
fr
ee
bo

ar
d
an
d
sa
fe
ty

of
0.
75

m
,h
en
ce

to
ta
ld

ep
th

=
5.
24

m

(c
on

tin
ue
d)



416 R. Pardeshi et al.

Ta
bl
e
1

(c
on
tin

ue
d)

Sc
re
en

ch
am

be
r

G
ri
tc
ha
m
be
r

Sl
ud

ge
dr
yi
ng

be
d

S e S o
=

ex
p(
−2

.9
4
d
q−

0.
5
),
q
=

16
.5
2
m

3
/m

2
/d
ay

To
ta
lfl

ow
to

th
e
tr
ic
kl
in
g
fil
te
r
w
ith

re
cy
cl
e
(Q

)
=

40
,0
00

m
3
/d
ay

A
re
a
of

T.
F
(A
)
=

24
21
.3

m
2

Si
nc
e
th
er
e
ar
e
6
un

its
ar
ea

of
ea
ch

T.
F
=

40
3.
55

m
2

D
ia
m
et
er

of
ea
ch

T.
F
=

22
.6
6
m

D
ig
es
te
r
U
ni
t

V
ol
um

e
of

sl
ud
ge

fr
om

P.
S.
T
=

19
.4
56

m
3
/d
ay

V
ol
um

e
of

sl
ud

ge
fr
om

S.
S.
T
=

14
.7
55

m
3
/d
ay

V
ol
um

e
of

fr
es
h
sl
ud
ge

=
34
.2
11
3
m

3
/d
ay

V
ol
um

e
of

di
ge
st
er

=
15
39
.5
m

3

H
ei
gh

to
f
di
ge
st
er

=
6
m

So
,a
re
a
of

di
ge
st
er

=
15
39
.5
/6

=
25

6.
6
m

2

D
ia
m
et
er

is
th
er
ef
or
e
ca
lc
ul
at
ed

fr
om

fo
llo

w
in
g
eq
ua
tio

n-
A
=

π
d
2
/4

D
ia
m
et
er

of
ta
nk

=
18
.0
5
m

V
ol
um

e
of

fr
es
h
sl
ud

ge
to

di
ge
st
er

=
34
.2
11
3
m

3
/d
ay

V
ol
um

e
of

sl
ud
ge

ou
tf
ro
m

th
e
di
ge
st
er

=
11
.4
03

m
3
/d
ay

D
ep
th

of
sl
ud

ge
ap
pl
ic
at
io
n
=

0.
3
m

L
en
gt
h
of

dr
yi
ng

be
d
=

10
m

W
id
th

of
dr
yi
ng

be
d
=

3.
80
1
m

A
re
a
of

dr
yi
ng

be
d
=

38
.0
1
m

2

Fr
eq
ue
nc
y
of

sl
ud
ge

re
m
ov
al
=

10
da
ys

N
um

be
r
of

sl
ud
ge

dr
yi
ng

be
ds

=
10



Comparative Study of Designing of Common … 417

Table 2 Comparative study of software and manual calculations

Sr. No. Parameters Software
calculations

Manual calculations

1. Screen chamber Gross submerged area
of the screen

0.3859 m2 0.38 m2

Gross width of screen
chamber

1.2 m 1.2 m

Slope of channel 4266.96 m 4272 m

2. Grit chamber Screening velocity 0.0315 m2/sec 0.0315 m2/sec

Length of grit
chamber

30 m 28.45 m

3. Primary settling
tank

Volume of tank 1500 m3 1500 m3

Detention time 3.59 h 3.6 h

Total suspended solid
(depth)

4.8010 m 4.8 m

4. Aeration tank Capacity of tank 6250 m3 6250 m3

Diameter of tank 63.09 m 63.09 m

5. Trickling filter Area of trickling filter 2412.0740 m2 2412.3 m2

6. Secondary
clarifier

Diameter of clarifier 35.6753 m 35.68 m

Total depth at center
of clarifier

5.4583 m 5.24 m

Detention time 8.39 h 8.39 h

7. Digester unit Volume of digester 1520.5022 m3 1539.5 m3

Diameter of digester
tank

17.9591 m 18.05 m

Quantity of total gas
produced during
digestion

278.85 m2 256.6 m2

8. Sludge drying bed Volume of sludge
digester

11.4037 m3 11.4037 m3

Number of drying bed 10 10
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Fig. 1 Overall process flow diagram with designing calculation
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Experimental Modeling and Evacuation
of Cr(VI) from Wastewater by Using
Nanostructured Ceria

Harshada Deore, Mamta Sardare, and Parag Nemade

Abstract Ceria nanoparticle synthesizes by nanotechnology by using cerium chlo-
ride and sulfuric acid by the precipitations methodwhich is evaluated as an adsorbent
for the evacuation of Cr(VI) detachment fromwastewater. Experimentationwas done
using the simple batch process where all the experiments were conducted to verify
the efficiency of the nanoparticle for the removal of Cr(VI). Adsorption achieved
balance inside at some point and was autonomous of starting chromium (VI) focus.
Thehybridmaterialwas found tohavemaximumefficiency for the removal of hexava-
lent chromiumwith 94–95.6%, pH at 7, adsorbent dose of 0.1 mg and temperature of
28± 2 °C and initial concentration of 50 ppm. The mathematical modeling has done
for the experimental data. The experimental data clearly fitted the Langmuir isotherm
and Freundlich adsorption isotherm; the adsorption information was examined; and
the adsorption instrument was explored utilizing X-beam diffraction by SEM.

Keywords Modeling · Evacuation · Ceria · Cr(VI) · Adsorption isotherm

1 Introduction

Water contamination is turning into the most significant issue that imperils and
impacts on all living being and getting to be intense consistently. The impact of
water contamination has consequences for the delicate equalization of nature. Over-
whelming metals like mercury, chromium, nickel, lead, cadmium, copper are present
in the debased water, and they present at low fixation in well equalization water.
Anyway, these are available at high focus in terms of tainted water. Among these
overwhelming metals, chromium hexavalent is viewed as a need. Cr(VI) turn out
in the effluent of tanning, dye, fertilizer, electroplating, material assembling, jewels
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water, steel generation processing plants, and so on. The chromium hexavalent levels
released might run from ten to several mg/l which are the most significant anthro-
pogenicwellspring of chromium (VI) [1, 2]. Chromium is a heavymetal that is gener-
ally found in the environment. Natural chromium has three stable isotopes, namely
52Cr, 53Cr and 54Cr. It happens for themost part in the chromium (III) fromas chromite
mineral, which contains oxygen, chromium (III) and different metals. Chromium
occurs in environments as trivalent chromium structure. Hexavalent chromium is
exceptionally lethal to vegetation. The system of danger is pH subordinate. It is
just because of human exercises that significant measures of hexavalent chromium
become present. Trivalent chromium mixes are not exceptionally harmful and are a
fundamental supplement that encourages the body to utilize sugar, protein, fat and
so on, and deficiencies may cause heart issues, interruptions of digestion systems
and diabetes [3]. However, the take-up of an excessive amount of trivalent chromium
can cause well-being impacts also, for example skin rashes. Hexavalent chromium
mixes are partitioned up in water risk class 3 and are viewed as harmful. The unnec-
essary presentation to tidies or fogs of Cr(VI) mixes produces dermatitis, ulceration
and puncturing of the nasal septum, just as liver and kidney harm. With long haul
introduction to Cr(VI) mixes, human lung malignant growth increases.

Nanotechnology is getting created in a few dimensions: materials, gadgets and
frameworks. The nanomaterials level is the most progressive at present, both in
logical information and in commercial applications. Nanoparticles are not exactly
a couple of 100 nm. This decrease in size achieves huge changes in their physical
properties as for those saw inmassmaterials. They can bemetallic, mineral, polymer-
based or a blend of materials. A large portion of these progressions are identified
with the presence of quantum impacts as the size reductions and are the birthplace of
marvels, for example the super paramagnetism, Coulomb barricade, surface plasmon
reverberation and so on. The expansion in the surface region to volume proportion is
likewise a result of the decrease in size. It prompts the presence of surface impacts
identified with the high number of surface iota’s, just as to a high explicit territory,
which is significant from the down to earth perspective.

2 Materials and Methods

Ceria synthesize using cerium chloride and sulfuric acid by the precipitationsmethod
[4]. Chemical and compounds utilized in this examination was of expository review
and secured from E-Merck India Ltd and Aldrich are listed cerium chloride (CeCl2),
sulphuric acid (H2SO4), Potassium di-chromate (K2Cr2O7), Nitric acid (HNO3),
Ammonium hydroxide (NH4OH). 1:1 ratio was prepared for the synthesis of Ceria
with a solution of various cerium chloride and sulfuric acid. 2 M cerium chloride
solution is stirred with 300 rpm with 2 gm of ammonium bicarbonate in which
dropwise 3 M sulfuric acid is added with pH adjusted by the base. The precipitate
was kept for 24 h and washed with distilled water and dried at 50 °C for 3–4 h in the
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oven. The standard chromium (VI) solution of 10–100 ppm was treated with 0.02–
0.1 gmceria nanopowder.Adsorption experimentswere done for different parameters
contact time, the concentration of adsorbate and pH. The evolution of 220UV-Visible
spectrophotometers is used for the analysis of a sample at a wavelength of 540 nm.
Evacuation of Cr(VI) from wastewater and uptake capacity was found as follows

(%Removal) =
(
C0 − Ct

C0

)
× 100 (1)

Uptake capacity = (C0 − Ct )× V

M
(2)

where C0 = initial concentration of Cr(VI), Ct = concentration of Cr(VI) at time t,
V = volume of solution, M = mass of adsorbent.

2.1 SEM Micrographs of Ceria Nanopowder

The surface morphology of the material studied by SEM is shown in (Fig. 1). The
SEM is made for understanding the surface morphology from figure that the material
is having identifiable pores. It is done at 10.00 kV and at 50,000 magnification. This
mainly shows the pores structures where adsorption of ceria nanopowder can take
place.

Fig. 1 SEM image of adsorbent before adsorption
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Fig. 2 Graph of percentage removal of Cr(VI) versus contact time

3 Result and Discussion

3.1 Effect of Contact Times

Batch investigation of Cr(VI) at various time intervals is considered for beginning
chromium (VI) centralization of 10–100 mg/L at pH 7 and the adsorbent portion of
0.1 mg, keeping every single other parameter consistent. The outcome is spoken to in
(Fig. 2). It is comprehended from (Fig. 3) that more than 95.5% evacuation happens
in 120 min. The modification in the rate of expulsion may be because of the way that
at first all adsorbent locales are idle, and in addition, the solute, center of attention
inclination is soaring.Chromium (VI) uptake capacity rate by adsorbent is diminished
provocatively, because of the reduction in the quantity of empty adsorption locales
present in the nanomaterial which is decreases in the adsorption.

3.2 Effect of Adsorbent Weight

The impact of the adsorbent portion on the evacuation of chromium (VI) and uptake
capacity is examined under the constant parameter (pH 7), at encompassing tempera-
ture (28±2 °C) and contact timeof 120min forCr (VI) centralization of 10–100ppm.
The outcomes are shown in Figs. 4 and 5. The expulsion of Cr(VI) is high at the
0.1 mg adsorbent dose of 95.5% at 50 ppm but the uptake capacity is decreases as
adsorbent dose is increases. It is seen that after measurement of 0.07 mg/100 mL,
there is stable change in the level of the evacuation of Cr(VI). It might be because of
the covering of dynamic locales at higher measurements and the combination of the
reciprocity. Along these lines, 0.1 mg/100 mL for 50 ppm is viewed as ideal portion
and is utilized for more examination.
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Fig. 3 Graph of percentage removal of Cr(VI) versus adsorbent dose of ceria nanopowder

Fig. 4 Graph of uptake capacity versus adsorbent dose of ceria nanopowder

3.3 Adsorption Isotherms

3.3.1 Langmuir Adsorption Isotherm Model

Langmuir model points toward the character stability of adsorbate distribution on
the adsorbent shell. During this research, we tried to investigate the obtained results
using the Langmuir model. Langmuir model shows the good fit for the data found
from the calculation. Langmuir isotherm model gives best fit than that of other. The
following equation represents the Langmuir adsorption model.

Non-linear equation : qe = (qm × ka × Ce)(1+ ka × Ce) (3)
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Table 1 Calculation for langmuir isotherm for a 0.1 mg adsorbent dose of ceria nanopowder

C0 Ce v/m qe = v(C0 − Ce)/m 1/Ce 1/qe

5 0.246 1000 4754 4.06 0.00021

10 0.406 1000 9594 2.46 0.000104

15 0.553 1000 14447 1.80 6.92E-05

20 0.609 1000 19391 1.64 5.16E-05

25 0.769 1000 24231 1.30 4.13E-05

30 1.335 1000 28665 0.74 3.49E-05

40 1.454 1000 38546 0.68 2.5E-05

50 1.562 1000 48438 0.64 2.06E-05

Fig. 5 Langmuir isotherm for 0.1 mg adsorbent dose

Linear equation : Ceqe = qmCe + kaqe (4)

where

qe Equilibrium adsorbed at the time (mg/g),
Ce Equilibrium concentration (mg/L),
qm Maximum adsorption capacity in (mg/g),
Ka Langmuir isotherm constant in (L/mg).

This is the Langmuir adsorption model for a 0.1 mg adsorbent dose of ceria
nanopowder. At 5 to 50 ppmof chromium (VI) stock solution concentration at contact
time of 120 min (Table 1).

3.3.2 Freundlich Adsorption Isotherm Model

Many faceted adsorptions are shown in the Freundlich model for heterogeneous
adsorption surfaces. With this model, it is assumed that the adsorbate is incessantly



Experimental Modeling and Evacuation … 425

Table 2 Calculation for Freundlich isotherm for a 0.1 gm adsorbent dose of ceria nanopowder

C0 Ce v/m v(C0 − Ce)/m logCe log[v(C0 − Ce)/m]

5 0.246 1000 4754 −0.609 3.677

10 0.406 1000 9594 −0.391 3.982

15 0.553 1000 14447 −0.257 4.160

20 0.609 1000 19391 −0.215 4.288

25 0.769 1000 24231 −0.114 4.384

30 1.335 1000 28665 0.125 4.457

40 1.454 1000 38546 0.162 4.485

50 1.562 1000 48438 0.193 4.685

Fig. 6 Freundlich isotherm for 0.1 mg adsorbent dose

Table 3 Adsorption isotherm parameters for chromium adsorption on ceria nanopowder

Adsorbent Langmuir parameters Freundlich parameters

0.1 mg ceria
nanopowder

qm (mg/gm) Ka R2 Kf (mg/gm) 1/n R2

1.832 1.631 0.920 1.1158 0.896 0.917

maintained obligatory to the adsorbent and obligatory energy required for adsorp-
tion varies exponentially distributed. This model can be represented by the below
equations (Fig. 6, and Tables 2 and 3).

Non-linear equation; qe =
(
X

m

)
= K f × C( 1

n )
e (5)

Linear equation; ln qe = ln K f +
(
1

n

)
lnCe (6)

where

qe Equilibrium adsorbate at time (mg/g),
Ce Equilibrium concentration of adsorbate (mg/L),
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kf Capacity of the adsorbent (mg/g)
n Adsorption constant (L/mg).

4 Conclusion

Ceria is the impending adsorbent for the execution of Cr(VI) from aqueous systems
for the purification of the wastewater. This nanopowder is allowed the traditional
adsorption methods to eliminate the water contents. The ceria nanopowder is found
to be partially amorphous in nature asmarked in theXRDdata. The adsorptionmodel
Langmuir isotherm gives the adsorbate molecular distribution on the adsorbent shell,
and Freundlich isotherm model reflects the multilayer adsorption and applicable for
heterogeneous adsorption surfaces. The adsorption data fitted best in the Langmuir
isotherm than that of the Freundlich isotherm model. The execution efficiency of the
Cr(VI) is optimized by varying the parameters. It is seen that ceria is appropriate
material for evacuation of Cr(VI) from wastewater.
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Impact of Micronutrients on Bioenergy
Production with Addition of Animal
Dung—A Pilot-Scale Study

Harshal M. Warade, Ramesh A. Daryapurkar, and Prashant B. Nagarnaik

Abstract Day by day energy issues are concentrating focus of the world’s most of
the nations due to limited production in crude oil [1, 2]. Bioenergy in the form of
biogas is a suitable option for fulfilling this energy crises in rural areas because of the
easy availability of raw substrates [3]. The focus of the current experimental study
is to access in the generation of biogas and improve its production by adding some
micronutrients along with its combination. Floating drum digester which has fixed in
brick masonry chamber having a size of 2 m3 in volume was used for the study. 20 kg
cowdung alongwith 20 lit ofwaterwasmixed andfilled into the reactor ondaily basis,
furthermore, addition of ferric chloride (FeCl3), cobalt chloride (CoCl2) and nickel
chloride (NiCl2) with doses of 10 mg/lit, 1 mg/lit, 1 mg/lit, respectively, added up to
specific retention time. Daily gas generation in digester was measured with floating
drum displacement. The result revealed that average gas production is 0.637 m3/kg
VS without micronutrient, 0.79 m3/kg VS with adding ferric chloride, 0.781 m3/kg
VS with combination of cobalt chloride and nickel chloride and 0.874 m3/kg (VS
added) with a combination of ferric chloride, cobalt chloride, and nickel chloride.

Keywords Biogas production ·Micronutrients · Anaerobic digestion ·Methane ·
Anaerobic reactor
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1 Introduction

The global energy need is largely provided by fossil fuels (oil, natural gas, coal);
and this storage is not at all infinite [4]. Due to overpopulation, the demand for
energy also growing day by day ultimately heavy extraction of limited sources, thus
the sustainable energy focus is diverted to renewable energy sources which are cost
effective. Generation of biogas is achieved from the decomposition of highly organic
substances in the absence of oxygen commonly known as anaerobic digestion. In
anaerobic digestion process, active bacteria convert biologicalmaterial into the stable
matter without oxygen in a closed reactor [5, 6]. Normally biogas contains 55–65%
pure methane, 25–35% carbon dioxide, and some traces of other gases like carbon
monoxide, hydrogen sulfide, and oxygen [7]. The burning temperature of biogas is
about 750 °C and it burns with blue color flame like LPG gas [8]. Cattle dung is
the popular feeding material in most of the reactors constructed in the rural part of
India due to its abundance availability. Cow dung is obtained about 12 kg per day
from single cow whereas for buffalo produces about 22 kg per day [9]. The end
product of anaerobic reactor is biogas which can be used as an alternative energy
source also outlet manure which has greater nutrition value for cultivation of crop
[10, 11]. Nowadays various advanced technologies are developed to utilize biogas
for industrial purposes such as heating, electricity generation and as a vehicle fuel,
etc. [12, 13]. The factors affecting biogas production are changes in atmospheric and
reactor temperature, reactor design, organic loading rate and hydraulic retention time
and bacterial activity inside the reactor [14, 15]. There are several environmental and
socioeconomic benefits of bioenergy production which involves peoples and farmers
who are directly or indirectly related to the production and utilization of feedstock
for biogas generation [16, 17]. It also improves the economic capabilities, living
standards, and related employment for poor families in rural areas. As a concern
of urban areas biogas reactors can mitigate the various sanitation problems and
may provide sustainable solutions on energy utilization as well as greenhouse gases
[18, 19].

2 Experimental Setup

The model biogas plant on which the work was carried out is situated at Navegaon,
Tq.-Umrer. Dist.-Nagpur (MS) India. This is a Floating drum digester type plant. The
volume of digester is 2m3 and it is constructed in 2009. This biogas plant is allotted in
farmer’s scheme by Panchayat Samiti Umrer Dist-Nagpur. This Plant is running on 4
cattle manure approximately 15–20 kg/day and can fulfill the requirement of family
of four members for cooking purposes. The height of RCC tank is 2 m and the height
of floating drum is 1.2 m. During the project work LPG cylinder was arranged for
the family so that biogas should not be utilized and for getting maximum production
in 24 h. The outlet slurry of the digester is used as a fertilizer for the crop.
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Fig. 1 Biogas plant setup

Figure 1 shows the floating dome biogas plant having inlet tank, liquid slurry
digester, and Mild Steel floating dome. A pipe has attached to the gas collection
chamber with outlet valve for escaping gas to the burner. Outlet slurry has managed
in percolation pit where dewatering occurred through soil media.

3 Methodology

3.1 Material and Micronutrients Used

1. FreshCowdung-Fresh cowdungwas collected andmixedwithwater thoroughly
by manually and poured into the digester. Averagely 20 kg fresh cowdung was
fed daily into the reactor. The ratio of cowdung to water was fixed at 1:1 so about
20 L of freshwater was used for blending with cowdung. A homogenous slurry
was prepared by manual mixing and transfer daily into the reactor.

2. Ferric Chloride-Ferric or Iron chloride (FeCl3) is a chemical compound has
been used in various manufacturing process in the industrial sector. Color of
ferric chloride depends on the angle of view, generally, it appears in green color
in light reflection and purple or red [20]. It creates hydrolysis condition when
blended with water and provides heat due to exothermic reaction. Ferric chloride
combine a large portion of proteins when they are available in waste organic
sludge resulting in stable organics [21, 22]. It also bind organic substances present
in the reactor which breaks the attachment between proteins and iron substances
and getting maximum efficiency in Volatile Solid reduction.
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3. Cobalt Chloride-It is an inorganic substance (CoCl2) obtained from cobalt and
chlorine. The hexahydrate state of cobalt chloride generally used in the laboratory
having dark purple color. Another state is anhydrous form having sky blue color
[23]. Cobalt chloride is easily feasible in hydration and dehydration of substances
also it is able to changes its color from blue to purple by variation in relative
humidity in atmosphere [24].

4. Nickel Chloride-Nickel Chloride, i.e., NiCl2 is available in yellow color with
anhydrous and green color with hydrous nature, i.e., Cl2•6H2O [25]. Nickel
Chloride and its hydrate are generally used in synthesis of organic matter. They
also accelerate the rate of reaction in thedecomposition stageof organic substrates
[26].

3.2 Parameters to Be Checked

During the experimental work, some important parameters were analyzed by the
researcher, so that processes in the reactor can be monitor efficiently. The signifi-
cant parameters like pH, Moisture Content, Total Solids, Volatile Solids, Methane
Content, temperature, and hydraulic retention Time was determined on regular
intervals.

3.3 Doses of Micronutrients and Waste

As per reference of various literature the micronutrients doses are decided on the
basis of their quantity per lit. of water; therefore the amount of Ferric Chloride,
Cobalt Chloride, and Nickel Chloride were decided to blend with slurry at the rate of
10 mg/L, 1 mg/L and 1 mg/L, respectively. The mentioned doses on micronutrients
were added initially in 1 L of freshwater and mixed properly by manual stirring,
subsequent to that this water uniformly mixed with cow dung slurry furthermore
whole slurry was released into digester.

3.4 Measurement of Gas

As per addition of defined doses of micronutrients for a period of the experiment the
average daily atmospheric temperature, Moisture Content, and Volatile Solids were
calculated at an interval of 24 h up to 10 days. Biogas in the digester was measured
in terms of height of floating drum so that gas is measured in m3. After calculating
Volatile Solids, gas quantity was expressed in m3/kg VS.
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3.5 Sample Collection

During the sampling process, produce biogas was collected in Urine Bladder having
the capacity 1 L. To prevent air gaining access to the sample during sampling, about
10–15 times sweeping has been done by adding volumes of gas before taking the
actual sample.

4 Results and Discussion

4.1 Gas Production

The total gas production was measured by calculating volume of floating dome and
the average temperature on daily basis. The readings were taken in two seasons. A
constant rate of water quantity added for slurry making i.e. 20 L. For all prescribed
doses. The average temperature was recorded from daily publish newspapers.

The model reactor with a floating dome was used for the measurement of gas
volume per day. It was operated on a 24 h interval basis so that the ultimate gas
production should be obtained. Table 1 shows the daily gas production for all the
prescribed doses with its combinations; also percentage increase with respect to
without micronutrients.

As per graphical observation of Fig 2, it is noticed that the difference in gas
production in the winter season by adding micronutrients and their combinations.
In the winter three sets of reading were taken with micronutrients, in which the gas
production is significantly increased by 19.37, 18.43, and 27.10% with the addition
of FeCl3, furthermore combination of NiCl3 + CoCl3 and FeCl3 + NiCl3 + CoCl3,
respectively.

As per graphical presentation of Fig. 3, it is justified that the difference in gas
production was observed in the summer season by adding micronutrients and their
combinations. In the summer season two sets of reading were taken with micronutri-
ents, in which the gas production is considerably increased by 9.84% in combination
of FeCl3 + NiCl3 + CoCl3, also it is increased by 6.22% only feeding with cow
dung. In this study period, due to blockages occurred in anaerobic reactor researcher
unable to evaluate gas production in combination with NiCl3 and CoCl3.

The Fig. 4 clarifies the comparison of gas production in winter as well as in the
summer season. In both the season three similar sets were taken with alone cow dung
and micronutrients or its combinations. In this study period, it was observed that the
gas production is slightly increased by 3.65 and 6.83% in the blending of FeCl3 and
cowdung and combination of FeCl3 + NiCl3 + CoCl3, respectively.
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Table 1 Increase of gas production for various doses

Season Parameters Without MN
(control)

Addition of
FeCl3

Addition of
NiCl3 and
CoCl3

Addition of FeCl3
NiCl3 and CoCl3

Winter Gas production
(m3/day)

2.53 2.94 2.96 3.12

Equivalent gas
yield (m3/kg
VS) added at
25 °C

0.637 0.790 0.781 0.874

% increase with
respect to
control

19.37 18.43 27.11

Summer Gas production
(m3/day)

2.99 3.12 – 3.16

Equivalent gas
yield (m3/kg
VS) added at
25 °C

0.769 0.82 – 0.853

% increase with
respect to
control

– 6.22 – 9.84

CD     (FC+CD)  CD     (NC+CD+CC)  CD  (FC+CC+NC+CD)
WITHOUT MN (m3/kg VS) 736.0736.0736.0
WITH MN (m3/kg VS) 478.0187.097.0

19.37 % 18.43 %

27.10 %

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

M
3 /K

g 
V

S 
 

Fig. 2 Gas production in winter (with all doses combinations)

4.2 pH Variation

Accordingly, daily observations till continuous 75 days were taken for pH value of
slurry in the reactor with the help of digital and portable pH meter.

During the 75 days of the observation, initially for a couple of days pHwas 7–7.2.
The observations were carried out continuously and after 27 days, pH was found to
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CD CD (FC+CC+NC+CD)
WITHOUT MN (m3/Kg VS) 967.0967.0
WITH MN (m3/Kg VS) 358.028.0
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Fig. 3 Gas production in summer (with all doses combinations)

CD CD+FC CD+FC+CC+NC
Winter m3/kg VS 478.097.036.0
Summer m3/kg VS 839.028.0967.0
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Comparision of Gas Production in Winter and Summer

Fig. 4 Comparison of gas production in winter and summer

be 5.5. However, methane formation was taking place. In the later stage, pH started
increasing and reached its normalcy 7.0; it further increased up to 7.9 in its alkaline
condition. Thus, in this research it is observed that the pH value of the slurry in the
reactor ranges from normal to acidic in 30 days approx.; thereafter from acidic to
alkaline. In average, the pH value recorded was 7.1. From Fig. 5, it is clear that the
growth of the anaerobic microorganism is normal and compatible.

4.3 Organic Loading Rate

At the initial stage when cow dung was used and the reactor was just initiated its
processing, the gas production was low even if OLR was in 1.2–1.5 m3/kg VS.
Otherwise, gas production was justifiably in proportion with OLR.
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4.4 Methane (CH4) and Carbon Di Oxide (CO2)

In this studyMethane (CH4) and Carbon Di Oxide (CO2) content was found by Orsat
technique. On the basis of testing justified reading of CH4 and CO2 are considered.
The content of CH4 and CO2 in produced biogas for all the determined doses of
micronutrient was found to be 60.12% and 39.88%, respectively.

4.5 Cost to Benefit

In addition to that, the cost-benefit analysis has been done by considering theCalorific
value of LPG and biogas. Researcher has calculated and compared the cost of biogas
and LPG per m3, resultantly proves that addition of FeCl3 will give the highest value
that is 68 times benefits while the combination of NiCl3 + CoCl3 will give 53 times
benefits and combination of FeCl3 + NiCl3 + CoCl3 will give 43 times benefits.

5 Conclusion

• Gas production is increased by 19.37% by the addition of Ferric Chloride dosed at
the rate of 10 mg/L. It is increased 18.43% by a combination of Nickel and Cobalt
Chloride dosed at 1 mg/L. When there was a combination of Ferric, Nickel, and
Cobalt Chloride, the increase in biogaswas 27.11%. Equivalent biogas production
at 25 °C varied between 0.637 and 0.874 m3/kg VS added for all the above cases.

• It was observed from gas production data that the cow dung feeding with ferric
chloride showed better performance than the other feedings.

• During this project, another observation is made that gas production increased by
18.01% in Summer (38 °C) than that of winter (23 °C) season due to the effect of
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temperature on biological process. It Is increased by 3.65% by addition of FeCl3
with cow dung and 6.85% increased by the addition of FeCl3, NiCl3 and CoCl3
with cow dung.

• From the cost-benefit analysis it has been observed that benefit to cost ratio of
FeCl3, combination of (NiCl3 + CoCl3) and Combination of (FeCl3 + NiCl3
+ CoCl3) are 68 times, 53 times and 43 times, respectively. The conclusion is
therefore drawn that FeCl3 is the best feeding micronutrient with cow dung in
terms of cost-benefit ratio.
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Study of Maximum Temperature Using
Extreme Value Distributions

Shreenivas Londhe, Pradnya Dixit, and Shraddha Khandare

Abstract The study aims to analyse the maximum temperature in seven districts
of Maharashtra using extreme value distributions. The total 100 years data (annual
measured values) from 1901 to 2000 of maximum temperature is used for analysis
in present study. The data is divided in two sets with first set from 1901 to 1950
and second set from 1951 to 2000. Maximum temperature for return periods 50
and 100 years is calculated using Gumbel and Log Person distributions. All seven
districts have differentmeteorological aspects and have variety of temperature values.
There is rise in temperature in all seven districts. Annual maximum temperature
is highest rise in Gadchiroli, moderate in Nagpur, Chandrapur, beed and less rise
in Pune, Satara, Nashik districts. There is considerable difference between annual
maximum temperature values of each return period between both the sets for all the
two distributions. This may also be contributed to effect of climate change over last
100 years.

Keywords Maximum temperature · Extreme value distribution · Gumbel · Log
Pearson

1 Introduction

Extreme weather disturbance may cause substantial damage to our environment
and ecosystem. This includes plants, animals, and all other living creatures on the
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Table 1 Shows details of
studied districts and
temperature

Sr. No. Major region District Temperature
min-max

1. Marathwada Beed 32.75–34.07

2. Khandesh Nashik 31.02–32.22

3. Paschim
Maharashtra

Pune 29.85–31.25

Satara 30.11–31.57

4. Vidarbha Nagpur 33.01–34.47

Chandrapur 32.33–34.61

Gadchiroli 32.95–34.40

earth. Temperature is one of the very important parameters in weather forecasting.
Greenhouse gases are trapping more heat in the earth’s atmosphere, which is causing
average temperature to rise all over theworld.Gradually changing temperature affects
climate change condition. Day-by-day increasing temperature is resulting to rise in
sea water level, and this fully influences livelihood near it. Due to high temperature,
evaporation rate increases and this creates scarcity of water in some places that is
draught condition. When region experiences very high temperature for several days
and nights, heat waves become common in those places. Ocean absorbs heat from
temperature rise and ocean becomes warmer.Warmer oceans affect weather patterns,
cause more powerful tropical storms, can impact many kinds of sea life as coral and
fish. Hurricanes and other tropical storms get their energy from warm ocean water.
These grow strongerwith faster winds and heavier rain. This causes flooding, damage
buildings, roads, other structures, harm crops and puts people’s lives in danger. Study
of variation in maximum temperature can give better ideas to plan the life pattern. It
is necessary to be pre-analysed to reduce such hazardous effects.

2 Study Area and Materials

Analysis of annual maximum temperature data is performed in seven districts of
Maharashtra state. Out of 36 districts, study is done in seven with variation in annual
maximum temperature data. Study data of annualmaximum temperature of 100 years
is collected from Indian Water Portal. Table 1 shows details of study districts from
major regions along with temperature variations. Figure 1 shows map of study areas,
highlighted with yellow colour (http://www.indianwaterportal.org).

3 Methodology

As any hydrological parameter has developed its own trend across time span of
many years, to know a particular for one parameter, minimum 30 years of data is

http://www.indianwaterportal.org
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Fig. 1 Map of study area

to be observed [2]. Therefore, the available 100 years annual maximum temper-
ature in degree Celsius data of each district is divided into two sets of 50 years
each consequently, i.e. 1901–1950 and 1951–2000. In the present study, extreme
value distributions are used to analyse the trend and pattern of annual maximum
temperature in Maharashtra. Maximum temperature for return periods of 50 and
100 is calculated using extreme value distributions for each data set. Details about
the extreme value distributions used are given below [2]. The fitness of a particular
distribution to a particular data is judged using chi-squared test details of which are
given in subsequent sections [1].

3.1 Extreme Value Distributions

Extreme value distributions arise as limiting distributions for maximums or mini-
mums (extreme values) of a sample of independent, identically distributed random
variables as the sample size increases. In hydrology, these distributions can be used to
predict the extreme events such asmaximum temperature, floods and droughts. In this
analysis, Gumbel and Log Pearson distributions are used for analysis of maximum
temperature.
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3.2 Gumbel Distribution (1941) [2]

The following steps are used to analyse the annual maximum temperature probability
distribution.

1. Means of annual maximum temperature.

Standard deviation (Sn)

2. Reduced variate is calculated using the formula.

Y t = −ln(ln(T/(T − 1))) (1)

where

Yt Gumbel reduced variate, a function of “T”
T return period in years.

3. Frequency factor K for Gumbel distribution is calculated using the formula

K = (
Y t − Yn

)
/Sn (2)

Both Yn (reduced mean) and Sn (reduced standard deviation) of the Gumbel
variate and are functions of sample size N and their values are available in tabular
form for several of N [2].

4. Magnitude of maximum temperature for the given return period is calculated by

Xt = X + (K ∗ Sn) (3)

Xt magnitude of maximum temperature for given return period “T”
K Frequency factor
X Mean of annual
Sn standard deviation.

3.3 Log Pearson Distribution [2]

In this method, the sample (i.e. Z in this case) is first transformed into logarithmic
form before analysing. For Log Pearson, Kz is a function of which is calculated
by both the return period and the coefficient of skew (Cs). The values of Kz are
given in the book [2] Following steps were followed for implementing Log Pearson
distribution.
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1. Log X = Z of all temperature data
2. Mean (Z ) of the log values

Standard deviation (Sn) of the log values coefficient of skew of the log values (Cs)

3. The value of frequency factor (Kz) was taken from the statistical table in
Engineering Hydrology by K [2] corresponding to Cs to “T” (return period).

iv. Magnitude of temperature Xt for a given return period “T” is calculated by
formula

Zt = Z + (
Kz ∗ Sn

)
(4)

where

Xt Antilog (Zt).

3.4 Test for Good Fit Chi-Square Test

The test intends to evaluate the difference between the sample data and the probability
distribution. The formula for chi-square test is given by

χ2 =
N∑

i=1

(Oi − Ei)2

Ei
(5)

where

χ2 calculated chi-square
Ei frequency that is hoped regarding to the class division
Oi frequency on the same class
N number of class intervals.

The formula of Ei is as follow

Ei = n

N
(6)

where

n number of data
N number of class intervals.

The criterion for goodness is value of χ2 calculated should be less than value
of χ2 from the table [1]. The χ2 value is read out from the table by knowing two
parameters
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1. Degree of freedom = k − h − 1

where

k number of class intervals
h number of estimated parameters.

2. Level of Significance.

4 Results and Discussions

Chi-square test

The test is carried at 5% significance level

1. Gumbel

Degree of freedom = k − h − 1 = 10 − 2 − 1 = 7

k number of class intervals = 10
h number of derived parameters = 2 (Sn, X).

Value of χ2 from the table = 14.067

2. Log Pearson

Degree of freedom = k − h − 1 = 10 − 3 − 1 = 6

k number of class intervals = 10
h number of derived.

parameters = 3 (Z, Sn, Cs) value of χ2 from the table = 12.59
Table 2 shows consolidated results of all the locations while Table 3 gives results

of χ2 test which indicate whether the distribution is suitable for a particular data set
or not (Table 4).

From 100 years maximum temperature data, rise in temperature for next 50 years
and 100 years return period, usingGamble’smethod is ranging (0.1–0.4 °C) for Pune,
Satara, Nashik (0.4–0.6 °C) for Nagpur, Chandrapur, Beed and greater than 0.6 °C
for Gadchiroli. Using Log Pearson method, for next 50 and 100 years return period,
rise in temperature ranging from (0.1 to 0.4 °C) for Pune, Satara, Nashik (0.4–0.6 °C)
for Nagpur, Chandrapur, Beed and greater than 0.6 °C for Gadchiroli. Chi-square
test is good fit for the Gumbel’s method except at Gadchiroli, Chandrapur for period
(1951–2000). Chi-square test is not good fit for the Log Pearson method.
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Table 2 Shows consolidated results of temperature for 50 years and 100 years of return period
using Gumbel and Log Pearson distributions method at all the seven districts

District Gumbel’s Log Pearson

Beed 50 100 50 100

1901–1950 33.9 34.08 33.66 33.76

1951–2000 34.36 34.55 34.08 34.16

Difference 0.46 0.47 0.42 0.40

Gumbel’s Log Pearson

Nagpur 50 100 50 100

1901–1950 34.47 34.66 34.24 34.34

1951–2000 34.92 35.13 34.58 34.67

Difference 0.45 0.47 0.35 0.33

Gumbel’s Log Pearson

Gadchiroli 50 100 50 100

1901–1950 34.28 34.45 33.99 34.09

1951–2000 34.93 35.15 34.51 34.57

Difference 0.66 0.7 0.52 0.49

Gumbel’s Log Pearson

Pune 50 100 50 100

1901–1950 31.37 31.55 31.13 31.23

1951–2000 31.58 31.74 31.36 31.44

Difference 0.21 0.18 0.23 0.21

Gumbel’s Log Pearson

Satara 50 100 50 100

1901–1950 31.49 31.66 31.22 31.31

1951–2000 31.77 31.93 31.55 31.63

Difference 0.287 0.28 0.33 0.32

Gumbel’s Log Pearson

Nashik 50 100 50 100

1901–1950 32.46 32.64 32.22 32.32

1951–2000 32.77 32.94 32.54 32.63

Difference 0.312 0.30 0.32 0.31

Gumbel’s Log Pearson

Chandrapur 50 100 50 100

1901–1950 34.21 34.39 33.95 34.04

1951–2000 34.77 34.98 34.39 34.47

Difference 0.559 0.58 0.45 0.43
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Table 3 χ2 calculated

District Gumbel’s Log Pearson

1901–1950 1951–2000 1901–1950 1951–2000

Beed 8.8 10 64.4 95.6

Nagpur 8.8 10 74.8 70.8

Gadchiroli 6.4 27.4 64.4 59.2

Pune 11.6 10 56.8 59.2

Satara 10 4.8 87.2 72.4

Nashik 7.2 9 68.8 70.8

Chandrapur 8.2 24.3 64.4 52.2

Table 4 Chi-squared test results

Gumbel Distribution suitable Log Pearson Distribution not suitable

χ2 calculated <14.067 χ2 calculated >12.59

5 Conclusion

Observed annual maximum temperature values are inline with measured values in
last 100 years. It is evident from calculated values using extreme value distribution
(Gumbel’s and log Pearson) trend of annual maximum temperature value that lie
within observed pattern of earlier measured value for a 100 years. There is rise
in maximum temperature for Gadchiroli district, moderate rise in temperature in
Nagpur, Beed, Chandrapur and less rise in Pune, Satara and Nashik district. From
above extreme value distribution method like Gumbel’s and log Pearson, there is rise
in temperature for 50–100 years return period within range between 0.2 and 0.6 °C.
Due to rising temperature, increase in risk associated with extreme weather events is
moderate within 0.2–0.6 °C, as temperature increases risk also increases. Ecological
risk of widespread extinction is small at 0.6 °C rise but it will increase with increase
in temperature. It is clear from chi-square test that Gumbel’s method is good fit to do
annual extreme value analysis of maximum temperature for seven districts. Rising
temperature causes draught condition which leads to low crop productivity. Present
study will definitely give input (provide path way) to know the upcoming effects
of increasing temperature in these seven districts. It can give earth weather system
parameter in climate change study. Furthermore, the applicability of the study will
help to societal welfare to become aware for the climate change effect.
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Adsorptive Removal of Fluoride
from Water Using Non-conventional
Adsorbents

Disha Khandare, Ajay Tembhurkar, and Somnath Mukherjee

Abstract The rapid industrialization and ever-growing population have led to degra-
dation of water quality and reduction in availability safe drinking water. Presence
of priority and secondary pollutants in underground water is posing serious health
concerns. Fluoride in drinking water is referred as a two-edge sword for its bene-
ficial (up to 1 mg/L) and detrimental effects (>1.5 mg/L). In the present study, an
attempt is made to assess the fluoride removal efficiencies of some waste material
as well as the naturally occurring substances. In the present study, fly ash, modified
neem bark powder and fish scale biochar were investigated for their feasible use as
adsorbent for fluoride removal from water environment. Batch sorption experiments
were employed to examine the effect of influencing parameters like adsorbent dose,
contact time, pH, initial fluoride concentration and agitation speed, etc. The batch
sorption data showed non-conventional adsorbents can be used effectively in fluoride
removal and simultaneously also renders to reduce refuse disposal problem of human
settlement.

Keywords Adsorption · Non-conventional adsorbent · Fluoride removal · Batch
studies

1 Introduction

The presence of fluoride contamination of drinking water source is a serious concern
worldwide. Many countries like Sri Lanka, parts of South Africa, China, Turkey
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and India are among the 23 nations around the globe where the occurrence of high
levels of fluoride concentrations in groundwater is responsible for skeletal and dental
fluorosis [1, 2]. More than 260 million people around the world are being suffered
owing to excess fluoride concentration in groundwater (>1.5mg/L) [3]. As per Indian
standards, an allowable fluoride concentration is 1.5 mg F−/L for drinking water [4].

Various conventional processes are available for fluoride removal from water,
i.e., ion exchange [5], electro-coagulation flotation [6], membrane filtration and
reverse osmosis [7, 8], precipitation [9], nano-filtration [2] and adsorption [10].
However, many of these processes have limited application at small-scale treatment
units because of their expensive operation and maintenance, requirement of skilled
personnel, generation of toxic waste during regeneration and its disposal [8, 10]. Out
of all the above treatments as mentioned, adsorption is considered as economically
viable and most popular technological solution for defluoridation [11].

Recently, many researchers have explored different low-cost adsorbent materials
such as bone-char powder [12, 13], fly ash [14], rice husk [14, 15], brick powder
[16, 17], leaf powder [18], agricultural waste [19], egg shell waste [20], etc., for
fluoride attenuation fromwater environment. Thepresent study aims to investigate the
adsorptive capacity of non-conventional materials like fly ash (FA), modified neem
bark powder (MNBP) and fish scale biochar (FSB). Fly ash and fish scales are by-
products of thermal and fishery industry, respectively, whereas neem bark is a natural
product, and all the above materials are locally available to use as adsorbent. Fish
scales constitute major part of fishery waste and usually be disposed as a waste with
no commercial value. The feasibility of usingfish scale derived biochar is investigated
as a low-cost adsorbent for defluoridation since fish bone derived charcoal earlier
was used as defluoriding adsorbent. In the present paper, an effort is made to assess
the usefulness of these non-conventional, low-cost adsorbents to make a low cost an
alternative of activated alumina for defluoridation of water.

2 Materials and Methods

2.1 Adsorbent Collection and Preparation

The thermal power plant rejects “fly ash” was used as one of the materials and
was collected from Koradi Thermal Power Station (KTPS) located near Nagpur,
Maharashtra. The fly ash was washed several times with tap water followed by
double distilled water to clean the impurities and subsequently dried at 105 °C for
24 h in a hot air oven. The dried fly ash was then sieved through 100–150 µm mesh
size and used for experimental purpose.

The bark of neem (Azadirachta indica) was collected from local woody area and
pretreated to remove its organic content and color. The sun dried neem bark was
crushed and grinded manually to produce powder form which was subsequently
treated with acid and alkali. The chemical treatment incurred heating the neem bark
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powder with 1 N aqueous of solution HNO3 and aqueous of solution 1 N NaOH for
20 min, respectively, followed by several times wash with distilled water after each
treatment till the organic content and color of neem bark powder were physically
removed. The chemically treated neem bark powder was sun dried for 2 days and
also be oven dried and used as adsorbent material.

Fish scale waste of Labeo rohita (Rohu) was collected from local fish market of
Nagpur. The scales were washed thoroughly with double distilled water to remove
dirt, dust and soluble impurities. The cleaned fish scales were then sun dried for 2
days and carbonized at 600 °C in muffle furnace for 3 h for making necessary fish
scale biochar as adsorbent.

2.2 Preparation of Adsorbate Solution

Stock solution of fluoride (strength) 1000 mg/L was prepared by adding 2.21 g of
analytical grade (AR) sodium fluoride (NaF, Merck, India) in 1 l of double distilled
water. Different solutions of varying initial concentrations were prepared by diluting
above stock solution with double distilled water and stored in polythene containers
for batch experimental studies.

2.3 Equipment

Measurement of fluoride ions and pH is done with Thermo Scientific Orion Fluoride
Ion Selective ElectrodeMeter. Standardmethods (4500-F-C) were used for measure-
ment of fluoride. For agitating, adsorbent with 50 ml of synthetic fluoride solution
in 100 ml polythene bottles in a horizontal shaker at 150 rpm speed was used.

2.4 Experiment and Sorption Studies

The influence of process controlling parameters, i.e., pH, adsorbent dose, contact
time, initial concentration and agitation speed on efficiency of fluoride removal has
been studied through different sets of batch adsorption with varied initial data sets.
The adsorption study was done by conducting batch experiments in triplicate. All
the experiments were carried out at ambient temperature. The removal of fluoride
ion was calculated using the equation (1).

%Removal = Co− Ce

Ce
(1)
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Fig. 3.1 Effect of adsorbent dose

where Co and Ce are the initial and equilibrium fluoride ion concentrations (mg/L),
respectively.

3 Results and Discussion

3.1 The Effect of Adsorbent Dose

Figure 3.1 shows the effect of adsorbent dose on removal efficiencies of FA, MNBP
and FSB. The effect of the amount of adsorbent was observed with various adsorbent
doses between 2 and 14 g/L. The initial F-ion concentration was maintained as
5 mg/L, and solution was agitated at constant speed of 150 rpm. The highest fluoride
removal (%) was observed as 72.5%, 64.8% and 91.2% for FA, MNBP and FSB,
respectively. From the result, it is evident that efficiency of removal is dependent on
adsorbent dose.

The percentage of removal of F− was improved with an increase in the adsorbent
amount. The ascending trend of removal efficiency at higher in adsorbent dose is
due to the increase in surface area which yields more active site for adsorption
of F− [21]. However, no significant increase in fluoride removal was observed on
further increasing the adsorbent dose. This might be due to attainment of equilibrium
conditions of adsorption [22, 23]. Therefore, the optimum dose of 8 g/L, 12 g/L and
10 g/L for FA, MNBP and FSB, respectively, was used for further experimental
studies.

3.2 The Effect of Contact Time

The effect of contact time was observed with initial F− ions concentration= 5 mg/L
and agitation speed of 150 rpm. The optimum dose obtained as 8, 12 and 10 g/L
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Fig. 3.2 Effect of contact time

for FA, MNBP and FSB, respectively. From Fig. 3.2, it is evident that contact time
varies for different adsorbents depending upon properties of the adsorbent. It was
noticed that the removal of F− increases with increase in contact time, though, it
gradually attained constant removal efficiency even in excess in contact time which
was considered as equilibrium time [24]. The equilibration time for FA, MNBP and
FSB was observed 60 min, 150 min and 180 min, respectively.

3.3 The Effect of Initial Concentration

The influenceof initial fluoride concentrationon its removalwas examinedbyvarying
initial F− ion concentration between 2 and 15mg/L andwith respective optimumdose
and equilibrium time.As indicated inFig. 3.3, it is apparent that the amount of fluoride
ions adsorbed per unit mass of adsorbents decreases with rise in the concentration of
fluoride. This is due to the reason that, at low initial fluoride concentration, the ratio of
the fluoride ions to the number of available adsorption sitewas high, andwith increase

Fig. 3.3 Effect of initial F− ion concentration
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Fig. 3.4 Effect of pH

in fluoride concentration, the specific available sites were decreased [25, 26]. Such
in decrease in amount of fluoride adsorbed per unit mass of adsorbent with increase
in initial Fluoride concentration denoted the lesser capacity of adsorption at higher
fluoride concentration. The maximum fluoride removal of 79 and 68% has been
obtained at 9 mg/L for FA and MNBP, whereas for FSB, the % removal decreased
after 5 mg/L concentration. Reduction in removal of F− ions was due to availability
of limited number of adsorption sites with a finite capacity on the adsorbent surface.
Similar trend of observation has been reported by Zazouli et al. [27].

3.4 The Effect of PH

The effect of pH on removal of fluoride ions was also studied in the pH range of
2.0–12.0, and results are shown in Fig. 3.4. The result shows that the highest F−
ion removal of 53.21% was observed at pH 2.0 neem bark powder. Whereas for
fly ash and fish scale biochar could remove fluoride up to 65.09% and 86% at pH
6, respectively. As the pH of solution increased, the % removal decreased rapidly.
This is due to, at low pH level, positively charged H+ ions on the surface enhance
the binding of the negatively charged fluoride ions [25]. At higher pH, the relative
adsorption decreases due to increased concentration of hydroxyl ions, and this retards
adsorption of anionic fluoride ions [23].

3.5 The Effect of Agitation Speed

The effect of agitation speed on fluoride ion removal was examined over the range of
50–180 rpm.Figure 3.5 indicates the effect of agitation speedon adsorbent capacity of
fluoride removal. The maximum removal of F− was about 78.4%, 61.5% and 90% at
180 rpmwas achieved for FA,MNBP and FSB, respectively. The results indicate that,
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Fig. 3.5 Effect of agitation speed

the fluoride removal was increased with increase in agitation speed. The higher speed
facilitates better contact between the adsorbent and adsorbate resulting in higher
removal capacity [20]. At higher agitation speed, better mass transfer of F− onto
the surface of adsorbent was achieved. However, further increase in agitation speed
resulted in reduction of fluoride removal efficiency due to increased possibilities of
F− ions to escape from surface of the adsorbent [22, 23].

3.6 Advantage of Non-conventional Adsorbents Over
Conventional Adsorbents

• Non-conventional adsorbents used are available either as waste or naturally
available material. Hence, they are relatively cheaper compared to conventional
treatments for fluoride removal.

• The present study reveals that, the efficiencies of removal of fluoride ions of
various non-conventional fly ash, modified neem bark powder and fish scale
biochar as adsorbent mostly vary between 50 and 90%, so they can be effectively
used as potential adsorbent for fluoride removal.

• The preparation of adsorbent is easy and requires very less maintenance and
supervision.

• The reuse of fly ash andfish scale biochar as a fillermaterial in various construction
activities is possible.

• Though regeneration of the exhausted adsorbents is not needed as they are avail-
able abundantly and locally at very low cost, the regeneration of these adsorbent
is possible with simple chemical treatment.
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4 Conclusion

From the present study, it is concluded that fly ash, modified neem bark powder
and fish scale biochar have potential to remove fluoride from water environment.
The efficiency of these adsorbents in the removal of fluoride was assessed with
varying dose of adsorbate, contact time, initial F− ion concentration, pH and speed
of agitation. From the batch sorption studies, it is evident that fluoride removal is
greatly dependent on the adsorbent dose and contact time at a given initial solute
concentration. Thefish scale biochar shows better adsorptive potential as compared to
fly ash and modified neem bark powder. The use of industrial by-product like fly ash
and fish scale waste as adsorbent will help to reduce their possible environmental
hazards. However, a detailed research may be required to improve the adsorption
capacities and its safe disposal after use of as adsorbents.
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Role of Meteorology in Seasonal
Variation of Air Pollution

Avneesh Tiwari and A. K. Shukla

Abstract The meteorological parameters such as atmospheric temperature, wind
speed and direction, and relative humidity are the governing factors for the concen-
tration of air pollutants in the ambient atmosphere. The purpose of this study is
to evaluate the impact of these meteorological parameters on ambient particulate
matter (PM2.5), nitrogen dioxide (NO2), nitrogen oxide (NO), ozone (O3), carbon
monoxide (CO), sulfur dioxide (SO2), and ammonia (NH3) concentration during
northeast monsoon, winter, summer, and southwest monsoon for Lucknow. Multiple
linear regression analysis and Pearson’s correlation matrix is prepared using data
from October 2014 to October 2017. The monitored values by pollution control
board and predicted values using regression equations are compared from October
2017 to October 2018. The result shows that in northeast monsoon, PM2.5 is highly
correlated with temperature, and O3 and NH3 are moderately correlated with relative
humidity andwind speed, respectively. In summer, NO2, O3, andNH3 aremoderately
correlated with relative humidity, and NH3 is also moderately correlated with wind
speed. In southwest monsoon, PM2.5 is highly correlated with relative humidity and
atmospheric temperature, and NO and O3 are moderately correlated with wind speed
and relative humidity, respectively. In winter, O3 is highly correlated with relative
humidity and PM2.5 with wind speed and relative humidity, O3 with atmospheric
temperature and wind speed in moderately correlated, while rest of above pollutants
in different seasons are low correlated with meteorological parameter.
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1 Introduction

With the growth of population, urbanization, and industrial activities, air quality
has been degrading and has become one of the most concerning issues. According
to World Health Statistics, 2018, 91% of the world’s population resides in regions
exceeding WHO standards [1]. Air pollutants from various sources are released into
the atmosphere, and the pollutants’ concentration in the ambient air is not only
governed by the quantity of emission but also depends upon atmospheres’ ability in
pollutants’ dispersionor absorption [2].Atmosphere acts as themediumfor pollutants
to move away from source, and atmosphere is governed by meteorological factors
such as wind speed and direction, temperature, and relative humidity [3]. Hence,
knowledge of meteorological parameters is important in understanding pollutants’
concentration in ambient air. The concentration of pollutants in the urban environ-
ment is a function of mixing depth, wind speed, and size of the city. The average
wind speed varies from time to time, i.e., month to month, morning to afternoon, and
place to place [4]. Wind direction governs the movement of air pollutants in a partic-
ular direction across an area. The rate of dispersion increases with the increase in
wind speed which dilutes pollutants in the atmosphere and reduces the ground-level
concentration [5].

