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Preface

N.M.A.M. Institute of Technology, Nitte, Karnataka, India, organized the Interna-
tional Conference on Emerging Trends in Engineering (ICETE 2020) on 22 and 23
December 2020, which is the 10th international conference being organized since
2011. From the year 2019, in an effort to focus on the specific issues associated with
various engineering disciplines, the idea of a multi-conference platform has been
mooted.

ICETE 2020—a multi-conference platform—was a collection of several interna-
tional conferences with the themes specific to various engineering streams. Besides,
there was an opportunity for the students and research scholars of various branches
of engineering and technology, and industrial professionals to present and discuss
research papers.

Civil Engineering Trends and Challenges for Sustainability (CTCS 2020) was
organized by the Department of Civil Engineering, N.M.A.M. Institute of Tech-
nology, Nitte, under the umbrella of ICETE 2020. CTCS 2020 was a platform for
the exchange of knowledge from both individual and interdisciplinary researchers
pertaining to Civil Engineering Challenges and Sustainability. This international
conference aimed to bring together the researchers, scientists, engineers, scholars
and students in an international forum for the dissemination of original research
results in the domain areas of Civil Engineering.

This proceedings volume contains the full-length research papers, experience
reports and empirical study plans. All of these submissions went through a rigorous
peer-review process commensurate with their track. In all, 175 research papers were
submitted, with each of them being reviewed by a minimum of two experts. Upon
peer review, 90 papers were accepted for presentation in the conference. Presenta-
tions were reviewed and ranked by the track chairs and discussed with the industry
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and practice chairs in order to ensure suitable theme sessions were available. Subse-
quently, after quality and plagiarism checks, 68 papers were accepted (an acceptance
rate of 39%) for the publication in the Lecture Notes in Civil Engineering (Springer).

Surathkal, India
Surathkal, India
Nitte, India
Tumkur, India

Lakshman Nandagiri
M. C. Narasimhan
Shriram Marathe

S. V. Dinesh
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Stability Analysis of Embankments
on Soft Consolidating Layered
Foundation Soil

P. Radhika Bhandary, A. Krishnamoorthy, and Asha U. Rao

Abstract Embankments are being constructed for highways, railways and abut-
ments. Sometimes the foundation soil encountered is soft consolidating soil and can
cause settlements due to embankment construction. The method of combining the
method of finite elements and the genetic algorithm to evaluate the safety factor of the
embankment built on a soft consolidating layered soil is discussed in this paper. The
foundation soil has two layers with soil properties weaker than the embankment soil.
Two numerical examples are considered for the analysis. In the finite element system,
the soil is modeled using the Mohr–Coulomb nonlinear model and the least safety
factor is calculated at different time intervals after construction until the consolida-
tion process is completed using the genetic algorithm. The safety factor variant from
the study helps to know when the embankment is suitable and safe to use.

Keywords Factor of safety · Consolidation · Embankment · Soft soil

1 Introduction

The stability of embankment is defined by the critical slip surface and the corre-
sponding safety factor. The embankment can be evaluated using the two techniques,
namely the method of limiting equilibrium and the method of finite elements.
The finite element method has been used to analyze the embankment stability
to find realistic stresses when compared to simplified techniques. In this process,
non-homogeneous soil properties and nonlinear conditions of stress are easy to
implement.
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The embankment stability depends on the time needed for the complete dissi-
pation of pore pressure when built on soft soils. In the stability analysis of these
embankments, consolidation plays an important role. The critical slip surface and
the corresponding safety factor define the stability of the embankment. Compared to
simplified techniques, the finite element method is used to analyze the stabilization
of the embankment to find realistic stresses. The enforcement of non-homogeneous
soil properties and nonlinear conditions of stress is simple in this method. During
consolidation, the effective stresses change due to dissipation of pore pressure and
deformation. This process can be implemented in finite element method by coupling
the pore pressure and deformation in soil using the theory proposed by Zienkiewicz
[1]. The finite element method has been used to find embankments deformation and
behavior has been analyzed and compared to the fieldmeasurements [2–4]. As a large
number of possible sliding surfaces must be taken into account to determine the crit-
ical slip surface, the stability analysis of the embankment is an optimization problem.
Compared to the various optimization techniques for finding the globalminimum, the
genetic algorithm has been found to be more effective in defining the optimum solu-
tion for several complex problems [5]. Genetic algorithms can also deliver outcomes
more efficiently and can be used to evaluate geotechnical issues involving failures and
more decision variables [6]. In the proposed approach the embankment stability study
is carried out in terms of safety factor from the construction completion to the end of
consolidation. The realistic stresses from the finite element method are obtained for
different time intervals and the safety factor is determined by the genetic algorithm.
The soil behavior is modified to nonlinear, by adopting the elastic-perfectly plastic
satisfying Mohr–Coulomb yield criteria considering the associated flow rule. The
present study demonstrates the competence of the finite element to calculate realistic
stresses and the combination approach with genetic algorithm in order to find critical
slip surface when the foundation soil consolidates softly and has two layers.

2 Methodology

2.1 Steps in Analysis

There are mainly two steps in analysis:

(1) Using finite element procedure for stress determination considering nonlinear
soil behavior.

(2) Using the genetic algorithm to define the critical slip surface and the required
safety factor.

The discretization is done in order to find the stresses that are realistic using
four noded isoparametric plane strain elements with two translational degrees of
freedom at each node. The finite element method to obtain stresses at various time
intervals developedbyKrishnamoorthy andSanjay [7] is used in the proposedmethod
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with modifications in nonlinear model. The soil behavior, taking into account the
associated flow law, is modeled as the elastic-perfectly plastic satisfying Mohr–
Coulomb yield criteria. In the finite element process, the staged construction of
the embankment and the formulation of the time-dependent material behavior are
applied.

2.2 Finite Element Method for Stress Determination

The finite element approach is still the most commonly used and potentially the most
robust technique in geotechnical engineering. Nonlinear material behavior that can
be implemented to analyze the entire structure are the key advantages of using Finite
element analysis.

In this technique, even the staged embankment construction and the construc-
tion sequences can be easily modeled. In this method, the time-dependent material
behavior can also be implemented. Finite element method has been widely used for
analysis of consolidating soil for deformation and dissipation of pore pressure.

In the consolidating soil, the displacement u and excess pore pressure p have been
implemented in the finite elementmethod by relating them to the displacement vector
{u} and the pore pressure vector {p} at nodal points using shape functions which
defines the displacement and pore pressure distribution of the soil element [7]. Eq. 1
gives the relation between the pore pressure and displacement with the pore pressure
vector and displacement vector at each node.

p = [N f ]{p} and u = [Ns]{u} (1)

Ns is shape function that defines the displacement and Nf is shape function
defining the pore pressure distribution of the soil element.

The coupled consolidation equation suggested in matrix form by Zienkiewicz [1]
is given in Eq. 2, which is used to combine the displacement and pore pressure.
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where ks is the matrix of soil stiffness, H is fluid conductivity matrix, f is the load
vector for externally applied load and the coupling matrix is L.

The incremental form is given in Eq. 3 to apply the incremental loads so that the
staged construction is incorporated in finite element method.
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where �u is the changes in displacement and �p is excess pore pressure which
changes for load increment of �f .

Using the elastic-perfectly plastic Mohr–Coulomb model, the nonlinear soil
behavior is modeled. To model the behavior of the soil, this model requires only two
basic parameters, namely cohesion and the angle of internal friction. The stresses
are achieved from the completion of the construction of the embankment to the end
of the foundation soil consolidation over different time intervals.

2.3 Genetic Algorithm

In order to find the safety factor of the slip surfaces created by the genetic algorithm,
the stresses obtained from thefinite elementmethod are used. JohnHollanddeveloped
Genetic Algorithms in 1975 to study self adaptivity in natural system processes. The
genetic algorithm imitates the principles of biological evolution in order to solve
optimization problems. Search algorithms are genetic algorithms that emphasizes on
mechanisms of natural selection process and natural genetics [5]. Genetic algorithms
are perfect for solving complex problems with optimization and are thus suitable for
applications requiring techniques for adaptive problem-solving.

A chromosome is known as a solution generated by a genetic algorithm, whereas
a population is known as a chromosome array. A chromosome is composed of genes
and, depending on the problem, the value of the chromosomemay be either symbols,
numerical, binary or characters. To evaluate the suitability of solving the problem
generated by genetic algorithms, these chromosomes will be subjected to a process
called fitness function. By a mechanism called crossover, some population chro-
mosomes can match, thereby producing new chromosomes which are known as
offspring. Their gene composition is the combination of their parent’s genes. Some
of the chromosomes can even undergo mutations in their genes within a generation.
The value of the crossover rate and mutation rate governs the number of chromo-
somes undergoing crossover and mutation. Chromosomes in the population to be
preserved for the next generation will be chosen on the basis of Darwinian theory
of evolution, and in the next generation, the chromosome with a higher fitness value
will be more likely to be selected again. The chromosome value should converge to
a certain value after many generations, which is the best solution to the problem.

The problem of slope stability is formulated as a constrained minimization
problem to evaluate the critical slip surface and its lowest safety factor. The crit-
ical slip surface profile is created as part of the minimization process and is not
predefined. The present study uses a computer program implementing genetic algo-
rithms for optimization developed by Deb [8]. The objective function is coded in this
program to locate the critical slip surface for the present analysis. The parameters of
the genetic algorithm taken for the analysis are: population size 12–20, generation
number 2000, 0.4–0.9 crossover rate, and 0.001–0.01mutation rate. The safety factor
is the objective function that needs to be decreased in the stability analysis of the
embankment, and the slip surface shape represents the design variables.
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2.4 Factor of Safety

The stresses obtained from the finite element method and the slip surface produced
by the genetic algorithm are used for the determination of the safety factor. The
safety factor is the ratio of the shear strength to the shear stresses developed along the
considered slip surface. For each of the slip surfaces generated by genetic algorithms,
the factor of safety is determined. The slip surface created is divided into ‘n’ number
of segments with increasing length�L to determine safety factor. Then the aggregate
safety factor is determined using the following equation.

Safety factor = �τ f �Li

�τi�Li

where τ i—shear stress that ismobilized and τ f—shear strength ofmaterial.�Li—ith
segment length.

3 Numerical Examples

When the embankment is constructed on consolidating soil, the effective stresses
change with the time. The excess pore pressure dissipates and the soil deforms thus
causing a change in the slope geometry. In the present analysis, for two numerical
cases, the minimum safety factor for the embankment on consolidating soil is found
for different time periods fromcompletion of construction to the end of consolidation.
For various time periods, the safety factor is determined from 10 to 6200 days. The
numerical examples considered are embankments constructed on foundation soil
with two layers.

3.1 Example 1

The embankment details of example 1 is shown in Fig. 1. The embankment is
constructed on two-layered foundation soil of thickness 4.5 m each. The founda-
tion soil below the embankment in layer 1 is softer than the soil in layer 2 and the
embankment soil. The soil in layer 2 is stiffer than the soil in layer 1. The soil is stiffer
as the depth increases. Poisson’s ratio and modulus of elasticity of layer 1 consid-
ered are 0.2 and 5000 kPa respectively and that of embankment are taken as 0.3 and
30,000 kPa respectively. However, Poisson’s ratio and modulus of elasticity of layer
2 considered are 0.3 and 10,000 kPa respectively. The construction of embankment
is completed in 10 days. The stability analysis is carried out and, as shown in Fig. 1,
the critical slip surface for the slope is calculated using the proposed method. The
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Fig. 1 Numerical example 1 details and critical slip surface for end of construction and end of
consolidation

Fig. 2 Variation of factor of safety for example 1 from end of construction to end of consolidation

safety factor is 1.17 for the embankment at the end of construction and 1.89 for the
end of consolidation.

The stability of the embankment with time is observed to be increased and the
factor of safety variation with respect to the days is as shown in Fig. 2. The safety
factor rises up to 100 days at a faster pace and then confirms at around 3810 days to
1.89. After this time interval, the variation in safety factor is insignificant. The varia-
tion of safety factor with time provides information about the time when deformation
due to consolidation process is negligible.

3.2 Example 2

The numerical example is shown in Fig. 3. The embankment is constructed on two-
layered foundation soil. The foundation soil below the embankment that is layer 1
is softer than the soil in embankment. The soil in layer 2 is softer than the soil in
layer 1. Poisson’s ratio and the modulus of elasticity of layer 1 considered are 0.3 and
3000kPa respectively and that of embankment are taken as 0.3 and10,000kPa respec-
tively. However, Poisson’s ratio and the modulus of elasticity of layer 2 considered
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Fig. 3 Example 2 details along with critical slip surface for end of construction and end of
consolidation

are 0.35 and 2000 kPa respectively. The construction of embankment is completed
in 10 days. Using the proposed approach, the critical slip surface for the slope is
calculated and is as shown in Fig. 3.

The critical slip surface passes at the bottommost of layer 1 of foundation. The
factor of safety for the slope at the end of construction is obtained as 1.19 and end of
consolidation is obtained as 2.14. The embankment stability is improved over time
and the safety factor varies with respect to the days are as shown in Fig. 4. The factor
of safety increases at faster pace up to 400 days and then confirms to 2.14 at around
4710 days.

When the foundation soil progresses toward the end of consolidation, the safety
factor of the embankment tends to be constant.

Fig. 4 Variation of factor of safety for example 2 from end of construction to end of consolidation
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4 Conclusion

To perform the stability analysis of the embankment built on soft consolidating soil,
a method that combines finite element and genetic algorithm is developed. The soil is
modeled as nonlinear and the consolidation analysis is implemented in finite element
method. The method is appropriate and provides safety factor from completion of
construction till the consolidation process ends for different time intervals. The study
shows that themethod is applicable to derive the time for completion of consolidation
and also to check if the embankment is safe during all stages starting from completion
of construction till completion of consolidation.
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Curvature Ductility of Reinforced
Masonry Walls and Reinforced Concrete
Walls

Jacob Alex Kollerathu

Abstract Research conducted in this work proposes an equation to evaluate and
compares the curvature ductility of reinforcedmasonry (RM) and reinforced concrete
(RC) walls. The curvature ductilities are measured at varying levels of axial stresses
for walls for aspect ratio (l/h) of 0.5, 1.0 and 1.5. The percentage of reinforcement
is increased from 0.25% (minimum reinforcement for RC walls as per IS-13920)
to 1.00%. The curvature ductilities are evaluated by plotting flexural strength (M)
versus curvature (f) for the walls. The stress–strain curves of masonry, concrete and
reinforcing steel are all adopted from existing literature. The compressive strength
of masonry and concrete has been chosen as 10 MPa and 25 MPa, respectively.
The yield strength of the steel is fixed as 415 MPa. The height and thickness of
the wall are 3000 and 230 mm, respectively, and the length of the wall is varied to
obtain different aspect ratios. Results obtained from this paper imply due to increase
curvature ductility, RM walls provide a better alternative for the construction of
structural walls compared to RC walls in regions of significant seismicity.

Keywords Reinforced masonry walls · Reinforced concrete walls · Curvature
ductility

1 Introduction

Most household buildings in rural India comprise of masonry walls as the load
bearing elements with no reinforcement/structural detailing to enhance their seismic
performance. Such structures are termed as unreinforcedmasonry (URM) structures,
and their poor seismic performance has led to it being banned. In an earthquake,
depending on their aspect ratios and axial loads levels masonry walls may form
any of the following in-plane mechanisms: they develop diagonal cracks along their
length, may slide off a plane of weakness and undergo alternating flexural cracking
and crushing leading to crushing of masonry.
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Fig. 1 Detailing of longitudinal steel in reinforced walls

A variant of masonry construction that introduces vertical and horizontal tensile
resistant elements in-order to enhance its flexural and shear capacity [1] is termed
as reinforced masonry (RM) structures. Bricks used in RM walls should have a
compressive strength greater than 10 MPa, a minimum density of 19 kN/m3 and
needs to have low absorption rate of moisture [1]. RM structural walls constitute
part of the main-load resisting system in structures, located in regions of moderate
to high seismicity. Compared to URM walls, RM walls are stronger and efficiently
resist earthquake shaking through nonlinear and inelastic actions and energy dissi-
pation. Proper design and detailing of vertical and horizontal reinforcements help in
achieving the required strength, ductility and energy dissipation. Figure 1 indicates
that the two ways of detailing the vertical reinforcement in reinforced walls are [2]:

(a) Equal distribution of reinforcement along the wall length and
(b) Reinforcement at the two extreme ends of the wall.

Even though the in-plane flexural capacity of walls with the two distributions
of steel are not too different, the former often results in marginally greater shear
strength and improved shear behaviour in terms of better displacement and ductility,
as it resists the propagation of diagonal shear cracks and horizontal shear sliding
in the wall. The flexural strength (M) and curvature ductility (μ) of reinforced wall
sections can be calculated from their axial load (P)-moment interaction (M) curves
and nonlinear moment–curvature (M-�) curves. The M-� response curve devel-
oped should represent the effective (cracked) flexural rigidity, flexural strength and
curvature ductility of the section.

In the ensuing sections, the curvature ductilities of reinforced concrete walls and
reinforced masonry walls compared for walls with different aspect ratios and subject
to various levels of axial loads. Even thoughRCwalls arewidely adopted to construct
structural members, the lower self-weight of masonry compared to concrete will
prove beneficial by providing higher ductilities. Results obtained from this papermay
initiate further research in this domain that will see the use of reinforced masonry for
structural. The curvature ductilities are measured at varying levels of axial stresses
for walls for aspect ratio (l/h) of 0.5, 1.0 and 1.5. The percentage of reinforcement is
increased from 0.25% (minimum reinforcement for RC walls as per [3]) to 1.00%.
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2 Material Constitutive Laws Used

Due to its more heterogeneous nature, compared to the numerical modelling of
reinforced concrete, the numerical modelling of reinforced masonry is complex and
challenging. RC structural walls are typically modelled as midpier frame elements
[4, 5], wherein nonlinear regions are defined using idealised bi-linear or tri-linear
M-ϕ curves.

Masonry is a material characterised by anisotropic nature and heterogeneity, and
modelling it is a challenge. Whilst one method of modelling masonry involves,
explicitly modelling the brick unit, the mortar and the brick mortar interface, the
other extremity involves modelling masonry as a homogenised material. The former
modelling approach is called the micro-modelling approach, and the latter is termed
as macro-modelling. The nonlinearity in the micro-modelling and macro-modelling
approaches is defined at the material level in terms of constitutive relations in
compression, tension and shear of the constitutive materials such as units, mortar,
vertical and horizontal reinforcement and grout which makes the modelling of RM
walls challenging [6].

Micro-modelling approach, in which all the components and their interaction are
modelled separately, is useful for more detailed analysis and understanding of all
possible behavioural and failure modes [7–10]. In this method, all the constituent
elements of masonry, i.e. unit, mortar and unit-to-mortar interface and reinforce-
ment layers (fibre mesh, mortar, fibre-to-mortar interface) are modelled separately.
Several material parameters and suitable bond-slip constitutive relationships for the
interfaces are necessary for a reliable simulation. This approach is time consuming
(even for small scale models) and requires a fine FE mesh size to resolve the mesh
dependency of the interface elements, and the analysis is computationally demanding
and expensive. On the other hand, more simplified modelling approaches include
idealising masonry to behave as a homogenous material with its behaviour being
an average representation of the unit, mortar and unit-mortar interfaces. In this
approach, also called macro-modelling approach, the reinforcements are modelled
as continuum elements, and nonlinearities are homogenised over the elements [11].
Nonlinear regions in the elements are defined based on critical states of damage such
as cracking of masonry, yielding of reinforcement bars in tension and compression
failure of masonry. Existing research such as [12] indicates that for masonry struc-
tures with seismic resistant features, one could adopt the macro-modelling approach
to satisfactorily model and analyse masonry structures.

Based on experimental observations [13], the stress–strain behaviour of masonry
follows a parabolic variation with its strength (σ ′

m) drooping beyond a level of
strain. Strain limit of 0.0035 corresponding to f ′

m used is from literature [13], for
masonry elements having bricks, less deformable than the mortar. The equation for
the compressive behaviour of masonry is given by:

σm = σ
′
m

(
2

(
ε

εmu

)
−

(
ε

εmu

)2
)

(1)
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As beyond the value of εmu, the value of stress and subsequently moment capacity
decreases, the stress–strain relation only up to peak stress in considered.

The characteristic stress–strain curve of concrete defined under flexural compres-
sive normal strain is parabolic up to a strain of 0.002 with maximum compressive
stress 0.67σ ck , and constant thereafter up to a strain of 0.0035 and is given below.

σc =
⎛
⎜⎝

⎧⎪⎨
⎪⎩

0.67σck

((
ε

εcu

)
− 0.33

(
ε

εcu

)2
)}

0.67σck, 0.002 < ε < 0.0035

, 0 < ε < 0.002

⎞
⎟⎠

The characteristic steels bars curve of reinforcing bars under flexural normal strain
(both tensile and compressive) has three parts: It is linear up to 80% of its yield stress
f y with an elastic modulus of 200 GPa, nonlinear part up to f y at a non-proportional
elongation equal to 0.002 of gauge length, and the third straight part at constant stress
of f y.

3 Flexural Strength and Curvature Ductlity of Sections

Flexural strength and curvature ductility of reinforced wall sections can be deter-
mined from their nonlinear moment–curvature (M-ϕ) curves. Typically, curvature
ϕ of a section is defined as the ratio of the strain at the highly compressed edge to
the depth of neutral axis, whilst the ratio between ultimate curvature (ϕu) to yield
curvature (ϕy) is termed as curvature ductility of the section. Curvature ductility is
the general measure of ductile response of a structural element, and it significantly
depends on the ultimate compressive strain capacity and compressive strength of
masonry, yield strength of reinforcement bars, percentage of tension and compression
reinforcements, and level of axial load acting on the element.

The axial load and the flexural capacity of RM and RC walls can be estimated
by considering the condition of equilibrium of forces, displacement/strain compati-
bility conditions and constitutive (stress–strain) relations of the respective materials,
given in equations below in (3) and (4) for masonry and (5) and (6) for concrete,
respectively.

Force-equilibrium equations in masonry walls

�(σsci − σm)Asci + σct xu − �σstiAsti = P (3)

Compatibility conditions of masonry walls

εm

xu
= εsti

L ′ − xu
(4)

Force-equilibrium equations in concrete walls
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�(σsci − σm)Asci + σct xu − �σstiAsti = P (5)

Compatibility conditions of concrete walls

εm

xu
= εsti

L ′ − xu
(6)

where
P: Axial load demand on walls.
σ sci: Stress in reinforcing bars under compression.
σ c: Compressive stress of concrete.
σm: Compressive stress of masonry.
σ sti: Stress in reinforcing bars under tension.
Asci: Area of reinforcing bars in compression.
t: thickness of the wall.
L′: Effective length of the wall (Total length minus cover).
εsti: Tensile strain in the extreme layer of reinforcement.
xu: depth of neutral axis.
The curvature ϕ for any given distribution of strain satisfying equilibrium Eq. (5)

of a reinforcedmasonry and reinforced concretewall section (representation inFig. 2)
can be written as in Eqs. (7) and (8):

ϕ = εm

xu
= εst

L − xu
(7)

L

t

εts4 > εy

xu

εts3 = εy

ε c1 = ε m
εcs1

εcs2

σscs

Τ

e

P

M
σc

Neutral Axis
Centroidal Axis

L’

Fig. 2 Typical stress and strain distribution for reinforced wall sections with salient stress, strain
distributions and geometric features
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ϕ = εm

xu
= εst

L − xu
(8)

Finally, the moment of the section can be determined by considering the moment
of tensile and compressive forces about the neutral axis.

4 Idealised Moment–Curvature Relations

Idealised multi-linear M-ϕ curve of reinforced masonry and concrete wall sections
are developed using the following points that correspond to limit states of strain in
masonry, concrete or reinforcing steel such as:

• Tensile cracking of masonry/concrete
• Yielding of steel
• Compressive crushing of masonry/concrete.

Additionally, there are two regions in an axial load-flexural strength (P-M) inter-
action of reinforced wall sections, i.e. compression failure region, above balanced
failure point, at which, masonry/concrete and steel reach corresponding limiting
ultimate compressive and tensile strains simultaneously), and tensile failure region,
below balanced failure point. The limit states of cracking and yielding of tension
steel are not mobilised at all levels of axial load, especially above 40 percent of
axial load capacity. Hence, simple analytical methods are proposed using the afore-
mentioned limit states to develop idealised multi-linear M-ϕ curves of reinforced
masonry and concrete wall sections subjected of (a) Increasing compressive axial
loads of to represent walls in lower stories and (b) Zero axial load (representative of
walls in the higher stories).

4.1 Reinforced Wall Sections Subject to Increasing Axial
Compressive Load

In the ensuing section, closed form solutions are developed to determine the curvature
ductilities of RC and RMwalls of aspect ratios (l/h) 0.5, 1.0 and 1.5 for varying axial
loads and differing percentages of reinforcements. The axial load ratios are described
in terms of the ultimate load carrying capacity of the wall (Pu), and the moment–
curvature ductility at axial load ratios of 0.4Pu, 0.2Pu, 0.1Pu and 0.05Pu is examined.
Depending on the aspect ratio of the wall and the percentage of reinforcement in the
wall, each of the aforementioned axial load levels may be greater than the axial load
at balance point (P > Pbal.), may be equal to axial load at balance point (P = Pbal.)
or may be lesser than axial load at balance point (P < Pbal.). At very high axial load
levels, 0.6–0.8 Pu the only limit state that is activated is crushing of either concrete
or masonry. At moderate axial load levels, such as 0.3–0.5 Pu, tensile cracking of the
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section is also observed. However, none of the reinforcing bars starts to yield. As a
result of this at the aforementioned values of axial loads, low levels of ductility (< 2)
are observed. At axial loads lesser than the Pbal., the limits states that are activated
include tensile cracking of the section, yielding of extreme layer and in some cases
subsequent layers of reinforcements and compressive crushing of the section. In such
cases, the sections exhibit larger ductilities.

The following sections describe as to how can one can arrive at closed form
solutions to determine the curvature ductilities of reinforced masonry and concrete
walls at axial loads greater than, equal to and lower than the balance axial load and
subject to zero axial load. The curvature ductilities of the RM and RC walls are also
compared.

4.2 Axial Load P Greater Than Pbal

At an axial load greater than Pbal, the limits states of strain activated in the walls
are crushing of masonry/concrete and in some cases tensile cracking. Hence, three
points are required to obtain the idealisedM-Φ curve that correspond to limit states
in masonry in cracking (point 1) and crushing (point 3). If the limit state due to
cracking is not activated, then the first point is identified at a small strain increment
�ε of 0.00005 and 0.0001 for masonry and concrete, respectively, at the highly
compressed edge.The idealisedbi-linear curveobtained fromEq. 9a–c is compared to
the nonlinear response ofwall and existing bi-linear idealisation based on equivalence
of area under curve (see Fig. 3). From the figure, it is observed that the proposed
model captures the initial stiffness, flexural strength, ultimate displacement and the
curvature of the sections.

Fig. 3 Moment curvature
interaction of a wall section
with P > Pbal
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�2 = M3

M1
�1 (9a)

M2 = M3 (9b)

And curvature ductility is

μφ = φ3

φ2
(9c)

4.3 Axial Load P Lesser Than Pbal

The origin of the idealised curve of reinforced wall section corresponds when there
is uniform strain variation across depth of the section. Point 1 corresponds to the
strain at which masonry/concrete cracks. Since masonry and concrete are materials
with negligible tensile strength, a small increment has to be provided at the extreme
compressed fibre to determine to cause a strain gradient along the length of the wall.
Strain at the opposite edge is then estimated using principle of mechanics. Point 2
and point 3 correspond to yielding of extreme layer of reinforcing steel compression
failure limit state of masonry/concrete; whilst point 4 represents yield point of the
M-ϕ curve, the coordinates of which are determined as per Eq. (10a–c):

φ4 =
[

M3φ2 − M2φ3

φ1(M3 − M2) − M1(�3 − φ2)

]
φ1 (10a)

M4 = M1
φ4

φ1
(10b)

The curvature ductility is obtained as:

μϕ = ϕ3

ϕ4
(10c)

Figure 4 represents a comparison of the idealised moment curvature relations
with the nonlinear response. It is observed from the comparison of different methods
represented in Fig. 4 that the equations proposed in Eqs. 10a–c does capture the
nonlinear moment curvature interaction.
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Fig. 4 Moment curvature
interaction of a wall section
with P < Pbal
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4.4 Axial Load P Equal to Pbal

At balance axial load, all limit states of strain in masonry/concrete and steel are
mobilised. Hence, the equations prescribed in equation hold good in this case as well.
The idealised moment curvature response obtained with the proposed equations is
compared with the nonlinear response and existing bi-linear idealisation based on
equal area idealisation and is represented in Fig. 5, and it is observed that the response
in terms of initial stiffness, flexural strength, ultimate displacement and the curvature
is well captured.

Fig. 5 Moment curvature
interaction of a wall section
with P = Pbal
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5 Curvature Ductility of RM and RCWalls

Equations prescribed in Sect. 4 indicate that they can be satisfactorily used to deter-
mine the moment curvature response of reinforced wall sections. These equations
are now used to determine the moment curvature behaviour and curvature ductility
of RM and RC walls of three different aspect rations and subject to different axial
loads. The aspect ratios of walls studied are 0.5, 1.0 and 1.5, respectively, and the
axial loads subjected are 0.4 Pu, 0.2 Pu, 0.1 Pu, 0.0.5 Pu and zero axial loads, respec-
tively. In each of these cases, the percentage of reinforcement is varied from 0.25%
(corresponding tominimumpercentage of steel in RCwalls) to 1.00%.Depending on
the aspect ratio of the wall and the amount of reinforcement, the curvature ductility
at the level of the aforementioned axial loads is determined according to Eqs. 9 and
10 depending on the values of the axial loads with respect to the balance axial load.

The ductility of RC and RM walls with varying axial loads and reinforced with
0.25% steel is represented in Figs. 6, 7 and 8. For brevity, the M-ϕ curves of only
walls reinforced with 0.25% steel are presented. The curvature ductilities of all walls
with varying percentages of reinforcements are given in Tables 1, 2 and 3.

One can observe that due to the lower self-weight of masonry, the curvature
ductility of RMwalls is greater than RCwalls at all axial loads.Whilst this difference
is not significant (< 10%) at moderate to high axial loads, at very low axial loads,
the ductility offered by RM walls is significantly higher (15–20%). One can also
observe that the aspect ratios of the walls have an inverse effect on the ductility. This
is expected as an increase in the length of thewall indicates an increase in the in-plane
stiffness of the wall. Increase of percentage of reinforcement of steel coincides with
a reduction of 12–15% of the ductility. It can also be observed that with the addition
of steel results in the adding the dead weight on the wall and subsequently, there is
a reduction of the curvature ductility.

6 Results, Discussion and Scope of Future Work

The seismic performance of masonry structures with inadequate seismic resistant
features has remained a concern for a very long time. Despite the advantages that it
offers, the lack of proper guidelines and adequate technical workforce has limited
the use of reinforced masonry for structural purposes.

With the help of analytical equations developed, this research determines the
curvature ductility of reinforced masonry and reinforced concrete walls. Results
obtained indicate that, at low axial loads, reinforced masonry walls are capable of
providing up to 20%higher ductilitywhen compared toRCwalls. Hence, preliminary
results indicate that RM walls may provide a suitable alternative to RC walls in
regions of moderate to high seismicity.
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Fig. 6 M-ϕ curves of a RMwall and b RC wall of aspect ratio 0.5 reinforced with 0.25 percentage
steel

Further research includes using the points identified using limiting states of strain
as yield points for nonlinear analysis verify the elemental level ductility is also
captured at the global level.

7 Conclusions

A numerical model to determine the curvature ductility of reinforced wall sections is
proposed in this paper. The curvature ductilities of reinforced concrete and reinforced
masonry walls are estimated using the proposed model. The various findings in this
paper can be enumerated as follows:
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Fig. 7 M-ϕ curves of a RMwall and b RC wall of aspect ratio 1.0 reinforced with 0.25 percentage
steel

1. Owing to lower self-weight, reinforced masonry walls are observed to provide
greater curvature ductilities than reinforced concrete walls. The ductility of RM
walls is 15–20% greater than RC walls.

2. Addition of amount of steel is observed to lower the ductility of walls. The
reduction is observed to be in the order of 10–12%.

3. Results indicate that due to lower density RM walls provide higher ductilities
and can be used as an effective substitute for RC wall in regions of moderate to
high seismicity.
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Fig. 8 M-ϕ curves of a RMwall and b RC wall of aspect ratio 1.5 reinforced with 0.25 percentage
steel

Table 1 Ductility of RC and RM wall of aspect ratio 0.5 with varying axial loads

RMWalls RC Walls

% of
steel

0.4 Pu 0.2 Pu 0.1 Pu 0.05 Pu 0 0.4 Pu 0.2 Pu 0.1 Pu 0.05 Pu 0

0.25 1.68 3.20 6.86 10.93 12.52 1.67 3.10 5.96 10.15 11.3

0.50 1.65 2.92 4.80 7.29 7.44 1.60 2.78 3.88 5.77 7.25

0.75 1.64 2.33 3.23 4.82 6.76 1.55 2.18 2.83 4.25 5.22

1.00 1.62 2.12 2.81 3.86 5.11 1.5 2.08 2.47 3.56 3.31
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Table 2 Ductility of RC and RM wall of aspect ratio 1.0 with varying axial loads

RM walls RC walls

% of
steel

0.4 Pu 0.2 Pu 0.1 Pu 0.05 Pu 0 0.4
Pu

0.2 Pu 0.1 Pu 0.05 Pu 0

0.25 1.55 2.96 6.46 10.03 10.52 1.50 2.65 4.8 9.91 10.8

0.50 1.52 2.57 4.52 6.59 7.04 1.47 2.27 3.52 4.79 6.25

0.75 1.51 2.28 3.03 4.32 5.66 1.45 2.01 2.54 3.42 4.35

1.00 1.50 1.92 2.61 3.46 4.41 1.38 1.069 2.34 2.92 3.07

Table 3 Ductility of RC and RM wall of aspect ratio 1.5 with varying axial loads

RM walls RC walls

% of
steel

0.4 Pu 0.2 Pu 0.1 Pu 0.05 Pu 0 0.4
Pu

0.2 Pu 0.1 Pu 0.05 Pu 0

0.25 1.53 2.62 5.38 8.6 9.6 1.49 2.42 4.05 7.75 8.8

0.50 1.50 2.16 4.04 5.52 6.23 1.47 2.02 3.43 4.65 5.51

0.75 1.48 2.12 3.00 3.62 4.26 1.44 1.96 2.28 3.14 3.82

1.00 1.46 1.78 2.36 3.2 3.6 1.36 1.62 2.04 2.72 2.86
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Application of Image Analysis
in Infrastructure Sector
Fields—An Overview

G. Sreelakshmi and M. N. Asha

Abstract Image analysis is one of the recent tools used in the different fields of engi-
neering towards understanding the microscopic behaviour of materials. It extracts
information from an image by using automatic or semiautomatic techniques and the
result of the image analysis process is a numerical output rather than a picture. Full
scale or prototype modelling experimental studies in various Civil Engineering fields
involves high-level instrumentation like strain gauges, load cells, data analyzer and
data acquisition system.Many researchers in Civil Engineering field have used image
analysis along with prototype modelling wherein interface behavioural mechanisms
are studied. This avoids complicated experimentation process andpermits assessment
of discrete behaviours of particles that is impossible otherwise. The current review
throws light on various digital image correlation and image processing techniques
applied widely in mapping deformation behaviour in different streams of Civil Engi-
neering. It is observed that these techniques offer a greater understanding of crack
formation and progression, tracking of subsurface soil movement, monitoring of rail
track displacement and visualization of flow in hydraulic channels.

Keywords Behaviour · Deformation · Localized zone · Image processing · Pixel

1 Introduction

In the current world, like the way Internet text search changed our lives, the concept
of images has gone beyond the two-dimensional appearance depicted by the same.
Image analysis is a technical examination of the complex aspects of an image, by
deploying algorithms in artificial intelligence andmachine learning.Variousmethods
involved in image analysis processes are image transfer, digitalization, subdivision,
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image augmentation, organization, recording and evoking. Over the past decades,
image analysis is widely used in different fields viz., Biological and Medicinal field
for analysing bone fracture pattern and tracking the growth of cancer cells; Mate-
rial science and Engineering for assessing active mineral participation and interface
material behaviour in the field; Aeronautical field for assessing and tracking air traffic
volume; Traffic Engineering for real-time road traffic control through the technique
of video image processing and so on. Recently, digital image correlation (DIC)
technique has been adopted for investigation of surface displacements of concrete
specimens, to monitor and measure rail displacements, in subgrades to measure the
deformations, to understand the flow analysis in hydraulic structures and investigate
soil-structure interaction behaviour of foundations of buildings. From all these, it
can be concluded that image processing is considered as one of the most budding
areas of digital field, with expanding implementations in all fields of engineering and
science. The following sections summarize the significant phases of digital image
processing, the principle of digital image processing and application of digital image
correlation techniques in different fields of Civil Engineering.

2 Stages of Image Analysis and Steps in Digital Image
Processing Methods

2.1 Significant Phases in Digital Image Analysis

Digital image analysismeans involves extracting and converting an image into funda-
mental components through mathematical operation to obtain the spatial variation of
position coordinates over a fixed patch size. Figure 1 shows major stages in digital
image analysis.

Important steps in digital image analysis can be listed as follows:

• Image acquisition and enhancement

It involves the action of retrieving an image from the hardware-based source for
processing. It also includes processing, compression, storage, and printing. Figure 2
shows the details of image acquisition and enhancement process.

• Object/Phase detection

Generally, object recognition approaches can be:

(i) Edge-based feature
Edge-based feature investigates peripheral details of the object in terms of
edges. This feature is subdivided as full-contour (shape) feature and contour
fragments feature.

(ii) Patch-based feature
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Fig. 1 Major stages in
digital image analysis

Fig. 2 Image acquisition and enhancement process
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Patch-based feature type uses two different variations: Rectangular and
Irregular patch type shapes.

(a) Rectangular patch type shapes explain exterior characteristics of the
source.

(b) Irregular patch type shapes describe variations in the surface.

The modification in these types is categorized by the edge of the patch size and is
named as region-based features. The patch size is an important parameter that affects
the quality of details extracted through from any reconstructed image sources [1].

• Measurements

There are several types of digital image processing which are available online, as
freeware and/or shareware can be listed as Mathtools.net, CVIP Tools, The FFT
Home Page, SPRING, SCIKIT-IMAGE, PIV lab, ImageJ, etc. This user-written
plugin architecture and built-in development environment has made these platforms
versatile and hence facilitating problem-solving in different verticals viz., solve three-
dimensional analysis problems, comparisons concerning multiple images, gather
displacement data from sequences of digital images captured, measure the profile
velocity variation within digital images, exhibit, and transfer numerous features of
the flow framework.

2.2 Steps in Image Analysis Methods

Thefirst step involves the conversion of unprocessed image source to greyscale image
followed by the meshing process to binary image source. The next step involves
an analysis of the binary image source to understand the microscopic behaviour
of materials. Numerous binary operations must be performed to carry out these
operations.

Figure 3 shows the step by step process involved in image analysis

Fig. 3 Steps involved in image analysis methods
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3 Preamble

The two-dimensional image correlation algorithm was first developed by Sutton
et al. [2] in the year 1983 to estimate the planar strains in a cantilever section with
vertical loading. Since then, there is a massive advancement attained in the field
of image-based methods and microprocessor-based image processing and analysing
techniques. The non-contactmeasurementmethod such asX-ray diffractionmethods,
stereo-photogrammetric techniques, digital image correlation techniques (DIC) is
widely used in the Civil Engineering field. These techniques help in visualizing
surface displacements, strains at localized zones, estimation of crack size to predict
permeability, durability, and strength of structural components and so on. Large-
scale DIC techniques are used also for water flow analysis in water resource engi-
neering applications as a diagnostic tool for investigation, forecasting, proposing,
risk warning, management, etc. in dynamic flow associated actions. The following
sections explain the application of image analysis in measuring planar deformation
fields in different fields ofCivil Engineering. Figure 4 shows the flowchart of different
fields in which image analysis methods are applied.

3.1 Application of Image Processing Technique in the Field
of Structural Engineering

Concrete materials undergo fracture process wherein micro-cracks develop due
to change in stress–strain behaviour causing material softening finally leading to
rupture. A realistic investigation of fracture zones is very important as it helps to
understand deterioration problems and predict the surface failure patterns in concrete
during the loading process. The destructive and nondestructive tests such as Schmidt
hammer, core drilling, ultrasonic pulse velocity and electrical resistivity measure-
ment are used to investigate crushing strength and mechanical properties [3] inte-
grated image analysis techniquewithBIM software and inspected structural cracks in
inaccessible parts of the reinforced concrete tower.Marek Słonski [4] and Skarzyński
et al. [5] adopted the DIC technique to measure the size and shape of strain concen-
trations around a predefined notch in concrete. The objective was to understand
deterioration problems in concrete and predict the failure behaviour. Deterministic
statistical models beam with 3-point flexural loading conditions were developed
and DIC technique was used to track the formation of surface cracks on concrete
elements. Figure 5 shows a schematic sketch of a beam section with a notch.

In the studies carried out by Ribeiro et al. [3] image analysis has been used to
capture the local deformations above a predetermined failure plane.VIC-2D software
has been used for image analysis and search patch sizes used for the study had pixel
resolutions of 30, 60, 90, 120, 150–180 pixels. The strain distribution is obtained
through two-dimensional Gaussian functions.
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Fig. 4 Flow chart showing the applications of image analysis in different fields of civil engineering

Fig. 5 Schematic sketch of
beam section with a notch
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From the test results, it can be concluded that higher image resolution is crucial
since surface deformations measured are of smaller magnitudes (in the order of
micro-strains). During the deformation process, dimensions of the localized zone
near the notch location changed drastically before a macro-crack (2–3 mm) which
could be due to a complex nature of concrete. So, the method proposed by Ribeiro
et al. [3] precisely determined the deformations of a localized zone and merits than
other experiments such as acoustic emission, X-rays, and SEM.

Liu andYang have used image analysis to identify bug holes in hardened concrete.
The image analysis tool of MATLABwas utilized for the estimation of diameter and
area ratio of the bug holes. From the analysis, it was also observed that distance
at which images are captured also play an important role as far as the accuracy is
concerned.

In the distribution of steel fibre influence the performance of reinforced concrete.
Ďubek et al. [6] has used the principles of image analysis to determine the size and
orientation of the fibres in different cross-sections.

3.2 Application of Image Processing Techniques in the Field
of Geotechnical Engineering

Foundation engineering deals with the design of substructures that supports harbour
terminals, rail and road bridges, skyscrapers, and offshore structures. But in all these
cases it is very difficult to obtain actual ground characteristics about infill medium
due to variation in its mechanical behaviour. Physical modelling has been used in
recent years to simulate real engineering problems, but these models cannot envisage
the failure pattern of infill medium in geotechnical and geo-mechanical processes.
Also, experimental studies for these soil-structure interaction problems (full scale
or prototype modelling) involve a high level of instrumentation (Strain gauges, load
cells, data analyzer and data acquisition system, etc.).

Unlike concrete which is a continuous media, soil comprises of soil grains and
voids. Hence the application of DIC is challenging in this stream. Among various
approaches, particle image velocimetry (PIV) is widely implemented in geome-
chanics engineering to study the soil deformation characteristics (idealizing soil as a
fluid medium) through velocity and displacement profile. Geo-PIV software devel-
oped by Stanier et al. [7] is a MATLAB-based DIC implementation which has been
widely in the field of geotechnical engineering. It works by tracking variation in
texture captured in a series of images. The source image is processed into numerous
patches of desired sizes. The displacement of each patch during a period is determined
by associating the patch extracted from the same image at different time frames.

Many researchers like, [7–10] have adopted this tool for laboratory investigation
of the shallow and deep foundations in particulate media. PIV adopts fast Fourier
transform method wherein cross-correlation between the selected patches of images
is calculated by fitting a bicubic interpolation technique. Using this, correlation
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peaks are traced throughout the selected image that is converted in terms of shear
responses. The shear responses estimated through study helps in the assessment of
the penetration mechanism at the pile-soil interface.

Offshore piling for naval platforms or piling operations in and around naval
harbours is inevitable for berthing of ships. Piling operations on contrasting beds
is a real challenge for engineers as the energy required for pile driving is dependent
upon the properties of the soil strata. The technology can be extended in offshore
pile foundation industry wherein the subsurface soil movements could be visualized
that can aid in the optimum selection of hammer load for specific in situ conditions.
White and Bolton [9] adopted PIV technique to investigate the phenomenon of fric-
tion fatigue by measuring the movement of soil around the outer pile shaft during
pile driving progression. In the experimental studies carried out byWhite and Bolton
[9], plane strain chamber with transparent screen has been used and the model piles
selected are such that there will be no interference from boundaries. An additional
pressure through a rubber-based medium is applied at the top level of embedded
soil. Figure 6 shows the line sketch of a plane strain chamber with model pile in the
background.

The PIV analysis revealed that there is the greatest displacement of soil particles
near the pile shaft (Largest vector of (250 µm, 1.9 pixels) is observed closer to pile
shaft. There is greatest horizontal strain observed with a magnitude of 0.6% near
the lower pile tip due to the reduction in skin friction over the shaft region. This
process is captured effectively through strain measurements data obtained through
image analysis. Later [11] adoptedGeo-PIV technique to investigate the behaviour of

Fig. 6 Representative line
sketch of plane strain
chamber with a model pile
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Fig. 7 Graphic sketch of experimental set-up for impact loading

hollow driven piles under impact load conditions and estimated the effect of plugging
on bearing capacity using image analysis in-plane strain chamber. Figure 7 shows
the graphic sketch of the experimental set-up adopted for the study.

The shear strain contours developed near the pile-soil interface region depicted
zones of densified infill formation near the plug zone that contributed towards
increased skin friction values in bearing capacity equations. The current approach
involves prototype modelling followed by image analysis and this methodology
avoids complicated experimentation process and permits assessment of the move-
ment of subsurface soil particles which is impossible otherwise.

Mishra et al. [12] have extended the application of Geo-PIV in analysing the
behaviour of five types of geotextiles when subjected to wide width tensile strength
test. The DIC technique could capture the non-uniform distribution of strains on
the surface of the geotextile. Chen et al. [13] have provided guidelines on using
DIC for geotechnical applications. The literature suggests that the accuracy of the
analysis is dependent upon the size of the method of approximation and the size
of the inspection window. Since the quality of the image plays a crucial role in the
analysis, they have also outlined the different methods by which the quality of the
image can be improved.

3.3 Application of Image Processing Techniques in the Area
of Pavement Engineering

For road surfaces, the life span depends on its initial design and construction, envi-
ronmental factors, drainage conditions, traffic loadings and frequency of preventive
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maintenance inspections. Among various types of catastrophes, cracks are the most
important factor which is used for measuring the state of roadways and its surface
conditions. Accordingly, it is necessary to distinguish and diagnose the surface crack
precisely before proposing pavement repair techniques. Though there are several
manual-based crack detecting methods, they are laborious and offer considerable
differences in test results. Hasheminejad et al. [14] and Sun et al. [15] investigated
crack development and pattern in geosynthetic pavements using the PIV technique
and concluded that this technique efficiently captured changes in crack development
path in the case of reinforced pavements.

Hasheminejad et al. [14] adopted DIC technique to examine the deformation
developed on the surface of bituminous pavements and found a correlation between
crack development and surface weariness through secondary tensile tests. Sun et al.
[15] developed laser-based 3-D crack detection technique. This proven technique
helps in identifying the surface profile of crack, crack pattern, crack records, etc.
Later signal processing techniques are employed to determine crack pattern by using
sparse representation method. Martin et al. [16] have tried to estimate the porosity of
pervious concrete using image analysis. The results are validated using experimental
studies and empirical formulae. With the advent of drone survey, researchers have
been trying to correlate the pavement images with the condition of pavements by
using the concept of deep learning algorithm [17].

The feasibility of the study is substantiated through wavelet and Gabor dictionary
median filtering method usingMATLAB image processing module. Wavelet method
converts the image file source to a known mathematical model and extracts the tran-
sitional behaviour of frequency variation in an image file in the time series domain.
Gabor filter method also helps in analysing frequency variation in 2-D images around
a specific zone of interest. Table 1 shows the details of the depth of processed crack
by various methods.

It is observed that Wavelet method and Gabor median filtering method, misinter-
preted cracks development which affected the outcomes of the consequent surface
profile. In association with the wavelet and median filtering method, the surface
deformations extracted by 3D laser techniques matched the shape of crack very well
and showed a noticeable distinction of crack from the surface without disturbing
pavement surface.

Table 1 Depths of processed
crack by different methods

Original crack Depth of processed crack

Wavelet
method

Gabor
dictionary

Laser-based
method

− 6.2 mm − 2 mm − 5 mm − 6.1 mm
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3.4 Application of Image Processing Techniques in the Field
of Railway Engineering

The railway tracks are subjected to fatigue damages due to continuous movement
of trains throughout its service life. This leads to transverse instability of rails
causing derailment of tracks. So, it is very important to have an efficient track
monitoring mechanism to avoid probable rail accidents. Normally strain gauges
are adopted to measure the surface deformation or displacements in the case of
structural components which may not be practical in all situations especially for
rails. Two-dimensional DIC technique is adopted to measure, detect and record track
displacement [18, 19]. Murray et al. [19] monitored “running rail” phenomena using
cameras positioned as shown in Fig. 8.

Murray et al. [19] adopted particle image velocimetry (PIV) technique to estimate
the magnitude of lateral and vertical movements of rail tracks. The mathematical
principles of the PIV method are discussed in previous sections. PIV technique
tracks rail, tie, and ballast movement in a defined meshed region and compares the
images taken at different instant of time to obtain displacement profile of the region
of interest. Numerical modelling of the foundation with subgrade considering the
infinite beam on elastic foundation is also undertaken to compare the results. Table
2 shows the evaluation of measured and calculated rail deflection with time captured
during motion of the train.

From Table 2, it is evident that measured and calculated rail deflection vs time
captured during train movement is following the same trend which indicates the

Fig. 8 A basic representation of the ground layout of camera position at Railway track site
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Table 2 Evaluation of rail
deflection vs time captured
during train movement

Time (s) Rail deflection (mm)

Measured value Calculated value

1 0.25 0

2 − 1.5 − 2.0

3 − 1.45 − 1.40

4 − 1.5 − 1.50

5 − 1.5 − 1.45

6 − 1.35 − 1.25

7 − 1.5 − 1.25

8 0.25 0

feasibility of image analysis. These data’s from DIC can be used to develop param-
eters for designing stiffeners and dampers for an increasing design period of the rail
track system.

3.5 Application of Image Processing Techniques in the Field
of Hydraulics and Water Resource Engineering

For the planning, analysis, and hydraulic design of structures like dams, weirs,
and reservoirs, it is very crucial to investigate flow visualization, flow diversion
in natural environments and implementation of suitable sediment managing prac-
tices. Though there are newer techniques developed to measure velocity and flow
discharges, the costs, accuracy and its feasibility to use an inaccessible location is
always a matter of concern. Kantoush et al. [20] and Sutarto [21] adopted a Large-
Scale Particle Image Velocimetry (LSPIV) (quantitative image-based) method to
study the velocity measurements. This technique can classify the flow dynamics and
detect water surface velocity by measuring distances between moving particles and
time interval between them through consecutive images.

The mathematical approach adopted in LSPIV is same as PIV, but the normalized
cross-correlation is calculated between areas of first and second images through
Gaussian functions. To plot fluid flow structure in an open canal [21]water is impelled
into the channel or canal with a continuous discharge at the upstream end and allowed
to flow into a basin at the downstream end. For tracing the motion, tracer particles
(Eco-foam) are dispensed on the liquidmedium and particle movements are recorded
with the camera positioned on top of the area of observations. The video recorded
during the experiments is processed into image sequences having a time period of
0.033 s and later analysed using LSPIV method. The sensitivity of the observational
area is analysed for longitudinal and lateral velocities by assigning different pixel
values of 90, 80, 60 50, 40, 30, and 20 pixels, respectively. The LSPIV method
effectively seized the eddying motion and flow streamline pattern in the region of
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observation. So, the LSPIV measurements employing digital camera and tracing
particle for liquid medium provided an appropriate solution for investigating the
flow patterns in shallow waters, shallow reservoirs, and rivers.

4 Conclusions

The paper presented collective reviews of the image processing techniques used in
different fields of engineering towards understanding the microscopic behaviour of
materials. Research papers are selected based on the application of DIC techniques
in several small and medium scale experimental studies.

The following conclusions have been listed from the literature reviews:

• DIC technique is an evolving non-surface contact measuring technique used to
investigate the strain behaviour in various fields of Civil Engineering.

• DIC reduces complicated instrumentation process and provides a simple, cost-
effective, and reliable solutions.

• Crack detection by image-based method for concrete-based structures helped
in investigating geometric nature and to forecast the development of the crack
formation. Also, enhancement in pixel resolution (pixels) permits in seizing of
exhaustive pictures of beam surfaces.

• The open-source Geo-PIV-RG could capture the strain distribution during pile
installation stages and proved its suitability for investigating pile-soil interaction.

• The three-dimensional (3D) pavement crack recognition method established on
laser technology with sparse representation technique proved successful in crack
detection and reconstruction of pavement profile.

• Digital image correlation (DIC) technique served as a simple system to investigate
the rail deflection and envisage the fatigue life of railway track.

• The LSPIV technique emerged as flow diagnostic tool for themapping of complex
flow patterns in hydraulic engineering applications.

From the analysis, we can infer that several researchers adopted image processing
techniques for the analysis with many segmentation algorithms and extraction tech-
nique to investigate complex strain conditions, environmental flow processes and
interactions. However, the selection of the tool is dependent upon the application
and desired accuracy.

5 Recommendations for Future Work

Rapid urbanization and development in technology have made changes inevitable.
However, it is very difficult to predict all changes even if sufficient growth factor or
Factor of safety is assumed. In this context, modelling is highly important and the
results of a properly scaled prototype can be simulated. The proper understanding
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of model tests is facilitated by using microscopic analysis. For instance, assessment
of pavement performance can be integrated with drone survey wherein remote eval-
uation of pavement condition can be done and accordingly priority of maintenance
can be decided. Diversity in subsoil conditions has made both onshore and offshore
piling inevitable. One of the major challenges in pile driving is the selection of
energy at which piles can be driven for different conditions of in situ soil. Use of
particle image velocimetry to study soil-pile interaction helps in analysing and inter-
preting the soil movements around the pile as and when it is driven. This also helps
in ensuring the verticality of the pile during and after its installation. Performance
of high-performance concrete can be studied for compressive strength supported
with Scanning ElectronMicroscopy. However, the results may be validated for crack
propagation. Similarly, while designing hydraulic structures, the use of principles of
image analysis enables an efficient means of water management. Nowadays, radar
images obtained from Remote sensing sources aid in monitoring and comparing
land use patterns and helps in estimating damages to the land ecosystem. Hence it is
possible to apply the integrate the principles of image analysis to different streams
of Civil Engineering.
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Microalgae and Sewage Treatment
for Developing Countries

Nandini Moondra, R. A. Christian, and N. D. Jariwala

Abstract Wastewater composition can be directly related with lifestyles of the
society. Current wastewater effluent has a high nitrogen and phosphorus concen-
tration, which adversely effects ecosystems. Sewage treatment units practiced in
undeveloped countries have various limitations. The present study focused on treat-
ment of sewage collected from a sewage treatment plant (STP) of a smart city of
a developing nation using microalgae. The study found that the microalgae were
efficient in removing nutrients and organic matter. Maximum reduction observed in
phosphate, ammonia, and COD was 97.46, 100, and 93.67% at 11 h of detention
time. Phycoremediation proved to be an effective method for sewage treatment.

Keywords C. vulgaris · Nutrient removal · Photosynthesis ·Wastewater treatment

1 Introduction

Population growth and economic development resulted in the increase of water
demand worldwide. Globally, over 70–80% of wastewater (industrial and sewage
wastewater) is discharged into surface water resources without proper treatment.
There is a gap between water demand for current population growth and water
supply from the same water resources. The aquatic ecosystem and water quality
of the source are adversely affected if wastewater is discharged in it without or
with partial treatment. Therefore, the utmost priority is the wastewater treatment
to the maximum before discharging and limiting the generation of wastewater [1].
Developing countries such as India (middle and low-income countries) are on the
lookout for infrastructures for effective wastewater treatment systems as most of the
population resides in rural areas, facing an ever-increasing population and enhanced
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lifestyles. The issue is severe because of the fast pace of urban development, and
effective effluent measures are mandatory to control and treat.

Secondary treatment units of STPs are inefficient in treating nutrients [2], release
of these nutrients changes pH, reducesDO,which affects aquatic life [3] and degrades
freshwater ecosystems [4]. Secondary treatments are costly in terms of investment
and operations with high sludge generation [5]. These limitations create a setback for
secondary treatment in underdeveloped countries [6]. In the activated sludge process,
about 50% of electricity consumption is by the blowers/aerators that fulfill aerobic
bacteria’s oxygen demand to decompose organic matter [7].

Microalgae are favored for the bioremediation process because of its high
photosynthetic proficiency, quick take-up of nutrients, and short life expectancy
combined with basic growth requirements. Algae consume nitrogen and phosphorus
for building biomass, thus contributes to the self-purification of waters [8]. Oxygen
is produced in the photosynthesis process during treatment contributes to the waters’
oxygen supply. These systems can tolerate extreme environmental conditions. The
microalgal biofilm network can hold the biomass while working at a short detention
time [9]. Purification capacity of microalgae, which incorporates: increment in pH
of wastewater, making adverse conditions for pathogenic organisms, emission of
antibacterial substances, generation of lethal extracellular mixes by specific algae,
and exhaustion of organic matter and nutrients [10]. Algae absorb carbon dioxide
and can create sustainable power sources, energizes, and chemicals, diminishing
petroleum product utilization and ozone-depleting substance emissions [3].

The present study aimed to determinemicroalgae’s impact as a treatment approach
for the raw sewage collected from a sewage treatment plant (STP) of capacity 200
MLD. The study was conducted at a detention time of 11 h to reduce the physic-
ochemical parameters analyzed to the desired disposable limit without any further
treatment.

2 Materials and Methods

The freshwater algal speciesChlorella vulgariswere obtained from an environmental
consultancy firm named Phycolinc Pvt. Ltd., from Ahmedabad, a city in the Gujarat
state of India. The culture was kept in a natural environment and provided with nutri-
ents to keep them active. The batch study was performed in a 2000 mL borosilicate
beaker with a working volume of 1800 mL. Two glassware was used as an experi-
mental setup, one containing 30% microalgal solution (540 mL) and the remaining
were made up of the raw sewage from an STP of a smart city of India. 30% concen-
tration was selected as it was found to be the optimum microalgal concentration for
sewage treatment [11]. However, the other beaker contained 1800 mL of raw STP
wastewater, which acted as a control. External aeration was provided in both the
beakers, which was a mixing mechanism for wastewater and microalgae. In the case
of control, it replicated the secondary treatment unit incorporated in STP, shown in
Fig. 1.
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Fig. 1 Experimental setup
for the study

In the study of 11 h of detention time, system was aerated for 9 h to keep algae in
suspension. After 2 h of settling, the supernatant was drawn for analysis.

Various parameters analyzed were chemical oxygen demand (COD), dissolved
oxygen (DO), nitrate, pH, electrical conductivity (EC), total dissolved solids
(TDS), phosphate, ammonia, total solids (TS), and total suspended solids (TSS),
as prescribed in the APHA manual [12].

Triplicates were performed for each parameter studied for a sample, and the
average was considered for analysis. A study was conducted for both non-filtered
andfiltered (with a coarse filter of pore size 4–5.5mm) effluent to get an idea about the
presence of filamentous algae and change in characteristics after filtration. But with
time, the microalgal settle ability improved, and the clear supernatant was obtained
after treatment.

3 Results and Discussion

Removal in various parameters statedwasmeasured at detention time of 11 h for both
wastewater withmicroalgae and the control system. The variation in concentration of
raw domestic wastewater and after treatment withC. vulgaris and control for various
parameters is given in Table 1 except for pH (only mean) for both non-filtered and
filtered effluent.

Even at low HRT (11 h), high removal was observed in organics and nutrients,
unlike stated in literature [13, 14]. Reductions observed in various parameters during
the study for microalgal treatment and control are given in Table 2.

Phosphate concentration in raw wastewater was ranging between 1.87 mg/L and
3.54 mg/L. After treatment, phosphate concentration reduced to 0.08 mg/L (96.33%)
and 0.42 mg/L (83.91%) for non-filtered effluents in case of microalgal treatment
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Table 2 Percentage reduction in different parameters after treatment with microalgae and control
(only aeration) at 11 h HRT

Parameter M (NF) M (F) A (NF) A (F)

EC 15.04 ± 3.35 18.05 ± 4.52 13.87 ± 4.22 15.56 ± 3.93

TS 24.18 ± 5.31 32.65 ± 7.04 21.31 ± 6.56 30.48 ± 7.10

TDS 15.10 ± 3.42 18.01 ± 4.74 13.79 ± 4.07 15.82 ± 3.80

TSS 29.54 ± 7.49 43.85 ± 9.43 25.57 ± 8.84 39.00 ± 9.69

COD 80.68 ± 11.83 85.65 ± 9.68 48.11 ± 11.82 59.14 ± 11.99

Ammonia 84.75 ± 15.11 88.99 ± 12.94 51.91 ± 17.63 58.56 ± 15.79

Phosphate 86.68 ± 10.64 89.57 ± 8.94 63.97 ± 15.33 68.46 ± 13.37

and control. However, in the case of filtered effluent, concentration further reduced
and reached to 0.05 mg/L (98.08%) and 0.35 mg/L (86.59%) when treated with
microalgae and only aeration, respectively, as shown in Fig. 2a, b.

Microalgal cells use phosphate for photosynthesis, DNA and RNA formation, and
energy transfer and are stored in excess far beyond the requirement in the form of
polyphosphate within algal biomass (luxury uptake) [13, 14] and phosphate precip-
itation at high pH [15], resulted in higher phosphate removal from the wastewater
using microalgae.

Ammonia concentration in the influent varied from 12.6 to 17.72 mg/L. But after
treatment, ammonia concentration was reduced to below detectable limit (BDL)
(100%) and 4.20 mg/L (73.95%) for non-filtered effluents in case of microalgal
treatment and control. However, in the case of filtered effluent, minimum concen-
tration was BDL (100%) and 3.64 mg/L (77.42%) when treated with microalgae
and only aeration, respectively, as shown in Fig. 3a, b. Building of genetic material,
enzymes, formation of proteins, hormones, vitamins, and energy transfer molecules
are all because of nitrogen [13]. Nitrogen removal during the study could be the
result of various simultaneous processes, namely (i) biomass uptake of nitrogen (ii)
bacterial nitrification–denitrification, (iii) ammonia stripping, and (iv) loss in the
atmosphere [16].

In case of COD, raw wastewater characteristics are varied from 176.00
to 297.60 mg/L. However, after treatment, influent concentration reduced to
16.00 mg/L (92.94%) and 89.60 mg/L (70.00%) in case of microalgal treatment
and control, respectively, for non-filtered effluents and concentration further reduced
to 12.80 mg/L (93.67%) and 54.40 mg/L (75.27%) in case of filtered effluents when
treated with microalgae and only aeration, respectively. Variation in COD concentra-
tion and removal efficiency during the study is shown in Fig. 4a, b, respectively. The
oxygen released as a by-product from microalgae was sufficient to meet bacteria’s
oxygen requirements while degrading the organics in the treated wastewater, which
acted as the solemechanism for organic reduction [10]. Symbiotic growth ofmicroor-
ganisms (microalgae and bacteria) also contributed toCOD removal by disintegrating
complex pollutants into simpler ones, hence enhancing the degradation of organic
matter [17], which resulted in higher removal of organics in the microalgal system.



46 N. Moondra et al.

Fig. 2 a Variation in concentration of phosphate before and after the treatment at 11 h. b Removal
efficiency observed in the microalgal system and control for phosphate during the study
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Fig. 3 a Variation in concentration of ammonia before and after the treatment at 11 h. b Removal
efficiency observed in microalgal system and control for ammonia during the study
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Fig. 4 a Variation in concentration of COD before and after the treatment at 11 h. b Removal
efficiency observed in COD for microalgal treatment and control system
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Fig. 5 Variation in nitrate concentration before and after the treatment at 11 h

Nitrate concentration in the raw sewage sample ranged between 0.11 and
1.62 mg/L. An increase in nitrate concentration was observed after treatment in
both microalgal and control system due to nitrification [17]. A higher concentration
of nitrate was found in the microalgal treatment system in comparison to the control
reactor as shown in Fig. 5, as microalgae prefer ammonia the most as the source of
energy food in terms of nitrogen source and due to the high DO concentration avail-
able in the microalgal reactor [11]. Nitrate concentration in the microalgal treated
effluent reached 9.65 mg/L, and in the case of the control reactor, nitrate concentra-
tion in the effluent was as high as 7.01 mg/L for non-filtered samples. However, in
filtered effluent, nitrate concentration reached 9.47 and 6.85 mg/L with microalgal
treatment and aeration only (control), respectively. As from Fig. 5, it can be seen
by the end of the experimental phase; nitrate concentration reduces even though
ammonia is reduced to nitrate. Reduction in nitrate in the latter phase is because
microalgae completely consumed ammonia, and now nitrate is taken as the nitrogen
source by algae for its metabolism.

DO concentration increased in both control and microalgal treatment, during the
study. However, DO concentration in the microalgal system’s effluent was higher
because DO was contributed from both microalgae and external aeration. DO in
case of microalgal treatment reached 7.0 mg/L. In the case of control, DO was only
contributed through external aeration; hence, DO for the effluent of control was lesser
than that of microalgal treatment and reached 5.1 mg/L. DO concentration in raw
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Fig. 6 Variation in DO concentration before and after the treatment at 11 h

wastewater was nil throughout the study. Variation in DO concentration during the
study is shown in Fig. 6.

An increase in pH was also observed in the effluents. Large variations in pH were
observed in raw wastewater ranging between 6.94 and 7.93. After treatment with
microalgae and in the case of control, the maximum pH concentration found was
8.72 and 8.56 in non-filtered effluents, respectively. But in filtered effluents, the pH
reached 8.65 and 8.48 for microalgal treated effluent and control-treated effluent,
respectively. Variation in the pH concentration during the experimental phase is
shown in Fig. 7. An increment in the pH of wastewater during the study also acts as a
disinfectant by releasing antibacterial substances making unfavorable conditions for
toxic substances. A higher increase in the pH of the effluent generated by microalgal
treatment resulted from photosynthetic CO2 assimilation [18].

Reduction in solids was less when compared to organics and nutrients analyzed
during the study. The least reduction observed was in TDS among all the solids (TS,
TSS, TDS) analyzed. TDS concentration in raw wastewater is varied from 980 to
1170 mg/L. After treatment, reductions observed in TDS concentration are varied
from 9.80 to 23.06% in non-filtered microalgae treated effluent having a minimum
concentration of 770 mg/L. When the microalgae treated effluent was filtered with a
coarse filter, the reduction improved and ranged between 11.32 and 31.36% with a
minimum concentration of 740 mg/L. Reductions were also observed in the control
system, but were lesser than that of influent treated with microalgae. Removal effi-
ciency in the case of non-filtered effluent of the control system ranges between 3.92
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Fig. 7 Variation in pH concentration before and after the treatment at 11 h

and 22.55% with a minimum concentration of 790 mg/L. Removal efficiency in the
case of filtered effluent of the control system ranged between 5.88% to 24.51%,with a
minimum concentration of 770 mg/L. Variation in TDS concentration in influent and
effluent (both treated with C. vulgaris and only aeration) and also removal efficiency
variation is shown in Fig. 8a, b, respectively.

The highest reduction was observed in TSS among all the solids (TS, TSS, TDS)
analyzed. TSS concentration in raw wastewater is varied from 1185 to 3055 mg/L.
After treatment, reductions observed in TSS concentration are varied from 7.86 to
44.01% in non-filtered microalgae treated effluent having a minimum concentration
of 715 mg/L. After filtration with a coarse filter; reduction improved and ranged
between 16.63 and 59.35% with a minimum concentration of 510 mg/L in case of
microalgal treatment system. Reductions were also observed in the control system,
but were lesser than that of influent treated with microalgae. Removal efficiency
in the case of non-filtered effluent of the control system ranges between 2.23 and
40.09%, with a minimum concentration of 809 mg/L. Removal efficiency in the case
of filtered effluent of the control system ranged between 8.87 and 55.59%, with a
minimum concentration of 623 mg/L. Variation in TSS concentration and removal
efficiency in influent and effluent (both treated with C. vulgaris and only aeration)
is shown in Fig. 9a, b, respectively.

During the study, TS concentration in raw wastewater is varied from 2220 to
4705 mg/L. After treatment, reductions observed in TSS concentration are varied
from 8.34 to 33.00% in non-filtered microalgae treated effluent having a minimum
concentration of 1655 mg/L. When the microalgae treated effluent was filtered with
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Fig. 8 aVariation in TDS concentration before and after the treatment at 11 h. bRemoval efficiency
observed in TDS for microalgal treatment and control system



Microalgae and Sewage Treatment for Developing Countries 53

Fig. 9 aVariation in TSS concentration before and after the treatment at 11 h. bRemoval efficiency
observed in TSS for microalgal treatment and control system
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a coarse filter, the reduction improved and ranged between 13.45 and 42.70% with a
minimum concentration of 1408 mg/L. Reductions were also observed in the control
system, but were lesser than that of influent treated with microalgae. Removal effi-
ciency in the case of non-filtered effluent of the control system ranges between 2.65
and 30.52%, with a minimum concentration of 1769mg/L. Removal efficiency in the
case of filtered effluent of the control system ranged between 8.12% to 40.90%, with
a minimum concentration of 1575 mg/L. Variation in TS concentration in influent
and effluent (both treated with C. vulgaris and only aeration) and removal efficiency
is shown in Fig. 10a, b, respectively.

Variation in EC was similar to that of TDS. During the study, EC concentra-
tion in raw wastewater is varied from 1.97 to 2.37 mS/cm. After treatment, reduc-
tions observed in EC concentration are varied from 9.26 to 23.30% in case of non-
filtered microalgae treated effluent having a minimum concentration of 1.55 mS/cm.
When themicroalgae treated effluent was filtered, the reduction improved and ranged
between 11.50 and 30.94% with a minimum concentration of 1.49 mS/cm. Reduc-
tions were also observed in the control system, but were lesser than that of influent
treated with microalgae. Removal efficiency in the case of non-filtered effluent of the
control system ranged between 3.53 and 23.17% resulting in a minimum concentra-
tion of 1.59 mS/cm. Removal efficiency in the case of filtered effluent of the control
system ranged between 4.73 and 24.81% resulting in a minimum concentration of
1.55 mS/cm. Variation in EC concentration in influent and effluent (both treated with
C. vulgaris and only aeration) and also the removal efficiency is shown in Fig. 11a,
b.

Mixing acted as an essential factor during the study as it led to homogenized the
cells’ distribution, warmth, metabolites and encouraged the transfer of gases and
prevent settling [19], thus empowers nutrients disintegration also uniform dispersion
of light which helped in better performance of both the system.

The study also gave an understanding that microalgae can be an efficient way to
treat domestic wastewater. Raw domestic wastewater, when treated with C. vulgaris,
lead to an excellent removal efficiency for organics and nutrients, and also, a consid-
erable reduction was observed in solids and EC. High photosynthetic effectiveness,
fast take-up of nutrients combined with the nutritional necessity of microalgae favors
the bioremediation process compared to a conventional system [9]. Microalgae do
not rely on organic carbon sources, unlike the heterotrophic bacteria of the secondary
treatment systems. Instead, they consume CO2 for their metabolism and hence also
act as a solution to global warming.

4 Conclusion

Microalgae can be an attractive domestic wastewater treatment process. Microalgae,
when used for sewage treatment, are alone self-sufficient for the removal of solids,
organics, and nutrients. Thus, it can eliminate the need for different sewage treatment
units and can be a cost-effective process for the treatment. Also, the oxygen released
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Fig. 10 aVariation in TS concentration before and after the treatment at 11 h. bRemoval efficiency
observed in TS for microalgal treatment and control system
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Fig. 11 aVariation in EC concentration before and after the treatment at 11 h. bRemoval efficiency
observed in EC for microalgal treatment and control system
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as a bio-product can be sufficient for organic and nutrient removal, thus eliminating
the necessity of the blowers commonly used in the secondary treatment and alone
contributes to 40–50% of the cost for wastewater treatment. In the study, microalgae
lead to > 95% reduction in nutrients and > 90% reduction in organics of the raw
wastewater, which was far better than the reductions found in the final treated sewage
effluent after preliminary, primary, and secondary treatment. Microalgal treatment
can be the alluring solution to the eutrophication problem faced by a significant part
of the country.
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A Review on the Development
of Outriggers and Introduction to Hybrid
Outrigger System on Tall Buildings

Neethu Elizabeth John and Kiran Kamath

Abstract The concept of outriggers as a lateral load resisting system in high-rise
structures has been used since decades. The relevance of outriggers gains prominence
due to its efficiency in restraining the rotations in core wall which in turn reduces
its bending moment and lateral deflection of the structure. Studies related to the
behaviour of outriggers on tall buildings have beenundertakenbyvarious researchers,
and condensing the concept, mechanism and its behaviour is vital in providing a
proper guidance to researchers. Even though researchers have worked on buildings
with outriggers, literatures mentioning the analysis of both conventional and virtual
outriggers in the same building which acts like a hybrid outrigger systemwere under-
explored. Therefore, this article discusses a review on the background of outriggers,
classification of outriggers, parameters influencing the outrigger behaviour and intro-
duces the concept of hybrid outrigger system in high-rise RCC structures. The effi-
cacy of conventional, virtual and hybrid outrigger system is compared by modelling
a 30-storey RCC building in a finite element software, ETABS, for both static and
dynamic loads. The results from the comparative study showed that hybrid outrigger
system may be used as an efficient lateral load resisting system.

Keywords Lateral load resisting system · Conventional outriggers · Virtual
outriggers · Hybrid outriggers · Behavioural study

1 Introduction

The development of high-rise structures has been increasing rapidly due to sudden
growth in human population and limited land availability. When the design of high-
rise structures is concerned, it is necessary to consider wind and seismic loads as a
major area of our country is susceptible to these loads. In order to resist the effect
of these loads which can cause undesirable damage to the building, new lateral
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load resisting structural systems are being discussed and introduced. The structural
systems were classified based on their efficacy and building heights in the begin-
ning [1]. After new developments, classifications were based on the capability of the
structural systems and can be divided into exterior and interior structural system [2].
Various structural systems include structural wall system, moment frame system,
moment frame–structural wall system, core and outrigger system, core, outrigger
and belt wall system, framed tube system, multiple tube system and tube-in-tube
system [3]. In this article, the concept of outriggers as a lateral load resisting struc-
tural system is being discussed. The background, different classifications of outrig-
gers, the force transfer mechanism, structural behaviour of outriggers and concept
of hybrid outrigger system which incorporates two different types of outriggers,
i.e. conventional and virtual outriggers, in the same buildings and its efficiency in
reducing the lateral loads and bending moment is also showcased in this article.

2 Background of Outriggers

Outriggers are stiffened deep beams which connects the exterior columns to the
central core [4]. Even though the use of concrete central core was way useful to
counter the lateral loads, when increasing the structural height, the core is not able
to provide adequate stiffness. So, by providing a deep beam connecting the core to
the perimeter columns the load resisting capacity was improved and can be used for
structures up to almost 150 storeys [2]. Outrigger usage has been practised in sailing
industry since long to withstand the wind load acting on the ship, thus preventing
overturning. As a comparison to a structure, the core is related to ship’s mast and
spreaders as outriggers and stays as perimeter columns [2].

When lateral loads act on the structures, column-restrainedoutriggers try to restrict
the rotation of central core wall, thereby reducing the deflections andmoments acting
in the core [4]. The ideology is to enhance the effective depth of the building when
the core tries to bend as vertical cantilever, generating tension forces in windward
columns and compressive force in leeward columns as shown in Fig. 1. The net
impact of these forces in the columns is the formation of a couple which in turn
reduces the bending moment of the core [5].

Outrigger structure is effective in increasing the flexural stiffness of the building,
but it does not improve the resistance to shear; therefore, the shear reduction is taken
care by the central core and the bending moment reduction by the outriggers [4].

2.1 Behaviour of Conventional Outriggers

The flexibility of the outrigger was considered for analysing the behaviour of the
structure with outrigger, and the structure was assumed to be uniform [4]. Multiple
regression analysis with up to four outriggers was used to develop formulas to reduce
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Fig. 1 Outrigger structure under lateral loads

the drift in outrigger braced tall buildings and was solved using compatibility condi-
tion analysis of structures [6]. Certain assumptions were considered in the prelim-
inary analysis of outriggers; them being the entire structure to be linearly elastic
and uniform, action of axial forces alone in the columns, connection between the
core and the outrigger to be rigid and connection between outriggers and columns
to be pin jointed [4–6]. A compatibility method of analysis was chosen where the
core rotations at the level of outrigger are equated with the rotations formed at the
corresponding outriggers [4–8]. For finding the equations for horizontal deflections
and the optimum location for n outriggers, the rotations of core and outrigger were
equated. The core rotations were written in terms of its bending deformation and that
of outriggers in terms of bending of outriggers and axial deformation induced in the
columns for uniform horizontal load [4–6]. The optimumpositions for n outriggers to
resist the lateral deflection and drift were found to be 1/(n+ 1), 2/(n+ 1), 3/(n+ 1),
…, n/(n+ 1) times height of the structure [5, 6]. Various researchers have worked on
finding the optimal location of outriggers, and they have found the positions almost
equal to the positions mentioned above.

3 Classification of Outriggers, Their Behaviour
and Importance

The main classification of outriggers is based on their connection between the
internal core and the external structural systems. The connection between the exte-
rior columns and core can be either direct or indirect. When the core and the exterior
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columns are connected directly through outrigger beams, it is termed as conven-
tional outrigger system, and when there is no direct connection between core and the
perimeter columns but the outrigger action is through a belt wall or truss surrounding
the exterior columns, it can be termed as virtual outrigger system [9]. Virtual outrig-
gers consist of a belt wall or a belt truss alone connecting the outer columns as in
Fig. 2(a).

Another classification called outrigger and belt truss system was developed to
assist the columns which are not connected to outrigger beam to participate in the
restraining effect. Here, in addition to the conventional outrigger beams, all the
exterior columns in the outrigger level are connected by means of belt truss or belt
walls in one- or two-storey depth, which further enhances the stiffness of the building
and can reduce the differential axial shortening of the columns and the core [6]. This
arrangement termed as outrigger and belt truss/wall system is shown in Fig. 2(b).

The concept of virtual outriggers is based on the use of rigid floor diaphragms
which transfer moments from core to the belt wall/truss as shown in Fig. 3. The load
transfer in both conventional and virtual is shown below.

The rigid floor diaphragms transfer the moment formed in the core into equivalent
horizontal couple and transfer it to vertical wall/truss. Then, the belt truss converts
this horizontal couple into vertical couple and transfers it to the exterior columns.
So, because of the participation of all the columns for the force transfer, differential
shortening of the columns and the core can be avoided as the floor diaphragms
are stiff and another advantage of virtual outriggers is that it does not cause space
obstruction at the outrigger level as in conventional outrigger system [9, 10]. A new
design of distributed belt wall system instead of a continuous belt wall around the
columns was developed recently which can minimize the space loss at floor level
where the belt walls are installed. The arrangement was found to lessen the drift and
displacement values compared to continuous wall and conventional outrigger walls
[11]. In distributed beltwall system, pre-stressing strandswere introduced to decrease
the high shear demand formed in the belt walls and were found that by enhancing
the amount of pre-stress and steel reinforcement ratio of the strands, resistance in
shear for pre-stressed concrete belt wall has improved [11].

The outriggers can be positioned at an offset distance from the core, and the
classification is shown in Fig. 4. In offset outriggers, beams of outrigger elements

Fig. 2 (a) Virtual outrigger and (b) conventional outrigger with belt wall
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Fig. 3 Force transfer in (a) conventional outrigger with belt truss (b) virtual outrigger

Fig. 4 Different positioning of outriggers

are installed at a definite distance from the central core of the structure and direct
connection is eliminated.

The alternative offset outrigger system also termed as facade rigger [12] is another
classification in outriggers and is shown in Fig. 4. It is also feasible to use diagonal
steel truss members extending over several floors to act as outrigger structures [13].

From the material point of view, outriggers can be classified into steel, concrete
and composite outriggers [14]. Steel outrigger can be mainly used for steel building
as steel trusses or diagonal truss. The connection between steel and concrete outrigger
may be complicated if steel outriggers are installed in concrete frames [9]. Concrete
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outrigger has comparatively lesser cost and more stiffness when compared to steel
outriggers and is used extensively in concrete framed buildings [14]. The brittleness
of concrete can be a problem when it comes to ductility of the structure in tall build-
ings; therefore, combining the benefits of both steel and concretemay be incorporated
which can provide high stiffness and ductility which can resist large deformations.
This type of arrangement can be termed as composite outrigger arrangement [14].
They can be installed by having a steel truss protected inside a concrete wall or by
enclosing a steel core in a concrete casing.When a composite connection is designed,
the transfer of horizontal force from the steel braced frame and concrete floor can
be practised using shear studs on the concrete slabs. When a concrete shear wall
is used, reinforcing steel from concrete wall to concrete floor helps in transferring
the forces. Also, the movement of forces between the floor slabs and the belt truss
chords can also be practised using shear studs attached to the chords [9]. Vierendeel
Outriggers is another type of outrigger which is designed to have high ductility and
lower rigidity, thus, allowing them to be used in higher seismic areas and also, this
type allows door openings in the outriggers so as to prevent the obstruction of the
inner floor area [15].

3.1 Behavioural Study for Various Outrigger Classifications

Studies for finding the optimum location of various outrigger types were undertaken
by researchers since long. The following shows a brief review on the behavioural
assessment analysis for outriggers in chronological order of their publication year.
Outrigger behavioural study had startedway back in the 1980s, and the initial analysis
on uniform flexible outriggers is mentioned under Sect. 2.1 in Sect. 2 of this article.

Study on drift reduction in rigid outriggers for a non-uniform and uniform belted
system subjected to lateral loads was investigated in 1987 [16]. Simple expressions
were computed for moment and roof displacement by varying the flexural rigidity
of core for assisting in preliminary phase of design and graphical representations
showing optimum location and roof displacement for both single and double outrig-
gers were discussed for various loadings [16]. In the 1990s, development on virtual
outriggers was studied and is explained in Sect. 3 of this article. Nair in his paper had
explained the force transfer mechanism and base restraints for tall structures with
basements, analysed a 75-storey steel framed office building with steel belt truss
as virtual outrigger and compared the result with conventional outrigger result in
GTSTRUDL software [9].

Later in the year 2000, behavioural analysis for facade riggers was performed by
Hoenderkamp and Snijder. They developed a simplified method for the preliminary
design of façade riggers considering four stiffness parameters; them being bending
stiffness of walls, axial stiffness of the columns in the end frames, and bending and
racking shear stiffnesses of the facade riggers [12]. The study concluded that the
flexibility of the outriggers greatly influenced the exact position of the facade rigger
[12]. As an application of Nair’s concept of virtual outriggers, an analytical studywas
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performed by Horton on a steel framed office building as analysed by Nair [9] but
giving somemodifications by removing the chamfers and placing “super-columns” at
the corners and continuing the belt truss bracing around the entire outrigger level. He
concluded that a twofold increase in outrigger diaphragm thicknesses coupled with a
16% increase in belt truss area enabled the virtual outrigger system to performwithin
4% of the lateral deflection capacity achieved by conventional outrigger system [10].

In 2001, performance of diagonal outrigger and belt truss system in tall buildings
subjected to lateral loads considering eightmodels of 40-storey 2-D structures having
outrigger belt truss system put through wind load and five numbers of 60-storey 3-
D models put through seismic load was analysed to obtain the top displacement
[17]. The optimum position was found to be top and at middle of the structure for
maximum reduction in lateral displacement and core bending moment [17]. Later
in 2003, impact of outrigger locations and member stiffness on the base moment,
fundamental vibration period and top drift of tall building structures were analysed
using MATLAB program for various loadings and suggested that type of loading
also matters the optimum position of outriggers [18]. It was found that, for trian-
gular loads on outrigger structures, the favourable location for outriggers was 4–5%
higher compared to horizontal uniform loads, and for maximum reduction in bending
moment the position of outriggers was found to be near to the foundation [18].

In the year 2000, facade rigger was analysed taking four stiffness parameters
[12] and in 2003, 5 stiffness parameters were considered which includes bending and
racking shear stiffness of the facade riggers, bending stiffness of the perimeter frames
where riggers were located, and bending and racking shear stiffness of braced wall
frames. These when taken into analysis, it was suggested that all the five parameters
greatly influenced the location of the facade rigger [19].

When braced outrigger and belt truss were investigated, the racking and bending
shear stiffness of the belt truss and outriggers, and stiffness parameter concerning
axial shortening and lengthening of the perimeter columns were found to influence
the outrigger location for maximum reduction in deflection and bending moment in
core [20]. In 2003, behaviour of outriggers for shear walls stiffened by hefty beam
and outrigger system was investigated using conventional continuum approach and
it was obtained that the favourable outrigger location to reduce the top drift was
between 0·4 and 0·6 times the height of building [21].

An analytical study considering themoment in corewall and horizontal top deflec-
tion based on the finite rigidities of outriggers was performed in 2007, taking a 50-
storey building, and was solved by equating compatibility conditions between the
outriggers and the central core wall [8]. It was found that as the outrigger rigidity
increased, restrainingmoment of the core increased rapidly and the horizontal deflec-
tion decreased, and when the outrigger rigidity was low, the location of outrigger
was higher than the optimal location [8].

In 2008, continuum approach was used for developing equations for outriggers in
wall frame buildings, the building was designed as a shear flexural cantilever system
with rotational springs as outriggers and impact of flexural and shear deformation of
outrigger trusses and the wall-frame was considered for the design equations [22]. It
was concluded that the analytical model which considers flexural bending of frame
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and shear deformation of the wall showed good agreement when compared to the
conventional approach [22]. A discussion on the benefits of using virtual outriggers
at floor levels and basement in high-rise building as proposed byNair [9] wasmade in
2008, and a comparison between conventional and virtual outriggers for an 80-storey
building was performed in ETABS software [23]. The results show that there was a
huge reduction in bending moment when basement was used as outriggers which in
turn can reduce the foundation size, and when same dimensions were used for both
conventional and virtual outriggers, the effectiveness of virtual outriggers was found
to be less due to indirect force transfer mechanism [23].

In 2008, Hoenderkamp considered outriggers at two levels and framed several
equations for finding the optimum outrigger location [24]. From the study, it was
found that for the outriggers with unbounded bending stiffness, the optimum position
of the 2nd outrigger was at 0·577 from the top and the first one was installed at the
top [24]. In 2009, a nonlinear response spectrum analysis for finding the optimum
position of outriggers on a 50-storey structure was performed using STRAND7 finite
element package for 3 different PGA-to-PGV ratios in each category of seismic
records and validation was done by SPACE GASS frame analysis [25]. It was found
that the optimal position of the outrigger in that model was between 22 and 24 levels,
i.e. is between 0.44 and 0.48 times its height when measured from the bottom of the
structure for maximum reduction in lateral deflection [25].

In 2009, a graphical method of evaluation for the preliminary analysis of
vertical truss frames and facade riggers was performed considering rigidity of floor
diaphragms under horizontal loads [26]. Interconnection between the trussed frames
and facade riggers happens with the help of floor diaphragms adjoining the top and
bottom frames of the riggers. Therefore, the analysis considered 7 stiffness param-
eters; them being bending stiffness of the perimeter frame supporting the riggers,
bending and shear stiffness of offset riggers, vertical trussed frames and floor struc-
tures [26]. Itwas found that all the sevenparameters greatly influenced themechanism
and positioning of facade riggers [26].

Design of tall structures with RC shear walls and belt truss bracing around the
perimeter columns put through lateral loadingwas considered in 2012 using amethod
similar to the analysis of facade riggers [27]. Flange trusses’ racking and bending
shear deformations along the windward and leeward facades was considered along
with other stiffness parameters mentioned in [26] for accounting the shear lag effect
caused due to differential strain in the flange columns and concluded that all the
8 stiffness parameters greatly influenced the working of belt truss connecting the
exterior columns [27].

In 2012, a 40-storey building with and without outriggers was analysed using
ETABS software for both static and dynamic loads considering PGA of California
region using time history analysis [28]. The relative flexural rigidity of core and
outrigger was varied from 0.25 to 1.75 in steps of 0.25, and the outrigger position
was varied along the height for a relative height of 0.975–0.4 [28]. It was concluded
that the performance of the outriggers was most effective when the outrigger was
placed in themid-height for both static and dynamic loadings [28]. Design guidelines
for the usage of outriggerswere not readily available, so, in 2012,CTBUHhad created
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outrigger working team to form the first guide for outrigger design considering the
overview, challengers for outrigger system, applications of outriggers, effects on the
behaviour of the building, recommendations for differential axial shortening and
construction sequence [29]. Later in 2012, seismic analysis was performed on a 40-
storey building using static method of analysis on a multi-storeyed building with
multi-outriggers by varying the relative rigidity between core and columns [30]. It
was concluded that there was a decrease in horizontal displacement at the top for
a multi-outrigger structure having a relative height of 1.5 (storey 20 and 30) and a
considerable reduction in bending moment for a relative height of 6.67 (storey 40
and 6) [30].

To determine the ductility characteristics of the structure with outriggers installed,
a nonlinear push over analysis was performed for 3 buildings with varying heights
and the results were interpreted in terms of internal forces, deformations, capacity
and ductility [31]. Three heights of 25, 30 and 35 storeys for 5 different ground
accelerations were taken, and three types of strengthening systems included were
rigid outrigger, Vierendeel outrigger and braced outrigger [31]. It was concluded
that Vierendeel system gave the highest ductility and braced system has the highest
lateral resisting ability compared to other models [31]. A 60-storey model having
a central core wall was analysed to investigate the effect of differential column
shortening (DCS) when outriggers were placed at various levels and were subjected
to elastic shortening, shrinkage and creep [32]. It was found from the analysis that the
DCS decreased by 34% when a single outrigger was installed and for two outriggers
DCS was reduced by 48% when the position of second outrigger was fixed at H/h1
= 1.33 [32].

A seismic study for a 2-D steel building using pushover analysis was carried out
on a tall structure whose height varied from 20 to 35 storeys for different loading
types and outrigger locations [33]. The position of outriggers was measured in terms
of base shear, inter-storey drift ratio, storey displacement and performance point in
tall structures [33]. It was concluded that addition of an outrigger at the top storey
and second outrigger near to the mid-height can effectively increase the performance
of the building and the position varied as load type changes [33]. The evolution of
outriggers considering concept of outrigger design, favourable topology, installation
method, outrigger classification, brief background history of outriggers, issues during
construction and axial shortening impact of core and exterior structureswas discussed
in 2016 by Ho [34].

The optimal position of outrigger on a high-rise building based on inter-storey
drift (ISD) factor for multi-outrigger varying from one to three numbers was anal-
ysed using MATLAB programming [35]. The distance between the columns and the
outrigger sections was the parameters varied for both wind and earthquake loads
[35]. It was observed that the optimal location was slightly lower in case of earth-
quake load compared to wind load [35]. To study the effect of differential axial
shortening (DAS) in structural frames with outrigger belt system (OBS), a study was
conducted and the DAS effect for outrigger with belt wall and without belt wall was
analysed [36]. It was found that the installation of OBS can decrease DAS, but when
constructed without belt walls, the DAS effect is increased and also concluded that
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staged construction or elastic single-step method can decrease the accuracy of DAS
results [36].

Using continuumapproach, the optimumposition of outrigger system in tall build-
ings was evaluated by maximizing the belt truss outrigger system’s strain energy for
various lateral loads [37]. The outrigger system was modelled as rotational springs,
and when the absorbed energy was maximized, the optimal outrigger position was
obtained. It was suggested that the proposed method gave efficient results when the
theory was compared with various numerical examples [37]. A relative study of time
period based on stiffness was performed on a G + 45 storey RCC building using
ETABS software for various plan configurations of outrigger and belt wall system
[38]. The results were analysed based on the lateral displacement, time period, storey
drift and storey displacement, and from the analysis results it was found that the
optimal position of 1st outrigger was at 15th floor and the 2nd outrigger was at 30th
storey [38].

A study was conducted to review the existing global formulae which gave the
preliminary design values of moments and horizontal deflections for core-supported-
with-outrigger (CSOR) system and tube-in-tube-with-outrigger (TTOR) system as
the existing formulas neglected the reverse rotation of the outriggers in TTOR [39].
A new methodology which provided better results was proposed based on global
and local analysis of RC outrigger beams using nonlinear FE analysis and strut-and-
tie modelling [39]. From the results, different challenges obtained were detailing
structural members which are heavily reinforced and brittle failure of the members
[39].

A study was conducted to minimize the inter-storey drift of a framed-tube struc-
ture with outriggers having non-uniform core and perimeter columns using genetic
algorithm, and a parameter analysis was performed in MATLAB program to iden-
tify the favourable position of the outriggers [40]. The analysis was conducted on a
65-storey building of height 260 m, and the independent parameters varied were the
objective functions, thickness of core wall, segments of outriggers, grade of concrete,
stiffness of outriggers and type of loading [40]. It was concluded that the value of
inter-storey drift (ISD) reduced as the cross section of the peripheral columns, stiff-
ness of outrigger, core and columns was increased making the favourable location of
the outrigger go down and as the thickness of core wall was increased, the favourable
position of the outrigger was found to go upwards. It was also observed that when
outrigger segments were increased from one to five the ISD changed unevenly and
remained unchanged for the change in grade of concrete [40]. In 2018, a method
to reduce the differential axial shortening (DAS) of structures for various outrigger
positions was proposed using piecewise quadratic interpolation [41]. The results
demonstrated that the DAS value does not reduce considerably when more than two
outriggers were installed, even though the value of DAS reduces with increase in
outrigger number [41].

A comparison between various models having shear core, outrigger and belt truss,
outrigger and belt wall and its combinations was performed using response spectrum
method based on the results from base shear, member shear forces and column axial
forces [42]. It was concluded that shear core with outrigger and belt wall system
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was most effective when compared to other cases [42]. A study on finding optimum
construction sequence for outriggers was conducted on a 600 m building, where
safety analysis and construction replication of the entire system were well combined
[43]. Based on the FEM model, through the outrigger trusses’ safety analysis, the
lower limits for construction of the outrigger system were calculated and the upper
limits were estimated by structural stiffness analysis and construction stage global
stability [43]. Further, by analysing the construction simulation models, a criterion
was formed for constructing the outriggers in the building and the efficacy of the
suggested method was verified with various examples [43].

In 2019, a high-rise structure of steady stiffness, reinforced with framed tube
system, shear core and outrigger belt truss (OBT) had been modelled and analysed to
obtain the optimum outrigger position using energymethod [44]. OBTwasmodelled
as rotational springs and was placed at various positions along the structure’s height
in such a way to maximize energy dissipation and absorption [44]. The performance
of the method was validated with a numerical example using a 50-storey concrete
building in SAP 2000, and the results were compared with Stafford Smith’s method
[44]. It was concluded that the suggested method developed for several OBT systems
showed a decrease in the values of axial force and roof displacement when compared
with Stafford Smith’s method and the building with two OBTs had better efficiency
compared to building with three OBTs [44].

Behaviour of a combined special truss moment frame and outrigger system was
investigated using nonlinear and linear analysis on a ten-, twenty- and forty-storey
building for various lateral load resisting systems [45]. The results concluded that
the proposed system had decreased the drift ratios and enhanced the stiffness and
energy absorption [45]. Stresses induced due to differential axial shortening (DAS)
and lateral displacement (LAT) were studied in terms of the absolute sum of stresses
and the decrease ratio of LAT and DAS which affected the strength demand of the
outrigger [46]. Analytic equations were suggested to explore the factors concerning
the extra outrigger stress, and FEM analysis was performed to explore the decrease
in ratio of LAT and DAS quantitatively as well as the stress produced due to location,
stiffness, number of outriggers and connection time [46]. It was found the decrease
in ratio and the internal stresses of the LAT and DAS enhanced as the area along
cross section of the outrigger was enhanced and dual-purpose outriggers were found
to be efficiently helpful in delivering the total stress acting in each outrigger more
evenly [46].