This paper investigates the influence ofmeteorological parameters on the variation
in concentration of particulatematter, nitrogen dioxide, nitrogen oxide, ozone, carbon
monoxide, sulfur dioxide, and ammonia in Lucknow among different seasons and
generation of equation for predicting the concentration of pollutants using multiple
regression model with the help of meteorological data.

2 Methodology

2.1 Study Area

Lucknow, the capital of Uttar Pradesh, situated in the heart of the state is selected
for the study having latitude 26.8467° N and longitude 80.9462° E. According to the
census 2011, Lucknow is at second position with urban population (66.21%) after
Ghaziabad (67.55%) and at first position in terms of urban district with an area of
470.71 km2 in Uttar Pradesh [6]. According to Indian Meteorological Department,
the climate of Lucknow is tropical monsoonal typewith four different seasons; north-
eastmonsoon (October–November),winter (December–February), summer (March–
May), and southwestmonsoon (June–September). The temperature of themonitoring
stations goes up to 40 °C in the summer. During winter, it goes below 10 °C [7].



Role of Meteorology in Seasonal Variation of Air Pollution 459

Table 1 Location of air quality monitoring stations

S. No. Monitoring station Location

Latitude Longitude

1 Central School, Lucknow—CPCB 26.882° 80.930°

2 Nishant Ganj, Lucknow—UPPCB 26.871° 80.957°

3 Lalbagh, Lucknow—CPCB 26.845° 80.936°

4 Talkatora District Industries Center, Lucknow—CPCB 26.834° 80.892°

2.2 Data Collection

The Uttar Pradesh Pollution Control Board (UPPCB) and Central Pollution Control
Board (CPCB) are continuously monitoring ambient air quality at four continuous
working stations in Lucknow. These continuous monitoring stations are at Gomti-
nagar, Nishant Ganj, Lalbagh, and Talkatora. Nishant Ganj monitoring station is
operated by UPPCB, while other stations by CBCP have been considered for the
study. Table 1 shows the location of the continuous monitoring stations. Hourly
average pollutants’ concentration data of NO, NO2, SO2, O3, CO, PM2.5, NH3 from
2014 to 2018 were retrieved from CPCB (https://app.cpcbccr.com/ccr/#/caaqm-das
hboard-all/caaqm-landing). The average of hourly values for each pollutant obtained
from different monitoring stations was used in the study. The meteorological data
were retrieved from National Oceanic and Atmospheric Administration (NOAA).
Same data can be retrieved using this Web address.

https://www7.ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD&countr
yabbv=IN&georegionabbv=&resolution=40.

2.3 Data Analysis

In this study, pollutant data and meteorological data were collected for four years
fromOctober 2014 to September 2018. First, three-year datawere used in the analysis
followed by verifying the result with the help of last one-year data. The collected
data were divided according to different seasons for doing analysis seasonally. The
statistical analysis was carried out using R version 3.5.0; it includes multiple linear
regression (MLR) model for predicting pollutant concentration with the help of
metrological data and Pearson’s correlation coefficient for investigating the relation
between pollutants and meteorology in different seasons.

https://app.cpcbccr.com/ccr/#/caaqm-dashboard-all/caaqm-landing
https://www7.ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD&amp;countryabbv=IN&amp;georegionabbv=&amp;resolution=40
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3 Result and Discussion

Meteorological parameters are highly variable due to different seasons and change
in meteorological condition which leads to change in pollution level, and hence,
to analyze the impact of meteorology and pollutants, Pearson’s correlation analysis
was done between pollutants and meteorological factors. Pollutants in the different
season show significant positive/negative correlation with meteorology, R2 values
in between 0.5 and 1, 0.3 and 0.5, and below 0.3 shows high, moderate, and low
correlations, respectively.

In northeast monsoon shown in Table 2, PM2.5 is negatively correlated with
temperature (R2 = −0.75), NO2 is positively correlated with NO (R2 = 0.69), CO
(R2 = 0.57), and O3 (R2 = 0.35), NO is positively correlated with CO (R2 = 0.66),
and NH3 (R2 = 0.32), O3 is positively correlated with CO (R2 = 0.49), NH3 (R2 =
0.40) and negatively correlatedwith relative humidity (R2 = −0.32); CO is positively
correlated with NH3 (R2 = 0.36) and NH3 is negatively correlated with wind speed
(R2 = −0.35).

In winter season shown in Table 3, PM2.5 is negatively correlated with NO2 (R2

= −0.32) and wind speed (R2 = −0.41), and positively correlated with relative
humidity (R2 = 0.37), NO2 is positively correlated with NO (R2 = 0.65), CO (R2

= 0.39), O3 (R2 = 0.37), SO2 (R2 = 0.34), and NH3 (R2 = 0.49), NO is positively
correlated with CO (R2 = 0.53), and NH3 (R2 = 0.31), O3 is positively correlated
with CO (R2 = 0.37), NH3 (R2 = 0.57), temperature (R2 = 0.33), wind speed (R2 =
0.35) and negatively correlated with relative humidity (R2 = −0.61).

In summer shown inTable 4,NO2 is positively correlatedwithNO (R2 =0.50), CO
(R2 = 0.39) and negatively correlated with CO (R2 = −0.42) and relative humidity
(R2 = −0.48), NO is positively correlated with NH3 (R2 = 0.39), O3 is positively
correlated with NH3 (R2 = 0.43) and negatively correlated with relative humidity (R2

Table 2 Pearson’s correlation analysis for northeast monsoon between pollutants and meteorology

PM2.5 NO2 NO O3 CO SO2 NH3 Tempa WSb WDc RHd

PM2.5 1 −0.25 −0.12 −0.13 −0.03 −0.30 −0.01 −0.75 −0.09 0.16 −0.20

NO2 1 0.69 0.35 0.57 0.22 0.29 −0.22 −0.24 0.09 −0.08

NO 1 0.28 0.66 0.18 0.32 −0.14 −0.26 0.01 −0.07

O3 1 0.49 −0.01 0.40 0.03 0.05 −0.02 −0.32

CO 1 0.10 0.36 0.06 −0.11 −0.02 −0.16

SO2 1 0.16 0.02 −0.14 0.06 0.04

NH3 1 −0.17 −0.35 0.17 −0.06

Temp 1 0.07 −0.31 0.15

WS 1 −0.09 −0.05

WD 1 −0.45

RH 1

aAtmospheric temperature, bwind speed, cwind direction, drelative humidity
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Table 3 Pearson’s correlation analysis for winter season between pollutants and meteorology

PM2.5 NO2 NO O3 CO SO2 NH3 Temp WS WD RH

PM2.5 1 −0.32 0.06 −0.07 0.02 −0.02 −0.29 −0.24 −0.41 −0.11 0.37

NO2 1 0.65 0.37 0.39 0.34 0.49 0.13 0.05 0.12 −0.06

NO 1 0.19 0.53 0.31 0.06 −0.03 −0.12 0.01 0.07

O3 1 0.37 0.08 0.57 0.33 0.35 0.05 −0.61

CO 1 0.03 0.21 0.04 0.02 0.04 −0.11

SO2 1 0.09 −0.001 −0.06 0.09 0.04

NH3 1 0.23 −0.08 0.15 0.02

Temp 1 0.15 −0.22 −0.46

WS 1 0.05 −0.37

WD 1 0.02

RH 1

Table 4 Pearson’s correlation analysis for summer season between pollutants and meteorology

PM2.5 NO2 NO O3 CO SO2 NH3 Temp WS WD RH

PM2.5 1 0.14 0.09 0.13 −0.28 −0.09 0.26 0.24 −0.24 0.12 −0.15

NO2 1 0.50 0.39 −0.42 −0.20 0.07 0.06 0.06 0.26 −0.48

NO 1 0.13 −0.15 −0.08 0.39 −0.18 −0.19 0.11 −0.08

O3 1 −0.24 −0.15 0.43 0.04 −0.04 0.12 −0.35

CO 1 0.52 −0.41 0.11 −0.21 −0.01 0.05

SO2 1 −0.28 0.06 −0.14 0.01 −0.05

NH3 1 −0.70 −0.37 0.19 0.33

Temp 1 0.07 −0.13 −0.54

WS 1 0.04 −0.19

WD 1 −0.44

RH 1

= −0.35), CO is positively correlatedwith SO2 (R2 = 0.52) and negatively correlated
with NH3 (R2 = −0.41), and NH3 is positively correlated with relative humidity (R2

= 0.33) and negatively correlated with temperature (R2 = −0.70) and wind speed
(R2 = −0.37).

In southwest monsoon shown in Table 5, PM2.5 is positively correlated with
temperature (R2 = 0.59) and negatively correlated with relative humidity tempera-
ture (R2 = −0.63), NO2 is positively correlated with NO (R2 = 0.44) and negatively
correlated with CO (R2 = −0.4), NO is negatively correlated with wind speed (R2

= −0.35), O3 is positively correlated with temperature (R2 = 0.31) and negatively
correlated with relative humidity (R2 = −0.38).

The mathematical relation between pollutants and meteorological parameters
was derived using multiple linear regression (MLR) model for predicting pollutant
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Table 5 Pearson’s correlation analysis for southwestmonsoon between pollutants andmeteorology

PM2.5 NO2 NO O3 CO SO2 NH3 Temp WS WD RH

PM2.5 1 0.01 0.01 0.22 0.01 −0.19 −0.10 0.59 0.10 0.09 −0.63

NO2 1 0.44 −0.26 −0.4 −0.05 0.12 −0.05 −0.25 −0.03 0.21

NO 1 −0.24 −0.21 0.23 0.03 −0.19 −0.35 0.04 0.29

O3 1 0.19 0.06 −0.06 0.31 0.19 0.13 −0.38

CO 1 0.13 −0.16 0.11 0.23 0.03 −0.13

SO2 1 −0.04 0.001 0.22 −0.16 0.02

NH3 1 −0.08 −0.11 0.02 0.11

Temp 1 0.26 0.13 −0.88

WS 1 −0.09 −0.31

WD 1 −0.24

RH 1

concentration with the help of metrological data in different seasons. Equations 1–
7 represent pollutant concentration of PM2.5, NO2, NO, O3, CO, SO2, and NH3 in
northeast monsoonwithR2 values 0.65, 0.09, 0.08, 0.37, 0.06, 0.02, and 0.17, respec-
tively, used to predict the pollutants concentration and comparedwith observedvalues
shown in Fig. 1.

PM2.5 = 638.0778 − 1.0357 ∗ RH − 5.4949 ∗ WS − 0.0175 ∗ WD

− 16.1254 ∗ TEMP (1)

NO2 = 77.7884 − 0.1318 ∗ RH − 7.5146 ∗ WS − 0.0029 ∗ WD

− 1.0362 ∗ TEMP (2)

NO = 48.2907 − 0.1675 ∗ RH − 6.1737 ∗ WS − 0.0127 ∗ WD

− 0.3798 ∗ TEMP (3)

O3 = 61.6605 − 0.5771 ∗ RH + 0.2647 ∗ WS − 0.0260 ∗ WD

+ 0.1275 ∗ T EMP (4)

CO = 1.8238 − 0.0155 ∗ RH − 0.1397 ∗ WS − 0.0006 ∗ WD

+ 0.0186 ∗ TEMP (5)

SO2 = 5.5139 + 0.0378 ∗ RH − 0.9431 ∗ WS − 0.0045 ∗ WD

− 0.0485 ∗ TEMP (6)
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Fig. 1 Representation of observed and calculated pollutants concentration in northeast monsoon

NH3 = 143.2269 − 0.7175 ∗ RH − 33.1115 ∗ WS + 0.0514 ∗ WD

− 0.7556 ∗ TEMP (7)

Equations 8–14 represent pollutant concentration of PM2.5, NO2, NO, O3, CO,
SO2, and NH3 in winter season with R2 values 0.26, 0.05, 0.02, 0.41, 0.02, 0.02, and
0.11, respectively, used to predict the pollutants concentration and compared with
observed values shown in Fig. 2.

PM2.5 = 250.1068 + 0.7289 ∗ RH − 24.7457 ∗ WS − 0.1214 ∗ WD

− 2.7780 ∗ TEMP (8)

NO2 = 9.2954 − 0.0551 ∗ RH − 0.0091 ∗ WS + 0.0341 ∗ WD

+ 0.8715 ∗ TEMP (9)
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Fig. 2 Representation of observed and calculated pollutants concentration in winter season

NO = 16.2924 − 0.0077 ∗ RH − 2.7711 ∗ WS + 0.0039 ∗ WD

+ 0.0681 ∗ TEMP (10)

O3 = 48.7949 − 0.4849 ∗ RH + 2.4773 ∗ WS + 0.0102 ∗ WD

+ 0.2934 ∗ E (11)

CO = 1.6673 − 0.0071 ∗ RH − 0.0309 ∗ WS + 0.0003 ∗ WD − 0.0002 ∗ TEMP
(12)

SO2 = 6.7785 + 0.0034 ∗ RH − 0.3923 ∗ WS + 0.0048 ∗ WD

+ 0.0570 ∗ TEMP (13)
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NH3 = −74.3352 + 0.2957 ∗ RH − 4.9344 ∗ WS + 0.1233 ∗ WD

+ 4.1606 ∗ TEMP (14)

Equations 15–21 represent pollutant concentration of PM2.5, NO2, NO, O3, CO,
SO2, and NH3 in summer season with R2 values 0.15, 0.32, 0.15, 0.20, 0.08, 0.02,
and 0.58, respectively, used to predict the pollutants’ concentration and compared
with observed values shown in Fig. 3.

PM2.5 = 73.1173 − 0.1231 ∗ RH − 12.1414 ∗ WS + 0.0516 ∗ WD

+ 1.9839 ∗ TEMP (15)

NO2 = 116.7752 − 0.8668 ∗ RH − 2.0311 ∗ WS − 0.0218 ∗ WD

− 1.1988 ∗ TEMP (16)

Fig. 3 Representation of observed and calculated pollutants concentration in summer season
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NO = 44.1260 − 0.2239 ∗ RH − 2.3795 ∗ WS − 0.0076 ∗ WD

− 0.5933 ∗ TEMP (17)

O3 = 98.5572 − 0.6562 ∗ RH − 2.3054 ∗ WS − 0.0285 ∗ WD

− 0.8939 ∗ TEMP (18)

CO = 0.2383 + 0.0086 ∗ RH − 0.1237 ∗ WS + 0.0007 ∗ WD

+ 0.0274 ∗ TEMP (19)

SO2 = 9.5741 − 0.0112 ∗ RH − 0.5446 ∗ WS + 0.0006 ∗ WD

+ 0.0215 ∗ TEMP (20)

NH3 = 285.1075 + 1.0237 ∗ RH − 19.9270 ∗ WS + 0.1686 ∗ WD

− 8.7139 ∗ TEMP (21)

Equations 15–21 represent pollutant concentration of PM2.5, NO2, NO, O3, CO,
SO2, andNH3 in southwestmonsoonwithR2 values 0.41, 0.16, 0.19, 0.15, 0.06, 0.07,
and 0.03, respectively, used to predict the pollutants concentration and comparedwith
observed values shown in Fig. 4.

PM2.5 = 99.94 − 0.9865 ∗ RH − 1.745 ∗ WS − 0.00005 ∗ WD

+ 1.108 ∗ TEMP (22)

NO2 = −84.1154 + 0.4341 ∗ RH − 1.9056 ∗ WS + 0.0043 ∗ WD

+ 2.3736 ∗ TEMP (23)

NO = −30.0636 + 0.1982 ∗ RH − 1.7393 ∗ WS + 0.0054 ∗ WD

+ 0.8090 ∗ TEMP (24)

O3 = 42.513 − 0.236 ∗ RH + 0.937 ∗ WS + 0.004 ∗ WD

− 0.370 ∗ TEMP (25)

CO = 0.7608 − 0.0026 ∗ RH + 0.2326 ∗ WS + 0.0003 ∗ WD

+ 0.0029 ∗ TEMP (26)

SO2 = 0.8292 + 0.0320 ∗ RH + 1.0544 ∗ WS − 0.0041 ∗ WD

+ 0.1084 ∗ TEMP (27)
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Fig. 4 Representation of observed and calculated pollutants concentration in southwest monsoon

NH3 = −45.4073 + 0.3523 ∗ RH − 2.6570 ∗ WS + 0.0022 ∗ WD

+ 1.2552 ∗ TEMP (28)

Figures 1, 2, 3, and 4 show the variation in concentration of pollutants calculated
using equations generated bymultiple regression analysis and concentration obtained
from CPCB in northeast monsoon, winter season, summer season, and southwest
monsoon, respectively.

4 Conclusion

On the basis of investigated relation between pollutants and meteorology, the pattern
observed in Figs. 1, 2, 3, and 4 and by comparing the observed and predicted concen-
trations of pollutants, it can be concluded that the relation of meteorology with the
pollutants is nonlinear. This nonlinear relation of pollutants and meteorology is also
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verified on the basis of R2 value obtained during multiple regression analysis; as in
most of the cases, the value of R2 is very low except for PM2.5 in northeast monsoon,
winter, and southwest monsoon, for NH3 and NO2 in summer, for O3 in northeast
monsoon, and winter. Hence, nonlinear analysis and inclusion of other meteorolog-
ical parameters like rainfall should be used in further studies to evaluate the role of
meteorology in the seasonal variation of air pollutants.
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Vehicular Emission Inventory
of Lucknow

Tauqeer Alam and A. K. Shukla

Abstract Lucknow is amongst the most urbanized and rapidly growing cities in
India. Based on the bottom-up approach, the COPERT 5 model was used to generate
the emission inventory of the city. The pollutants CO, NOX , HC, PM2.5, SO2, and
CO2 were considered, and emission for the year 2010–2018 was calculated. The
vehicles’ categories chosen for the study include cars, HCV, LCV, bus, motorcycle,
and scooter. After the validation of the results with previous estimates of the city,
the emission for the years 2020 and 2022 is predicted for different pollutants under
each category of vehicles. CO and NOx are the major concerned air pollutants. It is
predicted that besides the scheduled implementation of BS-VI emission standards
from April 2020, the total emission in the city would increase due to the continuous
growth of the city and thus increasing the number of two-wheelers and four-wheelers
constituting almost 90% of the total vehicular population.

Keywords Lucknow · Emission · COPERT 5 · Bharat stage

1 Introduction

Air pollution is the release into the atmosphere of various gases, finely divided solids,
or finely dispersed liquid particles at rates that exceed the natural capacity of the envi-
ronment to dissipate and dilute or absorb them (Automotive Research Association
of India 2011). With the consequences of significant impacts on the environment
and human health, air pollution has received increasing research concerns [1]. The
vehicular pollution is majorly caused due to the fuel combustion, which forms the
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exhaust emission, as well as due to the evaporation of the fuel itself. The share of
road transport in the total transport activity has been increasing in recent years. The
biggest rise in road traffic has been noted with passenger cars. Consequently, air
pollution emission from transport with their harmful effects on the man and the envi-
ronment has also increased [2]. The pollutants like carbon monoxide (CO), oxides of
nitrogen (NOX ), particulate matter (PM), methane (CH4), carbon dioxide (CO2), and
hydrocarbons (HC) or volatile organic carbons (VOCs) are significantly present in
emission from road transport [3]. Despite the implementation of Bharat Stage (BS)
standards due to the increase in vehicle population of the country from 55 million in
2001 to 210 million in 2015, vehicular pollution is increasing continuously.

The objective of the study is to find the trend of major pollutants emitted from
different vehicle categories in Lucknow from the year 2010 to 2018 and to evaluate
the expected load of vehicular pollutants in the years 2020 and 2022 considering
the implementation of BS-VI emission standards from April 2020. The pollutants
included in the study are CO, NOX , HC, PM2.5, SO2, and CO2. The categories of
vehicles, viz. passenger cars (petrol cars and diesel cars), heavy commercial vehicles
(HCV), light commercial vehicles (LCV), diesel bus, motorcycle, and scooter have
been considered for the study.

2 Study Area

The study area selected is Lucknow, the capital of Uttar Pradesh. Lucknow is one
of the developing cities and is quickly rising marketing hub. Lucknow encounters
a warm and moist subtropical meteorology alongside cool and dry autumn. In the
late summer season, extreme temperatures go up to 45 °C. In winter, the normal
day-by-day least temperatures go down to 7 °C in the month of January.

3 Methodology

COPERT 5 is used as the tool for the analysis of the vehicular emission of the city.
It is one of the standard emission frameworks for vehicular emission developed
by the European Environment Agency [4]. COPERT needs statistical parameters
as its major input [5]. The fundamental parameters for the COPERT incorporate
vehicle type, emission standards, annual vehicle kilometre travelled (VKT), fuel
quality and annual fuel consumption, Reid vapour pressure, vehicle population and
meteorological conditions, for example, temperature and humidity [6]. The basic
equation used in developing COPERT model is stated in Eq. (1).

Quantity of pollutant m for vehicle n,

Qm,n =
∑

i

∑

j

(
Pi, j × VKTm,i × EFi, j,n

)
(1)
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where i is the vehicle type; j is the local emission standard; i,j is the number of
vehicles in category i with emission standard j; VKTi is the annual average vehicle
kilometres travelled (km) for vehicles category i; and EFi,j,n is the emission factor in
g/km for pollutant n emitted from vehicle category i with emission standard j.

The vehicle registration data have been obtained from Regional Transport Office
(RTO), Lucknow, and fuel quality and annual fuel consumption have been taken
from the annual reports of the Council of Scientific and Industrial Research—Indian
Institute of Toxicology Research (CSIR-IITR), Lucknow [7] and VKT, service life,
obsolescence period, meteorological data from CPCB [8]. Annual VKT is studied
in order to generate the total vehicular activity in the city over a particular year. It is
assumed that VKT chosen for analysis remains constant over the year. In India, BS
emission factors (EFs) have been used for analysis which is equivalent to Euro EFs.
The detailed division of the vehicle with respect to engine classes and fuel type has
been done, and it has been found that the two-wheeler covers 79% and passenger cars
are 16% of the total vehicle population in the year 2018 almost same composition
over the years as shown in Fig. 1. The bifurcation of passenger cars on the fuel basis
has been done according to the report of CPCB [8].

Fig. 1 Vehicle population and percentage proportion from year 2010 to year 2022
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Fig. 2 Average speed of vehicles on roads in Lucknow

Table 1 VKT and service life of vehicles [8]

Vehicle Motorcycle Scooter Car Bus LCV HCV

VKT/day 49 39 54 113 90 49

Life (years) 10 10 15 12 11 11

To assess the properties of the fleet, the traffic survey has been done and the speed
has been measured by using a radar gun at major roads of the city, and the average
speed for each category of vehicles has been shown in Fig. 2.

The VKT is the distance travelled by a vehicle per day. The emission of a pollutant
can be obtained by using the following equation:

PollutantQ (ing) = VKT ∗ Emission Factor (in g/km) (2)

The parameters such as VKT, service life of the vehicle, minimum and maximum
temperature, humidity, fuel properties, such as density, energy content, HC ratio,
sulphur content, and total fuel sales have been used as input to the COPERT 5 model
which has been shown inTable 1.Although over the years theVKThas been changed,
it is assumed to be constant in the study and also the average of past 10 years data
has been done for temperature and humidity.

Themonthly data of minimum temperature, maximum temperature, and humidity
are also used as input to the program which is shown in Fig. 3. It is presumed that
the physical conditions of the roads will remain the same over the years. It is also
assumed that the variation of exhaust with respect to temperature is neglected.

Some other inputs to the COPERT 5 program are fuel consumption, percentage
vehicle with AC, AC usage, number of axles for commercial vehicles, Reid vapour
pressure, etc. [7, 8].
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Fig. 3 Variation of minimum temperature, maximum temperature, and humidity

4 Results and Discussion

The emission results from the COPERT program can be obtained either in graphic
user interface as shown in Fig. 4 or in form of Excel sheet by exporting it. The
screenshot of one of the results obtained by COPERT 5 is shown in Fig. 4 order to
authenticate the study.

The emission profile of each pollutant for the year 2010–2022 is shown in Fig. 5.
It is observed that two-wheelers are the major emitters of CO followed by LCV. In
2010, CO was 12,000 ton/year which will raise up to 24,000 ton/year in 2022 due

Fig. 4 Screenshot of one result obtained on COPERT graphic user interface
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Fig. 5 Showing the variation of each pollutants a CO, b NOX , c HC, d PM2.5, e SO2, and f CO2
for different categories of vehicles for the years 2010–2022

to increase in two-wheelers population by 200%. It is also observed that the rate
of increase in emission of CO would decrease due to the implementation of BS-VI
norms from April 2020.

The predicted annual emission of each pollutant and their percentage contribution
for the year 2022 under each category is shown in Table 2. Two-wheelers would be
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Table 2 Predicted annual emission estimates of pollutants and percentage emission by each
category for the year 2022

Pollutant PC
petrol
(%)

PC
diesel
(%)

LCV
(%)

HCV
(%)

Bus
(%)

Motorcycle
(%)

Scooter
(%)

Total
emission
2022 (in
tons)

CO 2 2 24 5 4 47 16 55,847

NOX 2 10 24 12 11 31 10 20,698

HC 7 3 14 – – 44 32 17,160

PM2.5 5 18 18 3 2 42 12 928

SO2 17 36 10 3 5 17 12 54

CO2 17 36 10 3 5 17 12 22,609,953

the most prominent pollution source for the emission of CO. NOX , HC, and PM2.5 as
it composes almost 71% of the total vehicle population in the city and higher VKT.

It is observed that 41% of the total NOX emission is governed by two-wheelers
followed by 35% from both LCV and HCV Fig. 6b. It is also expected that the total
NOX emission is going to remain almost constant during the year 2018–2022 due
to the enhanced BS-VI technology and emission standards despite the increase in
vehicle population by 20%.

Emission ofHC is due to improper fuel burning due to continuous acceleration and
deacceleration in the city traffic. Almost 78% of the total HC emission is constituted
from two-wheelers alone. Passenger cars constitute 10–12%of the totalHCemission.
PM2.5 is abundantly emitted from diesel cars and motorcycles due to unburnt fuel
as exhaust emission (EE) and non-exhaust emission (NE) from the tyre wear, break
wear, road surface wear, and resuspension of road dust. Due to the implementation
of BS-VI, the EE is further going to be reduced in the year 2020, but the NE would

Fig. 6 Emission profile of a CO, b NOX , c HC, d PM2.5, e SO2, and f CO2 over the years from
2010 to 2022
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be unaffected by BS-VI because it was assumed that the conditions of roads were
unchanged in the study duration. The load of PM2.5 would be increasing for diesel
car rather than decreasing for the year 2020–2022 because of higher ratio (NE: EE)
of non-exhaust emission in the total PM2.5 emission with respect to that of the total
emission in 2018–2020. 36% of the total SO2 is generated from diesel cars alone
followed by 18–22% by buses and commercial vehicles. The emission factor of SO2

is 50 ppm in BS-IV, which is going to be cut by five times to 10 ppm in BS-VI
in April 2020. Hence, the amount of SO2 will be reduced by 60% in 2020. CO2

is a potent greenhouse gas, 53% of it is being emitted from petrol and diesel cars
alone followed by 29% from two-wheelers. It has increased rapidly by 2.5 times
from 18,000 tons/year in 2020 to 45,000 tons/year in 2018 and is predicted to be
50,000 tons/year in 2022. The huge amount of CO2 is generated due to the two-way
catalytic converter used in vehicles in BS-IV standards.

4.1 Comparison of Emission Estimates with Previous Year
Estimates in Lucknow

Comparison has been made with the estimation obtained by CPCB using IVE model
for Lucknow as shown in Table 3. The CPCB emissions have been calculated by
considering BS-III EFs, whereas in the study currently applicable BS-IV and BS-VI
EFs are used. It can be seen in Table 3 that all the pollutants have increased except
CO2 due to the continuous growth in the number of vehicles from 2013 to 2018. The
reason in the reduction of the concentration of CO2 might be due to limited variables
taken in the study, fewer resources, and lesser experimental data as compared to the
detailed project and expertise methodology adopted by CPCB for IVE model.

Table 3 Comparison of our estimates to CPCB’s previous estimates of Lucknow

Pollutants CPCB estimates (2012-13)
(tons/day)

Our emission estimates
2014 (tons/day)

Our emission estimates
2022 (tons/day)

CO 86.7 138.44 153

NOX 37 57.33 56.7

HC 34.4 44.11 47

PM2.5 3.6 2.69 2.54

SO2 0.2 0.57 0.15

CO2 4399.1 3033.41 6194.5
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5 Conclusion

The emission inventory has been generated using the COPERT 5 program which is a
bottom-up approach. It would be helpful in pollution modelling of developing cites
like Lucknow. The inventory has been generated from the year 2010 to the year 2018,
and the values for the year 2020 and the year 2022 have been predicted. The analysis
shows that the prime pollutants deteriorating the environment of the city are CO
and NOX because 90% mobility of the vehicle is limited only to two-wheelers and
passenger cars in the city. Themost abundant pollutant CO, 63% of it, is emitted from
two-wheelers; 53% of CO2 is emitted from cars. Two-wheelers are substituting 76%
of the total HC emission. From a fuel perspective, gasoline vehicles contributed to
the largest share. It is observed that although the implementation of BS-IV standards
contributed to the reduction in the rate of emission per vehicle, it could not meet an
overall reduction in the total emission due to increasing motorized activity. Hence,
the implementation of BS-VI would be helpful in reducing the rate of pollutants
generating with the continuous growth of vehicles. If the emission of CO and HC is
to be reduced, the two-wheelers would have to be minimized. Similarly, addressing
NOX and PM requires technological improvement in LCV, HCV, and bus.
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Inactivation of E. coli Present in Lake
Water Using UV Reactor

Isha P. Khedikar and Abhijeet Ashok Paidalwar

Abstract Microbial contaminated water is the main cause for many water-borne
diseases in developing countries. To make contaminated water microbial safe for
drinking, disinfection is needed. Hence, this research work was carried out to disin-
fect lake water containing E. coli by using UV light. Four experimental setups were
designed, i.e., UV reactor. Initially, the uncovered UV reactor (pair of 6WUV light)
was fabricated to disinfect the lake water for inactivation of E. coli, Later on, the
UV reactors were modified three times by reflective mirrors (Modified 1), increased
length and decreasing height and increased UV intensity (Modified 3). All exper-
imentation were carried out at varying contact time, viz. 1:30 min, 2:30 min and
3:15 min. Raw lake water was characterized for and physicochemical and bacterio-
logical parameters, viz. turbidity (1–6NTU), temperature (23.9–25.4 °C), pH (6–8.5)
and E. coli. Average E. coli in raw lake water was found to be 2400 MPN/100 ml,
which exceeds the permissible limit as per IS:10500, (2012), Results of the investiga-
tion indicated that increased UV intensity (Modified 3) showed 99.99% inactivation,
i.e., 3-log reduction.

Keywords Disinfection · E. coli · Inactivation · UV reactor · Ultraviolet radiation

1 Introduction

Provision of clean, safe drinking water is of paramount importance for human health.
Lack of safe water, sanitation and health care affects billions of human beings [1]. It
is essential to do disinfection tomake water free from pathogenic microorganism and
to make water safe for drinking. Various disinfection methods were attempted by the
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researcher. Worldwide chemical disinfectant chlorine is used [2], but it gives rise to
disinfection by-products [3]. In the recent decades, UV disinfection is an established
water treatment technology. Ultraviolet (UV) disinfection is effective in inactivating
bacteria, protozoan parasites depending upon UV dosage [4]. It offers advantages
like environmentally friendly, contact times are small, no unpleasant taste or odor.
UV disinfection does not alter the water quality, inactivation of microorganism is
independent of pH and temperature, no chemicals are needed, relatively inexpensive
and easy to operate, no transportation, storage or handling of chemicals, small space
requirement for installation [5].

In typical UV disinfection system, UV lamp is installed in the reactor through
which contaminated water is passed which causes damage to genetic molecules
[6]. Because of this damage to microorganisms, it prevents replicating in a human
or animal body. UV light wavelength (100–400 nm) has lethal effect on microor-
ganism; therefore, microbial inactivation is achieved. In this research work, lake
water contaminated with E. coli (2400 MPN/100 ml) was considered for study. It
is necessary to disinfect contaminated water as per IS code 10500:2012 to make it
free from pathogenic microroganisms. This study is aimed to develop household UV
reactor. Hence, an experimental setups were designed, i.e., uncovered UV reactor,
modified UV reactor with reflective mirror (Modified 1), modified UV reactor with
reflective mirror increased length and decreased height. (Modified 2), modified UV
reactor with reflective mirror with increased intensity (Modified 3). For each set of
experimentation percentage, inactivation was determined which subsequently helps
to improve development UV reactor.

2 UV Light

According to photochemistry, in electromagnetic spectrum, UV light lies between
X-rays and visible light. The spectrum can be divided into four ranges: UV-A (315–
400 nm), UV-B (280–315 nm), UV-C (200–280 nm) and vacuum UV (100–200 nm)
[5, 7], UV-A and UV-B reaches the earth’s surface [8]. UV-C component of solar
radiation does not reach the earth as it was absorbed by ozone within the stratosphere
[9, 10]. Only UV-C radiation, at approximately 260 nm, has the greatest effectiveness
because it corresponds to maximum absorption by DNA [2].

The UV-C range is so-called germicidal range since it is absorbed by proteins,
ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) and can lead to cell muta-
tions or cell death; therefore, it is effective in inactivating pathogens [5]. The inac-
tivation rate of microorganism increases with decrease in magnitude of wavelength
as UV A < UV B < UV C [10].
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3 Historical Background of UV Light

• Johann Ritter (Pharmacist) in the year 1801 discovered UV light by proving that
silver chloride is decomposed by the invisible rays beyond the violet.

• Niels Finsen (Physician) in the year 1900 discovered a UV treatment for lupus
vulgaris, a form of skin tuberculosis. He received the Nobel Prize in physiology
or medicine for this discovery.

• Bernard andMorgan in the year 1903 found that for inactivation of bacteria around
250 nm is most sensitive wavelength.

• Henri et al. [11] described in Marseilles, France, the first commercial UV facility
which utilized UV light to disinfect water.

• Gates [12] was the first to carry out detailed investigations of the action spectrum
of E. coli; he showed that the optimal wavelength for inactivation was about
260 nm.

• Department of health, education and welfare (DHEW) in 1966 issued guidelines
for disinfection by UV.

• In Norway, 1975, UV disinfection was introduced; because of this, concerns
were expressed for disinfection by-products formed due to use of chlorine as
disinfectant.

• N.W. Bergen wastewater treatment plant (1978) was installed successfully using
UV system. In Europe (1985), over 1500 UV installations were done for the
treatment of groundwater.

• Bolton et al. [13] found that UV was very effective against cryptosporidium.

4 Methodology

Water from an established Ambazari Lake, Hingna Road, Nagpur, Maharashtra,
India, (21.1287° N, 79.0405° E) was collected for the research work. The lake water
was supplied to the 13.5 MLD water treatment plant in MIDC, Hingna, to the indus-
trial area. The characterization of raw lake water was done for different seasons
of ten day’s interval by standard equipments and methods as per APHA standards
(1998). The physicochemical and bacteriological characterization of raw water was
done for parameters turbidity, pH, temperature and E. coli before and after disinfec-
tion. Further, the obtained results were compared with the drinking water standard
IS:10500 2012. The physicochemical parameters, viz. turbidity, pH and temperature
were in permissible limit except bacteriological parameter, viz. E. coli. Initially, E.
coli concentration of raw water samples was tested by a standard most probable
number (MPN) as per APHA standards (1998). Lake water was passed to all the
designed UV reactor with the help of peristaltic pump; water was collected at the
outlet of the continuous flow reactor and tested for the final concentration of E. coli
by MPN test for duration of November 1, 2015 to February 29, 2016. The complete
setup of UV reactor is shown in Fig. 1.
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Fig. 1 Schematic diagram of experimental setup

5 Experimental Setups

A low-pressure (LP) Philips UV lamp of 6 and 11 watts is housed in a UV reactor
connected in parallel on direct power supply. The lamp is of 15 cm long and 1.5 cm
diameter. In this project, peristaltic pump is used to pass the water through the UV
reactor at same flow rate. The UV reactor has been modified three times to achieve
the maximum inactivation of E. coli. The experimental setup contained an uncovered
glass box model of size 25 cm × 10 cm × 10 cm having two 6 W low-pressure UV
germicidal lamp connected in parallel (Fig. 2), which emit monochromatic wave-
length. The lamp is attached to the upper cover of the box with distance of lamp from
the water level was 7 cm inside the UV reactor.

As the result is not satisfactory, the same experimental setup glass box of size
25 cm × 10 cm × 10 cm has been modified by providing reflecting mirror from
inside the box to the whole area, i.e., covered UV reactor, provided with the same
pair of UV lights of 6 W (Fig. 3). The distance of light from the water level is 7 cm.
Lights emitted from UV-lamp was not properly concentrated on the water surface,
and it gets pass through the glass box; hence, 60–70% lights were wasted, and due
to this, the disinfection of water was not done effectively by UV lamps and E. coli
not inactivated completely from water.

Fig. 2 Uncovered UV reactor
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Fig. 3 Modified UV reactor with reflective mirrors (Modified 1)

Fig. 4 Modified UV reactor with increasing length and decreasing height (Modified 2)

As only few removal of E. coli has been observed, a new experimental setup
has been fabricated with increasing length and decreasing height of setup. The new
modified experimental setup is of size 32 cm× 10 cm× 5 cm with reflective glasses
from inside to the whole area provided with a pair of 6 W UV light (Fig. 4). The
distance of UV light inside the continuous flow reactor from water level was 2 cm.

As to achieve the 100% removal of E. coli from water, the same experimental
setup of size 32 cm × 10 cm × 5 cm has been again modified by providing a two
pair of UV lights of 6 and 11W in series, to increase the intensity by UV light inside
the UV reactor. The distance of UV light from water level is 2 cm (Fig. 5).

6 Results and Discussion

The secondary objective is to evaluate the effect on various physicochemical param-
eter by UV disinfection and effect caused by the physicochemical parameter on
UV disinfection whose raw water characteristics are between 6 and 8, and as the
water flows through the UV reactor, bacteria are exposed to 265 nm ultraviolet light
radiation which causes damage to genetic molecules.
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Fig. 5 Modified UV reactor with increasing intensity (Modified 3)

The characterization results obtained fromwater sample, i.e., lake water, turbidity
(1–6 NTU), pH (6–8.5) and temperature (24.12± 1.2) were obtained within permis-
sible limits as per IS: 10500, (2012), and hence, pre-treatment was not given to the
raw water. The result from the uncovered UV reactor is not satisfactory as there is
no inactivation of E. coil (Fig. 6) Most of the radiations from UV light get refracted
outside the UV reactor. Therefore, the experimental setup is modified to increase
the efficacy of inactivation of E. coli. The result from the modified UV reactor with
reflective mirrors (Modified 1) showed some inactivation of E. coli at the contact
time of 3:15 min (Fig. 7). The inactivation of E. coli comes down to 1600MPN from
2400 MPN of raw water sample. The result does not show any inactivation for the
contact time of 1:30min and 2:30min because of less detention time. The radiation in
covered UV reactor is reflected back because of reflectivemirrors, which increase the
radiation and temperature inside the covered UV reactor. The modified UV reactor
with increasing length and decreasing the height (Modified 2) shows good result with

Fig. 6 Inactivation of E. coli
from uncovered UV reactor
for the month of November,
2015
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Fig. 7 E. coli in modified
UV reactor with reflective
mirrors (Modified 1) for the
month of December, 2015
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Fig. 8 E. coli from modified
increased length and
decreased height UV reactor
(Modified 2) for the month
of January, 2016
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an average 90% inactivation of E. coli (Fig. 8). Due to increasing the length of UV
reactor, the detention time increases and the water is subjected to longer time for
inactivation, the height of the UV reactor is decreased by 5 cm, so that the radiation
penetrate more in the water and increase the efficiency of inactivation. Modified UV
reactor with increasing intensity (Modified 3) shows 99.99% inactivaiton of E. coli
at the end of contact time 3:15 min.

7 Conclusion

This work shows that theUVdisinfection by theUV light can be used for disinfection
of water. The UV reactor performed well and disinfected 99.99% of E. coli under
visible light irradiation at a contact time of 1:30 min, 2:30 min and 3:15 min of
modified 3UV reactors, i.e., increased intensity. Turbidity influences the disinfection
efficiency of UV light and slightly decreases after disinfection. The variation of
pH does not affect the disinfection by UV light. The pH slightly increases after
disinfection. The increase in temperature increases the inactivation of E. coli.
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Evaluation of Fractal Growth
Characteristic of Flocs for Aluminium
Sulphate and Ferric Chloride Using
Microscopy Method

P. S. Randive, D. P. Singh, A. G. Bhole, V. P. Varghese, and A. M. Badar

Abstract Coagulation and Flocculation processes are some of the important aspects
of water treatment. The properties of flocs, such as size, structure, and strength have
a significant effect on the solid and liquid separation process also it affects the basic
operations of the industrial unit process. Floc structure is an important factor that
influencing the coagulation effect and to identify the post-treatment load. The phys-
ical characteristics of the floc are therefore fundamental in determining their removal
efficiency. Study of floc generated and its growth characteristics in the flocculation
process plays an important role as it decides the removal policies, effect on subsequent
processes, and ultimately the quality of water. The present investigation is to study
the floc growth for two different aluminium and iron-based coagulants, Aluminium
Sulphate and Ferric Chloride, respectively, using the microscopy method. This paper
deals with the examination of two different kinds of flocs for strength, breakage,
recovery, and floc growth rate.

Keywords Flocculation · Floc ·Microscopy method

1 Introduction

In the water treatment plant, coagulation and flocculation is an important process
for the removal of turbidity from water. The process of adding certain chemical
called coagulants to water which reacts with impurity in order to form insoluble and
gelatinous matter called flocs which can be precipitated quickly is known as coag-
ulation. Addition of coagulants culminates in chemically charging collides so as to
configurate substantially largemolecule by accumulating all particles. In coagulation
process, chemical coagulants are added into the water which reacts with alkalinity
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to form gelatinous precipitated which is known as floc. Flocs are characterized as
immensely porous, asymmetrical, saggy aggregate made up of smaller colloidal
particles. Chowdhury et al. [1] studied the submicron colloid numbers, fluxes, and
removals in two conventional water treatment plants. Also obtained the compre-
hensive study of supramicron (>1 p.m) particles and its behaviour. Concluded that
removals of submicron colloids and supramicron particles ranged from 57 to 99%
and 91 to 99%, respectively, considering two water sources from two conventional
water treatment plants. The properties of flocs, such as size, structure, and strength
have a significant effect on the solid and liquid separation process. The size, shape,
and formation are the fundamental things that to be considered for the operation
of industrial unit process. Dense flocs settle down easily. Therefore, knowing the
physical characteristics of flocs subsequently increases its removal efficiency and
results in low turbid treated water during settlement. To contemplate the neces-
sity of floc structure and its behaviour in the flocculation process it is essential
to analyze the floc structure, formation, and breakage in detail. There are various
methods to measure floc size this is microscopy, light scattering, photography and
image analysis, transmitted light, individual particle sensor, etc. Hurst [2] built an
experimental apparatus to develop and understand floc blanket physics. In his study,
he used visual insights floc blanket mechanics. Considered 1.3 cm thick section of
floc blanket through which light intensity is transmitted. Experimental results show
remarkable enhancement in particle removal efficiency and may drop operation and
maintenance costs. Microscopy method is used to determine the floc parameter. For
the determination of floc sizes microscopy is a widely used method. There are some
limitations of microscopy method like it takes more time for sample preparation
also required large sample size. Besides that, it is simple to perform, understand,
and gives adequate information about the floc structure. This experimentation work
aims to evaluate the characterize growth and regrowth ability of flocs with additional
coagulant dosage strategy to explore the floc formation mechanism and floc charac-
teristics using microscopy method. Ghanem et al. [3] studied ballasted flocculation
processes to evaluate microscopic observations, Bench scale observations, density
tests, and centrifugal settling tests. It gives information about the controlling mech-
anisms, interconnection between ballasting agent and coagulants for floc built up.
Chakraborti et al. [4] used (DLA) mechanism and discussed the characteristics of
flocs in flocculation process based on diffusion-limited aggregations. Microscopy is
one of the commonly used floc sizing methods and carried out by precisely locating
a selected sample particle from the suspension onto a microscope.

The floc strength factor is a measure of floc strength by exposing the floc to single
level of increased shear rate within the carrying vessel and comparing the floc size
before and after breakage. The floc recovery factor is an indication of the extent to
which the floc size recovers during regrowth phase after breakage.

In the present study, two easily available and easily soluble coagulants are consid-
ered for experimentation and its sizes are measured for further calculations using
microscopy method. General categorization of metal coagulants is aluminium-based
and iron-based. For experimentation one from each category Aluminium Sulphate
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and Ferric Chloride coagulant is considered and floc strength, breakage, recovery
factor as well as floc growth rate is determined and compared.

2 Experimental

2.1 Sample Preparation

Experimentation was conducted on artificial turbid water. Digital Nephelo Turbidity
meter was used to measure the turbidity for each sample. After some trials, the
required turbidity of 100 NTU was achieved by addition of 0.11 g/lit of kaolin
clay in the water sample. Turbidity of 100 NTU was maintained throughout the
experimentation for both the coagulants. Jar Test apparatus was used for determining
the optimum coagulant doses for both Aluminium Sulphate and Ferric Chloride
coagulant. Using pipette flocs formed during the jar test apparatus, procedure was
collected steadily and observed under microscope. Diameter d1, d2, d3 of the above-
collected sample is determined by placing them on glass slides and observing under
a microscope.

2.2 Microscopy Method

Amongst various methods, microscopy refers to the most extensively used technique
since long as a method for floc counting and sizing. [5, 6]. Pipette is widely used
for collecting flocs from the treated sample. In this experimentation, the flocculated
suspension was prepared in which a hollow glass tube was immersed and sealed at
the top and then removed. The floc carried through the tubewas slightly placed below
the microscope for analysis. This method provides a good representative sample of
the flocs without many ruptures. Microscopy method is the simplest method, at high
magnification able to view the individual particles, examine, investigate and analyze
it. This method is used to analyze floc shape and irregularity. Most popularly used
method in many applications. Notable method in finding porosity and shape factor
of flocs. Besides, microscopy is a comparatively inexpensive method to determine
floc shape characteristics.

2.3 Coagulant Used

Aluminium Sulphate. Aluminium Sulphate is the most common coagulants used in
waterworks. It chemical composition is Al2(SO4)3. 18(H2O). It requires the presence
of alkalinity in water to form floc. Aluminium Sulphate (alum) added in water reacts
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Table 1 Floc growth size of
Aluminium Sulphate

Size 1 (d1)
µm

Size 1 (d2)
µm

Size 3 (d3)
µm

200 120 173

266 133 186.2

293 146.3 213

Average = 253 Average = 133.1 Average = 191

with alkalinity present in it and leads to the formation of gelatinous precipitated of
aluminium hydroxide which attracts fine suspended impurities over its surface does
grow in size and easily get settled. It works on the pH range 6–8.5. Alum is widely
used coagulant as it is more effective when pH of water ranges between 6.5 and 8.5.
Its doses depend upon turbidity, colour, taste, pH value and temperature of water.

Ferric chloride. Ferric chloride is an inexpensive inorganic coagulant, as it is gener-
ated as waste material from steelmaking operations. However, it’s by far the most
corrosive and hazardous inorganic coagulant, and its use is limited to facilities
equipped to handle it safely. pH sensitivity is somewhat less than alum. It works
over a wide pH range 5–7. It is suitable for usage in the lime-softening process (pH
9).

Jar test apparatus is used for formation of flocs and also dosages were calculated
considering 100 NTU turbidity for both the coagulants separately. After the exper-
imental procedure of floc formation for both the coagulants diameter d1, d2, d3
is determined by using the microscopy method which is the simplest and accurate
method of determining floc sizes. Details of diameter for Aluminium Sulphate are
shown in Table 1 and images of flocs before, after breakage and recovery is shown
in Fig. 1a–c.

Details of diameters for the coagulant Ferric chloride is shown in Table 2 and
images of flocs before, after breakage and recovery is shown in Fig. 2a–c.

a.) Floc before breakage(d1) b) Floc after breakage (d2) c) Floc recovery (d3) 

Fig. 1 Images of flocs of Aluminium Sulphate
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Table 2 Floc growth size of
ferric chloride

Size 1 (d1)
µm

Size 2 (d2)
µm

Size 3 (d3)
µm

479 213 293

505.4 239.4 266

532 266 319.2

Average = 505.47 Average = 239.5 Average = 292.73

a) Floc before breakage(d1) b) Floc after breakage (d2) c) Floc recovery (d3) 

Fig. 2 Images of flocs of ferric chloride

3 Results

3.1 Floc Strength Factor

The floc strength factor is a measure of floc strength by exposing the floc to single
level of increased shear rate within the containing vessel and comparing the floc size
before and after breakage. It is compared in Fig. 3.

From Fig. 3, it is clear that Aluminium Sulphate floc is more resistant to hydrody-
namic shear force than that of ferric chloride flocs. As floc strength for Aluminium
Sulphate floc is more than ferric chloride floc.

Fig. 3 Floc strength factor
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Fig. 4 Floc breakage factor
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3.2 Floc Breakage Factor

Strength property of floc depends on the stability of floc in suspension and the number
of bonds holding by the floc particles intogether. The floc breakage factor is compared
in Fig. 4.

In the flocculation process, floc breakage plays a crucial role, the equilibrium
of formation and breakage of floc results in the substantially stable floc size and
structure. From Fig. 4, it is clear that ferric chloride flocs break more easily than
Aluminium Sulphate flocs. As floc breakage factor is more for ferric chloride floc.

3.3 Floc Recovery Factor

The floc recovery factor is an indication of the extent to which the floc size recovers
during the regrowth phase after breakage.

From above Fig. 5, it is clear that rate of recovery after breakage is more for
Aluminium Sulphate flocs.

3.4 Floc Growth Rate

Floc growth rate is compared for both the coagulants as shown in Fig. 6.
From Fig. 6, it is clear that ferric chloride gives bigger and heavier floc than

Aluminium Sulphate, hence the rate of settling will be more for ferric chloride flocs.
It also shows that the rate of growth for floc is more for Aluminium Sulphate than
ferric chloride floc. It also shows that floc growth time for ferric chloride is more
than that of Aluminium Sulphate.
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Fig. 5 Floc recovery factor
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Fig. 6 Floc growth rate
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4 Conclusion

Floc formation, breakage, and reformation were studied in detail which can give
important indications for floc removal mechanisms. Experimental results were
obtained from the microscopy method and they are compared considering both the
coagulants Aluminium Sulphate and Ferric Chloride. The following conclusions
were made.

1. The floc size for Ferric Chloride is more than Aluminium Sulphate floc. There-
fore, the settling time for ferric chloride will be less than the Aluminium Sulphate
floc. It will increase the efficiency ofwater treatment by reduction in settling time.

2. The floc strength and recovery is more for Aluminium Sulphate than Ferric
Chloride coagulant. Hence Aluminium Sulphate flocs will be more resistant to
hydraulic shear forces. Stability is more for Aluminium Sulphate floc.
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3. The growth rate and growth time for Ferric Chloride are less than the Aluminium
Sulphate. HenceAluminium Sulphate floc requires less time for flocculation than
ferric chloride, therefore, increase the efficiency for water treatment.

4. Cost of Aluminium Sulphate is less than that of Ferric Chloride. So Aluminium
Sulphate is cost-efficient.

5. From the above results we can conclude that for floc removal, Aluminium
Sulphate coagulant is more efficient than that of Ferric Chloride.
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Estimation of Carbon Dioxide Emission
from Vehicles in Lucknow

Ankit Kumar and A. K. Shukla

Abstract Emissions of greenhouse gases (GHGs) into the atmosphere have led to
the rise in temperature of the planet. Increase in the concentration of GHGs is due
to the emission from natural and anthropogenic activities. Various pollutants are
emitted from the exhaust of vehicles including carbon dioxide (CO2) which is a
greenhouse gas, this has led to an increase in the concentration of anthropogenic
CO2 in the atmosphere. This study is conducted to determine the emission of CO2

from the vehicles at four major roads of Lucknow. Traffic count survey is conducted
to determine the traffic volume and its composition. Central Pollution Control Board
(CPCB) emission factor is used for the estimation of emission. The result of traffic
survey count shows that bikes are the major share of vehicles with 39% at Kanpur
road, 47%at Faizabad road, 32%at Prayagraj road, and 37%at Sitapur road. The total
concentration of CO2 emitted is estimated to be 491,937 g/km/hr, 291,640 g/km/hr,
404,662 g/km/hr and 252,443 g/km/hr at Kanpur road, Sitapur road, Prayagraj road,
and Faizabad road, respectively. Petrol cars and diesel cars are the major sources of
CO2 emission at all sites.