In 2019, optimumnumber of outriggers for decreasing the top storey displacement
in high-rise buildings was investigated for uniform, triangular and concentrated load
followed by employing aMATLABcode to identify the favourable position of outrig-
gers [47]. Effects of variation in rigidity of outriggers, column and core were eval-
uated, and from the results it was understood that the outrigger number depends on
column axial rigidity, flexural rigidity of outriggers, distance of perimeter columns,
type of loading and height of structure [47]. The behaviour of high-rise RCC building
with outrigger belt truss systemwas analysed under seismic loads for various arrange-
ments of steel bracings based on the results from lateral deflection, storey drifts and
base shear by linear and nonlinear methods in ETABS software [48]. Nine different
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models were prepared for different outrigger positions for X-type and V-type bracing
patterns, and it was found that X-type bracing pattern gave maximum reduction of
18.47 and 22.40% for top storey drift and lateral displacement, respectively [48].

A study on the seismic performance of a damped outrigger system with buckling-
restrained brace (BRB-outrigger) based on spectral analysis (SA) procedure was
conducted to analyse the nonlinear seismic behaviour of buildings with damped
outriggers [49]. The optimal outrigger position, axial stiffness of perimeter column
having BRB and core flexural rigidity are the key parameters varied in the study so
as to decrease the earthquake response [49]. Models with varying heights of 64, 128,
256 and 384 m were taken for performing nonlinear response history analysis and
SA. It was concluded that the BRB-outrigger at top was dominating the structural
performance and the BRB-outrigger at bottom improved the seismic behaviour by
reducing deflection, rotation and moment in the core [49].

A 64-storey RCC building with outrigger and belt wall was analysed to evaluate
its performance along across-wind, along-wind and in direction of torsion using
GTSTRUDL software [50]. The along-wind factors were estimated by following
the steps from ASCE 7-16, and the across-wind factors were estimated on basis of
wind tunnel data as provided in a database of aerodynamic load. Analysis concluded
that the incorporation of belt wall can decrease the deflections caused due to wind
responses, and also decrease the torsional acceleration of the structure drastically
[50]. In 2020, moment resisting frame with shear wall and outrigger braced truss was
analysed for both static and dynamic loads and was compared with a system with
pendulum-tuned mass damper (PTMD) [51]. Parametric analysis was performed
considering drift and top displacement of the building and found that the braced
outrigger system provided reduction of 33% for single and 60% for dual outriggers
and also the reduction in acceleration of outriggers was estimated as 40% and that of
PTMD as 35% which proved the effectiveness of outriggers for controlling the sway
in tall buildings [51].

3.2 Summary of Literature Review

Someof the significant literatures for outriggers in the past fewyears have beenbriefly
explained above. Figure 5 gives an overview of the literatures that has been consid-
ered in this article. Various studies were carried out by researchers for identifying
the different parameters that influence the optimal positioning and design properties
of outriggers. The key parameters that are affecting the design of outriggers are the
flexural rigidity of core and outrigger, axial rigidity of perimeter columns, location
of outriggers, height of the structure, stiffness of diaphragms and shear rigidity of
outriggers and core. The studies were based on certain assumptions such as elastic
linearity of the structure, action of only axial forces in columns, rigid connection of
outriggers to the core and pinned connection to the columns, uniform sectional prop-
erty and neglecting shear deformation of the core. In many papers, various equations
were formulated using the above parameters and assumptions as a preliminary design
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study for conventional outriggers. Few papers studied the effectiveness of outriggers
with belt walls/trusses by analysing lateral displacement, inter-storey drift, bending
moment and shear force in core wall. Study on alternative outrigger system like
offset and virtual outrigger analysis was taken by few researches, and a very few
have done a comparative study between conventional and virtual outriggers to check
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its effectiveness as a lateral load resisting system. Existing study on virtual outrig-
gers focused mainly on the optimal location of belt truss as virtual outrigger, force
transfer mechanism for belt truss and distributed belt walls as virtual outriggers.

From the past literature review, it was found that the main study in outriggers
was limited to conventional outriggers, outriggers with belt truss/wall around the
outer columns and virtual outriggers. Literature mentioning the analysis of both
conventional and virtual outriggers in the same building which acts like a hybrid
outrigger system was underexplored. Thus, this study is intended to analyse the
efficacy of both conventional and virtual outriggers as a hybrid outrigger system
in a high-rise RCC building for various parameters. Plaza Rakyat Tower which is
a 77-storey structure in Kuala Lumpur having a concrete shear wall, belt walls as
virtual outriggers at two levels and a conventional outrigger system at the roof of the
structure can be given as an example for hybrid outriggers [9].

4 Hybrid Outrigger System and Its Significance

As the significance of high-rise structures has been increasing rapidly, an efficient
lateral load resisting system needs to be developed. Outriggers are one among the
various structural systems available and are gaining importance since the past two
decades. A hybrid outrigger system is a lateral load resisting system for high-rise
structures comprising both conventional and virtual outriggers at two different posi-
tions in the same building. Thus, this research may create a significant contribution
to the body of knowledge in terms of the suitability of hybrid outrigger system as
a lateral load resisting system in tall buildings. Also, studying the optimal posi-
tioning of hybrid outriggers for various structural parameters, loadings and building
configuration may contribute significantly to theory building on outriggers. This
article gives a brief introduction to hybrid outriggers and a comparative study among
various outrigger classifications to evaluate its effectiveness.

5 Comparative Study on Outriggers

The analysis is performed in a finite element software, ETABS, for a 30-storey RCC
structure having area 21 m× 21 m. The dimensions and the loads considered for the
study are as mentioned in Table 1.

5.1 Modelling Approaches and Descriptions

The structure is symmetrical along both x- and y-axes, fixed at ground level, and
the loads acting were calculated with the help of IS codes. The dead load, live
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Table 1 Design details for
RCC building

Structural elements Values

No. of storeys 30

Total height 105 m

Storey height 3.5 m

Compressive strength 50 MPa

Beam dimension 400 mm * 600 mm

Column dimension 800 mm* 800 mm

Slab thickness 200 mm

Conventional outrigger dimension 300 mm × 3500 mm

Virtual outrigger dimension 300 mm × 3500 mm

Live load 3.5 kN/m2

Live load in roof 1.75 kN/m2

Wind speed 39 m/s

Seismic zone factor 0.24 (zone 4)

Site type 2

Importance factor 1

Response reduction factor 5

Shear wall thickness 300 mm

Super-dead load 1 kN/m2

load and wind load were assigned based on IS: 875-1987-Part 1, Part 2 and Part 3,
respectively. The earthquake loads were assigned as per IS 1893-2002. The masonry
load was calculated to 12.67 kN/m and was applied over the beams in the model
except on the roof. The slabs were defined as membranes, the outrigger wall and the
core wall were designed as shell thin elements, and meshing was done. After loading
and assigning all the parameters, the model was checked for errors and analysed for
getting the lateral displacement, storey drift, bending moment and shear force in core
walls. The concrete design was also checked, and all the concrete members passed
the design check. Both static and dynamic loads were taken for the analysis. The
dynamic analysis was done by time history method of analysis taking accelerograms
fromEl Centro Array #9, Imperial Valley-02, 5/19/1940, of magnitude 6.95 and PGA
of − 0.28 g for x direction and − 0.21 g for y direction.

The case 1 is for control building, and the outriggers are placed at two levels in
the other cases to evaluate its effectiveness. Case 2 has two conventional outriggers
at 10th and 20th storey, case 3 has two virtual outriggers at 10th and 20th storey, case
4 has conventional outrigger at 20th floor and virtual outrigger at 10th floor, and case
5 has virtual outrigger at 20th floor and conventional outrigger at 10th floor. Case 4
and case 5 are examples of hybrid outriggers. Here, case 4 is having conventional
trigger at 20th storey and virtual outrigger at 10th storey and the reverse position is
being considered in case 5; this helps to find which case is more effective in reducing
the displacement, drift and bending moment. The rendered view for all the models
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Case 1 Case 2 Case 3 Case 4 Case 5

Control CO VO CO-VO VO-CO

Fig. 6 Models taken for analysis

is given in Fig. 6. CO is the abbreviation for two conventional outriggers, VO for
two virtual outriggers, CO–VO for conventional outrigger at 20th floor and virtual
outrigger at 10th floor andVO–CO for virtual outrigger at 20th floor and conventional
outriggers at 10th floor.

For fixing the position for the outriggers in the above models, the equation given
by Smith and Coull is followed. The optimum positions for n outriggers to resist the
lateral deflection and drift as per Smith and Coull were found to be 1/(n + 1), 2/(n
+ 1), 3/(n+ 1), …, n/(n+ 1) times height of the structure [5, 6]. A 30-storey model
with two outriggers is being considered for the study, and therefore, as per the above
equation the location of the outriggers was fixed at 10th and 20th storey.

5.2 Results and Discussion

After modelling, the building is analysed for both wind and earthquake loads using
static and dynamic analysis. The shear force and bending moment values in core
walls, storey drift and lateral displacement for all the 5 caseswere analysed, compared
and plotted in different graphs. Variation of shear force for wind and earthquake loads
is given in Fig. 7. Each graph compares the values obtained for all the 5 cases, and
loading was taken in both x and y directions.

From the shear force diagrams, it was observed that there is a sudden change in
shear force in the storey above the virtual outrigger position and there is a slight
change in shear force at place where the conventional outriggers are placed. The
variation in bending moment for wind, earthquake and time history case is shown in
Fig. 8.
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Fig. 7 Shear force diagram
for wind and earthquake
loads in y direction and time
history case in x and
y directions
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Fig. 8 Bending moment
diagram for static wind and
earthquake load in
x direction and time history
case in x and y directions
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Table 2 Percentage reduction in shear force at core walls for various loads measured at the base

Loads Percentage reduction (%)

CO VO CO–VO VO–CO

W X − 0.54 − 0.50 − 0.52 − 0.58

W Y − 0.62 − 0.59 − 0.60 − 0.67

EQ X − 2.61 − 3.50 − 3.06 − 3.14

EQ Y − 2.73 − 3.62 − 3.18 − 3.27

TH X − 4.09 0.63 4.77 − 3.63

TH Y − 23.83 − 15.19 − 23.09 − 29.63

Table 3 Percentage reduction in bending moment at core walls for various loads measured at the
base

Loads Percentage reduction (%)

CO VO CO–VO VO–CO

W X 26.27 22.66 23.39 27.47

W Y 26.57 23.34 23.96 27.83

EQ X 28.03 23.72 25.03 29.20

EQ Y 28.36 24.51 25.67 29.63

TH X − 1.91 − 4.32 − 3.20 − 1.61

TH Y − 18.55 − 8.49 − 15.26 − 9.85

From the graphs, it is observed that there is a sudden change in the bending
moment values at the position where the outriggers are placed. The base moment
has reduced for all the cases under static loads, and there was an increase in base
bending moment for time history case. Tables 2 and 3 show the percentage increase
and decrease in the values of shear force and bendingmoment compared to the values
obtained for control model when lateral load resisting systems were installed. From
Table 3, it was found that maximum reduction in bendingmoment at base is for case 5
(VO–CO) followed by case 2 (CO) and in time history there is an increase in bending
moment for all the cases when compared to the control model. The increase in shear
force at base was found for all the cases, except in TH X for case 3 and case 4. The
reduction in base moment is by conversion of bending moment acting in the shear
wall into tensile and compressive forces in the perimeter columns, which in turn
causes decrease in the value of lateral displacement at the top storey of the structure.
The increase in shear force at base may be due to the increase in seismic weight of
the building. In case of time history analysis, few variations were observed and may
be due to the random nature of ground motions. W X and W Y are abbreviations for
wind loads in x and y directions, EQ X and EQ Y for earthquake loads in x and y
directions, and TH X and TH Y for time history loads in x and y directions.

Figure 9 shows the storey drift variation for wind, earthquake and time history
case in x and y directions.
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Fig. 9 Storey drift variation
for static wind and
earthquake loads in
x direction and time history
case in x and y directions
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Table 4 Percentage reduction in storey drift for various loads at 30th storey

Loads Percentage reduction (%)

CO VO CO–VO VO–CO

W X 35.80 33.77 38.41 34.93

W Y 36.15 34.72 39.02 35.72

EQ X 33.75 30.99 35.95 32.23

EQ Y 34.06 32.02 36.38 32.97

TH X 1.43 11.31 5.98 − 2.99

TH Y 25.75 24.79 28.62 24.31

Table 4 gives the percentage reduction in all 5 cases for various loadswhen top drift
was compared and the maximum reduction in drift was found for case 4 (CO–VO)
followed by case 2 (CO).

Figure 10 shows the variation in lateral displacement for wind, earthquake and
time history case in x and y directions.

Table 5 shows the percentage reduction inmaximum lateral displacement values in
all 5 cases for different loadings, and the maximum reduction in lateral displacement
was almost equal for cases 2, 4 and 5, which again proves the effectiveness of hybrid
outriggers in reducing lateral drift and displacement.

From the comparative study done for a 30-storey building, it was found that
maximum reduction in bending moment is for case 5 (virtual at top and conventional
outrigger at bottom) and lateral displacement and drift for case 4 (conventional at top
and virtual outrigger at bottom). Case 4 and case 5 are both cases of hybrid outrigger
system. From the analysis results, it can be concluded that hybrid outriggers showed
reasonable reduction in storey drift, lateral displacement and bending moment in
core walls.

Thus, in this present scenario where the significance of tall buildings is emerging
rapidly, the hybrid outrigger system may be used to minimize the adverse effects
caused due to wind and earthquake loads. Also, conventional outrigger system can
cause space obstruction at the outrigger level; therefore in a building if more number
of conventional outrigger is installed, the usage space at those levels reduces. The
virtual outrigger can eliminate the problem of space obstruction at the outrigger level.
So in a building with hybrid outrigger system, the occupancy area at outrigger level
is more compared to a building with conventional outriggers alone.

6 Conclusion

Studies related to the behaviour of outriggers on tall buildings have been undertaken
by various researchers, and condensing the concept, mechanism and its behaviour is
vital in providing a proper guidance to researchers. Therefore, this article discusses
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Fig. 10 Lateral
displacement variation for
static wind and earthquake
loads in y direction and time
history case in x and
y directions
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Table 5 Percentage reduction in lateral displacement for various loads at 30th storey

Loads Percentage reduction (%)

CO VO CO–VO VO–CO

W X 39.90 36.58 39.68 40.30

W Y 41.20 38.35 41.22 41.90

EQ X 39.22 35.45 39.16 39.03

EQ Y 40.45 37.19 40.63 40.59

TH X 13.34 18.65 15.04 12.16

TH Y 28.04 24.41 27.43 27.03

a review on the background of outriggers, types of outriggers and parameters influ-
encing the outrigger behaviour and introduces the concept of hybrid outrigger system
in high-rise RCC structures. A comparative study was conducted for a 30-storey
building, and it was found that hybrid outriggers showed a reasonable reduction in
lateral displacement, storey drift and bending moment in core walls. When bending
moment was considered, the hybrid outrigger system almost had a percentage reduc-
tion of 27% for wind and 29% for earthquake loads when compared to the control
model (case 1). When drift was considered, a percentage reduction of 39% for
wind loads and 36% for earthquake loads were obtained and for displacement the
hybrid outrigger system had a reduction of almost 40% for both lateral loads when
compared to the control model. From the above comparative study performed, the
hybrid outrigger system was found to be the more effective as a lateral load resisting
system when compared to building with two conventional outriggers (case 2) and
building with two virtual outriggers (case 3).

Further studies are required to analyse the effectiveness of hybrid outriggers for
different loadings and buildingswith different configurations. Also, the force transfer
mechanism and the parameters that affect its effectiveness need to be studied. These
studies are being carried out and will be published in future.
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Efficiency of Carica papaya Stem
Activated with Phosphoric Acid
and Sodium Hydroxide in Mining
Wastewater Treatment

Ezekiel A. Adetoro and Samson O. Ojoawo

Abstract Chemically activated carbons prepared from the Carica papaya stem
using phosphoric acid (CPSAC–H3PO4) and sodium hydroxide (CPSAC–NaOH)
were used in sequestrating selected toxicmetals (Cu2+,Mn2+, Co3+, Fe2+, Zn2+, Cd2+,
Pb2+ and Cr3+) from mining wastewater. The mining wastewater was characterized
for selected toxic metals using atomic absorption spectrophotometer (AAS). Batch
adsorption studieswere conducted using theCPSACs to remove selected toxicmetals
from the mining wastewater putting into consideration adsorbent dosage, agitation
rate, contact time, pH and temperature parameters. The data obtained were fitted into
isotherm (Freundlich, Langmuir, Dubinin–Radushkevich and Temkin) and kinetic
(pseudo-first and pseudo-second orders, Elovich and intra-particle diffusion) and
thermodynamic (standard enthalpy change, �H°; standard entropy change, �S°;
and standard free energy change, �G°) models for its suitability. Three different
error functions (sum of absolute errors—EABS, average relative errors—AREs and
coefficient of determination—R2) were used for assessment of the linear and non-
linear regression analyses of the selected adsorption isotherms and kinetic models.
The removal efficiency of the selected toxic metals in CPSAC samples was between
92.97 and 100.00%. The adsorbent dosage, agitation rate, contact time, pH and
temperature for optimum condition were 0.6 g (CPSAC–H3PO4) and 0.2 g (CPSAC–
NaOH), 150 rpm, 60 min., 7 and 30 °C, respectively. Adsorption data followed the
isotherms in the order of CPSAC–NaOH>CPSAC–H3PO4 and kinetics (i.e. pseudo-
second order and intra-particle diffusionmechanism) in the order of CPSAC–H3PO4
> CPSAC–NaOH. Non-linear regression analyses using EAB, ARE and R2 error
functions indicated to be better in analysing adsorption and kinetic models for the
studied toxicmetals. The�H°,�S° and�G° for the processes were 657.916, 64.288
and 22,012 kJ/mol, respectively. The adsorbents were efficient for removal of the
selected toxic metals from the mining wastewater (though CPSAC–H3PO4 was most
efficient); thus, it can be used for industrial application in wastewater treatment.
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1 Introduction

Industrial wastewater must be treated to get rid of its pollutants, especially toxic
metals prior to its ejection into bodies of water for steering clear of ecosystem’s
devastation and infirmities of people living in the environment [1]. Toxic metals
give rise to a noteworthy peril to the human habitat and general fitness due to their
noxiousness, cumulation in the food chain and perseverance in character [2]. Toxic
metals’ sequestrations from contaminated discharges through usual practices are
not so successful, very exorbitant particularly for the metals’ solubility between 1
and 100 mg/L, frequently limited due to peripheral difficulties with metal-relevance
slime that are exceedingly hard to get rid of. The potential of inert and complete
biomaterials in remediation of toxic metals has been seriously considered in devel-
oping a capable, virtuous and inexpensive method for treating wastewater even at
very low concentrations of toxic metals. This method is known as biosorption. It is
an ingenious, environmental-friendly, cheap and successful means of sequestrating
toxic metals from wastewaters. Moreover, the adsorbent(s) used for the process can
be renewed through desorption procedure, thus fostering multiple utilization [3–5].

Activated carbons (ACs) are broadly utilized as adsorbents in treating wastewater
due to their energetic functional groups and lofty superficial areas, but their utilization
is usually impeded by affordability and availability due to high cost; thus, there is
a necessity to substitute low-cost precursor materials (i.e. agricultural biomaterials)
with identical function as traditionalAC [6, 7].Carica papaya (CP) different parts are
broadly utilized amidst biologicalmaterials used in biosorption, and their capabilities
for biosorption of toxic metals from synthetic wastewater (s) are established by
research works of [8] (C. papaya leaves), [9] (C. papaya seed), [10, 11] (C. papaya
stem peel), etc. Nevertheless, the biological attributes of CP stem, which is left to
spoil, resulting in environmental wastes, are yet to be deeply explored. The reviewed
works of [6, 10, 12] showed possibilities of usingH3PO4 andNaOH activating agents
for agricultural biomaterials.

However, no previously known report has been made on the utilization of C.
Papaya stem activated carbon—CPSAC (using H3PO4 and NaOH activating agents)
in treatingminingwastewater (i.e. real-lifewastewater). This study aimed at assessing
efficacy (ies) ofCPSACproducedwithH3PO4 andNaOHactivating agents in seques-
trating eight toxic metal ions (i.e. Cu2+, Mn2+, Co3+, Fe2+, Zn2+, Cd2+, Pb2+ and
Cr3+) from mining wastewater (MW). These were achieved through batch adsorp-
tion experiments and adsorption process model studies (i.e. isotherm, kinetic and
thermodynamic studies) of the adsorption data obtained.
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2 Materials and Methods

2.1 Establishment of Toxic Metals’ Concentrations Present
in the Mining Wastewater (MW)

MWsample was sourced from Igbeti marble mining site, Nigeria, and its complexity
was broken down before being analysed by AASmachine. 10 mL of theMW sample
was poured into warming bottle, while 10 mL of blank sample was also poured
into another warming bottle. 15 mL of nitric acid (HNO3) was cautiously added
to the contents of the two warming bottles, covered and heated for 5–10 min, and
subsequently, the samples were allowed to cool and then filtered into a volumetric
flask usingWhatman filter papers and funnels. The filtrates were made up to 100 mL
with distilled water. The made up filtrates were then poured into transparent tightly
corked bottles in readiness for the AAS reading [13].

The AASmachine (PG 990 model) was used to read the toxic metal ions’ concen-
tration in the prepared digested and standard samples, and then results recorded.
Conversion and calculation of the toxic metal ions’ concentrations were then carried
out. Reference [13] expressed concentration in part per million (ppm) according to
Eq. 1.

Concentration (ppm) = R × FV × DF

W
(1)

where R is the reading from the machine, FV is the final volume after digestion, DF
is the dilution factor and W is the weight of the sample used. This analysis was used
for determination of concentrations of toxic metal ions present in the MW before
and after treatment.

2.2 Preparation of Carica papaya Stem Activated Carbon
(CPSAC)

C. papaya stem (CPS) sourced from Ladoke Akintola University of Technology
Teaching and Research Farm, Ogbomoso, Nigeria, was sliced and painstakingly
rinsed with distilled water in order to remove all feasible contaminants. The cleaned
CPS sample was dried at 105 °C in an oven for 24 h before being powdered. The CPS
powder was put into cleaned melting pots, placed into muffle furnace with model
number 5X1-1008 at 600 °C and left inside it for extra one hour, and the samples
are subsequently retrieved from the furnace and allowed to cool. The carbonized
sample was rinsed with distilled water till pH of 7.0 was attained, subsequently dried
at 105 °C in an oven for 2 h and cooled prior to its activation [12].

50 g of the cooled carbonized CPS sample was poured into two large bottles
containing 500 mL of 0.1 M of each of phosphoric acid and sodium hydroxide (i.e.
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activating agent), evenly mixed and stayed for 1 day, sieved and rinsed with distilled
water till pH of 7.0 was reached, dried at 105 °C, cooled and later kept in a closed-up
vessel [12].

2.3 Batch Adsorption Experiments

The adsorption parameters applied in the batch adsorption experiments were adsor-
bent dosage (0.2, 0.4, 0.6, 0.8 and 1.0 g), agitation rate (50, 100, 150, 200 and
250 rpm), contact time (20, 40, 60, 80, 100 and 120 min), pH (4, 6, 8 and 10) and
temperature (30, 40, 50, 60 and 70 °C). 50mL of theMWsample was put into conical
flask and differing dosages of 0.2, 0.4, 0.6, 0.8 and 1.0 g of the prepared CPSAC–
H3PO4 and CPSAC–NaOH adsorbents being added, set on J.P Selecta orbital shaker
with model number 3000974 at differed agitation rate, contact time, pH and temper-
ature. The mixtures were filtered with Whatman filter paper 12.5 cm (100 circles)
and its filtrates analysed by AAS and statistically [11].

One factor at a time (OFAT) analyseswere performed for all the adsorption param-
eters (i.e. differing of each parameter while others were fixed during the experi-
ments). The adsorption capacity—qe (mg/g) and removal efficiency—RE (%) were
established through Eqs. 2 and 3, respectively, according to [11, 14].

qe = (Co − Ce)V

W
(2)

RE = (Co − Ce)

Co
× 100% (3)

where V = solution’s volume (mL), W = amount of adsorbent (g), and C0 and Ce

= first and balanced concentration in the solution (mg/L).

2.4 Adsorption Process Models’ Studies

These have to do with establishment of suitability of batch adsorption data obtained
using adsorption isotherm, kinetic and thermodynamic studies.

(1) Adsorption isotherm studies: Equations acquired fromplots of batch adsorption
data were juxtaposed with four selected adsorption isotherm (i.e. Freundlich,
Langmuir, Dubinin–Radushkevich (D–R) and Temkin isotherms) equations
for fitness motive. Equations 4 (non-linear) and 5 (linear) were applied for
Freundlich isotherm, Langmuir isotherm fitness was determined from Eqs. 6
(non-linear), 7 (linear) and 8 (separation factor), the relevancy of D–R isotherm
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was determined using Eqs. 9 (non-linear), 10 (linear), 11 and 12, while Eqs. 13
(non-linear) and 14 (linear) were utilized for Temkin isotherm.

qe = KC1/n
e (4)

log qe = log K + 1

n
logCe (5)

K and n are to be determined from cut-off and gradient of log qe and log Ce plot.
1/n, 1/n > 1 = 0 and 0 < 1/n < 1 are irreversible, non-optimum adsorption and
optimum adsorption process, respectively, according to [11]. The system is more
heterogeneous, normalLangmuir isothermand cooperative adsorption for value close
to 0, < 1 and > 1, respectively, as expressed by [14].

qe = qm · K · Ce

1 + K · Ce
(6)

Ce

qe
= 1

qm · K
+ Ce

qm
(7)

RL = 1

(1 + K · Co)
(8)

where Langmuir parameters for adsorption capacity and energy areK and qm, respec-
tively. Co is the first concentration of toxic metal (mgL−1). RL > 1, 1, 0 and 0 < RL

< 1 means non-optimum, linear, irreversible and optimum adsorption, respectively,
according to [11].

qe = qm · e(−βε2) (9)

ln qe = ln qm − βε2 (10)

ε = RT ln

(
1 + 1

Ce

)
(11)

where ε = Polanyi capacity of the required concentration, β = average energy of
adsorption E (mol2/kJ2), R = appropriate fixed value of gas (8.314 J/mol K) and T
= standard temperature (K). qm and β are determined from the cut-off and gradient
of lnqe and ε2 plot. E values of 1–8 and 9–16 kJ/mol mean physical and chemical
adsorption, respectively, according to [14].

E = 1/
(√

2β
)

(12)
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qe = B · ln(Kt · Ce) (13)

qe = B ln Kt + B lnCe (14)

where qe = amount of adsorbed adsorbate at stable condition (mg/g), B (RT/b) =
fixed value of heat capacity (L/mg) and Ce = adsorbate’s concentration at stable
condition (mg/L) [14]. They are usually determined from cut-off and gradient of qe

against lnCe plot.

(2) Adsorption kinetic studies: Equations acquired from plots of batch adsorption
data were also juxtaposed with four selected adsorption kinetic models (i.e.
pseudo-first order, pseudo-second-order, Elovich and intra-particle diffusion
models). Equations 15 (non-linear) and16 (linear)were used to analyse pseudo-
first-order kinetic model withK1 being determined from gradient of log (qe–qt)
versus t plot. Pseudo-second-order kinetic study was carried out using Eqs. 17
(non-linear) and 18 (linear) with K2 being determined from gradient of t/qt

versus t plot. Equation 19 was applied in Elovich kinetic model analysis. The
fixed values of α and β were calculated from cut-off and gradient of qt versus
ln t plot, respectively. Intra-particle diffusion analysis was conducted using
Eq. 20 and Kdiff being determined from qt versus t1/2 the plot [11, 14].

qt = qe
(
1 − e−K1t

)
(15)

log(qe − qt) = log qe − K1

2.303
t (16)

where qe and qt are adsorption capacity at stable condition and time t, respectively,
K1 is the pseudo-first-order fixed rate and t is adsorption process’ time of mixing
and being determined from gradient of log (qe − qt) versus t plot according to [11,
14].

qt = K2 · t · q2
e

K2 · t · qe + 1
(17)

t

qt
= 1

K2 · q2
e

+ t

qe
(18)

qt = 1

α
ln(αβ) + 1

β
ln t (19)

where K2 = pseudo-second-order fixed rate, α = first rate of desorption (mg/(g min),
β = fixed value of desorption (g/mg) and 1/β = number of sites obtainable for
adsorption as stipulated by [14].
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qt = Kdiff

(
t
1
2

)
+ C (20)

where Kdiff = fixed value of intra-particle diffusion (mg/(g min) and C = intercept
(cut-off). The plot shows that the cut-off value governs effect of the boundary layer
and surface adsorption. Linear plot of intra-particle diffusion with zero as origin
portrays only model of the intra-particle diffusion as rate-restricting step. Large cut-
off value usually results in great part of the surface adsorption in the rate-restricting
step; if not, other mechanisms are involved with intra-particle diffusion [14].

(3) Adsorption thermodynamic studies: Three thermodynamicparameters assessed
for the adsorption process were standard enthalpy variation (�H°), standard
entropy variation (�S°) and standard free energy variation (�G°). �H° and
�S° were determined from cut-off and gradient of lnK versus 1/T plot through
Eqs. 21 and 22, respectively. �G° was determined from Eq. 23, while Arrhe-
nius equation (i.e. Eq. 24) was utilized in determining if the process is physical
or chemical. Ea, the magnitude of activation energy (i.e. the nature of adsorp-
tion’s determinant), was established from gradient of ln K2 against 1/T plot.
The process has activation energy, and Ea of 5–40 and 40–800 kJ/mol means
physisorption and chemisorption process, respectively [14].

ln K = �S0

R
− �H 0

RT
(21)

K = Cae

Ce
(22)

whereK = adsorption fixed value of stable condition (L/mg),�S°= standard entropy
variation (kJ/mol K), R = appropriate fixed value of gas (8.314 J/mol K), �H° =
standard enthalpy variation (kJ/mol), T = standard temperature of solution (Kelvin),
Cae = stable concentration adsorbed (mg/L) andCe = stable concentration in solution
(mg/L).

�G0 = −RT · ln K (23)

ln K = ln A − Ea

RT
(24)

where A = Arrhenius factor and Ea = Arrhenius activation energy of adsorption
(kJ/mol). A negative and positive �H° value means that process of adsorption
is exothermic and endothermic in nature, respectively. �S° positive value means
randomness increment at the solid–solution interface that happens in the adsorp-
tion process apart from showing the affinity of the adsorbent towards the adsorbate,
while �G° negative value implies that an adsorption process is a natural process at
the temperature studied [14].
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(4) Error functions: Three different error functions (i.e. sum of absolute errors—
EABS, average relative errors—AREs and coefficient of determination—R2)
were used for assessment of the linear and non-linear regression analyses of
the selected adsorption isotherms and kinetic models. Equations 25–27 were
used for EABS, ARE and R2 error functions, respectively [15, 16].

EABS =
n∑

i=1

(
qe

(
exp′ t

) − qe(cal.)
)

i
(25)

ARE =
[(

qe
(
exp′ t

) − qe(cal.)
)2

/qe
(
exp′ t

)]
(26)

R2 = 1 −
∑n

i=1

(
qe(cal) − qmean

e

(
exp′ t

))2
i(∑n

i=1

(
qe(cal) − qmean

e (exp′ t)
)2

i + ∑n
i=1(qe(cal) − qe(exp′ t))2i

)
(27)

where (qe (cal.)), (qe (expt.)) and (qe
mean(expt.)) are the adsorption capacities obtained

from the modelled, experimental and experimental mean results.

3 Results and Discussion

3.1 Concentration of Toxic Metal Ions in the MW Sample

The toxic metals’ concentrations in the MW sample before and after treatment
are shown in Table 1. All the selected toxic metals’ concentrations were more
than the required standards [17] before treatment, which portrayed possibility of
environmental pollution of the study area by the MW.

Iron, lead (in both adsorbents) and cobalt (in CPSAC–NaOH) concentrationswere
above-required standards [17] after treatment, though drastically reduced, while the
remaining toxic metals’ concentrations were not detected (ND), which portrayed
their removal by CPSAC–H3PO4 and NaOH.

3.2 Results of Batch Adsorption Experiments

(1) Effects of adsorbent dosage: Figures 1 and 2 present percentage removal
trends of toxic metals for CPSAC–H3PO4 and NaOH adsorbents’ dosages with
Pb2+ and Co3+ having least removal efficiencies, respectively. The observed
percentage removal of Cu2+, Mn2+, Zn2+, Cd2+ and Cr3+ remains 100% with
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Table 1 Toxic metals’ concentrations present in the MW before and after treatment

Toxic metal Concentration (ppm)

Before treatment After treatment [17] standards

MW CPSAC–H3PO4 CPSAC–NaOH

Cadmium 37.4 ND ND 0.003

Chromium 66.2 ND ND 0.05

Cobalt 9.6 ND 0.675 –

Copper 31.4 ND ND 1

Iron 756.5 2.31 0.496 0.3

Manganese 5.69 ND ND 0.2

Lead 45.8 0.38 0.232 0.01

Zinc 94.1 ND ND 3

ND not detected

0.20 0.40 0.60 0.80 1.00
Cu2+ 100.00 100.00 100.00 100.00 100.00
Mn2+ 100.00 100.00 100.00 100.00 100.00
Co3+ 99.68 99.68 100.00 100.00 100.00
Fe2+ 99.73 99.64 99.64 99.69 99.68
Zn2+ 100.00 100.00 100.00 100.00 100.00
Cd2+ 100.00 100.00 100.00 100.00 100.00
Pb2+ 98.74 98.99 99.17 99.17 99.22
Cr3+ 100.00 100.00 100.00 100.00 100.00
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Fig. 1 Percentage removal trend for CPSAC–H3PO4 adsorbent dosage

increasing dosage from 0.2 to 1.0 g for both adsorbents. This portrays that
increase in the adsorbent dosage has no effect on those toxic metals’ removal
after 0.2 g adsorbent dosage. The remaining toxic metals displayed varying
removal efficiencies with the varying adsorbent dosages.

Optimum% removal efficiencies of Cu2+, Mn2+, Co3+, Fe2+, Zn2+, Cd2+, Pb2+ and
Cr3+ were 100, 100, 100, 99.69, 100, 100, 99.22 and 100, respectively, for the varying
CPSAC–H3PO4 dosage,whileCPSAC–NaOHdosage of 0.2–1.0 g gavemaximum%
removal efficiencies of 100, 100, 98.34, 99.93, 100, 100, 99.49 and 100, respectively,
for Cu2+,Mn2+, Co3+, Fe2+, Zn2+, Cd2+, Pb2+ andCr3+. The optimumCPSAC–H3PO4
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0.20 0.40 0.60 0.80 1.00
Cu2+ 100.00 100.00 100.00 100.00 100.00
Mn2+ 100.00 100.00 100.00 100.00 100.00
Co3+ 92.97 95.67 94.31 97.00 98.34
Fe2+ 99.93 99.89 99.81 99.88 99.81
Zn2+ 100.00 100.00 100.00 100.00 100.00
Cd2+ 100.00 100.00 100.00 100.00 100.00
Pb2+ 99.49 99.09 98.99 98.74 98.59
Cr3+ 100.00 100.00 100.00 100.00 100.00
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Fig. 2 Percentage removal trend for CPSAC–NaOH adsorbent dosage

and NaOH dosage values for the treatment were 0.6 and 0.2 g, respectively, with total
removal of six (Cu2+, Mn2+, Co3+, Zn2+, Cd2+ and Cr3+) and five toxic metals (Cu2+,
Mn2+, Zn2+, Cd2+ and Cr3+), respectively. Adsorption capacities of the toxic metals
were of the order Fe2+ > Zn2+ > Cr3+ > Pb2+ > Cd2+ > Cu2+ > Co3+ > Mn2+.

(2) Effects of agitation rate: Effects of agitation rate of CPSAC–H3PO4 and NaOH
on the toxic metals’ removal are shown in Figs. 3 and 4. As the agitation rate
increases from 50 to 200 rpm, change in the agitation rate has very little or no

50.00 100.00 150.00 200.00
Cu2+ 97.83 97.16 100.00 96.22
Mn2+ 97.19 100.00 100.00 100.00
Co3+ 98.91 94.64 100.00 99.16
Fe2+ 99.98 100.00 99.69 100.00
Zn2+ 99.97 100.00 100.00 100.00
Cd2+ 100.00 100.00 100.00 100.00
Pb2+ 100.00 99.40 99.17 100.00
Cr3+ 99.94 99.90 100.00 99.95
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Fig. 3 Percentage removal trend with agitation rate of CPSAC–H3PO4 adsorbent
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50.00 100.00 150.00 200.00
Cu2+ 98.13 96.61 100.00 95.80
Mn2+ 98.63 100.00 100.00 100.00
Co3+ 99.92 93.51 92.97 95.31
Fe2+ 99.98 100.00 99.93 100.00
Zn2+ 100.00 100.00 100.00 100.00
Cd2+ 100.00 100.00 100.00 100.00
Pb2+ 100.00 100.00 99.49 100.00
Cr3+ 99.95 99.92 100.00 99.95
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Fig. 4 Percentage removal trend with agitation rate of CPSAC–NaOH adsorbent

noticeable effects on the removal of Zn2+ and Cd2+ as the percentage removed
remained constant all through for both adsorbents. The percentage removal
efficiency of Mn2+ initially increased from 50 to 100 rpm thereafter remains
100%, while there was little effect around 100–150 rpm for Pb2+. There were,
however, irregular patterns noticed in the removal of Cu2+, Co3+, Cr3+ and
Fe2+. There is optimum% removal efficiencies and agitation rate of 100% and
150 rpm, respectively, for all the toxic metals in both adsorbents. The trend in
the removal efficiencies portrays that Co3+ was least removed in the treatment
for both adsorbents. Six and five toxicmetalswere removed byCPSAC–H3PO4

and NaOH, respectively, at optimum value of 150 rpm.
(3) Effects of contact time: Effects of contact time of the CPSAC–H3PO4 adsorbent

on the toxic metals’ removal are shown in Fig. 5. Cu2+, Mn2+, Zn2+, Cd2+ and
Cr3+ have 100% removal efficiencies all through the process, which means
that contact time variation has no effect on these toxic metals. The percentage
removal of Fe2+ decreases with increase in contact time. This was in contrast
to Pb2+, which decreases initially, but later increases with increase in contact
time. The removal efficiency of Co3+ increases from 20 to 60 min and then
remains the same from 60 to 120 min. This portrays that contact time variation
of 60–120 min has no effect on Co3+. The peak of percentage removal in Fe2+

and Pb2+ stood at 99.80 and 99.56%, respectively. The optimum contact time
for the adsorption process was 60 min. The trend indicated that Pb2+ was least
removed in the treatment. Figure 6 illustrates the effects of contact time of the
CPSAC–NaOH adsorbent on the toxic metals’ removal. The observed removal
efficiency of Cu2+ and Cr3+ increases from 20 to 40 min and then remains
the same from 40 to 120 min. This portrays that contact time variation of 40–
120 min has no effect on Cu2+ and Cr3+. Mn2+, Zn2+ and Cd2+ have 100%
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20.00 40.00 60.00 80.00 100.00 120.00
Cu2+ 100.00 100.00 100.00 100.00 100.00 100.00
Mn2+ 100.00 100.00 100.00 100.00 100.00 100.00
Co3+ 94.40 97.90 100.00 100.00 100.00 100.00
Fe2+ 99.80 99.71 99.69 99.65 99.66 99.66
Zn2+ 100.00 100.00 100.00 100.00 100.00 100.00
Cd2+ 100.00 100.00 100.00 100.00 100.00 100.00
Pb2+ 99.56 99.13 99.17 99.13 99.53 99.53
Cr3+ 100.00 100.00 100.00 100.00 100.00 100.00
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Fig. 5 Percentage removal trend with CPSAC–H3PO4 adsorbent contact time

20.00 40.00 60.00 80.00 100.00 120.00
Cu2+ 99.89 100.00 100.00 100.00 100.00 100.00
Mn2+ 100.00 100.00 100.00 100.00 100.00 100.00
Co3+ 95.81 93.48 92.97 92.31 91.15 88.81
Fe2+ 99.91 99.94 99.93 99.93 99.95 99.94
Zn2+ 100.00 100.00 100.00 100.00 100.00 100.00
Cd2+ 100.00 100.00 100.00 100.00 100.00 100.00
Pb2+ 99.45 99.45 99.49 99.53 99.56 99.50
Cr3+ 100.00 100.00 100.00 100.00 100.00 100.00
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Fig. 6 Percentage removal trend with CPSAC–NaOH adsorbent contact time

removal all through the process, which means that contact time variation has
no effect on these heavy metals. The percentage removal of Co3+ decreases
with increase in contact time, and the trend was in contrast to Fe2+ and Pb2+

with increasing percentage removal until it reaches 100min and then decreases
from 100 to 120 min. The peak of percentage removal in Co3+, Fe2+ and Pb2+

stood at 95.81, 99.95 and 99.56%, respectively. The optimum contact time for
CPSAC–NaOH was 100 min with Co3+ least removed in the treatment.
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(4) Effects of pH: Effects of pH of CPSAC–H3PO4 and NaOH adsorbents on the
toxic metals’ removal are shown in Figs. 7 and 8. As the pH changes from
acidic to being alkaline, the removal efficiencies of most of the toxic metals
(i.e. Cu2+, Mn2+, Co3+, Fe2+ and Zn2+) increased, Pb2+ and Cr3+ decreased
for CPSAC–H3PO4, while the removal efficiencies of Cu2+, Mn2+, Co3+ and
Fe2+ increased, and Zn2+, Pb2+ and Cr3+ decreased for CPSAC–NaOH. Cd2+

remained 100% for both adsorbents. The optimum pH value for the treat-
ment was 8 and 4 for CPSAC–H3PO4 and NaOH adsorbents, respectively.
The trend in the removal efficiencies portrays that Mn2+ was least removed
in the treatments. Both adsorbents were negatively influenced at optimum
conditions as the number of heavy metals removed was drastically reduced
to one (1) and two (2) for CPSAC–H3PO4 and NaOH adsorbents, respectively,
when compared with that of adsorbent dosage, agitation rate and contact time.
Though, CPSAC–H3PO4 was more affected.

(5) Effects of temperature: Effects of temperature on CPSAC–H3PO4 for the toxic
metals’ removal are shown in Fig. 9. Increase in temperature observed from
30 to 70 °C has no noticeable effect on the removal of Cd2+ and Zn2+ as
the percentage removed remains constant all through. The percentage removal
efficiency ofMn2+ largely increased, in contrast to that of Co3+ and Cr3+, which
decreased. Cu2+ showed earlier decrease and thereafter remains constant, while
Pb2+ and Fe2+ indicated irregular patterns in their removal efficiencies. There
were optimum% removal efficiencies of 99.33, 88.22, 92.65, 99.96, 100, 100,
98.41 and 99.56, respectively, for Cu2+, Mn2+, Co3+, Fe2+, Zn2+, Cd2+, Pb2+

and Cr3+. The optimum temperature value for the treatment was 40 °C. The
removal efficiency trend showed thatMn2+ was least removed. CPSAC–H3PO4

4.00 6.00 8.00 10.00
Cu2+ 88.22 86.78 98.91 98.37
Mn2+ 97.19 69.98 97.84 97.84
Co3+ 97.04 96.26 99.33 99.33
Fe2+ 99.63 99.57 99.98 99.95
Zn2+ 96.60 99.85 99.94 99.79
Cd2+ 100.00 100.00 100.00 100.00
Pb2+ 99.87 99.40 99.50 99.81
Cr3+ 99.95 99.94 99.86 99.89
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Fig. 7 Percentage removal trend with pH of CPSAC–H3PO4 adsorbent
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4.00 6.00 8.00 10.00
Cu2+ 86.78 85.65 98.60 97.60
Mn2+ 100.00 63.95 98.28 98.28
Co3+ 89.68 96.67 99.33 97.41
Fe2+ 99.95 99.91 99.96 99.94
Zn2+ 99.97 99.81 99.73 98.74
Cd2+ 100.00 100.00 100.00 100.00
Pb2+ 99.87 99.87 99.50 99.17
Cr3+ 99.97 99.95 99.89 99.86
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Fig. 8 Percentage removal trend with pH of CPSAC–NaOH adsorbent

30.00 40.00 50.00 60.00 70.00
Cu2+ 99.33 99.33 99.09 99.09 99.09
Mn2+ 82.25 83.59 84.90 86.24 88.22
Co3+ 92.65 91.31 89.10 87.77 84.67
Fe2+ 99.96 99.95 99.96 99.96 99.96
Zn2+ 99.89 100.00 100.00 100.00 100.00
Cd2+ 100.00 100.00 100.00 100.00 100.00
Pb2+ 98.41 98.24 98.24 98.06 97.66
Cr3+ 99.56 99.49 99.45 99.45 99.42
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Fig. 9 Percentage removal trend with temperature of CPSAC–H3PO4 adsorbent

was negatively influenced at optimum condition as the number of heavy metals
removed was drastically reduced to two (2).

The effects of temperature of CPSAC–NaOH on the toxic metals’ removal are
shown in Fig. 10. Increase in temperature from 30 to 70 °C resulted in increase in
percentage removal of Mn2+ in contrast to that of Co3 and Cr3+, which decreased.

Change in the temperature has no noticeable effect on the removal of Cu2+, Zn2+

and Cd2+ as the percentage removed remains constant all through. Nevertheless,
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30.00 40.00 50.00 60.00 70.00
Cu2+ 100.00 100.00 100.00 100.00 100.00
Mn2+ 55.45 58.15 59.51 62.20 64.22
Co3+ 96.20 95.30 93.09 92.65 90.43
Fe2+ 99.94 99.89 99.96 99.94 99.94
Zn2+ 100.00 100.00 100.00 100.00 100.00
Cd2+ 100.00 100.00 100.00 100.00 100.00
Pb2+ 98.94 98.94 98.94 98.94 98.83
Cr3+ 99.95 99.95 99.91 99.88 99.84
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Fig. 10 Percentage removal trend with temperature of CPSAC–NaOH adsorbent

irregular patterns were observed in the removal of Fe2+ and Pb2+. Increase in temper-
ature from 30 to 70 °C resulted in optimum % removal efficiencies which were 100,
64.22, 96.20, 99.96, 100, 100, 98.94 and 99.95, respectively, for Cu2+, Mn2+, Co3+,
Fe2+, Zn2+, Cd2+, Pb2+ and Cr3+. The optimum temperature value for the treatment
was 30 °C, and the trend in the removal efficiencies showed that Mn2+ was least
removed. CPSAC–NaOH was negatively influenced at optimum condition as the
number of heavy metals removed was drastically reduced to three (3).

The summary of results of toxic metals removed from mining wastewater treated
with CPSAC–H3PO4 and NaOH adsorbents is depicted in Table 2. The CPSAC–
H3PO4 removed six toxic metals (i.e. Cu2+, Mn2+, Co3+, Zn2+, Cd2+ and Cr3+) totally
at optimum conditions of 0.6 g adsorbent dosage, 150 rpm agitation rate, 60 min
contact time, pHof 7 and30 °C temperature,whileCPSAC–NaOHremovedfive toxic
metals (i.e. Cu2+, Mn2+, Zn2+, Cd2+ and Cr3+) completely at optimum condition of
0.2 g adsorbent dosage, 150 rpm agitation rate, 40min contact time, pHof 7 and 30 °C
temperature. Both adsorbent efficiencies were positively influenced by adsorbent
dosage, agitation rate and contact time, while pH and temperature influenced them
negatively, though more pronounced in CPSAC–H3PO4.