Keywords Greenhouse gas · Carbon dioxide · Vehicles · Emission · Lucknow

1 Introduction

The temperature around the world is rising. According to research conducted
by scientists of the National Aeronautics and Space Administration (NASA) and
Goddard Institute for Space Studies (GISS), the average temperature on Earth has
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increasedby about 0.8 °C (1.4 °F) since 1880.Two-thirds of thewarminghas occurred
since 1975, at a rate of roughly 0.15–0.20 °C per decade. Increase in concentration
of greenhouse gases (GHGs) in the atmosphere is one of the major reasons for the
rise in temperature as these gases absorb the heat [1].

A study conducted by the World Health Organisation (WHO) and the Joint
Research Centre (JRC) in 2015 to determine the leading cause of air pollution.
After analyzing data from over 50 cities around the world, vehicles were identified
as a top contributor to air pollution. Pollutants emitted from vehicles include Carbon
monoxide (CO), Hydrocarbons (HC), Nitrogen Oxides (NOX ), Particulate matter
(PM), Carbon dioxide (CO2) and Sulfur dioxide (SO2) depending upon the type of
fuel used in the vehicles [2]. CO2 is a greenhouse gas that traps the earth’s heat
and contributes to the rising temperature of the planet resulting in climate change
[3]. Vehicle exhaust is a major source of anthropogenic CO2 in metropolitan cities
[4]. With the introduction of the catalytic converter in the vehicles, the emission
of CO2 has increased significantly as it converts harmful emissions like CO and
HC to less harmful emissions like CO2 [5]. Traffic congestion is one of the reasons
for the higher emission of pollutants in a city. A study conducted by researchers in
Southern California proposes three methods to overcome traffic congestion which
could reduce CO2 emission by 7–12% [6]. This study was conducted on four major
roads of Lucknow to determine the concentration of CO2 emitted from the vehicles
into the atmosphere.

2 Study Area

This study was carried out in the capital of Uttar Pradesh, Lucknow. It is the eleventh
most populous city of India having a population of 2,902,900 (Census of India 2011).
Four roads leading to Kanpur, Sitapur, Prayagraj, and Faizabad were selected for the
study as shown in Fig. 1, they are marked by pins of the color black, red, yellow,
and blue, respectively. Heavy traffic is observed on these roads throughout the day.
Table 1 shows the coordinates of the location at which a traffic survey was conducted.

3 Methodology

A traffic survey was conducted at the interval of 15 min for 4 h in the morning, 4 h in
the afternoon and for 4 h in the evening on each selected sites to determine the traffic
volume and its composition. This surveywas conducted on Tuesday,Wednesday, and
Thursdaymaking sure that there is no special event on that day [7].Vehicles have been
categorized as CNG buses, tractor, LCV, scooter, bikes, heavy commercial vehicles
(HCV), three-wheelers, and cars. Further cars are classified according to their fuel
type, i.e., petrol (56%), diesel (40%), and CNG (4%) [8]. The average number of
vehicles per hour is calculated based on the observed vehicular count.
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Fig. 1 Survey sites map

Table 1 Coordinates of
traffic survey location

S. No Site Latitude Longitude

1. Kanpur road 26.800018 80.894775

2. Sitapur road 26.793909 80.953492

3. Prayagraj road 26.765684 80.946482

4. Faizabad road 26.873539 81.008803

According to Auto Fuel Policy (2010), Bharat Stage (BS) IV norms were imple-
mented in 13 cities which included Lucknow, therefore CPCB emission factor for
BS-IV vehicles has been adopted for the estimation of emission as given in Table 2.

The following equation is used for the estimation of emission:

Table 2 Emission factor for
BS IV vehicles as per CPCB
standards

S. No Vehicle type CO2 emission factor (g/km)

1. CNG buses 806.5

2. Tractor 799.95

3. LCV 401.25

4. Scooter 38.54

5. Bikes 24.82

6. HCV 762.39

7. 3 W 57.71

8. Petrol car 126.5

9. Diesel car 148.76

10. CNG car 143.54
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Ep =
∑

(V t × Ft) (1)

where

Ep Emission of CO2 in g/km/hr
Vt Total number of vehicle of type (t) per hour
Ft Emission factor of CO2 for vehicle of type (t) in g/km.

4 Result

Figure 2 shows the result of a traffic count survey of all the four sites. Y-axis shows
the average, i.e., vehicles per hour at each site. It is observed that bikes are the major
share of vehicles with 39% at Kanpur road, 47% at Faizabad road, 32% at Prayagraj
road and 37% at Sitapur road followed by scooters at all the sites except Faizabad
road where petrol cars (20%) has more share than scooter (12%).

Figure 3 shows the emission of CO2 in g/hr at all the sites from a different cate-
gory of vehicles. Kanpur road witnesses the maximum concentration of CO2. Emis-
sion of CO2 at Kanpur road, Sitapur road, Prayagraj road, and Faizabad road are
491,937 g/km/hr, 291,640 g/km/hr, 404,662 g/km/hr and 252,443 g/km/hr, respec-
tively. Petrol and diesel cars contribute the most to CO2 emission at all the sites. Even
though the emission factor for bikes is very less but due to their presence in more
quantity they have contributed significantly to the CO2 emission. Emission through
bikes at Kanpur road is 11%, Sitapur road is 12%, Prayagraj road is 10% and Faiz-
abad road is 14% of their respective emission. Overall emission from tractors is very

Fig. 2 Vehicular data of all sites
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Fig. 3 CO2 emission at all the sites

less as they were observed in less number during the survey. CNG cars and 3 W has
contributed least in the overall CO2 emission with 2% and 5%, respectively.

5 Conclusion

It was observed from the traffic count survey that bikes contribute to the major share
of vehicles in Lucknow for about 38% followed by scooters 24%. These vehicles
result in traffic congestion inmany places due to poor trafficmanagement and driving
skills of people. Further, it is observed that the petrol car contributes 24% and diesel
car contributes 20% to the total CO2 emission from the vehicles at the sites. CO2

is a greenhouse gas, therefore, it is required to lower down its concentration into
the atmosphere to prevent climate change. Encouraging the use of public vehicles
and improving traffic management can help deal with traffic congestion which can
reduceCO2 emission [6]. Transport sector contributes around 14% towards the global
emissions of greenhouse gases [9]. The push for electric vehicles by the government
is a noble step towards reducing pollutants emitted from vehicles.
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Biosorption: Principles, and Applications

Poonam, Anju Rani, and Pradeep Kumar Sharma

Abstract In recent years, human and anthropogenic activities have generated
elevated accumulations of toxic pollutants in the environment. These toxic pollutants
become persistent in the environment and constitute major environmental problems
by badly disturbing the ecosystems and human health. Pollutants including heavy
metals, hydrocarbons, dyes, pesticides, and radionuclides are hard to remove from the
environment given that most of them cannot be degraded by chemical and biological
means and are eventually indestructible. Several approaches such as soil incinera-
tion, precipitation, or/and ion-exchange methods, have been extensively employed,
but are expensive and detrimental to the environment. Apart from physicochemical
methods, biological methods have also been acknowledged as an alternative reme-
diation process. Fundamentals of these biological approaches are microbial activi-
ties through which degradation of pollutants depends. Moreover, the cosmopolitan
distribution and significant properties of microorganisms in alteration and detoxifi-
cation of pollutants make them an ultimate candidate. Among biological methods,
biosorption is one of the promising technology for pollutant elimination/recovery
from wastewater because of its effectiveness, simplicity, and easy biomass avail-
ability. This article critically reviews the mechanism, advantages, limitations, and
the significance of biosorption for the removal of heavy metals, radionuclides, dyes,
hydrocarbons, and pesticides from the environment.
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1 Introduction

Rapid industrialization during the last decade has resulted in a considerable increase
in wastewater generation, which contains many kinds of organic compounds, such
as PCBs, pesticides, dyes, and hydrocarbons. Many of the present persistent organic
compounds are toxic even at very low concentrations with serious effect on aquatic
life and human health and represent global problems [1].

A number of physico-chemical methods have been explored for the removal of
pollutants from wastewater. These methods have limited use in the treatment of
contaminated water/soil due to high operational costs [2]. Moreover, some methods
become ineffective if the concentration of contaminant reaches beyond the treatment
level limit.

Biological methods which include biosorption and bioaccumulation may be a
suitable strategy for the removal of contaminants when compared with existing tech-
nologies. In biosorption, biological material is used to eliminate (adsorb/absorb)
contaminants from wastewater [3]. The use of microbes as biosorbents has various
advantages such as high surface to volume ratio,widespread occurrence rapid kinetics
of adsorption and desorption, and low cost. So far, the biosorption of heavymetals by
microbes such as bacteria, fungi, and algae were extensively reported [4], however,
its use for removing pesticides, dyes, hydrocarbons, and radionuclides has received
considerably less attention.

2 Biosorption

The term sorption includes both absorption and adsorption. Absorption is the inclu-
sion of a substance in one form into another different form while adsorption is the
physical attachment of molecules/ions on the solid material’s surface by means of
bonding. The material which adsorbed at the interface is the adsorbate and the solid
surface on which adsorption occurs is called as adsorbent [5]. The major advantages
of biosorption above conventional treatment methods include:

• Economically favorable
• Efficient process (can take place at a wide range of pH and temperature)
• Reduction of biological sludge
• Optimum utilization of industrial waste
• Reuse of biosorbents
• No additional requirements (for example, nutrients)
• Probability of contaminants recovery for further use (in case of metals).

A broad range of naturally occurring biomaterials has been explored as biosorbent
for the pollutant elimination. Of the different biosorbents, different organisms, i.e.,
bacteria, cyanobacteria, algae (including microalgae, macroalgae, and seaweeds),
yeasts, fungi, and lichens have been demonstrated to possess good potential to remove
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contaminants. Generally, dead biomass is used as biosorbents owing to various prop-
erties (long storage time, no limitation by environmental conditions and adsorbate
concentration, and no requirement of nutrients) when compared with the living cells
as biosorbents [6].

3 Mechanism of Biosorbent-Sorbate Interactions

The binding of sorbate on the surface of biosorbent occurs via many physical or
chemical interactions [7]. The cell wall composition plays an important role in
biosorption interactions. The cell wall of different microbial groups is consists of
complex polysaccharides, proteins, and lipids, which in turn have different func-
tional groups (–OH, –COOH, –NH2, –SH, –CO, –COOR,). These functions groups
have key involvement in biosorption of cations [8]. During the biosorption of metals,
the naturally occurring cations and protons which remain attached with functional
group of microbial surface are exchanged with metal ions [9].

The cell wall presents numerous active sites for the binding of metal ions. The
amount and type of biosorbate (especially in case of metals and radionuclides) varies
in different microbial groups due to difference in cell wall composition (Fig. 1).

Algal cells walls are made up of cellulose which consists of carboxylates,
amines, imidazoles, phosphates, sulfhydryls, sulfates, and hydroxyls functional
groups. Bacterial cells are mainly composed of peptidoglycans (polymer of N-
acetylglucosamine –β 1, 4-N-acetylmuramic acid with peptide chains) with carboxy-
late as key functional group implicated in metal binding [10]. Fungal cells are
composed of chitin and chitosan, which have the property to restore metal ions.

4 Factors Affecting Biosorption

Many factors control the process of biosorption. These factors take account of
biomass properties and physio-chemical properties (Fig. 2).

Typeandnature ofBiomass: Broad array ofmicrobial biomass has been explored
in different biosorption studies as single andmixed organismbiomass [11].Microbial
biomass when used in free suspended forms has several disadvantages that consist
of small size, low mechanical strength, and complex biomass/effluent separation.
Microbial cells can also be immobilized on inert materials support in the form of
biofilm. Living cell biofilms also provide additional further removal of additional
pollutants such as carbons, pesticides, and nitrates.

Growth, nutrition, and age of Biomass: Biomass growth, growth conditions
(young or old culture), and nutrition is known to influence biosorption due tomorpho-
logical change, cell wall composition of cells, and product formation (intracellular
or extracellular), etc. [12]. Furthermore, surface area and surface area/volume ratio
is another important factor in the case of individual cells and immobilized biofilms,
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Fig. 1 Microbial cell wall nature and their interactions in biosorption

Fig. 2 Factors affecting biosorption
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Table 1 Effect of different treatments on biosorption efficiency

Method Effect References

Heat, chemical sterilization, crushing Offer a larger available surface area and
expose the intracellular components and
more surface binding sites due to the
destruction of the cell membranes

[41–45]

Acidic pre-treatment Availability of more binding sites and
elimination of impurities and ions that
block heavy metals binding sites

[46–48]

Chemical agents
(Mineral acids, NaOH, Na2CO3, CaCl2
NaCl, chloroacetic acid
ethylenediamine, carbodiimide)

Opens new binding sites and enhance or
modify binding sites

[49]

Detergent Disruption of cell components increased
cell permeability and exposed a wider
variety of potential binding sites

[50, 51]

respectively. The amount of biomass may also influence biosorption effectiveness
with a decrease in sorption/unit weight as biomass concentration increases.

Physical and chemical treatment of biomass: Biosorptive capacity of biomass
can be altered by treating biomass with physical, chemical, and other methods which
in turn modify surface properties [13, 14].

Many physical pre-treatment methods such as heat treatment, autoclaving, freeze-
drying, and boiling have been used [15–18]. Chemical methods include the treatment
with diverse organic as well as inorganic reagents. The magnitude of increase in
biosorption capacity by chemical pre-treatment is dependent on the cellular compo-
nents of the biomass,which occurs due to themodification of binding sites on biomass
surface. The following table (Table 1) explains different treatment methods and their
effect on biosorbent.

5 Biosorption of Different Pollutants

5.1 Heavy Metals

Various heavy metals released via industrial activities such as copper (Cu), cadmium
(Cd), lead (Pb), mercury(Hg), cobalt (Co), chromium (Cr), and nickel (Ni) have
deleterious effects on the environment. Bacteria, fungi, yeast and algae have been
proved potential sorbents for heavy metal removal [19, 20]. We are not discussing
heavy metals biosorption in detail here as a number of the biosorption studies have
been done for heavy metal removal and literature is already available.
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5.2 Dyes

Most of the industries involved in the manufacturing of paper, printing, textile and
many other use dyes for coloring of their products [21]. Annual production of dyes
across the world is about 7× 105 metric tons [22], of which 70–80% is produced by
textile industries. The dyes or their metabolites pose genotoxic effects on aquatic and
human life. Therefore, the elimination of these colored pigments/dyes from water is
crucial.

Various studies have proven that the effectiveness of dye removal is affected
by the type of microorganisms and the process parameters. Apart from concentra-
tion and chemical structure of dye, other factors that influence biosorption are pH,
temperature, oxygen level, added carbon and nitrogen sources [23–26].

Among the various microorganisms involved in biosorption of dyes, one of the
important organisms is the fungal biomass, owing to its easy and cheap availability
as a waste product from various fermentation industries [27]. The fungi such as
Aspergillus niger, Rhizopus arrhizus, and Rhizopus oryzae have been reported to
biosorb various kinds of dyes [28–30].

The well-known genera of bacteria discussed in the literature for the biosorp-
tion of dyes are Pseudomonas, Bacillus, Sphingomonas, Aeromonas, Citrobacter,
Escherichia, Desulphovibrio, Proteus, Schewanella and Alcaligenes [24, 31].

5.3 Complex Hydrocarbons

Hydrocarbon pollution is by aliphatic compounds as well as aromatic compounds.
Among different treatment methods, microbial degradation is the chief removal
mechanism of hydrocarbons in soils. Numerous studies [32, 33] have reported
good sorption of polycyclic hydrocarbons (naphthalene, phenanthrene, fluoran-
threne, Benzo (a) pyrene and pyrene) on biomass-derived from algae, fungi, and
bacteria. Among different microbes, Phanerochaete chyrsosporium, Pseudomonas
sp., and Bacillus sp. have shown potential removal capacities.

5.4 Radioactive Elements

The anthropogenic activities and nuclear science developments have been
contributing to an outstanding increase in the dispersion of radioactive elements
in the environment [5]. In the natural environment, the most important concern is
the oxidation state of radionuclide. Some radioactive elements pose more toxicity
in higher oxidation state rather than low oxidation state, for example, uranium (U),
technetium (Tc), plutonium (Pu), and neptunium (Np). The presence of these radioac-
tive elements in high oxidation state create hazards to human, animals and aquatic
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flora and fauna due to high solubility and thus more mobilization in the aquatic
environment. [34].

In this context, numerous studies have been done for the elimination of Uranium,
Caesium, Thorium, and Strontium using bacteria, yeast, and fungi as biosorbents.
Several factors affected biosorption of radionuclides. Among these, pHwas observed
as an important factor in different studies (maximum biosorption was in the range of
4–6). Biosorbent dosage also influenced the extent of biosorption. Sar and D’Souza
reported maximum biomass loading of 541 mg Ug−1 dry mass or 430 mg Th g−1 dry
mass by bacterial biosorbents. Several studies [35], Sar and D’Souza also reported
interference in uranium sorption byPseudomonas sp. in the presence of cations (Fe3+,
Fe2+, Al3+, Cu 2+, and Ag2+). Highest inhibition to U sorption was shown by Fe3+.
In another study [36] absorption rate for uranium decreased in the presence of Al3+,
Fe2+, Fe3+, Cu2+, CO3

2− ions (at 0.1 M concentration) with maximum reduction
noted in the presence of CO2−

3 .

5.5 Pesticides

The extensive use of pesticides in agriculture resulted in the accumulation of residues
in the environment. These pesticides undergo a variety of transformations that provide
a complex pattern of metabolites and create a risk to human health. In accordance
with the EEC directive permissible limit of pesticide in drinking water should be
below 0.1 g/L. Therefore, pesticide removal is of increasing concern.

Some studies have reported microbial biosorption of DDT, lindane, Malathion
by bacteria, fungi algae and diverse culture of bacteria and fungi. Juhasz et al. [37]
confirmed the sorption of organochlorine pesticide, DDT by the fungal biomass
of Cladosporium sp. to a considerable level. Salam and Das [38] studied lindane
biosorption by pretreated biomass of yeast Cintractia sorghi. In a similar study, the
fungi Rhizopus arrizhus was also found effective against the biosorption of lindane
[39]. Malathion is a synthetic, broad-spectrum organophosphorous pesticide that
is toxic and carcinogenic in nature. The dry cells of Bacillus sp. were reported
to be efficient in removing Malathion from the solution. Maximum biosorption of
Malathion (81.4%) was observed under pH 6.5, temperature 25 °C [40].

6 Conclusion and Future Prospects

Although a number of studies have been carried out on heavy metal biosorption
nevertheless there is a scope of improvement in the process byminimizing cost, better
performance, and exploration of the process for other pollutants. To use industrial
waste biomass as biosorbent serves two benefits, i.e., remedy for waste disposal and
availability of biosorbent free of cost. Further investigation should be emphasized
on modelling, reuse of biosorbent, and recovery of sorbate for further application.
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Furthermore, consideration of other factors (pH, temperature, nature, and structure
of contaminants and pre-treatment of biomass) and detailed study of a contaminated
site in terms of prevailing environmental conditions is also a necessity to enhance
biosorption. Exploitation of microbial consortia and immobilized microbial culture
for biosorption will make the process more robust and economical. Furthermore, to
make the process more pertinent by looking for the cheapest biosorbent in terms
of minimum nutrient needs and amenable to the remarkably harsh environmental
conditions.
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Analysis and Management of Road
Accidents Caused Due to Pavement
Surface Conditions on Expressways

Rohit R. Salgude, S. S. Pimplikar, and Kunj R. Patel

Abstract Expressways are the highest class of roads in the Indian road network, and
approximately, 1581.4 km of expressways are operational in India. Road accidents
have rose over decades and are a significant contributor towards human deaths. It is
increasing yearly with the increase of road users and construction of road pavement
globally. In India, more than 150,000 people are killed each year in traffic accidents
and that is about 400 fatalities a day. Also, India losses 3% of its GDP to road
accidents. The objective of this study is to segregate critical accident blackspots
on Mumbai–Pune Expressway, to map the accident blackspots using QGIS and to
generate Karl Pearson correlation coefficient and regression model between number
of accidents and pavement roughness index.

Keywords Expressway · Pavement roughness index · Rigid pavement · Road
accidents · GIS

1 Introduction

An accident, also known as an unintentional injury, is an unfortunate incident that
happens unexpectedly, typically resulting in damage or injury. Road accidents are the
most frequent and endless. A total number of 1714 accidents both fatal and non-fatal
occurred on Mumbai–Pune Expressway during the year 2018. Factors contributing
towards road accidents on expressways may be distracted driving, drunk driving,
reckless driving, night driving, design defects, drowsy driving, tire blowouts, deadly
curves, pavement surface conditions, animal crossings and freedom of movement
given to drivers, leading to over speeding, particularly on expressways [1].
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Extensive research has been conducted to identify the various causes of accidents,
and hence, remedialmeasures have been recommended. Shafabakhsh et al. [2], Selva-
sofia and Arulraj [3], Bhagyaiah and Shrinagesh [4], Jayan and Ganeshkumar [5]
used GIS to map the blackspots; Alhasan et al. [6], Elghriany et al. [7], Serigos et al.
[8], Lee et al. [9], Yao and Liu [10], Baek et al. [11] measured pavement distresses
using automated and manual methods; Kassu and Anderson [12], Gebretensay and
Juremalani [13], Mir et al. [14], Malik et al. [15], Shariff et al. [16], Ghosh and
Paul [17] performed analysis to identify road accidents; and Li et al. [18], Gupta
and Rokade [19], Sailaja and Raju [20], Agyemang et al. [21] generated accident
analysis models to predict accidents.

Yet, for 30% of various accidents; their primary causes of accidents are unknown
Ramaswamy [22]. Pimplikar et al. [23] observed severe distresses on the new
constructed Mumbai–Pune Expressway, in asphalt as well as the concrete pavement.
Geopathic stress, as one of the prime reasons, has been identified as being responsible
for deterioration of materials at these locations. In fact, at few spots, same types of
distresses were observed even after one year, resulting in frequent maintenance of
the expressway, hence the motivation for this research.

One of the significant factors for road accidents may be the pavement surface
condition as deterioration and defects on pavements lead to skidding, driving off
track, improper manoeuvring to avoid the road defects and the like. Therefore, it
is important to investigate whether the distresses in pavements are responsible for
causing road accidents.

Most researchers have majorly focused on asphalt pavements, whereas only few
researchers have studied rigid pavements. Apart from this, no study is done for
evaluation of the pavement’s riding quality as a possible cause of road accidents.

However, this study is restricted only to the Mumbai–Pune Expressway; also, the
study is conducted at 29 accident spots only.

2 Need for Research

The IRC codes of design, IRC:37-2018: Guidelines for design of flexible pavements
and IRC:58-2015: Guidelines for the design of plain jointed rigid pavements for
highways considers that the road safety is fundamental requirement of any trans-
portation system, is the basis of design, is the assumption that the entire pavement
thickness of the particular material used and is the very good functional condition.

But the empirical findings from the literature review indicate that the reality is
actually different, because of conditions mentioned above.

Thus, a variable dealing with the above aspects needs to be incorporated as a
design parameter. The pavement condition rating (PCR) is based on the pavement
condition index (PCI). Determining PCI is based on structural distresses as well as
functional distress. It is empirically observed that on the roads with lesser values of
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PCI, there are more accidents, Chafekar et al. [24], Pimplikar and Kharat [25]. Thus,
the correlation between the technical aspects of the road and the number of accidents
needs to be ascertained.

3 Objectives

a. To segregate the critical accident blackspots existing on Mumbai–Pune
Expressway based on pavement roughness index values obtained.

b. To map critical accident blackspots thus obtained onMumbai–Pune Expressway
using QGIS (quantum GIS).

c. To determine Karl Pearson correlation coefficient between number of accidents
per year (A) and pavement roughness index (PRI) at critical accident blackspots
for Mumbai–Pune Expressway.

d. To formulate a regression model between number of accidents per year (A) and
pavement roughness index (PRI) at critical accident blackspot forMumbai–Pune
Expressway.

4 Data Collection

4.1 Prelude

In this research work, the accident data and road roughness data was collected from
MSRDC which documents monthly progress reports for short-term improvements,
operation and maintenance of Mumbai–Pune Expressway. Road roughness survey
was carried out by ROADBOUNCE. ROADBOUNCE is the surveyor which carries
out an automated survey to analyse the road conditions ofMumbai–PuneExpressway.

4.2 Accident Data

KM-wise accident data of one year was collected from MSRDC for year 2018.

4.3 Road Roughness Data

As mentioned previously, road roughness was measured by ROADBOUNCE, an
advance automated system which is speedy, accurate and reliable.
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ROADBOUNCE Enterprise provides potholes detection, prioritize repair loca-
tions based on traffic and road roughness index estimation as per international stan-
dards. It identifies potholes and rough road patches just by driving a car on the road
and measures an IRI/roughness index data and identifies those road sections which
need immediate attention using smartphone vibrations while driving car. The data
which is collected is stored on a secured cloud thus eliminating manipulation of data.

Data Collected:
The following data was collected for both Mumbai and Pune Corridor for each

lane for every 100 m (Year 2018).

a. Pre-monsoon road roughness test data in mm/km
b. Post-monsoon road roughness test data in mm/km.

Recommended roughness values as per IRC-SP-16 2004 for cement concrete
pavement is good if roughness index is <2200 mm/km, average if between 2200 and
3000 mm/km, poor if >3000 mm/km.

5 Data Analysis

5.1 Prelude

In the data analysis, the accident data was compared with the road roughness to
determine the blackspots on Mumbai–Pune Expressway; later, accident blackspots
weremapped using GIS, and finally, correlation and regressionmodel was developed
for comparing accidents with pavement roughness index.

5.2 Accident Blackspots on Expressway Based on Pavement
Roughness Index

Police Department has considered a spot as accident blackspot if more than five
accidents occur at that spot within 3 months.

On the expressway, there are a total number of 188 accident spots identified
by the authorities considering the Pune Corridor and Mumbai Corridor. Typical
causes of accidents such as over speeding, tyre bursting, drunken drivers, highway
geometrics are identified as the primary causes. However, as mentioned previously,
there are specific accident spots which have recurring accidents in spite of various
remedial efforts implemented by expressway authorities based on national- and state-
level safety audits. An attempt is made in this research to find the possible cause of
accidents at such blackspots. Hence, in all, only 29 blackspots are considered for this
analysis.

Table 1 lists a total of 29 critical accident blackspot Km wise on Mumbai–Pune
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Table 1 Blackspots on Mumbai–Pune Expressway

Pune Corridor (towards Pune) Mumbai Corridor (towards Mumbai)

S. No. Number of
accidents

Blackspots (KM) S. No. Number of
accidents

Blackspots (KM)

1 12 6–7 a. 13 20–21

2 13 15–16 b. 15 29–30

3 18 18–19 c. 10 30–31

4 12 35–36 d. 9 31–32

5 20 36–37 e. 12 44–45

6 28 37–38 f. 8 49–50

7 35 38–39 g. 7 50–51

8 27 39–40 h. 7 58–59

9 19 40–41 i. 8 67–68

10 33 41–42 j. 7 70–71

11 36 45–46 k. 16 76–77

12 11 46–47 l. 7 77–78

– – – m. 16 78–79

– – – n. 21 80–81

– – – o. 9 81–82

– – – p. 14 82–83

– – – q. 9 92–93

Expressway based on pavement roughness index (Fig. 1).

5.3 Mapping of Accident Blackspots on Mumbai–Pune
Expressway Using QGIS

QGIS (quantum GIS) is a free and open-source platform which functions as
geographic information system (GIS) that supports viewing, editing and analysis
of geospatial data to compose and export graphical maps.
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Fig. 1 Mapping of critical accident blackspots

5.4 Data Analysis for Karl Pearson Correlation Coefficient
and Regression Model Between Number of Accidents Per
Year(a) with Pavement Roughness Index (PRI)

5.4.1 For Pune Corridor

The Karl Pearson correlation coefficient between A and PRI is r = + 0.70. From
Fig. 2, it is interpreted that there is a linear, positive and strong correlation between
number of accidents on Pune Corridor and average roughness index of three lanes. It

Fig. 2 Number of accidents
versus pavement roughness
index for Pune Corridor
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Fig. 3 Number of accidents
versus pavement roughness
index for Mumbai Corridor
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is interpreted that as pavement roughness index increases, the number of accidents
increases. It may therefore be statistically inferred that road accident is a function
also of pavement roughness index. For accident spots of Pune Corridor, roughness
index value varies from 2105 to 2748 mm/km, which as per IRC-SP-16:2004 shows
that pavement condition has deteriorated to average roughness presently; further,
deterioration may lead to poor roughness if it exceeds 3000 mm/km.

Based on this, linear regression equation gets formulated as

A = −44.58+ 0.0284(PRI) (1)

Equation (1) enables the prediction of accidents at critical blackspots, provided
that the pavement roughness index is known. For example, if the PRI is 2000mm/km,
then A will be 12, and if the PRI is 2800 mm/km, then A will be 34.

5.4.2 For Mumbai Corridor

The Karl Pearson correlation coefficient between A and PRI is r = −0.1. From
Fig. 3, it is interpreted that there is a linear, negative and virtually no correlation.
Thus, the number of accidents is independent of the pavement roughness for the
Mumbai Corridor.

6 Conclusion

A total of 29 critical accident blackspots were segregated from 188 total accident
spots based on the pavement surface conditions on Mumbai and Pune Corridor for
Mumbai–Pune Expressway. A strong, positive correlation exists between the total
number of accidents per year (A) and the pavement roughness index (PRI) along
Pune Corridor. However, there is virtually no correlation between the total number
of accidents per year (A) and the pavement roughness index (PRI) along theMumbai
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Corridor. The regression equation formulated for the Pune Corridor will enable the
prediction of future road accidents; when the pavement roughness value is deter-
mined. However, further significant research regarding the existence of geopathic
stress at these spots and its significance in accident studies needs to be carried out.
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Compact City and Related Impact
on Sustainable Development in Urban
Areas

Kaivalya Metre, Harshit Baghel, Gaurav Suman, Mohit Batra,
and Sujesh D. Ghodmare

Abstract This article examines the city of Nagpur in India in the context of a
compact city. The development concept is theoretical elements of the compact city.
It tries to analyze the physiological aspects. The compactness of cities often refers to
urban sustainability achieved by dense, mixed neighborhoods which make the city
more livable. Today the developing cities have an adverse impact as they occupy large
areas, convenient transport facilities are promoting the urban sprawl to spread over
the large urban area. Compact city concept is one of the sustainable development
approaches to restrict the impact of urban sprawl on the environment. There is a
huge difference between the city characteristics around the world as compared to
India. This paper reviews the compact city concept and tries to explore its impact on
sustainable development in the Indian context.

Keywords Compact city · Sustainability · Urban sprawl ·Modern planning

1 Introduction

Reduction in agriculture land, destruction of biodiversity, and ecosystem more fuel
consumption for transport, loss of community life, ill-health, and less social cohe-
sion are some of the ill effects of global urbanization. But as concluded by many
researchers compact city has its own pros and cons of sustainable development. The
pros are to reduce travel time and distance, efficient utility reduction of fuel consump-
tion, and pollution. The cons are environmental quality; congest social acceptability
the lack of urban green space, open space, privacy, and the effect of the urban form
of ecology, wildlife nature resource, and economic well-being. Compactness can be
evaluated using various parameters such as density, intensity, mixed land use. An
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extended review of the literature and past-research findings are considered as the
base for analyzing the compact city development. This paper focuses on selected
criteria of compactness and that is highlighted in the methodology.

1.1 General Aspects of Compact City

1. Mixed land use: It refers to a combination in a buildingwhere it blends residential,
commercial, cultural, institutional, and industrial functions. This promotes the
reduction of overall working load on each individual worker.

2. Less complex land use: It is the process of regulating the use of land in an effort
to promote more desirable social and environmental outcomes as well as more
efficient use of resources.

3. Self-sufficiency in daily life: When the city provides the community with all
the needs that the residents require then it is termed ads self-sustaining. Stores,
employers, post offices, service providers, energy generation, waste disposal and
processing, and small-scale agricultural production are included in this.

4. Efficiency in transportation: Reduction in area results inmodicum transportation,
thus directly affecting the fuel consumption of the vehicle which rapidly reduces.

5. Accessibility: It refers to the community’s swiftness in providing amenities and
supplies to the residents living there.

6. Open space ratio: It is the amount of open space required on a residential zoning
lot in a non-contextual district, expressed as a percentage of the total floor area
on the zoning area.

1.2 Compact City

The compact city also known as the city of short distances is a modern planning
and new design concept. It emphasizes on promoting relatively high residential
density which includes mix land uses. It hinges on an efficient public transport
system. Compact city has an urban layout that incites walking, cycling, low energy
consumption, and adding to it is benefits, the reduction of pollution. Opportunities
for social interaction and a feeling of safety are instilled in residents as a result of
high population.

2 Literature Review

Rajashri Kotharkar et al. [1] have worked and studied the compact city concept and
its applicability in the Indian context and concluded that by increasing FSI, more
people will be accommodated with lesser areas even if it may not have much impact
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on the overall density of the city. According to Krzysztof Rogatka et al. (2015)
a brief intensification of land use which allows the use of existing facilities and
encourages walking and public transport is given. Although the paper has worked
on the same topic one is for the Indian scenario and other is for the foreign scenario
[2]. Tomasz Bradecki has worked on ‘Mapping Urban Open Space and Compact
City-Research Methodology’. In this paper, research is introduced to describe the
city compactness done with the help of a GIS-based system. It was concluded several
policies that includemaximumandminimumdensity ratio, urban open space ratio for
development, and policies that promote the same [3]. Michael Neuman has worked
on ‘The Compact City Fallacy’. This paper concluded that the empirical data of
whether compact cities are sustainable, considering the debates related to compact
city and sprawl city. The paper also analyses whether compact city development is
more sustainable than sprawl city development [4].

Jesper Ole Jensen et al. (2011) have worked on ‘Sustainable Urban Development-
Compact Cities or Consumer Practices?’ This article evaluates compact cities while
using lifestyle interpretation of urban forms to challenge the compact city approach.
It analysis whether a compact city leads to a more sustainable city [5] Coorey et al.
(2005) have worked on ‘Urban Compactness and Its Progress towards Sustainability:
TheHongKong Scenario’. This paper evaluates the significant compact development
adopted instead of sprawl development. It pointed out the positive aswell as a negative
impact, quantitative and qualitative attributes of a compact city. Chang et al. [6] have
worked on ‘Examine Sustainable Urban Space Based on Compact City Concept’.
This article states that high compact cities show an improvement in public infras-
tructure and becomemost liveable. Hofstad [7] has worked on ‘Compact City Devel-
opment: High ideals and Emerging Practices’. This article’s main aim is to search
the environmental and social sustainable effect on the city area. The article assesses
whether distinct institutional practices support the balancing of social, economic,
and environmental goals [8].

3 Research Motivation

It is comparison between sprawl development and compact development. As in
sprawl development, there is high utilization of fuel, time, increase in distance, pollu-
tion. But if we implement a compact city concept we can reduce the utilization of
fuel, time, distance, etc. It also has some negative effects on the environment such
as crowding, social acceptability, privacy, and urban greenery. These effects can be
avoided by implementing the concept of a compact city.
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4 Limitations

This concept cannot be implemented practically. In this work, the existing develop-
ments in particular areas are taken into consideration and cannot be made vacant.
But here it is only assumed to be shifted in the NMC area nearer to the city Centre
for the purpose of analysis. In this paper, all the parameters related to the compact
city are not taken into consideration but has focused on only time, fuel consumption,
and travel distance. The analysis is done only for selected locations around Nagpur
City.

5 Study Area

The area selected for conducting the study is the city of Nagpur in Maharashtra.
It covers the area of 227.36 km2. The total population was 2,497,870 in the year
2011 with a density of 11,000/km2. Nagpur has the metro rank of 13. Nagpur is the
fifth fastest-growing city in the world from 2019 to 2035 with an average growth of
8.41%, this information is in accordance with the Oxford Economics reports (Fig. 1).

It ranks 1st among 100 cities in India and is also one of the Smart Cities in
Maharashtra. Adjudged as the 20th cleanest city in India it is also a top mover in the
western zone as per Swachh Sarvekshan 2016. Adding to its glory was the award that
Nagpur received for the best city in terms of innovation and its practice in Swachh
Sarvekshan 2018. Nagpur works progressively towards making it defecation free, its
efforts paid off when it was declared as open defecation free under Swachh Bharat
mission 2018.

6 Methodology

A methodology needs to be developed in order to describe cities compactness and
urban open space. This paper has mainly focused on the issues relating to the public
such as time distance, fuel consumption along with other resources. Such issues are
considered as benefits of implementation of a compact city concept, which highly
depends on the quality of life and sustainability.

For this purpose, we have considered the area which is outside the NMC area.
The limit which has been considered was taken from zero miles square and diameter
consider was of 10 km around the NMC area of the city. For this purpose, we have
identified various locations with the help of a GPS system. Once the locations were
identified, respected data were collected for the study. Next was to locate the vacant
spaces in NMC region with the help of Google maps and collect the required data.
With the help of all the data collected from both the places, the parameters were



Compact City and Related Impact on Sustainable … 527

compared with the help of graphs. The graphs gave us the result of the comparison
of the compact city and sprawl development.

7 Data and Analysis

Data is collected with the help of the GPS method. GPS method helps in giving
the near about the same distance of the area from the zero miles to the considered
5 locations. The coordinates considered are Lata Mangeshkar Hospital, National
Cancer Institute, Smt. Radhikatai Pandav College of Engineering, Bhavans B. P.
Vidya Mandir, Mayur Lawns and Marriage Halls, Sez Mihan, Yashwantrao Chavan
College of Engineering, Suryudaya College of Engineering, Raj Royal Lawns.

Data was collected by video recording during peak hours from 9 a.m. to 11 a.m.
and in evening peak hours 5 p.m. to 7 p.m. which focus on the on-going traffic
on that particular region. After recording, the traffic was calculated (only cars and
bikes are considered). This gave us the count of people who travel a long distance.
If these locations were able to build in the NMC area on the free spaces on those
particular roads (or other vacant space in NMC area), the public would get relief.
For approximate calculation, 60% of total bikes and 40% of total cars calculated by
videography method of that area are considered to be going from zero miles to the
respected co-ordinate. On that basis, the fuel consumption of the bikes and cars are
calculated. The average mileage of cars is considered as 15 kmph and the bike is
40 kmph.

Fuel Consumption = (total distance)/mileage

It is observed from Fig. 2 that the distance in sprawl development at location
3, which is the National cancer institute is 19.1 km whereas when it is converted
into compact development it is observed to be 7.2 km. This reduces the total travel
distance by 11.9 km. Also at location no. 9, Mayur lawn and marriage hall, the
distance in sprawl development is observed to be 10.9 km whereas when converted
into compact development it is observed to be 7.7 km. This reduces the total travel
distance by 3.2 km.

It is observed in Fig. 3, the fuel consumption in sprawl development observed at
location 3which isNational cancer institute is 1204.73Lwhereaswhen it is converted
into compact development it is observed to be 454.14 L. This reduces the total fuel
consumption by 750.59 L. Also at location no. 9, Mayur lawn and marriage hall, the
fuel consumption in sprawl development are observed to be 362.88 L whereas when
converted into compact development it is observed to be 256.35 L. This reduces fuel
consumption by 106.53 L.

It is observed in Fig. 4, the travel time in sprawl development observed at location
3 which is National cancer institute is 31 min whereas when it is converted into
compact development it is observed to be 14 min. This reduces the total travel time
by 17 min. Also at location no. 9, Mayur lawn and marriage hall, the travel time in
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Fig. 1 Map of Nagpur (satellite view)

Fig. 2 Distance comparison chart
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Fig. 3 Comparison of fuel consumption between sprawl and compact development

Fig. 4 Comparison of time of travel between the selected locations.

sprawl development is observed to be 22 min whereas when converted into compact
development it is observed to be 18 min. This reduces the total travel time by 4 min.

8 Conclusion and Result

On the bases of the study conducted it can be observed that the time, distance, and
fuel consumption values for an observed number of vehicles connected with the
particular organization or the establishment were high. For example, the distance,
time, and fuel consumption for National Cancer Hospital were 19.1 km, 31 min, and
1204.73 L, respectively with sprawl development. Whereas with the concept of the



530 K. Metre et al.

compact city after shifting, the distance, time, and fuel consumption are found to be
7.2 km, 14 min, and 454.14 L, respectively. Hence it is observed that the total saving
of distance, time, and fuel are 11.9 km, 17 min, and 750.59 L respectively.

The study reveals a successful comparison between sprawl development and
compact development which increases the efficiency of land use and resources.
Reduce travel time encourages better social time and sustainable communities and
also involves a reduction in distance and fuel consumption. Compact development
also reduces pollution compare to sprawl development due to a reduction in fuel
consumption. Compact development can be implemented in urban areas as well
as in rural areas. It also reduces harmful impacts on nature and helps to maintain
environmental balance. Compact city also has some negative effect on society like
congest, open spaces, and privacy.
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PM10 Dispersion Modelling
at Unsignalised Intersection Using
Caline4—A Case Study

Chintaman Santosh Bari and B. V. Khode

Abstract Air pollution caused due to human activities is one of the major problems
in the whole world, and India is the third-largest contributor to the emission of green-
house gases. Thus to control the air pollution, monitoring for the various pollutants as
CO, PM10, PM2.5, SOx and NOx was carried out by CPCB in India. In Surat, daily
monitoring was carried out at twelve sampling stations all around the city. The air
quality index (AQI) was found to fairly harmful with a high concentration of partic-
ulate matter (PM). PM10 is a complex mixture of dry solid fragments, droplets of
liquids or solid cores with coatings which is highly carcinogenic. The present study
aims to study the dispersion of PM10 at an unsignalised intersection on urban roads.
The temporal variation of the PM10 was studied compared with the traffic volume.
It was observed that morning peak shows a high concentration of PM10 which goes
on decreasing towards off-peak then again increases in the evening peak.

Keywords Caline4 · PM10 · Dispersion

1 Introduction

India a developing country is the second highest in the road network around thewhole
world. The vehicular population in India is about 250 million which also increases
congestion and thus emissions. Millions of people get affected due to air pollution
caused by human activities which causes great economic damage to ecosystems and
society. India is the third largest in the emission of greenhouse gases after China and
the USA. The severity of air pollution is so much that life expectancy among Indians
on an average reduces by 3.4 years while among the residents of Delhi, it reduces
by almost 6.3 years. It was observed that more than 1 lakh children were died due
to the severe effect of air pollution in India (WHO). Particulate matter (PM) is a
complex mixture tiny particle of metals, soot, soil and dust which vary greatly in
shape, size and chemical composition. Particulates are highly carcinogenic and have
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been classified in Group I carcinogen because of their ability to penetrate deep into
the lungs and bloodstreams. They can also cause permanent DNA mutations, heart
attacks and premature death. More than 80% of cities in India where air quality is
monitored do not meet the standard of air quality prescribed by the Government of
India. Various models have been applied for estimation, simulation and dispersion
of gases such as Caline4 [3, 5, 9–11], MOBILE [1, 11], MOVES [6, 8]. Li et al.
[5] have studied the simulation of emissions at a signalised intersection in China
using Caline4 software and found that the Caline4 predicts good relation with the
actual field data. Vincent et al. [9] have studied the spatial and temporal variation and
dispersion of highway generated air pollution in residential urban area using Caline4
and found that the effect of pollution goes on decreasing away from the road Central
Pollution Control Board [2] has studied the pollution level of six megacities with the
use of IVE and action plans were taken for each city. Fallah-Shorshani et al. [4] have
integrated Gaussian puff and street canyon model for the simulation of NOx. Yazdi
et al. [10] have studied the vehicular emissions near the highway in Tehran using
tunnel experimental campaign andmodelling procedure usingCaline4, COPERT and
found the emissions follow exponential decay pattern and are remaining up to 50–
80% of the total in a distance between 100 and 150 m from highway. Tennyson and
Kumar [7] have studied the carbon monoxide (CO) prediction and seasonal variation
for Madurai City in India and found Caline4 to be predicting nearly equal values of
actual data.

From the above literature, Caline4 was found to be most appropriate for the
study. The aim of the present research was to study the dispersion pattern of the
primary pollutant PM10 in an urban area. The study areawas taken as an unsignalised
intersection in the city of Surat. Surat is the eighth largest city and ninth largest urban
agglomeration in Gujarat, India. The city is located 284 km, south of the state capital,
Gandhinagar. The city centre is located on the Tapti River, close to the Arabian Sea.
The Surat is located at 21°10′ N 72°50′ E. It has an average elevation of 13 m. The
average maximum temperature in summer is 37 °C and in monsoon 32 °C and in
winter it downs to 23 °C.

2 Methodology

The California Line Source Model (Caline4) is a line source Gaussian model which
was developed by the California Department of Transportation (Caltrans). The
Caline4was used to estimate the dispersion of the pollutants such as carbonmonoxide
(CO), particulate matter (PM) and nitrogen oxides (NOx) for around 500 m the links
using receptors. The Caline4 is applicable for suburban, rural and Central Business
District (CBD) areas and urban areas by changing the aerodynamic coefficient. The
inputs for the Caline4 were ambient temperature, base pollutants, ambient velocity
and stability class as meteorological parameters. The traffic volume, link size, link
type, link height, emission factors and receptors position were given as inputs for
traffic characteristics. The base data for the present study was used from the dataset
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obtained from the Gujarat Pollution Control Board (GPCB) for the last four years.
The model for dispersion was formed for each temporal variation.

3 Data Collection

For the present study, the data was collected at an unsignalised intersection in Surat
City on 27th September 2018. The videographic data was collected for one hour in
themorning peak, off-peak and evening peak. Themeteorological data were obtained
by the meteorological department. The data were analysed using AVIDEMUX soft-
ware on a large screen as shown in Fig. 1. Table 1 depicts the traffic volume
count and weighted emission factors for morning peak, off-peak, and evening peak,
respectively.

The Caline4 was used for dispersion modelling with the input data as shown in
Table 2. The Caline4 was provided with only 20 receptors. So to increase the data
points, the receptors are used in each quadrant, 20 at a time as shown in Fig. 2.
Figure 2 shows the sample receptors in north-east quadrant, and same receptors were
applied for other quadrants.

Figure 3 shows the yearly variation of three constituent pollutants for the last
four years as obtained from GPCB. Figure 3 shows that there was a large variation
in PM10. The least value was found to be 63 µg/m3 and a maximum of about
107 µg/m3. The concentration of PM2.5 was within range of 16–40 µg/m3 and that
of NOx it was found to be 9.4–21 µg/m3. The maximum values occurred in the year
of 2017–2018 as shown in Fig. 3d. The annual average for PM10 was violating the

N

Fig. 1 Traffic volume count at unsignalised intersection, Surat
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Table 1 Traffic volume and emission factors for each link

Traffic volume (veh per hour) Emission factor (g/km)

Morning
peak

Off peak Evening peak Morning
peak

Off peak Evening peak

Northbound
to
southbound

3398 2934 4173 0.8073 0.7783 0.7808

Southbound
to
northbound

2179 1844 2234 0.8502 0.7740 0.8869

Eastbound to
westbound

731 654 1163 0.8073 0.7783 0.7808

Westbound
to eastbound

487 436 776 0.8502 0.7740 0.8869

Table 2 Base data for Caline4 for morning peak, off-peak and evening peak

Time Temperature
(°C)

Wind
direction
(from
north) (°)

Speed
(m/s)

Base
PM10
(µg/m3)

Base
PM2.5
(µg/m3)

Base NOx
(µg/m3)

Morning 9–10 a.m. 28 120 1.6666 81.05 26.05 18.09

Off 1–2 p.m. 37 210 1.6666 81.05 26.05 18.09

Evening 6–7 p.m. 34 290 1.9444 81.05 26.05 18.09

Fig. 2 Receptor position in Caline4 for north-east (NE)



PM10 Dispersion Modelling at Unsignalised Intersection … 535

0
10
20
30
40
50
60
70
80
90

100

A
pr

-1
4

M
ay

-1
4

Ju
n-

14
Ju

l-1
4

A
ug

-1
4

Se
p-

14
O

ct
-1

4

N
ov

-1
4

D
ec

-1
4

Ja
n-

15

Fe
b-

15
M

ar
-1

5C
on

ce
nt

ra
tio

n 
in

μg
/ m

3

PM10 PM2.5 Nox

0

20

40

60

80

100

120

A
pr

-1
5

M
ay

-1
5

Ju
n-

15
Ju

l-1
5

A
ug

-1
5

Se
p-

15
O

ct
-1

5
N

ov
-1

5
D

ec
-1

5
Ja

n-
16

Fe
b-

16
M

ar
-1

6C
on

ce
nt

ra
tio

n 
in

 
μg

/ m
3

PM10 PM2.5 NOx

a b

c d

0

20

40

60

80

100

120

A
pr

-1
6

Ju
n-

16

A
ug

-1
6

O
ct

-1
6

D
ec

-1
6

Fe
b-

17

A
pr

-1
7

Ju
n-

17

A
ug

-1
7

O
ct

-1
7

D
ec

-1
7C

on
ce

nt
ra

tio
n 

in
μg

/ m
3

PM10 PM2.5 Nox

0

20

40

60

80

100

120

A
pr

-1
7

M
ay

-1
7

Ju
n-

17
Ju

l-1
7

A
ug

-1
7

Se
p-

17
O

ct
-1

7
N

ov
-1

7
D

ec
-1

7
Ja

n-
18

Fe
b-

18
M

ar
-1

8C
on

ce
nt

ra
tio

n 
in

μg
/ m

3

PM10 PM2.5 Nox

Fig. 3 Variation of PM10, PM2.5 and NOx for last four year. aVariation of PM10, PM2.5 and NOx
for the year 2014–2015. b Variation of PM10, PM2.5 and NOx for the year 2015–2016. c Variation
of PM10, PM2.5 and NOx for the year 2016–2017. d Variation of PM10, PM2.5 and NOx for the
year 2017–2018

prescribed standards by the Central Pollution Control Board (CPCB). The annual
average values for PM2.5 and NOx were within the limits given by CPCB.

The variation in concentration with respect to the season was also checked for
base data. Figure 4 depicts the seasonal variation in pollutants. It was found that there
is an overall increase in concentration per year for all three constituents. The PM10
concentration shows its maximum value in the season of summer as 101 µg/m3.
This value occurs may be due to the blowing of the wind and a lot of alteration in
the environment as pressure zones. The base data also shows that the PM2.5 has
a maximum value of 38 µg/m3 in the season of summer. Contrary the NOx shows
the maximum value of 27 µg/m3 in the month of winter. This may be due to a
stagnant environment that helps the pollutant to stay within the environment which
gets accumulates in the space.

Figure 5 depicts the variation in pollutants with respect to comparison in season
within a year. It was observed that the year 2014 shows the decreasing trend for
PM10 and PM2.5 from monsoon to summer. But from 2014 onwards, the maximum
concentration was obtained in the season of summer that is increasing trend from
monsoon to summer. But the NOx shows the peak in winter as discussed earlier in
Fig. 4.
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Fig. 4 Seasonwise variation
of pollutants
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(b) Variation of pollutants in Winter season
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4 Results

The Caline4 model gives the predicted emissions for PM10 and PM2.5 as shown
in Fig. 6. The results show that the PM10 concentration was maximum in morning
peak of about 114.40 µg/m3 and a minimum of about 85.80 µg/m3. It may be
due to low wind speed and less temperature which formed a calm environment for
the accumulation of pollutants. Figure 6a shows that the concentration of PM10
pollutants was high near the road surface, and it goes on decreasing as distance from
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Fig. 5 Yearwise seasonal variation of pollutants. a Seasonal variation of pollutants year 2014.
bSeasonal variation of pollutants year 2015. c Seasonal variation of pollutants year 2016.dSeasonal
variation of pollutants year 2017

road increases, and it decreases up to 25% of the initial value. It was observed that
at a particular region (−250, 500) in Fig. 6a, the concentration was high as the wind
direction accumulates the pollutants at that point. Hence, it may be concluded that
the green belt should be there for dispersion when wind direction is about south east
(SE). Figure 6b shows the dispersion of PM10 for off-peak time, and it was found
that the concentration was lower than both morning peak and evening peak. The
concentration was high at the intersection, and some dispersion occurs towards the
southwest (SW) due to the prevailingwind. Figure 6c depicts the dispersion of PM10
for evening peak which shows maximum dispersion in north west (NW) that is in
direction of the wind. Table 3 describes the descriptive statistics of PM10 emissions.

5 Conclusions

The air pollution is one of the major problems in the present condition and vehicular
exhaust is a major source of emission. The health hazards due to air pollutions cause
lung cancer, respiratory diseases and even death. Many times the pollutants in a calm
environment with fog forms poisonous smog which is more harmful to health and
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Fig. 6 Temporal variation in dispersion of PM10. aMorning peak variation in dispersion of PM10.
b Off-peak variation in dispersion of PM10. c Evening peak variation in dispersion of PM10

Table 3 Descriptive statistics
for PM10 output for morning
peak, off-peak and evening
peak

Morning peak Off peak Evening peak

Mean (µg/m3) 96.15 92.64 95.00

Minimum (µg/m3) 87.00 86.00 85.80

Maximum (µg/m3) 114.40 103.30 106.90

Standard deviation 6.58 5.06 6.16

Skewness 0.44 0.48 0.53

also for driving purpose. Thus, the present study aims to study the dispersion at
unsignalised intersection for PM10 with the use of Caline4 software developed by
Caltrans. The traffic volume was collected using video graphic data, and base data
was obtained byGPCB.Themodelwas developedwith 20 receptors in each quadrant.
The results show that the concentration of PM10 was high in the morning peak and
found to be low in off-peak. It was also found that dispersion was a function of wind
direction and its speed. Furthermore, the concentration of pollutants was found to go
on decreasing as distance from the source that links go on increasing.
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Rating and Condition Assessment
of Flexible Pavements for Maintenance
Decision

Shruti S. Wadalkar, R. K. Lad, and R. K. Jain

Abstract Pavement Management System (PMS) deals with the planning of mainte-
nance, repair, and rehabilitation activities of road structure. Physical condition assess-
ment is a critical step in pavement maintenance decisions. This decision made by
identifying andmeasuringvarious distresses like cracking, potholes, raveling, depres-
sion, etc. In this work rating of flexible pavement in the Pimpri ChinchwadMunicipal
Corporation (PCMC) area of Pune region has done by measuring distresses. Based
on the condition of the road maintenance decision is taken. For condition assessment
and rating of road guidelines given by the Indian Road Congress (IRC 82-2015) has
followed. The decision for support can be taken based on the rating of the road. The
rating is provided from 1 to 3 for the condition of the poor to good. As per this
process, the evaluation of the considered road segment in the PCMC area is in the
range of 1.82–2.26, and the condition of the road is fair to good.