3.3 Results of Adsorption Isotherm Studies

(1) Freundlich adsorption isotherm: The results of Freundlich isotherm for the
toxic metals for CPSAC–H3PO4 and NaOH are presented in Table 3. Most
of the toxic metals’ adsorption intensity (1/n) is zero or negative for both
adsorbents, which indicated that they have irreversible adsorption, while 1/n
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of few toxic metals is greater than one (i.e. 1/n > 1), whichmeans that they have
non-optimumadsorption. Co3+, Fe2+ and Pb2+ models best fitted the Freundlich
isotherm (i.e. close to unity, R2 = 1) in order of Pb2+ (0.9988) > Fe2+ (0.995)
> Co3+ (0.9908) for CPSAC–NaOH, while the order is Fe2+ (0.972) > Pb2+

(0.967) > Co3+ (0.769) for CPSAC–H3PO4. Hence, Freundlich isotherm best
fitted CPSAC–NaOH adsorption data than that of CPSAC–H3PO4. The Co3+,
Fe2+ and Pb2+ adsorption models have low non-linear regression EAB and
ARE values with high R2 in comparison with that of their linear regression,
thus best fitted Freundlich isotherm. All the error functions of the remaining
toxic metals (which have irreversible adsorption) were the same for both linear
and non-linear functions of both adsorbents.

(2) Langmuir adsorption isotherm: The results of Langmuir isotherm for the
adsorption data of toxic metals for CPSAC–H3PO4 and NaOH are presented
in Table 4. It depicted that the separation factor, RL (i.e. the basic and charac-
teristic index of the Langmuir isotherm model) for Cu2+, Mn2+, Zn2+ and Cd2+

of both adsorbents and Fe2+ of CPSAC–NaOH, is one, which means linear
adsorption. Co3+ and Pb2+ of CPSAC–NaOH have their RL that lies between
zero and one, which indicated optimum adsorption. The separation factors
of the remaining toxic metals were zero or negative, thus giving irreversible
adsorption according to [11]. Langmuir isotherm best fitted models of Co3+,
Fe2+ and Pb2+ of both adsorbents. Though, the isotherm best fitted CPSAC–
H3PO4 adsorption data (i.e. models) than that of CPSAC–NaOH putting into
consideration non-linear regression analyses.

(3) D–R adsorption isotherm: The results of D–R isotherm for the adsorption
data of toxic metals for CPSAC–H3PO4 and NaOH are presented in Table
5. The adsorption energy, E, for Cu2+, Mn2+, Zn2+, Cd2+ and Cr3+ of both
adsorbents depicted physical adsorption (i.e. zero). The adsorption energy, E,
of the remaining heavy metals depicted chemical adsorption (> 16 kJ/Mol) as
explained by [14]. D–R isotherm best fitted Co3+, Fe2+ and Pb2+ models of
CPSAC–NaOH, and Co3+ and Pb2+ model of CPSAC–H3PO4. Though, the
isotherm best fitted CPSAC–NaOH adsorption data (i.e. models) than that of
CPSAC–H3PO4 with reference to non-linear regression analyses.

(4) Temkin adsorption isotherm: The results of Temkin isotherm for the adsorption
data of toxic metals for CPSAC–H3PO4 and NaOH are presented in Table 6.
The correlation coefficient (R2) for the isotherm ranges from 0 to 1.0. The
adsorption models of Co3+, Fe2+ and Pb2+ of both adsorbents best fitted the
Temkin isotherm, though those of CPSAC–NaOH were greater than that of
CPSAC–H3PO4 with respect to linear regression analyses as their EAB and
ARE error functions were lower than that of non-linear regression analyses.
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3.4 Results of Adsorption Kinetic Studies

(1) Pseudo-first-order kinetic model: Table 7 presents the results of kinetic model
of pseudo-first order for the adsorption data of toxicmetals for CPSAC–H3PO4

and NaOH. The observed experimental (qe (expt.)) and modelled (qe (cal.))
adsorption capacity values were not close or the same. The R2 of the models
of most of the toxic metals for the adsorbent illustrated these as they were low
or zero; hence, none of the toxic metals’ adsorption data fitted kinetic model
of pseudo-first order. However, their non-linear regression EAB, ARE and
R2 values were lower than that of linear regression, and then both regression
analyses accepted that most of the toxic metal adsorption models suited kinetic
model of pseudo-first order.

(2) Pseudo-second-order kinetic model: The results of kinetic model of pseudo-
second order for the adsorption data of toxic metals for CPSAC–H3PO4 and
NaOHarepresented inTable 8.Theobserved adsorptiondata of the toxicmetals
absolutely suited the kinetic model of pseudo-second order with R2 generally
tending towards unity (i.e. R2 = 1), EAB and ARE of non-linear regression
analyses tending towards zero in all cases. The non-linear regression proved
to be better for the analysis due to these low values of the adsorption models
of the toxic metals. Moreover, both the qe (expt.) and qe (cal.) results were
approximately the same in all the cases of the toxic metals for both adsorbents
as indicated in Table 8. Thesewere because the rate of adsorptionwas governed
by chemisorption according to [11]. Though, kinetic model of pseudo-second
order best fitted CPSAC–H3PO4 adsorption data that of CPSAC–NaOH.

(3) Elovich kinetic model: Table 9 presents kineticmodel of Elovich for the adsorp-
tion data of toxic metals for CPSAC–H3PO4 and NaOH. The toxic metals’
models best suited the Elovich kinetic model depending upon their correlation
coefficient values. Most of the toxic metals in both adsorbents did not follow
the model, as their correlation coefficients were zero. However, Co3+, Fe2+

and Pb2+ of CPSAC–NaOH and Fe2+ of CPSAC–H3PO4 best suited Elovich
kinetic model.

(4) Intra-particle diffusion model: Table 10 presents kinetic model of intra-particle
diffusion for the adsorption data of toxicmetals forCPSAC–H3PO4 andNaOH.
The cut-off value C (i.e. the determinant factor of the model) varies from 0.356
to 47.208 and0 to188.94 forCPSAC–H3PO4 andCPSAC–NaOH, respectively.
Fe2+ and Mn2+ have the highest and lowest values of cut-off value C, respec-
tively, for both adsorbents. According to [14], the results indicated that there is
greater part of the surface adsorption in the rate-restricting step of all the toxic
metals for both adsorbents, though, in CPSAC–NaOH than CPSAC–H3PO4.
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Table 9 Elovich kinetic model parameters for CPSAC–H3PO4 and NaOH

Ads’t DESC Cu2+ Mn2+ Co3+ Fe2+ Zn2+ Cd2+ Pb2+ Cr3+

CPSAC–H3PO4 R2 0 0 0 0.997 0 0 0.000 0

α 0 0 0 0.000 0 0 3.801 0

β 0 0 0 − 22.883 0 0 5000.000 0

CPSAC–NaOH R2 0 0 0.997 0.997 0 0 0.998 0

α 0 0 0 4.386 0 0 1.139 0

β 0 0 −
10.582

27.027 0 0 72.464 0

Table 10 Intra-particle diffusion model parameters for CPSAC–H3PO4 and NaOH

Adsorbent DESC Cu2+ Mn2+ Co3+ Fe2+ Zn2+ Cd2+ Pb2+ Cr3+

CPSAC–H3PO4 R2 0.000 0.000 0.000 0.993 0.000 0.000 0.020 0.000

C 1.963 0.356 0.552 47.208 5.881 2.338 2.841 4.138

Kdiff −
7E−16

8E−17 0.005 − 0.010 −
1E−15

− 7E−16 4E−04 0.000

CPSAC–NaOH R2 0.000 0.000 0.998 0.990 0.000 0.000 0.997 0.000

C 7.850 1.423 2.386 188.940 23.525 9.350 11.363 16.550

Kdiff 0.000 3E−16 0.001 0.006 −
5E−15

−3.E−15 0.002 0.000

3.5 Results of Adsorption Thermodynamic Studies

Table 11 presents the results of thermodynamic studies of the toxicmetals’ adsorption
data for CPSAC–H3PO4 and NaOH. The observed activation energy (Ea) values for
the adsorption processes range from 0 to 657.916 kJ/mol and 0–168.533 kJ/mol
for CPSAC–H3PO4 and NaOH, respectively. Increase in the temperature resulted in
increase in the Ea values for both adsorbents. The Ea of CPSAC–NaOH (i.e. Cu2+,
Fe2+, Zn2+, Cd2+ and Pb2+) and CPSAC–H3PO4 (i.e. Fe2+, Cd2+ and Cr3+) toxic
metals depicted physisorption processes, while the remaining toxic metals depicted
chemisorption processes. The works of [18, 19] confirmed these. This also indicated
that more chemical adsorption processes were involved with CPSAC–H3PO4 than
CPSAC–NaOH. The negative �G and positive �H values for the toxic metals’
adsorption data portrayed that their adsorption processes were approving, practicable
and voluntary and indicate substantial character with feeble attractive forces, while
positive �S values depict uneven expansion of the changeability at the components
of interface of solid solution in the course of the adsorption.
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4 Conclusions

C. papaya stem activated carbons developed using H3PO4 and NaOH activating
agents (CPSAC–H3PO4 and CPSAC–NaOH) accomplished the aim of sequestrating
the selected toxic metals (Cu2+, Mn2+, Co3+, Fe2+, Zn2+, Cd2+, Pb2+ and Cr3+) from
the mining wastewater. CPSAC–H3PO4 and NaOH sequestrated six and five toxic
metals, respectively (and others drastically reduced), from the mining wastewater at
optimum conditions of 0.6 g (CPSAC–H3PO4) and 0.2 g (CPSAC–NaOH) adsorbent
dosages, 150 rpm agitation rate, 60min contact time and pHof 7 at room temperature.
The adsorption processes were positively affected by adsorbent dosage, agitation rate
and contact time, while pH and temperature negatively affected them. Though, these
results were more pronounced in CPSAC–H3PO4 than CPSAC–NaOH. Most of the
toxic metal adsorption processes were irreversible, while the remaining few ones
best fitted Freundlich, Langmuir, D–R and Temkin isotherm models. Though the
adsorption data of CPSAC–NaOH best fitted Freundlich, D–R and Temkin isotherm
models than that of CPSAC–H3PO4. The adsorption data of all the toxic metals
for both adsorbents best fitted kinetic model of pseudo-second order with greater
part of the surface adsorption in the rate-restricting step, though, in CPSAC–NaOH
than CPSAC–H3PO4. Non-linear regression analysis (using EAB, ARE and R2 error
functions) indicated to be better in analysing adsorption and kinetic models for the
studied toxic metals. The CPSACs (especially the one activated with H3PO4) have
removal efficiencies of approximately 100% and found to be a better substitute for
traditional activated carbon in sequestrating toxic metals from real-life wastewater,
particularly mining wastewater.
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Response Surface Models for Optimal
Concrete Designs

C. Chandre Gowda, B. C. Kumar Raju, and B. E. Bhojaraj

Abstract Themerits of response surface models in concrete construction need to be
explored. These models have shown enormous use in the field of manufacturing and
production. So in the present study, the application of response surface for concrete
production is described. Their benefit in determining the results with minimum
number of experiments is also discussed. The review summarizes the application
of response surface models and shows that the statistical models provide additional
support in analyzing the constrained targets. It reduces the test cases making the
designs more economical compared to conventional methods.

Keywords Response surface · Concrete design · Statistical model · Construction ·
Experiments

1 Introduction

Construction of buildings and other essential requirements are evolved through civi-
lization of mankind. Its progressive improvement is displayed at existing ancient
temples, monuments, etc. Earlier, the construction practices and its combination for
determining the hardened properties were tedious and time-consuming. For instance,
the usage of statistical tools in determining the significant variables and its combina-
tion in achieving the targets are derived, developed, and practiced [1].Many statistical
models or tools exist and are used, among response surface (RS) models have gained
much importance inmodeling and determining the optimumvalues [2, 3]. The impor-
tance of statistical models in modern manufacturing and production process has been
investigated [4].
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In recent years, many substitutes were used as an alternate for cement (ranging
from 1 to 99% in volume) in construction [5–7]. The use of cement and other
constituents in the production of concrete is important in infrastructural develop-
ment such as apartment, complex, hydraulic structure, and pavement design [8].
The particular concrete is designed for specific purpose and target strength, such
as quick setting, high flowability, self-compacting, polymer concrete (low thermal
conductivity) [9], and high compressive strength. Since the optimum design and
combination can be obtained by testing many samples (cubes, cylinder, beam, etc.)
[10, 11]. Preparation of samples and conducting tests are time-dependent and non-
economical. Some spreadsheet packages have been used in concrete design with
constrained usage [12]. In order to overcome these constraints, statistical approaches
are established.

The concrete production is bound by its purpose and other numerous materials.
Since many polymer wastes are disposed as inland filling, and these materials are
major contributors in land and water pollution. In order to reduce the disposal of
polymers, some classified polymers (thermoplastic polyurethane, polycarbonate, and
polybutylene terephthalate) are used as ingredient for concrete which reduces water
absorption [13].

Generally, the optimizationproblemsmayhavemore thanoneoutput (conflicting).
The properties of the concrete have been determined by using response surface
models [14]. Taguchi design model and RS model both have the same origin derived
from design of experiments [15, 16]. The Taguchi method is expressed from its
design matrix table [17, 18].

Some of the alarming properties in cement are heat of hydration, bleeding,
creep, and shrinkage. These properties need to be monitored during the design
through RS models. So it is essential to produce concrete with lower heat transfer,
minimum creep, and shrinkage. For proportionating of geopolymer concrete, many
activator solutions [11] can be considered as design parameters (activator solution
to fly ash ratio, w/c ratio, curing conditions, etc.). Cement, plasticizer, curing time,
compressing strength, workability, water/cement ratio, fly ash, fine aggregate, and
coarse aggregate are the influencing factors in concrete, and these are the varying
factors in RS models [5].

The statistical approaches have been used to obtain optimum concrete mixture
proportion [19] from experiment data. The utility of these models for designing and
optimizing the concrete mixture has been illustrated already [13].

To optimize the concrete design, numerous factors need to be considered among
them strength and durability are important. The constituents of concrete classified
into two groups, i.e., quality and quantity of concrete. The quality of concrete is
governed by its constituents and mode of usage (curing and removal of voids). The
quantity of concrete depends on thewaymixing and handling it (without segregation,
bleeding, etc.). So, an attempt ismade to summarize the use ofRSmodels in obtaining
the optimum concrete design.
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2 Method

The RS model was first introduced in 1951 during the study. It is a statistical model
and uses polynomials for the approximation for input–output relationships. They are
used in determining the relationship between the input and output parameters [20].

They are efficient approaches to solve a problem by applying all the engineering
principles and techniques to ensure group of endurable conclusions. Themost impor-
tant advantage of using them is concurrently considered for collective effects under
analysis [20]. In common, the experiments usually involve many variables. On
contrary statistically designed test requires a less number of runs compared to the
traditional approach.

RS models have 2–5 factors, each factor consists of 2–3 levels. When each factor
is applied to two levels, i.e., upper and lower levels, called as two level RS models.
When each factor is applied to three levels, i.e., upper, middle, and lower levels, then
it is called as three-level RS models. The levels are corresponding to the value of the
factor, maximum value is considered as high level, middle value as middle level, and
minimum value as low level. Factors are the input or output variables in the model.

Full factorial design (FF), central composite design (CC), and Box–Behnken
design (BB) are the three RS models that can be used in optimizing the number of
simulations and to obtain the best possible model.

Full factorial design is first order in linear; central composite design and Box–
Behnken design are nonlinear in deriving themodel. The factorial design is a strategy
in which all variables are varied together, rather than one at a time.

In full factorial design, relationship between the response and input parameters
is characterized by a regression model, which uses a set of sample experimental
data. The polynomial regression model can be developed for any target (strength or
other parameters) considered through experiments. It performance may be related to
statistical modes. Equation (1) shows linear RS model.

Yi = C0 + C1xi1 + C2xi2 + · · · + Cnxin + error (1)

where Y = dependent variable, C = the coefficients of the variable x.
Central composite design (CC) is quadratic, with cuboidal shape as region of

interest and its graphical representation consists of points in vertices. Additional
center and axial points (or star point) are also present to monitor the nonlinearity. It is
used to investigate the effects of inputs on performance characteristics of output [21]
and is commonly used in second-order design. The design matrix for the nonlinear
regression is represented in Eq. (2).

y = ax + bx2 + cx3 . . . nxn (2)

where y= dependent variable, a, b, c…coefficients. The coefficients of the quadratic
model can also be determined using method of least square.
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The Box–Behnken design (BB) is also a quadratic model. This method is more
efficient for higher number of input variables [22]. The designs are formed from
combinationof 2k factorialswith unfinishedblockdesigns,where k is input variables.
The CC and BB may be related to nonlinear mathematical model.

After modeling, its significance and adequacy need to be evaluated. The statistical
adequacyof themodel is tested through analysis of variance (ANOVA)and coefficient
of determination (R2). ANOVAanalyzes the variances present. The steps inRSmodel
to determine optimal design are represented in Fig. 1. The models are used very
sparsely in prediction.

Fig. 1 Steps in RS model to
determine optimal design

Estimation of coefficients

Selection of the levels of the factors

Create design matrix//Treatment combination

Rotatability of designs

Analysis as per design matrix

Adjusting errors/probability

Optimum design

Statistical evaluation

Factors Selection 
& Responses
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Table 1 Industrial usage of RS models

S. No. Industry Application Usage (%)

1 Automobile Manufacturing of component and parts 30–75

2 Chemical Producing chemical products 25–55

3 Construction Optimal concrete design < 15

4 Stereolithography Optimal combination of filament 25–45

5 Plastic Product best design for the items 40–70

3 Discussion

The statistical models play an important role in chemical, automobile, stereolithog-
raphy [23], and other industries (Table 1). They are used to conduct test on the expen-
sive sample components. Some of the industries which use the statistical methods
(RS and Taguchi) are listed in Table 1. From Table 1, very limited investigations of
statistical approaches for concrete and other construction works are observed.

The limited use RS models are may be due to lack of exposure of these models
in concreting or due to lesser research activity since the development of a country
consumes an enormous amount of components of concrete in construction bound by
limits to available strength. So the challenging conditions may occur in designing
them. So far in concrete construction and testing, the usage of RS models shows
limited applications, as their usages are bound mainly for domestic purposes. Other
than the flexural strength, other tests including compressive strength, split tensile
strength, slump cone, andwater absorptionwere predictedwith very close differences
in the earlier study [24].

Other than individual statistical models, the hybrid models including both math-
ematical and numerical are proven to be more efficient [25]. This work summarizes,
that very minimal work has been carried on RS model in the construction field.
Contrarily these models have high potential in modeling and can be used optimal
design in concrete construction.

4 Conclusion

The investigation on RS models and its application in concrete and construction
was brought out. The significance of RS models in construction was discussed and
observed keen points are listed below.

1. Though the RS models are explored in automobile and mechanical production,
its usage in concreting is still narrow.

2. The RS model show reliable performance with 95% probability, during model
evaluation
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3. These statistical models are used at lab scales for at limited instances in concrete
design

4. These models can be used as an addition to strengthen the physical models in
the design factors.

5. The usage of RS models with numerical modeling may result in intangible
results since the hybrid models have proved to be better than other models.

Acknowledgements The first author wishes to thank, Director CIIRC for support and the facilities
to carry out the research.
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Thermal Comfort Studies of Residential
Building Models in Vijayawada

Jagadish Vengala, Srinivas Chava, and Premkumar Pydipati

Abstract Brick masonry wall is the more common walling system being used in
residential buildings. As the demand for housing is increasing, new construction
materials are coming up in the market and being utilized in the construction. Solid
concrete blocks (SCB) and autoclave aerated concrete (AAC) blocks are the two
materials which are most commonly used in most of the construction sites apart from
the clay bricks (CB). The thermal behaviour of the buildings with these materials
needs to be studied. It is also necessary to reduce the heat inside the building to
improve the human comfort. Effect of coating material over roof also needs to be
studied.Living comfort inside anybuildingmainly depends on the “thermal comfort”.
Thermal comfort mainly involves the interior conditions of the rooms, i.e. mainly
temperature and humidity, maintaining and distributing it evenly, and the quality
of air (purity, humidity rate, healthiness). By providing a thermal insulation to all
the surfaces combined with seasonal adoption of ventilation, thermal comfort can
be achieved in different climate conditions. By keeping these points in a view, a
thorough studywas conducted to know the thermal variations in various housemodels
by varying the wall type. Results indicated the superior thermal performance of the
model with AAC block in comparison with the models made with solid concrete
block and clay brick.

Keywords AAC block · Thermal comfort · Humidity · Insulation · Temperature

1 Introduction

Anyone who lived in the building or a different climate conditions may have expe-
rienced the discomfort of particularly very higher temperatures during the summer
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season compared with the other seasons. In India, most of the newly constructed
buildings are constructed of concrete with a flat roof. These surfaces absorb sunlight
and transfer the heat inside the building [1]. This hot roof continues to heat up the
space in day and night and making the building more hotter especially in the summer
season.

Thermal insulation of wall components and cool roof coating of roof is provided
to control heat transfer [2]. Temperature and humidity in the building are important
factors influencing the human discomfort. The wall components in most of the build-
ings are constructed either with clay bricks or solid concrete blocks or autoclaved
aerated concrete blocks. Out of which, brick is one of the most extensively used
construction material which is used in the construction of the walls [3]. Introduction
of holes in the clay bricks reduces volume and as well as it increases the insulation.

Autoclave aerated concrete blocks are made by using sand, quick lime, water,
gypsum, cement and small amount of chemical used as foaming agent. AAC has
good thermal insulation and good absorption properties. AAC blocks are lightweight
and offer ultimate workability, flexibility and durability.

A solid cement concrete block (SCB) is extensively used as a building material in
the construction of walls. These blocks are available in different sizes. In manufac-
turing of the solid cement concrete block, concrete mixes use cement, sand, gravel
and water in the suitable proportion for the construction. The solid concrete block
are water resistant, aesthetic appearance and fire resistant [4].

The main objective of the present work is to study the temperature variations of
various buildingmodelswith differentwalling systems and also to study the reduction
in roof temperature by applying the roof coatings.

2 Literature Review

Vengala et al. [5] conducted limited studies on two models one with AAC blocks
and another with solid concrete blocks. The studies indicated that AAC block model
showed better thermal comfort in comparison with the solid concrete block model,
i.e. during day time cooler by 1–2 °C. Between these two models, the maximum
temperature difference observed was 3 °C.

Patil et al. [6] carried out a theoretical analysis on thermal analysis of RC
Roofing with various composite materials. Composite materials comprised of RC
Roofing with polyurethane foam, RC Roofing with polystyrene, RC Roofing with
polyurethane foam and GI sheet, RC Roofing with polystyrene. Based on the anal-
ysis, the combination of RC Roofing with polystyrene and GI sheet was found to
be feasible in improving the thermal comfort. Techno-economical analysis carried
out showed the least cost for a combination of RC Roofing with polystyrene and GI
sheet.

Perez et al. [7] studied the thermal performance of a solid roof topwith andwithout
insulation by varying two colours using the finite volume method. The insulating
material comprised of polystyrene, and colour variation considered was grey and
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white. The roofing with white coloured coating significantly reduced the interior
surface temperature when compared with grey coloured coating.

Dharek et al. [8] investigated the efficacy of cool roof coatings w.r.t thermal anal-
ysis for the Bengaluru region. Aluminium-based coating and acrylic-based coating
were considered as part of the study. The temperature variations were recorded with
sensor-based digital temperature data loggers on the scaled models with these coat-
ings. The models coated with aluminium-based coatings showed better performance
in bringing down the temperature levels inside the scaled building models. Para-
metric analysis carried out as part of this study indicated total heat loss being more
for models without coating.

3 Experimental Programme

The house models were set up on the roof portion of a building in the college.
The models are directly exposed to the sun to simulate the real-time conditions.
The models were constructed in the month of May. Based on the temperature data
obtained [9] in Fig. 1, the temperature values in Vijayawada used to reach peak in
the month of May.

For temperature measurements, three model houses were built. The size of the
house model was 1.5 m × 1.5 m × 0.87 m. Each model building has same size and

Fig. 1 Vijayawada temperature map [9]
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shape, but each one was built with different building materials. One was constructed
using solid concrete blocks (SCB) and clay brick (CB), and the other was constructed
using autoclave aerated concrete blocks (AAC). Table 1 gives the details of the
materials used in both the model rooms used for thermal comfort studies.

The model buildings were equipped with DH11 sensors to measure the internal
temperature and the humidity. Raspberry Pi module was used to record the tempera-
ture measurements. Figure 2 shows the testing of the sensor set-up before installing
on to the models.

The model buildings are constructed in the Vijayawada region. The models have
the two windows on either side with dimension of 0.3 m× 0.6 m one on the southern
wall and another on northern wall. The height between the inner slab surface and
floor level is 0.87 m, i.e. inside model. Figure 3 shows the view of building models.

To understand the effect of coating on the roof surface, threemore buildingmodels
constructed using AAC Block, CB and SCB, and white acrylic cool roof coating was
applied on these models as shown in Fig. 4. Before applying the coating, surface

Table 1 Details of the materials used in all the model rooms

Model room AAC SCB CB

Blocks used Autoclaved aerated
concrete blocks

Conventional solid
cement concrete
blocks

Clay brick

Material used for
joints

Cement mortar as 1 in
3

Cement mortar as 1 in
3

Cement mortar as 1 in
3

Material used for
plastering

Cement mortar as 1 in
6

Cement mortar as 1 in
6

Cement mortar as 1 in
6

Roofing material Reinforced cement
concrete

Reinforced cement
concrete

Reinforced cement
concrete

Curing period 14 days 14 days 14 days

Size of the block 600 mm × 200 mm ×
100 mm

400 × 200 × 100mm 228 × 107 × 69 mm

Fig. 2 Testing of the sensor
and Raspberry Pi set-up
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Fig. 3 View of the building
models used in the study

Fig. 4 Application of acrylic cool roof coating over the roof portion

preparation was carried out. Two coats was applied on the surface. Temperature
values were measured for the building models with and without coating.

4 Results and Discussions

This section presents the temperature and humidity results of block specimens for
30 days under varying climate conditions. The temperature readings were obtained
after continuous monitoring. Data loggers were placed on the top surface of roof
and inside the model house. DH11 sensors were placed in each type of building
model. Temperature and humidity data was recorded for all the models, and average
temperatures were calculated. Table 2 gives the temperature and humidity data of a
typical day in the month of May for model house with AAC Block. The table gives
the average hourly temperature and humidity data between 10 AM to 4 PM. The
peak temperature values were observed between 1 and 2 PM. From Table 2, it can
be seen that the difference in temperature is almost 9–10 °C during the peak hours.
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Table 2 A typical day [15.05.2019] temperature and humidity measured for model house with
AAC block

Time
during the
day

Avg. int.
temp in °C

Avg. ext.
temp in °C

Diff. in
temp in °C

Avg. int.
humidity in
%

Avg. ext.
humidity in
%

Diff. in
humidity in
%

10–11 AM 27.0 32.0 5.0 55.0 65.5 − 16.8

11–12 AM 29.0 37.0 8.0 67.0 42.5 − 20.1

12 AM–1
PM

32.0 42.0 10.0 65.5 59.0 − 32.5

1–2 PM 38.0 47.0 9.0 45.0 39.8 − 26.5

2–3 PM 38.1 44.5 6.4 45.2 19.5 − 24.5

3–4 PM 38.1 40.0 1.9 40.4 25.5 − 25.5

Tables 3 and 4 give the temperature and humidity data for the house model with
CB and SCB, respectively. Even in these house models, significant difference in
temperature was observed during the peak hours.

Table 3 A typical day [15.05.2019] temperature and humidity measured for model house with CB

Time
during the
day

Avg. int.
temp in °C

Avg. ext.
temp in °C

Diff. in
temp in °C

Avg. int.
humidity in
%

Avg. ext.
humidity in
%

Diff. in
humidity in
%

10–11 AM 29.0 32.0 3.0 67.0 65.5 − 1.5

11–12 AM 30.0 33.0 3.0 67.0 62.5 − 4.5

12 AM–1
PM

38.3 42.0 3.7 46.3 59.0 12.7

1–2 PM 40.0 47.0 7.0 46.0 39.8 − 6.3

2–3 PM 39.0 44.5 5.5 44.0 19.5 − 24.5

3–4 PM 37.0 40.0 3.0 42.0 25.5 − 16.5

Table 4 A typical day [15.05.2019] temperature and humidity measured for model house with
SCB

Time
during the
day

Avg. int.
temp in °C

Avg. ext.
temp in °C

Diff. in
temp in °C

Avg. int.
humidity in
%

Avg. ext.
humidity in
%

Diff. in
humidity in
%

10–11 AM 29.0 32.0 3.0 69.0 65.5 − 3.5

11–12 AM 31.5 37.0 5.5 62.0 62.5 0.5

12 AM–1
PM

38.0 42.0 4.0 39.4 59.0 19.6

1–2 PM 39.0 47.0 8.0 38.0 39.8 1.8

2–3 PM 38.2 44.5 6.3 38.5 19.5 − 19.0

3–4 PM 38.0 42.0 4.0 38.2 25.5 − 12.7
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Table 5 presents the average hourly temperature during the entire month, i.e. May
for the model house with AAC blocks.

Figure 5 represents the average hourly temperature values for all the three houses
during the peak hour. From the figure, it is evident that AAC block house model has
the less value followed by SCBmodel and CBmodel. From Fig. 6, it can be seen that

Table 5 Details of avg. difference in temperature in °C during May 2019 for model house with
AAC block

Day 10–11 AM 11–12 AM 12 AM–1 PM 1–2 PM 2–3 PM 3–4 PM

Difference in temperature in °C

1 5 9 10 10 9.4 5.9

2 4.8 8.3 11 10.9 12.1 5

3 8.7 9.5 8.5 11.5 9.5 7

4 7.3 9.2 10.2 8.5 8.3 8.5

5 6.7 9.8 10.6 9.5 5.7 7

6 4.5 5.3 10 12 8.4 8

7 2 8.8 11 10.9 12.9 5

8 7.1 10.5 9.5 11.5 7.5 9

9 8.1 9.2 10.2 7.5 7.3 9.5

10 6.7 10.8 12.3 10.5 5.7 7

11 2 3 8.6 10 8.5 5

12 2.6 9.7 12 11.9 13.4 7

13 7.1 8.7 7.2 7.5 8 8

14 10.1 9.4 9.7 6.2 5 5.5

15 5 8 10 9 6.4 1.9

16 1.8 8.3 11 10.9 12.1 5

17 6.7 9.5 7.5 7.5 6.5 7

18 7.3 8.2 9.2 7.5 6.3 7.5

19 6.7 9.8 10.6 9.5 5.7 7

20 3.5 5.3 10 9 6.4 4

21 2 8.8 11 10.9 12.9 5

22 7.1 9.5 7.5 7.5 6.5 7

23 7.1 8.2 9.2 7.5 6.3 7.5

24 6.7 9.8 11.3 9.5 5.7 7

25 1 2.4 8 11 8.5 5

26 2.6 9.7 12 11.9 13.4 7

27 7.1 8.7 7.2 7.5 8 8

28 7.1 8.4 9.7 7.2 5 5.5

29 7.1 9.5 8.5 9.5 9.5 7

30 7.1 8.2 9.2 7.5 6.3 7.5
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Fig. 5 Average hourly
temperature for all the
houses during peak hour

Fig. 6 Average difference in
temperature for all the
houses during peak hour

the temperature difference with ambient is high in case of AAC block house model
followed by SCB model and CB model. This clearly shows the better performance
of AAC block house model in comparison with other two house models. Table 6
presents the average hourly humidity values during the entire month, i.e. May for
the model house with AAC blocks. Table 7 gives the average temperature difference
(Fig. 7) and humidity values for all the three houses during the month of May.

Relative humidity affects both thermal comfort and indoor air quality. As air
temperature increases, the RH decreases. High RH make people hot and sticky in
warm weather. Low RH (very dry air) can cause dryness and discomfort in the nose
and make skin feel dry and itchy.

From Fig. 8, it can be seen that the humidity difference with external value is
high in case of AAC block house model; hence, the humidity inside the model is
less when compared with other two house models. This indicates the good thermal
comfort inside the AAC house model.
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Table 6 Details of avg. difference in humidity values in % during May 2019 for model house with
AAC block

Day 10–11 AM 11–12 AM 12 AM–1 PM 1–2 PM 2–3 PM 3–4 PM

Difference in humidity in %

1 10.5 − 24.5 − 6.5 − 5.2 − 25.7 − 14.9

2 0.3 − 13.3 − 5.8 − 31.2 − 34.9 − 28.9

3 − 15.7 − 24.7 − 30.4 − 34.5 − 29.5 − 17

4 − 15.6 − 18.4 − 30.5 − 25.3 − 34.5 − 42

5 − 17.1 − 17.4 − 31.2 − 29 − 24.2 − 30

6 10 − 4.5 − 6.5 − 5.2 − 25.7 − 14.9

7 0.7 − 13.2 − 5.8 − 31.2 − 34.9 − 28.9

8 − 15.3 − 24.7 − 30.4 − 34.5 − 29.5 − 17

9 − 15.6 − 18.4 − 30.5 − 25.3 − 34.5 − 42

10 − 17.1 − 17.4 − 31.2 − 29 − 24.2 − 30

11 7.5 9.4 14 − 4.2 − 20.2 − 28.9

12 − 0.7 − 17.7 − 15.2 − 40.2 − 42.7 − 16.5

13 − 9.3 − 12.2 − 14.8 − 25.3 − 32 − 40.5

14 − 16.8 − 20.1 − 32.5 − 26.5 − 24.5 − 25.5

15 10.5 − 24.5 − 6.5 − 5.2 − 25.7 − 14.9

16 0.3 − 13.3 − 5.8 − 31.2 − 34.9 − 28.9

17 − 15.7 − 24.7 − 30.4 − 34.5 − 29.5 − 17

18 − 15.6 − 18.4 − 30.5 − 25.3 − 34.5 − 42

19 − 17.1 − 17.4 − 31.2 − 29 − 24.2 − 30

20 10 − 4.5 − 6.5 − 5.2 − 25.7 − 14.9

21 0.7 − 13.2 − 5.8 − 31.2 − 34.9 − 28.9

22 − 15.3 − 24.7 − 30.4 − 34.5 − 29.5 − 17

23 − 15.6 − 18.4 − 30.5 − 25.3 − 34.5 − 42

24 − 17.1 − 17.4 − 31.2 − 29 − 24.2 − 30

25 7.5 9.4 14 − 4.2 − 20.2 − 28.9

26 − 0.7 − 17.7 − 15.2 − 40.2 − 42.7 − 16.5

27 − 9.3 − 12.2 − 14.8 − 25.3 − 32 − 40.5

28 − 16.8 − 20.1 − 32.5 − 26.5 − 24.5 − 25.5

29 − 15.3 − 24.7 − 30.4 − 34.5 − 29.5 − 17

30 − 15.6 − 18.4 − 30.5 − 25.3 − 34.5 − 42

Table 8 gives the details of the average difference in temperature values for the
models with and without white acrylic coating. The effect of coating over the roof
surfaces reduces an internal temperature of 2 °C for all the house models.

Based on the studies conducted on house models, AAC model shown better
thermal comfort in comparison with the model with SCB and clay brick (CB). The
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Table 7 Average difference in temperature and humidity measured for all the model house for the
entire month of May 2019

House model 10–11 AM 11–12 AM 12 AM–1 PM 1–2 PM 2–3 PM 3–4 PM

Average difference in temperature in °C

AAC block 5 9 10 11 9.4 5.9

Brick 3.3 4.8 5.0 5.6 5.4 5.0

solid Concrete
block

4.4 7.3 7.6 7.7 8.0 5.4

Difference in humidity in %

AAC block − 7.3 − 15.9 − 19.2 − 25.1 − 29.9 − 27.1

Brick − 5.9 − 3.6 − 5.2 − 19.0 − 26.0 − 29.9

solid Concrete
block

− 5.7 − 8.7 − 6.9 − 18.9 − 26.1 − 25.8

Fig. 7 Average monthly
difference in temperature for
all the houses during day
time

Fig. 8 Average monthly
difference in humidity for all
the houses during day time
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Table 8 Details of avg.
difference in temperature
values in °C for the models
with and without coating
during peak hour (1–2 PM)

Model Room AAC (°C) SCB (°C) CB (°C)

Without coating 8 5 6

With coating 10 7 8

thermal conductivity of clay bricks and solid concrete blocks is comparably high in
comparison with AAC blocks, and hence, heat transfer from solid block/clay brick
is more than AAC block.

5 Conclusions of the Present Study

The following conclusions have been drawn from the above study.

• Average difference of outside ambient temperature and internal temperature vari-
ation of nearly 4 °C in the brick model, 6 °C in a solid cement block and 8 °C in
an autoclaved aerated concrete block in models without coating.

• With a white acrylic coating (cool roof based coating), the difference in temper-
ature with and without coating was 10 °C, 8 °C and 6 °C, respectively for AAC
block model, SCB model and clay brick building model.

• Among the three models, AAC block house model showed the more reduction in
humidity inside the model when compared to external humidity. This resulted in
better comfort inside the AAC model.

• Among the solid concrete block model and clay brick model, SCB showed better
performance and this may be due to the thickness of the walling material when
compared with the clay brick wall.
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Investigations on Compression Behaviour
of Short Reinforced NSC Columns

J. Sanjith, R. Prabhakara, M. S. Sudarshan, and Jayachandra

Abstract The analysis is carried out for studying subsequent parameters to know
structural performance of NSC columns and aim is to predict the values of deforma-
tion, yielding load and ultimate load of short reinforced Normal Strength Concrete
of three different grades M20, M30 and M40 subjected to axially compressive load
in loading frame. ANN tool was trained with proper inputs like fresh properties
of materials, spacing of stirrups and percentage of longitudinal reinforcement and
keeping target values obtained from experiment and results are compared with the
ANN values accompanied by marginal errors which are around 0.5%.

Keywords NSC · Short columns · ANN

Nomenclature

Pcr Initial crack load
�cr Deformation at initial crack
Py Load at yielding
�y Deformation at yielding load
Pu Ultimate load
�u Deformation at ultimate load
MPcr Predicted initial crack load
M�c Predicted deformation at initial crack
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MPy Predicted load at yielding
M�y Predicted deformation at yielding load
Mpu Predicted ultimate load
M�u Predicted deformation at ultimate load

1 Introduction

Concrete is a building material composed of cement, fine and coarse aggregates
combined with water for hydration. Portland cement is typically used for the manu-
facture of concrete. In architecture, concrete is used for columns, beams, slabs and
for the construction of foundations. Load bearing walls are also made of concrete.
Other than cement, the binding agent used is lime for lime concrete and bitumen for
asphalt concrete used for road construction.

Concrete production is the consistency of w.r.t. cement. The two key types of
concrete mix are the nominal mix and the design mix. Nominal mix is used for resi-
dential buildings and the construction mix consists of a combination of proportions
and is finalised on the basis of a cube or cylinder lab test for its compressive power.
This is called the Mix Design Process.

Columns are vertical elements that are designed to withstand compressive loads.
Columns have a bending moment on all the axes or around the single axis of the
cross-section. This bending creates tensile strength and tensile stress at the cross-
section. The RC column will have longitudinal reinforcement and lateral relations.
The RC column includes a steel frame embedded in the concrete.

Columns are categorized as long or short, braced or unbraced on different struc-
tural and dimensional factors. Generally, the columns are square, circular and rectan-
gular. The larger dimension should not be more than 4 times the smaller dimension.
If h > 4b, it is called a wall. Columns can fail due to failure to compress concrete or
steel reinforcement, buckling and combination of compression and buckling failure.
Compression failures occur for short column and buckling failure occur for longer
columns.

ANN is the system of neurons that are connected to each other. This system is
called Connectionist system. ANN in new trend are used to study the systems which
are complex and are difficult for modelling by using mathematical and conven-
tional modelling. The researcher named Ashour et al. [1] researcher used a form of
ANN that is, “GP” where G stands for Genetic and P stands for Programming i.e.,
Genetic-Programming, which performs the empirical modelling of shear strength
of RC deep beam. Researcher achieved in experiment successfully by making good
arrangement between themodel predictions and experiment [1]. Another, researchers
named Saka and Sanad [2], the predicted the ultimate shear strength of RC beams
using ANN. It provides the better result when compared with strut-and-tie method,
Mau-Hsu method, and ACI code method. In ANN shear strength ratio was 0.97
and the ACI method shows the ratio of 2.08 [2]. Structural Engineering involves
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the understanding of properties of building components and modelling of natural
phenomenon, material behaviour and laws of mechanics, intuition, past experience
or ability and investigation strategies [4]. The modern computer can bring speed,
aptitude and meticulousness in investigation of structures. But to computerize the
areas such as intangible design, reasonable structure, representing of normal wonder
and material conduct and harm appraisals is very troublesome as it requires human
skill. Structural design is an iterative process. The fundamental plan is the initial
phase in configurational design process. Programming assumes a focal job in prac-
tically all parts of everyday life. Softwares may be characterized as the guidelines,
which give usefulness of the program that requires playing out a particular kind of
information handling in an expert way to achieve an assignment. The number, size,
and application areas of PC programs have developed significantly. In RC Frame
Structures, Column sections are the most significant primary structural components
and have the vital job both under vertical and seismic burdens [5, 6].

1.1 Artificial Neural Network

Interconnected neurons form the ANN the connection is always in the one direction
hence it is called unidirectional communication. Weight is the term used to show
the neurons strength connection which is a numerical value. Weights are combined
together to storage the knowledge or the data required. The function of sum of inputs
received from adjacent node bymeans ofweights is the activation valuewhich neuron
is having. To form interconnected neurons ANN have been described as the second-
best way to connect and work on it. These neurons are used to model brains and also
to perform definite computational tasks. Successful ANN application will have the
ability of determining the perfect character recognition [3]. This present study is an
effort to apply artificial neural network-based system identification of methods to
predict the shear behaviour based on the NSC, SCC, and GPC mix proportions. For
this phenomenon, a computer program is developed using ANN design toolbox in
the software called MATLAB (v. R2018a). Using this platform (Programs), neural
networking model with different hidden layers will be constructed, trained, and then
tested using the available test data sets, respectively [7, 8]. The original moto of
ANN methodology is to solve problems in the same way that human brain would.
But as the time passed, attention has been stimulated to performing specific tasks, and
leading deviation from the biology. ANN’s have been used on multiplicity of tasks,
as these tasks include computer visionary, machine understanding and translation,
social network filtering, Playing video games, speech recognition,medical diagnosis,
and also been used in the activities which are reserved to humans like painting.
ANN began as an attempt to feat the planning of human brain to perform tasks that
conventional algorithms had little success with. Warren McCulloch and Walter Pitts
opened this topic by creating a computational model for neural networks.
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Neural networks are well-trained and adjusted to specified inputs to obtain the
required target output. The network is so formed that itself makes the comparison
between the target and output, till the target is matched with the network output.

2 Objectives of Study

The following are the Objectives of the research work: 1. To Prepare an Mathe-
matical model using an ANN tool with MATLAB(v. R2018a) to predict the values
of deformation, yielding load and ultimate load of short reinforced Normal Strength
Concrete with varying reinforcement percentage 2. To validate the results obtained
by MATLAB trained with ANN with Experimental results.

3 Materials and Methodology

Here the cement is used for the binding of fine and coarse aggregates. 53 grade
OPC as per IS 12269-1987 with specific gravity 3.15. Fly ash confirming to class-F
IS-3812:2003 [9, 10]. Coarse aggregate of 20 mm downsize aggregate of specific
gravity 2.65 for NSC. The coarse aggregate must be confirming to IS 383:2016.
Fine aggregates are M-Sand of specific gravity of 2.57 and fineness modulus 3.05
confirming to zone II and for IS 383:2016 (Table 1).

3.1 Test Specimen

For the investigation purpose, 36 [12 for each grade] columns of NSC specimens
were casted for each M-20, M-30, and M-40. The cross-section of 125 × 125 ×
1000 mm, respectively and the slenderness ratio was 8 which shows the behaviour

Table 1 Mix proportions, fresh properties, and cube compression strength of NSC [20] NSC [30],
and NSC [40]

Materials Proportion

M-20 M-30 M-40

Cement (kg/m3) 358.47 383.16 465

Fine aggregates (kg/m3) 690.68 670.72 650.80

Coarse aggregates (kg/m3) 1113.93 1128.41 1094.89

Water (l/m3) 197.16 191.58 186

Slump cone (mm) 115 80 45

Cube compressive strength (MPa) 27.23 36.28 49.61
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of short column [11]. Lateral ties of 8 mm dia at a spacing of 100 mm, 200 and 300
mmC/C is provided. The percentage of longitudinal steel was varied from 1.29, 2.01,
2.89, and 5.15% (Table 2).

Table 2 Specimen details of columns

Specimen Longitudinal. reinforcement Transverse reinforcement
(mm)Dia. of bar (mm) Reinforcement (%)

NSC/M20/1.29/100 8 1.29 100

NSC/M20/2.01/100 10 2.01 100

NSC/M20/2.89/100 12 2.89 100

NSC/M20/5.15/100 16 5.15 100

NSC/M20/1.29/200 8 1.29 200

NSC/M20/2.01/200 10 2.01 200

NSC/M20/2.89/200 12 2.89 200

NSC/M20/5.15/200 16 5.15 200

NSC/M20/1.29/300 8 1.29 300

NSC/M20/2.01/300 10 2.01 300

NSC/M20/2.89/300 12 2.89 300

NSC/M20/5.15/300 16 5.15 300

NSC/M30/1.29/100 8 1.29 100

NSC/M30/2.01/100 10 2.01 100

NSC/M30/2.89/100 12 2.89 100

NSC/M30/5.15/100 16 5.15 100

NSC/M30/1.29/200 8 1.29 200

NSC/M30/2.01/200 10 2.01 200

NSC/M30/2.89/200 12 2.89 200

NSC/M30/5.15/200 16 5.15 200

NSC/M30/1.29/300 8 1.29 300

NSC/M30/2.01/300 10 2.01 300

NSC/M30/2.89/300 12 2.89 300

NSC/M30/5.15/300 16 5.15 300

NSC/M40/1.29/100 8 1.29 100

NSC/M40/2.01/100 10 2.01 100

NSC/M40/2.89/100 12 2.89 100

NSC/M40/5.15/100 16 5.15 100

NSC/M40/1.29/200 8 1.29 200

NSC/M40/2.01/200 10 2.01 200

NSC/M40/2.89/200 12 2.89 200

NSC/M40/5.15/200 16 5.15 200

(continued)
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Table 2 (continued)

Specimen Longitudinal. reinforcement Transverse reinforcement
(mm)Dia. of bar (mm) Reinforcement (%)

NSC/M40/1.29/300 8 1.29 300

NSC/M40/2.01/300 10 2.01 300

NSC/M40/2.89/300 12 2.89 300

NSC/M40/5.15/300 16 5.15 300

Fig. 1 Providing input and target values of NSC columns

3.2 Inputs for ANN

See Figs. 1, 2, 3, 4 and 5 and Tables 3 and 4.

4 Results

A comprehensive analysis was carried out to study subsequent parameters to know
structural performance of NSC Columns (Table 5).
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Fig. 2 Neural network training

Fig. 3 Neural network training
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Fig. 4 Best validation performance

Fig. 5 Regression plots for NSC columns
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Table 3 Input data Cement (kg/m3) FA (kg/m3) CA (kg/m3) W (l/m3)

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

310 612 1084 155

348.33 681.66 1146.8 191.58

450 873.36 1224.3 206.5

(continued)
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Table 3 (continued) Slump (mm) Fck (MPa) Spacing (mm) Ast (%)

115 27.23 100 1.29

80 36.28 100 1.29

45 49.61 100 1.29

115 27.23 200 1.29

80 36.28 200 1.29

45 49.61 200 1.29

115 27.23 300 1.29

80 36.28 300 1.29

45 49.61 300 1.29

115 27.23 100 2.01

80 36.28 100 2.01

45 49.61 100 2.01

115 27.23 200 2.01

80 36.28 200 2.01

45 49.61 200 2.01

115 27.23 300 2.01

80 36.28 300 2.01

45 49.61 300 2.01

115 27.23 100 2.89

80 36.28 100 2.89

45 49.61 100 2.89

115 27.23 200 2.89

80 36.28 200 2.89

45 49.61 200 2.89

115 27.23 300 2.89

80 36.28 300 2.89

45 49.61 300 2.89

115 27.23 100 5.15

80 36.28 100 5.15

45 49.61 100 5.15

115 27.23 200 5.15

80 36.28 200 5.15

45 49.61 200 5.15

115 27.23 300 5.15

80 36.28 300 5.15

45 49.61 300 5.15
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Table 4 Target data

Pcr (kN) �cr (mm) Py (kN) �y (mm) Pu (kN) �u (mm)

301.50 4.50 351.75 6.05 502.50 10.68

317.92 4.88 370.90 6.34 529.86 10.36

322.27 5.32 388.82 6.4 555.45 9.72

255.42 3.97 297.99 5.4 425.70 11.32

270.27 4.42 315.32 6.19 450.45 10.60

284.85 4.96 332.33 6.4 474.75 9.91

221.88 6.06 258.86 7.2 369.80 12.54

234.96 5.77 274.12 6.6 391.60 11.00

247.43 6.12 288.67 7.1 412.39 10.54

310.76 4.40 362.56 5.29 517.94 9.20

330.81 4.96 385.95 5.4 551.35 8.80

348.45 5.14 406.58 5.9 580.75 8.21

269.28 4.21 314.16 6.1 448.80 9.68

284.52 4.62 331.94 5.1 474.20 9.24

300.30 4.76 350.35 5.6 500.50 8.68

234.90 4.26 274.05 7.7 391.50 10.20

248.70 4.71 290.15 5.6 414.50 9.46

262.02 5.17 305.69 6.18 436.70 8.90

320.76 3.80 374.22 4.4 534.60 6.84

338.88 4.30 395.36 4.51 564.80 6.54

357.42 4.22 416.99 4.62 595.70 6.04

273.24 4.21 318.78 4.5 455.40 7.20

304.50 3.91 355.25 4.5 507.50 6.23

239.10 3.58 278.95 4.17 398.50 7.45

255.30 3.89 297.85 4.32 425.50 7.30

267.12 4.05 311.64 4.5 445.20 6.78

340.68 3.06 397.46 3.38 567.80 5.20

362.70 3.30 423.15 3.55 604.50 4.80

383.88 2.98 447.86 3.21 639.80 4.56

294.48 2.76 343.56 3.42 490.80 5.64

312.90 3.27 365.05 3.48 521.5 5.10

329.76 3.30 384.72 3.56 549.60 4.69

256.50 3.29 299.25 4 427.50 6.30

273.75 3.00 319.38 3.48 456.25 5.65

288.12 2.91 336.14 3.65 480.20 5.20
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Table 5 ANN results of column specimen

MPcr (kN) M�c (mm) MPy (kN) M�y (mm) Mpu (kN) M�u (mm)

303.19 4.78 353.63 6.12 505.24 10.33

319.90 5.05 373.11 5.96 533.07 9.81

335.61 5.21 391.42 6.14 559.24 9.29

260.80 4.86 6.19 6.35 434.60 10.76

277.51 5.13 323.66 6.19 462.43 10.24

293.22 5.29 341.97 6.37 488.60 9.72

218.41 4.94 254.73 6.58 363.96 11.19

235.12 5.21 274.21 6.42 391.79 10.67

250.83 5.37 292.52 6.60 417.96 10.15

310.57 4.41 362.24 5.58 517.54 9.33

327.28 4.68 381.72 5.41 545.37 8.82

342.99 4.83 400.03 5.60 571.54 8.30

268.18 4.49 312.79 5.81 446.90 9.76

284.89 4.76 332.27 5.64 474.73 9.25

300.60 4.91 350.58 5.83 500.90 8.73

225.79 4.57 263.34 6.04 376.26 10.19

242.50 4.84 282.82 5.87 404.09 9.68

258.21 4.99 301.13 6.06 430.26 9.16

319.59 3.95 372.76 4.92 532.58 8.12

336.29 4.22 392.24 4.75 560.41 7.60

352.01 4.37 410.55 4.94 586.58 7.08

277.20 4.03 323.31 5.15 461.94 8.55

293.90 4.30 342.79 4.98 489.77 8.03

309.62 4.45 361.10 5.17 515.94 7.51

234.81 4.11 273.86 5.38 391.30 8.98

251.51 4.38 293.34 5.21 419.13 8.46

267.23 4.53 311.65 5.40 445.30 7.94

342.75 2.78 399.78 3.22 571.18 4.99

359.46 3.05 419.27 3.05 599.01 4.48

375.17 3.20 437.58 3.24 625.18 3.96

300.36 2.86 350.33 3.45 500.54 5.42

317.07 3.13 369.82 3.28 528.37 4.91

332.78 3.28 388.13 3.47 554.54 4.39

257.97 2.94 300.88 3.68 429.90 5.85

274.68 3.21 320.37 3.51 457.73 5.34

290.39 3.36 338.68 3.70 483.90 4.82
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5 Summary and Conclusions

To predict the ultimate Compressive strength on Normal strength concrete columns.
ANN model was constructed, trained and tested by conducting experiment of
columns casted.

The formedmodels are used to perform the parametric study to evaluate the results
of variables of column on ultimate compressive strength. Percentage of error for the
predicted value is less than 1.

ANNmodelwas utilized to predict the shear behaviour of RC column. Themodels
developed by the ANN showed the goodness in fit in the results.

The R-square value of the model of flow diameter of slump by use of ANN
is greater than 0.9 and the regression model values is 0.792. The normal strength
concrete was applied with feedforward back-propagation neural network.

ANN includes 4-layers: the input layer will be containing 7 neurons, 1st and 2nd
hidden layer will be having 5 neurons each and the output layer will be having only
one neuron.
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Seismic Analysis of Multi-storey Building
on Sloping Ground with Ground, Middle
and Top Soft Storey

Ratnakala S. Bidreddy and Shankar H. Sanni

Abstract Nowadays, fast development is occurring in uneven zones because of
lack of plain ground. As a result, the bumpy territories have checked impact on
the structures in terms of style, material and technique of construction leading to
popularity of multi-storied structures in hilly regions. Because of inclining profile,
the different degrees of such structures step back towards the slope slant and may
likewise have set back also at the simultaneity. In the present study, G+12 storey
building is considered, and this building is assumed to be present in flat ground
and on sloping ground 20°. The models are also equipped with infill walls and two
different shear wall arrangements. The models are also a soft storey structure. By
this, total tenmodels are created for analysis purpose. Here, equivalent static analysis
is carried out for the study.

Keywords ETABS-2017 · Shear wall · Equivalent static method · Displacement ·
Drift · Time period · Base shear and ground middle and top (GMT) soft storey

1 Introduction

In hilly areas, the building configuration will be different and may have vertical
irregular, variation in column heights, irregular mass distribution, mass and stiffness
unequal distributions. These parameters alter the building responses.

Due to functional requirement, many of the tall structures are kept open at the
ground first as open, i.e. termed as soft storey. This will make the structure weak and
less stiff. However, in many of the column beam framed structure instead of glazing,
they are undergoing masonry structure. This will reduce the extent of damages to the
structure and life.

A. Soft Storey: These are multiple floors in which one or more floors have openings
for windows, large doors and vehicle parking. The rigidity of this floor is less than
that of the normal floor.
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B. Brick Masonry: Brick masonry is very durable in construction. It is built by
placing brick and mortar. In this analysis, brick masonry is very helpful in reducing
displacement. Currently, 230 mm thick brick masonry wall is used for analysis.

Properties of masonry wall.

• Masonry is considered as an anisotropic composite material because of different
geometries and material properties of masonry, including shape of units
(bricks/blocks), dimensions of units, perforations, slenderness ratio, strengths of
materials, modulus of elasticity of materials, water absorption, etc.

• Elastic modulus (or Young’s modulus) is one of the most important parameters
in determination of the stiffness of structural elements prior to cracking.

C. Shear Wall: Shear walls are vertical RCC members that resist lateral loads. The
shear wall reduces the displacement of floors that meet the earthquake.

The main objective of this work is to improve the structure which is on a sloping
ground. The structure is analysed for equivalent static method using the E-TAB
software.

Properties of Shear Wall

• As shear force in earth quake prone zone increases, hence there is necessity of
placing shear walls in those areas.

• Shear walls should have more strength and stiffness. For slender walls where the
bending deformation is more, shear wall resists the loads.

2 Literature Review

Siddiqui and Vidyadhara [1], investigated 12 storey structure having 5 m width in
each direction with 4 bays. They observed that the earthquake behaviour is found out
for infill-framed structure. The hinge formation is first found at soft storey location
than shear wall, and base shear is also found maximum in case of model with shear
wall. The infill walls provided between frames give more stability and drastically
reduces the displacements than bare frame models.

Vaidya [2] studied the structure located on sloping ground. The shear wall is
provided in the structure, and its positions are varied to check the performance of
the structure. Main ideas are to understand the optimum location of the shear wall
by increasing the effectiveness in the seismic behaviour. The results are interpreted
in terms of displacement, storey drift and maximum forces in the columns. Time
period of the structure is found to be with the model having shear wall and shorter
columns. It is also found that the short columns are more critical in sloping ground
and shear wall provided in plan symmetry is having better results and having control
over displacements than other models.

Kalsulkar and Rathod [3] carried out step back and set back configuration. The
analysis was carried out by using response spectrum method. From the results, it is
found that the step back building is having highest base shear value than set back
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configuration. And time period is also found to be maximum in case of step back
building. It is also observed from the study that the number of storey and number of
bays reduces top storey displacement. And hence, it is concluded that the building
spread area reduces the displacement drastically than building with more height.

Thombre and Makarande [4] studied the structures located on sloppy ground and
plain ground as well. The structure is low-rise RCC structure with G + 5 storeys
with storey height of 3 m. The structure is considered to be located in zone 5. The
analysis is carried out, and it is found that the building having shorter slope having
less displacement than other structure.

Birajdar and Nalawade [5] carried out high rise structure with 24 storeys with set
back, step back and step back–set back structure for investigation. Here, 3D analyses
are carried out using ETABS software. The lateral loads such as seismic loads are
considered for both structures resting on ground and sloppy ground. The structures
are assumed to have moderate slope at ground of around 27°. The response spectrum
analysis is carried out and its torsional behaviour is also captured.

Khadiranaikar andMasali [6] their study focused the response of structure located
on hilly slope. It is found that the behaviour of structure resting on slope area is
different from resting on plane ground. The dynamic analysis is carried out for the
study. Study is also carried out for step back and set back buildings. It is noticed that,
the short column is attracting higher forces than other column and which is most
affected than other columns. The presence of shear wall and infill wall is benefitting.
The noticeable reduction in displacement and drift is found out. It is better to increase
the number of ways to reduce the displacement, drift and time period.

Halkude et al. [7] used response spectrum method for both set back and step
back buildings. The dynamic nature of the structure is different from simple static
analysis. From the study, it is noticed that both step back and set back buildings
are more favourable than set back building alone. The results such as displacement,
fundamental time period. The base shear value is more for step back building.

3 Objectives of the Project

A. To study the effect of infill in frame when subjected to seismic loading on
sloping ground.

B. To study the effect of soft storey in multi-storey buildings when subjected to
seismic loading on sloping ground.

C. To study how shear wall can enhance the performance of soft storey RC
buildings on sloping ground.

D. To find displacement, drift, base shear, time period for 0° and 20°, using
equivalent static method.
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4 Methodology

This paper attempts to investigate the seismic effect on theRCCmulti-storey building
modelG+ 12withmasonry infill, GMTwith soft storey, L type andC type shearwall.
The 13-storey RCC building models are created and analysed by ETAB software [8].
After successfully completing the models, the best position of the different sloping
terrains is found by changing the different degree to minimize the seismic effect.
Differentmodels have been created and the results are compared to additionalmodels.

The height of each storey is maintained at 3 m. The seismic zone considered is V
and the soil is medium (Type II). In this work, the structure includes live load, seismic
load and dead load, and the codes are used in accordance with IS-875 part 1 and 2
[9, 10], IS 1893-2002 [11] and IS 456-2000 [12]. The structure is analysed using
the equivalent static method and response spectrum method. Such as displacement,
storey drift, time period, and base shear are calculated. After analysing the structure,
the obtained values are used to form a table, graphs and finally, the conclusion.

Equivalent Static Method
In the linear static procedure, building modelled is an equivalent single degree
freedom system. The equivalent static analysis procedure includes the following
steps.

• Estimate the first mode response period of the building from the design response
spectra.

• Use the specific design response spectra to determine that the lateral base shear
of the complete building is consistent with the level of post-elastic (ductility)
response assumed.

5 Modelling Description

The proposed models are RCC flat slab structure with RCC columns and composite
columns. Plan layout is kept the same for all configurations of building frame.

5.1 Properties of Members

Poisson’s ratio: 0.2
Density: 25 KN/m3

Thermal coefficient: 0.0000055/°C
Grade of concrete: M40
Yield strength of steel: Fe500.
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5.2 Seismic Parameter

Zone value (Z): 0.36
Response reduction factor (R): 5 (S.M.R.F)
Importance factor: 1
Damping ratio: 0.05
Soil Type: Medium.

5.3 Size of Members

Height of building: 39 m (G+12 storeys)
Storey to storey height: 3 m
Span length: 5 m
Column sizes: 1200 mm × 1200 mm, 750 mm × 1000 mm, 550 mm × 750 mm
Beam size: 230 mm × 600 mm
Slab thickness: 150 mm
Wall thickness: 230 mm.

5.4 Load Intensity

Live load on each floor: 3 kN/m2

Floor finish: 1.5 kN/m2.

5.5 Load Combinations

The load combination is itself calculated by the E-TAB software and the models are
analysed as the calculated load combination.

6 Plan, Elevation and 3D View of Different Models

See Figs. 1, 2, 3, 4, 5, 6, 7 and 8.
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Fig. 1 Plan

Fig. 2 Elevation of 0° and 20°

7 Results and Discussion

The results of normal building and sloping ground building is compared by consid-
ering masonry brick infill, GMT soft storey, GMT with L type shear wall and GMT
with C type Shear wall. The lateral responses like displacement, storey drift, time
period and base shear is evaluated and compared.
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Fig. 3 3D view

Fig. 4 Bare frame
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Fig. 5 Masonry brick infill

Fig. 6 GMT with soft storey

MODELS A1, A2, A3, A4 and A5 for 0° plane ground.
MODELS C1, C2, C3, C4 and C5 for 20° plane ground.
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Fig. 7 GMT with L type shear wall

Fig. 8 GMT with C type shear wall

7.1 Displacement (mm) due to Equivalent Static Method

From Table 1 and Fig. 9, it can be observed that the model A1 is having maximum
displacement compared to other models. The reduction of displacement is found
maximum in model A5. The displacement is increased nominally for A3 model
compared to A2.

FromTable 2 and Fig. 10, it can be observed that themodel C1 is havingmaximum
displacement compared to other models. In this method of analysis, it can be noticed
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Table 1 Displacement EQX 0° slope

Storey Model A1 Model A2 Model A3 Model A4 Model A5

13 36 11 13 7 6

12 35 11 12 7 6

11 33 10 11 6 5

10 30 10 11 6 5

9 27 9 10 5 4

8 23 8 9 4 3

7 19 7 7 3 3

6 16 6 6 3 2

5 12 4 5 2 2

4 8 3 4 2 1

3 5 2 3 1 1

2 3 1 1 1 0

1 1 0 0 0 0

0 0 0 0 0 0

Fig. 9 Displacement versus storey EQX 0° slope

that there is reduction in displacement for models C1 to C5, which shows that C1 is
more critical, the model C5 with shear wall has lesser displacement.

7.2 Drift (mm) Due to Equivalent Static Method

From Table 3 and Fig. 11, it can be observed that the model A1 is having maximum
drift compared to other models. The reduction of displacement is found maximum
in model A5. The maximum drift found is critical in storeys 5–9 in bare frame.
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Table 2 Displacement EQX 20° slope

Storey Model C1 Model C2 Model C3 Model C4 Model C5

13 19 6 7 4 4

12 18 6 7 4 3

11 16 5 6 3 3

10 14 5 6 3 3

9 12 4 5 3 2

8 9 3 4 2 2

7 6 3 3 2 1

6 4 2 2 1 1

5 2 1 1 1 1

4 0 0 0 0 0

3 0 0 0 0 0

2 0 0 0 0 0

1 0 0 0 0 0

0 0 0 0 0 0

Fig. 10 Displacement versus storey EQX 20° slope

From Table 4 and Fig. 12, it can be observed that the drift values are highest
for model 1 as comparing with other models. However, the remaining models are
having almost similar drift values. This shows that the slope of the ground is not the
governing parameter.
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Table 3 Drift EQX 0° slope

Storey Model A1 Model A2 Model A3 Model A4 Model A5

13 1 0 1 1 1

12 2 1 1 1 1

11 3 1 1 1 1

10 3 1 1 1 1

9 4 1 1 1 1

8 4 1 2 1 1

7 4 1 1 1 1

6 4 1 1 1 1

5 4 1 1 1 0

4 3 1 1 1 0

3 3 1 1 0 0

2 2 1 1 0 0

1 1 0 0 0 0

0 0 0 0 0 0

Fig. 11 Drift versus storey EQX 0° slope

7.3 Base Shear (kN)

From Table 5 and Fig. 13, it can be observed that the base shear is higher for model
A5 and model A2. The increase in base shear depends on seismic weight of the
structure. The model A3 is having lesser base shear compared to all other models.

From Table 6 and Fig. 14, it can be observed that the base shear is higher for
model 5 and model 2. The increase in base shear depends on seismic weight of the
structure. The model 3 is having lesser base shear compared to all.
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Table 4 Drift EQX 20° slope

Storey Model C1 Model C2 Model C3 Model C4 Model C5

13 1 0 0 0 0

12 1 0 0 0 0

11 2 1 1 0 0

10 3 1 1 0 0

9 3 1 1 0 0

8 3 1 1 0 0

7 3 1 1 0 0

6 2 1 1 0 0

5 2 1 1 1 1

4 0 0 0 0 0

3 0 0 0 0 0

2 0 0 0 0 0

1 0 0 0 0 0

0 0 0 0 0 0

Fig. 12 Drift versus storey EQX 20° slope

Table 5 Base shear EQX 0° slope

Base shear

Model A1 Model A2 Model A3 Model A4 Model A5

5185 5253 5062 5168 5325

7.4 Time Period (s)

From Table 7 and Fig. 15, it can be observed that the time period of model A1 is
more and found to be flexible among other models. However, models with shear wall
shows rigid and having less time period.
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Fig. 13 Base shear EQX 0°
slope

Table 6 Base shear EQX 20° slope

Base shear

Model 1 Model C1 Model C2 Model C3 Model C4

3726 3825 3628 3714 3831

Fig. 14 Base shear EQX 0°
slope

The similar kind of observation was true here in sloping ground also as seen from
Table 8 and Fig. 16. The time period of a model C1 is more and compared to other
models. However, model C5 with shear wall shows rigid and having less time period.
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Table 7 Time period EQX 0° slope

Time period

Mode Model A1 Model A2 Model A3 Model A4 Model A5

1 1.28 0.87 0.89 0.59 0.57

2 1.25 0.72 0.76 0.54 0.49

3 1.17 0.59 0.62 0.35 0.35

4 0.42 0.29 0.30 0.18 0.17

5 0.41 0.25 0.26 0.17 0.14

6 0.39 0.20 0.22 0.11 0.11

7 0.24 0.16 0.17 0.09 0.09

8 0.22 0.14 0.16 0.09 0.07

9 0.21 0.12 0.13 0.06 0.06

10 0.15 0.11 0.11 0.06 0.06

11 0.14 0.10 0.11 0.06 0.05

12 0.13 0.08 0.09 0.04 0.04

Fig. 15 Time period EQX 0° slope

8 Conclusion

The following conclusions can be drawn with the present investigation.

• The observed parameters like displacement, drift, base shear and time period are
found to be maximum in bare frame model (A1 and C1)

• The displacement of models can be reduced by introducing masonry and shear
wall in the models. The reduction is found to be 69, 63, 80 and 83% for models
2, 3, 4 and 5 when compared with model 1.

• The drift values of all the models are within the limits. i.e., h/250 = 3000/250 =
12. And hence, all models in 20° sloping angle are safe and within the permissible
limits.
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Table 8 Time period EQX 20° slope

Time period

Mode Model C1 Model C2 Model C3 Model C4 Model C5

1 1.04 0.72 0.78 0.57 0.57

2 0.96 0.55 0.60 0.45 0.41

3 0.87 0.45 0.50 0.31 0.30

4 0.33 0.23 0.26 0.16 0.16

5 0.32 0.19 0.24 0.15 0.13

6 0.28 0.18 0.19 0.11 0.10

7 0.18 0.16 0.17 0.10 0.10

8 0.17 0.12 0.16 0.08 0.08

9 0.14 0.11 0.14 0.08 0.07

10 0.11 0.10 0.13 0.08 0.06

11 0.11 0.09 0.11 0.07 0.06

12 0.09 0.09 0.09 0.07 0.06

Fig. 16 Time period EQX 20° slope

• The base shear is higher for model 5 and model 2. The increase in base shear
depends on seismic weight of the structure. The model 3 is having lesser base
shear compared to all other models.

• From the model analysis, it is found that, the model 1 is very much flexible and
having highest time period and time period will decreases by 32, 30, 54 and 55%
for model 2, 3, 4 and 5 when compared with model 1.

• From the overall analysis, it is proved that themodelswith shearwall, significantly
improves the performance of the structure in terms of displacement, drift and time
period.

• In case of providing the shear wall is difficult due to some constraint, the masonry
wall will work efficiently in case of normal or slope ground.
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Investigations on Compression Behaviour
of Short Reinforced SCC Columns

J. Sanjith, R. Prabhakara, M. S. Sudarshan, and H. K. Thejas

Abstract The objective of this work is to predict the values of deformation and
load at cracking point, yielding point and ultimate point of short reinforced self-
Compacting Concrete columns which was subjected to axially compression in
loading frame. An ANN tool by giving proper inputs like fresh properties of mate-
rials, spacing of stirrups and percentage of longitudinal reinforcement and keeping
target values obtained from experiments, it is compared with the experimental values
accompanied by marginal errors.

Keywords SCC · Short columns · ANN

1 Introduction

“A concrete that is able to flow and fill every part and corner of the formwork, even in
the presence of dense reinforcement, purely by means of its own weight and without
the need for any vibration or other type of compaction” [1].

SCC was developed in Japan to offset a growing shortage of skilled labour. In the
present-day, self-compacting concrete can be classified as an advanced construction
material. Self-compacting concrete has been described as “the most revolutionary
development in concrete construction for several decades” [1].

An important improvement of health and safety is also achieved through elimi-
nation of handling of vibrators and a substantial reduction of environmental noise
loading on and around a site [2]. The composition of SCCmixes includes substantial
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proportions of finely-grained inorganic materials. This offers possibilities for utiliza-
tion of waste products which have no practical applications and are costly to dispose
[3]. The SCC, as the name suggests, does not require to be vibrated to achieve full
compaction. This offers many benefits and advantages over conventional concrete.
These include an improved quality of concrete and reduction of on-site repairs, faster
construction times, lower overall cost and facilitation of introduction of automation
into concrete construction [4].

It is a new kind of high-performance concrete with distinctive deformability. This
concrete has three abilities like segregation resistance flowing, passing ability and
filling ability.Hence, it flowswithout segregation andbleeding andhas ability to cover
the voids in reinforcementwithout any blockage. The important thing is to understand
the fresh properties of cement paste in order to evaluate the flow behaviour of SCC.
It is the advanced technique where any mechanical compaction is not necessary as
like conventional concrete. SCC in fresh state is stable to have homogeneity in the
concrete property [5]. It also avoids some site properties like blockage, settlement
or segregation and bleeding.

ANN is computer model which minimizes the learning necessity of human brain.
It helps to learn the software from generalizing of previous example and from expe-
rience. It provides answers even if there is error and incomplete inputs when we are
trying to analyse the complex problems [6]. It contains developing of a network for
the required material behaviour and training them to get the results. If there is an
exact information about the material behaviour, the neural network will provide the
sufficient information about the material [7].

2 Artificial Neural Network

An artificial neural network (ANN) is demonstrated in the brain where neurons are
associated in complex patterns to process data from the senses, create memories and
control the body. It is based entirely on the operational fundamentals of biological
neural networks. The artificial neural network is defined as the system of intercon-
nected neurons. Artificial neural network is also called as connectionist systems. We
can store information in computer as well. Both brain and computer can store infor-
mation, but their mechanisms are very different. These are the computing system
ambiguously inspired by the biological neural networks that institute animal brains
[7]. If we memorize something, our brain stores that information. In computer, the
information is stored at specific location, whereas brain alters the association of
neurons to store information. Researchers are designing ANN to solve the problems
of pattern recognition, prediction, optimization, associationmemory and control. The
neuron itself has no storage capability. So, it transmits signals from one neuron to
other neurons [8]. Warren McCulloch and Walter Pitts opened this topic by creating
a computational model for neural networks. For this phenomenon, a computer
programme is developed using ANN design toolbox in the software calledMATLAB
(v. R2018a). To form interconnected neurons, ANN has been described as the second
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bestway to connect and work on it. When we describe about our brains, the neural
network imitates the mechanism of the brain. Brain is composed of connections of
neurons, while neural network is composed of connections of nodes. These neurons
are used to model brains and also to perform definite computational tasks [9]. We
can call the brain a gigantic network of neurons and association of neurons forms
specific information. SuccessfulANNapplicationwill have the ability of determining
the perfect character recognition. This present study is an effort to apply artificial
neural network-based system identification ofmethods to predict the shear behaviour
based on the SCC mix proportions.

3 Materials and Methodology

The cement is used for the binding of fine and coarse aggregates. 53 grade
OPC cement as per IS 12269-1987 with specific gravity 3.15. Fly ash confirming to
class-F IS-3812:2003. Coarse aggregate of 20 mm downsizes aggregate of specific
gravity 2.62 are used for SCC. The coarse aggregate must be confirming to IS
383:2016.Afine aggregate isM-Sandof specific gravity of 2.57 andfinenessmodulus
3.05 confirming to zone II and for IS383:2016 are used (Table 1).

Table 1 Mix proportions, fresh properties and cube compression strength of SCC [20], SCC [30]
and SCC [40]

Materials Proportion

M-20 M-30 M-40

Cement (kg/m3) 257 314.28 365

Fly ash (kg/m3) 173 188.43 198

Fine aggregates (kg/m3) 970 925.63 964

Coarse aggregates (kg/m3) 815 743.69 781

Water (l/m3) 197 148.07 182

Super plasticizer (%) 0.7 1.3 1.9

VMA (%) 0.15 0.18 0.21

Slump cone (mm) 820 680 520

T50 sec 2.8 3.2 3.6

J-ring 3.3 4 4.7

V- funnel sec 8 11 14

L-box 0.62 0.85 1.13

U-box (mm) 7 9 11

Cube compressive strength (MPa) 29.93 38.93 47.64
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Test Specimen
For the investigation purpose, 36 [12 for each grade] columns of SCC specimenswere
casted for each M-20, M-30 and M-40.The cross-section of 125× 125× 1000 mm,
respectively was selected, and the slenderness ratio was kept 8, which shows the
behaviour of short column.

Confinement reinforcement was kept same for all columns. Lateral ties provided
are 8 mm at a spacing of 100, 200 and 300 mm C/C respectively. The percentage of
longitudinal steel was varied from 1.29, 2.01, 2.89 and 5.15% (Table 2).

Table 2 Specimen details of columns

Specimen Longitudinal reinforcement Transverse.rmt

No. of bars Dia. of bar (mm) RMT (%)

SCC/M20/1.29/100 4 8 1.29 100

SCC/M20/2.01/100 10 2.01 100

SCC/M20/2.89/100 12 2.89 100

SCC/M20/5.15/100 16 5.15 100

SCC/M20/1.29/200 8 1.29 200

SCC/M20/2.01/200 10 2.01 200

SCC/M20/2.89/200 12 2.89 200

SCC/M20/5.15/200 16 5.15 200

SCC/M20/1.29/300 8 1.29 300

SCC/M20/2.01/300 10 2.01 300

SCC/M20/2.89/300 12 2.89 300

SCC/M20/5.15/300 16 5.15 300

SCC/M30/1.29/100 8 1.29 100

SCC/M30/2.01/100 10 2.01 100

SCC/M30/2.89/100 12 2.89 100

SCC/M30/5.15/100 16 5.15 100

SCC/M30/1.29/200 8 1.29 200

SCC/M30/2.01/200 10 2.01 200

SCC/M30/2.89/200 12 2.89 200

SCC/M30/5.15/200 16 5.15 200

SCC/M30/1.29/300 8 1.29 300

SCC/M30/2.01/300 10 2.01 300

SCC/M30/2.89/300 12 2.89 300

SCC/M30/5.15/300 16 5.15 300

SCC/M40/1.29/100 8 1.29 100

SCC/M40/2.01/100 10 2.01 100

SCC/M40/2.89/100 12 2.89 100

(continued)



Investigations on Compression Behaviour of Short … 171

Table 2 (continued)

Specimen Longitudinal reinforcement Transverse.rmt

No. of bars Dia. of bar (mm) RMT (%)

SCC/M40/5.15/100 16 5.15 100

SCC/M40/1.29/200 8 1.29 200

SCC/M40/2.01/200 10 2.01 200

SCC/M40/2.89/200 12 2.89 200

SCC/M40/5.15/200 16 5.15 200

SCC/M40/1.29/300 8 1.29 300

SCC/M40/2.01/300 10 2.01 300

SCC/M40/2.89/300 12 2.89 300

SCC/M40/5.15/300 16 5.15 300

Inputs for ANN
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See Tables 3, 4 and 5.

Table 3 Input data

Cement FA CA W Slump

257 970 815 197 820

314.28 925.63 743.69 148.07 680

365 964 751 182 520

257 970 815 197 820

314.28 925.63 743.69 148.07 680

365 964 751 182 520

257 970 815 197 820

314.28 925.63 743.69 148.07 680

365 964 751 182 520

257 970 815 197 820

314.28 925.63 743.69 148.07 680

365 964 751 182 520

257 970 815 197 820

314.28 925.63 743.69 148.07 680

365 964 751 182 520

257 970 815 197 820

314.28 925.63 743.69 148.07 680

365 964 751 182 520

257 970 815 197 820

314.28 925.63 743.69 148.07 680

(continued)
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Table 3 (continued)

Cement FA CA W Slump

365 964 751 182 520

257 970 815 197 820

314.28 925.63 743.69 148.07 680

365 964 751 182 520

257 970 815 197 820

314.28 925.63 743.69 148.07 680

365 964 751 182 520

257 970 815 197 820

314.28 925.63 743.69 148.07 680

365 964 751 182 520

257 970 815 197 820

314.28 925.63 743.69 148.07 680

365 964 751 182 520

257 970 815 197 820

314.28 925.63 743.69 148.07 680

365 964 751 182 520

Fck Spacing Ast Flyash Sup.plr

29.93 100 1.29 173 0.7

38.93 100 1.29 188.43 1.3

47.64 100 1.29 198 1.9

29.93 200 1.29 173 0.7

38.93 200 1.29 188.43 1.3

47.64 200 1.29 198 1.9

29.93 300 1.29 173 0.7

38.93 300 1.29 188.43 1.3

47.64 300 1.29 198 1.9

29.93 100 2.01 173 0.7

38.93 100 2.01 188.43 1.3

47.64 100 2.01 198 1.9

29.93 200 2.01 173 0.7

38.93 200 2.01 188.43 1.3

47.64 200 2.01 198 1.9

29.93 300 2.01 173 0.7

38.93 300 2.01 188.43 1.3

47.64 300 2.01 198 1.9

29.93 100 2.89 173 0.7

38.93 100 2.89 188.43 1.3

(continued)
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Table 3 (continued)

Fck Spacing Ast Flyash Sup.plr

47.64 100 2.89 198 1.9

29.93 200 2.89 173 0.7

38.93 200 2.89 188.43 1.3

47.64 200 2.89 198 1.9

29.93 300 2.89 173 0.7

38.93 300 2.89 188.43 1.3

47.64 300 2.89 198 1.9

29.93 100 5.15 173 0.7

38.93 100 5.15 188.43 1.3

47.64 100 5.15 198 1.9

29.93 200 5.15 173 0.7

38.93 200 5.15 188.43 1.3

47.64 200 5.15 198 1.9

29.93 300 5.15 173 0.7

38.93 300 5.15 188.43 1.3

47.64 300 5.15 198 1.9

VMA T50.se J.Ring V.Funn L.bo U.Box

0.15 2.8 3.3 8 0.62 7

0.18 3.2 4 11 0.85 9

0.21 3.6 4.7 14 1.13 11

0.15 2.8 3.3 8 0.62 7

0.18 3.2 4 11 0.85 9

0.21 3.6 4.7 14 1.13 11

0.15 2.8 3.3 8 0.62 7

0.18 3.2 4 11 0.85 9

0.21 3.6 4.7 14 1.13 11

0.15 2.8 3.3 8 0.62 7

0.18 3.2 4 11 0.85 9

0.21 3.6 4.7 14 1.13 11

0.15 2.8 3.3 8 0.62 7

0.18 3.2 4 11 0.85 9

0.21 3.6 4.7 14 1.13 11

0.15 2.8 3.3 8 0.62 7

0.15 2.8 3.3 8 0.62 7

0.18 3.2 4 11 0.85 9

0.21 3.6 4.7 14 1.13 11

0.15 2.8 3.3 8 0.62 7

0.18 3.2 4 11 0.85 9

(continued)
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Table 3 (continued)

VMA T50.se J.Ring V.Funn L.bo U.Box

0.21 3.6 4.7 14 1.13 11

0.15 2.8 3.3 8 0.62 7

0.18 3.2 4 11 0.85 9

0.21 3.6 4.7 14 1.13 11

0.15 2.8 3.3 8 0.62 7

0.18 3.2 4 11 0.85 9

0.21 3.6 4.7 14 1.13 11

0.15 2.8 3.3 8 0.62 7

0.18 3.2 4 11 0.85 9

0.21 3.6 4.7 14 1.13 11

0.15 2.8 3.3 8 0.62 7

0.18 3.2 4 11 0.85 9

0.21 3.6 4.7 14 1.13 11

0.15 2.8 3.3 8 0.62 7

Table 4 Target data

Pcr �cr Py dy Pu �u

295.44 4.38 492.40 10.45 344.68 5.7

307.22 4.64 512.04 9.81 358.43 6.1

332.64 5.41 554.40 9.42 388.08 6.4

251.22 3.84 418.70 10.70 293.09 5.2

263.85 4.21 439.75 10.10 307.83 5.8

285.48 4.98 475.80 9.67 333.06 6.4

224.76 6.13 374.60 11.54 262.22 7.3

233.70 5.64 389.50 10.86 272.65 6.56

251.10 6.18 418.50 10.40 292.95 7.08

297.84 4.15 496.40 10.21 347.48 5.1

315.18 4.66 525.30 9.12 367.71 5.3

341.40 5.08 569.00 8.70 398.30 5.58

264.07 4.11 440.12 10.50 308.08 4.2

276.84 4.55 461.40 9.42 322.98 4.9

292.75 4.67 487.92 8.94 341.54 4.7

239.04 5.34 398.40 11.12 278.88 6.58

251.10 4.91 418.50 10.50 292.95 5.85

260.70 5.16 434.50 9.22 304.15 6.12

(continued)
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Table 4 (continued)

Pcr �cr Py dy Pu �u

331.29 3.94 552.15 9.42 386.51 4.54

348.84 5.17 581.40 8.70 406.98 5.72

370.74 4.00 617.90 6.60 432.53 4.54

288.18 5.01 480.30 9.79 336.21 5.8

301.74 5.40 502.90 9.10 352.03 5.9

318.24 4.08 530.40 6.89 371.28 4.66

245.34 5.55 408.90 10.80 286.23 6.46

256.83 5.89 428.05 10.20 299.64 6.6

280.26 5.70 467.10 8.80 326.97 6.62

380.76 4.50 634.60 7.60 444.22 4.8

403.31 4.55 672.18 6.90 470.53 5.12

422.44 3.00 704.07 5.74 492.85 3.39

326.16 4.34 543.60 8.40 380.52 5.11

345.42 4.38 575.70 7.30 402.99 4.86

359.25 4.30 598.75 6.20 419.13 4.77

279.65 4.65 466.08 9.10 326.26 5.93

299.22 4.12 498.70 7.90 349.09 4.99

Table 5 Results

MPcr M�cr MPy M�y Mpu M�u

297.0968 4.6876 495.27 10.6283 346.8203 5.5899

312.0551 4.8667 520.2036 9.8274 364.2677 5.6775

330.2234 4.7493 550.4926 8.8048 385.4674 5.4731

254.633 5.0976 424.5 11.2383 297.2803 6.1199

269.5913 5.2767 449.4336 10.4374 314.7277 6.2075

287.7597 5.1593 479.7226 9.4148 335.9274 6.0031

212.1693 5.5076 353.73 11.8483 247.7403 6.6499

227.1276 5.6867 378.6636 11.0474 265.1877 6.7375

245.2959 5.5693 408.9526 10.0248 286.3874 6.5331

311.394 4.5458 519.0985 10.0714 363.5006 5.3724

326.3523 4.7248 544.0322 9.2705 380.948 5.46

344.5207 4.6074 574.3212 8.2479 402.1477 5.2556

268.9302 4.9558 448.3285 10.6814 313.9606 5.9024

(continued)
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Table 5 (continued)

MPcr M�cr MPy M�y Mpu M�u

283.8886 5.1348 473.2622 9.8805 331.408 5.99

302.0569 5.0174 503.5512 8.8579 352.6077 5.7856

226.4665 5.3658 377.5585 11.2914 264.4206 6.4324

241.4248 5.5448 402.4922 10.4905 281.868 6.52

259.5932 5.4274 432.7812 9.4679 303.0677 6.3156

328.8684 4.3724 548.2223 9.3907 383.8877 5.1066

343.8267 4.5515 573.156 8.5898 401.335 5.1941

361.9951 4.4341 603.4449 7.5672 422.5347 4.9897

286.4047 4.7824 477.4523 10.0007 334.3477 5.6366

301.363 4.9615 502.386 9.1998 351.795 5.7241

319.5313 4.8441 532.6749 8.1772 372.9947 5.5197

243.9409 5.1924 406.6823 10.6107 284.8077 6.1666

258.8992 5.3715 431.616 9.8098 302.255 6.2541

277.0676 5.2541 461.9049 8.7872 323.4547 6.0497

373.7459 3.9272 623.0174 7.6426 436.2453 4.4238

388.7042 4.1063 647.9511 6.8417 453.6927 4.5114

406.8725 3.9889 678.2401 5.8191 474.8924 4.307

331.2821 4.3372 552.2474 8.2526 386.7053 4.9538

346.2404 4.5163 577.1811 7.4517 404.1527 5.0414

364.4088 4.3989 607.4701 6.4291 425.3524 4.837

288.8184 4.7472 481.4774 8.8626 337.1653 5.4838

303.7767 4.9263 506.4111 8.0617 354.6127 5.5714

321.945 4.8089 536.7001 7.0391 375.8124 5.367
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4 Summary and Conclusions

Finally, we conclude that ANN is helpful to predict the fresh properties of SCC
model. Input parameters were mix composition, cement content, water, fine aggre-
gates, coarse aggregate, super plasticizer and fresh properties were taken for input
parameters, and load deformation values were considered as a target value.

Percentage of error for the predicted value is than 1. ANN model was utilized
to predict the shear behaviour of RC column. The models developed by the ANN
showed the goodness in fit in the results.

The R-square value of the model of flow diameter of slump by use of ANN is
greater than 0.9, and the regression model values is 0.792.

The self-compacting concrete was applied with feed forward back-propagation
neural network. ANN includes four layers: the input layer will be containing seven
neurons, 1st and 2nd hidden layer will be having five neurons each and the output
layer will be having only one neuron.
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Performance Evaluation of Bituminous
Pavement with High Recycled Asphalt
Pavement Material content—A Case
Study

P. B. Gnanamurthy and B. V. Kiran Kumar

Abstract In India to meet the requirement of growing travel demand and to help
rapid growth of economic activity, infrastructure development is taken up by central
and state governments on large scale. Majority of the road network in India has
flexible pavement constructed using quarry aggregates and bitumen. Because of this
process, there has been faster depletion of road aggregates and also an increase in
emission of carbon gases causing environmental pollution. The use of eco-friendly
bitumen, reuse of aggregates obtained frommilling, and material reclaimed from old
pavement to construct or rehabilitate roads will be the most promising alternative
to the current practice toward achieving sustainability in road construction. In this
regard, present study aims at formulating design methodology through extensive
field and laboratory studies for the construction of surface course containing high
recycled asphalt pavement content material and waste plastic. A test track of 25 mm
thick close graded premix carpet (CGPC) containing virgin aggregates by 20%,
recycle asphalt pavement aggregates (RAP) 80%, and waste plastic 8% by weight
of bitumen was laid and subjected to performance evaluation under existing road
and traffic condition. Based on the laboratory and field test results, it was found that
bituminous mix containing high recycled asphalt pavement material content (80%
recycled aggregates) with 8% of waste plastic by weight of bitumen as recycling
agent performs better and found economical than the stretch with conventional hot
mix asphalt (HMA) mix. Performance evaluation was carried out in two cycles one
before the monsoon inMay and the second post-monsoon season in December. From
the evaluation study, itwas found that therewas no considerable surface distress found
on the test track both during cycle-1 and cycle-2. Roughness test results imply that
bituminous pavement surface with RAP and waste plastic provides comparatively
better riding quality and comfort than the conventional bituminous mix. Based on the
findings of the study, it may be inferred that it is attainable to delineate acceptable
quality bituminous mix with high RAP content that meets needed properties and
performance criteria as per standards and specifications. From the present study, it
is also clear that recycling technology is an effective and economical alternative for
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the construction of low or medium-traffic intensity roads in India which constitute
the major portion of the Indian road network.

Keywords RAP · Performance evaluation ·Waste plastic · Low volume roads ·
Close graded premix surfacing

Abbreviations and Acronyms

BBD Benkelman Beam Deflection
CGPC Close Graded Premix Carpet
HMA Hot Mix Asphalt
IRC-SP Indian Road Congress-Special Publication
KSHIP Karnataka State Highways Improvement Project
MDR Major District Road
MERLIN Machine for Evaluating Roughness using Low-cost Instrumentation
MORTH Ministry of Road Transport and Highways
NH National Highway
PCI Pavement Condition Index
PIU Project Implementation Unit
PRE Panchayat Raj Engineering
RAP Reclaimed Asphalt Pavement
SH State Highway
SR Schedule of Rates
ToR Terms of Reference.
TRRL Transport and Road Research Laboratory
VDF Vehicle Damaging Factor
VG Viscosity Grade
WEP World Bank Assisted Engineering Procurement and Construction

Project

1 Introduction

The development of road infrastructure is currently being given high priority by the
central and state governments in India to meet the requirement for increased travel
demand and to help the faster growth of economic activity. Most of the roads in
India were constructed using quarry aggregates and bitumen, a petroleum product
mixed at high temperature to produce hot mix asphalt (HMA). Due to the use of
virgin aggregates in the construction of roads, it is observed that there is a faster
depletion of road aggregates and also an increase in emission of carbon gases into
the atmosphere causing environmental pollution [1]. In the construction industry
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today, the two main factors affecting the use of recycled, locally available, marginal
materials, and other low-cost technologies are economic savings and environmental
benefits in asphalt pavement [2]. Low emission bitumen (green bitumen materials),
aggregates obtained from milling, and reuse of material collected from old existing
pavement to construct or rehabilitate highways will be the most promising alterna-
tive to achieve sustainability in highway construction. Bituminous mixes with RAP
have proven not only economical and environmentally friendly but also conserving
the natural resources and exhibiting structural performance similar to or even better
than conventional HMA [3]. Comparatively, the use of recycled material in different
layers of flexible pavements proven economical, as there was a reduction in thick-
ness compared with the conventional HMA mix [4]. Transportation professionals
and practicing engineers are looking for methods that optimize the value of in-place
materials whichminimizes traffic congestion and the environmental impact of paving
operations [1]. Also, the increase in the volume of heavy goods vehicles annually
to cater to the needs of various sectors has led to numerous distresses within the
pavement. The aging of bitumen binder is another crucial drawback inflicting dete-
rioration of pavements. A common maintenance measure practiced across the globe
for flexible pavements is overlaying the distressed pavements with virgin courses.
However, this results in the thickening of pavement layers, exhaustion of natural
resources, and discharge of harmful gases. A better alternative for the rehabilitation
of bituminous pavement which also replaces overlaying of the bituminous surface
is by recycling of existing surface course and reconstruction [3]. In the recycling
process, the material from deteriorated pavement known as reclaimed asphalt pave-
ment (RAP) is used to ensure desirable pavement performance of recycled mixtures.
To compensate for the effect of aged, and stiff binder on recycled aggregates use
of rejuvenating or softening additives such as plastic, polymer rubber, softer virgin
binder grade are to be considered [5]. Several studies carried out so far to investi-
gate the performance of HMA which incorporates RAP and rejuvenators in suitable
proportion have shown constructive results compared to conventional HMAmix [6].
Significant factors governing the construction cost of the pavements are the cost of
aggregates and the cost of binder materials. Replacing a part of the virgin mix with
recycled aggregate has proven as an optimal solution especially for low-volume roads
[7].

2 Study Outline

2.1 Objective and Research Approach

The study aims at evaluating the performance of newly overlaid close graded premix
carpet (type-B) surface course containing virgin aggregate (20% by weight of mix),
recycled asphalt pavement material (80% by weight of mix), and waste plastic (8%
by weight of bitumen) on a distressed Major District Road (MDR) in the state of
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Karnataka under low to medium traffic flow condition. The objectives of the study
are summarized below:

• Characterization of construction materials through laboratory investigation.
• Construction of performance track to validate the suitability of high RAP content

bituminous mix under prevailing road and traffic conditions.
• Performance evaluation of test track through various field studies.

The present study is a researchwork sponsored by theGovernment ofKarnataka to
promote the use of locally availablematerial and recycledmaterial in the construction
of low and medium-traffic intensity roads. In this connection, a test track is laid on
the stretch identified by the Karnataka State Highway Improvement Project (KSHIP)
authority for a length of 500m. Since the present trafficwas 200–250 vehicles per day,
close graded premix carpet (CGPC) of 25 millimeter (mm) thick was considered for
overlay. The test track constructed using RAP and waste plastic material is evaluated
to ascertain the performance of the mix in two cycles one before monsoon and the
other post-monsoon season as per the contract agreement. A brief outline of the
performance studies conducted at the field is road inventory and pavement condition
survey, pavement roughness evaluation by Machine for Evaluating Roughness using
Low-cost Instrumentation (MERLIN), structural evaluation by Benkelman Beam
Deflection (BBD) study, and axle load survey.

2.2 Materials and Methods

(1) Aggregate: Virgin aggregates used in the present study were procured from
the quarry near Hosakote town, Bangalore. Assessment of physical properties
of the aggregates done through laboratory investigations and test results is
presented in Table 1.

Table 1 Physical properties of virgin aggregate

Property Test method Virgin aggregates test
results

Specification as per
MoRTH table-500-8

Combined flakiness and
elongation index (%)

IS-2386 part-1 22.50 35% maximum

Water absorption (%) IS-2386 part-3 0.18 1% maximum

Aggregate impact value
(%)

IS-2386 part-4 13.14 27% maximum

Aggregate crushing value
(%)

IS-2386 part-4 21.50 30% maximum (as per
IS:383-1970)

Aggregate abrasion value
(%)

IS-2386 part-4 14.15 35% maximum

Specific gravity IS-2386 part-3 2.59 2.5–2.9
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Fig. 1 Equipment for
processing RAP

(2) RAP Material: RAP material was obtained from the reclaimed material dump
yard near Hosakote–Gownipalli via Chintamani road (State Highway-82),
Karnataka.ObtainedRAPmaterial (Figs. 2 and 3) processedmechanicallywith
the help of equipment (Fig. 1) developed by M/s KK Waste Plastic Manage-
ment Pvt. Ltd. Bengaluru before used in the construction process. Processing
of reclaimed aggregates includes removal of dust and deleteriousmaterial from
the surface of RAP aggregates. Reclaimed material obtained from the field is
to be placed in the pour bin from where it will be taken to the brush chamber,
where aggregates are cleaned with the help of a mechanical brush by churning
the surface of the aggregates. Properties of RAP aggregate play a crucial role
in the design of HMA mix, hence, properties such as particle size distribution
and bitumen content of RAP material were assessed to check the suitability of
physical and engineering properties of the RAP material. The bitumen extrac-
tion test was conducted as per IRC: SP 11-1988 (Appendix-5), and the results
obtained are tabulated in Table 2. Aggregate gradation and physical properties
of the RAP material are demonstrated in Tables 3 and 4.