Keywords Pavement ·Maintenance · Distresses · Condition assessment

1 Introduction

Pavement Management System (PMS) deals with the planning of maintenance,
repair, and rehabilitation activities of road structure. A significant objective of PMS
is to assist the engineer in making consistent and cost-effective decisions related to
the construction, maintenance, and rehabilitation of pavements [1]. The First step
towards the planning of maintenance operations is the evaluation of the existing
pavement surface in terms of its physical condition as well as structural capacity [1].
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Physical condition of the pavement is assessed by identified andmeasuring various
distresses on the pavement surface. Cracking, raveling, potholes, settlements, rut
depth are some significant distress in flexible pavement. In this research work rating
of flexible pavements by considering the above mentioned distresses has done. The
methodology specified in IRC 82-2015 follows for the evaluation of flexible pave-
ments IRC 82-2015 deals with mainly three types of maintenance viz. Routine,
Preventive, and Periodic. Routine maintenance involves filling potholes, repairing
cracks, and patchwork. Preventive maintenance is performed to improve or extend
the useful life of the pavement surface while in good condition. And periodic main-
tenance includes regular maintenance operations like applying a renewal coat. In the
case of urban roads, preventive maintenance is undertaken before pavement rating
drops to 2 and periodic renewal may be conducted at a serviceability level of 2 [1].

2 Past Research Work

Boyapati and Kumar [2] prioritized the maintenance of pavements based on the
Pavement Condition Index. Mannan and Tarefder [3] were analyzed the pavement
performance of NewMexico’s SPS-5 sections by analyzing five distress parameters;
International Roughness Index (IRI), rutting, fatigue cracking, longitudinal cracking,
and transverse cracking. Avinash et al. [4] had done performance evaluation of low
volume flexible Pavements of an urban road network of Tumkur city, Karnataka,
India. They have evaluated the functional and structural conditions in terms of CBR
value of the subgrade soil, rebound deflection, International Roughness Index (IRI),
and condition rating based on the extent of cracking, patching, rutting and potholes.
Adu-Gyamfi et al. [5] had done a functional evaluation of pavement condition by
using a complete vision system. Haider et al. [6] were estimated optimum timings for
treatments on flexible pavements with surface rutting. Shaha et al. [7] developed a
combined overall pavement condition index for the selected network of Noida urban
roads. The four performance indices viz. Pavement Condition Distress Index, Pave-
ment Condition Roughness Index, Pavement Condition Structural Capacity Index,
and Pavement Condition Skid Resistance Index was developed individually. Then
all these indices are combined to form an OPCI giving importance of each indi-
cator. Ullas et al. [8] was evaluated the functional and structural condition of flexible
pavements and developed performance prediction models using SPSS package. Five
different roads types of urban pavement are considered for the study Suman et al.
[9] presented as an approach to pavement treatment selection using a fuzzy logic
inference system.
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3 Methodology

In the present study, rating of flexible pavement is done. For the rating purpose
methodology prescribed in IRC 82-2015 is adopted. Table 1 represents IRC 82-2015,
criteria for the rating of pavements.

For the study purpose, 2.00 km segments of roads are considered from Pimpri-
Chinchwad Pune. Cracking, raveling, potholes, settlements, rut depth are measured.
Longitudinal and transverse cracks are measured in linear meter. Block and fatigue
cracking are measured in square meter by selecting the appropriate area of developed
cracks. Potholes are measured by measuring area and dept. Settlement is measured
in area and depth. Rut depth is measured in linear meter. All the distress is expressed
in percentage and shown in Table 2.

Based on Table 1 and the values of distresses obtained in Table 2, rating of all the
road segments from 1 to 3 has been done which is shown in Table 3.

In IRC 82-2015, appropriate weights for the rating value of each parameter are
given. The rating of each parameter multiplies by weight for calculating weighted
rating value. The fixed weight for each parameter is given in Table 4.

Table 1 Pavement distress based rating for urban roads

Defects Range of defects

Cracking (%) >15 5–15 <5

Raveling (%) >10 5–10 <5

Potholes (%) >0.5 <0.5 NA

Settlement (%) >5 1–5 <1

Rut depth (mm) >10 5–10 <5

Rating 1 1.1–2 2.1–3

Condition Poor Fair Good

Source IRC 82-2015

Table 2 Values of distresses

Distresses Road segment
1

Road segment
2

Road segment
3

Road segment
4

Road segment
5

Cracking
(%)

21.24 3.74 6.41 0.58 14.66

Raveling
(%)

0.082 0.59 0 0 0

Potholes (%) 0.092 0.048 0.065 0 0.15

Settlements
(%)

0.07 0.0345 0.025 0 0

Rut depth in
mm

0.89 0.58 0.36 0.4 0.32
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Table 3 Rating of road segments

Distresses Rating of road segments as per Table 1

Road segment
1

Road segment
2

Road segment
3

Road segment
4

Road segment
5

Cracking
(%)

1 2.325 2.620 2.900 1.130

Raveling
(%)

2.85 2.890 3.00 3.000 3.000

Potholes (%) 1.83 1.910 1.880 2.000 1.730

Settlements
(%)

2.94 2.970 2.980 3.00 3.000

Rut depth in
mm

2.84 2.740 2.940 2.930 2.940

Table 4 Fixed weightage

S. No. Parameter Weightage (fixed)

1 Cracking (%) 1.00

2 Raveling (%) 0.75

3 Potholes (%) 0.50

4 Shoving (%) 1.00

5 Patching (%) 0.75

6 Settlement (%) 0.75

7 Rut depth 1.00

Source IRC 82-2015

The average of the Weighted Rating Values of all parameters is the final rating
value (IRC 82-2015). The final rating of road segment one is shown in Table 5.

Similarly, the final rating of all other road segments has done. Figure 1 represents
the final rating values of all the road segments.

Table 5 Final rating value calculation for road segment 1

Distress type Value of distress Rating as per Table 1 Weightage Weighted rating value

Cracking (%) 21.24 1 1.00 1.00

Raveling (%) 0.082 2.85 0.75 2.14

Potholes (%) 0.092 1.83 0.5 0.92

Settlements (%) 0.07 2.94 0.75 2.21

Rut depth in mm 0.89 2.84 1.00 2.84

Final rating value 1.82

Condition Fair
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Fig. 1 Final rating value for road segments

Table 6 Maintenance
decision for road segments

Road segment Final rating range Maintenance decision

1 <2 Periodic renewal

2 >2 Preventive maintenance

3 >2 Preventive maintenance

4 >2 Preventive maintenance

5 <2 Periodic renewal

4 Result and Discussion

From Fig. 1, it is observed that the final rating of the road for road segments one
and five is between 1.1 and 2 so both the road segments are in fair condition. Road
segment two scores are near about 2.1; hence, it is in fair to good condition. Road
segment four is in good condition as the final rating ismore significant than 2.1. Based
on rating value, the maintenance decision for road segments is shown in Table 6.

5 Conclusions

In this study, rating of flexible pavements has been done by using the IRC 82-2015
method.Major distresses in the flexible pavements for urban roads are considered for
the assessment. This method can be applicable for rating and condition assessment
of flexible pavements efficiently. The rating of road segments is in the range of
1.82–2.26. Out of five road segments, two are in fair condition; one is in fair to
good condition, and the remaining two are in good condition. Based on condition
assessment, decisions for the maintenance of roads can be undertaken. Roads in this
area required periodic or preventive measurements according to the condition of the
road.
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A Review on Improving Bearing
Capacity of Soil by Effective Use
of Geosynthetic Reinforcement

Anand Shrigondekar and Prabhuling Ullagaddi

Abstract With rapid enhancement in infrastructure development, the availability of
competent land goes on reducing. By developing techniques of ground improvement,
the weak soil can be converted into competent acceptable soil condition. A geosyn-
thetic in the form of planar or three-dimensional or combination of both has been
used in the field. In this manuscript, an effort has been made to study an effect of
inclusion of geogrid, geocell or geotextile on bearing capacity of soil. It is found that
there is considerable enhancement in load-carrying capacity of soil and also observed
reduction in displacement of footing. The results of grid and anchorage-reinforced
soil have found more sustainable solution than soil with geogrid because of large
vertical confined zones and substantial improvement in reinforcement factor. The use
of geosynthetic reinforcement has also been observed in embankment construction,
railway track application, etc.

Keywords Geosynthetic · Soil reinforcement · Bearing capacity · Foundation ·
Settlement

1 Introduction

Nowadays due to increase in globalization, there has been deficiency of suitable or
competent land. So, there is a need to develop the techniques which modify the prop-
erties of weak soil and convert soil into good acceptable condition. The sorts of soil
improvement strategies, for example mechanical, hydraulic modification, physical
and compound adjustment or improvement by reinforcement and confinement, have
been developed to solve the problems.Among the various soil improvementmethods,
the inclusion of reinforcement in different forms is widely used in practice because of
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Fig. 1 Geometric parameters of reinforced soil [6]

cost-effective solution and simplicity in application [1]. Generally, the soil possesses
characteristics of low tensile strength and it depends on environmental condition
also. The tensile strength of soil is improved by providing reinforcement along the
direction of tensile stress [2]. Geosynthetics as reinforcement have been effectively
utilized in many areas of civil engineering such as airport runways, railways, road-
ways, retaining structures, embankments and landfills. Geosynthetics are polymeric
products which include geogrids, geocells, geotextiles, geomembranes and geocom-
posites. Geosynthetic-reinforced soil (GRS) system has proved to be an effectiveway
in improving bearing capacity of soil [3]. The load settlement behavior of footing
can be modified considerably, and the general shear failure can be eliminated using
geosynthetic reinforcement [4]. In this context, some of the researchers carried out
experiments in different types of reinforced soil and found out suitable reinforce-
ment configuration [5]. Figure 1 shows geometric parameters of strengthened soil
framework.

Yetimoglu et al. [7] measured the bearing capacity of rectangular footing using
geogrid and performed both numerical and experimental parametric analyses in
single-layer aswell asmultilayered reinforced sand. For single-layer reinforced sand,
it was seen that the load-carrying capacity is maximum for the embedded depth of
reinforcement equal to 0.3 times footing width and in support of multilayered rein-
forced sand, the depth of the first reinforcement was observed as 0.25 times footing
width. Das and Omar [8] analyzed maximum bearing pressure of surface strip foun-
dation using laboratory testmodel on geogrid-reinforced sand aswell as unreinforced
sand. A fine-graded uniform sand and geogrid of BX1000 SSO were utilized for test
and furthermore considered the effect of footing width and density index of sand on
improvement factor known as bearing capacity ratio. Some researchers found that
the improvement factor of geogrid-reinforced sand decreased with an increase in
width of foundation and for a particular width of footing the improvement factor is
slightly decreased with increase in relative densities.
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1.1 Failure Mechanism in Reinforced Sand

Binquet and Lee [3] initially reported that the ultimate bearing capacity of compress-
ible sand can be enhanced by usingmetallic reinforcement and the failuremechanism
observed is as per the following:

1. Bearing capacity failure above upper reinforcement layer: When the ratio of
depth of the first layer reinforcement (u) to width of footing (B) is more than 2

3 ,
the failure will occur above top layer reinforcement.

2. Pullout of reinforcement due to insufficient embedment length: The failure is
likely to be occurred by pullout or tension, when the ratio of depth of the first
layer reinforcement (u) to footingwidth (B) is less than 2

3 ,N < 2 or 3 and presence
of short ties.

3. Breaking of upper ties: The tensile failure or breaking of reinforcement occurs
due to overstressing for u/B ratio

〈
2
3 , N

〉
4 and presence of long ties.

2 Previous Studies on Geosynthetic-Reinforced Soil

In this paper, an overview of geosynthetic reinforcement in a shallow foundation has
been made based on some previous studies. The parametric study of geosynthetic-
reinforced soil has been classified according to type of geosynthetic material used,
like geogrid, geotextile, geocell or combination of two.

2.1 Studies on Geogrid-Reinforced Foundation System

Demir et al. [9] carried out a systematic research on bearing capacity of circular
footing by using geogrid in compacted granular coarse fill layer overlying on clay
deposit. It was seen that for granular fill layer of thickness 0.67D and for single layer
of support, the depth of geogrid proved to be advantageous from strength perspective
when it placed at 0.1D and 0.5D underneath the base of footing. The bearing capacity
enhancement was around 90%, and the reduction in settlement amount was 53%. The
effect of the second reinforcement found that bearing capacity expanded by up to
230%and vertical displacement reduced up to 60%when the second geogrid layer set
in the range of 0.15D and 0.3D underneath the first geogrid layer. The outcomes from
the finite element investigations were in very good agreement with test perceptions.

Durga Prasad et al. [10] made investigation on model of square footing to estab-
lish the load–displacement behavior of soil without reinforcement and strengthened
granular soil. Load settlement response in three cases was obtained: (1) aggregate
layer overlying sand layer with no reinforcement, (2) geogrid-reinforced sand layer
and (3) an aggregate layer overlying sand by using geogrid. In the first case, the
aggregate thickness overlying sand was differed from 0.1B to 0.5B. It was observed
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that the bearing pressure increases with increment in thickness of aggregate. For 100-
mm-deep aggregate layer overlying sand and settlement ratio of 10%, the bearing
pressure proved to be increased by 81%. From the second case, it pointed out the
effect of reinforcement width, i.e., 3B, 4B, 5B. At an optimum depth of reinforce-
ment equal to 0.45B, the bearing weight expanded by about 3% and 10% when the
reinforcement width increases from 3B to 4B and from 3B to 5B separately. The
geogrid placed beyond 0.45B from bottom of footing was not efficient in improving
load capacity of the footing. In the third case, the most suitable depth of geogrid for
carrying maximum pressure was observed to be 0.3 times footing width and bearing
pressure was increased by 27% compared to the first case. Load improvement factor
in all three cases was calculated for the settlement ratio ranging from 5 to 15%, and
it ranged from 1.3 to 1.9, 1.1 to 1.8 and 1.3 to 2.7 for the first, second and third cases,
respectively.

Mirzaeifar and Ghazavi [11] taken in to account the geometry of foundation and
the bearing capacity analysis of geogrid reinforced multi-edge shallow foundation
were studied. The results of numerical analysis for square footing confirmed that the
bearing capacity improves with addition of number of reinforcement layer up to 3. In
case of plus-shaped cross footing for B

L = 0.3–0.4, more than two layers of geogrid
were not shown any significant effect on bearing capacity and for B

L = 0.5–0.6, the
improvement in bearing capacity was not significant for more than three layers of
reinforcement. The result of bearing capacity ratio in H-shaped footing was found
similar to that of plus-shaped cross footing. The results of parametric studies under
multi-edged foundation showed that the spacing between reinforcement layers and
first layer of reinforcement depth is 0.33 L.

Alawaji [12] observed the behavior of geogrid-reinforced sand over collapsible
soil. Model tests were completed by utilizing circular footing plate of 100-mm diam-
eter and Tensar SS2 geogrid. The effects on bearing capacity ratio and collapsible
settlementwere observed by varyingwidth and depth of geogrid. Inclusion of geogrid
causes decreased in collapsible settlement and improved the bearing capacity ratio.
Elastic modulus increased with diameter of geogrid. From the results obtained, the
most optimum depth of geogrid was 0.1 times diameter of loaded area.

Badakhshan and Noorzad [13] experimentally analyzed the ultimate bearing
capacity of sand using geogrid. The effect of load eccentricities (7.5, 15, 22.5,
30 mm) was observed by utilizing a circular footing of 120-mm diameter. The
maximum bearing pressure in both centrally and eccentrically loaded footings was
observed at a depth of the first reinforcement equal to 0.42D, and the optimum
distance between geogrids was also calculated as 0.42 times diameter of footing. A
local shear failure observed in centrally loaded circular footing for reinforced and
unreinforced sands whereas the failure in reinforced condition tends to general shear
failure by increasing the load eccentricity. The results of experiments showed that
bearing capacity ratio increases with increase in load eccentricity to the footing core
boundary, beyond that BCR decreased.

Mosallanezhad et al. [14] observed the effect of anchorage system in geogrid-
reinforced sand known as grid-anchorage (G-A) system. For this grid-anchorage



A Review on Improving Bearing Capacity … 551

system, the BCR was reported as 2.98. For the same soil using geogrid, it was
almost 1.65. It is clearly understood that the bearing capacity ratio of the grid-
anchorage system was roughly 1.8 times more than the traditional geogrid. The
common geogrid improves the bearing load by restricting the downward movement
of soil due to loading. In grid-anchorage framework, adding anchorage to geogrid
can in fact increase the interface angle between soil and reinforcement. There was
no significance difference noticed in improving initial and final stiffness factor due
to provision of anchorage over traditional geogrid. The bearing capacity of grid-
anchorage framework varies nonlinearly with width of footing, and from results
obtained, it can be seen that the nonlinear relationship is more in G-A than ordinary
geogrid.

Makkar et al. [15] utilized two sorts of three-dimensional geogrids with rect-
angular and triangular aperture. For rectangular and triangular pattern of three-
dimensional geogrids, the improvement in BCR was observed as 3.05 and 2.7,
respectively. Load-carrying capacity in this case was 1.85 times that of single layer
of conventional reinforcement. For 3D rectangular geogrid and spacing of 0.75B
between two successive layers, surface heave of soil was completely eliminated.
Certainly, 3D geogrids performed superior to the usual geogrids in reducing surface
deformation.

Sweta and Hussaini [16] completed a series of enormous direct shear test to
examine the shear conduct of unreinforced and geogrid-strengthened sub-ballast
interfaces. The normal stresses (σ n) and rates of shearing (Sr) varied from 20 to
100 kN/m2 and from2.5mm/min to 10mm/min, respectively. The breakage of ballast
occurred during shearing at the interface of ballast and sub-ballast was determined
in terms of Marsal’s breakage (Bg). For the unreinforced interface, it was observed
that the breakage increased from 2.84 to 4.07% when σ n was increased from 20 to
100 kN/m2 at shearing rate of 2.5mm/min. By using geogrid at ballast and sub-ballast
interface, the value of Bg reduced from 2.84 to 2.08% at σ n = 20 kN/m2 and Sr =
2.5 mm/min.

2.2 Studies on Geotextile and Geogrid-Reinforced
Foundation System

Abu Farsarkh et al. [6] observed the settlement to be reduced by 20% at all balance
weight levels when the laboratory test outcomes appeared with at least two layers of
reinforcement. Performance of composite-reinforced sand (geogrid and geotextile)
was superior to those strengthened by geotextile or geogrid alone. By appropriate
arrangement of reinforcement, the footing load redistributed to progressively uniform
way and stress fixation decreased, which results into reduced settlement. Frommodel
footing test results, it was discovered that an influence depth of 1.25B required
for placing geosynthetic reinforcement irrespective of the geogrid or geotextile and
embedment depth.
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Ouria and Mahmoudi [17] examined bearing capacity geotextile-reinforced sand
by considering impacts of cement treatment of interface between geotextile and sand.
The test results calculated for single layer of geotextile the bearing capacity was
increased in between 1.46–2.2 times unreinforced case depending upon the length of
geotextile.By treating the interface zone of sand andgeotextile, itwas increased about
1.71–2.34 times without reinforcement. Also, it determined the bearing capacity
ratio of geogrid or geocell-reinforced footing which was 1.1–1.15 times the bearing
capacity ratio of geotextile-reinforced footings.

Sridhar and Prathapkumar [18] conducted the model test on geotextile-reinforced
sand by varying no. of coir geotextile layers from one to four. A graph of peak stress
versus % strain for various layers of geotextile clearly indicated that with increase
in layers of geotextile from N = 1 to N = 4, the peak stress increased from 140 to
1060kN/m2.The additionof geotextile layer in sand showed that peak stress increases
for all values of strain. Subsequently, BCR additionally improved with geotextile
layers but rate of increment of BCR reduced with increasing number of geotextile
layers up to three beyond that it was insignificant. Due to greater mobilization of
shear strength, it was observed that reduction in settlement improves by increasing
stress.

Deb and Konai [19] compared the ultimate bearing capacity of sand with and
without geotextile by varying percentages of fines (5, 10, 20, 30% by mass). The
results obtained from stress–displacement graph clearly indicate that the load-
carrying capacity of soil in both cases increases with adding % fines up to 10%
fines. The density of the sand also increased as the amount of fine added in sand up
to 21% fines. From the graph of % improvement in bearing capacity due to applica-
tion of geotextile layer versus % fines, it was noticed that percentage improvement
of ultimate load-carrying capacity of reinforced soil is more in case of sand mixed
with 5% of fines as compared to the pure sand having 65% density index. It was seen
that at 5% fines mixed with sand, the interface friction and adhesion were higher.
Hence, the effectiveness of the geotextile reinforcement was more in the presence of
5% fines and enhancement in bearing capacity was foundmore due to the application
of reinforcement. The improvement in load due to the application of reinforcement
was more in case of pure sand as compared to the 10 and 20% fine mixed soil. This
is because of higher density observed in case of 10 and 20% fines mixed in sand
compared to pure sand. The effectiveness of reinforcement decreases for dense soil
compared to the loose soil.

Tavangar and Shooshpasha [20] performed the plate load tests utilizing 27 cm ×
27 cm and 35 cm × 35 cm square plates. The maximum bearing capacity was
discovered when first layer of geotextile at 0.2B and 0.15B for 27 cm × 27 cm and
35 cm× 35 cm plates separately. The ideal number of geotextile layers was resolved
for geotextile-strengthened sand with estimation of U

B = 0.15, W
B = 4 and h

B = 0.3.
The utilization of geotextile layers up to impact depth underneath the footings can
considerably increase bearing capacity of soil. However using more than 4 layers of
geotextile, have not major effect on improving bearing capacity.
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2.3 Studies on Geocell and Geogrid-Reinforced Foundation
System

Hegde and Sitharam [21] modeled a square footing on geocell-strengthened soft clay
by using “FLAC-3D”. The model was approved with the exploratory test results, and
it was discovered the outcomes were in great concurrence with one another. For the
soft clay without reinforcement, ultimate bearing capacity in the range of 30 kPa was
noted. The results obtained were confirmed that the load-carrying capacity of geocell
and geogrid reached to about 150 kPa, whereas the individual effect of geogrid and
geocell foundation bed on bearing capacity was observed to be about 70 and 110 kPa,
respectively. The most extreme bearing pressure was noticed when the foundation
bed reinforced with both geogrid and geocell.

Biswas et al. [22] observed the effect of planar geogrid and three-dimensional
geocell reinforcements on bearing capacity in a layered foundation system of clay
and sand. In the first case, the sand bed overlying clay subgrade with geogrid at the
interface, the most extreme bearing weight decreased from 315 kPa at H = 0.63D to
203 kPa at H = 2.19D when s

D = 24%. For geocell-reinforced sand bed overlying
clay subgrade, it was noticed that the pressure settlement responses appeared as
higher bearing capacity against the footing settlement than that of in the geogrid-
strengthened foundation systems. The maximum bearing pressures were noted 412,
510, 538 and 559 kPa at depth H = 0.63D, 1.15D, 1.67D and 2.19D, respectively, at
s
D = 24%. When foundation system contains geocell-reinforced sand bed and base
geogrid overlying clay, it was observed that maximum bearing pressure was higher
around 720 kPa for H = 1.15D and s

D = 24%. Geocell was observed to be the most
beneficial soil fortification method, giving highest degree of improvement.

Dash et al. [23] performed the experiments on a strip footing resting on sand with
geocell mattress. The geocell made up of biaxial grid and NP-2 grids was observed
to have an equal improvement in bearing capacity up to settlement of about 0.2B.
At higher settlement values, the performance of geocell made up of biaxial grid was
better due to high stiffness. From the load settlement behavior of sand with geocell
mattress, it was noticed that the increase in bearing capacity equal to 8 times that of
unreinforced soil. The geocell formation effect shown that chevron pattern was more
beneficial than diamond pattern. The most suitable depth of placing geocell mattress
found out was at a depth of 0.1B from bottom of footing. Up to a geocell height
equal to 2 times the footing width, the performance improvement was remarkable.
Beyond that, there was no significant improvement observed. The ideal perspective
proportion of geocell pockets for supporting strip footings was observed to be about
1.67.
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Table 1 An overview of results obtained in geosynthetic-reinforced soil (GRS) system

S. No. Author Footing type Reinforcement
type

Results

1 Yetimoglu Rectangular Geogrid Max load-carrying
capacity at a depth of
reinforcement = 0.3B,
depth of the first
reinforcement u =
0.25B

2 A. Demir Circular Geogrid 90% increase in
bearing capacity and
53% reduction in
settlement

3 B. Durga Prasad Square Geogrid Optimum depth of
reinforcement= 0.45B,
load improvement
factor = 1.1–1.8

4 M. Ghazavi Multi-edge
foundation

Geogrid h = 0.33L and u =
0.33L

5 Ehsan Badakhshan Circular Geogrid h = 0.42D and u =
0.42D

6 M. Mosallanezhad Square Geogrid and
anchorage

BCR of G-A system =
2.98
BCR of GRS system=
1.65

7 Femy M. Makkar Square Rectangular 3D
geogrid

Bearing capacity ratio
= 3.05

Triangular 3D
Geogrid

Bearing capacity ratio
= 2.7

8 Murad Abu Farsarkh Square Geotextile and
geogrid

Influence depth of
reinforcement = 1.25B

9 Ahad Ouria Rectangular Geotextile Bearing capacity ratio
= 1.46–2.2

10 Yashar Tavangar Square Geotextile u = 0.15B, w = 4B, h
= 0.3B

11 Sujit Kumar Dash Strip Geocell Optimum depth of
placing geocell = 0.1B
from bottom of footing

3 Conclusion

This papermainly discussed theparametric studyof different geosynthetic-reinforced
soil systems. The failure mechanism of reinforced soil systems is explained in brief.
Also, an effort has been made to study the effect of geosynthetic configuration
on load–displacement curve and properties of soils. After reviewing the previous
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literature on geosynthetic-reinforced soil systems, the following inferences can be
stated

• The bearing capacity increases up to 3–4 layers of reinforcement depending upon
the influence depth of stress distribution. Beyond that, adding reinforcement is
not significant.

• The bearing capacity ratio of the grid-anchorage framework is about 1.8 times
higher than that of conventional geogrid because adding anchorage to geogrid can
effectively increase the interface frictional angle between soil and reinforcement.

• The depth of the first reinforcement and width of reinforcement are 0.1–0.3 times
and 2–4 times width of footing, respectively, to get more efficient results in
geosynthetic-reinforced soil system.

• Geogrid with rectangular pattern performs superior to that of triangular pattern
due to high amount of soil confinement within a cell of 3D rectangular geogrid
compared to 3D triangular geogrid.

• The influence depth of placing geosynthetic reinforcement is in the range of
0.8–1.6 times width of footing.

• The pattern of geocell formation shows that chevron pattern is more beneficial
than diamond pattern.

• For a constant width of footing, the improvement in bearing capacity is slightly
decreased with increase in relative densities.
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Effect of Geotextile-Reinforced Sand
on Pore Water Pressure Using Shake
Table

Aarti Patil and S. M. Nawghare

Abstract Pore water pressure is a key parameter that governs the strength of soil.
The effect of geosynthetic reinforcement to investigate the dissipation of pore water
pressure generated due to dynamic load was studied. In the present study, shake
table was used for assessing the effect of geotextiles on pore water pressure in case
of sand. The tests were conducted on sand with and without reinforcement at relative
densities of 30 and 60%. The frequency of base shaking was 5 Hz and was subjected
to sinusoidal excitation of 0.5 g. Tests were carried out on woven and nonwoven
geotextiles. The effect of variation in the number of geotextile layers on pore water
pressure was observed. It was observed that excess pore pressure reduced due to
inclusion of more number of reinforcement layers. The time to build up maximum
excess pore pressure increased with the number of woven and nonwoven geotextile
layers. The excess pore water pressure generated was observed more in case of 30%
relative density than 60% dense soil. The change in pore water pressure was more
significant in case of nonwoven geotextile than woven geotextile. The percentage
increase in reduction of excess pore water pressure in case of nonwoven geotextile
for four layers was around 54% and 32% at a relative density of 60 and 30%.

Keywords Pore water pressure · Geotextiles · Shake table

1 Introduction

Earthquakes are one among the most destroying natural disasters causing huge loss
of life and severe damage to various buildings and other structures too. This damage
is caused due to excess pore water pressure built up in soil strata which results
in reduction of shear strength of soil. When saturated loose sands are subjected
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to dynamic loading, propagation of shear waves takes place. Loose saturated sand
and silts behave like a liquid when shaken by an earthquake as soil grains lose their
contact and cause increase in porewater pressure. Hence, some improvementmethod
to increase the strength and to reduce excess pore water pressure is required.

A number of studies under static loading have been conducted on behaviour of
geosynthetic-reinforced soil, whereas less research studies have been done under
dynamic loading. The effect of reinforcement on liquefaction resistance of Solani
sand was studied. They conducted tests on Solani sand reinforced with geogrid sheet,
geosynthetic fibre and natural coir fibre. Coir fibres were more effective in improving
liquefaction resistance of sand [3]. Various researchers studied the influence on
pore water pressure due to variation in frequency and amplitude. Experiments were
conducted using uniaxial geogrid as a reinforcing material, and effects of variation
in acceleration and relative density on reinforced soil were studied. There was 25%
increase in liquefaction resistance [5]. Pore water pressure ratio increased with accel-
eration amplitude under building pressure. A small change in acceleration influences
the changes in pore water pressure developed [8]. The effect of varying ranges of
relative density and acceleration on saturated sandwas also studied. It was concluded
that for higher magnitude of shaking and denser soils, initiation of liquefaction was
observed for pore pressure values greater than one [6]. The effect of geosynthetics
sandwiched between gravel layers was also studied. This gravel layer proved to be
effective in dissipation of pore water pressure and also restrained the shear defor-
mation under embankment due to high permeability. This improved layer restrained
the deformation and prevented embankment failure [4]. The mechanical response
and pore pressure generation in granular filter were studied. This was subjected to
uniaxial cyclic loading. It was commented that cyclic load induces excess pore water
pressure which results in internal erosion of fines. The excess pore water pressure
is direct function of loading frequency and reduction in permeability [2]. Proper
excess pore pressure dissipation can help in consolidation. Consolidation is faster
when excess pore pressure is distributed more towards drain and less at impermeable
boundary [1].

In this paper, the results of experiments conducted on a shake table for sand
reinforced with woven and nonwoven geotextile are reported. The effect of varying
number of geotextile-reinforced sand and sand density on pore water pressure is
investigated. A series of shake table tests were carried out on saturated sand with
different reinforcement material, varying density and number of geotextile layers.

2 Material Used in Study

2.1 Sand and Its Properties

The sand collected from seashore in Goa was used for testing. Laboratory tests were
performed to determine the index properties of sand and are presented in Table 1.
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Table 1 Index properties of
sand

S. No. Properties Value

1 Soil type Poorly graded sand

2 Specific gravity 2.67

3 Uniformity coefficient (Cu) 4.69

4 Coefficient of curvature (Cc) 0.44

5 Grain size D50 0.019 mm

6 D10 0.083 mm

7 Maximum void ratio (emax) 0.744

8 Minimum void ratio (emin) 0.449

9 Void ratio for Dr = 30% 0.656

10 Dry unit weight for Dr = 30% 15.82 kN/m3

11 Void ratio for Dr = 60% 0.567

12 Dry unit weight for Dr = 60% 16.72 kN/m3

Reinforcement Woven and nonwoven geotextile
The ultimate tensile strength of nonwoven and woven geotextile is 3.1 kN/m and

17.8 kN/m, respectively. The thickness of nonwoven geotextile was 3.5 mm, and its
mass per unit area was 170 GSM. The aperture opening size of woven and nonwoven
geotextile was less than 0.075 mm and 0.07–0.2 mm, respectively.

3 Experimental Investigation

The test program involves a total of 14 tests conductedon shake table apparatus. Shake
table is used to simulate earthquake conditions. From the testing program, 2 tests
were performed on sand without reinforcement and 12 tests were performed using a
different number (i.e., 2, 3 and 4) of woven and nonwoven geotextile reinforcements
along with sand at relative density of 30 and 60% and acceleration of 0.5 g.

3.1 Test Model

Experimental set-up includes three main components: a vibrating platform, control
panel and motor. The equipment used for the work is unidirectional horizontal shake
table. Vibrating platform vibrates in horizontal direction with the soil model attached
to it. The size of platform is 1000mm× 1000mmand ismade of cast iron coatedwith
silver paste. A control panel is an important component as it controls the frequency
of shaking. A standard frequency and amplitude can be given to produce the desired
acceleration. A motor of 3 HP capacity with a three-phase connection is used. Soil
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Fig. 1 Soil model

model of size 400 mm× 400 mm× 400 mm as shown in Fig. 1 was used. The model
was mounted on a unidirectional shake table. The model was rigid and 12 mm thick.
The pore pressure transducers were connected to soil model at 0.1 and 0.2 m from
the base of the model as shown in Fig. 1. The capacity of pore pressure transducers
was 100 kPa with a least count of 0.1 kPa. Pore pressure transducers are connected
to digital indicator having a capacity of 100 kPa and least count of 0.1 kPa. The pore
water pressure ratio (ru) is defined as

ru = U

σ ′
vo

where U is excess pore water pressure and σ ′
vo is effective overburden pressure.

4 Test Procedure

One of the most important aspects of test procedure is the method of sample prepara-
tion. The basic purpose was to obtain a homogeneous sample with a desired relative
density and degree of saturation. The raining technique was adopted to fill the soil
in mould using Hooper as it assures uniform relative density. The soil mould was
divided into 5 layers up to 350-mm depth from the base of mould. All layers were
of 7 cm each.

The sample was prepared by following the procedure:

1. The void ratio (e) analogous to a relative density (Dr) of sand was calculated
from

e = emax−Dr(emax − emin)
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where emax is maximum void ratio, emin is minimum void ratio and e is void ratio
of sand for desired relative density. The values of void ratio (e) at relative density
of 30% and 60% were 0.656 and 0.567, respectively.

2. From the above value of void ratio (e), dry unit weight of sand (γ d) was
determined by the following equation:

γd = G

1 + e
γw

where γ w is unit weight of water (taken as 9.81 kN/m3). The values of dry
unit weight γ d for Dr of 30% and 60% were 15.82 kN/m3 and 16.72 kN/m3,
respectively.

3. Assuming the constant height of mould to be filled up to as 350 mm, the volume
occupied by the sample in the mould was determined using the plan dimensions
of mould, i.e., 400 mm × 400 mm.

4. The dry weight of sand (Wd) is determined by the following equation:

Wd = γdV

The quantity of dry sand (Wd) calculated was filled into the mould using Hooper.
A desired value of amplitude is set with the help of crank shaft arrangement, and

frequency was set using control panel before filling the mould. The pore pressure
transducers were connected to the mould, and other end was connected to the digital
indicator. The knobs of pore pressure transducers were opened at the instant of
shaking, and pore water pressure values were recorded. The tests were performed
at acceleration value of 0.5 g and at a frequency of 5 Hz. Degree of saturation used
was 90%. The shake table was accelerated till the pore water pressure is decreased
or shows a constant value after reaching a peak value. The depth at which geotextile
sheets were placed is shown in Fig. 2.

5 Permeability Test

The constant head permeability tests were conducted as per IS 2720: Part 17, on
sand and sand reinforced with a varying number of woven and nonwoven geotextile
sheets.

Coefficient of permeability of sand alone at relative density of 30 and 60% was
1.05 × 10−5 m/s and 2.5 × 10−6 m/s, respectively. From Figs. 3 and 4, it can be
observed that the coefficient of permeability wasmore for both woven and nonwoven
geotextiles reinforced with sand at relative density of 30%. The permeability of
nonwoven geotextile-reinforced sand was comparatively more because of large aper-
ture opening size as compared to woven geotextile. It can also be observed that
permeability of woven geotextile reduced for more number of layers at both the
relative densities.
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Fig. 2 Position of different
geotextile layers. a Two
layers; b three layers; and
c four layers
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Fig. 3 Variation of coefficient of permeability with geotextile layers at 30% relative density
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Fig. 4 Variation of coefficient of permeability with geotextile layers at 60% relative density

6 Observation and Results

In each test, the variation of excess pore water pressure with time has been recorded
with pore pressure transducer and digital indicator. The pore water pressure was
recorded at two depths in model: one pore pressure transducer at bottom (PPB) and
another pore pressure transducer at middle (PPM).

Sand Only
Figure 5 shows the results for sand only. The variation of excess pore pressure with
time at middle and bottom point is shown.

It can be observed from Fig. 5 that pore water pressure is more at bottom trans-
ducer as compared to the middle transducer. This may be due to more effective over-
burden pressure at bottom. As the depth increases, effective overburden pressure also
increases.
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Fig. 5 Variation of excess pore water pressure with time at a relative density of a 30% and b 60%

The value of excess pore pressures is less at a relative density of 60% as compared
to 30% relative density. This may be due to the state of denseness of the soil sample.
As relative density increases, the values of pore water pressure decrease. The number
of cycles to reach peak value pore pressure was less at 30% relative density than 60%
relative density. The pore water pressure ratio was greater than one. Liquefaction was
observed in the sample after shaking.

Sand with Woven Geotextile
Variation of excess pore pressure with time at relative density of 30% for two, three
and four number of woven geotextile layers was observed.

From Fig. 6, it can be observed that as the number of woven geotextile layers
increases excess pore water pressure reduces. But the change in excess pore water
pressure is not much significant. The change in pore water pressure was less, and this
may be due to permeability of woven geotextile with sand being less. The inclusion
of woven geotextile increases the strength and stiffness of sand. Due to addition of
four layers of geotextile sheet, the time required to attain peak pore pressure value
increased than two geotextile sheets.

The variation of excess pore pressure with respect to time at relative density of
60% for two, three and four number of woven geotextile sheets is shown in Fig. 7.
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Fig. 6 Variation of excess pore pressurewith time at relative density of 30% for amiddle transducer
and b bottom transducer

It can be observed from Fig. 7 that excess pore water pressure has reduced slightly
at a relative density of 60% which can be due to the denseness of sand. As there
was increase in the number of reinforcement layers, the time required to build up
excess pore pressure also increased. Inclusion of geotextile layers improves the shear
strength of soil. The excess pore water pressure was lower at relative density of 60%
than that at 30% relative density. Pore water pressure was more at bottom point than
middle point which can be due to the greater effective overburden pressure. The
change in excess pore pressure is not much appreciable.

Sand with Nonwoven Geotextile
Variation of excess pore pressure with time at relative density of 30% for two, three
and four number of woven geotextile layers was observed.

The change in excess pore water pressure was more significant in case of
nonwovengeotextile sheets as shown inFig. 8.Thepermeability of nonwovengeotex-
tiles was more as compared to woven geotextiles. This may be due to the apparent
opening size being larger in case of nonwoven geotextiles than woven geotextile.

From Fig. 9, it can be concluded that the excess pore pressure generated was less
at relative density of 60%. The change in pore pressure was much significant than
the results observed in case of woven geotextile.
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Fig. 7 Variation of excess pore pressurewith time at relative density of 60% for amiddle transducer
and b bottom transducer

The use of nonwoven geotextile sheets is a better choice than woven geotextiles.
The time taken to build up excess pore water pressure was more in case of nonwoven
geotextile sheets. The pore water pressure ratio was below one when four number of
nonwoven geotextile layers were used and even liquefaction was not observed in the
sample, while in rest of the cases where pore water pressure ratio was greater than
one liquefaction was seen.

7 Conclusions

The use of geotextile to increase liquefaction resistance was more effective at a
relative density of 60%.

The percentage increase in reduction of excess pore water pressure in case of
nonwoven geotextile for four layers was around 54 and 32% at relative density of 60
and 30%.
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Fig. 8 Variation of excess pore pressurewith time at relative density of 30% for amiddle transducer
and b bottom transducer

The time required to reach excess pore water pressure was more in case of
nonwoven geotextiles and hence more reliable as compared to woven geotextiles.
The change in excess pore pressure was more significant in nonwoven geotextiles.

On increasing the number of geotextile layers, the pore pressure value reduces in
both woven and nonwoven geotextiles.
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Fig. 9 Variation of excess pore pressurewith time at relative density of 60% for amiddle transducer
and b bottom transducer
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Effect of Polypropylene Fiber Length
on Geotechnical Properties of Fly Ash

S. M. Nawghare and J. N. Mandal

Abstract In this study, an attempt has been made to improve the geotechnical prop-
erties and check the suitability of fly ash for civil engineering applications like slope
stability, backfill material for retaining walls, and road construction. Fly ash was
reinforced with different lengths (6, 12, 24, 36, and 40 mm) of polypropylene fibers.
The fibers were added 0.6% by weight of the fly ash. The various effects of fiber
lengths on dry density, moisture content, angle of internal friction, cohesion, uncon-
fined compressive strength, and California bearing ratio value were studied. It was
observed that different lengths have different effects on each property. Overall obser-
vation was that the 12 mm fiber length has shown good results for angle of internal
friction, maximum dry density, and 24 mm fiber length was good for unconfined
compressive strength value. The CBR value was increasing for higher length.

Keywords Fly ash · Fibers · Ground improvement

1 Introduction

The fly ash is a byproduct produced by the burning of coal in thermal power station.
It causes environmental pollution. Many studies have been reported in the literature
for various beneficial use of fly ash and to check feasibility of fly ash in various engi-
neering applications. The various test was performed on fly ash by many researchers
to assess the fly ash properties by mixing it with soil, sand, and reinforced with
polypropylene fibers.

Polypropylene is flexible and tough in nature. This makes polypropylene appli-
cable in engineering applications. It has good fatigue resistance. The density
of polypropylene fibers normally ranges between 0.895 and 0.92 g/cm3. Many
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triaxial test were carried out on cohesionless soil samples reinforced with randomly
distributed fibers and found that fibers inclusion increases the peak shear strength
and residual strength of cohesionless soil [1]. Same tests were conducted on fiber-
reinforced cemented soil. It was found that fiber reinforcement has increased peak
strength. It was more considerable for soil without cement. On the other hand,
increase in residual strength was more considerable for soil with cement. As long
as fibers are not degraded, the fibers have a bridging effect on the crack [2]. The
individual and combined effect of both, fiber addition and stabilization using cement
on soil properties were studied. It was mentioned that fiber addition changes the
brittle behavior of soil to ductile behavior [3]. Direct shear tests were carried on sand
reinforced with fibers. It was mentioned by the author that the initial stiffness of the
fiber-reinforced sand was not affected much by fiber reinforcement. Even consider-
able change in peak shear strength of fiber-reinforced sand was not observed [4]. The
polypropylene fibers can reduce the spalling and it can improve the residual strength
[5]. It is reported that fiber reinforcement can increase the angle of internal friction at
the interface of clay barrier and a geomembrane which is smooth in nature [6]. The
fiber reinforcement benefit depends on bond strength and angle of internal friction.
It is the controlling mechanism for the fiber reinforcement [7].

The fiber reinforcement improves the unconfined compressive strength value of
highly compressible clay. This is due to the crimping of fibers. The fiber length and
percentage inclusion of fiber also affected the unconfined compressive strength value
of clay which is highly compressible in nature [8]. The coir addition and fly ash in
combination were used in soil. It increases the dry density and optimum moisture
content of soil. It was also found that 10% of fly ash content is sufficient to improve
the unconfined compressive strength value and California bearing ratio value [9]. It
was found that bearing capacity of silty sand mix with fly ash can be improved by
reinforcing it with randomly distributed fibers [10]. Researchers studied the effect
of polypropylene fibers and fly ash mixed with high as well as low plastic clays
on unconfined compressive strength and CBR. It was concluded that at 10% fly
ash content the unconfined compressive strength of both clayey soils increased to a
maximum value and at 0.75% polypropylene fibers content mixed with clayey soils
the unconfined compressive strength and CBR also increased [11]. Effects on high
plastic clay stabilized with fly ash and different size and type of randomly distributed
fibers were studied. It was observed that compressive strength was maximum when
the soil was stabilized with 25 mm length of fibers for black and white types of
fibers. Apart from compressive strength, tensile strength of fly ash stabilized soil also
increased up to 70% in the case of black fibers and 80% for white fibers. Authors
also commented that fiber length has an appreciable effect on the ductility of soil
[12].

Although many researchers have worked on fiber-reinforced soils, fibers rein-
forced sand and fly ash-soil reinforced with polypropylene fibers mixtures. It was
observed from the literature that very less amount of work is found in respect to the
effect of length of polypropylene fibers on fly ash properties without mixing with soil
and sand. The present paper focuses on the effect of various lengths of polypropylene
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fibers on fly ash properties. The experiments further can be analyzed to recommend
the application of fly ash in civil engineering, particularly geotechnical engineering.

2 Experimentation

2.1 Standard Proctor Test

The standard Proctor test was conducted bymixing fly ashwith polypropylene fibers.
For fiber reinforcement, 0.6% polypropylene fibers by weight of dry fly ash were
taken for sample preparation. The fly ash was mixed with fibers in dry conditions
before adding water. The fly ash and fibers were mixed by hands manually to prepare
the sample. Proper care was taken to obtain homogeneous mixture. The water was
added by 4% increment every time to compact fly ash and fiber mix into the mould.
The homogeneous mixture so formed was tested for standard Proctor test to find
optimummoisture content andmaximumdry density. A standard Proctor compaction
test was carried out on different lengths of fibers (i.e., 6, 12, 24, 36, and 40mm)mixed
with fly ash. The standard Proctor test was conducted as per the IS:2720 Part 7.

It can be observed from Fig. 1, that 12 mm length of fibers have the highest dry
density as compared to other fiber lengths. The 24 mm length and 36 mm length
fibers have almost same dry density and 40 mm length fibers have low density as
compared to all the fiber lengths. From the observations, it can be mentioned that
12mm length fibers may be used for higher density requirements. The increase in the
dry density of fly ash reinforced with fibers may be due to very less thickness of the
fibers and the honeycomb structure of fibers after stretching. Further when the length
of fibers was increased the dry density of fiber-reinforced fly ash has decreased.

Fig. 1 Standard Proctor test on fiber-reinforced fly ash
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Table 1 Standard Proctor
test on fiber-reinforced fly ash

S. No. Fiber length
(mm)

Maximum dry
density (gm/cc)

Optimum
moisture content
(%)

1 0 1.34 22.28

2 6 1.31 23.65

3 12 1.35 22.78

4 24 1.33 23.31

5 36 1.34 19.42

6 40 1.29 24.74

In the process of sample preparation, it was observed that as the fiber length was
increased in the fly ash the clog formation took place. It leads to difficulty in sample
preparation and compaction of the sample. Due to this maintaining uniformity in the
fiber distribution was also not possible. Table 1 shows the maximum dry density and
optimum moisture content values.

Optimummoisture content for all fiber lengthswas almost the same. Fibers absorb
less amount of water due to this there may not be much changes in the optimum
moisture content in all lengths of fibers mixed in the fly ash.

2.2 Direct Shear Test

The direct shear test was conducted on 60 mm× 60 mm× 25 mm sample according
to IS:2720 (Part 13)-1986. The samples were prepared bymixing 0.6%fibers with fly
ash. The samples were compacted at their corresponding optimum moisture content
and maximum dry density obtained from the compaction test. Figure 2 shows the

Fig. 2 Variation of shear stress with normal stress for different lengths of fibers
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Fig. 3 Sample after failure

variation of shear stress with normal stress for different lengths of fiber-reinforced
in the fly ash.

From Table 2 it can be observed that as fiber length increases initially up to 12mm
in size, angle of internal friction also increases and reaches a maximum value. The
maximum value obtained was 36° for 12 mm fiber length. As the polypropylene
fibers had honeycomb-like structure, when it is stretched, while preparing samples it
was observed that the fibers got stretched during compaction. This makes the fibers
to hold the fly ash in the structure, which can develop the friction between fibers
and fly ash. This could be the reason for increase in the angle of internal friction
for the fly ash reinforced with fibers. Further, when the fiber length was increased
up to 24 mm there was decrease in angle of internal friction. As shown in Table 2,
for 36 and 40 mm lengths of fiber, small increase in the angle of internal friction
was observed while for further lengths of fiber there was slight increase in angle of
internal friction. It is necessary to mention that for longer fiber length than 12 mm it
was difficult to prepare the sample particularly, for 36 and 40 mm lengths of fibers in
direct shear test.

Table 2 Angle of internal
friction for different length of
fibers

S. No. Fiber length (mm) ϕ (degree)

1 0 29

2 6 33

3 12 36

4 24 26

5 36 28

6 40 29
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2.3 Unconfined Compressive Strength Test

The unconfined compressive strength test was conducted on the sample as per the
procedure given in IS 2720-10: “Methods of tests for soil, Part 10: Determination
of unconfined compressive strength”. The sample was prepared with the maximum
dry density and optimum moisture content. This was obtained through the standard
Proctor test as mentioned earlier.

The fly ash and fibers were mixed in dry condition. The water then added equals
to optimum moisture content. The unconfined compressive strength value goes on
increasing gradually up to addition of 24 mm fibers in the fly ash and then goes on
decreasing on further addition of 36 mm and 40 mm length of fibers in fly ash as
shown in Fig. 4. Table 3 shows the unconfined compressive strength values of fly
ash mixed with different lengths of fibers. The unconfined compressive strength was
186.54 kPa at 24 mm length of fiber. Particularly for 24 mm length of fibers bridging
effect was observed in the sample as shown in Fig. 3. The bridging effect of fibers
is nothing but the specimen holding capacity of fibers while cracks were developed
in the specimen. The fiber reinforcement may resist the failure of the sample during
the test as observed in Fig. 3. It was observed that sample preparation was difficult
for large lengths of fiber as mentioned in Sect. 2.2.

Fig. 4 Variation of unconfined compressive strength with fiber length

Table 3 Unconfined
compressive strength (UCS)
for different fiber lengths

S. No. Fiber length (mm) UCS (kPa)

1 0 90.54

2 6 96.40

3 12 124.36

4 24 186.54

5 36 149.12

6 40 124.9
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2.4 California Bearing Ratio(CBR) Test

The California bearing ratio sample was prepared by considering maximum dry
density and optimum moisture content. This was obtained as explained earlier
through the standard Proctor test. The procedure for the determination of California
bearing ratio value was followed as per the IS 2720-16: “Methods of test for soils,
Part 16: Laboratory determination of CBR”.

From Table 4 we can observe that as we reinforce the fly ash with different
lengths of fibers California bearing ratio increases. The California bearing ratio was
maximum in case of 40 mm length of fibers. This shows the strength of fly ash
increases on the addition of fibers of different lengths. It was particularly observed
that all the tests have shown good results for 12 and 24 mm fiber length, but for
California bearing ratio value, it was observed that 40 mm fiber length has a good
effect. In fact, the CBR value was increasing continuously with increasing the length
of fibers as observed in Fig. 5. In the present study, the highest length usedwas 40mm,
hence the maximum value of CBR observed for 40 mm length fibers. Further, it can
bementioned that if length of fiber ismore it will havemore friction resistance against
the penetration which may lead to more California bearing ratio value. The increase

Table 4 California bearing
ratio (%) for different fiber
sizes

S. No. Fiber size CBR (%)

1 Plain fly ash 30.52

2 6 mm 32.73

3 12 mm 33.73

4 24 mm 34.22

5 36 mm 35.21

6 40 mm 35.96

Fig. 5 California bearing ratio value variation with fiber length
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in the value of California bearing ratio can also happen due to the interlocking of
fibers with fibers and fly ash with fibers.

3 Conclusion

• It was observed from all the tests in the present study that different fiber lengths
have different effects on the fly ash property. It was particularly observed that
12 mm fibers have good effect as compared to all other fiber lengths. As the fibers
are lightweight, there was no much effect observed in the dry density of fly ash
due to addition of fibers with different lengths.

• For the fiber-reinforced fly ash the angle of internal friction was increased by 24%
as compared to unreinforced fly ash with 12 mm fiber length.

• The unconfined compressive strength value of fiber-reinforced fly was increased
twice as compared to unreinforced fly ash with 24 mm fiber length.

• California bearing ratio value of fly ash was increased up to 18% for fiber
reinforcement of 40 mm length.
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Review of Experimental Techniques
for Evaluating Unsaturated Shear
Strength of Soil

P. B. Pande , S. R. Khandeshwar , and S. P. Bajad

Abstract Shear strength is the noteworthy engineering property of soil governing
various geotechnical terminologies. Conventional shear strength apparatus and
procedures are merely suitable for testing saturated or dry soil. Researchers and prac-
titioners brought the usage of unsaturated shear strength in the respective arenas.
Numerous experimental procedures are developed in last few decades to evaluate
the shear strength parameters including suction of an unsaturated soil. Most of
these methods are complicated, time consuming and expensive. In this concern,
the present paper reviews various equipment and experimental procedures incorpo-
rating different combinations for measuring shear strength and suction. This study
is emphasized on the combination of shear test apparatuses and suction measuring
techniques. Moreover, soil used and drainage conditions for testing of unsaturated
soil are reviewed and summarized. The combination of conventional triaxial shear
test and filter paper method is not trialed in Indian context. This combination of
measuring shear strength unsaturated soil would be easy and cost-effective.