(3) Virgin binder: VG-30 Bitumen was used to produce the desired bituminous
mix. The properties of the virgin binder and its requirements are shown in
Table 5.

(4) Waste plastic: waste plastic for the present study was provided by the M/s KK
Waste Plastic Management Pvt. Ltd. Bengaluru in shredded form, conforming
to IRC SP-98:2013. 8% of shredded plastic by weight of the bitumen was
blended with the VG-30 virgin bitumen during mix design at the lab and the
same quantum was added in situ during the construction of the test track with
the binder.

(5) Mix design: The main aim of the mix design is to optimize material require-
ments and to bring out amix that provides better performance, and the designed
mix must meet the required volumetric properties [8]. The material require-
ment of the CGPCmixwas reckoned following theMinistry of Road Transport
and Highways (MoRTH) section:508 specification. Laboratory mix designs
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Fig. 2 RAP Material
obtained from the site

Fig. 3 Sieved RAP material

Table 2 Bitumen extraction test results

Description Sample 1 Sample 2 Sample 3

Weight of RAP material in grams (A) 500 500 500

Weight of RAP material after extraction in grams (B) 484 479 480

Percentage of Bitumen contents in RAP material =
(A−B)

B × 100

3.3 4.3 4.1

Average Bitumen contents in RAP material 3.9%

provide different proportions of mineral aggregate combinations in terms of
individual sieve sizes. For practical on-site operational purposes, blend two or
more sizes of aggregate (each size contains a range of individual sieve sizes).
This mix ratio is obtained on a weight basis and indicates the weight percent
of coarse aggregate, fine aggregate, and filler needed to give the final aggre-
gate gradation (MoRTHSection:511.2.3). The combined gradation ofmaterials
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Table 3 RAP aggregate
gradation

Sieve size in
millimeters

% Passing by weight

Source 1
(10–6 mm)

Source 2 (less than
6 mm/dust)

13.2 100 100

11.2 96.5 100

5.6 1 82.5

2.8 0.2 42.3

0.09 0.2 5.2

Table 4 Physical properties of RAP

Property Test method RAP aggregates test
results

Specification as per
MoRTH table-500-8

Water absorption (%) IS-2386 part-3 0.15 1% maximum

Aggregate impact value (%) IS-2386 part-4 12.10 27% maximum

Aggregate crushing value
(%)

IS-2386 part-4 24.50 30% maximum

Specific gravity source 1
(10–6 mm) source 2 (less
than 6 mm/dust)

– 2.48

2.30 2.5–3.0

Table 5 Properties of virgin binder

Property Test method Virgin binder (VG-30) Permissible limit as per
Table 1 of IS 73:2013
(min)

Specific gravity IS-1202 0.995 0.99

Penetration at 25 °C,
5 s

IS-1203 64 45

Softening point (°C) IS-1205 48.00 47

Viscosity at 135 °C in
centistokes (cSt)

IS-1206 (Part 3) 380 350

Ductility at 25 °C IS-1208 96.00 40

Flashpoint (°C) IS: 1448 [P:69] 276.00 220

considered for the design is demonstrated in Table 6. In the present study, the
road considered for the laying of test track connects two higher category roads,
i.e., State Highway (SH) 82 on the one end and National Highway (NH) 75 on
the other end. Because of this major road connectivity, this stretch was experi-
encing a traffic volume flow of 200 to 250 vehicles per day. Since the existing
traffic falls in the range of low to medium traffic category, a surface course
which is economical and suitable to cater to the present traffic needs is to be
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Table 6 Job mix formula

Sieve size
in
millimeter

RAP Virgin aggregate Combined
% passing
(A + B +
C)

Required
gradation
for as per
MoRTH

Source 1
(10–6 mm)

Source 2 (less
than 6 mm/dust)

Less than
6 mm/dust

% passing
by weight

60%
(A)

% passing
by weight

20%
(B)

% passing
by weight

20%
(C)

13.2 100 60 100 20 100 20 100.00 100

11.2 96.5 57.9 100 20 97.5 19.5 97.40 88–100

5.6 1 0.6 82.5 16.5 95.5 19.1 36.20 31–52

2.8 0.2 0.12 42.3 8.46 60 12 20.58 5–25

0.09 0.2 0.12 5.2 1.04 10.6 2.12 3.28 0–5

provided. As the annual rainfall of the study area is less than 1600 mm, CGPC
type-B surfacing overlay of 25 mm (mm) thick was considered for the design
of the surface course following MoRTH specifications.

(6) Binder content calculation: As per MoRTH specification,

• Total quantity of binder required per 10 m2 area = 19 kilograms (kg).
• Total quantity of aggregates used for 10 m2 area = 0.27 m3.
• Bulk density of combined aggregate from the test = 1350 kg/m3.
• Weight of aggregates in kilograms (kg) = 0.27 × 1350 = 364.5 kg.
• Weight of total mix (Bitumen+Aggregate) in kg= 364.5+ 19= 383.5 kg.
• Required binder content in percentage by weight of mix= weight of bitumen

weight of mix ×
100

= 19

383.5
× 100 = 4.95%

(7) Test track: The Government of Karnataka through KSHIP an initiative of
Karnataka Public Works, Port and Inland Water Transport Department is
implementing up-gradation of State Highways in the State of Karnataka. The
up-gradation includes widening and strengthening of existing highways from
single/intermittent lane to two-lane carriageway with the paved and unpaved
shoulder. TheKSHIP under its environmental policy is committed to protecting
and conserving natural resources by innovative technologies. In this regard,
reclaimed asphalt from the World Bank assisted Engineering procurement
construction Project (WEP1) contract package has been recycled and used
on Chikkanahalli road at Shivanapura cross for a length of 500 m in Hoskote
taluk Bangalore rural district, Karnataka. Figure 4 displays the location of
the test track (Fig. 4). Performance evaluation of the above-mentioned newly
paved road (Fig. 6) using the reclaimed asphaltic material was carried out
under prevailing traffic and climatic conditions to validate the suitability of
reclaimed material in the construction of surface course for medium and low-
volume roads. The road selected for laying of test track is aMajor District Road
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Fig. 4 Location map of test track

(MDR) that comes under the supervision of Karnataka Public Works, Port and
InlandWater Transport Department and designated as chikkanahalli road. The
road connects two major roads on either end. It provides connectivity to SH-82
(Hosakote-Gownipalli Road via Chintamani) at shivanapura cross (chainage:
16 + 00 km) in the west and NH-75 (Bangalore-Kolar road) at yelachahalli
(chainage:0 + 00 km) in the east. The total length of the road is 16 km out of
which 500 m, i.e., from chainage: 14 + 500 km to chainage:1 5 + 000 km is
considered for laying test track to carry out performance evaluation.

(8) Methods: In the present study, four field tests (Fig. 7) were chosen to evaluate
the performance of the test track. Pavement roughness evaluation was carried

Fig. 5 MERLIN chart
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Fig. 6 Various stages of test track overlay

out using MERLIN (TRRL Research Report No: 301), road inventory, and
pavement condition survey per IRC:82-2015 guidelines. Structural evaluation
of pavement was done using BBD (IRC:81-1997) and axle load survey as per
IRC publication (Indian Highways, vol 28, 2000). The evaluation was taken
up in two cycles one before the monsoon in May and the second cycle post-
monsoon in December. The interval between the two cycles was six months.

(a) Road inventory and pavement condition survey: Pavement conditions
represent the general appearance of the pavement surface. An abso-
lute pavement is leveled and has a continuous, smooth, and good
riding quality surface, on the contrary, a distressed pavement may be
distorted, fractured, or disintegrated. To assess the surface condition
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Fig. 7 Field studies

of the pavements, unbiased and repeatable survey procedures must be
used like walking along the pavement section or from a moving vehicle
called windscreen survey. Transect walk survey along the project road
provides the most precise data about the condition of the pavement.
Pavement conditions may deteriorate with time due to the following
factors, i.e., wrong design procedures, overloading of pavement, mate-
rial aging, construction deficiencies, and prevailing environmental and
traffic factors. To plan for maintenance and rehabilitation strategies, one
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Table 7 Pavement distress rating for highways

Defects Range of distress

Cracking (%) >30 21–30 11–20 5–10 <5

Raveling (%) >30 11–30 6–10 1–5 0

Pothole (%) >1 0.6–1.0 0.1–0.5 0.10 0

Shoving (%) >1 0.6–1.0 0.1–0.5 0.10 0

Patch (%) >30 16–30 6–15 2–5 <2

Settlement and depression
(%)

>5 3–5 Upto 2 Upto 1 0

Rutting (mm) >50 21–50 11–20 5–10 <5

Rating 1 2 3 4 5

Condition Very poor Poor Fair Good Very good

should aware of pavement conditions at various stages of their life. Pave-
ment condition studies, also known as distress studies, are conducted as
part of the Pavement Management System (PMS) to assess current pave-
ment conditions and the need for maintenance and rehabilitation treat-
ments. The main objective of these studies is to determine the condition
of the pavement surface. These studies usually help to understand the
causes of the breakdowns present in the pavement structure. The neces-
sary data such as the type of failure, severity, extent, and location are
collected from the inventory survey, based on the intended use of data.
Condition surveys are conducted periodically using a visual inspection
while walking on the pavement to identify and determine the type of
distresses present. For conducting the pavement condition survey, the
stretch is divided into subsections of some specified length. Table 7 shows
guidelines as per IRC: 82-2015 for deciding pavement condition from
various pavement distress aspects. As per IRC recommendations, pave-
ment distresses recorded through visual observations in the prescribed
format are as follows: cracking, raveling, potholes, shoving, patching,
settlement, edge failure, and rut depth.

(b) Pavement roughness evaluation by MERLIN: The Machine for Eval-
uating Roughness using Low-cost Instrumentation (MERLIN) can be
used for the directmeasurement of road roughness and to calibrate instru-
ments such as the vehicle-mounted bump integrator. Merlin Study gives
the unevenness/roughness index of the pavement surface which is used
to rate riding quality or comfort. The undulations present on the surface
is recorded at regular interval on a chart mounted on the machine. Data
is collected by repeated measurements of undulations along the wheel
track and is presented in the form of a histogram. The dimension in the
horizontal direction of this histogram (Fig. 5) can be used to estimate
road roughness on the international roughness index (IRI) scale. The
format of the histogram is shown in Fig. 5. The spacing between the
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two marks, D on the histogram as shown in Fig. 5, is then measured in
millimeters and is used to obtain roughness using Eq. (1).

IRI = 0.593+ 0.0471(D) (1)

where

IRI= International roughness index in meter (m) per kilometer (km).
D = Roughness in millimeter (mm) obtained from the merlin chart
corresponding to 90% of the data points range.

Generally, IRI values below three-meter (m) per kilometer (km) are
generally not important as it nominally affects the vehicle operating cost.

(c) Benkelman beam deflection (BBD) method: The structural adequacy of
the pavement is evaluated by the Benkelman beam deflection method-
ology as per IRC:81-1997 guidelines. The magnitude of rebound deflec-
tion of the pavement is measured under a standard wheel load. The
deflection was measured after the removal of the standard load away
from the selected marked point on the pavement surface. Overall charac-
teristic deflection (Dc) for the section is reckoned by statistical approach
considering factors governing the pavement deflection value and after
application of suitable correction factors. The characteristic deflection
so obtained is used to obtain overlay thickness from the design curves
given in IRC:81-1997.

(d) Axle load survey: The axle load survey is carried out to ascertain the
complete spectrum of axle loads and to differentiate the damaging effect
of overloaded vehicles on a given stretch of road. In practice, the laden
weights of the vehicles can bemeasured using static or dynamicmethods.
In a staticmethod, vehicles are stopped at the roadside in order tomeasure
their axle loads. Weighing pads designed in accordance with Transport
Research Laboratory (TRL) guidelines are widely used to measure axle
load. A dynamicmethod employingweigh-in-motion (WIM) technology
records axle loads to be measured without stopping the vehicle. In the
present study, the static method was adopted to measure axle loads. A
pair of portable weigh pads of capacity 20 tons each were employed
to record axle loads. The axle loads measured for various categories
of commercial vehicles are used to calculate vehicle damaging factors
(VDF). The damaging effect of overloading vehicles concerning standard
axle loads is established following the AASHTO Road Test which states
that the destructive effect of axles on both rigid and flexible pavements
is approximately proportional to the fourth power of the axle load.
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3 Results and Discussion

3.1 Mix Properties

From the job mix formula, aggregates blend comprising 80%RAPmaterial and 20%
virgin aggregates were found to be ideal as the obtained gradation meets required
limits as per the specification. 20% of virgin aggregates by weight of the mix passing
5.6 mm sieve is considered to compensate the gap grading of the RAP aggregates.
Required binder content by weight of mix for the obtained aggregate gradation was
reckoned as per theMoRTH guidelines andwas works out to be 4.95%. Eight percent
of waste plastic by weight of the bitumen was added along with the virgin bitumen
as a recycling agent.

3.2 Road Inventory and Pavement Condition Survey

Performance of the test track was assessed through four important field studies in two
cycles as per contract agreement specifications. Results of the same are presented in
Table 8.

Pavement condition index (PCI) for cycle-1was performedas per the IRC:82-2015
guidelines inMay 2015. Inventory data indicates that there is no considerable surface
distress in any of the form of failures under prevailing traffic and environmental
conditions. The surface condition and riding quality were found to be good. It was
also observed that the adjacent shoulder material is worn-out leading to a change in
the profile of shoulder cross slopewhich has led to the loss of support and confinement
at the edge of the pavement.

The cycle-2 evaluation was taken up in December 2015 from the inventory, it
was observed that even after the monsoon season there was no considerable surface
distress found on the test track except at few locations, where the adjacent shoulder
material is worn-out leading to a change in the profile of shoulder cross slope which
has led in loss of support and confinement at the edge of the pavement, and however,
the surface condition and riding quality is found to be good.

3.3 Axle Load Survey

Since the project road considered for the study was experiencing a considerable
volume of commercial vehicle traffic due to major road connectivity, an axle load
survey was carried out to ascertain the spectrum of vehicular load and damaging
effect due to overloading. Axle load survey data show that movement of single axle
goods trucks was more than the multi-axle trucks, and the equivalency factor or
vehicle damage factor (VDF) was found to be 1.4 for cycle-1 and 2.32 for cycle-2.
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Indicating an increase in the number of commercial vehicles between cycle-1 and
cycle-2 as a result damaging effect on the pavement was also increased by 40%.

3.4 Pavement Roughness Evaluation by MERLIN

To determine the unevenness of the pavement as per the terms of reference (ToR)
of the contract agreement, the MERLIN survey was carried out following the proce-
dure laid down in TRRL Research Report No: 301. The international roughness
index (IRI) value calculated on the test track was found to be 2.95 m/km for cycle-
1 and 3.25 m/km for cycle-2. The road stretches having IRI value well within the
permissible limit of 3.0 m/km indicate that the effect of vehicle operating cost (VOC)
and discomfort to the passengers is less. IRI value of 2.95 m/km for cycle-1 indi-
cates good surface condition without any distress in the form of rutting, settlement,
raveling, etc., similarly for cycle-2 IRI value is slightly higher than the permissible
limits which indicate minor distress at few locations along wheel path, nevertheless
riding quality and comfort will be satisfactory.

3.5 Benkelmen Beam Deflection(BBD)study

BBD study was carried out as per IRC:81-1997 guidelines. BBD study gives the
structural behavior of the pavement in terms of deflection bowl analysis, to compare
structural behavior of flexible pavement with and without RAP content in surface
course.BBDstudywas carried out on both, test stretch (RAPoverlay) aswell as on the
road stretch beyond the test track with conventional hot mix asphalt (HMA) overlay.
Summary of test results is tabulated in Table 9. It was observed that characteristic
deflection (Dc) found to be less for stretch containing RAP andwaste plastic material
than the regular HMA stretch, where the other parameters such as environmental,
moisture, traffic remain similar for both the cases. The existence of aged bitumen
in RAP material makes the mix stiffer which deflects less under the application of
load and also use of waste plastic with RAP aggregates has helped in improving the
mechanical properties of the mix.

From the above field study results, it can be observed that regular bituminous mix
deforms more under the application of wheel load than bituminous mix containing
RAP and waste plastic. Comparatively, un-rebound deflection is minimal in the case
of a bituminous mix containing RAP and waste plastic. Deflection of pavement is
more after post-monsoon than that of pre-monsoon because pavement experiences
moisture ingress which causes more deflection in the pavement. Test track with RAP
and waste plastic has shown lesser deflection and performed better compared to
regular conventional bituminous stretch. Merlin test results imply that bituminous
pavement surfacewith RAP provides comparatively better riding quality and comfort
than the conventional HMA mix.
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Table 9 Summary of BBD and MERLIN test

Characteristic deflection, Dc (in mm) IRI (in m/km)

Cycle-1 (pre-monsoon, tests conducted in the month of
May 2015)

Test stretch constructed with a
bituminous mix containing RAP +
waste plastic

0.2 2.95

Pavement beyond the control stretch
(without overlay)

1.07 3.20

Cycle-2 (post-monsoon, tests conducted in the month of
December 2015)

Test Stretch constructed with
bituminous mix containing RAP +
waste plastic

0.22 3.25

Pavement beyond the control stretch
with overlay using VG-30 grade

0.39 3.60

3.6 Cost Analysis

To assess the cost-effectiveness of the CGPC containing RAP aggregates, virgin
aggregates, andwaste plastic over conventionalHMAmix, a cost analysiswas carried
out. Rate analysis of the CGPC and conventional HMA mix was obtained as per
the material cost and specifications provided in Panchyat Raj Engineering (PRE)
Bangalore circle Schedule of Rates (SR). From the analysis, cost of CGPC mix
with RAP and waste plastic per square meter works out to be Indian Rupees 14
(fourteen), whereas conventional HMA mix with virgin aggregate and waste plastic
works out to be Indian rupees 43 (forty-three). This implies recycling and reuse of
RAP aggregates in low- or medium-traffic intensity roads with suitable recycling
agents and technology is economical and a saving of 70% in the construction cost of
the surface course can be achieved.

4 Conclusions

The principal aim of the present study was to validate the use of a bituminous mix
containing high RAP content in the construction of surface course for low- and
medium-traffic intensity roads in India. In this regard, a test trackwithRAP andwaste
plastic was laid and subjected to performance evaluation under existing road and
traffic conditions. Based on the laboratory and field tests, it was found that bituminous
mix (CGPC type-B) containing high RAP content (80% recycled aggregates) with
8% of waste plastic by weight of bitumen as a rejuvenator exhibits better results in
terms of physical properties, performance properties and meets all the requirements
of close graded premix type-B specifications as per MoRTH specifications. From
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the field performance evaluation study, it was found that there was no considerable
surface distress found on the test track both during cycle-1 and cycle-2 evaluation
except at few locations, where the edge drop was observed due to adjacent shoulder
material worn-out leading to loss of support and confinement at the edge of the
pavement, however, the surface condition and riding quality are found to be good
for both the cycle. Axle load survey results show that the average vehicle damage
factor (VDF) is 1.4 for cycle-1 and 2.32 for cycle-2; this implies the damaging effect
on the pavement surface for the standard vehicle is more by 40% during cycle-1
evaluation and 132% during cycle-2 evaluation. Despite overloading and damaging
effect more than the permissible limits, bituminous overlay with RAP and waste
plastic was performing well with good riding quality and comfort. From the BBD
study results, it can be observed that regular conventional bituminous mix deforms
more under the application of wheel load than bituminous mix containing RAP
and waste plastic. Comparatively, un-rebound deflection is minimal in the case of a
bituminous mix containing RAP and waste plastic. The existence of aged bitumen in
RAP material and the use of waste plastic makes the mix stiffer which deflects less
under the application of load. Merlin test results imply that the bituminous pavement
surface with RAP provides comparatively better riding quality and comfort than the
conventional bituminous mix even after the monsoon season.

Based on the findings of the study, it can be concluded that it is achievable to
outline an acceptable quality bituminous mixture with a high RAP content that meets
the required volumetric properties and performance criteria as per standards and
specification for the construction of low or medium-traffic intensity roads. It is clear
from the performance evaluation study that the use of recycling agents such as waste
plastic is essential to enhance the performance of bituminous mix with high RAP
content. Promoting recycle technologies contribute to conserving natural resources
by reducing the use of virgin construction materials, reduces waste sent to landfills,
saves energy, and reduces greenhouse emissions. It is also evident from the present
study that since the use of RAP aggregates in higher percent reduces the consumption
of virgin aggregates and the use of waste plastic replaces the quantity of virgin binder
to some extent, and the overall cost for the production of a bituminousmix containing
RAP andwaste plastic is less compared to the production of conventional bituminous
mix with virgin aggregates. However, it would be very accurate if an energy/carbon
audit is conducted to understand the reduction of the carbon footprint.
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Life Cycle Costing on a Building,
An Approach to Make Building Energy
Efficient

Shashwath M. Nanjannavar , Samreen Hullur, Darshan Baddi,
Shadab Mulla, and A. G. Ramyashree

Abstract The research paper presents implementation of life cycle costing (L.C.C.)
approach to a building on five parameters which makes the existing hostel building
energy efficient and sustainable. According to GRIHA (Green Rating for Integrated
Habitat Assessment) manual, five criteria (parameters) are chosen viz. solar panels,
low VOC paints, double-glazed windows, fly ash bricks and LED bulbs. To choose
the best alternative, each parameter is analyzed using L.C.C with present worth
method as per IS: 13174 part 1 and 2. The L.C.C results show that implementation
of the energy efficient parameters, makes the building closer in gaining one-star
rating according to GRIHA evaluation system, so if the chosen five parameters are
implemented in the existing building then the building’s green rating points will be
increased from 11 to 46. Using Revit software (insight 360), conventional building
and energy efficient building models are developed to generate energy consumption
per annum. The analysis report obtained from the Insight 360 software shows lower
peaks in energy demand suggesting that building with the selected parameters is
more efficient in terms of cost and energy which helps the building to gain one-star
rating according to GRIHA.

Keywords Life cycle costing (L.C.C) · GRIHA (green rating for integrated habitat
assessment) · Present worth method · Revit software (insight 360) · Energy
efficient

1 Introduction

In the forefront of sustainability, construction industry holds a primary role in
achieving it compared to other industries. With an ever increase in Indian economy
and to cater for future energy demand, a distribution which is equal to 3–4 times
higher than the total energy utilized today will be required [1]. Life cycle cost is a
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technique of estimating monetary costs of the investment, design, execution, opera-
tion, maintenance and repair, replacement and sometimes demolition of a building
[2]. Within the context of the built environment L.C.C is a method used to access
the anticipated economic performance of the building throughout its life cycle [3].
L.C.C is a tool that determines how much money is spent on an asset over the course
of its useful time. L.C.C includes four cost parameters:

Initial cost, maintenance cost, operational and salvage cost. The total cost of a
building during the life span can be known at the early stage of a project.
Initial costs: All costs which include, market research, initial development
(production cost), testing, material cost, labor cost involved in developing the
product, trials, construction and commissioning of an asset.
Maintenance costs: All the costs associated with maintenance of equipment or
any asset. In the view of a building maintenance cost will generally be painting
of building/MEP works.
Operational costs: All the costs pertaining to the operation of a instrument, parts,
piece of equipment or facility. Electrical use/consumption is the operational cost
of a building.
Salvage or Resale value: The financial sum expected from the disposal of a
property at the end of its economic life, or at the end of the study period [4, 5].

GRIHA, Green Rating for Integrated Habitat Assessment has a hundred-point
evaluation system consisting of some important points which are mandatory and
remaining points can be earned by satisfying the criteria. GRIHA has 36 criteria in
the evaluation system. Based on the percentage of the points earned, the star rating
for the building is decided. It has one to five-star ratings, which is assigned based on
the criteria evaluation system [6].

The L.C.C is a mathematical technique that makes use of basic monetary evalua-
tion approaches, like the annual worth method, the net present value method, and the
savings/investments ratio (SIR) method to ascertain the various cash flows of project
lifecycle [5].

Through the use of L.C.C, it is expected that one can make better decisions in
selecting the type of building system only pertaining to energy usage like, thermal
shielding, passive solar features, HVAC, domestic hot water, smart building lighting
and automation systems.However, L.C.Ccan also be usedonbuildingparts or involve
costs related to resident productivity, system monitoring, environmental impact and
any other concerns that impact costs over the course of time.

A life cycle costing technique is useful in collecting factors that can bemonetized,
but there are often non-financial organization or society goals that also need to be
inculcated in the design.

A tool is essential to accumulate the existing data, determine the life cycle costs
in a methodical and transparent way, and present the results in a way that ease
comparison of alternative designs [5, 7].
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2 Summary of Literature Review

• L.C.C (life cycle costing) is a method of financial analysis of all costs related to
construction project over a defined period of time.

• Use of L.C.C in the construction industry will allow us to predict the present costs
and the future costs which will be incurred during the life cycle of the building.

• L.C.C is one good possibility to meet 3 Ecriteria, i.e., economy, effectiveness and
efficiency.

• L.C.C helps to reduce the expenditure which may be incurred in future due to
maintenance and operations

• Life cycle costing has been for a long time but literature review shows that very
less research is carried out on buildings whole cycle assessment.

3 Problem Statement

This research focuses on determining the cost effectiveness of implementing different
energy efficient parameters like solar panels, low VOC paints, glazed windows,
LED bulbs and masonry blocks on a building using life cycle costing approach to
upgrade the building to a higher green rating which supports the cause of sustainable
development.

4 Objectives

• To carry out L.C.C calculations using present worth method and compare the
alternatives chosen for each parameter (Solar panels, LED and CFL bulbs, Low
VOC paints and VOC paints, double-glazed windows and normal windows, Fly
ash bricks and concrete blocks)

• To create two models: Conventional building and energy efficient building and
analyze the buildings for energy efficiency using insight 360 software tools.

5 Methodology

The research enables to predict the L.C.C of residential infrastructure through devel-
oping deterministic forecasting models. This research is focused on a hostel building
studied modeled as two building types: Conventional and sustainable one. In the first
phase of the research five parameters of a building are selected based on GRIHA
manual, namely solar panels, window panels, paints, bulbs and bricks. Then for each
of the parameters selected different alternatives are analyzed using L.C.C method.
Four main criteria are investigated in L.C.C model, which include: initial costs (cost
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of construction), cost of operations (energy, operational and maintenance, and major
repairs expenses), environmental and residual value. The life cycle costing method
and calculations is done as per IS: 13174 part 1 and part 2 [5, 7]. Based on the
L.C.C results, the second phase of research involves the implementation of the best
alternatives determined on the conventional hostel building. Therefore, 2 models
of same building are prepared, one is conventional hostel building and other is
sustainable hostel building. The sustainability assessmentmodel includes threemajor
groups, such as energy and aerosphere (energy utilization), material and resources
(recyclability and material re-usage), and creation and design process (life cycle
assessment).

• Building considered for study: Hostel Building
• Area of the building understudy

S. No. Floors Gross area (m2)

1 Cellar floor 883.25

2 Ground floor 1255.94

3 First floor 1255.94

4 Second floor 1255.94

5 Third floor 1255.94

6 Fourth floor 1255.94

7 Fifth Floor 469.40

Total 7632.35

Factors considered for overall electricity usage and maintenance.

(1) Solar panels
(2) Paints
(3) Window panels
(4) Bulbs
(5) Bricks.

5.1 Life Cycle Costing Approach and Its Components

i. Initial cost is the cost incurred during the purchase of the material, its instal-
lation cost, transportation cost. The sum of all these costs refers to the Initial
cost [4].

ii. Operating (Operational) costs are the expenditures which are corresponding to
the operation of an instrument part, piece of equipment or the facility. Electrical
use/consumption is the operational cost of a building [4].

iii. Maintenance costs are the expenses pertaining to themaintenance of any device
or property. It includes the costs of secondary staff as-well who is involved in
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problem identification and repair. In the view of a building, maintenance cost
will generally be painting of building components/MEP works [4].

iv. Residual value or salvage value is the estimated value that an owner gains when
the product is sold at the end of its useful life [4].

5.2 Present Worth Method

The L.C.C method includes various methods as mentioned earlier in the paper;
this research utilizes the technique of present worth method (NPV technique) for
performing life cycle costing on various green alternatives.

The net present value (NPV) technique is used to transform all cash flows occur-
ring at different times to a single sum equivalent at the beginning stage of the study
period. With the help of this technique, all expenses and profits, regardless of the
occurrence time, will be compared over a certain standard year, defined as a baseline
year [8].

Money spent and future money inflow will be suitably discounted to compensate
their time value. When these future money in-flow are discounted, they will be
comparable to those expended on the present day, or throughout the “baseline year”.
When this discounting takes place, all expenses and profits are considered on a
common basis and summed up together to calculate the total net present value. As
most of the initial costs occur almost at the same time, they are considered to occur
during the base year of the period under study. Hence, there is no need to calculate
the present worth of these initial costs because their present worth will be equivalent
to their actual cost. The technique for life cycle costing for various materials is
conducted as per IS-13174(Part 2):1994. This IS code provides two methods present
worth method (PW) and annualized cost method (AC) [7]. The research is conducted
on L.C.C using present worth method. This method provides all expenditure over the
life cycle of a item or project. PW and AC methods are mathematically similar. The
choice of the method is completely dependent on the researcher or the management
personnel [8]. The components considered for L.C.C are initial costs, maintenance
costs, operational costs, salvage or residual value.

L.C.Calternative = PW(initial cost) + PW(maintenance costs)

+ PW(operational cost) − PW(salvage value)

where

b = 1/(1 + 0.01 × i);
i = rate of discount per annum;
t = numbers of years

PW = Present worth

Present worth Factor (pwf) without inflation = (1 + 0.01 × i) − t
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upwf = b(1 − bt )

1 − b

where

b = 1 + 0.01 ∗ r/1 + 0.01 ∗ i.

i = discount rate.

r = inflation rate.

Rate of inflation = (Present GDP − Old GDP)/(Old GDP).

There can be repetitive annual expense but not for complete building under study.
In such circumstances, the expenditure for each year has to be reduced to present
worth by multiplying the respective pwf. Alternatively, one can opt for uniform
present worth factor (upwf)

upwf = b(1 − bt )

1 − b

where

b = 1/(1 + 0.01 × i).

i = rate of discount per annum = 8%

t = numbers of years = 20 years.

The discount rate value is selected as the average rate of interest of loans in Indian
banks for construction industry, i.e., decided by reserve bank of India, pwf (present
worth factor) can be obtained by Referring Annex A of IS Code 13174 part 2. The
inflation rate is decided as per IS code 13174 part 2 [7].

6 Results

The results obtained are categorized as:

(a) The initial cost, maintenance cost, operational cost and salvage values are
collected from the local material dealers and through online help to calculate
Life cycle costing of solar panels, LED and CFL bulbs, fly ash and concrete
blocks, double-glazed and normal window, lowVOC andVOC paints and Rain
water harvesting.

(b) The present worth values are determined on all the alternatives chosen under
study.

(c) Use of Revit insight 360 software to generate and compare energy usage
between conventional and energy efficient building (Table 1).
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Table 1 Data of initial, operational, maintenance, salvage values for energy efficient alternatives

Costs (Rs.)
parameters

Initial (Rs.) Operational (Rs.) Maintenance (Rs.) Salvage (Rs.)

Solar panel poly
crystalline mono
crystalline

4,410,100 0 28,019 851,370

4,776,400 0 28,019 851,370

LED bulb 9,259,660 346,598 0 2086

CFL bulb 2,329,128 346,598 0 2086

Low VOC paint
VOC paint

1,654,284 0 5,323,719 0

1,168,260 0 6,842,647 0

Double glazed
window plane
window

2,148,432 0 0 2074

573,663 0 0 2074

Fly ash brick 3,201,197 0 8,367,306 28,594

Concrete blocks 5,514,780 0 8,367,306 142,971

6.1 Life Cycle Costing Values of Various Parameters

(1) L. C. C. of Solar Panels
According to the result, polycrystalline solar panels are cost advantageous and
more effective as compared to mono crystalline solar panels as in 20 years life
span it can save Rs. 372,495/– if polycrystalline solar panels are used. The
operational cost is zero for solar panels, as no cost is incurred after installing
the solar panels only maintenance is required (Table 2).

(2) L.C.C of Low VOC and VOC paints
As per LCC results by adopting low VOC paints in building one can save Rs.
1,032,901.79/– in the complete life span of the paints as compared to VOC
paints (Table 3).

(3) L.C.C of Double glazed and plane window

Table 2 L.C.C components for alternative solar panels

Item (costs in Rs.) Alternative 1 polycrystalline Alternative 2 mono crystalline

Initial 4,410,100 4,776,400

Operational 0 0

Maintenance 28,019 28,019

Salvage (solar panels, batteries,
mounting stand)

851,370 851,370

Discount rate (%) 8 8

Inflation rate (%) 4 4

Life cycle cost 3,558,730 3,925,030



208 S. M. Nanjannavar et al.

Table 3 L.C.C components
for paint alternatives

Item (costs in Rs.) Alternative 1 low
VOC

Alternative 2 VOC

Initial 1,654,284 1,168,260

Operational 0 0

Maintenance 5,323,719 6,842,648

Salvage value 0 0

Discount rate (%) 8 8

Inflation rate (%) 4 4

Life cycle cost 6,978,003 8,010,908

Table 4 L.C.C components
for window alternatives

Item (costs in Rs.) Alternative 1 double
gazed

Alternative 2 plain
window

Initial 2,148,432 573,663

Operational 0 0

Maintenance 0 0

Salvage value 2074 2074

Discount rate (%) 8 8

Inflation rate (%) 4 4

Life cycle cost 214,658 571,589

According to the result, alternative 1 is energy efficient when compared to
alternative 2. Considering these glass windows to be manually operated the
operational costs is taken as zero. Double-glazed window hasmany advantages
as compared to normal plane window, few of them are, it avoids thermal flow
through the window as the barrier insulates the indoor area from varying air
temperatures at either side of the glazing panel and also double glazing also
provides a better sound isolation (Table 4).

(4) L.C.C of LED and CFL bulbs
According to the result, LED bulbs are more cost advantageous because in
20 years life span it can save Rs. 1,403,162/– if LED bulbs are adopted (Table
5).

(5) L.C.C of fly ash bricks and concrete blocks
Alternative 1 is cost advantageous and energy efficient as compared to alter-
native 2 and is more durable, a sum of rupees 2,199,207/– can be saved if fly
ash bricks is used for construction during its initial time. Since operational and
maintenance cost for bricks are assumed to be zero (Table 6).
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Table 5 L.C.C components
lighting alternatives

Item (costs in Rs.) Alternative 1 LED Alternative 2 CFL

Initial 925,966 2,329,128

Operational 346,598 346,598

Maintenance 0 0

Salvage value 2086 2086

Discount rate (%) 8 8

Inflation rate (%) 4 4

Life cycle cost 1,270,479 2,673,641

Table 6 L.C.C components
for brick alternatives

Item (costs in Rs.) Alternative 1 flash
ash bricks

Alternative 2
concrete blocks

Initial 3,201,197 5,514,780

Operational 0 0

Maintenance 8,367,306 8,367,306

Salvage value 28,594 142,971

Discount rate (%) 12 12

Inflation rate (%) 4 4

Life cycle cost 11,539,909 13,739,116

6.2 Revit, Insight 360 Energy Usage Analysis

Revit, a 3D modeling design software, is used to make a 3D model of the selected
building.Then, the energy analysis is carried outwith the help of Insight360by adding
the chosen parameters (Solar panels, LED bulbs, low VOC paint, double-glazed
window, Fly ash bricks) and their properties to the model (Fig. 1).

Fig. 1 Revit model of hostel building
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(1) Energy Use Intensity of conventional and Energy efficient building is shown.

EUI Conventional Energy efficient

Electricity (kWh/sm/year) 149 140

Fuel (MJ/sm/year) 16 28

Total (MJ/sm/year) 551 532

(2) Life cycle Energy Use/cost of conventional and energy efficient building is
shown

Life cycle Conventional Energy efficient

Electricity use (kWh) 28,239,915 23,259,447

Fuel use (MJ) 3,085,944 4,689,603

Energy cost (dollars) 1,036,081/– 860,598/–

Annual energy use/cost of conventional versus energy efficient building. This
energy consumption is throughout the life cycle of building of 20 years (assuming
all the electrical appliances are turned on throughout) (Figs. 2 and 3).

Annual energy use/cost Energy efficient Conventional

Electricity use (%) 97 95

(1) Simulated Electricity Peak Conventional versus energy efficient building
(Figs. 4 and 5).

X-axis represents months.
Y-axis represents electricity peak demand.

The analysis report obtained from the Revit software shows lower peak demands
in energy demand suggesting that building with the selected parameters is more
efficient in terms of cost and energy which helps the building to gain one- star rating
according to GRIHA [6].

Fig. 2 Annual energy
use/cost of conventional
building
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Fig. 3 Annual energy
use/cost of energy efficient
building

Fig. 4 Monthly electricity demand of conventional building

7 Conclusions

1. The analysis of parameters using L.C.C technique with present worth method
is carried out, the results shows that the parameters chosen to implement, make
the building cost effective and energy efficient.

2. With the assumption that all the electrical appliances are turned on throughout,
the electricity bill of the building is Rs. 876,000/– per year, approximately Rs.
170,00,000 for 20 years. By installing the solar panel, we can save up to Rs.
9,500,000/– in 20 years, i.e., 56% of the electricity bill can be saved.

3. LED bulbs use 70–75% less energy, Rs. 5040/– can be saved per month and in
a year Rs. 60,480/– can be saved and in 20 years approximately Rs. 1,209,600/-
can be saved.
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Fig. 5 Monthly electricity demand of energy efficient building

4. Double glazed window has many advantages, it can reduce the outer noise up
to 60% and reduces interior fading. In 20 years, one can save Rs. 350,000/–
of electricity bill, i.e., Rs. 17,500/– every year, if a Double glazed window is
installed.

5. Low VOC paints are durable and do not have any bad impact on human health
and it provides better thermal comfort. Finally, by using Low VOC paints Rs.
1,032,902/– can be saved.

6. Fly ash bricks are cost effective as compared to concrete bricks, more durable
and environmentally friendly, by using fly ash bricks Rs. 2,199,207/– can be
saved compared to concrete blocks.

7. Two models are created conventional building and an energy efficient building
using Revit software and analyzed for energy efficiency using In-sight 360 tool.
Through the results obtained, the annual energy consumption of conventional
building is more than the energy efficient building.

8. The identified parameters can be implemented in the existing building. All these
parameters show that they have a significant impact on making the building
cost effective and energy efficient, which contributes to a sustainable built
environment.

8 Future Scope

• A database for LCA and sustainability evaluation based on various material char-
acteristics, need to be developed, which may facilitate the product designers and
manufacturers in the design and delivery of products from the stand point of life
cycle costing.
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• Environmental impact costs can be included in L.C.C as a cost driver to have a
more reliable analysis by conducting environmental impact assessment.

• Life cycle costing technique can be used to evaluate the best bidder for a contract.

9 Limitations

• The study is restricted to six criterions (parameters) out of 36 criterions due to
time and resource availability as constraints.

• The accuracy of outcomes of life cycle costing depends on the duration of the
study period adopted. The accuracy decreases with the increase in study period.
This is due to the large variation in the value of discount rates and the inflation
rates over a period of time.

• There is a dearth of reliable data regarding the various cost drivers in India, hence
the construction industry fails to apply the L.C.C technique.
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An Experimental Study on Usage
of Treated Waste Water (Domestic)
on the Fresh and Hardened Properties
of Conventional Vibrated Concrete
for Sustainable Construction

N. M. Rakshit Jain, N. Ajay , and P. U. Vinyas Gowda

Abstract Concrete is the most greatly employed unnatural heterogenous mixture in
the world. Also, concrete is one among the industries that expends huge amount of
water. Approximately, 130–150 liters of water is prerequisite per cu-m of concrete
mixture, beyond the considerations of other exercises of water in the construction
industry.Water is a pivotal environmental concern; and supply andquality ofwater are
becoming more bounded worldwide. Thus, there is a demand to conserve the water
and on the other side, there aremillion liters ofwastewater produced andwasted every
day from various sources. The usage of treated waste water in production of concrete
is very important for the present scenario. Taking this into consideration, an exper-
imental study was carried out to assess the fresh and strength properties of conven-
tional vibrated concrete (CVC) by using domestic treated wastewater. In the present
work, the concrete mixes were produced with water-to-cement ratio about 0.45 along
with different proportions of treated waste water which ranges between 25 to 100%
of potable water and the specimens were casted. For each concrete mixtures, the
fresh properties and strength properties were assessed as per IS codal provisions.
In addition to these, three of the each specimens were cured separately in potable
water and treated wastewater to assess the influence of treated wastewater as curing
water. Results signify that the concrete mixtures produced with treated wastew-
ater showed similar strength properties with concrete produced from potable water.
Treated wastewater, while employed as curing water made very less impact on the
strength parameters of concrete.
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1 Introduction

The groundwork of existence is water, but still very less importance is given toward
conservation of potable water [1]. Of the total global water, world’s freshwater
accounts for only 2.5% and larger portion of it are frosted in glaciers and ice caps
[1]. Rest of the unfrozen freshwater is primarily presented as groundwater, with
less amount present in air. Also, population has been increasing in a burdensome
manner. From 1959 to 1999, the world’s population has been doubled [2], from three
billion to six billion. By 2043, the world’s population is envisaged to reach 9 billion
(USCB 2009) [2]. Increasing population increases per capita water consumption
which intensifies water demand, finally straining the water supply. Growing water
demand means growing water scarcity.

Concrete is the most greatly employed construction material. The concrete is
majorly made of four ingredients namely, cement, fine aggregate, coarse aggregate
and water. The water is not only required for blending of concrete, but also to render
strength to concrete by the phenomenon called hydration of cement and also, it main-
tains the cohesiveness of concrete in the fresh state [3]. IS 456-2000 [4] recommends
potable water to be used for mixing, placing and curing of concrete. Potable water is
habitually acquired from various resources, but mainly through lakes and ground in
the form of groundwater. In recent decades, encroachment and destruction of lakes
and canals have minimized the potential of groundwater recharge. Due to various
economic activities and population growth, there is an increasing demand for enor-
mous quantity of water. So, there is a need to control the usage of freshwater and
reduce the pressure on potable water resources. As a result, substitute resources must
be explored [3]. One of the efficient ways is to reuse the recycled treated wastew-
ater for construction purposes, which may mitigate the severity of depletion rate of
potable water. However, some harmful impurities in treated waste water need to be
skimmed off by sedimentation process [3].

Kosmatka and Panarese reports that “almost any natural water fit for drinking and
has no pronounced taste or odor can be used as mixing water for making concrete
[5]. However, some water which is not fit for drinking, but may be suitable for
concrete production”. As per ASTM C 94-98 [6], the compressive strength of stan-
dard mortar cubes at 7 days made with the untried water to be not less than 90% of
cubes made with distilled water or tap water. British note [7] states that the strength
reduction upto 20% is acceptable when untried water is utilized, but the proportions
should be harmonized as appropriate.

Cebeci and Saatci [8] studied the usage of treated sewage as well as raw sewage
in the production of concrete as mixing water. Properties of the concrete, i.e., initial
setting time, compressive strength of mortar and concrete was not affected by treated
wastewater. These tests proved that treated sewage water is equivalent to distilled
water while employed as mixing water. However, compressive strength was reduced
by 9% with the usage of raw sewage. They also proclaimed the relaxation in the
setting time when raw sewage was employed for mixing the concrete.
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Swami et al. [9] studied on the suitability of utilizing treated sewage as mixing
water for ordinary concrete. The tests show that there was an improvement in
compressive strength by 7% and a gain of 10% in pull strength.

Al-Jabri et al. [10] inspected the impact of using wastewater on parameters of
high-strength concrete. The chemical composition of the effluent was found to be
more than tap water, however not beyond the limits specified in ASTM. Various tests
were performed over concrete with varying percentages (0, 25, 50, and 100%) of
wastewater. After 28 days of curing, no representative differences were observed in
the compressive strength among the concrete mixes. This paper concludes that the
utilization of effluent obtained from car washing station has insignificant impact on
the strength of concrete.

At present, around 1600 million liters per day (MLD) of sewage is generated in
Bengaluru, but only 1060 MLD is treated [11]. In that 1060 MLD, only around 310
MLD is reused and utilized for agriculture, environmental rejuvenation, flushing of
toilets and industrial uses. As stated by NITI Aayog’s composite water management
index report, 21 cities in India will run short of water by 2020 and Bengaluru is
one among them [12]. Therefore, there is need to study on the utilization of treated
wastewater which minimizes the consumption of freshwater and thus, cutting down
the burden on potable water resources which also establishes the balance between
serviceable resources and requirements.

In present work, an experimental study was carried out to assess the feasibility of
usage of domestic treated wastewater to prepare the conventional vibrated concrete
(CVC) and to assess the fresh and strength parameters of concrete.

2 Experimental Investigation

2.1 Materials

The characteristics of the materials used are shown in Table 1.

Table 1 Material properties

Materials Specific gravity Specific surface
(m2/kg)

Water absorption
(%)

Remarks

Cement—OPC 53
grade

3.10 265 – Conforming to IS:
12269-2013 [13]

Fine
aggregate—M
sand

2.6 – 2.2 Conforming to
Zone-II as per IS:
383-2016 [14]

Coarse aggregate
(20 mm)

2.77 – 0.46 Crushed angular
aggregates
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Table 2 Chemical composition of water samples

Parameters Result of PW Result of TW Requirement as per IS
456: 2000

Test method

Organic solids 73 mg/l 91 mg/l 200 mg/l IS:3025/Part 16

Inorganic solids 603 mg/l 1059 mg/l 3000 mg/l IS:3025/Part 16

Sulfates (as SO4) 18.6 mg/l 34.7 mg/l 400 mg/l IS:3025/Part 24

Chlorides (as Cl) 160 mg/l 310 mg/l 500 mg/l IS:3025/Part 32

Suspended matter <1.0 mg/l 18 mg/l 2000 mg/l IS:3025/Part 17

pH 7.7 7.1 >6 IS:3025/Part 24

Legend PW—potable water, TW—treated wastewater

Both potable water and treated wastewater were chemically tested for parameters.
The Treated wastewater sample was procured from domestic sewage treatment plant
(STP) of VolvoGroup India Pvt. Ltd. The chemical results of both potable and treated
wastewater given in Table 2.

2.2 Mix Design

Mix design of concrete (M-25 grade) was developed in accordance with IS 10262:
2019 [15]. Figure 1 depicts the steps involved in concrete mix design. Concrete mix

Fig. 1 Flow chart for mix
design of M25 grade of
concrete as per IS
10262-2019
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Table 3 Particulars of mix proportions

Mixes % of TW Water (l/m3) w/c ratio Ce (kg/m2) Fa (kg/m2) Ca (kg/m2)

PW TW

Mix 1 0 149 0 0.45 329 722 1307

Mix 2 25 112 37 0.45 329 722 1307

Mix 3 50 75 75 0.45 329 722 1307

Mix 4 75 37 112 0.45 329 722 1307

Mix 5 100 0 149 0.45 329 722 1307

Legend PW—potable water, TW—treated wastewater, Ce—cement, fa—fine aggregate, Ca—
coarse aggregate

proportioning was developed with w/c ratio of 0.45. The concrete mix was designed
for a medium slump range of 50–75 mm which usually does not require chemical
admixtures. Henceforth, chemical admixtures have not been employed in the study.
Totally, five mixes were developed with varying % of treated wastewater, i.e., 0, 25,
50, 75 and 100%. The particulars of each mix are tabulated in Table 3.

2.3 Testing Procedures

Figure 2 shows the tests that were conducted to reckon the fresh and strength
parameters of concrete.

(1) Slump Test

Fig. 2 Tests on concrete
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Fig. 3 Experimental setup
for slump test

Workability of concrete was evaluated by performing slump test and was
conducted according to IS 1199: 1959 [16]. Slump test apparatus is depicted
in Fig. 3. Then, specimens were casted and de-molded after 24 hrs, cured
separately in potable water and treated wastewater to analyze the effect of
treated wastewater as curing water; and then, the specimens are tested at room
temperature at the prescribed ages.

(2) Compression Test
The compression test was performed in accordance with IS 516: 1959 [17].
Twelve cubes of 150 mm × 150 mm were casted for each mix and tests were
performed over the specimens at recognized period of 7 and 28 days. The
compression testing machine is as shown in Fig. 4.

(3) Split Tensile Test
The split tensile test was executed in accordance with IS 5816: 1999 [18]. Six
cylinders of 150mm× 300mmwere casted for eachmix. Testswere conducted
at definite interval of 28 days. Figure 5 shows the experimental setup of split
tensile test.

(4) Flexural Strength Test
The flexural strength test was performed according to IS 516: 1959 [17]. Six
beams of 100 mm× 100 mm× 500 mm were casted for each mix. Tests were
conducted at recognized age of 28 days. The beam specimens and flexural
strength testing machine are shown in Fig. 6.
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Fig. 4 Compression testing
machine

3 Results and Discussions

3.1 Slump Test

Table 4 shows the results of slump test of each mixes. Figure 7 shows the variation
of slump against percentage of treated wastewater.

3.2 Compression Test

Tables 5 and 6 shows results of compressive strength test on concrete specimen with
respect to curing of specimens in potable water and treated wastewater, respectively.

Figure 8 shows the improvement of compressive strength with hike in proportion
of treated wastewater when potable water is employed as curing water. The same
kind of trend was reported in a technical note [8, 9]. Presumable explanation for the
development was provided by Swami et al. [9] which states that pore filling effect
of deposition of suspended and dissolved solids present in treated wastewater was
considered accountable for evolution of strength. And when treated wastewater is
considered as curing water, the compressive strength increases till 50% and then
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Fig. 5 Experimental setup
of split tensile test

Fig. 6 Flexural strength
testing machine and beam
specimens

drops down. Cube with 100% treated wastewater (cured in potable water) gives
the maximum strength value of 27.23 MPa, about 18.8% of increase in compressive
strength can be noticedwhen treated sewage is employed asmixingwater and potable
water as curing water which gives positive sign of hope toward utilization of treated
wastewater as mixing water. The influence of treated wastewater being curing water
decreases the compressive strength by 11.8% with 100% treated wastewater.
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Table 4 Results of slump test of concrete mixes

Mixes % of TW Water content (l/m3) w/c ratio Slump (mm)

PW TW

Mix 1 0 149 0 0.45 20

Mix 2 25 112 37 0.45 22

Mix 3 50 75 75 0.45 35

Mix 4 75 37 112 0.45 46

Mix 5 100 0 149 0.45 50

Legend PW—potable water, TW—treated wastewater

Fig. 7 Comparison of slump
against percentage of treated
wastewater
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Table 5 Results of compressive strength test (cured in potable water)

Mixes % of TW Water content (l/m3) w/c ratio Compressive strength (MPa)

PW TW 7 days 28 days

Mix 1 0 149 0 0.45 14 22

Mix 2 25 112 37 0.45 16 22

Mix 3 50 75 75 0.45 19 24

Mix 4 75 37 112 0.45 21 25

Mix 5 100 0 149 0.45 23 27

Legend PW—potable water, TW—treated wastewater

3.3 Split Tensile Test

Table 7 displays the 28 days split tensile strength values of specimens cured in both
potable water and treated waste water.

From Fig. 9, it is evident that the 28 days split tensile strength improves with
addition in treated wastewater content when curing water is potable water. When
treated water is curing water, split tensile strength increases till 50% of treated water
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Table 6 Compressive strength test (cured in treated wastewater)

Mixes % of TW Water Content (l/m3) w/c ratio Compressive Strength (MPa)

PW TW 7 days 28 days

Mix 1 0 149 0 0.45 17 24

Mix 2 25 112 37 0.45 18 25

Mix 3 50 75 75 0.45 22 26

Mix 4 75 37 112 0.45 21 25

Mix 5 100 0 149 0.45 19 24

Legend PW—potable water, TW—treated wastewater

Fig. 8 Comparison of
compressive strength of
concrete against percentage
of treated wastewater for
both potable and treated
wastewater curing methods
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Legend: a): 7 days strength  – potable water as curing water
b): 28 days strength – potable water as curing water

c): 7 days strength – treated wastewater as curing water
d): 28 days strength – treated wastewater as curing water

Table 7 Split tensile strength test results

Mixes % of TW Water content (kg/m3) 28 days split tensile strength (MPa)

PW TW Potable water as
curing water

Treated water as
curing water

Mix 1 0 149 0 2.38 2.75

Mix 2 25 112 37 2.62 2.79

Mix 3 50 75 75 2.83 2.84

Mix 4 75 37 112 2.90 2.81

Mix 5 100 0 149 2.92 2.79

Legend PW—potable water, TW—treated wastewater
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Fig. 9 Comparison of split
tensile strength against
proportion of treated
wastewater
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and then decreases. Cylinder with 100% substitution of treated sewage water over
potable water cured in potable water shows the maximum value of 2.92 MPa. When
the potable water is completely replaced with treated waste water, 18.5% increase
in strength can be noticed. 4.4% of decrease in split tensile strength can be noticed
when specimens were cured in treated wastewater.

3.4 Flexural Strength Test

Table 8 shows the 28 days flexural strength values of specimens cured in both potable
water and treated waste water.

The variation of 28 days flexural strength against the proportion of treatedwastew-
ater with difference in curing water materials can be seen from Fig. 10. Flexural
strength also follows the identical shift in variation as compressive strength test. The
topmost flexural strength of 3.65 MPa can be noticed in beam specimen made with
100% treated water and cured in potable water. 14.7% increase in flexural strength
can be observed when beam specimens are produced using treated wastewater and

Table 8 Flexural strength test results

Mixes % of TW Water content (kg/m3) 28 days flexural strength (MPa)

PW TW Potable water as
curing water

Treated water as
curing water

Mix 1 0 149 0 3.12 3.45

Mix 2 25 112 37 3.27 3.49

Mix 3 50 75 75 3.54 3.56

Mix 4 75 37 112 3.63 3.51

Mix 5 100 0 149 3.66 3.47

Legend PW—potable water, TW—treated wastewater
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Fig. 10 Comparison of
flexural strength against
proportion of treated
wastewater
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cured in potablewater.Maximumdecrease in 5.2% in flexural strength can be noticed
between different mixes and different curing options.

4 Conclusion

The following are the concluding remarks in accordance with the experiments
conducted.

• The chemical composition of treated sewage water is more than potable water;
however, they are not beyond the IS limits. And the health risk of its utilization
is minimal because of limits of impurities and pH is as same as normal water.

• As thevolumeof treated sewagewater hikes, theworkability of themixes increases
with which it can be concluded that less effort is required for handling and
placement of concrete with hike in portion of treated waste water. The shift in
workability portrays the impact of treated sewage water on fresh parameters of
concrete.

• The compressive strength of the mixes increases with increasing in curing
period regardless of treatedwastewater percentage used. The average compressive
strength accelerates with hikes in percentage of treated sewage water (as mixing
water).

• 18.8% development in cube compressive strength can be perceived when potable
water is completely replaced with treated water, i.e., mix 5 showed higher
compressive strength when correlated with mix 1.

• The compressive strength increases till 50% of replacement and then declines
downwhen treatedwastewater is employed as curingwater. The average compres-
sive strength decreases by 11.8% when treated wastewater is utilized as curing
water.
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• The split tensile strength rose with addition of treated wastewater. 18.5% raise in
split tensile strength can be identified, while treated waste water is employed as
mixing water.

• The graph of split tensile strength follows a hill trend with maximum value at
50% replacement when curing water is treated waste water. 4.4% decrease in split
tensile strength can be recognized when cured in treated water.

• As the quantity of treated wastewater increases, the flexural strength increases.
14.7% increase in flexural strength can be observed when blended using treated
sewage.

• When treated waste water is employed as curing water, flexural strength increases
till 50% replacement and then declines down. 5.2% decrease in flexural strength
can be observed when curing water is treated waste water.

• From these above remarks, the influence of treated sewage water as both mixing
water and curing water on mechanical properties of concrete can be understood.
Although there are decrease in strengths of concrete specimens, but the reduction
rates are not beyond the limits as recommended by American (ASTM), British
code and German guidelines.

• Henceforth, the conclusion can be made as treated waste water can be utilized as
both mixing water and treated waste water.

5 Future Scope of Work

• The study is bounded toM25 grade of concrete, whereas the scope can be extended
for different grade of concrete mixes.

• Examining cement paste under scanning electron microscope (SEM) to know
the chemical compositions and to estimate how each element would affect the
strength parameters of concrete.

• Utilization of chemical admixtures in concrete production.
• Conduction of durability tests over concrete specimens.
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Parametric Study of Shear Behavior
of Compacted Kaolinite-Bentonite–Sand
Mix Proportions

D. N. Jyothi, H. S. Prasanna, C. V. Amrutha Lakshmi, and D. K. Nageshwar

Abstract Fine-grained soils mainly consist of kaolinite, montmorillonite, and illite
clay minerals in varying proportions along with sand and silts. The studies related
to the shear behavior of such soils are being limited to the geographic locations
and is having limited applications rather than the generic one. To have a thorough
understanding of the general trend in variation of shear behavior of fine-grained soils
having different clay mineralogical compositions around the world is tedious and
time-consuming. The behavior of kaolinitic soils predominantly controlled by floc-
culant fabric whereas the behavior of montmorillonite soils is governed by dispersive
fabric effects which also makes the study more complex. In the present experimental
study, an attempt has been made, to investigate the behavior of natural fine-grained
soils through a mixture of kaolinite-bentonite–sand in varying proportions. Phys-
ical properties and compaction characteristics such as MDD and OMC for Indian
standard Light compaction for the mix proportions investigated were determined
according to BIS specifications. The kaolinite-bentonite–sand mixture compacted at
MDD and OMC was subjected to various load applied using the Box shear test and
shear failure behavior was critically analyzed. Compaction characteristics of the mix
proportions can be effectively correlated. The percent fines of the mix proportions
have a significant bearing on themagnitude of cohesion and angle of internal friction.
Useful regression models were also developed correlating shear strength behavior
of the mix proportions with percent fines and sand which exhibits behavior akin to
natural fine-grained soils when subjected to compactive energy.
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1 Introduction

The understanding of the mechanical properties of sand with silt and clay content
is essential to do a realistic analysis of the geotechnical problems involving these
materials. It has been recognized that the existence of clay content affects the shear
strength and compression response of sands. The shear strength plays a major role in
the construction of footing because of an increase in the stress in the soil which causes
shear failure. In many of the engineering constructions, such as the construction of
foundation, embankment, sheet piling, retainingwall, the value of cohesion and angle
of internal friction is needed for the design purpose. The major factors affecting the
shear behavior of the soil are the type and amount of clay minerals present, water
content, gradation, dry density, soil structure, thixotropy, and the normal effective
stress acting on the failure plane.

To have a thorough understanding of the general trend in variation of shear
behavior of fine-grained soils having different clay mineralogical compositions
around the world is tedious and time-consuming. Hence, any laboratory study of
shear behavior of artificial mix proportion depicting the natural fine-grained soil is a
valuable addition to the existing literature. Fine-grained soils predominantly consist
of fine size clay particles which impart plasticity characteristics like liquid limit
and plastic limit. Clay minerals are essentially hydrous aluminum silicates lesser
than 2 µm in size. These soil types are made of two building blocks namely silica
tetrahedron and alumina octahedron (Gibbsite), See details in Fig. 1. The degree of
swelling and shrinking of a clay mineral depends on the bond between these two
building blocks.

1.1 Literature Review

Many researchers have attempted to study the shear behavior of natural fine-grained
soils and artificialmix proportionsmainly consisting of kaolinite and bentonitemixed
in limited proportions.

Fig. 1 Types of clay minerals (Kaolinite, Montmorillonite and Illite)
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Wasti and Alyanak [1] have studied the mixture of sand and clay proportions
mentioned that, the role of voids to be filled with the different percentages of clay at
a higher value of porosity, which brings a change in particle orientation of a mixture.
Also, the relationship between the liquid limit (WL) and the plastic limit was found
to follow a straight line. The various mixes of sand and clay indicated that the soil
samples tested possessed characteristics of sandy soils and clayey soils. AtWL, they
observed that the threshold value exists about 25% of kaolin content, for the kaolin
clay involved mixture also.

Novais-Ferreira [2] based on their study on consolidated drained (CD) box shear
tests onmixtures of artificial soils with different percentages of clay, fine sand, coarse
sand, and clayey soil which is montmorillonitic dominant found that with an increase
in the percentage of clay there is a tendency of decrease in shear stresses (maximum
and limited).

Georgiannou [3] conducted a study on the characteristics of clayey sandy soils
with two different types of loadings, i.e., constant and cyclic. He found that the
stress–strain behavior of soil was influenced by the percentage of fines. It was also
seen that there existed a suppression of the dilatant nature of soil samples tested with
an increase in the percentage of fines including the samples with 40% fines.

Georgiannou et al. [4] have made an experimental investigation on load-
deformation characteristics of anisotropically consolidated clayey sands using digi-
tally maintained triaxial specimens. By immersing the Ham river sand into the kaolin
solution, the samples were prepared. By this, the effect of change in percentage of
clay and void ratio of granular sized particles was observed. The chosen method was
creating a material which is having less stability, the maximum void ratio in granular
level, maximum brittleness character, and ductility character.

Pitman et al. [5] have studied the effect of fines content and arrangement of soil
particles on characteristics of loosely arranged sandy soils. These samples were
formed by changing the percentage of plastic and non-plastic fines with moist
compaction procedures and consolidated by maintaining the same effective stress
level. The samples were subjected to constant undrained triaxial loading and consol-
idated isotropically. They have observed that the behavior of undrained brittleness
was decreased with the percentage of fines and increased with plastic and non-plastic
fines content.

Bayoğlu et al. [6] have attempted to study the effects of the fine-sized parti-
cles (particle size <75 µm) concerning shear strength and compressibility. Different
proportions of soil mixtures were considered from sand to silt–clay. The tests
conducted on the soil mixtures were drained box shear and consolidated undrained
triaxial compression with different percentages of fines, i.e., 5, 15, 35, 50, 75, and
100%. They concluded that until 50% fines (optimum) the internal friction angles
varied between 30° and 38°, thereafter a slight decrease in angle of internal friction
with an increase in the percentage of fines and variation is about 10°.

Thevanayagam [7] conducted an experimental investigation on large strain
undrained shear strength (sus) in triaxial compression for particular host sand mixed
with various percentages of non-plastic fines. The test results indicated that the inter-
granular void ratio (es) was playing a very crucial role in large strain undrained
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shear strength (sus) of silty sands. Silty sand having less magnitude of large strain
undrained shear strength (sus) compared with host sand at the same void ratio level.
For less than the value of maximum void ratio level of host sand (emax, HS), the two
grains of sand are showing the same sus and these are independent of initial confining
pressure. For the es (silty sand) > Emax, HS condition, the sus depends on the initial
confining pressure. The value of sus was decreased with an increase in es when the
consolidation stress is very low (loose state).

Naser Al Shayea [8] based on their study reported that the characteristics of
soil mass as small fractions having clay mineralogical dominance and the amount
of clay percentage was playing an important role in finding the shear strength and
compressibility. By increasing the percentage of fines, the plasticity characteristics
and coefficient of secondary compression (CR) values were increased and the angle
of internal friction and hydraulic conductivity values were decreased.

Olmez [9] conducted three different series of undrained and drained triaxial tests
and box shear tests to know the shear strength characteristics of soil mixtures with the
effect of kaolin in sand-claymixtures. At an optimum percentage of kaolin content of
20%, a significant change in shear strength and stress–strain response were observed.

Pakbaz andMoqaddam [10] attempted to study the effect of sand particles arrange-
ment on the behavior of sand-clay mixtures. They conducted the box shear tests on
existing over consolidated expansive clays and densified soil mixtures of sand and
bentonite. The drained shear strength and angle of internal friction of the soilmixtures
were decreased with an increase in the percentage of fines. They also observed that
the optimum percentage of the fine is 30%, for significant change in shear strength
and stress–strain behavior.

Li et al. [11] made a study to understand the effect of test conditions on the
shear behavior of composite soil. They observed that a homogeneous soil specimen
becomes heterogeneous after shearing. The shear zone is the most affected part of
the specimen in terms of structure and void ratio, whereas these properties remain
unchanged in the outer zones.

Ali Shafiee et al. [12] have attempted to study the undrained behavior of compacted
sand-clay mixtures under monotonic loading paths and reported that, the undrained
shear strength in compression increases with sand content, particularly when sand
content reaches as high as 60% and the initial confining stress is low. On the other
hand, undrained shear strength in extension gradually increases with sand content.

Jyothi and Prasanna [13] conducted an experimental study on the Shear behavior
of compacted clay and sand mixtures using a triaxial shear test experiment and
concluded that pure-clay have maximum cohesion and with the addition of sand
in increasing proportions, the value of cohesion decreases gradually since sand
is a cohesion-less soil, whereas the angle of internal friction is less for pure-clay
and increases as the percentage of sand increases because the voids in the clay get
occupied by sand and friction between them increases.

Based on a detailed literature review, the study related to shear behavior of
compacted kaolinite-bentonite–sand mix proportions with particular reference to
clay mineralogy is very scanty.
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2 Materials and Methodology

2.1 Preparation of Materials

Materials used for the present experimental study are

• River sand passing 425 µm.
• Commercially available pure kaolinite and bentonite clay minerals.

Commercially available clay minerals (kaolinite and bentonite) were procured
and stored in airtight containers.

The river sand used in the present study was retrieved from a riverbed. This is
composed of subrounded particles with a specific gravity of 2.65. The sand was wet
washed on a 75 µm sieve to take away the organic content.

The sand was kept in an oven for a period of 24 h for oven drying, at a temperature
of 100 °C ± 5 °C and brought to room temperature.

Figure 2 shows the grain-size distributions of riverbed sand used in this present
study. The sand particles were found to be subrounded with a uniformity coefficient
(cu) and coefficient ‘cc’ of 2.33 and 1.4, respectively. Also, the median particle sizes,
D10, D30, and D60 were found to be 0.3, 0.54, and 0.7, respectively.

The sandwas thenmixedwith different percentages of clayminerals like kaolinite
and montmorillonite to represent various naturally occurring soil mixes. These were
kept in a double-barreled airtight container with a plastic cover to prevent moisture
losses. The percentage of bentonite in each sample was maintained the same. The

Fig. 2 This represents the
failure sample
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Table 1 Mix proportions of
the samples used in the study

Bentonite (%) Kaolinite (%) Sand (%)

10 10 80

10 20 70

10 30 60

10 40 50

10 50 40

10 60 30

10 70 20

10 80 10

details on the mix proportions of samples used in the present study were shown in
Table 1.

2.2 Tests Conducted

a. Grain-size analysis test (IS: 2720-part 4-1985)—to classify the soil.
b. Specific gravity test (IS: 2386-part 3-1963)—to find the specific gravity of fine

aggregate.
c. Atterberg limits tests (IS: 2720-part 5-1985)—to determine plastic limit liquid

limit and plasticity index.
d. Standard and modified compacted test (IS: 2720-part 7-1980)—for obtaining

optimum moisture content (OMC) and maximum dry density (MDD).
e. Consolidated drained direct shear test (IS: 2720(Part-13)-1986)—to find shear

parameters, i.e., cohesion (C) and friction angle (�).

An intermediated strain-controlled digital direct shear apparatus, with a specimen
dimension 60 mm × 60 mm× 20 mm was used in the experimental study. The
apparatus was equipped with two digital dial gauges to measure the vertical and
horizontal (shear) displacements. Normal stress was applied to the specimen through
a lever loading device. Shear force was measured using two proving rings with
measuring capacities of 2.0 and 4.5 KN, and accuracy within ±1% of the indicated
load. Horizontal and vertical displacements and shear forces applied were recorded
by a data logger at the minimum shear displacement intervals of 2 µm.

3 Results and Discussions

Table 2 shows compaction characteristics of artificial mix proportions keeping
bentonite constant.

Figure 3 shows the relation between compaction characteristics.
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Table 2 Compaction
characteristics of mix
proportions (Bentonite
constant)

Combination �dmax (KN/m3) OMC (%)

10B + 10K + 80S 19.51 9.8

10B + 20K + 70S 18.98 11.6

10B + 30K + 60S 18.36 12.78

10B + 40K + 50S 17.75 13.9

10B + 50K + 40S 17.12 16.1

10B + 60K + 30S 16.35 17.4

10B + 70K + 20S 15.68 19.8

10B + 80K + 10S 14.56 23.5

20B + 10K + 70S 19.46 13.62

20B + 20K + 60S 18.61 16.11

20B + 30K + 50S 17.71 18.42

20B + 40K + 40S 17.11 20.72

20B + 50K + 30S 16.62 22.61

20B + 60K + 20S 16.18 24.68

20B + 70K + 10S 15.58 27.83

30B + 10K + 60S 18.14 15.76

30B + 20K + 50S 17.31 17.32

30B + 30K + 40S 16.96 19.5

30B + 40K + 30S 16.04 21.4

30B + 50K + 20S 15.21 24.3

30B + 60K + 10S 14.57 26.4

40B + 10K + 50S 18.06 17.3

40B + 20K + 40S 17.12 20.1

40B + 30K + 30S 16.24 23.3

40B + 40K + 20S 15.05 22.8

40B + 50K + 10S 14.51 27.1

50B + 10K + 40S 17.15 18.11

50B + 20K + 30S 15.8 21.8

50B + 30K + 20S 15.15 22.75

50B + 40K + 10S 14.55 26.21

60B + 10K + 30S 16.17 19.41

60B + 20K + 20S 15.92 22.73

60B + 30K + 10S 15.2 26.5

70B + 10K + 20S 15.74 23

70B + 20K + 10S 14.43 26.4

80B + 10K + 10S 14.71 25
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Fig. 3 Relationship between
OMC and MDD

From Fig. 3, it can be observed that there is a very good correlation between
compaction characteristics such as betweenMDD andOMC as shown in Eq. (1) with
a coefficient of correlation r = 0.90, and a coefficient determination of R-square =
0.81.

MDD = −0.2771 ∗ OMC + 22.184 (1)

It can be also observed that as OMC increases, the MDD decreases, which is a
characteristic feature of natural fine-grained soils.

Figure 4 shows the relation between shear strength and MDD of mix proportions.
Table 3 shows details on the regression model developed correlating shear

strengths to the MDD for various mix proportions.
From Fig. 4, it can be observed that as the percent bentonite in the mix proportion

increases, shear strength decreases, which very well agrees with the observation
made in document literature [2]. Further MDD can be effectively correlated with
shear strength of mix proportion (Table 3).

Figure 5 shows the relationship between shear strength and OMC of the mix
proportions.

Table 4 shows details on the regression model developed correlating shear
strengths to the OMC for various mix proportions.

From Fig. 6 it can be observed that as percent fines of the mix proportion increase,
the water holding capacity also increases which leads to a higher magnitude of OMC.

Fig. 4 Relationship between
shear strength and MDD
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Table 3 Regression model
developed correlating shear
strength with the MDD

Combination Equation R-square
value

10% bentonite τ = −1.772(MDD) + 95.009 0.86

20% bentonite τ = −0.8134(MDD) + 72.612 0.83

30% bentonite τ = −4.1921(MDD) + 124.06 0.88

40% bentonite τ = −1.9502(MDD) + 84.351 0.90

50% bentonite τ = −2.5745(MDD) + 80.951 0.98

60% bentonite τ = −2.484(MDD) + 86.919 0.90

Fig. 5 Relationship between
shear strength and OMC

Table 4 Regression
equations showing
the correlations of shear
strength with OMC

Combination Equation R-square value

Figure 10a, b τ = 0.6565(MDD) + 54.126 0.86

Figure 11a, b τ = 0.2308(MDD) + 53.773 0.86

Figure 12a, b τ = 1.3178(MDD) + 28.393 0.83

Figure 13a, b τ = 0.7512(MDD) + 36.15 0.86

Figure 14a, b τ = 0.8172(MDD) + 22.47 0.88

Figure 15a, b τ = 0.3711(MDD) + 39.273 0.98

Fig. 6 Relationship between
OMC and % fines
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Fig. 7 Relationship of
percentage fines with
cohesion

The relationship betweenOMCand percent fines is given byEq. (2)with a correlation
coefficient of R = 0.94.

OMC = 0.22 ∗ (FINES) + 5.63 (2)

From Fig. 7 it can be observed that as percent fines increase, the magnitude of
specific surface increases which leads to a higher degree of interparticle attraction
(cohesion). The relationship between percent fines (PF) and cohesion is given by
Eq. (3) with a correlation coefficient of R = 0.90.

C = 0.1532 ∗ (FINES) + 11.163 (3)

From Fig. 8 it can be seen that the magnitude of the angle of internal friction of the
mix proportion decreases as percent fines increase, this is since the intermolecular
granular friction reduces because of the higher percentage of fines. The relationship
between friction angle and cohesion is given by Eq. (4) with a correlation coefficient
of R = 0.93.

FA = −0.1603 ∗ (FINES) + 24.913 (4)

Fig. 8 Relationship between
the angle of internal friction
and percentage fines
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Fig. 9 Relationship between
the angle of cohesion and
angle of friction

From Fig. 9, it is seldom observed that as the magnitude of cohesion of mixed
proportion increases the magnitude of the angle of internal friction decreases which
is akin to natural fine-grained soil behavior. The relationship between friction angle
and cohesion is given by Eq. (5) with a correlation coefficient of R = 0.89.

FA = −0.9181 ∗ (C) + 33.853 (5)

Table 5 shows details on the regressionmodel developed correlating shear strength
(SS) to percentage of sand (PS) and percentage of fine (PF), respectively (keeping
10% bentonite constant) mix proportions.

Table 6 shows details on the regressionmodel developed correlating shear strength
to percentage of sand (PS) and percentage of fine, respectively (keeping 20%
bentonite constant) mix proportions.

Table 7 shows details on the regressionmodel developed correlating shear strength
to percentage of sand and percentage of fine, respectively (keeping 30% bentonite
constant) mix proportions.

Table 8 shows details on the regressionmodel developed correlating shear strength
to percentage of sand and percentage of fine, respectively (keeping 40% bentonite
constant) mix proportions.

Table 9 shows details on the regressionmodel developed correlating shear strength
to a percentage of sand and percentage of fine, respectively (keeping 50% bentonite
constant) for the mix proportions.

Table 5 Regression
equations showing
the correlations of shear
strength with percentage sand
(10% Bentonite constant)

Combination Equation R2 value

Figure 10a SS = 0.1035PF + 59.034 0.98

Figure 10b SS = −0.1118PS + 69.631 0.98

Table 6 Regression model
developed correlating shear
strength with percent sand
(20% Bentonite constant)

Combination Equation R2 value

Figure 11a SS = 0.0486PF + 55.777 0.96

Figure 11b SS = −0.0486PS + 60.634 0.96
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Table 7 Regression model
developed correlating shear
strength with percent sand
(30% Bentonite constant)

Combination Equation R2 value

Figure 12a SS = 0.3009PF + 36.478 0.96

Figure 12b SS = −0.3009PS + 66.563 0.96

Table 8 Regression model
developed correlating shear
strength with percent sand
(40% Bentonite constant)

Combination Equation R2 value

Figure 13a SS = 0.1375PF + 43.551 0.96

Figure 13b SS = −0.1375PS + 57.301 0.96

Table 9 Regression model
developed correlating shear
strength with percent sand
(50% Bentonite constant)

Combination Equation R2 value

Figure 14a SS = 0.2337PF + 23.12 0.98

Figure 14b SS = −0.2337PS + 46.49 0.98

Table 10 Regression model
developed correlating shear
strength with percent sand
(60% Bentonite constant)

Combination Equation R2 value

Figure 15a SS = 0.132PF + 37.203 0.98

Figure 15b SS = −0.132PS + 50.403 0.98

Table 10 shows details on the regression model developed correlating shear
strength to percentage of sand and percentage of fine, respectively (keeping 60%
bentonite constant) mix proportions.

The shearing strength of fine-grained soil is primarily affected by cohesion, water
content, gradation, dry density, soil structure and thixotropy.

From Figs. 10a through 15b, it can be observed that percent fines and sand of the
mix proportion can be very well correlated with shear strength of the mix proportion
which is very useful for the estimation of shear strength, i.e., by knowing the percent
fines or sand of the mix proportion, the shear strength can be estimated with a fair
degree of accuracy.

From Figs. 10a, 11a, 12a, 13a, 14a, 15a it can be observed that the shear strength
increases with the increase in percent fine content of the mix proportions which
imparts magnitude of the cohesion of the mix proportions mainly because of the
change in the orientation of the particles from flocculated to disperse state due to the
application of the normal stress thereby increasing the shear strength. The magnitude
of shear strength of each group increases from 13.96% for Group-1 to 5.7% Group-5
respectively for percent fines.

The variation of the values here is mainly attributed due to the formation of
kaolinite (Al2Si2O5 (OH)4) and bentonite (Al2H2Na2O13Si4) itself, i.e., kaolinite
forms as a result ofweatheringof aluminumsilicateminerals such as feldsparwhereas
bentonite forms from volcanic ash in the presence of water. The naturally available
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Fig. 10 a Relationship of
percentage fines with shear
strength (10% Bentonite
Constant). b Relationship
between the percentage of
sand and shear strength (10%
Bentonite Constant)

Fig. 11 a Relationship
between percentage fines and
shear strength (20%
Bentonite Constant).
b Relationship between the
percentage of sand and shear
strength (20% Bentonite
Constant)
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Fig. 12 a Relationship
between the percentage of
fines and shear strength
(30% Bentonite Constant).
b Relationship between the
percentage of sand and shear
strength (30% Bentonite
Constant)

Fig. 13 a Relationship
between the percentage of
fines and shear strength
(40% Bentonite Constant).
b Relationship between the
percentage of sand and shear
strength (40% Bentonite
Constant)
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Fig. 14 a Relationship
between the percentage of
fines and shear strength
(50% Bentonite Constant).
b Relationship between the
percentage of sand and shear
strength (50% Bentonite
Constant)

Fig. 15 a Relationship
between the percentage of
fines and shear strength
(60% Bentonite Constant).
b Relationship between the
percentage of sand and shear
strength (60% Bentonite
Constant)
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clay soils with lower cation exchange capacity have more remediation potential and
are more susceptible to dispersion.

The kaolinite-bentonite mixtures with higher amounts of montmorillonite (or
higher amounts of bentonite) experience prolonged swelling compared with the
compacted kaolinite-bentonite samples with lower amounts of montmorillonite, due
to the higher water retention capacity of the samples rich in montmorillonite, leading
to a lower rate of water absorption.

It is noteworthy to observe here, that in the present experimental study; water
content that influences the shear strength is not only controlled by the molding water
content but also includes any changes in moisture content after placement.

4 Conclusion

Based on the above-mentioned experimental study, the following conclusions can be
made

1. Compaction characteristics, i.e., MDD, and OMC of the mix proportions can
be correlated with a fair degree of accuracy.

2. The percent fines and sand of the mix proportions can be correlated with shear
parameters C and ϕ.

3. The shear parameters C and ϕ of the mix proportion can be correlated with the
shear strength of the mix proportion.

4. The correlation between compaction characteristics, percent fines with shear
parameters and shear parameters with shear strength very well agrees with the
behavior of natural fine-grained soils having kaolinite andmontmorillonitic clay
dominance.
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A Study on Volumetric Shrinkage
of Compacted Fine-Grained Soils
Subjected to Various Energy Levels

H. S. Prasanna, C. Thrupthi, and B. Varshini

Abstract Plasticity characteristics of the soils (fine-grained) assume greater impor-
tance in view of engineering behaviour. It mainly depends on the clay mineralogical
composition, predominantly controlled by physico-chemical phenomenon. This is
due to the fact that the contradictory behaviour of the presence of the least active clay
mineral kaolinite to most active montmorillonite in addition to Illite and other clay
minerals, in different proportion. The contradictory behaviour of kaolinite and mont-
morillonite makes the study more complex. Shrinkage limit, among the Atterberg
limits (plasticity characteristic) of the soils (fine-grained), associates with degree of
packing, while the liquid and plastic limits classify the soils more qualitatively. The
shrinkage and expansion of fine-grained soils lead to distress of foundation. The study
related to volumetric behaviour of montmorillonite soils assumes a greater practical
significance. Role of compaction energy on shrinkage behaviour of soils with partic-
ular reference to soil fabric also plays a vital role in the design of earthen-related
structures. The potential shrinkage of soil is quantitatively described by the newly
proposed method for testing expansive clayey soils, known as the ring shrinkage test.
The measurements of lateral, vertical and linear shrinkages are provided by the test.
Volumetric shrinkage and shrinkage limit along with compaction energy are deter-
mined alternatively by this method. The present experimental study mainly focuses
on the effects of placement conditions, role of clayminerology and compaction effort
on the shrinkage (linear, lateral and volumetric) behaviour of compacted fine-grained
soils using ring shrinkage test. Correlations were developed between characteristics
of compaction, i.e. optimummoisture content (OMC),maximumdry density (MDD),
volumetric (VS) and lateral shrinkage (LS) with compaction energy (CE).
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1 Introduction

For the sites with expansive clayey soils to be investigated in detail, the effects of
changes in soil wetness conditions on shrinkage and swelling phenomenon (soil
volume change potential) are needed in general. According to the site conditions
various techniques are employed to modify the soil, in order to upgrade its engi-
neering soil properties. Generally, the shrinkage effect of soils is correlated with
the different compaction energies and its behaviour. The linear shrinkage can be
defined as the ratio of reduction in the vertical and lateral dimensions to its original
dimensions expressed as the percentage, when the water content of the specimen is
reduced from its in-situ value to its shrinkage limit. The basic ring shrinkage test
method allows monitoring of the volume change with a gradual lowering in water
content due to desiccation.

Knowledge of shrinkage effect of fine-soils at various compaction energy levels
assumes a huge importance regarding the significance for practical purposes. An
attempt to understand shrinkage effect on compacted soils of fine-grainwith respect to
clay mineralogy is made. It is observed that compaction control and clay minerology
are the significant factors controlling the behaviour of earthen constructions with
fine-grained soils which are compacted.

2 Literature Review

Sridharan and Prakash [1] have established the independency of the shrinkage limit
over the plasticity characteristics, which rather depends upon the grain-size distribu-
tion relation of soil. Daniel withWu [2], Benson along with Albrecht [3] and Osinubi
et al. [4, 5] have all suggested more shrinkage in compacted specimen with greater
moulding water content. While, Benson and Albrecht [3] further report, that the
compaction with higher efforts and the use of nearly optimum content of water in the
specimen have reduced the strains of volumetric shrinkage and the amount of water
per unit volume during saturation. Anand et al. [6] have made an effort to compare
volumetric shrinkage strains via digital and conventional manual approaches. [7]
explicitly attempted in developing an equation explaining the relationship of swell
per cent and swell pressure. [8]made an effort to obtain correlation between optimum
content of moisture and dry density for different soils compacted at various energy
levels of compaction. George et al. [9] state that, in relation to optimum content
of moisture (OMC) in soil, by increasing the content of water used for moulding
results in the increase in volumetric shrinkage strain. Kundiri et al. [10] have shown
that the lower magnitudes of Volumetric shrinkage strain were observed for soils
compacted at higher compactive efforts. Mahvash et al. [11] have observed that the
fly ash percentage added to the soil (as an admixture) increases the OMC values
while reducing the magnitudes of MDD. Yamusa et al. [12, 13] report that the effects
of gradation, content of fines at different gradations and water content used for
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moulding on the VS of laterite soil which is compacted. Julina and Thyagaraj [14]
have tried to determine the volume of soil material under shrinkage (other than the
crack volume) with digital camera images. Jiangtao with Jiang [15] proved experi-
mentally that through the volume adjustable process (repeated cycles of contraction
and expansion), the magnitude of the volumetric shrinkage can be reduced to about
0.1%. Udukumburage et al. [16] emphasized the applicability of the conventional
shrinkage test using oedometer, for an approximate estimation of shrinkage vertically
for expansive soils. Mishra et al. [17] have reported a systematic investigation and
analysis on the evolution of geometrical samples during evaporative de-watering.
After the literature review in detail, it is observed that the studies related to ring
shrinkage test to evaluate the expansive behaviour of natural soils (fine-grained)
having no common clay minerology and subjected to different compactive energy is
forcing the construction industry to use such soils mainly because of non-availability
of gravelly soils at large. The study related to volumetric behaviour of fine-grained
soils is of paramount importance from societal needs and eco-friendly construction
methods.

3 Materials and Methodology

For the present experimental study, six soils from Mysore district and Chamara-
janagar district were selected based on the clay mineralogical composition. The
soils were carefully brought from the field to the laboratory and subjected to air
drying. After ensuring air dried process completion, the samples were kept in hot air
oven for 24 h at 105 ± 5 °C. The samples were brought to room temperature and
powdered, sieved through 425 µm IS sieve. The samples were thoroughly mixed
to ensure the uniform degree of mix. Then they were stored in airtight containers.
These soil samples were selected on the basis of Free Swell Ratio (IS;2911, Part-3-
1980), free swell index (IS;1498-1970), modified free swell index (Sridharan et al.
[18]) to know the dominant clay mineral composition. All the samples of soil were
tested for their index property by the tests such as free swell (IS: 2720, Part 40-
1977), specific gravity (IS:2720, Part-3 (section-10)-1980), and analysis of grain size
(IS:2720, Part-4-1985). The compaction tests like reduced standard proctor (60% of
energy as that of standard proctor), standard proctor (IS:2720, Part-7-1974), reduced
modified proctor (60% of energy as that of modified proctor) and modified proctor
(IS:2720, Part-7-1980/1987) tests were performed on all the samples of soil under
study. For each of these tests, about 6–8 samples weighing 2.5 kg each were kept in
airtight double-walled polythene covers, after a thorough mix with varying moisture
contents formoulding. Thedifferent soil samples dependupon their types.Depending
upon the soil type, the samples were undisturbed for about 5–10 days to ensure the
equilibration of moisture in them. The soil samples were subjected to compaction
tests, after the period of equilibration. The tabulation that follows (Table 2) contains
the maximum density of dry soil and moisture content that is optimum for every
soil under study relating to the compaction curves obtained. The soil samples were
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statically compacted into the shrinkage rings (to the respective MDD and OMC of
various energy levels) which is made up of mild steel of diameters varying from 30
to 120 mm.

Volumetric shrinkage (VS), lateral shrinkage (LS) and compaction energy (CE)
of the specimen were calculated using the following Eqs. (1), (2) and (3):

VS = (
Vi − V f

)
/Vi (1)

LS = (
hi − h f

)
/hi (2)

CE = (N × B × RW × H)/MV (3)

where

Vi initial volume of moulded soil sample
Vf final volume of the shrunk soil sample
hi initial height of moulded soil sample
hf final volume of the shrunk soil sample
N Number of soil layers
B Number of blows
H Height of fall
RW Weight of the ram
MV Volume of mould.

Figure 1 shows the ring shrinkage testing equipment and method.
Tables 1 and 2 shows the index property and characteristics of compaction of the

soils under study.

Fig. 1 Ring shrinkage testing equipment and method



A Study on Volumetric Shrinkage of Compacted Fine-Grained Soils … 251

Ta
bl
e
1

C
la
ss
ifi
ca
tio

n
of

so
ils

an
d
ph
ys
ic
al
so
il
pr
op

er
tie

s
un

de
r
st
ud

y

So
il

sa
m
pl
e

Sp
ec
ifi
c

gr
av
ity

G
ra
in

si
ze

W
L
(%

)
W

P
(%

)
Pl
as
tic

ity
in
de
x
I P

=
W

L
−

W
P

(%
)

C
la
ss
ifi
ca
tio

n
ba
se
d
on

FS
R

C
la
ss
ifi
ca
tio

n
ba
se
d
on

FS
I

an
d
de
gr
ee

of
co
m
pa
ct
io
n

C
la
ss
ifi
ca
tio

n
ba
se
d
on

M
FS

I
sa
nd

(%
)

Si
lt

(%
)

C
la
y

(%
)

So
il-
1

2.
59

20
.0

31
.0

49
.0

38
.0

14
.0

24
.0

K
A
O
L
IN

IT
IC

L
ow

Sl
ig
ht

So
il-
2

2.
66

30
.0

53
.0

17
.0

38
.0

14
.0

24
.0

M
O
N
T
M
O
R
IL
L
O
N
IT
IC

M
ed
iu
m

Sl
ig
ht

So
il-
3

2.
80

10
.0

54
.0

36
.0

42
.0

22
.0

20
.0

M
O
N
T
M
O
R
IL
L
O
N
IT
IC

M
ed
iu
m

Sl
ig
ht

So
il-
4

2.
54

47
.0

28
.0

25
.0

54
.0

23
.0

31
.0

M
O
N
T
M
O
R
IL
L
O
N
IT
IC

M
ed
iu
m

Sl
ig
ht

So
il-
5

2.
79

45
.0

38
.0

17
.0

54
.0

29
.0

25
.0

K
A
O
L
IN

IT
IC

an
d

M
O
N
T
M
O
R
IL
L
O
N
IT
IC

L
ow

N
eg
lig

ib
le

So
il-
6

2.
60

32
.0

48
.0

20
.0

32
.0

19
.0

13
.0

K
A
O
L
IN

IT
IC

an
d

M
O
N
T
M
O
R
IL
L
O
N
IT
IC

L
ow

Sl
ig
ht



252 H. S. Prasanna et al.

Ta
bl
e
2

M
ax
im

um
de
ns
ity

of
dr
y
so
il
(M

D
D
)
an
d
op
tim

um
co
nt
en
to

f
m
oi
st
ur
e
(O

M
C
)
of

th
e
so
ils

un
de
r
st
ud
y

Ty
pe

of
co
m
pa
ct
io
n

en
er
gy

So
il-
1

So
il-
2

So
il-
3

So
il-
4

So
il-
5

So
il-
6

O
M
C

(%
)

ρ
d
m
ax

(g
/c
c)

O
M
C

(%
)

ρ
d
m
ax

(g
/c
c)

O
M
C

(%
)

ρ
d
m
ax

(g
/c
c)

O
M
C

(%
)

ρ
d
m
ax

(g
/c
c)

O
M
C

(%
)

ρ
d
m
ax

(g
/c
c)

O
M
C

(%
)

ρ
d
m
ax

(g
/c
c)

R
SP

14
.0

1.
56

14
.0

1.
61

18
.3

1.
46

32
.7

1.
45

15
.4

1.
56

34
.4

1.
58

SP
12
.8

1.
62

12
.8

1.
63

17
.0

1.
60

29
.7

1.
48

14
.4

1.
66

30
.0

1.
63

R
M
P

13
.5

1.
60

18
.0

1.
58

16
.1

1.
57

23
.4

1.
51

13
.9

1.
75

26
.8

1.
68

M
P

9.
8

1.
84

9.
8

1.
65

21
.5

0.
75

20
.7

1.
54

12
.9

1.
84

24
.0

1.
72



A Study on Volumetric Shrinkage of Compacted Fine-Grained Soils … 253

4 Discussion of the Results

Figures 2, 3, 4, 5, 6 and 7, represents the correlation between maximum density at
dryness (MDD) and optimum content of moisture (OMC) of soils under study.

Table 3 shows the correlation equations and correlation coefficients of the soils
under study.

From these figures, it can be observed that very good correlations were observed
between maximum density of dry soil and optimum content of moisture of the soils
under study. From Figs. 2, 3, 4, 5, 6 and 7 representing the correlation between

Fig. 2 Correlation of
optimum content of moisture
and maximum density of dry
soil (soil 1)

Fig. 3 Correlation of
optimum content of moisture
and maximum density of dry
soil (soil 2)

Fig. 4 Correlation of
optimum content of moisture
and maximum density of dry
soil (soil 3)

Fig. 5 Correlation of
optimum content of moisture
and maximum density of dry
soil (soil 4)
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Fig. 6 Correlation of
optimum content of moisture
and maximum density of dry
soil (soil 5)

Fig. 7 Correlation of
optimum content of moisture
and maximum density of dry
soil (soil 6)

Table 3 Correlation
equations and correlation
coefficients of the soils under
study for Figs. 2, 3, 4, 5, 6
and 7

Figures Correlation equation Correlation coefficient

Figure 2 MDD = −0.0663 OMC +
2.4858

0.99

Figure 3 MDD = –0.0087 OMC +
1.7364

0.99

Figure 4 MDD = −0.1630 OMC +
4.3164

0.96

Figure 5 MDD = −0.0069 OMC +
1.6830

0.99

Figure 6 MDD = −0.1154 OMC +
3.3367

0.99

Figure 7 MDD = −0.0138 OMC +
2.0495

0.99

optimum content of moisture and maximum density of dry soil, it can be observed
that as the moisture content in the soil increases, the value of maximum density
of the dry soil decreases. As the value of OMC increases from 9.8 to 34.4%, the
value of MDD reduces from 1.84–1.45 g/cc. The montmorillonite soil (soil 3) has
maximum value ofMDD andOMCon the other hand theminimum value is observed
in kaolinitic soil. Almost all the soils under study have a common value of regression
coefficient, i.e. R = 0.99. The optimum moisture content would permit the soil
to reach the lowest permeability and allows the soil to attain a higher degree of
compaction with application of least effort. The optimum moisture content, the type
and amount of clay present would influence the soil in any kind of changes in its
volume. Basically, kaolinite is 1:1 clay mineral while montmorillonite is 2:1 clay
mineral. Montmorillonite soil has a tendency to swell because of the dispersive
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effect and also due to the formation of diffused double layer. Kaolinite has a basal-
spacing smaller (0.72 nm) due to hydrogen bonding thanMontmorillonite soil (4 nm)
depending on the dominant exchangeable cation. The results of the present study are
value addition to the existing literature.

Figures 8, 9, 10, 11, 12 and 13 represent the correlation between compaction
energy (CE) and volumetric shrinkage (VS) of soils under study. Tables 4, 5, 6,
7, 8 and 9 show the corresponding correlation equations along with correlation
coefficients.