Keywords Triaxial shear test · Direct shear test · Unsaturated Shear strength

1 Introduction

In geotechnical engineering, the shear strength is the most essential engineering
property and fundamental state variables of soil required for analyses and predic-
tion slope stability, earth pressures and foundation design [52]. In case of satu-
rated soil, conventional direct and triaxial shear test apparatus are normally used to
determine the shear strength in the laboratory. Various experimental procedures are
developed in the previous few decades to evaluate the shear strength parameters of
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an unsaturated soil. In recent decades, several authors like Fredlund and Rahardjo
[24], Wheeler and Sivakumar [57], as well as Cui and Delage [16] validated
the fundamental theories essential for unsaturated soils with the help of suction-
controlled oedometer, modified triaxial as well as direct shear testing apparatus.
These apparatuses are not easily available, difficult to operate and costly.

Moreover, extensive engineering judgment is required to apply undrained strength
analyses on saturated soils. This type of analysis can easily be applied because it does
not involve determination of pore water pressure. However, the use of total strength
parameters is not satisfactory because its pore pressure response is unknown.

In Indian context, it is necessary to develop the methodology to involve unsatu-
rated conditions in shear strength analysis. And so, it is essential to measure suction
along with shear strength of soil. In this concern, the present paper reviews various
equipment and experimental procedures incorporating different combinations for
measuring shear strength and suction. This study is emphasized on the combination
of shear test apparatuses and suction measuring techniques. Moreover, various strain
rates adopted, soil used and drainage conditions for testing of unsaturated soil are
reviewed and summarized.

2 Shear Strength of Saturated Soil

Evaluation of shear strength of saturated soils is based on Mohr–Coulomb theory.
Terzaghi [43] proposed the effective stress equation for evaluating the shear strength
of saturated soils. The effective stress variable (σ ′) proposed by Terzaghi [43] is
effectively used in Mohr–Coulomb’s theory. Mohr–Coulomb suggested the two-
dimensional σ − τ plot as shown in Fig. 1. The saturated shear strength equation
proposed by Terzaghi [43] is given as follows:

τ = c′ + (σn − uw) tan φ′ (1)

where

Fig. 1 Mohr–Coulomb
failure envelope [43]
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τ = shear strength
σ n = total normal stress on plane of failure
σn − uw = effective normal stress
uw = pore water pressure
c′ and Ø′ = saturated effective shear strength parameters.

3 Shear Strength of Unsaturated Soil

Formerly, Biot [4] proposed a consolidation theory for an unsaturated soil. Hilf [29]
was the first investigator who studied the effect of suction on compacted cohesive
soils and proposed Eq. (2) established fromMohr–Coulomb strength envelope helps
in defining the shear strength of unsaturated soils:

τ = C + σn tan φ (2)

where

τ = shear strength
c = cohesion
Ø = internal friction.

The most commonly used two stress state variables are the net normal stress (σ −
ua) and the matric suction (ua − uw). Fredlund et al. [23] described the behavior of
unsaturated shear strength of soils in the form of Eq. (3) resulting from experimental
results for d as follows:

τ f = c′ + (σn − ua) tan φ′ + (ua − uw) tan φb (3)

τ f is the unsaturated shear strength of soil.
c′ is the effective cohesion of saturated soil.
Ø′ is the effective angle of shearing resistance for a saturated soil.
Øb is the angle of shearing resistance with respect to the matric suction.
σ n is the total normal stress on plane of failure.
ua is the pore air pressure.
uw is the pore water pressure.
(ua − uw) is the matric suction of soil at failure.
(σ n − ua) is the net normal stress on the plane of failure.

In the case of an unsaturated soil, the Mohr circle and strength envelope at failure
are extended on a three-dimensional Mohr–Coulomb’s plot as shown in Fig. 2.

Øb indicates the increase rate in shear strength with matric suction. From experi-
mental and theoretical studies, it is stated that Øb is the nonlinearly decrease in the
matric suction. ThemodifiedMohr–Coulomb’s failure envelope is observed between
the shear stress (τ ) and matric suction (ua − uw). Here, ϕb can also be defined as an
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Fig. 2 Three-dimensional
Mohr–Coulomb’s plot
Fredlund and Rahardjo [24]

angle of internal friction with respect to (ua − uw) variation under a constant (σ n −
ua).

4 Experimental Techniques for Measuring Shear Strength
of Unsaturated Soil

The unsaturated soil testing techniques are not analogous to the saturated soil owing
to suction. Measuring suction is the most accentuating mechanism in unsaturated
soil testing techniques. Therefore, the brief review on suction measuring techniques
is essential.

The various methods measuring soil suction are broadly categorized into direct
and indirect methods and presented in Fig. 3. Suction plate, tensiometer, pres-
sure plate and suction probe are the direct methods of measuring suction. Indirect
methods are again classified as primary, secondary and tertiary methods. Thermo-
couple psychrometers, transistor psychrometers and chilled-mirror psychrometers
are primary methods. The filter paper technique is the secondary method; the tertiary
methods comprise the thermal and electrical conductivity sensor techniques [36].

Fig. 3 Suction measurement techniques
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Till date, numbers of models are proposed to validate the fundamental theories
of unsaturated soils with oedometer controlling suction, triaxial and direct shear
testing [1]. Fredlund and Rahardjo [24], Wheeler and Sivakumar [57] and Delage
[17] anticipated theoretical parameters to study unsaturated soil. Suction-controlled
equipment is difficult to operate and expensive; thus, it is necessary to develop and
establish the specificmethodology and protocol for evaluating shear strength parame-
ters of unsaturated soil in combination with conventional equipment which are easily
available and cost-effective.

In the 1950s, the modifications were suggested and commenced in shear strength
testing apparatuses to accommodate unsaturated soils. The modification of conven-
tional equipment is necessary to quantify pore air and pore water pressure of unsatu-
rated soil separately, by means of porous disks with high air entry value (HAEV) [7].
Triaxial and direct shear test apparatuses are conventionally used for testing saturated
soil and are modified and extensively used in the determination of the shear strength
parameters of unsaturated soils well along. Nonetheless, the modified equipment for
testing unsaturated soil is difficult to operate and costly. Unsaturated shear strength of
soil can be evaluated without considering pore water and pore air pressure at failure
[10].

In the 1980s, most of the researchers performed either direct or triaxial shear
test for evaluating the unsaturated shear strength of soil [29]. Some investigators
had chosen the direct shear apparatus to study suction effect on the shear strength
parameters of unsaturated soils. Fredlund and Morgenstern [23], Escario and Saez
[21], Gan and Fredlund [27], Vanapalli [51] and Vaunat et al. [54] used direct shear
tests for controlling and measuring the suction on unsaturated soils using the axis-
translation technique. Others selected triaxial shear tests to investigate the role of
suction in controlling and measuring the shear strength of different soils.

Richards [40] worked on controlling the suction using axis-translation technique,
and further investigators used this technique to modify the conventional testing
equipment for evaluating the unsaturated shear strength of soil.

Initially Kjellman [32] experimented the triaxial test apparatus with the
plane strain condition to study the unsaturated shear strength of soil. Subse-
quently, he performed the series of modified direct shear tests with controlled suction
on fine sands and coarse silts using axis-translation technique. Donald [18] was the
first investigator who modified the conventional direct shear testing apparatus and
determined the SWCC and the shear strength.

Bishop et al. [8] presented test results obtained from the triaxial compression
tests conducted on saturated sand under undrained condition and stated that apparent
angle of shearing resistance is observed with respect to negative pore water pressure
during shear. Several techniques were proposed by Bishop et al. [8] for evaluating the
unsaturated shear strength of soil with triaxial equipment. In 1961, the first suction-
controlled triaxial apparatus was developed by Bishop andDonald [5] and performed
test on loose silt under consolidated drained condition. Coleman [15] suggested to
measure the pore air pressure as an isotropic stress state variable [14].
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Bishop and Blight [9] confirmed the suitability of the axis-translation technique
used for testing unsaturated shear strength of soils [9]. Blight [10] performed unsat-
urated shear strength test on silty soil under consolidated drained condition, wherein
shear strength escalation was observed owing to matric suction along with increasing
net confining pressure. Lee [33] conducted triaxial test under drained and undrained
conditions under plain strain. Consolidated drained tests were performed by modi-
fied triaxial cell using axis-translation technique to study the shear strength behavior
of unsaturated Dhanauri clay and Madrid gray clay by Satija and Gulhati [42] and
Escario [19], respectively. Ho and Fredlund [30] performed a series of unsaturated
multistage triaxial tests on Hong Kong residual soils from by making the necessary
modifications on a conventional triaxial cell. Chantawarangul [13] conducted the
series of six undrained and unconfined compression tests on unsaturated compacted
clayey soil with 52% sand, 18% silt and 30% clay.

Mahalinga-Iyer and Williams [34] applied liquid infiltration technique and
measured the shear strength of unsaturated soil with triaxial shear test apparatus
in combination with the filter paper method. Unconsolidated, undrained triaxial tests
on unsaturated soil were conducted with pore pressure measurement and measured
suction with the filter paper method explicated byMcQueen andMiller [35]. Escario
and Saez [21] observed nonlinearity in the shear strength envelope of unsaturated
soils for the complete suction range from the results of the modified direct shear test.

Fredlund [22] reanalyzed the triaxial test results of Satija [41] and revealed
some nonlinearity in the failure envelope of shear stress versus matric suction.
Gan and Fredlund [27] performed a modified conventional direct shear apparatus by
applyingmatric suction greater than 101 kPa through axis-translation technique. Gan
and Fredlund [27] also observed nonlinearity in the failure envelope of shear stress
versus matric suction, and they have made a suggestion for handling the nonlinearity
behavior from a practicing engineer’s point of view. Escario and Juca [20] desig-
nated elliptical failure envelope for suction value lower than the air entry value by
performing the test onGuadalix red silty claywith the application of 120–600 kPa net
normal stress. Fredlund and Rahardjo [24] arranged the number of state-of-the-art
reports and keynote lectures together and published the textbook on “unsaturated soil
mechanics.” Further, Gan and Fredlund [27] modified direct shear test and triaxial
test apparatus and performed experimentation on decomposed granite from season
hill, HongKong.Again Fredlund andXing [25] observed the nonlinear shear strength
envelope of unsaturated soils with the data tested on the direct shear box over a wide
suction range. Fredlund and Xing [25] introduced a tool called as the SWCC used
to predict the shear strength of unsaturated soils from saturated soil parameters.

Vanapalli [50] started studying the relationship between SWCC and the shear
strength unsaturated soil with respect to matric suction. He conducted the consol-
idated drained direct shear test on statically compacted glacial till specimen under
saturated andunsaturated condition andproposed empirical procedures for evaluating
the unsaturated shear strength of soils.

Vanapalli and Lane [49] used the conventional direct shear equipment for testing
IndianHead till under a net normal stress (σ − ua) of 25 kPa by compacting the soil at
optimummoisture content for a matric suction (ua − uw), range of 0–500 kPa. Then,
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the achieved results were compared with data obtained by Vanapalli et al. [50] from
the modified direct shear tests performed on the same soil under identical conditions
and found reasonably good comparison between both methods. Then, Vanapalli
and Lane [49] proposed combination of experimental procedure and semiempirical
procedures for appraising the unsaturated shear strength of fine-grained soils.

Moreover, Vanapalli and Fredlund [48]worked on the concept of residual state and
the observed increase nonlinearly in shear strength until the residual suction value
reached and negative value of the strength of suction values beyond the residual
state. Khalili and Khabbaz [31] focused on methods for evaluating the shear strength
parameters of unsaturated soil using the effective stress concept andSWCC.The satu-
rated test using the conventional triaxial equipment was conducted for determining
the shear strength with pore pressure measurements [2].

Vanapalli and Fredlund [53] provided theoretical method for evaluating and inter-
preting the undrained shear strength of unsaturated soil in terms of normal stress (σ −
ua) and matric suction (ua − uw). Nishimura and Fredlund [38] studied the behavior
of unsaturated silty soil and kaolin by developing the SWCC from triaxial test data.
Vanapalli and Fredlund [53] compared the measured and predicted shear strength
values from four different procedures for three different soils with limited and large
suction range. Vanapalli and Fredlund [53] also noticed shear strength behavior of
silty soil over the entire suction range (0–1,000,000 kPa). Rahardjo et al. [39] carried
out the consolidated drained triaxial tests on granitic Bukit Timah formation. Caruso
and Tarantino [12] accompanied constant water content test by using a shear box
developed at the University of Trento. Boso [11] modified shear box by introducing
osmotic technique. Zhan and Ng [37] performed suction-controlled direct shear test
on unsaturated expansive clay. Wanatowski and Chu [56] studied biaxial shearing
tests and comparisons with triaxial tests. Vilar [55] proposed hyperbolic function-
based procedure for evaluating shear strength envelope. Thamer Ahmed [44] carried
out a test on an unsaturated granitic residual soil and described shear strength–SWCC
relationship. Tse [46] obtained shear strength parameters for suction-controlled direct
shear tests.

Hamid andMiller [28] studied the shearing behavior of low-plasticity fine-grained
unsaturated soils by conducting direct shear tests. Uchaipichat [47] tested compacted
kaolin using modified conventional triaxial equipment and developed some consti-
tutive models for unsaturated soils with effective stress approach. Bai and Liu
[3] performed extensive experimental program on Nanyang expansive soil using
a combination of conventional direct shear test (unconsolidated and undrained) and
filter paper method. Khalili and Khabbaz [31] evaluated shear strength parameters
and matric suctions with axis-translation technique in the undrained triaxial test.

The summary of various testing techniques reviewed, formeasuring shear strength
of unsaturated soil along with the suction measuring arrangement, is presented in
Tables 1 and 2.
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Table 1 Summary of direct shear test on unsaturated soil

Researchers Soil Test Condition Suction measured
by

Donald [18] Fine sands and
coarse silts

Modified direct
shear test

– Maintained constant
negative head to
control negative
pore water pressure

Escario and
Saez [21]

Compacted red
clay of Guadalix

Modified direct
shear test

– Axis-translation
technique

Gan and Fredlund
[27]

Regina clay Modified direct
shear test

CD Axis-translation
technique

Vanapalli et al.
[50]

Glacial till (clayey
till)

Multistage direct
shear

CD Pressure plate
apparatus

Boso [11] Reconstituted
partially saturated
clayey silt

Modified direct
shear test

– Axis-translation
technique

Bai and Liu [3] Nanyang
expansive soil

Conventional direct
shear test

UU Filter paper method

5 Summary and Conclusion

In thementioned literature review, onlyMahalinga andWilliams [34] andBai andLui
[3] used the combination of conventional shear test and filter paper method. Uncon-
solidated, undrained conventional triaxial compression tests and filter paper method
were performed on lateritic soils. Toll’s theory was used to interpret the unsaturated
shear strength parameters of soil [34]. Bai and Lui [3] conducted the unconsolidated,
undrained conventional direct shear test along with filter paper method on Nanyang
expansive soil. The obtained results were interpreted using soil–water characteristic
curve.

The researchers are normally focused on framing the shear strength equation of
unsaturated soil; nevertheless, few researchers premeditated the influence of initial
matric suction on the shear strength of soil under undrained condition.

Combination of conventional triaxial shear test and filter paper method is not
witnessed under unconsolidated, undrained condition in Indian context. Thus, the
research program to evaluate undrained, unsaturated shear strength parameters can
be undertaken on Indian soil.
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Table 2 Summary of triaxial shear test on unsaturated soil

Authors Soil Test Condition Suction measured
by

Bishop and Eldin [6] Saturated soil
specimen

Triaxial
compression tests

CU De-aired
measuring system

Hilf [29] Triaxial
compression tests

– Axis-translation
technique

Bishop et al. [8] Compacted
shale

Triaxial
compression tests

CD Constant water
(CW) content

Satija [41] Dhanauri clay Triaxial
compression tests

CW and CD Axis-translation
technique

Ho and Fredlund [30] Residual soils
from Hong
Kong

Modified
conventional
triaxial
compression tests

– Axis-translation
technique

Mahalinga-Iyer and
Williams [34]

Lateritic soils Triaxial
compression tests

UU Filter paper
method

Escario and Juca [20] Madrid gray
clay

Triaxial
compression tests

CD Axis-translation
technique

Escario and Juca [20] Guadalix red
clay

Triaxial
compression tests

CD Axis-translation
technique

Gan and Fredlund
[27]

Decomposed
granite from
Shouson Hill,
Hong Kong

Modified direct
shear test and
triaxial test
apparatus

– Axis-translation
technique

Zerhouni [58] – Triaxial
compression tests

– Psychrometers

Nishimura and
Fredlund [38]

Silty soil Triaxial
compression tests

– Pressure plate
technique

Chavez and Alonso
[14]

Compacted
specimens of
Pancrudo shale

Triaxial
compression tests

– Axis-translation
technique

Futai [26] Sandy clay Triaxial
compression tests

CD Axis-translation
technique

Rahardjo et al. [39] Granitic Bukit
Timah
formation

Triaxial
compression tests

CW and CD Axis-translation
technique

Vilar [55] – Triaxial
compression tests

– Axis-translation
technique

Rahardjo and Thu
[45]

Silt (coarse
kaolin)

Triaxial
compression tests

CW and CD NTU mini suction
probe

Uchaipichat [47] Compacted
kaolin

Modified
conventional
triaxial
equipment

CD Axis-translation
technique

(continued)
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Table 2 (continued)

Authors Soil Test Condition Suction measured
by

Khalili and
Khabbaz [31]

Limestone
powder

Triaxial tests UU and CD Axis-translation
technique
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The Role of Artificial Intelligence
in Industry 4.0 and Smart City
Development

Sujesh D. Ghodmare, B. V. Khode, and Sachin M. Ladekar

Abstract Transition is the reconstruction of the field from new fundamentals which
changes the field’s common elementary theoretical concepts along with methods
and applications. During transition, there will be the partial overlap between existing
and new paradigms due to decisive differences. Artificial intelligence and Internet
of things are unlocking the huge opportunities due to its advancements, especially
in relation to smart city and its development. Artificial intelligence signifies the
era of evolution in science and technology. Nowadays, the tasks which were once
performed manually by human beings have been overtaken by artificial intelligence.
Sixty-two percentage of enterprises will be using AI by 2018 as conformed byNarra-
tive Science. Many researchers have quoted the opinion that artificial intelligence
may have the impact more than Industrial Revolution on overall world. In this paper,
it is tried to focus on industrial and economic development trend due to advance-
ments in the urban scenario. It is tried to consolidate the fact knowledge related to
technological advancements across the world. The fundamental concepts of artificial
intelligence and Internet of things as a game changer are tried to extract in order to
understand their suitability for proper implementation of smart city concept.

Keywords Smart city · Artificial intelligence · Internet of things · Industrial
Revolution · Game changer

1 Introduction

During the first Industrial Revolution (eighteenth to nineteenth century), the world’s
estimated population was 1.8 billion. The concepts notified were use of water and
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steam energy. The main focus was on innovations related to the agriculture produc-
tion and searching of raw materials. The notable shift was rural–urban migration in
search of different facilities and needs. Development of new localities and related
conflicts was also a major issue during that era of development. The entire revolu-
tion was more or less bounded by new product development and trading. The many
changes were observed during 1870–1914 (second Industrial Revolution). The key
concepts were electricity and fossil fuels alongwith themass production. The notable
inventions related to assembly lines and mass production were witnessed along with
fast urbanization and expansion in infrastructural developments.

The issues and conflicts were common as the world population noted was around
4.4 billion. The third Industrial Revolution which is well known as the digital revo-
lution was assumed to be started from 1960 with the concept of globalization. The
approximate estimation of populationwas around 7.6 billion. As stated above, renew-
able energy, nuclear energy and geothermal energy concepts were prominent along
with electricity and fossil fuels. The value addition concepts such as Internet and intel-
lectual property services also came into picture during this period. Due to computing
and digitalization, the notable gems during the said period till date are personaliza-
tion and value products based on the information and innovation. The micro-level
impact of the above revolutions on society can be summarized on the basis of focus
area and the technological outcomes (Table 1).

According to Porter, the four forces connected with competitive rivalry which
impacts the business environment are threat of entrance, substitute products,
bargaining power of suppliers and bargaining power of buyers. This had emerged
with queries like what about the e-waste?, is it sustainable?, etc. The industrial
and economic revolution was having perspectives to deal with the issues like
fast urbanization, industrialization, effect on environment, disasters, e-waste, waste
management, slums, conflicts, congestion, child labor and health-related issues.

1.1 Transformation from Linear Economy to Circular
Economy

Then, the trendof circular economycame intopicture.Earlier, the linear economywas
personal oriented with many restrictions and limitations. But the circular economy
emerged as society-oriented system having benefits to all at large and of open nature.
This transformation was really the cause for the paradigm shift in both business and
industry modeling. The circular economy has number of unique benefits like raw
material conservation, innovations, durable products, new jobs, efficiency, reduction
in CO2 emissions, etc. The advantages which can be fetched out of circular economy
are reusing, remanufacturing, recycling and reducing the use. The output of this can
be summarized in terms of societal issues as below (Table 2).

Then, the new era of people and society came into picture due to advancements and
globalization. It had led to the expectations of sustainable coexistence and solutions
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Table 1 Micro-level impact of Industrial Revolutions on society

Issues Impact on society

Positive Negative

Social and economic Formation of custom unions and
trade blocs

Unequal wealth distribution

Cashless economy Regionalization

Entrepreneurship and innovations Trade barriers

Consumer power Shortage of resources

Globalization and diversity Lifestyle diseases

Connectivity Poverty and limited access to
basic needs

Cultural fusion Crime and unemployment

Media and social networking Urban crowding and increased
slums

Skill learning and education Illegal migrations,
communication barriers, racial
and cultural conflicts

Technological E-commerce Social isolation

Robotics Energy consumption at
exponential pace

Internet and smartphones Breakdowns in relation

Digitalization Internet addiction

Fintech Cybercrime

Environmental and ethical Green movement Pollution, global warming,
e-waste

Ethical consumption Deforestation and illegal
mining

CSR Child labor, human trafficking
and exploitation

Increased cybercrime rate

Table 2 Outputs of circular economy concept

Outputs People attractiveness Profit—business
competitiveness

Planet—society

Parameters Smart living, basic needs,
health, safety and quality

Fair business practices,
effective value chain and
industry sectors

Recycling, environmental
conservation and
reusability

Views Smart cities Sustainable growth E-waste management
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for smart cities. The main intension was to create the healthy environment so as
to allow the people to coexist with the quality of life along with superior living
experiences. This had resulted in the need of transition of conventional cities into
smart cities.

2 Methodology Adopted

In this paper, the various benefits and challenges of AI are tried to focus. For the
purpose, the deep review regarding the applications of AI and related aspect is carried
out. Different case studies are tried to elaborate. The fundamentals of AI are also tried
to elaborate for understanding the basic concepts. On the basis of the different case
studies, the existing and future scope of introducing and adopting AI is analyzed.
At the same time, the different challenges related to the AI-related applications are
focused. Finally, the recommendations regarding feasibility of adopting AI related
to smart city development as a future requirement are tried to summarize.

3 Literature Review

As stated by Albert Einstein, we cannot solve our problems with the same thinking
we used when we created them.

3.1 Highlights of Industry 4.0 (Fourth Industrial Revolution)

The notable point during this fourth Industrial Revolution is connectivity of tech-
nologies. This connectivity is in the form of extended digital capabilities, scale by
emerging and embedding in life of individuals. This transformation at each level
of industry and society is ultimately the result of the confluence of data based
on huge massive storage and cognitive power. This has created the unimaginable
opportunities in almost all sectors from education, health, agriculture, manufacturing
to services. The entire Industry 4.0 Revolution is based on the core technological
concepts such as AI, IOT, quantum and cloud computing, block chain and distributed
ledgers, advanced materials, robotics, additive manufacturing and multidimensional
(3D) printing, neural technologies, biotechnologies, virtual and augmented realities,
geo-engineering, space technologies, energy capture, energy store and energy trans-
mission. These all concepts are playing the vital role in shaping the fourth Industrial
Revolution. In this paper, it is tried to focusmainly on the core technological concepts
of artificial intelligence (AI) and Internet of things (IOT).
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3.2 Artificial Intelligence

Basically, AI is a computer-based program or a software enabledwith themechanism
to learn on the basis of knowledge to make decisions in a new situation similar to
human beings [1]. For this software, inventors and researchers are trying to create
the codes capable to read images, texts, pictures, videos or audios so as to learn
something out of it. Artificial Intelligence is totally based on the concept that if all
knowledge is stored in the machine itself then it can be used anywhere as per need
and requirement. Intelligence is the ability to adopt the changes. Hence, AI is nothing
but the data science working on the basis of stored data [3].

As shown in Fig. 1, USA is leading in terms of share in AI-related contribu-
tions followed by EU28 group and China. As far as Indian status is considered, the
contribution is about 3% and 0.38 in reference to Nr. Players/GDP. AI has many
applications necessary to deal with the various new emerging issues with availability
and scarcity of resources.

The fast growing applications ofAI are static image recognition, classification and
tagging, algorithmic trading strategy performance improvements, efficient scalable
processing of patient data, predictive maintenance, object detection and classifica-
tion, content distribution on medias, cybersecurity protection and chatbots [4]. AI
has the capability to adopt the existing creative processes like force field analysis,
brainstorming, rapid prototyping, TRIZ, mind mapping [3]. It can also create its own
creativity paradigm.

As shown in Fig. 2, it can be observed that AI contributes in almost all fields
of new era of development, out of which static image reorganization, classification
and tagging are the major parameter which contributes about 8097.9 million USD
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revenue. Object identification, prediction, performance improvement and scalable
processing are some other aspects which contributes the major share of the global
revenue as forecasted for period of 2016–2025.

AI includes the ability ofmachine to use algorithm to learn from data and usewhat
has been learned to make the decisions like human beings. It also includes machine
learning which can be considered as the primary approaches to AI where machine
has the ability to learn without being explicitly programmed. It consists of a subset
machine learning that has networks which are capable of bearing unsupervised from
data that is unstructured or unlabeled.

The graph in Fig. 3 clearly indicates the probable rise in the revenue from AI for
enterprise application market from 2016 to 2025 across the world. It can be observed
that the quantitywhichwas nil during 2014–15 has reached to about 200millionUSD
in 2018. It is predicted that the growth will be on rise and may reach up to 24,000
million USD in 2024 and up to 32,000 million USD in 2025. This ultimately implies
the importance of adoption of AI for various activities in scenario of globalization.

3.3 Smart City

Smart city uses the ICT in an integrated, collaborated and sustainable approach
across all vertical segments to cater the needs of citizens, organizations and all
other stakeholders while maximizing its triple bottom line. The basic challenges
with the conventional city ICT were non-IOT, partial integration of vertical sectors,
fragmented business chains without API integration and bureaucratic skepticism to
change within some stakeholders. Due to this transition in view of cost-controlled
scalable solution, fourth Industrial Revolution (Industry 4.0) connected with the
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various technologies at the heart proposed the different core technological concepts
which can be termed as the cyber-physical system.

3.4 Internet of Things

The interconnection of uniquely identifiable embedded computing devices is termed
as Internet of things (IOT). The devices which can be connected are sensors and
monitors along with computers. This connectivity can be with the fixed line, mobile
broadband, WiFi or any other technologies. The various changes in the word related
to smart technologies such as different appliances, homes and cities are the output of
IOT. It has the capability to deliver the better life in the future through digitalization.
This movement will also lead to the concept, Internet of everything in the future. The
devices supported by IOT include home electronics and appliances, smartphones
and wearable, security and surveillance, automotive, aircraft and drones, monitoring
implant heart and pacemakers, biochip implants, infrastructure, cloud system, cities
and nation along with entire globe.
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Table 3 Fundamentals of AI and IOT

Fundamentals of AI Parameters and
concepts

Fundamentals of IOT Parameters and
concepts

Deep and machine
learning at the core

Artificial intelligence Interconnectivity with
the other network of the
devices

Better performance
than the individual
device

Machine learning

Deep learning

Modes of machine
learning

Supervised
(task-driven
regression and
classification)

Ambient intelligence Communicating
devices act in
background for serving

Unsupervised
(data-driven
clustering)

Reinforcement
(algorithm learns to
react to an
environment

Cognitive and
sensory abilities

To see (computer
vision)

Big data concept Data collection, sensor
monitoring, measuring
and reporting
environmental
elements

To hear (speech
recognition)

Comprehend (natural
language processing)

Interpretation of data Structured data Transmission and
action implementation

Data available is
transmitted and actions
implemented in
controlled patterns
with self-correction
cycles

Unstructured data

3.5 Benefits of AI

The aspects such as smart adaptive advertising, smart travel experience, smart power
grid, renewable energy andoptimization, disaster prevention, smart agriculture, smart
health, smart security and surveillance can be achieved if proper implementation
of AI and IOT is introduced in smart city development program. As indicated in
Fig. 4, AI is currently playing the vital role in enhancing the features [4], functions
and performances of the various products in the industry with about 51% of share.
Similarly, optimization of operations (36%), automation (36%), decision making
(35) and new product development (32%) along with the reduction in head count
(22) [2] are the major benefits which are experienced by various executives.
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3.6 Challenges in AI

Along with the number of positive points, there are wider challenges or the cross-
industry questions as follows are also in picture with increased applications of AI
and IOT (Fig. 5).

The major issue related to AI is its over-publicity in wrong and confusing manner
[3]. In other words, it can be stated that on behalf of AI the trend to oversell the
technologies in market places which contribute about 18% is the major challenge.
It can also be noted that 47% of executives faced the difficulties while integrating
the cognitive projects with the existing processes and systems. Similarly, expensive
technologies (40%), not understanding the cognitive technologies (37%), scarcity of
AI knowledge (35%) and immature technologies (31%), occupy the major share of
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Table 4 Challenges in AI

Issues Description

Unemployment As machines will take over more tasks, it will become difficult to prepare
displaced humans to fill the roles created by new technologies

Inequality Distribution of the wealth created by machines be very difficult

Humanity The interactions with machines will affect behavior of human beings
which will be unpredictable

Artificial stupidity It will become out of control to guard the mistakes committed by the
machine at particular stage

Racist robots It will be very difficult if AI bias issue will come in existence

Security It will be very difficult to keep AI safe from adversaries

Evil genies Unintended consequences if occurred will not be possible to protect

Singularity To maintain control over complex, intelligent systems will be the new
issue to deal with

Robot rights Treatment to AI components humanely will not be possible to implement

notable challenges due to adoption of AI-related advancements. Table 2 shows the
additional aspects which describes the various AI-related issues and the probable
challenges covering socioeconomic issues (Table 4).

4 Applications of AI and IOT to Industry and Case Study

In this section, it is tried to focus on the different case studies alongwith the industrial
applications ofAI [4]. For the purpose, industries like automotive and logistics, retail,
health care and professional services are taken into consideration.

4.1 Industry Automotive and Logistics

Applications of AI and IOT Road traffic accidents predicted to be 5th leading
cause of death by 2030 kill about 1.25 million people and injure about 20 million
to 50 million, which cost about 518 billion USD. Assisted-driving vehicles along
with crash avoidance technology are lowering accident rates nowadays. This may
again plummet if AI-driven autonomous cars will come in action [4]. One of the
implications related to the insurance aspects due to this transformation is not clear
till date but liability shift from driver to manufacturers of sensors and devices, the
software designer and the company along with operators and passengers.

Case Study Self-driving truck company—Otto (by Uber)—is testing self-driving
trucks on roads within Northern California. The robot trucks are taking control on
highways partially and if more automated, totally functional rollout by 2020 as per
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their goal. Trucking is a 700 billion USD industry in USA only, and it is predicted
that self-driving trucks will be on the market before self-driving cars.

4.2 Industry Retail

Applications of AI and IOT Retailers are using supply-chain cost optimization at
present. If AI is deployed for deeper understanding of consumer behavior, it may
result in increased revenues [4]. In the future, AI-enabled digital assistants will be
used to seamlessly and automatically find out order to deliver themost suitable option
to customers. This will enhance the satisfaction level of consumer.

Case Study Humanoid robot (Pepper) in Japan—Nescafe—deployed about one
thousand Pepper robots to retail appliance stores to help consumers pick out
Nespresso coffee machines in Japan. Telco SoftBank also experimented by opening
a pop-up mobile phone store run entirely by robot (Pepper) sales clerks capable of
speaking 19 languages alongwith facial expressions and conversation recognition. In
the future, testing of the robots to deploy them across Tokyo to serve foreign visitors
during the 2020 Olympic Games is going on priority basis.

4.3 Industry Health Care

Applications of AI and IOTDigitization of clinical information through the imple-
mentation of electronic medical records (EMRs) resulted in the generation of signifi-
cant amounts of real-time data by billions of connected devices. This has led in lower-
cost access to genomic information which is the wealth of information captured on
the Internet.

This information can be used by next-generation analytics technologies on
concepts such as big data, cognitive computing and machine learning. This will
be useful in improving the methods of cancer treatments, predict chronic diseases
along with personalized medical interventions and drive behavioral change.

As per the studies of AI, it takes about 12–14 years and 2.6 million USD to bring
cancer-combing drug in market which will be possible within the half of that with
AI. Thus, AI is also helpful in reducing tome to introduce new drugs to society [4].

Case StudyAI and machine learning help physicians as used by IBM. According
to IBM, medical images make up at least 90% of all medical data. The computing
giants Watson Health and Merge Healthcare arms recently partnered with the Radi-
ological Society to demonstrate some AI-driven solutions to help clinicians extract
insights from imaging data. Watson Health has developed cognitive tools for peer
review, data summarization and physician support. The MedyMatch brain bleed
application has been designed to help emergency room physicians diagnose stroke
or brain bleed on the basis of relevant evidence in patient records. Merge’s Markta-
tion augments the work of physicians by raising image-reading speeds and accuracy.
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Cloud application for eliminating common causes of errors in medical imaging, and
a lesion segmentation and tracking module is also implemented in many treatment
processes.

4.4 Industry Professional Services

Applications of AI and IOT AI is emerging as an unprecedented opportunity to
augment humans’ abilities to ‘do,’ ‘think,’ ‘learn’ and ‘feel’ making possible to
automating routine tasks and allowing humans to focus to solve more important
problems [4].

This is resulting in enhancing the digital innovations alongwithworkplace produc-
tivity which is expected to rise by about 22% till 2020. This will also reduce the labor
needed to complete a job by about 4% in coming years.

Case Study (the AI lawyer)—Law firm BakerHostetler recently employed its
first AI lawyer, ROSS, for its bankruptcy practice which is built on IBM’s cognitive
computing platform Watson. ROSS is designed to read and understand language,
postulate hypotheses when questioned, conduct research and generate responses
(along with references and citations) to back up its conclusions. ROSS (a robot) also
learns from experience, gaining speed and knowledge the more lawyers it interacts
with. It also constantly monitors current litigation so that it can notify colleagues
about recent court decisions that may affect their cases.

To summarize with the case studied, it can be stated that AI has huge applications
in all aspects as far as the current scenario is considered. The companies like Face-
book, Amazon, Alphabet, IBM and Microsoft launched a partnership to research
and promote best practices around AI in 2016 for self-regulation with intension to
provide a formal structure of communication. Figure 6 clearly indicates the estimated
economic impact of AI in relation to the major Asian industries. It can be noted that
at present the estimated amount ranges from 300 billion USD (financial services and
transportation) to 550 billion USD (manufacturing). It can also be seen from the
graph below that this will definitely increase to the range of 480 (health care), 590
(transportation), 600 (financial services), 620 (retail) and 770 (manufacturing). This
shows that in the future in almost all sectors there will be the major role played by
AI and related technologies.

5 Conclusion and Recommendation

From above discussion, it can be stated that AI and IOT have the capability to support
the current Industry 4.0 developmentswhich are ongoing.As discussed above, almost
all fields are in need of efficient performance in view of optimized use of available
resources. This efficiency can be attained if AI and IOT fundamentals are incorpo-
rated for smart city development. Smart city concept has the huge parameters to be
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Fig. 6 Estimated economic impact of AI on major Asian industries by 2030. SourceWorld Bank,
UBS estimates as of January 2017

implemented to overcome the conventional and traditional methods of development.
It has to be noted that World Economic Forum on the Digital Transformation Initia-
tive has uncovered a variety of possible societal impacts stemming from the adop-
tion of AI by different industries. It can also be stated that integration of predictive
intelligent technologies during the smart city development can improve the public
safety. Considering the expectations by industries in future, virtual reality, machine
learning, augmented reality, natural language question answering and autonomous
vehicles etc., representing AI are becoming the power for many innovations. It is also
necessary to educate the maximum number of individuals regarding the benefits and
need ofAI and IOT. From above discussion and as proposed bymany leading players,
use of AI and its annual economic growth rates will double in 2035 with increase in
productivity by about 40%. It can also be suggested to include the nonprofit orga-
nizations, ethicists and activists in the AI-related activities to accommodate diverse
sources of expertise and to tackle with the related issues. In view of this, in Indian
region also it is expected that the activities related to AI and IOT should be promoted
andmotivated for attaining the expected outcomes so as tomatch upwith the require-
ments of Industry 4.0 Revolution. At the same time, the solutions for facing the
unexpected difficulties which may arise without intimation should be prepared as
way of defending. AI has the potential to drive significant productivity increases that
improve the quality of lives around the world, but its development and use are not
without risk and it must be implemented responsibly.
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Analysis and Design of a Flyover Over
a Railway Cross

Sonu Johny and Grace Mary Abraham

Abstract Heavy traffic congestion is observed in Guruvayur town. The main reason
for this is the closure of railway gate for the passage of trains at Guruvayur–Choondal
road. In order to solve this problem, planning and constructing a flyover bridge over
railway crossing may be a viable option. A traffic flow survey is done in order to
determine the traffic volume in the area, and a questionnaire survey is carried out to
check the necessity of the flyover. Analysis of the flyover is performed in SAP 2000
software. In addition, a comparative analysis of the deflections produced in a pier
when reinforced with steel and shape memory alloy (SMA) is done.

Keywords Flyover · Railway crossing · Guruvayur · SAP 2000 · Traffic survey ·
SMA

1 Introduction

Guruvayur is a municipal temple town in Thrissur district, Kerala. It is also where
the Guruvayur Sri Krishna Temple resides, the fourth largest temple in terms of the
number of devotees visiting per day [1]. Heavy traffic congestion is observed in
the town of Guruvayur during the rush hours of the day. A railway crossing at the
Guruvayur–Choondal is the major cause of the traffic congestion in the area. The
roads are closed almost 32 times a day for about 5–10 min leading to a great amount
of traffic congestion. Accidents have been also recorded in the area due to rushing
of the driver to cross the railway line during the gate closing time. The timing of the
train cannot be changed, so even emergency ambulances are required to wait for a
long time.

A flyover is proposed in the area to reduce the traffic congestion based on the
traffic and questionnaire survey that is conducted in the area to obtain the opinion of
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the public [2]. The flyover is proposed over the existing road, and it is modelled and
analysed using the software SAP 2000.

2 Data Collection and Assessment

Data was collected from the field in order to understand the actual problems faced
by the people in the area. It helped in finding the feasibility of constructing a flyover
across the railway cross to solve the problem [3].

Questionnaire survey was conducted for both the road users and the shopkeepers
in the area. The questions were asked which helped in identifying the situation in
the area. It also helped in finding the problems and to find feasible solutions for the
problems faced by people.

From the study, it was found that about 65% of the users were daily users who
went to schools or offices. There were also people who came to visit the temple
which constituted about 25%, and the rest were occasional users. There were also
a large number of shops in the area in which 52% included automobile shops, 26%
restaurants and the rest grocery and medical shops.

The public were asked as to what they felt was the reason of the congestion, to
which most of them responded that it was because of the railway cross. About 17%
felt that it was because of the less width of roads, and 10% felt it was due to the poor
management of the railway cross.

When asked for a solution, 80% responded that a flyover would solve the problem.
About 14% were of the view that an underpass would solve the existing problem.
This category mainly consisted of the shopkeepers as they felt that with construction
of flyover their sale would greatly reduce and they would also lose their land.

A traffic survey was also conducted to find the amount of traffic in the area. The
most common method of collecting traffic flow data is the manual method, which
consists of assigning a person to record traffic as it passes. Traffic volume count
was taken from Guruvayur to Choondal and Choondal to Guruvayur road. Traffic
volume count was taken manually and by using video photography. As the traffic is
composed of different classes of vehicles, it is converted to equivalent passenger car
units. The flow is then expressed as PCU per hour or PCU per day. The distribution of
different classes of vehicles along the Guruvayur–Choondal road stretch was found,
and the peak hour of traffic volume was identified. It was seen that during 8.45 am to
9.45 am and 4.15 pm to 5.15 pm maximum number of vehicles occupied the roads.
Hence, it was termed as peak hours of morning and evening, respectively.

During the morning peak, the two wheelers contribute the highest percentage of
42% followed by passenger cars 31%. There were also a few number of buses and
vans during this peak time of about 2–4% carrying both students and office workers.
A large number of auto-rickshaws about 20–23% were also noted. Few trucks and
large vehicles run along Choondal to Guruvayur road and Guruvayur to Choondal
road.
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Survey was also conducted during the evening peak hours which showed similar
trends to that of the morning peak hour. The two wheelers contributed the highest
percentage of 49% followed by passenger cars 28–30%, and buses and vans 3–4%
carrying both students and office workers. A large number of auto-rickshaws about
16–19% and trucks and large vehicles of 0–2% run along Choondal to Guruvayur
road and Guruvayur to Choondal road.

Form both the questionnaire survey and the traffic survey, it was concluded
that there is a problem of traffic congestion in the area and it can be reduced by
constructing a flyover. A two-lane flyover for medium traffic is proposed.

Soil report was collected from boreholes conducted in the nearby area. From the
borelogs, it is observed that the top stratum is soft to medium sandy/clayey soils.
Considering the loads coming from the superstructure, deep foundation shall be a
feasible system. Bored cast in situ RCC piles by DMC method installed as per the
relevant clauses of IS 2911 part 1 and taken up to a depth of 13–18.5 m from the
existing ground level and penetrating 30 cm into the rocky strata shall be provided
as the foundation.

3 Modelling

The structure of the bridge is modelled using the finite element software SAP 2000.
The grade of concrete that is used for the superstructure which includes the deck
slab, longitudinal and cross girders is M25. The grade of concrete that is used for the
substructure consisting of pier, pier cap, pile, pile cap is M20.

After the model is created, then the loads are applied on the structure as per the
IRC specification [4, 5]. The loads include dead loads and live loads. The dead loads
of the structure consist of the self-weight of the various components. The bridge
loads are assigned in the form of moving loads and impact loads as per IRC: 6-2014
[6].

4 Analysis and Results

A static structural analysis is done which determines the displacements, stresses,
strains and forces in structure caused by loads that do not induce significant inertia
and damping effects. Figure 1 shows the bridge model, and Figs. 2 and 3 show the
deflected shape and bending moment diagram.
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Fig. 1 Two spans of the bridge modelled

Fig. 2 Deflected shape of the structure

4.1 Shape Memory Alloy

A shape memory alloy abbreviated as SMA is an alloy that remembers its orig-
inal, cold-forged shape and returns to the pre-deformed shape by heating. Studies
show that thismaterial is a lightweight, solid-state actuator alternative to conventional
actuators such as hydraulic, pneumatic andmotor-based systems [7]. There are many
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Fig. 3 Bending moment for deck slab

applications of SMA in different areas due to their high power density, solid-state
actuation, high damping capacity, durability, corrosion resistance and fatigue resis-
tance [8]. When used in civil structures, SMAs can be passive, semi-active or active
components that reduce damage caused by environmental impacts or earthquakes.
There are mainly three main types of shape memory alloys, which are copper–zinc–
aluminium–nickel, copper–aluminium–nickel and nickel–titanium (NiTi) alloys, but
SMAs can also be created by alloying zinc, copper, iron and gold.

Here, the application of shape memory alloy wire in seismic control of a bridge
to reduce deflections is investigated. SAP 2000 engineering software was utilized
to investigate and compare the performance of a steel-reinforced bridge column
with SMA-reinforced bridge column under seismic loads and earthquake ground
excitation.

The most common type of shape memory material is an alloy of nickel and
titaniumcalledNitinol. This particular alloyhas averygoodelectrical andmechanical
properties, long fatigue life, durability and high corrosion resistance. As an actuator,
it is capable of up to 5% strain recovery and 3515.348 kN/mm2 restoration stresses
with many cycles. A Nitinol wire 0.508 mm in diameter can lift as much as 7.3 kg.
Nitinol can be used as an actuator, sensor and heater all in one material. Nitinol is
also very popular as it is available in the form of wire, rod and bar stock, and thin
film [9]. The properties of Nitinol, concrete and steel that is used are given in Table 1
[8].
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Table 1 Properties of
concrete, steel and SMA

Concrete Compressive strength
(N/mm2)

40

Density (kN/m3) 24

Modulus of elasticity
(kN/m2)

210 × 106

Poisson’s ratio 0.2

Tensile strength (N/mm2) 3

Shape memory alloy
(SMA)

Density (kN/m3) 64.5

Modulus of elasticity
(kN/m2)

8.7 × 104

Poisson’s ratio 0.3

Damping capacity 0.05 (5%)

Diameter used (mm) 25

Ultimate tensile strength
(N/mm2)

900

Steel reinforcement Density (kN/m3) 78.5

Modulus of elasticity
(kN/m2)

210 × 106

Poisson’s ratio 0.3

Diameter used (mm) 25

Ultimate tensile strength
(N/mm2)

410

4.2 Response Spectrum Analysis

In the response spectrum method, the peak response of a structure during an earth-
quake is obtained directly from the earthquake response spectrumor design spectrum.
This procedure is quite accurate for structural design applications. In this approach,
multiple modes of response of a building to an earthquake are taken into account. For
each mode, a response is read from the design spectrum, based on modal frequency
and the modal mass. The responses of different modes are combined to provide an
estimate of total response of the structure using modal combination methods such
as complete quadratic combinations (CQCs), square root of sum of squares (SRSS)
or absolute sum (ABS) method. Response spectrum analysis is carried out using the
design spectrum specified in IS Code—1893:2002(Part 3) [10]. As per IS 1893, the
design base shear (VB) shall be compared with a base shear (VBX) calculated using
a fundamental time period T. If VB is less then VBX then all the response quantities
(for example member forces, displacements) shall be multiplied by VBX

VB
.

Seismic zone of the proposed structure is Zone 3, and zone factor is 0.16 as per
IRC 6.
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The correction factor is found as per the codes and applied in the load case of
response spectrum. Value of 2.83 for EQ-X load case and 3.47 for EQ-Y load case
is found as the scale factor and is provided as input in software.

4.3 Results

After application of load, analysis is carried out. The deflection at the nodes of the
bridge column is found, and the values obtained for static and dynamic analysis are
compared when reinforcement of steel and SMA is provided. This shows a positive
result as in the case where SMA was introduced in T-beams [11]. The deflection of
each point on the pier is noted from the deflection obtained after analysis. It was
observed from the static analysis of the column frame that the maximum deflection
reduced from 48 to 15 mm which gives a reduction of 68.75% in the deflection of
the column as shown in Fig. 4. It was also observed from the dynamic analysis of
the column frame that the maximum deflection of the column reduced from 115 to
75 mm which gives a reduction of 34.78% in the deflection as shown in Fig. 5.

The pier acts as a column, so the deflections are found to be maximum at the
middle portion.

Fig. 4 Column deflection under static analysis
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Fig. 5 Column deflection under dynamic analysis

5 Design of Flyover Elements

The design of flyover elements is done according to the IS codes [12] and IRC
standards. The effective span of the T-beam is taken as 20 m, and the width of the
road is 7.5 m. Width of footpath and kerb is 1.125 m on each side. The thickness of
wearing coat is 0.08 m. The live load is taken as IRC class AA tracked vehicle [13].
The longitudinal girders provided are 4 in number and at a spacing of 2.5 m. The
cross girders are provided at a spacing of 4 m.

5.1 Design of Interior Slab Panel

The slab that is taken into consideration is of size 4 × 2.5 m. Total dead load is
found as 6.56 kN/mm2. The dead load bending moment MB = 2.688 kNm and ML

= 1.174 kNm. Dead load shear force is calculated as 7.216 kN.
The live load is taken as class AA tracked vehicle. One wheel is placed at the

centre of the panel, and then live load bending moment is:MB = 31.01 kNm andML

= 45 kNm. And the overall depth is assumed as 200 mm.
Main reinforcement of 12-mm diameter bars at 100 mm c/c distance and 10-mm

diameter bars at 100 mm c/c distance for secondary reinforcement is provided.
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5.2 Design of Longitudinal Girder

The design of longitudinal girder is done using Courbon’s theory. The depth of
the girder is taken as 1.6 m and width of 0.3 m. IRC class AA tracked loading is
considered formaximum loading. IRC class loads are arranged eccentrically for class
AA tracked with minimum clearance = 1.625 m.

The corresponding reactions on the girder are found out, and the dead load that
is shared by each girder is found to be 20.05 kN/m.

An impact factor of 10% is considered, and the live load is placed centrally in
the span. Live load bending moment with impact and reaction for outer girder is
1338.83 kNm, and the live load bending moment with impact and reaction for inner
girder is 1030.02 kNm.

The depth of the girder is assumed as 1600mm.Total dead load permetre on girder
is 30.13 kN/m.Maximumbendingmoment at the centre is calculated as 1808.5 kNm.

Main reinforcement of 12 bars of 36-mm diameter in three rows and 10-mm
diameter four-legged stirrups at 250 mm spacing at support and 300 mm spacing
towards the centre of span for shear reinforcement is provided.

5.3 Design of Cross Girder

The dimension of cross girder is taken similar to that of the longitudinal girder with
depth 1.6 m and width 0.3 m. Total load on cross girder is 18.28 kN/m, and the
reaction per girder is 34.27 kN/m. So, total bending moment is 438.01 kNm.

Main reinforcement of 4 bars of 25-mm diameter and shear reinforcement of 8-
mm diameter two-legged stirrups at 350 mm c/c spacing throughout the length of
the cross girder are provided.

5.4 Design of Pier Cap

The dead load and live load moments are calculated using IRC Class AA tracked
vehicle loading and the reinforcement detail is found and is given as Top reinforce-
ment 30 numbers of 25 mm diameter bars in 2 layers. Side reinforcement of 10
numbers of 16-mm diameter bars on each face is provided. Inclined reinforcement
of 10 numbers of 16-mm diameter bars on each face and shear reinforcement of
12-mm diameter four-legged stirrups @ 150 mm spacing are provided.
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Fig. 6 Pier cap and pier

5.5 Design of Pier Column

The diameter of the pier is taken as 2 m and height 6.5 m. The dead load from all the
above structures is calculated and added and designed as a column structure.

Main reinforcement of 32 numbers of 25-mm diameter bars and shear rein-
forcement of 10-mm diameter bars of lateral ties at 300 mm c/c distance are
provided.

5.6 Design of Pile

The diameter of pile is 1m.The design of pile is done using limit statemethod, and the
reinforcement of 18 bars of 40-mm diameter bars is provided as main reinforcement.
Lateral reinforcement of 12-mm diameter tie bars at a pitch of 190 mm at centre,
12-mm diameter tie bars at a pitch of 60 mm at pile head and 12-mm diameter tie
bars at a pitch of 40 mm at pile end is provided.

5.7 Design of Pile Cap

A three-pile system is considered. The centre-to-centre spacing of piles is taken as
3 m. The design of pile cap is done as two beams. First beam connecting two pile
and second beam connecting the third pile with the first beam.

Reinforcement of 26 bars of 25-mm diameter bars is provided for first beam and
26 bars of 25-mm diameter bars for second beam.

Figure 7 shows the position of the piles placed in the pile cap.
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Fig. 7 Pile cap

6 Conclusion

The paper discusses the design and analysis of flyover at Guruvayur. A comparative
study of the deflections in a pier column when reinforced with steel and SMA is also
conducted. The analysis of the flyover has been done using the software SAP, and
the design is also done manually.

From the comparative study of pier reinforced with steel and SMA, it has been
observed that static analysis showed reduction of 68.75% in the deflection of the
column and the response spectrum analysis gave a reduction of 34.78% in the deflec-
tion when SMA was used. Thus, the introduction of SMA reduced the deflection of
the column in both analysis cases.

All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. For this type of study, formal consent is not required.
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Experimental Study on Pervious
Concrete Using Coconut Shell Aggregate

Vilobh Vijayrao Ingale

Abstract Nowadays, pervious concrete is one of the best materials used in the
construction industry to control the groundwater table in the pavement system at their
sources. In addition, to increase in the production of the waste materials increased
the interest in utilizing of waste material for environmental and technical benefits.
This paper presents the strength characteristics of pervious concrete with coconut
shell-based concrete specimen of M20 grade with ordinary Portland cement of 53
grade. To study the experimental study of this work is to contribute sufficient data the
characteristic strength of the pervious concrete by using the coconut shell aggregate
with replacement of the conventional coarse aggregate in the proportion of 5, 10,
and 15%. The result of this study states that the partial replacement of coconut shell
gives good strength at up to extent but after that it will decreases.

Keywords Concrete · Cement · Coconut shell aggregate · Compressive strength ·
Flexural strength · Split tensile strength

1 Introduction

Due to the rapid growth in the population in the society, the production of the waste
material is also increased rapidly. This waste material is damped in the soil; it will
not be properly decomposed in the environment and it remains as it is for several
years. The material which will not decomposed in the soil it create harmful effect
on the environment so this material can be used as recycle material in other uses
which lead to reduce the pollution. The better option to improve the waste disposal
management is to reuse, recycle, and reduce.

Concrete may be a widely used construction material for numerous styles of
structures thanks to its structural stability and strength. Due to rapid construction
activities, most of the places are covered with impervious concrete. Due to this,

V. V. Ingale (B)
Department of Civil Engineering, Vishwakarma Institute of Information Technology, Pune
411048, India
e-mail: Vilobhingale99.vi@gmail.com

© Springer Nature Singapore Pte Ltd. 2021
L. M. Gupta et al. (eds.), Advances in Civil Engineering and Infrastructural
Development, Lecture Notes in Civil Engineering 87,
https://doi.org/10.1007/978-981-15-6463-5_60

619

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6463-5_60&domain=pdf
mailto:Vilobhingale99.vi@gmail.com
https://doi.org/10.1007/978-981-15-6463-5_60


620 V. V. Ingale

groundwater table decreases. Concretewith pores (pervious) pavement is an effective
solution to minimize this issue. Pervious concrete (PC) is open cell structure that
allows the water to pass through it. Pervious concrete structure could also be a
structure with interconnected voids through that rain and storm water is allowed to
pass into the lowest. The gradient of pervious concrete is cement, aggregate, and
water. Pervious concrete is associate environmental friendly artifact and is known as
the best management follow for watershed management (M. Uma Maguesvaria and
V. L. Narasimha).

The main property of concrete is compressive strength. This property of the
concrete is mostly due to the coarse aggregate present in the concrete. Nowadays,
there is rapid growth in the construction; due to this, the cost of the material is
increased and for this construction natural material like stone is used most. And this
creates a harmful effect on the environment. This harmful effect can be reduced by
using some amount of agriculture waste in concrete like coconut shell. Coconut shell
(CS) is the best material to substitute for the conventional aggregate in the concrete.
Coconut shell is formed with polyose, hemi-cellulose, and polymer as major compo-
sition that shield it from decay. In India, the production of the coconut shell is about
11,930,000 tones (Vijay Kumar Shukla). If we partially replace coarse aggregate
with the coconut shell aggregate in the concrete, it will save some amount of the
conventional aggregate. The aim of this paper is to find the optimum proportion with
the combination of natural aggregate to its strength properties.

2 Objectives

1. To test the effectiveness of pervious concrete made by partial replacement of
coarse aggregate with coconut shell aggregate.

2. To find the optimum percentage of coconut shell in pervious concrete so that
maximum strength can be achieved.

3 Methodology

The material was used to make the pervious concrete is cement, coconut shell aggre-
gate, and coarse aggregate. The grade of cement is 53 grade of Super Birla. The size
of coconut shell and the coarse aggregate was 20 mm passing and 12.5 retaining for
the mix proportion. The mix design is made according to the IS code (IS 10262-
2009).The maximum water cement ration is 0.45. The specimens are casted for the
compressive strength, flexural strength, and split tensile strength.
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Table 1 Properties of cement
[1]

S. No. Test Standard value Obtained value

1 Normal
consistency

– 29%

2 Specific
gravity

3.10–3.20 3.15

3 Initial setting
time

>30 42 min

4 Fineness <10% 0.8%

Table 2 Properties of course
aggregate

S. No. Tests Obtained values

1. Specific gravity 2.56

2. Water absorption 1.46%

3. Grading zone II

4 Impact value 18.64%

5 Crushing value 24.5%

4 Material and Method

4.1 Cement

Cement couldbe abindingmaterial in concrete for creating concrete normal hydraulic
cement grade fifty three, factory-made by Birla Super confirming to IS 12269-2013
is employed. The properties of cement square measure given in Table 1.

4.2 Coarse Aggregate

The coarse mixture of size passes through 20 mm and retentive on twelve. 5 mm
normal sieve is employed as coarsemixture. 20mmsize coarse aggregates confirming
to IS 383-1970 the varied properties of coarse mixture square measure bestowed in
Table 2.

4.3 Coconut Shell (CS)

The coconut shell aggregate of size passing through 20 mm passing and retain on
the 10 mm sieve is used. The properties of coconut shell are determined same as
conventional properties is given as in Table 3 (Fig. 1).
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Table 3 Properties of
coconut shell aggregate

S. No. Tests Obtained values

1 Specific gravity 1

2 Water absorption 24%

3 Impact value 8%

4 Crushing value 1.48%

Fig. 1 Coconut shell
aggregate

4.4 Mix Design

Cement: aggregate: water

1: 3.21: 0.45.

Quantities of materials per m3 concrete:

Cement: 405 kg/m3

C.A.: 1490 kg/m3

Water: 186 kg/m3.

4.5 Experimental Procedure

The specimen of standard cube of 150 mm × 150 mm × 150 mm and standard
cylinder of 300 mm × 150 mm and beam of size 150 mm × 150 mm × 700 mm
were used to determine the compressive strength, flexural strength of concrete, and
split tensile strength.
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Table 4 Results of
compression test

S. No. % Coconut replacement
(%)

Compressive strength
(MPa) @28 days

1 0 16.46

2 5 6.42

3 10 5.95

4 15 3.11

5 Test Results and Discussion

5.1 Compression Test

The compressive test was done after the 28-day curing using the IS 516-1959. The
cubes were tested on the compressive testing machine (CTM) of capacity of 2000 kN
(Table 4; Fig. 2).

5.2 Flexural Test

The flexural test was done after the 28-day curing using the IS 516-1959. The beams
were tested on the universal testing machine (UTM) of capacity of 1000 kN (Table 5;
Fig. 3).

5.3 Split Tensile Test

The split tensile test was done after the 28-day curing using the IS 516-1959. The
cylinders were tested on the compressive testing machine (CTM) of capacity of
2000 kN (Table 6; Fig. 4).

6 Conclusion

From the experimental study, we can conclude that the optimum percentage replace-
ment of coconut shell with aggregate for the pervious concrete is 5–10% that leads
to increase in strength whereas the 15% replacement leads to decrease in strength of
concrete for compressive strength, split tensile strength, and also for flexural strength.
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Fig. 2 Compressive testing using CTM

Table 5 Results of flexural
test

S. No. % Coconut replacement
(%)

Flexural strength (MPa)
@28 days

1 0 5

2 5 2.81

3 10 2

4 15 1.75
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Fig. 3 Flexural testing using UTM

Table 6 Results of split
tensile test

S. No. % Coconut replacement
(%)

Split tensile strength
(MPa) @28 days

1 0 2.70

2 5 1.80

3 10 1.59

4 15 0.75

Coconut shell is more water absorber than coarse aggregate; so it decreases the
water cement ratio and also increases the workability of the concrete and achieves
more porosity as compared to conventional concrete so that the maximumwater will
be run-off through it.

By replacing the coarse aggregate with coconut waste, it reduces the weight of
the concrete; also, the concrete is more economical than conventional concrete.
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Experiments on the Workability of Steel
Fiber Reinforced Concrete

Swapnil Kore and Shardul G. Joshi

Abstract Despite various advantages and increased demand for steel fiber rein-
forced concrete in the construction industry, its drawback about low workability
remains the same. This causes time-consuming construction and higher labour
efforts. This study aims to performexperiments on theworkability of SFRCby adding
various admixtures. Fly Ash, Alkaline solution (NaOH solution), and viscosity-
enhancing agent (poly-carboxylate ether) are the additives used to study their effect
on the workability of SFRC. Different methods and contents were used for the study
of these additives. The workability of fresh concrete was examined by a slump cone
test. The effect of additives on the 7 days compressive strength was also studied.

Keywords Steel fiber reinforced concrete ·Workability · Slump cone test

1 Introduction

Concrete is the composite construction material. Comparatively low tensile strength
and ductility of the plain concrete is restrained by the incorporation of steel reinforce-
ment having higher tensile strength and ductility. Conventionally this reinforcement
is in the form of continuous and properly placed steel bars. Short and discontin-
uous fibers are randomly distributed throughout the concrete to produce a composite
construction material known as fiber reinforced concrete (FRC). Fibers are intro-
duced to increase the structural integrity of concrete. Fibrous material controls the
cracking due to plastic and drying shrinkage [1].

Generally, the quantity of fibers in the concrete mix is expressed as the percentage
of steel fibers by the total volume of concrete along with the fibers compositely. It
is termed as volume fraction. Aspect ratio of the fibers is expressed as the ratio
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of fiber length and its diameter [2]. Steel fibers are the most used type of fiber in
FRC which is known as Steel Fiber reinforced Concrete (SFRC). Along with the
prevention of cracking due to plastic and drying shrinkage, steel fibers also increase
some other properties of concrete such as flexural toughness, ductile behaviour prior
to the ultimate failure, the energy absorption capacity, and durability [3]. Mostly,
Steel fibers act as secondary reinforcement while hand-tied continuous rebars act
as primary reinforcement. Only in the case of high volume fraction of steel fibers
(where steel fibers volume fraction is more than 2%), they are used without other
continuous reinforcement.

Despite various advantages of SFRC, steel fibers reduce the workability of fresh
concrete. Workability is the property of fresh concrete or mortar which defines the
ease and the homogeneity, with which it can be properly mixed, transported, placed,
compacted andfinished [4]. The inclusionof steel fibers results in the time-consuming
construction and inconvenient handling of the labours. Concentration of steel fibers at
surface level also causes bad finishing of the concrete. Steel fiber content and aspect
ratio are the important factors influencing the workability of SFRC. The dimensional
compatibility between the steel fibers and the coarse aggregates affect the relative
mobility of the coarse aggregates. Therefore, higher fiber content and longer fibers
cause difficulties in the relative movement among coarse aggregates and mobility of
the mixture consequently [5, 6].

2 Objectives

The study aims to perform the experiments on theworkability of steel fiber reinforced
concrete. It seeks improvement in the workability of SFRC. This research studies
and tries to find an alternative for the superplasticizer so that the fresh steel fiber
reinforced concrete become flowable.

The objectives of this research include the experiments on workability of steel
fiber reinforced concrete by using various admixtures other than the usual superplas-
ticizers. The effect on the compressive strength of steel fiber reinforced concrete due
to the addition of admixtures is also evaluated.

3 Methodology

The experiments on the workability of SFRC were done in this study. Fly ash,
Alkaline solution (NaOH solution) and viscosity-enhancing agent (poly-carboxylate
ether) were selected to do the experiments with the rheology of the steel fiber rein-
forced concrete. Previous studies suggest that alkaline solutions used in geopolymer
concrete act as activation chemicals [7]. It may also affect theworkability of concrete.
Poly-carboxylate ether acts as viscosity-enhancing agent to retain the workability
properties [8].
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Different concrete mixes were designed as per the available literature. Four trials
weremade to test theworkability of SFRC.First of all the normal steel fiber reinforced
concrete without any extra ingredient were casted, then SFRC with fly ash, NaOH
solution, poly-carboxylate ether were casted, respectively.

3.1 Materials

The materials and admixtures used in this research are discussed below:
Steel Fibers. The steel fibers used were hooked type and short in length. These

are fibrex type of steel fibers. These are cold drawn steel wire fibers crafted from
high quality, low carbon steel having tensile strength 1100MPa. The specific gravity
of this material is 7850 kg/m3. The length of steel fibers is 30 mm and the aspect
ratio is 25.

FlyAsh. This is Pulverized FuelAsh confirming IS 3812:2003Part 1. The fineness
of fly ash affects the workability and strength of the concrete [7]. Fineness (retention
on 45 micron sieve) of fly ash is 18%. Loss on ignition is 1.3% and the moisture
content is 0.3%.

Alkaline Solution. TheNaOH solution is used to improve theworkability of fresh
SFRC. The steel fibers were immersed in 1 N NaOH solution (as shown in Fig. 1) so
that the relative mobility among the fibers gets enhanced. The equivalent weight of
NaOH is 40. Therefore, 20 g of dry NaOH were dissolved in 0.5 L of water to make
1 N NaOH solution. 7.5 M NaOH solution is used in a sample concrete mix. 300
grams (7.5× 40= 300) of dry NaOH were dissolved in 1 L of water to make 7.5 M
NaOH solution (as shown in Fig. 2). As this reaction is exothermic, the Solution gets
hot. Therefore, proper precautions should be taken while handling this solution.

Viscosity-Enhancing Agent. Poly-carboxylate ether is a viscosity-enhancing
agent (Fig. 4). It has the specifications confirming IS 9103:1999. It works as super-

Fig. 1 Steel fibers immersed
in NaOH solution
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Fig. 2 7.5 M NaOH solution

Fig. 3 Super-plasticizer

plastizer with retention for high-performance concrete and self-compacting concrete.
It has specific gravity 1.11 and has no chloride content (Fig. 3).

3.2 Experimental Execution

The quantities of materials required for 3 cubes, i.e., 0.01125 m3 of concrete were
calculated as per mix design. The quantities for 1 m3 of concrete are given in Table 1.
All the materials were weighed as per the requirement. These materials were dry
mixed properly in the mixer. After adding water and admixture the concrete mix was
prepared.

Oil was applied thoroughly to the clean slump cone and its platform. Slump cone
test [9, 10] was carried out on the concrete (Fig. 5). Workability was noted in mm.
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Fig. 4 Poly-carboxylate
ether

Table 1 SFRC mix design material quantities for 1 m3 of concrete

Materials Trial 1 Trial 2 Trial 3 Trial 4

Cement 273.24 kg 218.59 kg 273.24 kg 273.24 kg

Fly ash 54.65 kg

Water 190.75 kg 190.75 kg 103.25 kg 190.75 kg

7.5 M NaOH solution 87.5 L

Coarse aggregates 1333.73 kg 1333.73 kg 1333.73 kg 1333.73 kg

Fine aggregates 828.05 kg 828.05 kg 828.05 kg 828.05 kg

Chemical admixture 2475 mL 2475 mL 2475 mL 2475 mL

Poly-carboxylate ether 4.44 kg

Steel fibers 78 kg 78 kg 78 kg 78 kg

Water-cement ratio 0.5 0.5 0.5 0.5

The concrete was poured in three oiled cube moulds of size 15 cm× 15 cm× 15 cm.
While filling these cubes; were placed on the mechanical vibrator. Cubes were filled
in three layers along with the external compaction. These cubes were allowed to set
for 24 h and then they were demoulded. These cubes were immersed in water tank
for 6 days. Compression Tests [9, 11] were carried on these cubes to determine the
7 day compressive strength (Fig. 6).

For trial 3, the Steel fibers were allowed to get soaked in 1 N NaOH solution
for 24 h before casting of the concrete. As the reaction of dry NaOH with water
is exothermic, solution gets hot. Hence proper precautions must be taken. At the
time of casting, 7.5 M NaOH solution was used in the mix which also needs proper
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Fig. 5 Slump cone test

Fig. 6 Compression test
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handling. For trial 4, three different mixes were designed with different contents of
poly-carboxylate ether. 35 mL, 45 mL, and 50mL of viscosity-enhancing agent were
used, respectively.

The successful trial was also checked for long steel fibers. The percentage of steel
fibers was kept 0.5% by volume fraction.

4 Result and Discussion

Three different additives were studied under this research.Workability and compres-
sive strengths were determined for each of them. Their impact and results are
discussed as below:

• The workability of conventional SFRC is 10 mm by slump cone test and the
flowability is zero by slump flow test. The average compressive strength after
7 days was found to be 33.97 MPa which is 113.23% of the design compressive
strength.

• The workability of SFRC with fly ash is 15 mm by slump cone test and the
flowability is zero by slump flow test. The average compressive strength after
7 days was found to be 25.93 MPa which is 86.42% of the design compressive
strength.

• The workability of SFRC with NaOH solution is 12 mm by slump cone test and
the flowability is zero by slump flow test. The average compressive strength after
7 days was found to be 14.32 MPa which is 47.7% of the design compressive
strength.

• The work abilities of SFRC with poly-carboxylate ether are 30 mm, 43 mm and
55mmby slump cone test and the flowability is zero by slump flow test for 35mL,
45 mL and 55 mL of poly-carboxylate ether, respectively. Segregation of fresh
concretewas observed for the 55mLof poly-carboxylate ether. Reduction inwater
content was unable to provide required workability. Hence, we are considering
the trial mix with 45 mL of poly-carboxylate ether. The average compressive
strength after 7 days was found to be 25.48 MPa which is 84.93% of the design
compressive strength (Figs. 7 and 8).

5 Conclusion

Here are some conclusions made from the analysis of results:

• The workability of steel fiber reinforced concrete can be improved by adding
viscosity-enhancing agent. Comparatively it is the most effective additive in the
study. The optimum quantity of poly-carboxylate ether in steel fiber reinforced
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Fig. 7 Workability values
for different trials
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concrete enhances the viscosity as well as affects the workability, flowability, and
consistency of fresh concrete.

• The compressive strength of steel fiber reinforced concrete also remains unaf-
fected by the addition of viscosity-enhancing agents (poly-carboxylate ether).
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Development of Concrete Canvas
for Structural Applications

Kaustubh A. Kadam

Abstract Concrete canvas being an innovative technique is adopting a better stand
in recent trends in civil engineering field. Being a thin membrane and flexible funda-
mental behaviour, application of concrete canvas is raising. The material is being
transported in batch rolls which makes installation easier and faster for applications
such as slope stabilization, canal lining, weed suppression and dust suppression, pipe
protection, emergency shelters, waterproofing agent over warehouses and protection
over sand bunkers in military works. This study aims the manufacturability, proper-
ties and the performance of laboratory processed concrete canvas and to compare the
resultswith authentic concrete canvas record. The tests include flexural test, compres-
sion test and tensile test for the four variations in cast of test specimens. Equivalent
sets of casts were produced by introducing steel wire mesh to examine improve-
ment in performance of laboratory manufactured specimens which can benefit the
increase the use of concrete canvas in additional applications which can parallelly
used as structural elements.

Keywords Concrete canvas ·Manufacturability · Reinforced concrete canvas ·
Mechanical properties

1 Introduction

Concrete is termed to bemost commonly used constructionmaterial in current devel-
oping construction stream. Concrete covers most advantages and benefits, but flexi-
bility boundaries of concrete are restricted [1]. The enhancement of the concrete for
its improvement in versatility is carried out widely. In spite of this concrete is failing
to prove itself in few implementations, there is scarcity in actual repairs of potholes
in concrete pavements. The absolute and active shotcreting is unavailable. The actual
efficient canal with minimum absorption is still unstirring. The world is still running
for such snags.
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Fig. 1 Sectional view of
concrete canvas [4]

The concrete field has come up with fresh technology. As its existence has not
gained much duration in construction segment it has not been much familiar, but its
achieving demand expeditiously [2]. Concrete canvas is a flexible material manufac-
tured in dry state and hardens when hydrated. CC his holographic cast/grid which
holds impermeable layer on bottommost layer, dry concrete mix in centrum and
fibrous surface on top. The concrete canvas is packed in batched rolls, transported
and laid as per requirement [3]. This can also be designated as precast medium
(Fig. 1).

Concrete canvas is easier, faster and cost effective in installation as compared to
conventional concrete. It also has benefited the environment by reducing the environ-
ment impact by 95%. As compared to conventional concrete, the installation speed of
concrete canvas is 10% faster [5]. The dry density of concrete canvas is 1500 kg/m3

and is increased to 2050 kg/m3 post hydration [6]. Concrete canvas is available in
three manners namely CC5, CC8 and CC13 which designates the thickness 5 mm,
8 mm and 13 mm, respectively. The hydration can be done by spraying or complete
immersion in water. The installation can be carried out easily by nailing with specific
spacing’s of pegs or with adhesives for smooth bond with different surfaces. This
technology was not commercialized for supplementary works in civil industry but
was initiated for emergency shelters. Later, the applications raised for the concrete
canvas [7].

2 Problem Statement

There is scarcity in actual repairs of potholes in concrete pavements. The absolute and
active shotcreting is unavailable. The actual efficient canal with minimum absorption
is still unstirring. The world is still running for such snags. The manufacturing of
concrete canvas is not processed in India, and as a result, the initial cost of product
is too high. There are no codal requirements for manufacturing of this material.
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3 Objectives

The main objective is to produce workable un-reinforced and reinforced concrete
canvas in laboratory. Secondly, to determine the mechanical properties of laboratory
concrete canvas samples. Later, to study the site preparation, installation and hydra-
tion of concrete canvas and finally to identify the potential structural applications for
concrete canvas.

4 Prototype Assembly

Three layers were assembled with polypropylene fibre sheet, cement and synthetic
top surface. Several alterations were opted to eliminate the snags. The ultimate trial
was comprised with tailored polypropylene fibre sheet, cementitious mix and cotton
cloth sheet.

5 Experimental Analysis

To interpret over the strength characteristics of laboratory manufactured concrete
canvas, there are significant vital experiments to be conducted over the test specimens.
The examination of the results was done over three-point bending test, compressive
test and pull-out test for flexural strength, compressive strength and tensile strength,
respectively.

5.1 Test Specimen Preparation

The ultimate probation from foregoing casts is to be operated for the test specimens
for experiments. The test specimens are followed by four variations in specified test.

1. Polypropylene sheet tailored with fibre sheet, Birla super OPC 53 grade and
cotton cloth as pervious medium.

2. Polypropylene sheet tailored transversely by threads, Birla super OPC 53 grade
and cotton cloth.

3. Polypropylene sheet tailored with fibre sheet, replacing 1/4th part of OPC 53
with Dr. Fixit 202 crack X powder and cotton cloth.

4. Polypropylene sheet tailored transversely by threads, replacing 1/4th part of OPC
53 with Dr. Fixit 202 crack X powder and cotton cloth.
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Fig. 2 Specimen under flexure test. a Test setup before application of load and b post-loading form
of specimen

5.2 Flexural Test

Three-point bending test on the specified size of sample is conducted in accordance
with IS 14862-2000 [8] (Fig. 2).

5.3 Compression Test

Compressive test is accomplished quoting to IS 2542-1981 Part II [9]. Results are
further normalized for specimen as per loading disc size (Fig. 3).

Fig. 3 Specimen under compression test. a Test setup before application of load and b post-loading
form of specimen
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Fig. 4 Specimen under tensile test. a Test setup before application of load and b post-loading form
of specimen

5.4 Tensile Test

Pull-off test is carried out on the specimens as per ASTM D-5035 [10] (Fig. 4).

6 Results and Discussion

By experiencing the specified test for the specimens, the following results were
obtained for the opted variations;

• The ultimate results of three-point bending test of un-reinforced specimens in
terms of modulus of rupture (MOR) are termed as 4.347 MPa, 5.542 MPa,
6.258 MPa and 4.682 MPa, respectively.

• The ultimate results of three-point bending test of reinforced specimens in terms
of modulus of rupture (MOR) are termed as 3.822 MPa, 6.306 MPa, 8.504 MPa
and 5.255 MPa, respectively.

• The ultimate results of compression test of un-reinforced specimens in terms of
compressive strength are termed as 50.311 MPa, 52.140 MPa, 52.768 MPa and
53.661 MPa, respectively.

• The ultimate results of compression test of reinforced specimens in terms of
compressive strength are termed as 47.09 MPa, 54.398 MPa, 54.328 MPa and
52.049 MPa, respectively.

• The ultimate results of pull-off test of un-reinforced specimens in terms of tensile
strength are termed as 0.606 MPa, 0.497 MPa, 1.109 MPa and 0.709 MPa,
respectively.
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• The ultimate results of pull-off test of reinforced specimens in terms of tensile
strength are termed as 1.115 MPa, 0.958 MPa, 1.527 MPa and 0.939 MPa,
respectively.

• The values opted from the tests that were executed are formed in the graphical
representation of below in the terms of strength (MPa) vs specimen probation
(Fig. 5).

The results obtained by a holographic cast made by locally available materials
lead is sustainability and performance in comparison with actual concrete canvas. As
we have analysed the results of un-reinforced specimen, by introducing the steel wire
mesh as reinforcement, the further results with similar forms were obtained (Fig. 6).

As steel wire mesh has been introduced in the specimen, the increased variation
in flexural strength and tensile strength was observed.
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Fig. 5 Strengths of un-reinforced laboratory manufactured concrete canvas. a Flexural strength,
b compressive strength and c tensile strength
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Fig. 6 Strengths of reinforced laboratory manufactured concrete canvas. a Flexural strength,
b compressive strength and c tensile strength

7 Conclusion

The holographic cast formed equivalent to concrete canvas presented successive
results to sustain in remarkable operations alike concrete canvas. The maximum
number ofmanufacturability parameters is beingmanaged to produce the desired cast
in laboratory. The use of heavy equipments is not necessary. It can be manufactured
in bulk and transported to workplace and installed faster than other conventional
methods.
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Experimental Study of Fresh and Harden
Properties of Concrete Infused
with Carbon Dioxide

Puja Patil

Abstract Concrete is a key material in the construction industry but the cement
major ingredient of concrete is alone responsible for 5% of the world’s annual
carbon dioxide (CO2) emissions. Carbon dioxide has been found as a beneficial
admixture to freshly hydrating cement concrete. One recent technology infuses CO2

during concrete production itself. The carbonation reaction between CO2 and the
hydrating cement forms nanosize calcium carbonate partials. The CO2 can be infused
into conventional concrete production through a simple gas cylinder and pressure
control system. The feasibility of using CO2 at the time of concrete production was
investigated. A detailed experimentation evaluation of CO2-infused concrete was
conducted. The effect of the CO2 on fresh properties of concrete was assessed in
terms of workability, and effect on harden properties was assessed through compres-
sive strength and split tensile strength. The comparison between the conventional
concrete batch and batch infusedwith CO2 (byweight of cement) wasmade to under-
stand the behaviour of CO2-infused concrete. The CO2-infused concrete technology
delivers valuable input to the concrete production while reducing the concrete’s
environmental impact.

Keywords Concrete · Carbon dioxide · Carbon dioxide-infused concrete · Slump
cone test · Compressive strength

1 Introduction

Cement is the most widely used man-made material on earth. It produces concrete
when mixed with water and aggregates and is used in the construction of everything
from roads and buildings to dams and bridges and all kinds of other infrastructure.
But while cement has widely framed the modern built environment, it is also major
source of carbon dioxide emission to atmosphere. It is responsible for roughly 7%
of the world’s greenhouse gas emissions, according to International Energy Agency
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[1]. Cement production alone contributes approximately 5% of the world’s annual
carbon dioxide emissions [2]. As global population grows, some estimates suggest
that cement production may increase 23% by 2050. Concrete is one of the few
materials in the world that has capacity to absorb carbon dioxide naturally. It is
slow process, but over the time, it may be able to absorb a substantial amount of
carbon dioxide emissions. There is need to find out techniques to speed up absorption
process. Carbon capture and storage (CCS) can capture CO2 emissions of cement
industry before they are released and store them permanently [3]. If cement industries
were retrofitted with carbon capture and storage (CCS) technology, then a substantial
amount of emissions could be reduced from entering the atmosphere. One potential
method is to upcycle CO2 in concrete mixture prior to the end of their production
[4]. If an industrial process could successfully use CO2 in the production of concrete,
there would be substantial carbon utilization that can close the loop for some of the
CO2 emitted during the production and additionally producing sustainable building
material. Recent advances have been made globally, by infusing CO2 in concrete
production to produce sustainable and enhanced concrete.

A more recent technology infuses carbon dioxide in concrete during its produc-
tion. Addition of carbon dioxide during its production results in formation of
calcium carbonate particles which actually makes concrete stronger [1]. The strength
improvement can then be leveraged in the optimization of the mix design such as
early strength gain, 28 days strength or efficiency of binder. The process also results
in less energy and cement during the production phase of concrete. It has been found
that by adopting this recent technology, concrete products may rapidly gain required
timely strength and achieve durability. Additionally, the resulting concrete products
serve as storage units for undesirable carbon dioxide, which is drawn from indus-
trial smoke-stacks resulting in sustainable building products [4]. The technology of
CO2-infused concrete is, however, not yet implemented by the concrete industries
at national or local levels, due to lack of knowledge and application understanding
related to this new technology in India. In experimental study, a feasibility study
is made to use carbon dioxide in fresh concrete mixture during its production. The
addition of CO2 in fresh concrete accelerates the hydration and strength development
without affecting the fresh properties of concrete [5].

2 Objectives

The objective of this paper is to prepare practically useful carbon dioxide-infused
concrete in laboratory and to determine behaviour of this enhanced concrete with
varying dosage of carbon dioxide. Characterize this special concrete by testing its
fresh and hardened properties.
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3 Methodology

1. Conceptual understanding (literature review) of carbon dioxide-infused concrete
technology and carbonation behaviour of conventional and CO2-infused
concrete.

2. Arrangement of required concrete materials and industrial grade CO2.
3. Based on the outcomes and findings of literature survey, a test matrix was devel-

oped aimed to ascertain the performance of fresh and hardened CO2-infused
concrete mix.

4. Casting of conventional and CO2—infused concrete mixtures.
5. Laboratory testing of fresh properties (workability) and hardened properties

(compressive strength and split tensile strength) of produced conventional and
CO2-infused concrete.

6. Finding out the behaviour of modified CO2-infused concrete mix.

4 Experimental Analysis

The conceptwas to test behaviour of themodifiedCO2-infused concrete and therefore
there was need to provide controlled CO2 gas to get absorbed in fresh concrete. The
CO2 used in the experiments was purchased as liquid CO2 from deluxe industrial
gases, Pune.

4.1 Gas Mixing and Handling

A tank of liquid CO2 was placed near concrete mixer, and it was connected to
gas controlled system and injector pipe. The liquid was weighed for injection into
concrete mixer whereupon it converted into CO2 gas and solid carbon dioxide snow.
The mixing started with placing aggregates; this was followed by addition of cement
and then water. The gas was injected once all the ingredients of concrete had been
added and mixed [6]. The gas was injected with the help on injector pipe in the
concrete mixing drum once all the ingredients of concrete had been added and mixed
for around 3 min. The pressure maintained during injection process was 60 kg/cm2.
The pressure should be adjusted properly with the help of gas controlled system. The
early age carbonation reactions involve reaction of main calcium silicate phases of
hydrating cement with CO2 in the presence of water to form calcium carbonate and
calcium silicate hydrate gel as shown in following equations [6]:

3CaO · SiO2 + (3−X )CO2 + yH2O → XCaO · SiO3 · yH2O + (3−X )CaCO3

2CaO · SiO2 + (2−X )CO2 + yH2O → XCaO · SiO3 · yH2O + (2−X )CaCO3
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Fig. 1 Carbon dioxide
cylinder

Further any calcium hydroxide present in the cement paste will react with carbon
dioxide, as shown in following equation:

Ca(OH)2 + CO2 + H2O → CaCO3 + 2H2O

These reactions are spontaneous such that carbonation was achieved within 120 s
of CO2 injection during concrete mixing. The reaction proceeds in the presence of
water when Ca2+ ions from the cement paste meet CO2−

3 ions from the injected gas.
The addition of CO2 results in formation of nanoscale homogenously distributed
carbonate reaction particles which contribute to stronger concrete (Fig. 1).

The carbon dioxide injection was synchronized with default mixing time so that
the process cycle time remained unchanged. The CO2 was injected into concrete
mixer drum at specified flow rate for fixed injection time period, consequently it
reacted with the fresh hydrating cement during initial mixing. According to literature
review, the CO2 in the liquid formwas supplied at the rate of 1% byweight of cement
and 1.5% by weight of cement. To observe variation in properties, two different
batches of concrete were casted: conventional batch and modified CO2 concrete
batch. For the laboratory experimentation purpose, concrete cubes of M30 grade
were casted and tested for its fresh and hardened properties. Compression testing
was carried out at 3, 7, 14 and 28 days, respectively. For each doses, 3 cubes were
casted at each test day. Split tensile strength of concrete cylinders were carried out
at 14 and 28 days. Slump cone test was carried out on fresh concrete sample for
workability of concrete. The samples for analysing behaviour of CO2 concrete were
created by taking fresh sample from mixing drum.
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Table 1 Mix design S. No. Type Unit Quantity

1 Cement kg 34.3

2 Coarse aggregates kg 86.47

3 Fine aggregates kg 54.4

4 Water L 18.45

4.2 Material Specification

To satisfy the mix design as per the IS10262:2009 code [7], the materials were
selected as coarse aggregates, fine aggregates confirming to IS383:1970, ordinary
Portland cement 53 grade confirming to IS12269 (Table 1).

5 Results and Discussion

The process of CO2 injection did not include any alterations inmix design or concrete
production process. To understand the behaviour changes in fresh concrete, slump
cone test was carried out [8]. The overview of fresh properties for the concrete
produced for each mix type is presented in Table 2 (Fig. 2).

Table 2 Slump values for
each mix type

S. No. Mix type Slump (mm) Temp (°C)

1 Conventional concrete 75 32

2 Concrete with 1% CO2 72 32

3 Concrete with 1.5% CO2 68 32

Fig. 2 Slump cone test
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Table 3 Average compressive strength of conventional concrete

S. No. Day Average comp. strength (MPa)

1 Conventional concrete 3 12.19

2 7 19.52

3 14 26.35

4 28 30.52

Table 4 Average compressive strength for 1% CO2 addition

S. No. Day Average comp. strength (MPa)

1 Modified concrete with 1% carbon dioxide 3 14.42

2 7 24.15

3 14 34.43

4 28 43.04

Table 5 Average compressive strength for 1.5% CO2 addition

S. No. Day Average comp. strength (MPa)

1 Modified concrete with 1.5% carbon
dioxide

3 16.23

2 7 25.92

3 14 37.87

4 28 44.26

The average compressive strength measured for each dosage of CO2 at 3, 7, 14
and 28 days, respectively. The concrete cubes were tested for compressive strength
in accordance with IS516:1959 [9]. The compressive strength data is summarized in
Tables 3, 4 and 5. The tasting measured the strength of three cubes per day for each
CO2 dosage (Figs. 3, 4, 5, 6 and Table 6).

The strength of carbon dioxide-infused concrete was found to be better than
conventional concrete. Compressive strength results of the 1%CO2-infused concrete
showed a 19.29% improvement for the cubes tested at 3 days 23.71% at 7 days,
30.66% at 14 days and 41% at 28 days. For 2% CO2 addition, average compressive
strength enhancement was found to be 33.14% at 3 days, 32.78% at 7 days, 43.7%
at 14 days and 48% increase at 28 days. Split tensile strength results of the 1% CO2-
infused concrete showed 10.1% improvement for the cylinders tested at 14 days,
14.98% at 28 days. For 1.5% addition of CO2, average increase in tensile strength
was 19.13% for 28 days and 3.92% for 14 days. Based on the slump test conducted
on fresh mix from production line, the CO2 infusion process had minimal effect on
workability of concrete. For 1% CO2 infusion, reduction in slump was found to be
3 mm. By increasing the dosage of CO2 to 1.5%, reduction in slump was 7 mm than
conventional concrete mix. To avoid reduction in workability, the addition of CO2

was kept smaller in amount up to 1.5% by weight of cement.
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Fig. 3 Compressive strength test

Fig. 4 Split cylinder tensile strength test
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Fig. 5 Comparison of comp. strength of conventional concrete with CO2-infused concrete
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Fig. 6 Comparison of split tensile strength of conventional and CO2-infused concrete

Table 6 Average split cylinder tensile strength

S. No. Day Conventional concrete mix 1% CO2 1.5% CO2

1 14 2.87 3.16 3.30

2 28 7.64 7.94 8.20

6 Conclusion

By infusing CO2 into freshly mixing concrete, a series of concrete mixtures was
produced and tested for fresh and hardened properties. The results of slump test
showed that the CO2 infusion process had a neutral effect on workability of concrete
for the lower dosage. The compressive strength benefit was observed for the concrete
that was infused with CO2, by just adding small amount of CO2 (1% by weight of
cement) increase in compressive strength was 41% at 28 days and 48% for 1.5%
CO2 addition. The results of split tensile strength showed neutral to positive effect
on tensile strength of concrete. The observed increase in strength with all dosage of
CO2 may result from reaction of CO2 with calcium ions from hydrating cement and
formation of nanoscale carbonation reaction products.

References

1. Carboncure homepage. https://www.carboncure.com/
2. Shao Y, Monkman S, Boyd AJ (2010) Recycling carbon dioxide into concrete: a feasibility

study. In: Concrete sustainability conference
3. Monkman S, Shao Y (2006) Assessing the carbonation behaviour of cementations materials. J

Mater Civ Eng
4. Monkman S, MacDonald M (2016) Carbon dioxide up cycling into industrially produced

concrete blocks. J Constr Build Mater

https://www.carboncure.com/


Experimental Study of Fresh and Harden Properties of Concrete … 653

5. Monkman S (2014) Carbon dioxide utilization in fresh industrially produced ready mixed
concrete. In: International concrete sustainability conference. National Ready Mixed Concrete
Association, Boston

6. MonkmanS,MacDonaldM,HootonRD,SandbergP (2016)Properties anddurability of concrete
produced using CO2 as an accelerating admixture. Cem Concr Compos 74:218–224

7. IS 10262:1982 (2009) Recommended guidelines for concrete mix design
8. Shetty MS (2005) Concrete technology: theory and practice, 6th edn. S. Chand Publications
9. IS 516: 1959 (2006) Methods of test for strength of concrete



Experimental Study of Use of Flyash
as Retarding Agent in Black Cotton Soil

Vishal Gajghate and Prakash Patil

Abstract Black cotton soil is found in various parts of our country. It consider-
ably swells and shrinks due to variation in moisture content. Therefore, such soil is
very treacherous for undertaking any construction work. Flyash is known to have
pozzolanic action which can possibly have some beneficial effect in countering
welling in expansive soils. It is proposed to use flyash as retarding agent and to
overcome the problems of swelling in black cotton soil (Mishra in Int J Sci Res
(IJSR), 2015 [1]). It has been concluded that flyash reduces the swelling pressure.
The mode of application is more important aspect in controlling the swelling.

Keywords Black cotton soil · Flyash · Swelling

1 Introduction [2]

Black cotton soil is found in various parts of our country. In India, it is extensively
found in regions of the Deccan Plateau. Black cotton soil is highly expansive, sticky
plastic clays formed from residual weathering of deposits derived from volcanic
rocks like basalts. Typical behaviour of three soil under different climatic conditions
has made the construction and maintenance of structure not only expansive, but also
difficult.
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1.1 Characteristic of Black Cotton Soil [3]

Dark cotton soil contains montmorillonite clay minerals which show high partiality
towards water. The colloidal earth content in dark cotton soil is found up to 40% and
the part passing 0.075 mm sifter ranges from 70 to 100%. As far as possible, pliancy
list esteems range from 40 to 100 and 20 to 60% individually. Dark cotton soil has
low shrinkage limit (10–18%) and high OMC (20–30%). Every one of these rates
renders the dirt very touchy to moisture changes, compressible and plastic in nature.

1.2 Problems of Black Cotton Soil [4]

From stabilization point of view, the following are the main problem in case of black
cotton soil.

• It is very difficult to pulverize the soil, as the dry lumps are difficult to break due
to high dry strength and wet soil is too sticky and unmanageable.

• There is large variation is volume and stability with variation in water content.
• They show considerable shrinkage on drying resulting in the formation of exten-

sive cracks. Black cotton soil compacted at OMC will also shrink when dried as
shrinkage limit is much lower than OMC.

• The black cotton soil exerts high swelling pressure on being soaked.
• Conventional construction materials like sand aggregate may not be available

within easy reach. The black cotton soil is very poor and undependable subgrade
materials, therefore such unsuitable as construction material.

1.3 Purpose of Present Work [5]

Keeping in mind the huge quantity of flyash which has been lying unutilized this
project work is undertaken to study the effect of flyash as retarding agent is swelling
of black cotton soil. Flyash is known to have pozzolanic actionwhich can beneficially
use for altering the properties of swelling soils. Thepresent projectwork is undertaken
to study the effect of flyash on the swelling characteristics of black cotton soil.

2 General Work Procedure for Constant Volume Method
for Determination of Swelling Pressure [6]

The standard proctor mould was used for the constant volume method tor determi-
nation of swelling pressure. In this method, the soil to be tested for swelling pressure
was taken in dried state and then added with the moisture constant corresponding
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to optimum moisture content of the soil. The result we mixed thoroughly and left
for maturity period of one hour. This sample was compacted with standard speci-
fications of standard proctor test. Filter paper was placed at the top and bottom of
specimen and the porous stone was placed above the filter paper at top and below the
filter paper, at bottom of soil sample. This assembly was placed in a water tank with
the connections made to the proving ring (for swell pressure measurement which
was fixed to load frame). The expansion if any, of the soil samples was measured
by displacement dial gauge. Before adding water in the tank, the proving ring dial
displacement reading, was initialized to zero. A seating pressure of 0.05 kg/cm2 was
applied and water was added to the tank. The constant volume was maintained by
bringing displacement dial reading to its initial value by rotating handle of load frame
and corresponding swell pressure being measured by proving ring. This procedure
was repeated every 24 h till displacement dial did not show any marked changes.
The final swell pressure was recorded from the proving ring.

3 General Work Procedure for Variable Method
for Determination of Swelling Pressure Using
Consolidometer

The using general work procedure for determination of soil pressure by variable
volume method is as follows:

Two porous stones were taken, soaked in water, taken out of water, and any traces
of water were wiped away. One stone was placed in the central seating of the water
through. The guide rings were attached to both ends of the specimen ring and it was
placed gently on the porous stone inside the water through with a filter paper against
each face of the specimen. Then, the other porous stones were placed on top of the
specimen, followed by the pressure pad and the steel base over it.

The consolidation cell was placed in position on the bed of loading machine. The
counterbalance system of loading beam was checked and adjusted carefully. The
counterbalance beam was adjusted in level position with approximate load transmit-
ting member in contact with pressure pad through the ball seating, mould and finally
the dial gauge was adjusted. The initial reading was noted before water was added.
Seating pressure of 0.05 kg/cm2 was added and the assembly was kept for 2 days to
allow swelling to take place.

The loads were increased in the same manner and the corresponding dial gauge
reading was noted. A semi-log plot of load versus settlement was plotted. From
the graph, the pressure corresponding to the initial sample thickness gave the swell
pressure.



658 V. Gajghate and P. Patil

Table 1 Differential free swell test values

S. No. Soil type Volume in
water

Volume in
kerosene

DFS (%) Avg. DFS (%)

Initial Final Initial Final

1 Black cotton soil 12 12.5 8 8 56.25 40.9

13 14 9 10 40

12 12.5 9 9 38.89

2 Black cotton soil +
5% flyash

16 17.5 12 12.5 40 39.08

13 14.5 10 10.5 38.11

13 16 11 11.5 39.12

3 Black cotton soil +
10% flyash

15 15 11 11 36.36 35.45

10.5 13.5 10 10 35

10.5 13.5 10 10 35

4 Black cotton soil +
15% flyash

13 13 10 10 30 33.33

13 13.5 10 10 35

13 13.5 10 10 35

5 Black cotton soil +
20% flyash

13 13 10 10 30 31.87

13 13.5 10 10 35

13 13 10 10 30

4 Preparation of Sample for Swell Test [2]

For this test, about 2.5 kg of oven-dried soil was taken. To this soil 23.14% (i.e., OMC
of soil) of water was added and mixed thoroughly. The above soil was compacted
in the mould of the 100 mm diameter and height 127.3 mm in three layers. Each
layer was given 25 blows with a hammer weighing 2.6 kg with free drop of 310 mm.
Then the mould was placed on soil extruder machine and the specimen cutter was
put on the top of the mould. The handle of machine was taken rotated to press the
outer into the compacted soil. The excess soil was removed and the specimen cutter
was taken out for performing test. Some soil was taken from this sample and kept
in oven for water content determination. The procedure for preparation of sample
for black cotton soil with admixture (flyash) was same as that described above with
only difference that flyash is added as an admixture (Tables 1, 2, 3, 4, 5, 6, 7, 8, 9
and Figs. 1, 2, 3, 4, 5, 6, 7, 8).

5 Differential Free Swell Test

The DFS test conducted were divided into two heads:
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Table 2 Observation sheet for variable volume swell test (black cotton soil)

S. No. Load on hanger
(w) (g)

Lever ratio Pressure on soil (kg/cm2)
w × 10/1000 × 28.27

Final dial reading (× 10−2

mm)

1 0.0 1:10 0.0 100

2 142 0.05 170

3 565 0.2 168

4 2261 0.8 143

5 4521 1.6 94

Table 3 Observation sheet for variable volume swell test (BC soil + 5% flyash)

S. No. Load on hanger
(w) (g)

Lever ratio Pressure on soil (kg/cm2)
w × 10/1000 × 28.27

Final dial reading (× 10−2

mm)

1 0.0 1:10 0.0 0.0

2 142 0.05 25.0

3 565 0.2 23.5

4 1130 0.4 22.0

5 2261 0.8 18.0

6 4521 1.6 −11.0

Table 4 Observation sheet for variable volume swell test (BC soil + 10% flyash)

S. No. Load on hanger
(w) (g)

Lever ratio Pressure on soil (kg/cm2)
w × 10/1000 × 28.27

Final dial reading (× 10−2

mm)

1 142 1:10 0.05 00.00

2 142 0.05 61.5

3 1130 0.4 9.0

4 2261 0.8 2.0

5 4521 1.6 −35.0

Table 5 Observation sheet for variable volume swell test (BC soil + 15% flyash)

S. No. Load on hanger
(w) (g)

Lever ratio Pressure on soil (kg/cm2)
w × 10/1000 × 28.27

Final dial reading (× 10−2

mm)

1 142 1:10 0.0 0

2 142 0.05 80

3 1130 0.4 57.5

4 2261 0.8 7.0

5 4521 1.6 −18.0
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Table 6 Observation sheet for variable volume swell test (BC soil + 20% flyash)

S. No. Load on hanger
(w) (g)

Lever ratio Pressure on soil (kg/cm2)
w × 10/1000 × 28.27

Final dial reading (× 10−2

mm)

1 142 1:10 0.0 0

2 142 0.05 40

3 1130 0.4 12

4 2261 0.8 −44

Table 7 Observation sheet for variable volume swell test (BC soil + 10% flyash) sandwich layer

S. No. Load on hanger
(w) (g)

Lever ratio Pressure on soil (kg/cm2)
w × 10/1000 × 28.27

Final dial reading (× 10−2

mm)

1 142 1:10 0.0 0

2 142 0.05 69

3 1130 0.4 5

4 2261 0.8 −16

Table 8 Observation sheet for variable volume swell test (BC soil + 20% flyash) sandwich layer

S. No. Load on hanger
(w) (g)

Lever ratio Pressure on soil (kg/cm2)
w × 10/1000 × 28.27

Final dial reading (× 10−2

mm)

1 142 1:10 0.0 0

2 142 0.05 31.5

3 1130 0.4 −32

Table 9 Observation sheet for variable volume swell test (only flyash as padding layer)

S. No. Load on hanger
(w) (g)

Lever ratio Pressure on soil (kg/cm2)
w × 10/1000 × 28.27

Final dial reading (× 10−2

mm)

1 142 1:10 0.5 12

2 1130 0.4 −64

Fig. 1 Swell pressure from graph: 1.6 kg/cm2
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Fig. 2 Swelling pressure from graph: 0.85 kg/cm2

Fig. 3 Swell pressure from graph: 0.8 kg/cm2

Fig. 4 Swell pressure from graph: 0.65 kg/cm2

Fig. 5 Swell pressure from graph: 0.50 kg/cm2
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Fig. 6 Swell pressure from graph: 0.41 kg/cm2

Fig. 7 Swell pressure from graph: 0.20 kg/cm2

Fig. 8 Swell pressure from graph: 0.12 kg/cm2

5.1 DFS Test for Black Cotton Soil Without Admixture

In this test, only black cotton soil was taken and its swelling was observed. It was
found that the swelling high which is dangerous for civil engineering structures to
remove this pressure of black cotton soil was very much disadvantage, and this soil
was mixed with flyash.
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5.2 DFS Test for Black Cotton Soil with Admixture

DFS test for black cotton soil with admixture (flyash): In this test, the admixture, i.e.
flyash was added in the black cotton soil in varying ranges of 5, 10, 15 and 20%. It
was observed that the swelling was considerably reduced which is desirable.

6 Results

The swelling and shrinking of expansive soils have always posed problems to civil
engineering structures. This project work involves the use of flyash as a counter-
acting material against the highly expansive nature of the black cotton soil highly
considering the future aspect.

The various results obtained for differential free swell values and the swell
pressure values are summarized in Tables 10 and 11.

Table 10 DFS value

S. No. Soil type DFS (%) Remarks

1 Black cotton soil 40.9 By increasing the percentage flyash,
the degree of expansion reduces from
high to moderate

2 Black cotton soil + 5% flyash 39.08

3 Black cotton soil + 10% flyash 35.45

4 Black cotton soil + 15% flyash 33.33

5 Black cotton soil + 20% flyash 31.67

Table 11 Swell pressure values

S. No. Soil type Swell pressure

1 Black cotton soil 1.6

2 Black cotton soil + 5% flyash 0.85

3 Black cotton soil + 10% flyash 0.8

4 Black cotton soil + 15% flyash 0.65

5 Black cotton soil + 20% flyash 0.5

6 Black cotton soil + sandwich layer (BC soil +10% flyash) 0.41

7 Black cotton soil + sandwich layer (BC soil + 20% flyash) 0.2

8 Black cotton soil + sandwich layer (pure flyash) 0.12
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Performance of Concrete with Partial
Replacement of Coarse Aggregate
with Tyre Chipped Rubber

Sulagno Banerjee, Aritra Mandal, and Jessy Rooby

Abstract Transfer of tyre rubber suits a tremendous difficulty in India step by step.
Analysts are attempting to utilize waste rubber in structural building venture from
numerous days back.Crumb rubber replacedfine aggregate is a typical practice nowa-
days. Up to 20% chipped rubber with coarse aggregate had been replaced earlier and
found that 5% replacement is optimumbut that lacks some strength fromconventional
concrete. In this research programme to minimize this gap, extra 5% microsilica of
the weight of cement had been added and also 40% of cement had been replaced
by GGBS. Here, cubes, cylinders and prisms were cast to test compressive strength,
tensile strength, flexural strength and durability against heat and were observed after
28 days and 56 days.

Keywords Tyre · Rubberized concrete · Chipped rubber concrete

1 Introduction

Presently, sustainability is the fundamental factor for research. For environment
impact, researchers had tried to use waste products as much as they can and reusing
of waste item is the primary key for research. In this specific research programme,
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waste tyre chipped rubber is reused as coarse aggregate which goes about as 5%
substitution of ordinary coarse aggregate. For being more eco-friendly, 40% cement
is replaced by GGBS and additional 5% microsilica is being added to improve the
strength. Here, cubes, cylinders and prisms were casted to test compressive strength,
tensile strength, flexural strength and durability against heat and were observed after
28 days and 56 days.

2 Objective and Past Research

Concrete is the most utilized material in the development obligated for the consump-
tion of regular assets and builds the shortage of the fixings, for example, cement,
steel and aggregates, thus there is an interest for these materials in the business part.
Further mining of waterway sand causes extreme ecological harm by bringing down
groundwater table and breaking down of shake strata causes avalanche and seismic
tremor. Architects are on edge to conquer this issue with different choices. Numerous
scientists have endeavoured to recognize the backup utilization of the conventional
materials. Emiroglu et al. [1] discovered slump that relies upon rubber substance
and progressive diminishing in quality with the expansion of rubber. Gammel et al.
[2] tried concrete with 10–25% crumb rubber supplanting alongside silica fume and
rubcrete. Tayeh [3] found satisfactory performance against impact load and bending
load with increase in percentage of sand replacement by the crumb rubber. Helme
[4] prescribed 25% substitution that demonstrated compressive quality inside admis-
sible range for most utilizations of concrete of the control blend plan. Naito et al.
[5] discovered unit weight of CRC diminishes linearly. Richardson et al. [6] discov-
ered concrete strength reduction means that air void/crumb separating which offers
freeze/thaw resistance. Richardson et al. [7] concluded addition of 0.5% and 1%
rubber crumb by mass of concrete to replicate levels of air entrainment that will
provide freeze thaw resistance. Naik et al. [8] found that it is conceivable to make
moderately high-quality rubber concrete utilizing magnesium oxychloride cement,
which gives better holding attributes to rubber and altogether improves the presenta-
tion of rubcrete.Vadivel andThennozhi [9] discovered evaluation of grade of concrete
assumes the real job in the ductility performance of rubber replaced concrete.
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Plate 1 Rubber aggregate

3 Experimental Investigation

3.1 Materials Used

3.1.1 Cement and Aggregates

In the present study, ordinary Portland cement of grade 53, confirming to IS: 12269-
1987 [10], was used for preparing the concrete. The specific gravity of cement was
3.15. Fine aggregate—natural river sand passing through 4.75 mm IS sieve is used
for making concrete. As per IS: 383-1970 [11], natural river sand was categorized
under grading zone I. The specific gravity and fineness modulus of sand are found to
be 2.65 and 3.05. Coarse aggregate—coarse aggregate was passed through 80 mm
sieve and retained on 4.75 mm sieve confirming IS: 383-1970 [11] was used for
concreting. The specific gravity and fineness modulus of coarse aggregate are found
to be 2.695 and 7.7.

3.1.2 Water

Clean potable water free from suspended particles, chemical substances, biological
elements, etc. is used both for mixing of concrete and curing.

3.1.3 Rubber Aggregate

This study has concentrated on the performance of a single gradation of rubber
prepared bymanual cutting (Plate 1). In this study, 5% of coarse aggregate is replaced
by this chipped rubber. The maximum size of the rubber aggregate was 40 mm. The
properties of the rubber used as aggregate are given in Table 1.

3.1.4 GGBS

GGBS which is near white in colour is a high-quality product, manufactured from
a by-product of the steel or iron making industry. In this study, 40% of cement is
replaced by GGBS. The physical properties of GGBS sample are shown in Table 2.
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Table 1 Rubber properties Parameters Unit Standard specs

Acetone extraction % 5–10

Ash content % 4 Max

Bulk density gm/cc 0.30–0.45

Sieve analysis passing 40 mm sieve % 99

Sieve analysis passing 2 mm sieve % 1

Table 2 GGBS properties S. No. Characteristics Value

1 Specific gravity 2.90

2 Bulk density (kg/m3) 1220

3 Surface area (m2/kg) 416

4 Insoluble residue (%) 0.14

5 Moisture content (%) 0.14

6 Loss on ignition (%) 0.19

3.1.5 Glenium 51

Glenium 51 superplasticizer (Plate2) is used for higher workability. In this study,
0.5% of cementitious material is used as glenium. It is an admixture of a new
generation based on modified polycarboxylic ether.

Typical properties:

Aspect Light brown liquid
Specific gravity 1082-1142 kg/lt at 20 °C
PH 6–7
Chloride Content ≤0.10% by mass
Alkali Content ≤3.0% by mass.

3.1.6 Microsilica

Microsilica is a very fine pozzolanic, amorphous material, a by-product of the
production of elemental silicon or ferrosilicon alloys in electric arc furnaces. The
specific gravity is 2.63. It is odourless white coloured powder with a pack density
of 0.76 gm/cc. In this study, microsilica as 5% by weight of cement is being extra
added.
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Table 3 Mix proportions Grade of
concrete

Target mean
strength
(N/mm2)

W/C ratio Mix proportion

M 25 31. 60 0.45 1:2.20:2.72

4 Mix Design (as Per IS 10262-2009)

Based on the trial mixes, the final designmixwas prepared forM25 grade of concrete
as per IS 10262:2009 [12]. The concrete mix proportions were shown in Table 3.

5 Tests for Properties

The workability test, compression test, split tensile test, flexure strength test and heat
tests were carried out to determine the strength and workability.

6 Results

6.1 Workability Test

Slump test was conducted using slump cone apparatus (Plate 2) to determine the
workability and it is shown in Table 4.

Plate 2 Slump test and glenium
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Table 4 Result of workability test

Specification Dosage of superplasticizer (%
weight of cement)

Slump (mm) W/C ratio

CC (control concrete) 0 100 0.45

CCR5 (Control concrete + 5%
rubber)

0.5 90

SGR0 (40% GGBS replaced
cement concrete with no rubber
and silica)

0.25 85

SGR5 (40% GGBS replaced
cement concrete + 5% rubber +
5% added silica)

0.5 95

Fig. 1 Compressive strength
(28 days)

27.5
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30.5
31

31.5
32

32.5
33

CC CCR5 SGR0 SGR5

MPa

6.2 Compressive Strength

The compressive strength of the specimens was determined in a universal testing
machine of 200 tones capacity for 28 and 56 days, respectively, and they are tabulated
in Figs. 1 and 2.

6.3 Split Tensile Strength

The 56 days split tensile strength of the specimens was determined and it is tabulated
in Fig. 3.
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Fig. 2 Compressive strength
(56 days)
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Fig. 3 Split tensile strength
(56 days)
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6.4 Flexural Strength

The 56 days flexural strength of the specimens was determined and it is tabulated in
Fig. 4.

6.5 Heat Study

Cubes and cylinders are cast and after 56 days of curing in water they are dried and
put into oven for 3 hours at a temperature of 150 °C. Then, compressive strength and
split tensile strengths were obtained which are tabulated in Figs. 5 and 6.
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Fig. 4 Flexural strength
(56 days)
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Fig. 5 Compressive strength
(56 days) (At 150 °C for 3 h)
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Fig. 6 Split tensile strength
(56 days) (At 150 °C for 3 h)
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7 Discussions

Microsilica in cement improves its strength and durability as it gives progressively
uniform dissemination and a more noteworthy volume of hydration items and dimin-
ishes the normal size of pores in the cement paste. With the addition of rubber,
slump value decreases and so we have to add some superplasticizer in order to get
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the required slump value. The GGBS replaced concrete showed better performance
after 56 days rather than 28 days. After 56 days, concrete with 5% replaced rubber
aggregate shows only 5.9% reduction in compressive strength, 5.8% reduction in
split tensile strength and 1.9% reduction in flexural strength. The heat study showed
that rubber concrete shows almost equal heat resistance compared to normal concrete
at 150 °C for 3 h.

8 Conclusions

• By adding microsilica and replacing cement with GGBS, we achieved the
similarity in strength of conventional concrete and rubber concrete.

• When rubber is added the mixture becomes dry and so slump value decreases and
hence we have to add superplasticizer in order to get the desired slump value.

• The GGBS replaced concrete with and without rubber shows better performance
after 56 days rather than after 28 days. In fact, they reached the target strength
after 56 days and are showing more strength than the conventional concrete after
56 days.

• There is very negligible decrease in compressive, split tensile and flexural strength
in rubber concrete than conventional concrete.

• From the heat study, we can see negligible amount of decrease in compressive as
well as split tensile strength. So, we can conclude at around 150 °C for 3 h the
rubber concrete is getting least affected.
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Estimation of Design Shear Strength
of Concrete Using Genetic Programming

Preeti Namjoshi and Shardul Joshi

Abstract Many codes provide empirical formulation for design shear strength of
concrete which greatly vary from code to code. Moreover, many investigations into
the shear problem that have been carried out have led to numerous empirical or semi-
empirical formulae. These formulae usually agree quite well with the corresponding
test result but not applicable for general use. The researchers have made use of
experimental data set or analytical data set obtained from nonlinear finite element
analysis. The equations are derived using nonlinear regression technique inwhich the
formof the equation is required to be initially assumed. The present study investigates
the application genetic programming (GP) in predicting the design shear strength of
concrete. It is concluded that the values obtained by the equations derived from GP
models estimate the design shear strength of concrete fairly close to the actual values.

Keywords Design shear strength · Genetic programming · Reinforced concrete

1 Introduction

Shear transfer mechanisms are very complex and are influenced by complex stress
distribution which occur in the concrete beams after cracking. These mechanisms
include shear resistance by uncracked compression zone of the beam, shear transfer
due to aggregate interlock and dowel action of the longitudinal shear reinforce-
ment. ACI-ASCE committee reports that shear strength of the beam is influenced by
strength of the concrete, the percentage of longitudinal reinforcement and shear span-
to-depth ratio of the beam. It is observed that shear strength of the beam increaseswith
increase in compressive strength of concrete and it deceases with increase in shear
span-to-depth (a/d) ratio as well as depth of the member. Beams are classified as deep
beams (a/d between 0 and 1), short beams (a/d ratio between 1 and 2.5) and normal
beams (a/d ratio greater than 2.5). Several methods which are proposed till today in
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the literature are limited to a particular type of beam only. Kani [1] reported 40%
decrease in the shear strength of concrete when the depth of the beam increases from
150 to 1200 mm. This size effect of the shear strength of the beam is also studied by
Bazant and Kim [2] and Bazant and Sun [3]. Appa Rao et al. [4] performed nonlinear
regression analysis on the 612 data set points in which (i) compressive strength of
concrete, percentage of longitudinal reinforcement, shear span-to-depth ratio and
depth of the beam were considered as the influencing parameters. The authors have
proposed a simple model to predict the design shear strength of the concrete beam.
Kim and Park [5] have proposed a rational and mechanics-based equation to predict
the design shear strength of the concrete beams even for high strength concrete up
to 100 M Pa. In the era of artificial intelligence (AI), the researchers have applied
data-driven techniques in the form of artificial neural networks (ANN) and adaptive
neuro-fuzzy inference system (ANFIS) to predict the shear strength of the concrete.
Goh [6] has developedANNmodel to predict the shear strength of deep beams. Sanad
and Saka [7] have also applied ANN tool for prediction of shear strength of concrete
using 111 experimental data set. The other researchers Seleemah [8], Kim et al. [9]
and Nehdi et al. [10] have developed ANN models to predict the shear strength of
the concrete. Jung and Kim [11] developed two ANN models to estimate the shear
strength of R. C. beam. Amani and Moeini [12] have used ANN and ANFIS models
to predict the shear strength of concrete beams. Cladera and Mari [13] have taken
review of EC-2 provisions for shear strength of concrete and concluded that EC-2
procedure is very easy to use by practising engineers but it presents a great scatter
of results.

The codal provisions and the equations suggested by the other researchers are
indicated in Table 1.

The foregoing paragraph discussed the importance and necessity of estimating
design shear strength of concrete beam. The aim of the research work is to apply
one more data-driven tool of genetic programming (GP) to estimate the design shear
strength of concrete beam. Genetic programming technique yields the equation to
estimate the design shear strength of concrete beam using the influencing parameters
as defined by input parameters.

2 Genetic Programming

The concept of genetic programming (GP) is based on the evolution process which
take place according to the principle of ‘survival of the fittest’. The GP gives its
output in the form of either a computer program or an equation [14].
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Table 1 Emperical equations for design shear strength of concrete beam

Code/researcher Empirical equation for shear capacity of concrete

ACI with web reinforcement V = Asw
s Z fywd

ACI with without web Reinforcement Vc = (0.167
√

fc)bwd

EURO with web reinforcement VR = 0.9ρv fywdbwd

EURO without web reinforcement V = [0.0525 fck K (1.2 + 40ρ)]bd

IS with web reinforcement Vus = 0.87 fy Asvd
Sv

IS without web reinforcement
Vc = s

(
0.85
6β

)
(0.8 fck)

(
1
2

)(
(1 + 5β)

1
2 − 1

)

Appa Rao et al. V =
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0.56 + 4.0

(a/d)1.5

)[
f 0.33ck ρ0.5d−0.44

]

British code
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γm

(
100As
bvd

)0.33( 400
d

)0.44( fcu
25

)0.33

Niwa Vc = 0.2
(
ρw fck

d
a

)0.33(
d−0.44

)(
0.75 + 1.4 d

a

)
bwd

SNI Vc = 1
7

(√
fck + 120ρw

d
a

)
bwd

Zsutty Vc = 2.17
(
ρw fck

( d
a

))0.33
bwd

2.1 The Primitives of Genetic Programming

Evolution of GP solution is assembled from two sets of primitives nodes, terminals
and functions. The terminal nodes cater for the input to the GP system while the
function nodes cater for the actual processing of data values. During the evolution
process, GP randomly selects the nodes from either of the sets.While taking the trials,
only a relatively simple node set is initially provided and then nodes are usually added
only if required [15].

2.2 Tree-Based Genetic Programming

GP creates a structure by assembling the function and terminal nodes. The threemain
types of structure available are tree, linear and graph.

2.3 Algorithm of Genetic Programming

The genetic programming develops either computer programs or equations to solve
problems by executing the following three steps:

1. Generating initial set of computer programs or equations considering random
compositions of the functions and terminals of the problem
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2. Performing iterations till the defined termination criteria is reached:

(a) Each program or equation is evaluated and fitness value is assigned
(b) New set of programs and equations are created following two primary

operations.
(i) Copy existing computer programs or equations to the new population.
(ii) Create new computer programs or equations by applying genetic

operations on two existing programs.

3. The equation or computer program which gives better fitness value is considered
as the result of GP. This result may be a solution (or an approximate solution) to
the problem [16].

Advantages of Genetic Programming A key advantage of GP over the other tradi-
tional modelling approaches is that it does not start with assuming an equation in any
specified format. In a typical regression method, the model structure is specified in
initially and the coefficients are determined. For neural networks, the time-consuming
task of initially defining the network structure has to be undertaken and then the
weights are found by the learning algorithm. On the other hand, in GP, input and
output parameters and set of functions are defined initially and the learning method
subsequently finds both the optimal structure of the model and its coefficients. It is
observed that handling of constants in the equation is trouble-some in case of GP.
The selection of appropriate input parameters is extremely important in case of GP
as well because any inappropriate input parameter may hamper the accuracy of the
model.

3 Methodology

The present work has made use of the experimental data set summarized by Cladera
andMari [13]. Original data set was composed of 202 beam specimens. The database
was developed by 23 different researchers. The database was reduced to 122 beam
specimen by removing the beam samples failed in flexure. All these beams were
simply supported and tested under 3 or 4 point loading. The shear span-to-depth ratio
(a/d) for all the beams was kept more than 2.49. The database used for the present
study has been shown in Annexure 1. Out of the data set of 122 beam specimens,
data set of 85 beam specimens was used to train the GP model, 18 beam specimens
were used for validation and 19 beam specimens were used for testing the GPmodel.
The input parameters used for developing the GP models are shown in Table 2.
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Table 2 Input parameters

Input no. Parameter Notation

1 Compressive strength of concrete fc

2 Percentage longitudinal reinforcement Ptl

3 Percentage transverse reinforcement Ptv

4 Yield strength of steel fy

5 Shear span-to-depth ratio a/d

The output parameter was design shear strength of the concrete (τ ).
Table 3 shows the data set used for validation and testing of the model.

Table 3 Data set for validation and testing

S. No. fc (N/mm2) Ptl Ptv fy (N/mm2) a/d τ (N/mm2)

1 125.00 2.89 0.23 464.00 3.00 3.365553

2 73.00 2.80 0.16 569.00 2.50 3

3 25.00 1.76 0.10 350.00 3.95 1.56128

4 76.00 3.50 0.18 543.00 2.50 5.269433

5 36.00 2.49 0.07 525.00 3.10 1.350406

6 64.00 2.80 0.16 569.00 2.50 3.068493

7 64.00 2.80 0.16 569.00 2.50 3.123288

8 67.00 2.79 0.10 632.00 2.49 3.12628

9 49.00 1.95 0.28 430.00 2.88 2.85289

10 73.00 2.80 0.13 569.00 2.50 3.191781

11 24.00 1.80 0.10 330.00 3.92 1.628664

12 87.00 2.80 0.16 569.00 3.01 3.315068

13 89.00 4.46 0.16 569.00 2.50 3.319728

14 50.00 2.99 0.24 540.00 3.08 3.504274

15 74.00 3.50 0.13 543.00 2.50 5.889366

16 89.00 4.46 0.16 569.00 3.30 3.360544

17 75.00 2.80 0.13 569.00 2.50 3.438356

18 64.00 2.80 0.16 569.00 2.50 3.465753

19 73.00 2.80 0.16 569.00 2.50 3.465753

20 50.00 2.28 0.11 530.00 3.06 2.521246

21 67.00 2.79 0.10 632.00 2.49 2.397306

22 61.00 2.23 0.14 530.00 3.06 2.549575

23 42.00 2.99 0.12 530.00 3.30 3.10231

(continued)
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Table 3 (continued)

S. No. fc (N/mm2) Ptl Ptv fy (N/mm2) a/d τ (N/mm2)

24 38.00 2.90 0.21 500.00 3.25 3.110013

25 45.00 2.93 0.16 500.00 3.28 3.179834

26 45.00 2.86 0.16 500.00 3.21 3.205128

27 51.00 1.95 0.21 430.00 2.88 2.493178

28 41.00 2.93 0.21 500.00 3.28 0.332485

29 27.00 2.34 0.15 340.00 3.97 1.900998

30 67.00 2.80 0.16 569.00 2.53 2.780822

31 69.00 2.28 0.14 530.00 3.06 2.889518

32 89.00 4.46 0.13 569.00 3.30 2.789116

33 64.00 2.80 0.16 569.00 2.50 2.821918

34 80.00 2.81 0.18 543.00 2.50 4.935622

35 64.00 2.80 0.16 569.00 2.50 2.849315

36 26.00 1.17 0.10 350.00 3.97 1.482537

37 26.00 1.71 0.10 350.00 4.01 1.54249

4 Results and Discussions

As stated in Sect. 3, the genetic programming models were developed changing the
genetic parameters and the three equations are shown in Table 4, obtained from the
study. The accuracy of these models is assessed from the coefficient of determination
(COD or r2) and root mean squared error (RMS).

Equations 1 and 3 indicate the influence of compressive strength of concrete and
percentage longitudinal reinforcement over the design shear strength of concrete,
whereas Eq. 2 shows the influence of percentage transverse reinforcement and
yield strength of concrete in addition to the compressive strength of concrete and
percentage longitudinal reinforcement. The effect of a/d ratio is not seen in any of
the equations yielded by GP technique. Equation 2 has maximum value of COD and
least value of RMS, it may estimate the design shear strength of concrete close to
the experimental values. Table 5 shows the comparison of the design shear strength
values obtained by these three equations over the experimental values.

Table 4 Hypothesis of GP models

S. No. COD RMS Hypothesis GP equations

1 0.702 0.675 τ =
(sqrt(ptl) * sqrt(sqrt((0.145604536 * fc))))

Equation 1

2 0.745 0.62611 τ = (0.1386998 * sqrt((sqrt((sqrt((pow(fc,
2) * ptv)) * fy)) * ptl)))

Equation 2

3 0.701 0.675011 τ = (sqrt(sqrt((ptl * (ptl * fc))))/1.61222219) Equation 3
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Table 5 Comparison of design shear strength values obtained from hypothesis

S. No. fc (N/mm2) Ptl Ptv fy a/d τ (N/mm2)

Expt Equation 1 Equation 2 Equation 3

1 125 2.89 0.23 464 3 3.37 3.51 3.04 3.52

2 73 2.8 0.16 569 2.5 3.00 3.02 2.63 3.03

3 25 1.76 0.1 350 3.95 1.56 1.83 1.33 1.84

4 76 3.5 0.18 543 2.5 5.27 3.41 2.98 3.43

5 36 2.49 0.07 525 3.1 1.35 2.39 1.84 2.40

6 64 2.8 0.16 569 2.5 3.07 2.92 2.54 2.94

7 64 2.8 0.16 569 2.5 3.12 2.92 2.54 2.94

8 67 2.79 0.1 632 2.49 3.13 2.95 2.50 2.96

9 49 1.95 0.28 430 2.88 2.85 2.28 1.99 2.29

10 73 2.8 0.13 569 2.5 3.19 3.02 2.56 3.03

11 24 1.8 0.1 330 3.92 1.63 1.83 1.32 1.84

12 87 2.8 0.16 569 3.01 3.32 3.16 2.75 3.17

13 89 4.46 0.16 569 2.5 3.32 4.01 3.49 4.02

14 50 2.99 0.24 540 3.08 3.50 2.84 2.57 2.85

15 74 3.5 0.13 543 2.5 5.89 3.39 2.85 3.40

16 89 4.46 0.16 569 3.3 3.36 4.01 3.49 4.02

17 75 2.8 0.13 569 2.5 3.44 3.04 2.57 3.05

18 64 2.8 0.16 569 2.5 3.47 2.92 2.54 2.94

19 73 2.8 0.16 569 2.5 3.47 3.02 2.63 3.03

20 50 2.28 0.11 530 3.06 2.52 2.48 2.03 2.49

21 67 2.79 0.1 632 2.49 2.40 2.95 2.50 2.96

22 61 2.23 0.14 530 3.06 2.55 2.58 2.17 2.59

23 42 2.99 0.12 530 3.3 3.10 2.72 2.24 2.73

24 38 2.9 0.21 500 3.25 3.11 2.61 2.28 2.62

25 45 2.93 0.16 500 3.28 3.18 2.74 2.31 2.75

26 45 2.86 0.16 500 3.21 3.21 2.71 2.28 2.72

27 51 1.95 0.21 430 2.88 2.49 2.31 1.94 2.31

28 41 2.93 0.21 500 3.28 0.33 2.68 2.34 2.69

29 27 2.34 0.15 340 3.97 1.90 2.15 1.64 2.16

30 67 2.8 0.16 569 2.53 2.78 2.96 2.57 2.97

31 69 2.28 0.14 530 3.06 2.89 2.69 2.27 2.70

32 89 4.46 0.13 569 3.3 2.79 4.01 3.39 4.02

33 64 2.8 0.16 569 2.5 2.82 2.92 2.54 2.94

34 80 2.81 0.18 543 2.5 4.94 3.10 2.71 3.11

(continued)
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Table 5 (continued)

S. No. fc (N/mm2) Ptl Ptv fy a/d τ (N/mm2)

Expt Equation 1 Equation 2 Equation 3

35 64 2.8 0.16 569 2.5 2.85 2.92 2.54 2.94

36 26 1.17 0.1 350 3.97 1.48 1.51 1.10 1.52

37 26 1.71 0.1 350 4.01 1.54 1.82 1.33 1.83
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Fig. 1 Comparison of design shear strength values

Figure 1 shows graphical comparison for few of the beam specimen.

5 Conclusions

The conclusions obtained from the study are summarized below.

1. The genetic programming has correlated design shear strength of the concrete
to the characteristic strength of concrete, yield strength of steel as well as the
percentage reinforcement in longitudinal and vertical direction.

2. The equations obtained from genetic programming tool agrees with the theo-
retical knowledge. The GP2 equation fairly matches with the experimental
values.

3. The genetic programming has given simple expressions for determining the shear
strength of the concrete.
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Annexure 1

b: mm d: mm fc: MPa Ptl: % Ptv: % fy: MPa a/d Vfail: KN

307 466 24 1.8 0.1 330 3.92 233

305 460 25 1.69 0.1 350 3.98 168

229 457 24 2.28 0.15 340 4.01 173

305 457 26 1.71 0.1 350 4.01 215

305 462 25 1.76 0.1 350 3.95 220

231 460 27 2.34 0.15 340 3.97 202

305 460 26 1.17 0.1 350 3.97 208

240 1200 25 1.26 0.15 440 3 468

152 272 34 4.16 0.21 276 3.6 117

152 272 31 4.16 0.21 276 3.6 112

76 95 29 1.97 0.16 275 3 16

76 132 28 3.95 0.12 258 3 25

76 132 26 3.95 0.34 179 3 28

76 132 28 3.95 0.12 258 4 20

152 298 22 3.36 0.12 292 3.6 76

152 298 28 3.36 0.26 269 3.6 95

152 298 47 3.36 0.26 269 3.6 121

152 298 69 3.36 0.26 269 3.6 151

152 298 82 3.36 0.26 269 3.6 116

152 298 47 3.36 0.38 271 3.6 133

152 298 83 3.36 0.38 271 3.6 150

305 539 36 2.49 0.14 525 3.1 338

305 539 36 2.49 0.07 525 3.1 222

305 539 56 2.49 0.14 525 3.1 383

406 385 29 2.31 0.39 549 2.65 460

457 871 72 1.88 0.16 445 3 788

457 762 125 2.35 0.16 483 3 749

457 762 125 2.89 0.23 464 3 1172

180 233 40 2.23 0.09 844 4 115

180 233 75 2.23 0.09 844 4 123

180 233 76 2.81 0.09 844 4 138

180 233 70 3.5 0.09 844 4 147

180 233 80 2.81 0.18 543 2.5 207

180 233 74 3.5 0.13 543 2.5 247

180 233 76 3.5 0.18 543 2.5 221

(continued)
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(continued)

b: mm d: mm fc: MPa Ptl: % Ptv: % fy: MPa a/d Vfail: KN

127 203 41 3.2 0.49 322 3 87

127 198 98 4.54 0.51 324 3 102

127 198 90 4.54 0.65 323 3 108

127 198 103 4.54 0.78 324 3 123

203 419 57 3.03 0.34 426 3.27 267

203 419 56 3.03 0.34 426 3.27 267

375 655 36 2.8 0.08 430 3.28 457

375 655 36 2.8 0.08 430 3.28 363

375 655 36 2.8 0.11 430 3.28 483

375 655 67 2.8 0.11 430 3.28 552

375 655 67 2.8 0.16 430 3.28 689

375 655 87 2.8 0.14 430 3.28 598

375 655 87 2.8 0.23 430 3.28 721

250 292 64 2.8 0.157 569 2.5 228

250 292 64 2.8 0.157 569 2.5 208

250 292 64 2.8 0.157 569 2.5 206

250 292 64 2.8 0.157 569 2.5 278

250 292 64 2.8 0.157 569 2.5 253

250 292 64 2.8 0.157 569 2.5 224

250 292 73 2.8 0.105 569 2.5 260

250 292 73 2.8 0.126 569 2.5 233

250 292 73 2.8 0.157 569 2.5 253

250 292 73 2.8 0.157 569 2.5 219

250 292 73 1.65 0.209 569 2.5 282

250 297 67 2.79 0.101 632 2.49 178

250 293 67 2.79 0.101 632 2.49 229

250 292 67 2.8 0.101 632 2.49 175

250 198 67 2.78 0.157 569 2.5 258

250 292 67 2.8 0.157 569 2.53 203

250 292 87 2.8 0.157 569 3.01 242

250 292 87 2.8 0.157 569 2.74 260

250 294 89 4.46 0.157 569 2.5 244

250 294 89 4.46 0.126 569 3.3 205

250 294 89 4.46 0.157 569 3.3 247

250 294 89 4.46 0.196 569 3.3 274

250 294 75 4.46 0.224 569 3.3 304

250 292 75 2.8 0.262 569 3.3 311

(continued)
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(continued)

b: mm d: mm fc: MPa Ptl: % Ptv: % fy: MPa a/d Vfail: KN

250 292 75 2.8 0.105 569 2.5 272

250 292 75 2.8 0.126 569 2.5 251

250 292 75 2.8 0.157 569 2.5 266

250 292 75 2.8 0.196 569 2.5 289

250 292 75 2.8 0.227 569 2.5 284

200 260 26 1.47 0.12 267 2.77 89

200 260 26 1.47 0.16 269 2.77 89

200 260 26 1.47 0.25 256 2.77 93

200 260 26 1.96 0.13 262 3.46 85

295 920 75 1.36 0.16 500 2.5 583

169 459 74 1.03 0.13 500 2.72 139

169 459 74 1.16 0.13 500 2.72 152

295 920 71 1.03 1.16 500 2.5 516

300 925 21 1.01 1.791 508 2.92 282

300 925 38 1.01 1.791 508 2.92 277

300 925 47 0.76 1.791 508 2.92 342

290 278 49 1.95 0.11 430 2.88 158

290 278 49 1.95 0.18 536 2.88 169

290 278 49 1.95 0.28 430 2.88 230

290 278 51 1.95 0.214 430 2.88 201

110 443 55 2.58 0.48 499 2.82 155

110 398 74 5.8 0.48 538 3.14 265

110 463 43 1.23 0.333 555 2.7 105

150 310 75 2.59 0.23 255 3 156

150 310 73 3.08 0.2 255 3 143

150 310 82 4.43 0.13 425 5 97

150 310 75 4.43 0.18 425 5 119

150 310 82 4.43 0.27 425 5 125

200 353 50 2.28 0.109 530 3.06 178

200 351 50 2.99 0.239 540 3.08 246

200 353 61 2.228 0.141 530 3.06 180

200 353 69 2.28 0.141 530 3.06 204

200 351 69 2.99 0.239 530 3.08 255

200 351 50 2.99 0.239 540 3.08 267

127 216 45 2.07 0.378 421 3 63

127 198 88 4.54 0.65 421 3 107

127 198 87 4.54 0.78 421 3 121

(continued)
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(continued)

b: mm d: mm fc: MPa Ptl: % Ptv: % fy: MPa a/d Vfail: KN

127 198 83 4.54 0.51 421 4 95

200 303 42 2.99 0.166 530 3.3 177

200 303 42 2.99 0.118 530 3.3 188

199 307 38 2.9 0.21 500 3.25 190

199 306 39 2.92 0.16 500 3.27 151

195 306 39 2.99 0.12 500 3.27 128

200 312 45 2.86 0.16 500 3.21 200

200 302 44 2.95 0.12 500 3.3 150

200 306 42 2.91 0.16 500 3.27 177

201 306 39 2.9 0.12 500 3.27 164

199 3053 41 2.93 0.21 500 3.28 202

199 305 45 2.93 0.16 500 3.28 193

199 307 43 2.91 0.12 500 3.25 147
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Advance Technique of Precast Concrete
Production

Uddesh U. Gaude and K. G. Guptha

Abstract The rate of infrastructure development growth and the necessity of
producing better quality construction material demand shifting from conventional
method of the production to certain advanced techniques. Water–cement ratio plays
an important role in the quality of concrete product. High water–cement ratio
produces lower strength concrete and vice versa. Normally, water–cement ratio
required for hydration of cement is as low as 0.23 as compared to what is being prac-
tised during actual mixing considering the workability factor. Concept of extracting
water after mixing and filling the mould can yield a higher strength. One such tech-
nique of precast concrete production is the “wet pressing”, in which wet concrete
is pressed within the moulds using hydraulic pressure to expel out the excess water
present in the concrete. Pressing time generally varies from 10 to 30 s based on
the quality of materials used and quantity of water added. Pressed products are
then immediately lifted and stacked in the shade for overnight curing. These prod-
ucts are then cured only for 3 days by sprinkling water. The study focuses on
wet pressing technique of precast concrete production and comparison of products
produced by this technique and old conventional methods. Wet pressed products
provide better compressive strength, hardness, surface finish, durability and also
reduce permeability and curing time.Method also proves to be faster and economical.
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1 Introduction

The conventional method of precast concrete production is very slow, and the prod-
ucts imparted are also of lower quality. These methods lack in fulfilling the current
production demand and also in terms of quality. Process of conventional produc-
tion starts with mixing the material in required proportion, filling the moulds of
required shape and then de-moulding and stacking for curing. This overall process
is time-consuming and also requires larger space for stacking moulds.

Now from quality perspective as we know water–cement ratio play an important
part in improving the quality of the concrete. Higher water–cement ratio will yield
lower strength and vice versa. Basically,water required by concrete is for hydration of
cement only. But if we add only that much quantity of water than the concrete won’t
be workable at all, and it will be difficult for fillingmoulds without honeycombing. In
order to make the concrete workable, we have to add the excess water to the concrete.
This excess water does not participate in hydration and evaporates forming voids in
the concrete. Formation of such voids reduces the strength and durability of the
concrete. So high water–cement ratio proves to be detrimental to the concrete. This
issue can be addressed ifwe are able to extract the extrawater immediately after filling
up the moulds. Extraction of water after filling will handle the workability issue as
well as impart the better strength. As the water evaporating from the concrete will be
very less almost negligible, resulting less pores formation and highly dense concrete.
One such method of extracting extra water after filling up the moulds is “wet press
technique”. This process of manufacturing concrete unit with better strength and
durability has become popular in overcoming such deficiencies. Unlike conventional
concrete water quantity is not critical in these types because extra water is drained
off during pressing. While a required quantity of water for cement hydration and to
ensure mix flows into the moulds easily without vibrations is added, immediately
after pressing the product is strong enough to be handled and is removed from the
mould and stacked.

This property of removing from mould immediately after pressing makes the
mould available for next unit, which increases the production rate. The pressing time
generally ranges from 10 to 30 s. This means that moulds can be reused within 50 s,
whereas in conventional type it requires time to harden and de-moulded only on
the next day of casting. To achieve highest productivity within confined manufac-
turing space, wet press manufacturers can employ turntable style station machines
(carousel) for accomplishing the mould-filling, pressing/drainage and de-moulding
phases. Lifted products can be stacked on edge close to each other (not touching).
Property of stacking on the vertical edge also makes it possible to cure in minimum
space. These concrete units are stacked in dry area for overnight curing and then
transferred to stacking area for normal completion of curing [1]. The current study
focuses on wet press technique and comparison of products produced by wet press
technique and our conventional methods.
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Table 1 Mix proportion

Cement (kg) 20 mm (kg) 10 mm (kg) 6 mm (kg) Fines (kg) W /C

90 100 130 100 300 0.53–0.56

2 Experimental Study

2.1 Materials

Concrete materials, i.e. ordinary Portland cement, 43 grade confirming to IS
8112:2013, coarse aggregate of 6, 10, and 20 mm size, fines and water, were blended
together for the formation of concrete [2].

2.2 Mix Proportion

For comparative study of both the methods, same mix proportions, i.e. cement, fines,
6 mm aggregate, 10 mm aggregate, in the proportion 1:3.33:1.11:1.45:1.11, respec-
tively, were used. Water–cement ratio for both the methods was also kept the same
during mixing. The quantities of materials used in the trials are given in Table 1.

2.3 Influence of Water–Cement Ratio

Water–cement ratio is the ratio of mixing water to that of cement in the mixture.
It plays an important role in governing the strength and durability of the concrete
products. Lower thewater–cement ratiowill give higher strength andbetter durability.
Water required in the concrete is for mixing thematerials and hydration of cement. IS
456: 2000 specifies certain maximumwater–cement ratio ranging from 0.4 to 0.6 for
different grades of concrete and different exposure conditions [3]. Basically, cement
requires a water of about 38% for complete hydration of cement over a life period.
Since mixing is done for a short period of time, only 23% of water participates in
the process of the hydration of cement.

If only 23% of water is added, it won’t be workable at all and will be very difficult
for placement. Considering workability and easy placement, we have to increase
the water content. This excess water over 23% will retain in the concrete even after
hardening and will get evaporate upon atmospheric exposure leaving the voids in the
hardened concrete [4, 5]. Higher water–cement ratio affects the following concrete
properties [6].

1. Compressive strength reduction.
2. Drying shrinkage or cracking due to the reduction in tensile strength.
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3. Flexural strength.
4. Increase in permeability.
5. Lower abrasion resistance.
6. Reduced durability.

2.4 Wet Pressing Technique

As discussed above, higher water–cement ratio reduces the strength and durability
of the concrete products. But we have to add the excess water considering worka-
bility aspect. This excess water has nothing to do with hydration of cement and has
no role to play after placing the concrete. The issue of higher water–cement ratio
can be solved if we are able to drain out the excess water present in the concrete
immediately after placing in the moulds. Wet press exactly does the same thing. It
uses the hydraulic pressure on to the mould to expel out the excess water present
in the concrete immediately after placement. Extraction of excess water reduces the
formation of void and increases the strength and durability of the concrete. Complete
process of wet pressing the concrete within themoulds is explained in further section.

3 Machinery

Wet pressing technique requires special machineries for production as discussed
below:

1. Batching system for accurately weighing the materials.
2. Conveyer belt and trolley arrangement for transferring weighed material into the

mixer.
3. Cement and water dispenser for adding cement and water, respectively.
4. Electrically operated mixer for concrete mixing fitted with discharge nozzle for

filling the moulds directly.
5. The special machinery used for pressing unit.

3.1 Hydraulic Press Machinery

Hydraulic wet press machinery comes with a complete assembly of volumetric mate-
rial dispenser, single-stage or three-stage mould, pressing system, ejector station and
handling system (see Fig. 1) [7].
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Volumetric dispenser

Roller conveyor

Take-off unit

Pressing system Mould

Fig. 1 Single-mould system

3.2 Volumetric Measuring Dispenser

These dispensers are attached to the bottom of the mixer for filling mould with wet
concrete. Volume to be dispensed into the mould is pre-fixed based on type and size
of the product.

3.3 Moulds

These machines are available in two varieties, viz. one with a single-mould system
and the other with three-mould system. The single-mould press gives more cost-
effective tooling or set up option to that of triple-mould system. It is still a 400-ton-
power machine and is capable of producing any product that the triple mould can
output. Single moulds are used for lower production demand. Triple mould pressing
process has the rotary table system for filling and pressing operations. These are used
for higher production requirements.

3.4 Pressing System

Filled moulds are pressed with hydraulic pressure of 400 ton to expel out the water
from the concrete. Pressing ram automatically starts pressing on wet concrete for the
time duration set by the operator. Pressing time varies based on size and type of the
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product and generally ranges from 10 to 30 s. Quick water drainage from the mould
is achieved through vacuum units.

3.5 Ejector Arm

Ejector arm automatically pushes the concrete out of themould. Product is then lifted
creating vacuum on the top surface and moved to the waiting pallet for stacking.

3.6 Handling System

This system consist of a take-off unit which may be manually operated, semi-
automatic or fully automatic unit. When the ejector arm presses the product out
of the mould, at this point the take-off-unit takes over, lowering the vacuum head
plate down onto the ejected concrete product creating a vacuum and picks up the
product. The carrier then travels over to the waiting pallet where the products are
neatly stacked along with previously made products and will continue until the pallet
is full.

4 Methodology

The manufacturing process is as shown in the flow diagram (see Fig. 2).

4.1 Process

As discussed above, two types of systems are available single-stage mould and three-
stage mould system. Process is basically same in both the cases except three-stage
system uses rotary table system for filling the mould and pressing. Main steps are
filling moulds, pressing the concrete to squeeze out extra water, ejecting, stacking
and curing the finished product.

Usually, a concrete mix design for the product is required using locally available
material as far as possible for economical production. Cement, fines, 6 mm aggre-
gate, 10 mm aggregate, 20 mm aggregate are accurately weighed in the proportion
1:3.33:1.11:1.45:1.11, respectively. All these materials except cement are precisely
weighed and transferred to a mixer using electrically operated trolley.

Cement, chemical admixture if any and water required for cement hydration and
to form slurry that flows into the mould without any vibration is directly added into
the mixer. Mixer is run till a good slurry is formed which is inspected with inspection
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Fig. 2 Manufacturing process flow diagram

window provided on the mixer. The powder or fines is used to obtain close texture
and smooth finish on the surface. To prevent the escape of fines as the free water
is drawn off by the pressure, a sheet of porous paper is placed at the bottom of the
mould.

A measured amount of wet mix is then dispensed through hopper into the mould.
The mix easily runs and fills the mould without vibration, and another filter paper is
placed on the top. The press is then actuated, and the hydraulic ram presses down into
the mould squeezing out the excess water immediately after pressing. The product is
strong enough to be handled at the end of this stage. The ejector ram automatically
pushes the pressed product out of the mould. At this point the take-off machine takes
over, lowering the vacuumhead plate down onto the ejected concrete product creating
a vacuum and picks up the product. The carrier then travels over to the waiting pallet
where the products are neatly stacked along with previously made products and will
continue until the pallet is full. The pallet when full travels along a roller conveyer
to a point where it can be lifted off by a forklift truck and stacked within a dry
atmosphere of the building for overnight curing. The products are then stacked out
into the stacking area for normal completion of curing [1].
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5 Tests

Different tests were conducted on different specimens from conventionally casted
products and wet pressed products, and results were compared as discussed below.

5.1 Hardness Test

Test specimens from both methods were tested for finding surface hardness of the
specimen. Samples were scratched with nails to observe the hardness of the product.
Wet pressed shows a better resistance to scratching as compared to conventionally
casted products.

5.2 Compressive Strength Test

Compressive strength test as per IS 516:1959 was conducted on both the specimens.
Concrete cubes of 15 × 15 × 15 cm with mix proportion as discussed earlier were
casted. These specimens were then cured and tested for 28 days compressive strength
in a compression testing machine [8]. Test results for both the methods are tabulated.

Conventionally casted products Compressive strength results for conventionally
casted concrete cubes are given in Table 2.

Wet pressed products Core cut specimen was taken from wet pressed products.
These specimens were then tested as per IS: 516-1959 in a compression testing
machine to find equivalent 28 days cube compressive strength. Test results are given
in Table 3.

Table 2 Compressive strength

S. No. Weight (kg) Load (kN) Compressive strength (N/mm2) Density (kg/m3)

1 8.195 480 21.33 2428

2 8.025 512 22.75 2378

3 8.144 451 20.04 2413

4 8.102 424 18.84 2401

5 8.108 458 20.35 2402

6 8.051 475 21.11 2385
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Table 3 Compressive strength

S. No. L (mm) D (mm) Load
(kN)

Compressive
strength
(N/mm2)

Corrected
strength
(N/mm2)

Equivalent
cube
strength
(N/mm2)

Density
(kg/m3)

1 152 123 319.9 26.93 24.28 30.73 2411

2 152 123 336.7 28.35 25.88 32.35 2405

3 152 123 325.8 27.40 25.02 31.28 2421

4 152 123 321.7 27.08 24.72 30.90 2386

5 152 123 324.9 27.35 24.97 31.21 2398

6 152 123 333.8 28.10 25.65 32.06 2428

6 Results and Discussion

When products from both the methods were tested, wet press technique proves to
be better in several ways. These products impart better compressive strength and
improve overall durability of the concrete as compared to our conventional method of
casting. Better compressive strength also increases the abrasion resistance. Graphical
representation of compressive strength test results for both the methods is shown (see
Fig. 3).

As discussed inwet press technique,water is expelled out aftermixing by applying
hydraulic pressure. It compresses the product to the maximum possible level making
highly dense and impermeable concrete products. Pressing the wet concrete within
the moulds at initial stage avoids the formation of voids in the hardened concrete.
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Fig. 3 Compressive strength comparison
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This also improves the tensile strength and reduces the formation of surface cracks.
Lower water content avoids the dusting on the surface due to the segregation of
aggregates.

These products require lesser curing period as it starts gaining strength from the
instant of pressing itself. These products are normally cured in shed for 1 day to
avoid any cracks and then transferred to stacking area and cured by sprinkling water
for the next 3 days, whereas in conventional method products are cured for at least
14 days of casting. Due to the extraction of water in the green state of concrete, it
has many advantages over conventional method.

Advantages Wet press technique imparts the following advantages over conven-
tional methods:

1. Better surface finish, well-defined edges.
2. Higher compressive strength.
3. Highly dense and impermeable products.
4. Rate of strength gain is higher.
5. Lesser curing period.
6. Lower cost of production.
7. Fully automated process.
8. Forms reusability within 50 s.
9. Lower cement consumption.

7 Conclusions

The following conclusions were drawn:

1. Wet press technique is a good option for improving the strength and durability of
the concrete without affecting the workability and ease of concrete placement.

2. Draining off excess water in green state by applying hydraulic pressure increases
the compressive strength by about 35% for the same mix proportion.

3. No or very less free water is retained in the hardened concrete and reduces the
voids formation due to evaporation under atmospheric exposure.

4. Reduced voids formation within the concrete lowers the concrete permeability.
5. As abrasion resistance is directly proportional to the compressive strength,

increase in compressive strength also increases the abrasion resistance.
6. Lower water content prevents segregation and dusting of top surface.
7. Lesser drying shrinkage improves tensile strength reducing the surface cracks.
8. This method proves to be better in quality and productivity over conventional

method of casting.



Advance Technique of Precast Concrete Production 699

References

1. Rieder KA et al (2015) Wet press concrete slab manufacturing
2. IS 8112-2013 ordinary Portland cement 43 grade—specification
3. IS 456-2000 specifications for plain and reinforced concrete
4. The constructor. https://theconstructor.org/concrete/vacuum-concrete-techniques-equipments-

advantages/6867/. Last accessed 07 June 2019
5. Water cement ratio. http://www.buildingresearch.com.np/services/ct/ct8.php. Last accessed 18

June 2019
6. Effects of excess water in concrete mix. The Constructor. https://theconstructor.org/concrete/

excess-water-effect-concrete-mix/29135/. Last accessed 18 June 2019
7. Forest press hydraulics FPH—single mould press. http://www.forestpresshyd.com/FPH_HOM

EPAGE.html. Last accessed 07 June 2019
8. IS 516:1959—method of tests for strength of concrete

https://theconstructor.org/concrete/vacuum-concrete-techniques-equipments-advantages/6867/
http://www.buildingresearch.com.np/services/ct/ct8.php
https://theconstructor.org/concrete/excess-water-effect-concrete-mix/29135/
http://www.forestpresshyd.com/FPH_HOMEPAGE.html


Performance of High Density Concrete
with Mill Scale Waste

Vishnu Gavandi and K. G. Guptha

Abstract Concrete is being used on a very large scale throughout the world in an
indiscriminate way thereby calls for an environmental friendly solution to produce
sustainable concrete by judicious use of resources. Studies are carried out to find
alternatives for the natural aggregates which are being depleted. Steel industry during
its production is known to generate different types of solid waste, one of which is
mill scale waste. This waste was used to develop a concrete mix by completely
replacing natural aggregates. A high density mix was achieved with a density of
3.1 t/m3 (intended to be used in the production of ballasts for washing machines).
Early strength requirements of 35 MPa are met within 7 days of curing. This paper
emphasizes on the resistance of the mix to acid attack. The performance of concrete
was studied by immersing the cubes in sulphuric acid of 1 and 2% concentration.
Investigations carried out have showed that the loss of compressive strength was
minimum by the introduction of corrosion inhibiting admixture. Loss of mass was
also considerably low.

Keywords Acid attack · Ballast · High density concrete ·Mill scale waste

1 Introduction

It is a known fact that concrete is the second most consumed material only after
water [4]. Aggregates form the major constituents of concrete. Hence, this calls for
sustainable concrete by replacing the aggregates with wastes. Steel industry yields
millions of tons of waste during its production [9]. Mill scale waste (MSW) is one of
the wastes produced by it. During steel manufacturing, the specific production ofmill
scale can go up to 35–40 kg per ton [6]. Hence, it can be used in concrete, thereby
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avoiding depletion of natural aggregates. The waste sample used has a well-graded
particle distribution and hence serves as all in aggregates. This ensures that mill scale
waste completely replaces both fine and coarse aggregates.

The primary aim of this research is to incorporate this design mix in forming
high density concrete. Apart from the multiple uses of high density concrete, the
intended use of this mix will be to produce washing machine ballasts. Since mill
scale waste possesses a high specific gravity, it serves as an appropriate aggregate
choice to attain heavy weight concrete [8]. The main purpose of ballasts in washing
machine is to counteract the spinning forces acted on it during operation [7]. Ballasts
manufactured with high density ensure that it occupies lesser volume in the assembly
of the machine for a given weight.

The ballasts are designed to retain a density of 3.1 t/m3 and are required to gain
a minimum strength of 35 MPa at 7 days of curing. A number of trials were casted,
and a final mix was decided. Apart from the physical requirements, it is necessary
to ensure that the ballasts are durable too.

1.1 Tests on Resistance to Acid Attack

Ordinary Portland cement is an alkaline material with pH value of over 12 and hence
has a very little resistance to acid attacks [5]. When in contact with acid, its pH value
decreases, and when it decreases further, lower than 7, the components of cement
start to break, and this is known as acid attack. Sulphuric acid (H2SO4) is one such
acid with pH lower than 3 and is known to be quite harmful because of acid attack and
also due to sulphate attack [3]. Hence, sulphuric acid serves as a standard to measure
the durability of concrete. It reacts with calcium hydroxide present in concrete and
produces gypsum causing increase in volume [1]. It also leads to corrosion and
cracking, thereby reducing the mechanical strength of concrete. As mill scale waste
is constituted by high iron content, it is of prime importance that corrosion does not
affect it in damp conditions.

2 Materials and Methodology

2.1 Materials Used

Binders Cement serves as the primary binder, and ground granulated blast-furnace
slag (GGBS) is used to enhance the durability of the concrete. The amount ofGGBS is
limited to avoid noticeable changes in the density of hardened concrete. The specific
gravity of cement and GGBS was determined to be 3.14 and 2.85, respectively.

Water Clean potable water is used for all concreting works from mixing to curing.
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Fig. 1 Particle size distribution curve for mill scale waste

Mill Scale Waste A well-graded sample of MSW was used as a replacement for
aggregates. The specific gravity of the sample was 6.20, and dry loose bulk density
(DLBD) obtained was 2865 kg/m3. Particle size distribution curve for the sample is
as shown in Fig. 1.

Fibres Bajaj Fibretuff synthetic macro fibres were used in the design mix. These
help in preventing shrinkage cracks and add flexural strength and also give consider-
able resistance to vibration effects. It has an embossed pattern finish which enables
better bond with concrete and thereby increasing its performance. They also provide
protection against acidic and alkaline environments and protection against corrosion
[2]. It has a specific gravity of 0.90–0.92.

Chemical Admixtures Dynamon SP 508 is used as a super plasticizer for better
workability and early gain of strength. Mapei Mapefluid IF 328 is a blister reducing
admixture and improves the overall durability of the concrete. Most importantly, a
corrosion inhibiting chemical EPKO KP 200 is used to prevent corrosion due to acid
attack. Inclusion of this chemical reduced the loss in compressive strength and mass
of the test cubes under the action of sulphuric acid.

2.2 Methodology

After mixing all the ingredients, density corrections are made to ensure that the
hardened concrete has a fixed density of 3.1 t/m3. For density corrections, DLBD
vessel was used having a volume of 3 L. Thus, knowing the volume, mass of the
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Table 1 Mix proportions of various constituents of concrete

Material Cement GGBS MSW Water Fibretuff
fibres

Dynamon
SP 508

Mape fluid
IF 328

EPKO KP
200

Mass
(kg/m3)

1047 83.33 2141 333 1.88 10.44 4.22 4.22

mix is checked for any variations, and accordingly, changes are done in proportions
to either increase or to reduce the density to 3.1 t/m3. The mix proportions of the
materials are as shown in Table 1.

Cubes casted were demoulded after 24 h. Samples are immersed in sulphuric acid
having concentrations of 1 and 2% for acidic curing. Cubes are also kept in a standard
curing tank to compare the deterioration as control. Initially, cubes were casted
without the use of a corrosion inhibiting admixture. After observing its performance
in acidic environment, the admixture was added, and the results were compared to
check the effectiveness of the inhibitor. Cubes were tested for 1, 3 and 7 days for its
compressive strength and its mass in both standard and acidic environment and both
with and without EPKO KP 200 serving as the corrosion inhibitor.

3 Results and Discussions

For each type of curing, tests were carried out for compressive strength and mass of
the cubes. A density of 3.129 t/m3 is obtained with the design mix. The results of
compressive strength for different concentrations of exposure and for both, with and
without use of corrosion inhibitor, are tabulated in Table 2.

Table 2 Compression strength data for different conditions for design mix

Type of casting Days of curing Compressive strength achieved (MPa)

Concentration of sulphuric acid

0% 1% 2%

Without EPKO KP 200 1 7.69 7.69 7.69

3 33.96 33.42 33.03

7 39.50 37.93 36.72

With EPKO KP 200 1 9.88 9.88 9.88

3 38.42 38.11 37.78

7 43.50 42.50 41.25
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3.1 Performance in Acidic Environment Without EPKO KP
200

Although EPKOKP 200 does not contribute to the strength of concrete, it can be seen
that 7 day strength for this mix is slightly lesser than the one with the said admixture.
This is due to the fact thatmill scalewaste consists of high iron content up to 70%, and
without this admixture, corrosion takes place and affects the mechanical properties.
Even for normal curing, minor corrosion marks are visible on the surface. It can be
seen that a loss of strength of 1.59% and 3.58% has taken place for 3 days and 7 days,
respectively, for 1% concentration of H2SO4. Similarly, for 2% concentration, these
values are higher at 2.74 and 7.04%. The comparison for different concentrations of
acid exposure and the percentage loss of strength for each is as shown in Fig. 2. The
linear regression equations for strength loss are shown in Eqs. (1) and (2) for 1% and
2% concentrations, respectively, and regression values obtained are 0.99 for both.
Where x is the number of days of curing and y is the subsequent loss of strength in
percentage.

y = 0.653x − 0.5393 (1)

y = 0.653x - 0.5393 
R² = 0.9944 

y = 1.159x - 0.9908 
R² = 0.9961 
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Fig. 2 Comparison of strength obtained without the use of EPKO KP 200
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y = 1.159x − 0.9908 (2)

Loss of mass is an important attribute to be considered for the ballasts. As it is
expected that the variations in density be not too high, loss of mass due to acid attack
needs to be kept as low as possible. Without the corrosion inhibitor, mass loss is
noted to be 0.64% for 1% sulphuric acid curing and goes as high as 0.94% for 2%
concentration.

3.2 Performance in Acidic Environment with EPKO KP 200

With the introduction of EPKO KP 200 corrosion inhibitor, the reduction in strength
was lesser. The reduction in strength for 1% concentration was noted to be 0.81% and
2.29% for 3 days and 7 days, respectively. Furthermore, the loss of strength for 2%
concentration was observed to be 1.67 and 5.17%. This indicates that the resistance
to acid attack is improved by the introduction of corrosion inhibitor. Also visually,
the test cubes were affected less severely in this case. The comparison for different
concentrations of acid exposure and the percentage loss of strength for the trial with
EPKO KP 200 is as shown in Fig. 3. The linear regression equations for strength

y = 0.3817x - 0.3643 
R² = 0.9996 

y = 0.8642x - 0.8892 
R² = 0.9998 
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loss are shown in Eqs. (3) and (4) for 1% and 2% concentrations, respectively, and
regression values obtained are almost equal to 1.

y = 0.3817x − 0.3643 (3)

y = 0.8642x − 0.8892 (4)

Loss of mass is observed to be 0.45 and 0.54% for 1 and 2% concentrations. These
values are significantly less than those without the inhibitor. Although variations up
to 1% are allowable, lower loss of mass due to acid attack ensures room for minor
variations in density. The comparison of mass loss is as shown in Fig. 4.

4 Conclusions

From the experimentations, the following inferences are drawn.

1. High density concrete mix with mill scale waste as a complete replacement for
aggregates achieves a density of 3.129 t/m3 and gives 7 day strength of 43.5 MPa
meeting the requirements of the ballasts.

2. It is observed that the loss of compressive strength is significantly reduced with
the introduction of EPKO KP 200, a corrosion inhibiting admixture.

3. Loss of mass is also reduced due to the corrosion inhibitor.
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4. Apart from surface degradation, there is no presence of corrosive marks in the
cube despite high iron content of mill scale waste indicating no damage in the
interior surface due to lower penetration of sulphuric acid.

5. The losses in strength and mass are minimal, and hence, it is observed that the
mix possesses enough resistance to acid and sulphate attack.
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Performance Evaluation of Rubberized
Concrete with the Use of Steel Fibers

Dhiraj Agrawal, U. P. Waghe, and S. P. Raut

Abstract The worldwide use of concrete is second only to the water, as the demand
of concrete increases; the requirement of its constituents also increases. Most of the
developing countries like India are facing acute shortage of coarse and fine aggregates
as they are natural resources to be used in concrete. To fulfill the demand of these
materials, there is need to invent an alternative for coarse and fine aggregates but
while inventing the alternative, it should be kept in mind that the alternatives must
be from industrial or agricultural waste available at a very cheaper rate or available
for free. Due to the evolution in automobile industries, there is remarkable increase
in the production of waste tires which are made up of rubbers. The waste problem
associated with used tires is one of the major problems facing the world today as a
source of environmental pollution and health hazards. Currently, these waste tires
are being utilized for recycling for rubber goods, pyrolysis, and in road construction.
In the present study, sand is partially replaced from 0 to 20% by crumb rubber.
Concrete specimen with M-25 grade is checked and compared with control mix for
compressive strength, split tensile strength, flexural tensile strength and for acidic
action. After using crumb rubber, it is found that the strengths mentioned above are
achieved up to 10%. For further enhancement in the strengths, 0.2% steel fibers are
used.

Keywords Crumb rubber · Rubberized concrete compressive strength · Split
tensile strength · Flexural tensile strength · Acidic action test

1 Introduction

The natural resources like sand, gravel, and aggregate are depleting rapidly with
increase in construction activity. To fulfill the need of construction activity, we have
to findout newalternative that can fully or partially replace the constructionmaterials.
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A large number of waste materials are produced and discarded as a waste. River sand
is the universally accepted constituent of concrete as a fine aggregate, but almost the
every part of world is facing the acute shortage of sand as it is the natural resource.
Extraction of sand from river beds also affects the environment and the aquatic
life of that specific river. To avoid this, various governing authorities in India are
implementing different rules, regulations, and taxes on the collection of river sand
from the river bed.

At the same time, global municipal solid waste production is increasing day by
day with a rapid rate. India generates 0.1 million tonnes municipal solid waste per
day, which amounts to be almost 36.5 million tonnes for a year. Along with this
generation of discarded tires due to a significant increment in the vehicles causes
environmental threat. These discarded tires can be utilized as viable construction
material with partial replacement of aggregates in concrete.

Concrete is known as an excellent structural material and reflected as essen-
tial for the modern development and social humanity. The use of waste tires in
concrete has become technically achievable, and the concrete is being measured as
lightweight concrete. The probability of using crumb rubber derived from waste
tires in concrete to improves the strength as well as to avoid damage to the envi-
ronment [1]. Rubberized concrete reinforced with steel fibers is studied for load
deflection and proved that the merger of crumb rubber receives the elastic strength to
concrete; however, the supplementary gain in elasticity from the increased strength
due to the addition of steel fiber as a secondary component [2]. Use of crumb rubber
in concrete for structural columns is experimented by evaluating the use of fiber-
reinforced polymer confinement as a means of overcoming the material deficiencies
and indicated that the use of fiber-reinforced polymer to confine rubberized concrete
effectively increased ductility that arises from rubberized concrete; hence, it gives the
likely potential for structural column applications, particularly in seismic zones [3].
The use of waste tire in concrete had increased toughness, which is much greater than
unmodified concrete. Absorption of energy formodified concrete was higher than the
control sample. The fibers bridging over the cracks, the crack opening width can be
controlled [4]. The dynamic and loads were applied to plain and hybrid rubberized-
normal concrete beam, and the results demonstrated that the impact, inertial load,
and bending load of hybrid rubberized-normal concrete beam increased with the
increase in the percentage of sand replacement by recycled fine crumb rubber [5].
The fracture toughness and fracture energy can be increased up to certain rubber
content [6].

2 Experimental Procedure

In this study, initially the materials were tested for their physical and mechanical
properties in accordance with Indian Standards.
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2.1 Properties of Crumb Rubber

Crumb rubber is produced by grinding in the size of 2–4.75 mm. Crumb rubber is
checked for its specific gravity and it is found to be 0.626 with density 430 kg/m3.

2.2 Properties of Fine Aggregates

Sand used in this study as fine aggregate has particle size 75 µm–4.75 mm, with
fineness modulus as 3.76 and with a density of 1715.52 kg/m3. The water absorption
of sand is 1.2% and specific gravity as 2.65.

2.3 Properties of Coarse Aggregates

Coarse aggregates used have impact value as 34, hardness as 12, and specific gravity
as 2.78. All these properties are within the permissible limits.

2.4 Tests on Specimen

In this section, mix design is carried out using IS 10262-2009 for M-25 grade
concrete. Concrete specimen of size 15 * 15 * 15 cm was casted for determining
the compressive strength test cured for 28 and 56 days. Split tensile strength was
determined using cylinders of 150 mm diameter and 300 mm long. Flexural strength
was determined by preparing concrete beams of size 100 * 100 * 500 mm.

For acidic action, test cube of size 15 * 15 * 15 cm was casted and kept for curing
for 28 days in water; after drying it for 01 day, they were immersed in tank, which
contains sulfuric acid in an amount of 3% to the volume of water in the tank. They
were kept for 60 days. The procedure for acidic action test was referred from ASTM
C267.

Table 1 shows the variation of percentage replacement of sand by crumb rubber
and addition of steel fibers.
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Table 1 Table for abbreviations used

% of crumb rubber added Abbreviation used % of crumb rubber and
steel fiber added

Abbreviation used

0% rubber R0 0% rubber + 0.2% steel
fiber

R0 + 0.2S

5% rubber R5 5% rubber + 0.2% steel
fiber

R5 + 0.2S

10% rubber R10 10% rubber + 0.2%
steel fiber

R10 + 0.2S

15% rubber R15 15% rubber + 0.2%
steel fiber

R15 + 0.2S

20% rubber R20 20% rubber + 0.2%
steel fiber

R20 + 0.2S

R0 is the control concrete, i.e., without any replacement of sand by crumb rubber

3 Results and Discussion

3.1 Compressive Strength for Rubberized Concrete
with and Without Steel Fibers

From Table 2, the highest compressive strength is obtained at 10% rubber content.
The increase in strength was 12.36% as compared to control mix, wherein due to the
further increase in rubber content, compressive strength is decreased. In the same
manner, the compressive strength for 56 days is increased up to 10% rubber content
but the percentage increase in strength is found to be 13.95%.

From Table 3, the highest compressive strength is obtained at 10% rubber content.
The increase in strength was 13.18% as compared to control mix, which is higher
than the compressive strength obtained in the mix without the addition of steel fibers.
Similarly, the compressive strength for 56 days with the addition of 0.2% steel fibers
is increased by 13.95%.

Figures 1 and 2 represent the comparison between compressive strength with and
without steel fibers, and it is found that the strength is increased for each mix due to
the addition of steel fibers along with crumb rubber.

Table 2 Compressive
strength of cubes 28 and
56 days for rubberized
concrete without steel fibers

Days 28 days 56 days

Type of mix MPa MPa

R0 28.3 30.1

R5 30.7 33.2

R10 31.8 34.3

R15 29.3 31.5

R20 27.3 29.9
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Table 3 Compressive
strength of cubes 28 and
56 days for rubberized
concrete

Days 28 days 56 days

Type of mix MPa MPa

R0 + 0.2S 32.3 33.6

R5 + 0.2S 33.8 35.3

R10 + 0.2S 35.2 36.9

R15 + 0.2S 34.3 34.9

R20 + 0.2S 33.4 33.7

Fig. 1 Comparison of
compressive strength of
28 days for rubber and
rubber with 0.2% steel fiber

28.3 30.7 31.8 29.3 27.3

31.1 33.8 35.2 34.3 33.4

1 2 3 4 5

Compressive Strength (28 Days) (Mpa) 

RUBBER RUBBER + 0.2 FIBER

Fig. 2 Comparison of
compressive strength of
56 days for rubber and
rubber with 0.2% steel fiber

30.1 33.2 34.3 31.5 29.9

32.1 35.3 36.9 34.9 33.7

1 2 3 4 5

Compressive Strength (56 Days) (MPa)
RUBBER RUBBER + 0.2 FIBER

3.2 Flexural Tensile Strength for Rubberized Concrete
with and Without Steel Fibers

From Table 4, the highest flexural tensile strength is obtained at 10% rubber content.
The increase in strength was 48.48% as compared to control mix.

From Table 5, the highest flexural tensile strength is obtained at 10% rubber
content. The increase in strength was 52.63% as compared to control mix.

Figures 3 and 4 represent the comparison between flexural tensile strength with
and without steel fibers, and it is found that the strength is increased for each mix due
to the addition of steel fibers along with crumb rubber. Flexural strength is increased
up to 15% replacement of sand with crumb rubber.
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Table 4 Flexural tensile
strength of cubes 28 and
56 days for rubberized
concrete without steel fibers

Days 28 days 56 days

Type of mix MPa MPa

R0 3.3 4.5

R5 4.3 5.1

R10 4.9 5.8

R15 3.8 4.9

R20 3.2 3.9

Table 5 Flexural tensile
strength of cubes 28 and
56 days for rubberized
concrete with steel fibers

Days 28 days 56 days

Type of mix MPa MPa

R0 + 0.2S 3.8 4.9

R5 + 0.2S 4.2 5.6

R10 + 0.2S 5.8 6.3

R15 + 0.2S 4.9 5.2

R20 + 0.2S 4.2 4.8

Fig. 3 Comparison of
flexural tensile strength of
28 days for rubber and
rubber with 0.2% steel fiber
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Fig. 4 Comparison of
flexural tensile strength of
56 days for rubber and
rubber with 0.2% steel fiber
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3.3 Split Tensile Strength for Rubberized Concrete
with and Without Steel Fibers

From Table 6, highest split tensile strength is obtained at 10% rubber content. The
increase in strength was 33.33% as compared to control mix. There is no decrease
in split tensile strength up to 20% replacement.

From Table 7, highest split tensile strength is obtained at 10% rubber content. The
increase in strength was 40.90% as compared to control mix.

Figures 5 and 6 represent the comparison between split tensile strength with and
without steel fibers, and it is found that the strength is increased for each mix due to
the addition of steel fibers along with crumb rubber. Split tensile strength is increased
up to 15% replacement of sand with crumb rubber.

Table 6 Split tensile strength
of cubes 28 and 56 days for
rubberized concrete without
steel fibers

Days 28 days 56 days

Type of mix MPa MPa

R0 3.9 4.8

R5 4.9 5.4

R10 5.2 6.1

R15 4.7 5.7

R20 4.1 4.8

Table 7 Split tensile strength
of cubes 28 and 56 days for
rubberized concrete with steel
fibers

Days 28 days 56 days

Type of mix MPa MPa

R0 + 0.2S 5.1 5.9

R5 + 0.2S 5.8 6.2

R10 + 0.2S 6.2 7.2

R15 + 0.2S 4.8 6.1

R20 + 0.2S 4.1 5.3

Fig. 5 Comparison of split
tensile strength of 28 days
for rubber and rubber with
0.2% steel fiber
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Fig. 6 Comparison of split
tensile strength of 56 days
for rubber and rubber with
0.2% steel fiber
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Table 8 Split tensile strength
of cubes 28 and 56 days for
rubberized concrete without
steel fibers

Days 60 days

Type of mix MPa

R0 23.50

R5 25.10

R10 26.66

R15 22.40

R20 21.60

3.4 Compressive Strength for Rubberized Concrete
with and Without Steel Fibers After Acidic Action

From Table 8, it is seen that compressive strength for acidic action is constantly
decreasing even for the control mix. Rate of decrease is slow with percentage
replacement of rubber.

From Table 9, it is seen that compressive strength for acidic action is remained
constant with slight increase as compared to control mix up to 10% replacement.

Table 9 Split tensile strength
of cubes 28 and 56 days for
rubberized concrete with steel
fibers

Days 60 days

Type of mix MPa

R0 + 0.2S 27.12

R5 + 0.2S 28.90

R10 + 0.2S 29.33

R15 + 0.2S 28.10

R20 + 0.2S 27.13
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4 Conclusion

• It is recommended to use crumb rubber as a partial replacement of sand for up to
10%.

• As rubber content in concrete is increased, workability is decreased.
• Use of rubberized concrete can lead to reduction in carbon emission.
• The decrease in compressive strength of concrete due to weak bonding between

cement paste and crumb rubber.
• Rubberized concrete can be used for the construction of partition walls, kerbs on

bridges and highway, parking lots, boundary walls and architectural components.
• The split tensile strength of rubberized concrete is more compared to flexural

strength with the same ratio of replacement.
• After acid attack, more losses in weight and compressive strength were observed

in the control mix than rubberized concrete.
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of Self Compacting Concrete
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Abstract Self-compacting concrete is able to flow and consolidate under its own
weight and is deaerated almost completely while flowing in the formwork. It is
cohesive enough to fill the formwork of any size and shape without segregation or
bleeding. SCC is found useful for heavily-reinforced concrete members or in compli-
cated work forms. The objective of this work is to study the different test adopted
on self-compacting concrete-like slump flow test, U-tube, L box, J ring and compare
the same with conventional concrete. And also to compare the Compressive Strength
values of self-compacting and normal concrete specimens at different ages and to
study the effect of superplasticizer, VMA and fly ash on concrete. All SCC mixtures
exhibited greater values in compressive strength after being tested, compared to
normal concrete. The compressive strength of SCC is found to be higher than that of
normal concrete. Use of mineral and chemical admixtures, which usually improve
the bonding between aggregate and cement paste, thus increasing the strength of
concrete.
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1 Introduction

Concrete is that the second most generally consumed material within the globe
owing to its good looks, strength and sturdiness. The thought of Self Compacting
Concrete was projected in 1986 by academician Hajime Okamura in 1997, however,
academician Ozawa in 1989 at the University of Japan developed the prototype [1].
Durability of concrete structures can be improved by using SCC. Chemical makeup
of fly ash is silicon dioxide, alumina, and iron, based. Colour usually varies from
dim gray to yellow-tan for fly ash consumed for concrete. Besides, it has pozzolanic
characteristics. A pozzolana could be a siliceous or aluminosiliceous based material
that is finely divided type and within the existence of wetness, with chemically add
with the soluble calciumhydroxide. Thus, fly ash based concrete becomes toughened,
stronger and additionally sturdy compared to straight long-standing when matched
to conventional concrete mixtures made without using pozzolanic stuff.

The focus of this study is to point of how the concrete trade will increase its
conformity with the stress of green initiative.

• Increased consumption of supplementary cementious stuff
• Improved Concrete Hardened properties.

1.1 Chemistry Behind Consumption of Fly Ash
as a Supplementary Cementious Stuff

Reaction of Ordinary Portland cement in concrete after Fly ash addition is as below.
Ordinary Portland cement made up four major mineralogical phases characteris-

tically diagrammatic by C3S, C2S, C3A and C4AF. The hydration reaction of major
chemical compounds may be shown as [2]

2(3CaO.SiO2) + 6H2O → 3CaO. 2SiO2.3H2O + 3Ca(OH)2
2(2CaO.SiO2) + 4H2O → 3CaO. 2SiO2. 3H2O + Ca(OH)2

Fly ash reacts with calcium hydroxide in concrete,

CalciumHydroxide + Pozzolana + Water → C - S - H(gel)

So, undoubtedly from the equation, we will construe that the surplus Ca(OH)2
content made by hydration reaction of Cement is condensed by the utilization of
silica content of fly ash. Due to the configuration of extra hydrated calcium silicate
(C-S-H) binder, the strength of concrete will be increased.

• It produced reduced heat during hydration and that too at a low rate
• Densification of Microstructure in concrete due fineness of fly ash.
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Table 1 Compound
composition

Compound
composition

Cement Per cent
content [2]

Fly ash per cent
content

SiO2 + Al2O +
Fe2O3

– 89.91

CaO 60–67 –

SiO2 17–25 58.34

Al2O3 3–8 –

Fe2O3 0.5–6 –

MgO 0.1–4 0.5

K2O, Na2O 0.4–1.3 1.05

SO3 1.3–3 0.4

Table 2 Current position of
fly ash production and
consumption in India [3]

No. of thermal
power station in
India

Fly ash production
(MT)

Total consumption
(MT)

167 196.44 131.87

% Consumption 67.13

Enhanced impermeability of concrete mass will increases resistance against
weathering actions leads to improved durability. Table 1 shows the compound
properties of cement and fly ash.

1.2 Current Position of Fly Ash Production in India

See Table 2.

1.3 Concrete Mix Design by Using Supplementary
Cementious Material

Using IS 10262:2009 [4], Concrete is aimed for following grades.

Design provisions

Mix grade M25, M30 and M40

Grade of cement OPC 53

Degree of workability Good
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2 Experimental

2.1 Material Properties [5]

Fineness modulus of

Fine aggregate 2.900

Coarse aggregate 7.130

Specific gravity of

OPC 53 3.150

Fine aggregates 2.556

20 mm size coarse aggregates 2.920

10 mm size coarse aggregates 2.860

Combined coarse aggregate 2.890

Chemical admixture—superplasticizer 1.080

Fly ash 2.200

2.2 Design Mix Fraction

See Tables 3 and 4.

2.3 Testing of Workability of Concrete Mix as Per EFNARC:
2005 [6]

See Table 5.

2.4 Effect of Supplementary Cementious Material
on Strength as Per IS:516-1959 [7]

• Early Age (3 Days) compressive strength of all GM found less when match with
CM because pozzolonic reaction takes time.

• Strength gain with age is found more in GM at the age of 90 days; it is because
of the use of low water to cement ratio and consumption of Pozzolonic stuff fly
ash (Tables 6, 7 and 8).
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Table 4 Taxonomy of mix Taxonomy Designation

CM25, CM30 Conventional concrete mix without fly
ash of grade 25 and 30

GM25, GM30, GM40 SCC Mix with Fly ash of grade 25 and
30

M1 Cement + 20% Fly ash

M2 Cement + 40% Fly ash

M3 Cement + 50% Fly ash

M4 Cement + 60% Fly ash

3 Conclusion

1. Experimental investigation shows that SCC possessed uniformity and self-
compactability underneath its own mass, with none external tremor.

2. By using Fly ash and Superplasticizer the strength of SCC is enhanced
considerably when match with conventional concrete mix of different grades.

3. It is seen that Fly ash consumption usually results in encouraging outcomes
and is extremely suggested for all green SCC mixes. Fly ash that is finer than
cement inSCCwill increasefilling, spreading andmomentary quality of concrete.
Consumption of those squander materials with cement will facilitate to preserve
the precious resources.

4. pH of all concrete mix was observed to be more than 11, hence concrete will be
durable.

5. The elimination of compacting instruments noise improves the environment
protection close to erection sites wherever concrete is being poured.

6. In SCC, there’s is no probabilities of honeycomb, therefore it offers better surface
end.
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Table 6 Compressive strength result

Testing age Mix Average compressive strength (Mpa)

CM25a GM25a CM30a GM30a GM40

M1 M2 M3 M4

3 Days 12.93 11.94 16.6 15.55 29.95 25.8 22.08 19.76

7 Days 17.58 17.43 21.06 22.52 39.94 37.03 36.07 30.19

28 Days 29.2 30.80 31.98 35.47 50.04 49.18 47.55 42.04

90 Days 32.1 35.11 35.18 41.14 57.55 56.06 53.97 47.08

aData from Ref. [5]

Table 7 Split tensile and flexural strength result

Testing age Mix Average split tensile strength (Mpa)

CM25 GM25 CM30 GM30 GM40

M1 M2 M3 M4

3 Days 2.31 2.2 2.71 2.59 2.54 1.95 1.78 1.4

7 Days 2.50 2.41 2.85 2.90 3.4 2.61 2.44 2.06

28 Days 2.69 2.80 3.40 3.64 3.98 3.24 3.04 2.98

90 Days 2.80 3.01 3.62 3.89 4.62 3.71 3.45 3.35

Average Flexural Strength (MPa)

3 Days 1.06 1.06 1.06 1.06 3.8 2.9 2.37 2.01

7 Days 1.19 1.19 1.19 1.19 5.67 3.73 3.44 2.90

28 Days 1.35 1.35 1.35 1.35 6.08 5.1 4.98 4.5

90 Days 1.41 1.41 1.41 1.41 6.99 5.84 5.65 5.15

Table 8 pH test result

Testing age Mix pH test

CM25 GM25 CM30 GM30 GM40

M1 M2 M3 M4

365 days 13 13 14.5 15 15.2 16 16 16
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Investigate the Temperature Effects
on Curing of Reactive Powder Concrete
Containing Silica
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Abstract There is a burgeoning use of reactive powder concrete unsettled to the
outstanding mechanical properties and resilience. Reactive powder concrete struc-
tural elements can resist chemical paroxysm, impact loading from vehicles and
vessels, and sudden kinetic loading due to earthquakes. In addition, the lowermainte-
nance requirements result in significant economicdetriment.Moreover, in the compo-
sition of reactive powder concrete, a fractional substitution of cement by silica fume
(which is awaste by-product of silicon alloy) results in less cement consumption (and
hence less greenhouse gas emission). In this experimental investigation study, the
material performance of reactive powder concrete (RPC) with two different curing
techniques, normal water curing of 25 °C and accelerated steam curing at 60 °C,
and 60% relative humidity, was studied experimentally. This paper also remits the
investigation, application, and different preparation of silica fume in reactive powder
concrete at transformed temperature. The silica fumewas substitutedwith the cement
and the dosage which bequeathed the maximum strength was used for further addi-
tion of silica sand and steel fibers. Steam curing is effective process to achieve high
early strength, and in this narrative, the compressive strength at the age of 3, 7, and
28 days was determined for further compared with normal cured water. Also find
split tensile test to see the performance of concrete cylinder under tension. To reduce
the water content, super plasticizer may be used as an admixture. Thus, results are
interpreted for different combination to achievemaximum compressive stress as well
as tensile stress.
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1 Introduction

Reactive powder concrete (RPC), a bond-based complex material, is surely under-
stood for its ultra-high quality, strength, and low porosity expressed in [1]. The
upgraded mechanical and physical properties of RPC are gotten by improving the
pressing thickness of concrete blend with the exact degree of all blend particles,
and by utilizing exceedingly refined silica smoke to improve the microstructure
of hydrated bond glues through the pozzolanic response [2]. In a common RPC
blend proportioning, so as to upgrade the homogeneity and improve the thickness of
concrete granular blend, the coarse totals of customary concrete are completelywiped
out to such an extent that the measures of fine total, Portland bond, and silica smoke
should be significantly expanded. The silica fumes (SF) is found from ferrosilicon
combinations, and it very well may be either utilized in slurry or mixed structure. In
any structure, the calculable measure of solidarity can be acquired. The silica raged
concrete is the one which fewer occasions demonstrate the isolation and the issues
like dying. Silica smoke does not by and the large reason any decrease or increment in
setting time. Concretes relieved with quickened temperature have been found to have
a customary structure in contrast with ordinary restored concrete. The silica-seethed
concrete likewise results in a rich blend of the total bond proportion [3].

2 Experimental Investigation

The test examination in this arrangement was ordered into two sections. The initial
segment was the varieties of material properties of reactive powder concrete (RPC)
from two diverse relieving conditions, typical water restoring of 25 °C and quickened
steam restoring at 60 °C and 60% relative moistness, and the second part was the
assessment of different outcomes [4, 5].

2.1 Specimen Preparation

The mix proportion of the control mix (CM) with water-to-bond proportion of 0.4 is
given in Table 2. Ordinary Portland pozzolana cement type I complying with IS1489
(Part 1): 1991 (Reaffirmed 2005) was used [6, 7]. Natural quarry crushed gravel
(maximum size of 20 mm) and natural river sand (Specific gravity 2.74, fineness
modulus 2.6 zone II) were used as coarse and fine aggregate, respectively. The CM
was used to cast in a cube aswell as in beam having dimensions 150× 150× 150mm
and 150× 150× 700mm, respectively, as shown in Fig. 1. After 24 h demolding, the
specimens were cured for 3, 7, and 28 days. In order to reduce the heat of hydration in
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Fig. 1 Two types of mold cube and cylindrical shapes for control mix: a 150× 150 mm b ø150×
300 mm

cement and increase the capability of sulfate resistance, Portland pozzolana cement
can be used [8]. Table 1 shows physical, chemical, and perfunctory properties of
cement, silica fumes which can be used in an investigation [3, 4, 9–11].

To obtain good soundness of fresh RPC, proper order of mixing was done for all
ingredients [14]. First, the fine granular components of RPC in a dry state [15], i.e.,
lightly grind cement and silica fumes to break up agglomerates [16, 17], add all dry
powders and aggregate and start mixing for 2–5 min with low-speed gear to have
a homogeneous mixture. The water and superplasticizers were mixed gradually to
the dry granular mixture while it was still in a tray for another 3–5 min until the
cement paste had a proper homogeneity. Finally, the steel fibers were spread and add
(care should be taken that they should not mix with each other to form a complex
structure) into the cement paste and continuously mixed for another 2–7 min with
middle-speed gear to complete the mixing of fresh RPC [18, 19]. Stop mixing of
all ingredients and prepare a test mold, the total elapsed time is nearly 25–30 min.
Workability check is done in accordance with IS 1199:1959 (Reaffirmed 2004).

Square cube 150 × 150 mm form was utilized to cast the RPC examples for the
trial of compressive quality. Cylindrical-shaped RPC example of 150 × 300 mm in
a steel form was utilized to test the split rigidity. After these new RPC examples
were relieved in a laboratory under encompassing temperature for 24 h, they were
demolded. There were two sorts of restoring conditions utilized subsequently. The
first was that the RPC examples were relieved in a quickened restoring tank at a
temperature of 60 °C for 3, 7, and 28 days [20, 21]. The second RPC examples were
ceaselessly relieved in typical water until the day of testing.
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Table 1 Physical chemical and mechanical properties of cement, silica fumes

S. no. Oxide composition Chemical symbol Cement (C) Silica fume (SF)

Chemical composition (%)

1 Calcium oxide CaO 62.98 0.2

2 Silicon dioxide SiO2 20.24 93

3 Aluminum trioxide Al2O3 4.61 2

4 Ferric oxide Fe2O3 2.74 0.5

5 Potassium oxide K2O 0.27 1.0

6 Sodium oxide Na2O 0.13 0.4

7 Magnesium oxide MgO 2.39 1.6

8 Sulfate SO3 2.24 0.5

9 Loss of ignition L.O.I 3.29 2.6

10 Insoluble residue Ins. Res. 0.86 –

11 Lime saturation factor LSF 96.12 –

12 Free lime FL 1.3 –

13 Silica ratio SM 2.75 –

14 Chlorides Cl 1.68 –

Physical composition [11]

1 Fineness (by Residue on 45 µs) F 396(m2/kg) 7.5%

2 Specific gravity Sp. Gr. – 2.3

3 Specific surface Sp. Sur – 15 (m2/gm)

4 Bulk density γ – 650 (kg/m3)

Table 2 Composition of control mix or normal concrete (CM) [12, 13]

Mix Cement
(Kg/m3)

%
replacement
(silica fume)

Silica
fume
(Kg/m3)

Natural fine
aggregates
(Kg/m3)

Coarse
aggregates
(Kg/m3)

Super
plasticizer
(Kg/m3)

Water
(Kg/m3)

CM 394 0 0 731 1137 1.57 158

2.2 Investigational Variables for Performance Assessment

One type of lists to examine the presentation of RPC at ages of 3, 7, and 28 days were
directed: (1) Engineering properties including the compressive quality, part rigidity,
and flexural quality. Strategies of IS 516:1959, IS1199:1959, and IS456:200 models
were pursued to acquire the compressive qualities of RPC solid shape examples.
The third point-loading technique was utilized to test the flexural quality with a
progressive expanding pressure rate. The splitting tensile strength of RPC specimens
was obtained according to IS 5816:1999 (reaffirmed 2004) standard.
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3 Results and Discussion

3.1 Engineering Properties of RPC

The compressive strength of RPC has been carried out under two different conditions
which are given in Tables 3 and 4. The results in Table 3 indicates the results of
normal/conventional curing, whereas Table 4 indicates the steam curing results. It
was discovered that RPC example relieved with the steam at three years old days
compressive quality expanded by proportions 36–42%, 26–28% at seven years old
days and 12–14% increments at 28 years old days. From previous investigation and

Table 3 Composition of reactive powder concrete (RPC)

Mix Cement
(Kg/m3)

%
replacement
(SF)

Silica
fume
(Kg/m3)

Natural
fine
aggregates
(Kg/m3)

Coarse
aggregates
(Kg/m3)

Superplasticizer
(Kg/m3)

Water
(Kg/m3)

SF
(10%)

353.6 10 39.4 731 1137 1.41 141.44

SF
(12%)

346 12 47 731 1137 1.38 138.4

SF
(14%)

338 14 55 731 1137 1.35 135.2

SF
(16%)

330 16 63 731 1137 1.32 132

SF
(18%)

323 18 70 731 1137 1.29 129.2

SF
(20%)

315 20 78 731 1137 1.26 126

Table 4 Demonstration of % increase in compressive strength of steam curing with conventional
curing

Mix Increase in strength after
3 days (Mpa)

Increase in strength after
7 days (Mpa)

Increase in strength after
28 days (Mpa)

CM 41.86 32.09 9.95

SF(10%) 38.72 32.47 10.40

SF(12%) 40.60 30.29 10.72

SF(14%) 40.43 30.25 10.10

SF(16%) 42.61 29.85 8.62

SF(18%) 43.15 27.69 9.25

SF(20%) 45.09 28.31 8.61
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other literature, it was found the percentage of silica fume. In this investigation, 2%
silica fumes were added after 10% to achieve higher compressive strength. It is found
that 14% silica fumes give an optimum compressive strength [22–24].

It was discovered that RPC example relieved with the steam at three years old
days compressive quality expanded by proportions 36–42%, 26–28% at seven years
old days, and 12–14% increments at 28 years old days

3.2 Compressive Strength of Silica Concrete

The compressive strength test was carried as per IS 516:1959 on a concrete cube
of size 150 × 150 × 150 mm. For this purpose, compression testing machine was
used of capacity 2000 KN. The steam curing was done at 60 °C. In Table 4, 14%
silica fumes give optimum strength at 60 °C,and for each result, five molds have
been prepared. The pozzolanic response coming about because of the elements of
silica smolder, fly fiery debris, and impact heater slag in the RPC blend will be
initiated enthusiastically by the high temperature and dampness of restoring steam.
Such a pozzolanic response causes a denser microstructure of C-S-H bond hydrate
and results in a quicker improvement of solidarity gain. The quality advancement for
the RPC example relieved in the water under encompassing temperature is clearly
much slower. It is noticed that, not at all like the typical weight concrete examples
with the disappointment methods of either in squashed state or two isolated pieces,
these fizzled RPC examples are still kept together by the steel strands.

From graphs, it tends to be seen that SF (14%) gives the maximum amount of
strength in comparison with other mixes, so it is taken as an optimum dosage for
further mixes. In further replacement, silica sand is added to 14% silica fume, and
corresponding results are shown hereby (Figs. 2, 3, 4, 5, 6, and 7).

As the dosage of silica fume (14%) and silica sand (4%) gave the maximum
strength, steel fibers are added in this mix in different proportion.

Fig. 2 Demonstrates the
variety of compressive
quality with addition of silica
sand
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Fig. 3 Demonstrates the
variety of compressive
quality with expansion of
fibers in various extents

Fig. 4 Results of
temperature curing at
different temperatures

Fig. 5 Variation of split
tensile strength with addition
of silica fume

Reactive powder concrete gives optimum results containing silica fume (14%),
silica sand (4%), and steel fibers (1.5%) which were further used, and the variation
in temperature curing was done for different trial mixes.

In a variable curing, condition can be seen that up to certain temperature compres-
sive strength increases (80 °C), there is a ceaseless increment in compressive quality,
and further, there is ensuing lessening in compressive quality. It is further noticed
that the top surface of the cube has convex shape due to silica combination not tested
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Fig. 6 Variation of split
tensile strength with addition
of silica fume and silica sand

Fig. 7 Variation of split
tensile strength with addition
of steel fibers

chemically. Here, it is mentioned only for another significant research that what is
the behavior of silica under different temperature condition chemically.

3.3 Split Tensile Strength Results

Split tensile strength was performed as per IS 5816:1999 (reaffirmed 2004). This test
was done for all mixes those were done in compression test. The split tensile test
was done at 28 days, and a comparison was made between the steam-cured results
and conventional results.

Split tensile strength was executed according to IS 5816:1999 (reaffirmed 2004).
This test was accomplished for all blends those were done in a pressure test. The split
tensile test was done at 28 days, and correlation was made between the steam-cured
outcomes and traditional outcomes.
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4 Conclusion

The paper has investigated the optimal conditions for producing RPC using local
materials by examining the effects of material composition, curing, and heating
regimes.

A fuse of silica fume has expanded the water request radically or unfavorably
influenced the consistency of the blend.

The blend structure of concrete appeared in written works was hard to accom-
plish because of the deviations in constituent materials, particularly from various
geological status.

Major exploratory outcomes demonstrate that the compressive part tractable of
RPC with steam is restoring increment generously.

A high-quality concrete achieving compressive quality 40 MPa at 28 days and
high early quality advancement at the initial seven days of 29 MPa can be delivered
utilizing the blend proportioning technique as depicted previously.

Influence of steel fibres content on RPC’s mechanical properties increases
drastically in tensile strength.
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New Green Building Rating System
for Residential Buildings in Tropical
Countries

Taniya Thomas and Grace Mary Abraham

Abstract Green building is a sustainable system which promotes optimum use of
natural resources and eco-friendly construction practices. Despite the benefits asso-
ciatedwith green buildings, they are implemented only for 5%of the Indian construc-
tion industries. A number of researchers have investigated and found barriers which
are hindering GBTs and practices in construction. Green building rating tools act as
a yardstick to measure the greenness of buildings. Most of the GBRTs are country
specific and energy specific. Even though many green building rating systems have
been developed in past years by various countries, a system that is suitable for eval-
uating the residential buildings in the tropical countries has not been developed. So,
it is essential to develop a rating system that is best for the context in the tropical
countries. This paper reviews three prevailing GBRTSs across the world to study
their differences and properties. The comparative study was conducted through case
studies, and a new rating system was proposed.

Keywords Green building · Rating systems · Sustainability

1 Introduction

The population of the world is expected to increase from 7 to 9 billion by 2050.
Undoubtedly, the growth in population will be associated with higher demand for
water, energy, and other natural resources. The green building is a sustainable system
that utilizes optimum use of the natural resources throughout its life cycle. A green
building rating system is an evaluation tool that measures performance of a building
based on environment-related aspects throughout its life cycle. During the past two
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decades, a large number of green building rating systems (GBRSs) have been devel-
oped by the countries around the world in order to rate and certify green buildings
[1]. Some of them are designed for different types of projects and few for different
phases of projects. They play a vital role in popularizing and implementing green
building. Most of them are country specific or region specific and are designed to suit
the climatic conditions and exposure conditions of a particular area. So, they are less
effective when considered for other counties. The weather in India shows a dramatic
variation. It ranges from tropical in south to temperate in north. The conditions in
tropical areas are different, and a green building rating system to suit this region of
the country has not been developed yet. The comparative analysis of three prevailing
green building rating systems was conducted through case studies, and a new rating
system to suit context in tropical region of the country was developed. It is designed
in such a way that it suits other tropical countries too. Among the three rating systems
considered for comparison, first was the oldest international rating system which is
still accepted worldwide that is BREEAM, next is an energy-specific rating system
LEED and then the national rating tool for India, GRIHA. The results from survey
and experts opinion were combined in the process of green building rating system
development.

1.1 Sustainable Development and Green Building

“Sustainability improves environmental, economic, and social conditions for present
and future generations by enhancing quality of life and allows people to live in
a healthy environment” (Ortiz et al. 2011). If a construction is environmentally,
economically, and socially sustainable, only then it is considered as sustainable
(Chethana et al 2016). Sustainable development in building sector can be achieved
through adoption of green building. They help to increase building efficiency through
maximum utilization and recycling of resources and thus reducing the negative
impacts of construction industry on environment [2]. It is environmentally friendly,
helps to eliminate and reduce the negative impacts from construction practices and
material usage on environment (Peng et al. 2010).

2 Green Building Rating Tools

Green building rating tools are known as guidelines or standard that evaluates green
buildings performance throughout its life cycle (Vivian et al. 2017). Parameterswhich
are required to make a green building are included as main criteria of the rating tool
(Vivian et al. 2017). There are many assessment tools and green building rating
systems that are popular across the world (Gowri 2004). Buildings that are certified
by GB rating systems are expected to consume lesser energy, utilize resources in
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the best manner, provide better living environment, and contribute to overall repu-
tation of property (Dat et al. 2017). According to green building council (2015),
there are 71 green building council members and 600 green building rating systems
approximately (Vierra 2011). Among the existing GBRTs, Building Research Estab-
lishment’s Environmental Assessment Method (BREEAM) was developed first, and
it is the most widely used tool. Leadership in Energy and Environmental Design
(LEED) was developed in 1998, and it is a widely accepted tool by more than 160
countries. GB rating tools are developed for different types of building such as resi-
dential buildings, educational buildings, office buildings, and industrial buildings.
Some tools evaluate the building in design stage and some during the functional
stage.

3 Comparison of GBRTs

The earliest green building rating system was launched in1990s and then in 2000s
many more GBRTs were developed (Ming et al. 2018). Many versions of GBRTs
were created for the assessment of sustainability of different types of buildings at
different stages or phases of construction. GBRS are important in development of
green buildings because they help building owners and engineers in following many
aspects (Eisenstein et al. 2017). LEED, BREEAM, CASBEE are most frequently
used and accepted rating systems (Ming et al. 2018). Sometimes GBRTs are formed
for evaluating buildings in a particular location (country/region) only. If a rating tool
is country specific, then their attributes and criteria will be best for that particular
region and may not be the same for other regions. GRIHA is a national rating tool
for India; it is a country-specific tool. And hence for the study BREEAM, LEED and
GRIHA were chosen. Table 1 gives a comparison of the three rating tools based on
their origin.

World’s first sustainability rating system was BREEAM developed by UK in
1990. Then, in 1994, US Green Building Council released LEED [3]. LEED is the
most widely used green building rating system in the world. It operates through US
Green Building Council (USGBC) and takes triple bottom line approach. It not only
considers energy but also people, planet, and profit and has seven major categories. It
classifies buildings into certified, silver, gold, and platinum [4].GRIHA rates building
based on degree of its greenness. It is based on accepted energy and environmental
principles and is revised every three years. It includes 31 criteria categorized into
nine sections. It is a country-specific rating system. For the development of the green
building rating system specifically for tropical countries, a worldwide accepted inter-
national tool, a national tool, and an energy-specific tool are compared. The compar-
ative study was carried out through case studies. Three rating tools are assessing the
rate of sustainability of a building by considering various aspects. The weightage
provided for various criteria is different, and the categories are also different. The
weightage varies depending on the regional priority for country-specific systems
and building purpose for other systems. Country-specific tools mainly consider the
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Table 1 Comparison of GBRTs

Green building rating tools

BREEAM LEED GRIHA

Country UK USA India

Organization BRE USGBC Teri

Flexibility 77 Countries 160 Countries 1 Country

First version 1990 1998 2010

Latest version 2018 2018 2016

Rating approach Pre-weighted categories Additive credits Additive credits

Rating level 5 levels 4 levels 5 levels

Criteria Management
Health and well-being
Energy
Transport
Water
Materials
Waste
Land use and ecology
Pollution
Innovation

Sustainable sites
Water efficiency
Energy and atmosphere
Indoor environmental
quality
Innovation and design
process
Regional priority

Site planning
Construction
management
Energy
Occupant comfort and
well-being
Water
Sustainable building
materials
Solid waste management
Socioeconomic strategies
Performance monitoring

climatic conditions and other features of the area, for example, green star for buildings
in Australia, green mark for Singapore, etc. Criteria in each tool were grouped under
same classification, and weightage allocated in each rating tool in percentage was
calculated separately. Figure 1 gives a bar chart with criteria weightages of the three
rating tools. Criteria weights were allocated by respondents based on their experi-
ence. The average of the weightage for each criterion is considered, and a new rating
tool is developed. The main concern was to develop a tool that will suit the condi-
tions of tropical countries and their construction practices. Sustainable architecture
in tropical climate is still an unexplored field with many challenges.

In all the three systems, energy criteria score the highest followed by water in
GRIHA, health and well-being, and site selection in LEED, and it is also health
and well-being in BREEAM. So, the weightages for different categories vary for all
rating tools. To study these differences and properties of rating tools, case studies
on same buildings are conducted. Buildings were evaluated using all three tools and
scores compared. Results confirmed that the differences in weightages contribute
to changes in the rating level. Considering this as an issue, a new rating tool was
developed after collecting suggestions and opinions from experts and experienced
professionals in sustainable construction.
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Fig. 1 GBRT weightage comparison

4 Proposed Green Building Rating System

Category Sub-category Credits

Management (6) • Maintenance of facility
• Life cycle cost and service planning
• Green education for occupants

2
2
2

Energy (20) • Motion sensor/occupancy sensor in common area
• Energy-efficient fixtures
• CFC free appliances
• Utilization of renewable energy
• Energy metering/monitoring
• Solar water heating
• Use low energy material at interiors
• Energy-efficient cold storage
• Energy-efficient transport
• Measurement and verification

2
2
2
2
2
2
2
2
2
2

Transport (8) • Public transport accessibility
• Maximum car parking
• Proximity to amenities
• Design for differently abled
• Alternative transport

2
1
2
1
2

(continued)
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(continued)

Category Sub-category Credits

Land use/Site Selection (8) • Site selection
• Brownfield redevelopment
• Site development
• Protect landscape
• Soil conservation
• Design to include existing site features
• Reduce hard paving

1
1
1
1
1
2
1

Pollution (8) • Water pollution control
• Air pollution reduction
• • Reduction of night time pollution
• Reduction of noise pollution

2
2
2
2

Health and Well-being (12) • Occupant health
• No smoking in common area
• Minimize heat exposure
• Indoor comfort requirement
• Provision of low VOC paints/adhesives/sealants
• Maintain good IAQ

2
2
2
3
2
1

Water (12) • Rainwater harvesting
• Water sub metering
• Water-efficient fixtures
• Automatic water level control
• Wastewater treatment
• Reduced landscape water demand
• Water leak deflection

2
2
2
1
2
2
1

Waste Management (10) • E-waste management
• Waste segregation
• Organic waste management
• Storage and disposal of waste
• Construction waste management

2
2
2
2
2

Materials (10) • Utilization of waste material in building structure
• Use of low environment impact material
• Regionally available material
• Material efficiency
• Design for durability
• Low emitting material

2
1
2
2
2
1

Innovation (6) • Special credits for exceptional performance 6

5 Conclusion

Green building technologies (GBTs) are gaining an increasing interest in the
construction industry globally because it is the way of enhancing the sustainability
performance of buildings. Existing green building rating systems provide guidelines
that promote sustainability throughout the life cycle of a construction project. They
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clearly define the goals necessary tominimize the environmental impact of a building.
There are many GBRTs across the world, some of them are country-specific and few
are building type specific. For example, BREEAM gives the highest weighting to the
energy category, while LEED prioritizes the material and site. Reuse of the existing
building is a strategy to minimize adverse impacts. In GRIHA, highest score is for
energy-related aspects. And hence, we can conclude that different GBRTs focus on
different aspects even though they serve the same purpose. And their weightage
for same criteria also varies. So far, no rating systems have been developed to suit
context in tropical regions. Since the climatic conditions and exposures are different,
it is necessary to develop a separate system that specifically evaluates green build-
ings in the tropical region. For the development of a new a system, three of the
prevailing green building rating systems were studied and compared. The compara-
tive study was carried out through case studies, and the obtained results along with
expert’s opinion are combined to develop the new system. Criteria were chosen from
the oldest, and most widely accepted tool and average weightages are calculated. By
using this weightage, a new systemwith ten criteria is developed, and their subsection
weightages are distributed with reference to the literature study and survey results.

All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. For this type of study, formal consent is not required.
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Utilization of Industrial By-Products
in Geopolymer Prefabricated Blocks

Pallavi Sirohi, Abhishek Singh, and Chirag Varshney

Abstract This paper presents an experimental study on laboratory evaluation of
industrial by-products that is copper slag and fly ash as a construction material for
the production of prefabricated block used in construction. In order to determine the
feasibility and optimum quantities of these industrial by-products for the formation
of prefabricated blocks, concrete sample with different percentage of industrial by-
products has been prepared. Different concentrations of NaOH and KOH also have
been used in order to obtain the strength by inducing chemical reaction between the
ingredients. All the specimens were cured for seven days at elevated temperature
of 60 °C, and their unconfined compressive strength was determined. Test results
indicated that mix with 30% fly ash and 70% copper slag with 8 M solution of alkali
material is best suited for its commercial utilization and formation of prefabricated
blocks. The utilization of copper slag and fly ash mix in construction will not only
save the scarcity of conventional materials but also solve the problem related to its
disposal.

Keywords Geopolymer · Copper slag · Fly ash · Prefabricated blocks

1 Introduction

1.1 General

Today in the world, the task of protecting the environment is of utmost importance.
The exponential increase in the population and unsustainable utilization of natural
resources has led to the tremendous degradation of the environment. Urbanization
has further increased the demand from the construction industry, which results into
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use of construction materials. Production of Portland cement leads to huge emissions
of harmful gases such as CO2 which is a major source of greenhouse effect.

Research studies [3] conducted in the past have led to the emergence of fly ash-
based geopolymer as a promising new cement alternative as a construction material.
Geopolymer can be produced with the basic raw materials containing silica and
alumina-rich mineral composition. Several studies [5] have investigated the use of
alkali activators, containing sodium hydroxide and sodium silicate or a potassium
hydroxide and potassium silicate, in the geopolymer concrete. The results exhibit
the formation of an excellent geopolymer with rapid setting properties. It should
also be noted that the presence of calcium content in fly ash plays a significant by
providing a faster reactivity and thus yielding early hardening and higher strength of
geopolymer in shorter curing time.

In India, there is a great demand of infrastructures which can be erected within
a small time period, thus leading to great opportunities for prefabricated structural
elements. Also the growth in the industrial activities continue to produce a huge
quantities of wastes and by-products such as fly ash, various slags, waste plastic,
scrap tires, slate, and marble waste.

Using prefabricated blocks made from these industrial waste and by-products
instead of the conventional burned clay bricks will not only prevent the emission of
the harmful gasses but also gives sustainable solutions for the emerging demands. As
per the classification, the compressive strength of first class brick should be 10.5Mpa
or more.

1.2 Literature Review

Davidovits et al. [1] explained that how an alkaline liquid reacts with the silicon
(Si) and the aluminum (Al) in by-product materials like fly ash and rice husk ash to
produce binding material as it leads to the process of polymerization.

Raijiwala et al. [4] investigated different mix proportions of fly ash and alkali
activators, namely KOH and NaOH, and the samples were cured at elevated temper-
ature of 60 °C. The study concluded that the compressive strength of geopolymer
concrete (GPC) increases by 1.5 times as compared to conventional concrete.

Sanni et al. [3] examined the mechanical properties of the GPC with variation in
the alkaline solution. The alkaline solution used for their study was the combination
of sodium silicate and sodium hydroxide solution. For any grade of GPC, it was
seen that as the ratio/concentration of alkaline solution increases, the compressive
strength was also increased.

Deb et al. [2] investigated the effect of GGBFS with class F fly ash in presence of
varying ratio of sodium silicate to sodium hydroxide on the mechanical properties of
fresh and hardened state of geopolymer concrete. The study showed that workability
of GPC decreased with the increase of GGBFS content together with fly ash in the
binder when the other mixture variables remained the same.
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Table 1 Physical and
chemical composition of
copper slag

Parameters Test value

Physical properties

Grain size analysis Gravel—0%, sand—100%, silt +
clay—0%

Granular shape Angular and sharp

Specific gravity 3.61

Chemical properties

FeO 42–48

SiO2 26–30

Al2O3 1.0–3.0

CaO 1.0–2.0

MgO 0.8–1.5

Source Hindalco Industries Limited, Bharuch, Gujarat

2 Experimental Details

2.1 Materials

Copper slag. It is a by-product from copper extraction industries and is produced
during matte smelting and converting steps of pyro-metallurgical production of
copper. The chemical composition of the slag used in this experiment study was
taken from Hindalco Industries Limited, Bharuch, Gujarat, as given in Table 1.

Fly ash. Fly ash is most commonly used by-product in which high amount of Al
and Si compounds are present. For the experimental purpose, class F fly Ash was
procured from Ashtech Industries Pvt Ltd., Ghaziabad. Its physical and chemical
composition is mentioned in Table 2.

NaOH and KOH solutions. Alkali solution reacts with Si and Al compounds
present in copper slag and fly ash, and polymerization takes place. Polymerization
reaction is a substantially fast chemical reaction in the presence of alkaline condition
on Si–Al minerals, which further results in a three-dimensional polymeric chain and
ring-type structure which consists of Si–O–Al–O bond (hardening stage).

2.2 Experimental Setup

Step 1: Dry trial mixes were prepared of copper slag and fly ash at different propor-
tioning as given in Table 3, and then, alkaline solution (NaOH or KOH) was
added.
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Table 2 Physical and
chemical composition of fly
ash

Parameters Test value Permissible limit (as per IS
1727:1967)

Physical properties

Fineness 364 320 Min

Particle retained on
45 µ

23.5 34.0 Max

Chemical properties

SiO2 + Al2O3 +
Fe2O3% by mass

90.3 70.0 Min

Silica %by mass 42.1 35.0 Min

MgO %by mass 2.8 5.0 Max

Total chlorides %by
mass

0.017 0.05 Max

Source MCB Testing Labs, Ashtech Pvt Ltd

Table 3 Trial mixes along
with its composition

Specimen Copper slag (in %) Fly ash (in %)

C80F20a 80 20

C70F30 70 30

C60F40 60 40

C50F50 50 50

awhere C80F20 defines copper slag 80%, fly ash 20%

Step 2: Sixteen trial mixes were prepared for each alkaline solution, i.e., NaOH and
KOH at different molarity of 4, 6, 8, and 10 M. This quantity will depend
on OMC of the dry mix prepared.

Step 3: Six specimens were casted for each trial mixes having size 50 mm diameter
and 100 mm height and cured for seven days at elevated temperature of
60 °C.

Step 4: These specimens were tested at the age of one and seven days for
determining the unconfined compressive strength (UCS) at the point of
failure.

3 Result and Discussion

3.1 Unconfined Compressive Strength

The average failure stress values for NaOH and KOH activated copper slag and fly
ash mixes for one and seven days curing are presented in Tables 4 and 5.
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Table 4 Average UCS failure stresses in MPa for NaOH activated copper slag and fly ash mixes
for one and seven day curing

Specimen One day curing (in MPa) Seven day curing (in MPa)

4 M 6 M 8 M 10 M 4 M 6 M 8 M 10 M

C80F20 2.32 3.18 4.36 5.82 4.62 5.48 8.11 9.10

C70F30 3.18 4.43 5.74 7.99 5.34 6.34 10.68 12.54

C60F40 3.40 4.93 6.5 8.68 5.61 6.98 12.04 13.80

C50F50 3.48 5.21 6.8 8.81 5.80 7.24 12.22 14.08

Table 5 Average UCS failure stresses in MPa for KOH activated copper slag and fly ash mixes for
one and seven day curing

Specimen One day curing (in MPa) Seven day curing (in MPa)

4 M 6 M 8 M 10 M 4 M 6 M 8 M 10 M

C80F20 3.8 4.2 5.32 6.37 5.44 7.15 8.99 9.49

C70F30 4.46 5.42 6.71 8.56 6.11 8.43 11.45 12.66

C60F40 4.77 6.10 7.16 9.19 6.79 9.22 13.11 14.09

C50F50 4.88 6.28 7.40 9.51 7.02 9.7 13.76 14.55

The tests were conducted at the age of one and seven day, in order to determine its
early strength, which is a prime aspect of prefabricated construction. Mix C50F50
shows maximum gain in strength, whereas C80F20 shows the least

3.2 Discussion

Following are the graphs comparing the failure inUCS test values of NaOH andKOH
activated copper slag and fly ash mixes for varied concentration of alkali solution. It
can be seen from Tables 4 and 5 that on increasing the molarity of alkaline solution,
the compressive strength for the same proportioning also increases.

Figure 1 shows that the compressive strength keeps on increasing as the fly
ash percentage increases, but the rate of increase for one day strength becomes
insignificant after 40% fly ash proportioning.

Figure 2 shows that compressive strength for seven day curing is also insignificant
after 40% fly ash proportioning. The compressive strength increases with fly ash
content because more Al and Si compounds will be available for reaction and more
will be the formation of anhydrous alumino-silicate compounds that contributes in
strengthening action.

It is observed from Figs. 3 and 4 that samples with KOH as activator show same
trend, i.e., with NaOH as activator. Here also, the gain in strength after 40% fly ash
proportion is insignificant. However, samples treated with KOH solution show better
result for both one day and seven day compressive strength.
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Fig. 2 Graphical representation b/w UCS (MPa) and fly ash content at different molarity of NaOH
for seven day curing

Figure 5 shows that as molarity increase, the UCS value also increases. This
implies that at high alkali medium, polymerization reaction will be more effective,
and formation of amorphous alumina-silicate structure will be faster.

It also depicts that as molarity of alkaline solution increases, difference in strength
gained by KOH and NaOH reduces.
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4 Conclusion

Experimental work has been performed to check the technical feasibility, practica-
bility for use of prefabricated blocks for construction. To attain these results, various
tests have been performed on industrial by-products:
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1. The maximum value of UCS for NaOH activated fly ash–copper slag mix is
8.81 MPa and 14.08 MPa, and that for KOH is 9.51 MPa and 14.55 MPa for
one day and seven days curing period, respectively.

2. For better optimization of industrial by-products in the formation of precast
bricks, mix of 30% fly ash and 70% copper slag with 8 M alkaline solution
shows better results, that is, 12.54 Mpa at the age of seven day.

3. It is also suitable to use 8 M alkaline solution for conducting polymerization
and poly-condensation reaction to achieve hardening state. Although, it has been
observed that higher alkalinity will give better compressive strength.

4. The rate of increase of strength is insignificant after 40%fly ash proportionwhich
maybedue to the reason that fly ash contentmore than40% is not properly utilized
by the polymerization process.

5. This study compares the strength parameters of precast brick, made up of indus-
trial waste, with conventional brick. Moreover, the procedure involved in the
formation of precast brick is both economical and environment friendly.
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