Legend

Fig. 8 Variation of compaction energy and volumetric shrinkage (soil 1)

Legend

Fig. 9 Variation of compaction energy and volumetric shrinkage (soil 2)
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Fig. 10 Variation of compaction energy and volumetric shrinkage (soil 3)

Legend

Fig.11 Variation of compaction energy and volumetric shrinkage (soil 4)

From Figs. 8, 9, 10, 11, 12 and 13, it can be observed that very good correlations
were observed between volumetric shrinkage and compaction energy for the soils
under study. As the diameter of the mould goes on increasing the tendency of the soil
to shrink goes on decreasing. In turn, as the diameter of the mould increases keeping
the depth of the mould as constant the volume of the soil also increases, which means
higher the volume of the soil lesser the shrinkage observed. This phenomenon has
takenplacedue to the close packingof soil particles, as the volumeof the soil increases
the particles become tightly packed due to which void ratio reduces, simultaneously
reducing the shrinkage.
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Legend

Fig. 12 Variation of compaction energy and shrinkage of volume (soil 5)

Fig. 13 Variation of
compaction energy and
shrinkage of volume (soil 6)

Table 4 Correlation
equations with correlation
coefficients (Fig. 8)

Diameter (mm) Correlation equation Correlation
coefficient

30 VS = −0.0021 CE +
15.141

0.95

60 VS = −0.0022 CE +
14.867

0.96

90 VS = −0.0021 CE +
14.214

0.93

120 VS = −0.0022 CE +
13.878

0.96
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Table 5 Correlation
equations with correlation
coefficients (Fig. 9)

Diameter (mm) Correlation equation Correlation
coefficient

30 VS = −0.0047 CE +
20.680

0.98

60 VS = −0.0047 CE +
20.226

0.98

90 VS = −0.0046 CE +
19.847

0.99

120 VS = −0.0044 CE +
18.643

0.99

Table 6 Correlation
equations with correlation
coefficients (Fig. 10)

Diameter (mm) Correlation equation Correlation
coefficient

30 VS = −0.0020 CE +
17.434

0.93

60 VS = −0.0021 CE +
17.303

0.93

90 VS = −0.0020 CE +
16.986

0.94

120 VS = −0.0023 CE +
16.616

0.97

Table 7 Correlation
equations with correlation
coefficients (Fig. 11)

Diameter (mm) Correlation equation Correlation
coefficient

30 VS = −0.0040 CE +
27.899

0.94

60 VS = −0.0039 CE +
27.083

0.91

90 VS = −0.0036 CE +
26.222

0.94

120 VS = −0.0035 CE +
25.584

0.93

Table 8 Correlation
equations with correlation
coefficients (Fig. 12)

Diameter (mm) Correlation equation Correlation
coefficient

30 VS = −0.0016 CE +
14.740

0.95

60 VS = −0.0017 CE +
14.361

0.97

90 VS = −0.0015 CE +
13.782

0.94

120 VS = −0.0014 CE +
13.378

0.95
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Table 9 Correlation
equations with correlation
coefficients (Fig. 13)

Diameter (mm) Correlation equation Correlation
coefficient

30 VS = −0.0028 CE +
23.835

0.96

60 VS = −0.0024 CE +
21.469

0.95

90 VS = −0.0030 CE +
20.193

0.99

120 VS = −0.0030 CE +
20.503

0.97

From these correlation equations by knowing the compaction energy imparted
to the soil, it is possible to estimate the volumetric shrinkage for different diameter
with fair degree of accuracy. It can be observed that, as compactive energy increases
the volumetric shrinkage decreases. For the soils having different clay minerology
and compactive energy, the maximum value of volumetric shrinkage is observed in
the soil moulded in 30 mm diameter ring, whereas, minimum values of volumetric
shrinkage were observed in the soil samples in the moulds of 120 mm diameter.
This tendency highlights the role of volume of soil associated with the shrinkage
of the soil volume. The maximum and minimum values of volumetric shrinkage
observed in kaolinitic soil are 15% and 8%, respectively. In case of montmorillonite
soil, the values of volumetric shrinkage vary from the maximum per cent of 29 to the
minimum per cent of 7.5. As for kaolinitic and montmorillonite soil, the magnitude
of volumetric shrinkage varies from minimum to maximum values of 9–23%. The
minimumvalue of volumetric shrinkage is observed in kaolinitic soil (soil 1) whereas
the maximum value of volumetric shrinkage is observed in montmorillonite soil (soil
4). Soil 2, 3 and 4 have the same clay minerology (montmorillonite) but they differ
with respect to the percentage of silt and clay present. Soil 2 has 17%of clay,whereas,
soil 3 and 4 has 36% and 25% of clay, respectively. The presence of clay plays a vital
role in deciding the amount of volumetric shrinkage. Soil 4 has the maximum value
of volumetric shrinkage even if the percentage clay present in the soil is low when
compared to that of soil 3. For higher values of OMC, higher volumetric shrinkage
is observed, i.e. as the presence of moisture increases the tendency of soil to shrink
also increases, due to inter-particle orientation in presence of water. Figures 14, 15,
16, 17, 18 and 19, represents the correlation between compaction energy (CE) and
lateral shrinkage (LS) of soils under study. Tables 10, 11, 12, 13, 14 and 15 show the
corresponding correlation equations along with correlation coefficients.

From these figures, it can be observed that very good correlations were observed
between lateral shrinkage and compaction energy for the soils under study. From
these correlation equation by knowing the compaction energy imparted to the soil it
is possible to estimate the lateral shrinkage for different diameter with fir degree of
accuracy. It can be observed that maximum lateral shrinkage is found in the soil of
mould 30 mm diameter and the minimum in the soil of mould 120 mm diameter, this
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Fig.14 Variation of compaction energy and lateral shrinkage (soil 1)

Fig. 15 Variation of
compaction energy and
lateral shrinkage (soil 2)

trend is followed by all the soils under study having different clay minerology. As the
magnitude of compaction energy increases the values of lateral shrinkage decreases.

The maximum value of lateral shrinkage for the kaolinitic soil is observed to be
1.7% and the minimum value is observed to be 0.1%. In case of montmorillonite
soil, the maximum and minimum values of lateral shrinkage vary from 10% to
0.1%, respectively. As for the kaolinitic and montmorillonite soil, the value of lateral
shrinkage changes from the maximum of 5.9% to the minimum of 0.7%.
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Fig.16 Variation of compaction energy and lateral shrinkage (soil 3)

Fig.17 Variation of
compaction energy and
lateral shrinkage (soil 4)

The value of lateral shrinkage is observed to be minimum in kaolinitic soil,
whereas, the montmorillonite soil has the maximum value of lateral shrinkage. Soil-
2, 3 and 4 have the same clay minerology but vary with the percentage of clay
present. Among the three montmorillonite soils, soil-4 has the maximum value of
lateral shrinkage, due to the higher values of OMC. The presence of higher moisture
content increases the tendency of the soil to shrink. The percentage of OMC and the
percentage of clay present plays a major role in deciding the volumetric shrinkage
along with lateral shrinkage soil properties, highlighting the role of clay minerology.
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Fig. 18 Variation of
compaction energy and
lateral shrinkage (soil 5)

Fig. 19 Variation of
compaction energy and
lateral shrinkage (soil 6)

Table 10 Correlation
equations with correlation
coefficients (Fig. 14)

Diameter (mm) Correlation equation Correlation
coefficient

30 LS = −0.0004 CE +
1.6061

0.90

60 LS = −0.0003 CE +
1.3463

0.94

90 LS = −0.0003 CE +
1.1999

0.95

120 LS = −0.0003 CE +
0.9821

0.90
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Table 11 Correlation
equations with correlation
coefficients (Fig. 15)

Diameter (mm) Correlation equation Correlation
coefficient

30 LS = −0.0013 CE +
4.4393

0.94

60 LS = −0.0012 CE +
3.6002

0.90

90 LS = −0.0009 CE +
2.6971

0.90

120 LS = −0.0008 CE +
2.0547

0.90

Table 12 Correlation
equations with correlation
coefficients (Fig. 16)

Diameter (mm) Correlation equation Correlation
coefficient

30 LS = −0.0017 CE +
8.1426

0.90

60 LS = −0.0018 CE +
7.9391

0.99

90 LS = −0.0019 CE +
7.8293

0.99

120 LS = −0.0017 CE +
6.9685

0.95

Table 13 Correlation
equations with correlation
coefficients (Fig. 17)

Diameter (mm) Correlation equation Correlation
coefficient

30 LS = −0.0016 CE +
10.401

0.96

60 LS = −0.0016 CE +
10.184

0.96

90 LS = −0.0015 CE +
9.4603

0.90

120 LS = −0.0014 CE +
8.9867

0.90

Table 14 Correlation
equations with correlation
coefficients (Fig. 18)

Diameter (mm) Correlation equation Correlation
coefficient

30 LS = −0.0011 CE +
6.0732

0.94

60 LS = −0.0012 CE +
5.7804

0.94

90 LS = −0.0012 CE +
5.3213

0.94

120 LS = −0.0011 CE +
4.8864

0.97



264 H. S. Prasanna et al.

Table 15 Correlation
equations with correlation
coefficients (Fig. 19)

Diameter (mm) Correlation equation Correlation
coefficient

30 LS = −0.0011 CE +
3.9171

0.97

60 LS = −0.0011 CE +
3.8090

0.98

90 LS = −0.0010 CE +
3.4954

0.99

120 LS = −0.0010 CE +
3.3192

0.98

Figures 20, 21 and 23, represents the correlation between compaction energy (CE)
and volumetric shrinkage (VS) of soils under study for diameters 30 mm, 60 mm,
90 mm and 120 mm, respectively. Tables 16, 17, 18 and 19 show the corresponding
correlation equations along with correlation coefficients.

From these figures, it can be observed that very good correlations were observed
between volumetric shrinkage and compactive energy for the soils under study tested
with different diameters of the rings used. From the figures, Figs. 20, 21, 22 and 23
represent the correlation of the compactive energy and volumetric shrinkage, keeping
the diameter of the mould as constant. Here, it can be observed that for all the soil
moulds of varying diameter (30, 60, 90 and 120 mm) the maximum volumetric
shrinkage is obtained for the montmorillonite soil (soil-4), and the minimum value
is obtained for the kaolinitic and montmorillonite soil (soil-5). This implies that the
clay minerology is crucial in deciding the shrinkage properties of any soil under
investigation.

Fig. 20 Variation of volumetric shrinkage with compaction energy keeping diameter 30 mm of the
ring as constant
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Fig. 21 Variation of volumetric shrinkage with compaction energy keeping diameter 60 mm of the
ring as constant

Table 16 Correlation
equations with correlation
coefficients (Fig. 20)

Soil sample Correlation equation Correlation coefficient

Soil 1 VS = −0.0032 CE +
19.652

0.91

Soil 2 VS = −0.0047 CE +
20.680

0.98

Soil 3 VS = −0.0020 CE +
17.434

0.93

Soil 4 VS = −0.0040 CE +
27.899

0.93

Soil 5 VS = −0.0016 CE +
14.750

0.95

Soil 6 VS = −0.0028 CE +
23.835

0.96

Table 17 Correlation
equations with correlation
coefficients (Fig. 21)

Soil sample Correlation equation Correlation coefficient

Soil 1 VS = −0.0032 CE +
18.932

0.92

Soil 2 VS = −0.0047 CE +
20.226

0.99

Soil 3 VS = −0.0021 CE +
17.303

0.92

Soil 4 VS = −0.0039 CE +
27.083

0.90

Soil 5 VS = −0.0017 CE +
14.361

0.95

Soil 6 VS = −0.0024 CE +
21.469

0.95
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Table 18 Correlation
equations with correlation
coefficients (Fig. 22)

Soil sample Correlation equation Correlation coefficient

Soil 1 VS = −0.0036 CE +
18.092

0.91

Soil 2 VS = −0.0044 CE +
18.643

0.98

Soil 3 VS = −0.0020 CE +
16.986

0.94

Soil 4 VS = −0.0035 CE +
25.584

0.90

Soil 5 VS = −0.0014 CE +
13.378

0.91

Soil 6 VS = −0.0030 CE +
20.503

0.98

Fig. 22 Variation of volumetric shrinkage with compaction energy keeping diameter 90 mm of the
ring as constant

Fig. 23 Variation of volumetric shrinkage with compaction energy keeping diameter 120 mm of
the ring as constant
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Table 19 Correlation
equations with correlation
coefficients (Fig. 23)

Soil sample Correlation equation Correlation coefficient

Soil 1 VS = −0.0035 CE +
18.682

0.92

Soil 2 VS = −0.0046 CE +
19.847

0.98

Soil 3 VS = −0.0020 CE +
16.986

0.92

Soil 4 VS = −0.0036 CE +
26.222

0.91

Soil 5 VS = −0.0015 CE +
13.782

0.93

Soil 6 VS = −0.0030 CE +
20.913

0.97

5 Potential Field Applications

Due to alternate swelling and shrinkage of expansive soils of structures founded on
compacted expansive soils would be severely damaged which occurs in the region
of active zone. The volume of soil associated below any foundation level within the
influential zone relies on any.

• lateral pressure such as earthquake, tectonic movements
• deep cuttings like mining
• overstressing indicating heavy loads
• groundwater fluctuations.

Any experimental study related to volumetric and lateral shrinkage of expan-
sive soils is of paramount importance from practical applications. The magnitude
of volumetric and lateral shrinkage mainly depends upon the clay mineralogical
composition, i.e. presence of active clay mineral, soil fabric and the magnitude of
compactive energy imparted to the soil. The present experimental study highlights,
the role of clay minerology and compactive energy in controlling the volumetric and
lateral shrinkage of expansive soilswhich can be assessed by knowing the compactive
energies imparted to the soil like reduced standard Proctor, standard Proctor, reduced
modified Proctor andmodified Proctor, respectively, while designing the shallow and
deep foundations in addition to clay liner applications.

6 Conclusions

Conclusions that follow are derived from the present experimental study:

1. The kaolinitic soil has lower magnitude of optimum content of moisture (OMC)
and higher magnitude of maximum density of dry soil (MDD) in comparison
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with the montmorillonite soil, which has a higher magnitude of OMC and a
lower magnitude of MDD.

2. Volumetric shrinkage of the soils under study vary with the magnitudes of
compactive energy imparted, i.e. as the compactive energy increases, the
magnitude of volumetric shrinkage decreases.

3. The maximum volumetric shrinkage is observed for the soil in the mould of
diameter 30 mm, which is nearly onefold greater than the maximum volumetric
shrinkage observed in the soil in the mould of 120 mm diameter.

4. For all the soils under study lower the values of compactive energy, higher values
of the lateral shrinkage are observed.

5. The maximum lateral shrinkage is observed for the soils in mould of diameter
30 mm which is nearly 3-folds more than the lateral shrinkage observed in the
soils in the mould of 120 mm diameter.
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Engineering, Department of Civil engineering, The National Institute of Engineering, Mysuru for
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A Study on Secondary Compression
of Compacted Fine-Grained Soils

H. S. Prasanna, B. V. Rachana, R. Anusha,
and Ganesh Basavaraj Badaradinni

Abstract A manifestation of the effects of structural mechanics is the relationship
linking the structure of soil and mechanical behavior. Compaction is a mechanical
process modification of soil structure by the expulsion of pore air from the voids,
whereas consolidation is a process of expulsion of pore water pressure in which
settlement takes place. Secondary compression generally happens after the end of
primary consolidation may demonstrate a steady decrease or increase over a substan-
tial period. In order to calculate long-term foundation deformation, understanding
the impact of secondary compression is fundamental. Foundation failures can happen
by either shear failure or settlement failure, whereas shear failure is instantaneous
and settlement failure occurs over a while. Depending on the magnitude and demo-
graphic location of the structure, the permissible settlement of the structure should
not settle more than 25 and 40 mm allowable as per IS guideline to minimize distress
to the foundation. The present experimental study is made on five field soils, and two
soils having a liquid limit of 55% and another three soils of 68% of a liquid limit have
been also considered. These soils were subjected to IS light and heavy compaction
energy levels and static compaction to attend the desired compaction characteristics
and achieve the required OMC and MDD; additionally, soils were subjected to a
one-dimensional consolidation test from a seating load of 6.25–1600 kPa through a
load increment ratio of 1 for different placement conditions. The variation of void
ratio with pressure for the soil having a different clay mineralogy for different place-
ment conditions was analyzed. Correlations were developed between pressure and
the magnitude of secondary compression, for soils having different clay mineralogy.
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1 Introduction

As known from various case studies, generically the land available for the construc-
tion activities is reducing day by day. Invariably, we are supposed to use the marginal
lands and landfills for the construction purpose. It is only made out if the landfills and
marginal lands are composed of coarse-grained soil. For this purpose, fine-grained
soils are used in the process. The coarse-grained soil is a majority preferred as the
engineering behavior of this soil is described as a physical phenomenon, but as for
that of fine-grained soil contains different clay minerals, and hence the engineering
behavior is described as a physicochemical process. The major problem faced with
that of fine-grained soil is that of the poor average weighing capacity and settlement,
which associates compaction and consolidation. As far as compaction of fine-grained
soil is considered, the effect of primary and secondary settlement characteristics are
to be considered while designing the sub-structures on such soils. Furthermore, if
the consolidation of the fine-grained soil is considered, the clay mineralogy has to be
considered since the fine-grained soil contains different clay minerals. For example,
kaolinitic soil has a flocculating behavior whereas montmorillonitic soil has high
water-absorbing properties and it is subjected to shrinkage and swelling and hence
leads to distress of the complete structure. To obtain a better perceptive of the soil,
the characteristic settlements must be considered with the realistic application.

The present experimental research aims to investigate the condition of the ability
of consolidation characteristics of fine-grained soils and secondary compression
characteristics of fine-grained compacted soils at different levels of energy.

2 Literature Review

Sridharan and Rao [1] based on an experimental study mechanism to regulate
secondary clay compression concluded that secondary compression decreased
co-efficiently with a decrease in the void ratio and an increase in pressure.

Mesri andCastro [2] observed thatCα/Cc of any individual soil exhibits secondary
compression behavior. They conclude that in order to achieve the behavior of the
coefficient of earth pressure at rest Kz throughout secondary compression K0, the
Cα/Cc definition was used.

Navarro and Alonso [3] observed that secondary compression of local clay dehy-
dration processes can be described in terms of water conversion from clay aggregates
to bulk water.

Bui et al. [4] based on their experimental study on the secondary compression of
clay through 1-D consolidation tests showed that the relationship of time settlement
does not follow Terzaghi theory. Solutions for the calculation of creep settlements of
a porous viscoelastic base material have been presented. Direct numerical inversion
of the solution is used to obtain the time-dependent solution.
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Mesri and Vardhanabhuti [5] made an experimental study on the large volume of
accurate 1-D settlement measurements observed in the laboratory. He noted that the
�s/�log t can remain steady increases or decreases for a considerable amount of
time.

Sompie et al. [6] conducted a study on secondary behavior in three types of
consolidation tests. The time-dependent existence of the standard consolidation (SC),
constant strain rate consolidation (CSRC), and constant loading rate consolidation
(CLRC) analyses is systematically defined by a clear assumption that time-dependent
volume changes are due to shearing.

Takeda et al. [7] made an experimental study taking place 1-D consolidation
analysis described for predicting the consolidation time curve of clay exhibiting
secondary compression during primary consolidation.

El Amin Bourouis et al. [8] conducted a study on two approaches to faster predic-
tion. One is through the machines by learning a multi-gene genetic program and the
other with the algorithm and artificial neural networks.

Raheena and Robinson [9] carried out an experimental analysis on a technique
using the

√
t method to measure the secondary compression coefficient from the

rapid cumulative loading consolidation test protocol. Each of the pressure increments
applied in this experimental study is to achieve a linear secondary compression in
the log t plots.

Jiang et al. [10] observed that Cαmax is associated with the soft soil-bound
water content and represents the impact of soil composition on soft soil secondary
compression characteristics.

Studies related to the variation of Cα have compacted fine-grained having
dissimilar clay mineralogy, and placement conditions are very scanty.

3 Materials and Method

3.1 Selection of Natural Soils

It has been decided to conduct the experimental investigation on two field soils—one
kaolinitic and the other montmorillonitic, having the same liquid limit in the lower
liquid limit range—and on two field soils—one kaolinitic and the other montmoril-
lonitic, having the same liquid limit in the higher liquid limit range along with one
pure clay mineral (China clay).

Nearly, thirty soils from different locations in Mysore and Chamarajanagar
districts were subjected to preliminary laboratory investigation involving the liquid
limit and free swell tests. Their liquid limits were determined using the Casagrande
percussion method according to IS: 2720-Part 5, 1985, and the nature of their clay
mineralogical composition was judged by the free swell ratio technique (Prakash
et al. [11]).



274 H. S. Prasanna et al.

3.2 Preparations of Natural Soils for Investigation

To extract the coarser fraction, the field soils from Kollegala and Kuderu were wet-
sieved through 425 μm IS sieve. To have soil fractions finer than 425 μm scale,
they were then oven-dried and powdered. The resulting soil was placed in separate
airtight plastic containers.

The field soils from the CFTRI layout and Bannur werewet-sieved through 75μm
IS sieve to remove the sand content. They were oven-dried, powdered, and placed in
separate airtight plastic containers.

The following experiments were carried out on the soil sample prepared by the
Bureau of Indian Standard specifications.

1. Specific gravity test: Using the density bottle method with kerosene as the
test liquid, the standards of the specific gravity of the soil have been collected
(IS:2720-Part-3/Sec 1, 1980).

2. Grain size analysis: The particle size distributions of the Bannur, CFTRI soil,
china clay, Kollegala soil, and Kuderu soil were obtained by combined wet
sieving and hydrometer analysis (IS: 2720, Part 4, 1985).

3. Free swell test: Bureau of Indian Standards (IS:2720, Part 40, 1977) suggests
that the free swell index of the soil be calculated as

FSI, Percent =
(
Vd − Vk

Vk

)
100 (1)

4. where Vd is a balanced sediment volume of 10 g of oven-dried soil passing
through a 425μmsieve, completelymixedwith distilledwater to create a 100ml
preliminary volume soil–water suspension in a 100 ml measuring container,
and Vk is a balanced sediment volume of 10 g oven-dried soil passing through
a 425 μm kerosene sieve with an initial volume of 100 ml of soil–kerosene
suspension in 10 g oven-dried soil.

5. Liquid limit test: The Casagrande percussion method was adopted to determine
the liquid limits of the soils (IS: 2720-Part 5, 1985). Also, liquid limit tests by
the fall cone method (IS: 2720-part 5, 1985) were also conducted on soils from
Kollegala, with water and kerosene as test liquids.

6. Plastic limit test: The plastic limit of the soils were determined using the
conventional 3 mm thread rolling process (IS: 2720-Part 5, 1985).

7. Shrinkage limit test: By the mercury displacement process, the shrinkage limits
of the soils were obtained (IS: 2720-Part 6, 1972).

Sridharan et al. [12], furthermore, observed that unconstructive free swell indices
for kaolinite-rich soils were provided by the IS process. They proposed the use of
the modified free swell index (MFSI) to indicate the degree of expansivity of soils.

i.e., MFSI = Vd/10
(
cm3/g

)
(2)
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In the present experimental work, both FSI and MFSI of soils were determined.
Since Sridharan et al. [13] showed with the aim the balanced sediment volume of
soil in kerosene and that in CCl4 are essentially the same, kerosene was used in the
present investigation instead of carbon tetrachloride.

3.3 Classification of Soils

Soils used in this experimental investigation have been classified according to the
Unified Soil Classification System as specified by IS: 1498-1970.

Table 1 represents the index properties of all the soils obtained as per procedures
indicated above, including the IS soil classification.

3.4 Clay Mineralogy of Soils and Soil Expansivity

A plasticity chart is used in differentiating inorganic clays from inorganic silts.
Figure 1 represents the plasticity chart indicating the position of all the soils of
the present investigation on it. However, it has been noted that the plasticity chart
cannot be used to identify soils based on their degree of expansivity.

Table 2 gives the free swell ratios of all the soils under study and their dominant
clay mineralogical composition based on FSR. Table 2 also shows that the field
soil from Kuderu is montmorillonitic. However, it indicates that the field soils from
Kollegala contain both K and M clay minerals.

All geotechnical laboratories cannotmeet the expense to have sophisticated instru-
ments such as X-ray diffractometer and the like for the qualitative identification of
clay minerals present. In such cases, identification of clay mineral type by a simple
method, which can serve the required purpose with a fair degree of accuracy, is a
welcome move. In this context, FSR has been shown to serve this purpose admirably
well. Hence, following the procedure is suggested to classify the soils depending
upon their degree of expansivity.

• Determine the stabilized sediment volumes of fine-grained oven-dried soils
passing through 425 μm sieve using two 100 ml measuring jars of distilled water
and carbon tetrachloride as test liquids and the actual volumes of soil–liquid
suspensions in the two jars being 100 ml.

• Calculate the free swell ratio as the ratio of Vd to Vk (i.e., Eq. 3).
• Identify the soil as kaolinitic if FSR is less than unity or as montmorillonitic if

FSR is more than 1.5.
• If FSR is between 1.0 and 1.5, the soil under consideration is ofmixed claymineral

type.

To identify the dominant clay mineral present in soils containing more than one
clay mineral, Prakash et al. [11] proposed that the liquid limit of the soils should
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Fig. 1 Position of the soil
understudy on the plasticity
chart

Table 2 Free swell ratio of the soils under study and corresponding dominant clay mineral type

S. No. Soil Vd (cm3) Vk (cm3) FSR Dominant clay mineral types

01 Kollegala soil 14.0 11.0 1.27 Kaolinitic

02 Kuderu soil 16.0 8.0 2.00 Montmorillonitic

03 Bannur soil 19.5 17.5 1.11 Kaolinitic–montmorillonitic

04 CFTRI layout soil 17.0 12.0 1.42 Montmorillonitic

05 China clay 20.0 34.5 0.58 Kaolinitic

be calculated by means of the fall cone procedure with distilled water and CCl4 as
pore liquids. If the fall cone liquid limit of the soil in distilled water is more than
that of CCl4, it implies that the prevalent clay mineral in the soil is montmorillonitic.
On the other hand, if the fall cone liquid limit of soil in CCl4 is more than that in
distilled water, it indicates the dominance of kaolinite clay mineral in the soil. Table
3 presents the details of the fall cone liquid limit test results on the soils. Table 4
represents the re-designation of soils under study.

1. Compaction Tests

Table 3 Results from fall cone liquid limit tests

S. No. Soil Liquid limit (%) Dominant clay mineral(s) type

In distilled water In CCl4

1 Kollegala soil 43 54 Kaolinitic

2 Bannur soil 61 63 Kaolinitic–montmorillonitic

3 CFTRI layout soil 61 46 Montmorillonitic
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Table 4 Re-designation of soil understudy

S. No. Soil source Re-designation of soils

S1 Kollegala soil Soils of the same group of low liquid limit K-soil

S2 Kuderu soil M-soil

S3 Bannur soil Soils of the same group of high liquid limit KM-soil

S4 CFTRI layout soil M-soil

S5 China clay K-soil

Light and heavy compaction tests were performed on the soils under study (IS: 2720,
Part-7, 1980; IS: 2720, Part-8, 1983). Approximately 6 to 8 samples, eachwith amass
of 2.5 kg, were thoroughly mixed with dissimilar molding water contents for every
oneof these tests, including light andheavycompaction tests, andkeptwithin separate
polythene covers. Depending on the soil quality, these samples were preserved for
moisture equilibriumof betweenfive and tendays.After this equilibriumduration, the
compaction tests are performed on these soil samples. The compaction characteristics
of the soil under the study i.e.,MDDandOMCfor both IS light and heavy compaction
test were determined and tabulated.

2. Consolidation Tests on Compacted Soils

• Sample preparation for consolidation testing

Consolidation tests were conducted on compacted soils of the same group of low
liquid limit (i.e., K-soil and M-soil) and compacted soils of the same group of high
liquid limit (i.e., KM-soil, M-soil, and K-soil). As it was noticed that the consol-
idation was taking a prohibitively long duration of time, it was not considered in
this experimental program. Since both kaolin and China clay are pure kaolinite clay
minerals, only China clay was considered for a consolidation test. The consolidation
tests were done at three levels of initial molding water contents—water contents
corresponding to ρdmax (i.e., OMC), 0.95 ρdmax on the dry side of optimum, and 0.95
ρdmax on the wet side of optimum.

Every soil under analysis was mixed by the requisite water content and acceptable
for moisture equilibration later than ensuring the steadiness of the appropriate water
content of the soil sample, and the intended capacity of matured soil was compacted
into the consolidation ring to accomplish the requisite dry density.

The consolidation ringwas then assembledwith the compacted soil sample having
the appropriate molding water content and dry density in its location on the consol-
idation cell. The consolidation cell was used for the investigational work is of a
double drainage fixed ring type and has the facility to perform the variable head
permeability test on the soil sample as well. The inner diameter of the consolidation
ring is 60 mm, and the height is 20 mm. To decrease the friction, the inside surface
of the consolidation ring was soiled with silicone lubricant before compacting the
soil into it.
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• Load–deformation–time measurements for compacted soils

Consolidation tests were conducted according to IS: 2720, Part 15 (1986) (28). To
gauge the vertical deformation of the soil sample, a seating consolidation stress of
6.25 kPa was functional and diluted water was supplementary to the consolidation
cell after the consolidation cell was installed in its spot on a consolidation loading
frame designed with a sensitive dial gauge with a least count of 0.002 mm.

Beneath the seating stress, the soil samples were allowed to balance. Some soil
samples exhibited swelling on the addition of water into the consolidation cell. In
such cases, time-swelling readings were recorded till the equilibrium was reached.
The samples were loaded from 6.25 to 1600 kPa through a stress increment ratio of
the accord. Beneath each consolidation stress increment, time compression readings
were recorded till the near-equilibrium state was reached.

Beneath consolidation stress of 1600 kPa, the samples were unloaded in stages
to seating stress of 6.25 kPa after hitting the near-equilibrium state (IS: 2720, Part
15, 1986). Then, the samples were dismantled and weighed. Their final heights were
measured.

4 Experimental Results and Discussion

4.1 e-logσ′ Behavior

i. Effect of placement conditions.

Figure 2a, b presents the e-log σ ′ curves of K-soil andM-soil belonging to the same
group of low liquid limit, respectively.

One of these two figures comprises three curves—one corresponding to the soil
at an optimum compacted condition, one corresponding to the soil compacted at an
optimum dry side, and the other to the soil at the wet side at an optimum compacted at
a limit of 0.95ρdmax . The following observations can bemade from these illustrations.

• The soils compacted to the same placement density (i.e., 0.95 ρdmax) show dissim-
ilar e-log σ ′ curves under different preliminary water contents adopted during
compaction.

• The e-log σ ′ curve of thewet-side compacted soil is above that of the soil trampled
on the dry side of the optimum. This means that the equilibrium void ratio of wet-
side trampled soil at any successful consolidation stress level is often greater than
that of dry-side compacted soil. While this similar behavior is demonstrated by
bothK-soil andM-soil, the regulation mechanisms in both cases may be different.

In general, soil fabric changes from a more flocculent type on the dry side of the
optimum to a comparatively more oriented/less flocculent type on the wet side of the
optimum. In K-soil, flocculent fabric on the dry side of the optimum is susceptible to
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Fig. 2 a: e-log σ ′ curves for
K-soil of the same group of
the low liquid limit under
different placement
conditions. e-log σ ′ curves
for M-soil of the same group
of the low liquid limit under
different placement
conditions

break down even at lower effective consolidation stresses resulting in more compres-
sion, which is evident from Fig. 2a. InM-soil, due to the presence of relatively more
oriented fabric, which is favorable for the full development of the diffused double
layer, the inter-particle repulsive forces develop. This leads to a more equilibrium
void ratio on the wet side of optimum under several effective consolidation stresses.

Figures 3a–c presents the e-log σ ′ curves of soils of the same group of high liquid
limit, namely KM-soil, M-soil, and K-soil, respectively.

All these soils often have their e-log-like curves compacted on the wet side of
optimum above those of soil samples firmed on the dry side of optimum. In Fig. 3a,
the e-log σ ′ curves of KM-soil corresponding to be firmed on dry and wet sides of
optimum states appear to be almost identical. Due to the almost equal dominance
of both kaolinitic and montmorillonitic clay minerals, which leads to counteracting
effects, no distinct difference can be seen between this e-log σ ′ curves. The domi-
nance of inter-particle repulsive forces due to the relatively more oriented fabric on
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Fig. 3 a: e-log σ ′ curves for KM-soil of the same group of the high liquid limit under different
placement conditions. b e-log σ ′ curves forM-soil of the same group of the high liquid limit under
different placement conditions. c: e-log σ ′ curves for K-soil of the same group of the high liquid
limit under different placement conditions

the wet side of optimum, which results in the higher equilibrium void ratio under any
effective consolidation stress level, can be seen from the e-log σ ′ curves of M-soil
(Fig. 3b). Similarly, Fig. 3c illustrates the early breakdown of the flocculent fabric
of K-soil on the dry side of optimum leading to the lower equilibrium void ratio of
the dry side compacted soil samples.

Formore clarity, the void ratios of soil sampleswith different placement conditions
are normalized using the void ratio at seating effective consolidation stress (i.e., at
6.25 kPa), and these normalized void ratios are plotted against log σ ′.

4.2 δ-log t Curves

The conventional δ-log t curve following Terzaghi’s one-dimensional consolidation
theory has a reverse s-shape with an initial well-defined parabolic region followed
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by a linear portion leading to a reverse curve and a linear portion representing the
secondary consolidation zone.

The δ-log σ ′ curves of compacted soils can be considered to have three regions,
namely distinctly over the consolidated or pre-yield zone, zone concerning the tran-
sition from over-consolidated state to normally consolidated state, and distinctly
normally consolidated zone or post-yield zone.

The secondary compression is computed for the δ-log t plots in the post-yield
region (after the end of primary consolidation that is the slope of the δ-log t plots
after the soil attaining primary consolidation) because the soil exhibits a typical
reverse s-shaped curve as it is a characteristic feature of normally consolidated soil as
proposed by Terzaghi for the soil under study containing a different clay mineralogy
and liquid limit.

Figure 4a through c represents typical δ-log t curves (K-soil) belonging to a
group of high liquid limits compacted on dry, OMC, and wet placement conditions,
respectively.

Fig. 4 a Typical δ-log t curves forK-soil (wL = 55%) compacted on dry side of optimum. bTypical
δ-log t curves for K-soil (wL = 55%) compacted at OMC. c: Typical δ-log t curves for K-soil (wL
= 55%) compacted on wet side of optimum
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Fig. 5 a Typical δ-log t curves forM-soil (wL = 54%) compacted on dry side of optimum. bTypical
δ-log t curves for M-soil (wL = 54%) compacted at OMC. c Typical δ-log t curves for M-soil (wL
= 54%) compacted on wet side of optimum

Figure 5a through c represents typical δ-log t curves (M-soil) belonging to
high liquid limit group compacted on dry, OMC, and wet placement conditions,
respectively.

Figure 6a through c represents typical δ-log t curves (KM-soil) belonging to
high liquid limit group compacted on dry, OMC, and wet placement conditions,
respectively.

Figure 7a through c represents typical δ-log t curves (M-soil) belonging to
high liquid limit group compacted on dry, OMC, and wet placement conditions,
respectively.

Figure 8a through c represents typical δ-log t curves (K-soil) belonging to
high liquid limit group compacted on dry, OMC, and wet placement conditions,
respectively.

Each of Figs. 4a through 8c shows the validity of the δ-log t curves of consolidation
loading in thepre-yield zone, the transition zone, and thepost-yield zone.The analysis
of these figures may be used to make subsequent observations.

The delayed compression describes the δ-log t curves of the pre-yield region. This
is expressed through the preliminary linear portion of the δ-log t curve over a while
of consideration, afterward the concave down the curve. Most of the δ-log t curves in
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Fig. 6 a Typical δ-log t curves for KM-soil (wL = 67%) compacted on dry side of optimum.
b Typical δ-log t curves for KM-soil (wL = 67%) compacted at OMC. c Typical δ-log t curves for
KM-soil (wL = 67%) compacted on wet side of optimum

the pre-yield zone do not demonstrate a predictable reverse s-shaped curve, which is
distinctive of over-consolidated soils, despite the fact that stress increased the ratio
being one. Because of this, it is not achievable to be relevant to the time fitting the
logarithm method to measure the consolidation coefficient in such situations.

Over the transition region, the tendency of delayed compression is reduced and
distinct reverse s-shaped curves result from consolidation loading in the post-yield
zone. Figures 4b, 5a, 6a–c, 7a–c, and 8a, b show the plodding shift in the form of the
δ-log t curve from that of over-consolidated soil to that of the normally consolidated
soil is quite evident. It should be noted that a stress increase ratio of unity corresponds
to all the δ-log t curves shown above bearing different shapes.
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Fig. 7 a Typical δ-log t curves forM-soil (wL = 68%) compacted on dry side of optimum. bTypical
δ-log t curves for M-soil (wL = 68%) compacted at OMC. c Typical δ-log t curves for M-soil (wL
= 68%) compacted on wet side of optimum

4.3 Variation of Cα with Pressure (log α)

Instant and delayed compressions for normally consolidated natural soils are compo-
nents of a continuous volume change mechanism. Soil compressibility is determined
by the composition and physicochemical environment. The magnitude of the coef-
ficient of secondary compression (Cα) of compacted fine-grained soils having poles
apart clay mineralogy subjected to IS light and heavy compaction energy levels was
computed by using Eq. (3) with the help of δ-log t curves.

Cα = �e/� log t (3)

(where e = void ratio and t = time).
Figure 9a through e shows the variation of secondary compression (Cα) with

respect to pressure (log α).
The secondary compression (Cα) value of the group of the low liquid limit and

high liquid limit soils is comparedwith different placement conditions. The following
observations are made from the above figures.
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Fig. 8 a Typical δ-log t curves forK-soil (wL = 68%) compacted on dry side of optimum. bTypical
δ-log t curves for K-soil (wL = 68%) compacted at OMC. c Typical δ-log t curves for K-soil (wL
= 68%) compacted on wet side of optimum

K-soil of both high and low liquid limit groups has lower values of Cα at OMC
when compared to dry and wet sides of optimum conditions, due to the cause of
flocculation. M-soil of the lower liquid limit group has higher values of Cα on dry
side of optimum and lower values on wet side of optimum. This tendency is reversed
in a higher liquid limit group owing to the effect of diffuse double layer formation
which leads to a higher magnitude of compression which was observed during the
one-dimensional consolidation test. It is also observed that KM-soil of the group
of the high liquid limit also has higher values of Cα on dry side of optimum and
lower value of Cα OMC at optimum due to the balancing of attractive and repulsive
forces of kaolinitic and montmorillonitic soils. The magnitude of Cα for KM-soil
increases with respect to pressure up to pre-consolidation stress value beyond which
the variation becomes insignificant. (Shrinkage index of KM-soil is slightly lower
than M-soil and higher than K-soil of the same group of liquid limit.)

Figure 9f through h presents the variation of secondary compression (Cα) with
pressure (log α) for the soils having the same range of liquid limit (K-soil andM-soil)
for dry, OMC, and wet side of optimum placement conditions, respectively.

FromFigs. 9f throughh, it canbeobserved that as pressure increases themagnitude
of Cα decreases for montmorillonitic soils, whereas, for kaolinitic soil, Cα values
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�Fig. 9 a Variation of Cα with pressure (log α) for K-soil (wL = 55%) for different placement
conditions. b Variation of Cα with pressure (log α) forM-soil (wL = 54%) for different placement
conditions. c Variation of Cα with pressure (log α) for KM-soil (wL = 67%) for different placement
conditions. d Variation of Cα with pressure (log α) forM-soil (wL = 68%) for different placement
conditions. e Variation of Cα with pressure (log α) for K-soil (wL = 68%) for different placement
conditions. f Variation of Cα with pressure (log α) for K-soil and M-soil of the same liquid limit
(wL = 55%) for dry side of optimum. g Variation of Cα with pressure (log α) for K-soil andM-soil
of the same liquid limit (wL = 55%) for OMC at optimum. h Variation of Cα with pressure (log α)
for K-soil and M-soil of the same liquid limit (wL = 55%) for wet side of optimum. i Variation of
Cα with pressure (log α) for KM-, K-, andM-soils of the same liquid limit (wL = 68%) for dry side
of optimum. j Variation of Cα with pressure (log α) for KM-, K-, and M-soils of the same liquid
limit (wL = 68%) for OMC at optimum. k Variation of Cα with pressure (log α) for KM-, K-, and
M-soils of the same liquid limit (wL = 68%) for wet side of optimum

Fig. 9 (continued)

slightly increase on the dry side of optimum. Similarly, at OMC, as pressure increases
the value of Cα increases up to the pre-consolidation stress value, beyond which it
decreases for M-soil. But no significant variation of Cα values was observed for K-
soil. The magnitude of Cα increases forM-soil when pressure increases, whereas for
K-soil, Cα values do not vary much with respect to pressure on wet side of optimum.
Kaolinitic soil andmontmorillonitic soil of the same low liquid limit group,Cα values
of montmorillonitic soil is higher than kaolinitic soil for all placement conditions.
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The primary reason for this behavior can be attributed due to the high dispersive
effect of montmorillonitic soils, which affects the particles to move away from each
other in the presence of water. As the percentage of soil water in soil mixture starts
reducing, causing the particles to orient themselves due to the effect of compaction
energy imparted which in turn leads to the lower value of shrinkage index.

Figure 9i through k presents the variation of secondary compression (Cα) with
pressure (log α) for the soils having the same range of liquid limit (KM-soil, K-
soil, and M-soil) for dry, OMC, and wet side of optimum placement conditions,
respectively.

The following observations were made from these figures.
For KM-,M-, and K-soils of a high group liquid limit, the magnitude of Cα tends

to increase as pressure increases on the dry side of optimum. Similarly, at OMC, the
variation of Cα for K-soil increases and decreases marginally by 10% as pressure
increases, while for M-soil, there was an 18% increase, and for KM-soil, a 45%
increase with respect to pressure. The values of Cα increase up to pre-consolidation
stress value beyond which the variation becomes insignificant on the dry side and
OMC at optimum. On wet side of optimum, for K- and M-soils, Cα values increase
and then decrease as the pressure increases, whereas forKM-soil, the variation of Cα

values is insignificant with respect to pressure. The magnitude of Cα increases up to
pre-consolidation stress value, beyondwhich it decreases on thewet side of optimum.
Further, K-soil of the high group of liquid limits shows lower values of Cα when
compared with M- and KM-soils of the same liquid limit group for all placement
conditions, due to the flocculating effect, whereas for KM-soil, higher values of
Cα were observed in relative comparison to K- and M-soils of the same group of
high liquid limit. These observations highlight the role of placement condition and
clay mineralogy of fine-grained soils with respect to the coefficient of secondary
compression.

4.4 Field Applications

Generally, during the construction phase itself, elastic settlement takes place, beyond
which primary consolidation progress consumes a few months to decades in order
to reach equilibration. The secondary compression of the soil takes place under
sustained static loading which occurs over a very long period of time after the end
of primary consolidation and generally leads to creep behavior. Any prediction of
the magnitude of secondary compression through the experimental study will help
us to find the resistance offered by the foundation under the effect of creep. It is also
observed that creep behavior mainly depends upon the profile of the soil and the
extent of soil in the influence zone. The spacing between the columns of the frame
structures should be large enough to avoid over-stressing in the influence zone. The
pressure distribution zone of the adjoining foundation should not overlap which may
lead to over-stressing leading to excessive settlement beyond the permissible limits of
settlements as per codal provisions. Soils in the stressed zone will also influence the
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magnitude of the secondary compression due to fluctuation in the groundwater table
leading to wetting and drying alternatively, which further induces cyclic stress. The
present experimental study helps in understanding the variation in the magnitude of
secondary compression with effective consolidation stress for soils having a different
clay mineralogy and liquid limit which is of immense practical applications.

5 Conclusions

The conclusions can be drawn based on a detailed experimental study.

• The compaction process induces stress history effect in the compacted fine-
grained soil.

• Soils having lower shrinkage index compress less than soils having a higher degree
of shrinkage index, thus imparting that the shrinkage limit is a degree of packing
phenomenon rather than plasticity characteristic.

• The fabric, clay mineralogy, and placement conditions play a leading role as
controlling mechanisms in the e-log α behavior of compacted fine-grained soils
having unusual clay mineralogy.

• There exists a definite and opposite trend of variation of coefficient of secondary
compression with effective consolidated stress for kaolinitic, montmorillonitic,
and kaolinitic–montmorillonitic soils.

Acknowledgements The authors would like to acknowledge the support given by the Research
Centre at the Department of Civil Engineering, The National Institute of Engineering, Mysuru, in
carrying out the experimental study.

References

1. Sridharan A, Rao AS (1982) Mechanisms controlling the secondary compression of clay.
Géotechnique 32(3):249–260

2. Mesri G, Castro A (1987) Cα /Cc Concept and K0 during secondary compression. J Geotech
Eng 113(3):230–247

3. Navarro V, Alonso EE (2001) Secondary compression of local dehydration process of clay.
Géotechnique 51(10):859–869

4. Bui et al (2001) Secondary compression of clays. In: 14th Southeast Asian geotechnical
conference, geotechnical engineering, vol 2, pp 1081–1084

5. Mesri G, Vardhanabhuti B (2005) Secondary compression. J Geotech Geoenviron Eng
131(3):398–401

6. Sompie OBA, Arai K, Kita A (2008) Secondary behavior in three types of consolidation tests.
J Southeast Asian Geotechn Soc 39(3):145–158

7. Takeda T et al (2017) Secondary compression behavior in one-dimensional consolidation tests.
J Geotechn Eng 7(2):053–058



A Study on Secondary Compression of Compacted Fine-Grained Soils 291

8. El Amin Bourouis M et al (2020) Contribution of two artificial intelligence techniques in
predicting the secondary compression index of fine-grained soils. Innov Infrastruct Solut 5.
Article number 96

9. Raheena R (2020) Determination of coefficient of secondary compression in accelerated
incremental loading consolidation test. Geotech Charact Modell 85:1113–1125

10. Jiang N et al (2020) Influence of structure and liquid limit on the secondary compressibility of
soft soils. J Mar Sci Eng 8(9):627–632

11. PrakashK, SridharanA, PrasannaHS (2016)Dominant parameters controlling the permeability
of compacted fine-grained soils. Indian Geotech J 46(4):408–414

12. Sridharan A, Rao SM, Murthy NS (1985) Free swell index of soils: a need for redefinition.
Indian Geotech J 50(2):94–99

13. Sridharan A, Rao SM, Joshi S (1990) Classification of expansive soils by sediment volume
method. Geotech Test J 13(4):375



Slag–Fly Ash–Glass Powder-Based
Alkali-Activated Concrete—A Critical
Review

Shriram Marathe, I. R. Mithanthaya, and Siddhivinayaka Hegde

Abstract This paper presents some key research findings in the field of “alkali-
activated concretes” (AAC) incorporating ingredients which are industrial by prod-
ucts like slag, fly-ash, etc., as a binding ingredient. The paper gives the brief outlook
of the current development in the field alkali-activated materials for concrete appli-
cations starting from the historical developments. The literature review reveals that,
the alkali-activated concretes proven to be feasible (sustainable) and satisfactory
substitute for conventional Portland cement-based cementitious substances. In addi-
tion to the conventional ingredients, the use of powdered waste glass has shown an
improved engineering performance in concrete production as per the research outputs
from many potential researchers. The paper also presents the possibility of a wide
scope for the research as a research gap in the field of AAC and their applications.

Keywords Alkali activation · Fly-ash · Glass powder · Slag · Na2O dosage ·
Strength

1 Introduction

The environmental aspects involved in the manufacturing and use of “ordinary Port-
land cement” (“OPC”) is a challenge and lot of research is going on in this regard.
OPChas been a suitable binder for structural applications formore than 150 years, but
not without drawbacks. Cement production consumes massive quantities of natural
elements. Again it is energy intensive with high energy consumption at 100–150 kW
per ton of cement produced. On the other hand, sulfur dioxide emission is also
in a high rate, depending upon the kind of the fuel used for its manufacture. It is
becoming increasingly capital intensive to erect new cement plants to meet a huge
demands for housing and infrastructural needs. Finally, many structures of concrete
have showed early distress and problems, which have an unfavorable consequence
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on the resource output of the industry. The call for the day is, hence “Sustainable
Development” which demands the new concrete technology which uses minimum
natural resource, energy and generates “carbon dioxide,” without compromising on
strengths and robustness behaviors [1–3].

Alkali-activated cements are considered as new generation binders, which have a
potential to give a sustainable replacement to OPC. There is an urge to limit the usage
of the OPC in infrastructural development due to its adverse environmental issues
and its structural limitations [4]. Because of low internal energy and low carbon
dioxide emission associated with production of alkali-activated binder (AAB)-based
mixtures compared to conventional Portland Cement Concretes, this novel material
may be considered to be more eco-friendly [3, 5].

These AABs have been extensively addressed and encouraged as a constituent
of the recent and forthcoming toolkit of “sustainable cementing binder systems.”
“Alkali activation” is the process of reaction of a solid aluminosilicate (“precursor”)
under alkaline conditions (induced by the “alkali activator”), to generate a toughened
binderwhich is basedon an amalgamationof “hydrous alkali–aluminosilicate” and/or
“alkali–alkali-earth–aluminosilicate” phases [6].

This chapter gives an overviewof the various key literatures available in the field of
alkali activation and geopolymerization techniques of concrete production. Also, few
essential background studies for this researchwork—including few standard IS codal
provisions, literatures related to paver and masonry blocks, IRC codal provisions,
and also few key literatures on FE-based software utilized in the present research
exploration.

2 Brief Historical Overview of Alkali-Activated Materials

The initial works in alkali-activated systems started from the year 1930. Way back
in 1930, for the first time Kuhl has invented the hardening behavior of slag in the
incidence of an alkali (caustic potash, i.e., potassium hydroxide). Then in 1937,
Chassevent had measured the rate of reactivity of slag using “caustic potash and
soda” solution. In 1940, Purdon carried out laboratory study on clinker-free cements
which consisted slag as the binder and caustic alkalis formed by a base and an alka-
line salt. In 1959, a researcher from Russia, Glukhovsky discovered a new group
of binders which included both of low calcium or free from calcium, “aluminosili-
cate” and alkali metal solutions which were termed “soil cements” and the respec-
tive concretes termed as “soil silicates.” Further, Glukhovsky was the first author to
investigate the cements used in prehistoric Egyptian and Roman constructions. He
stated these structural creations were made of “aluminosilicate calcium hydrates,”
which are alike to the constituents of “Portland cement” and also of “crystalline
phases of analcite,” a rock which is natural that would elaborate the binders dura-
bility [4]. He (Glukhovsky) also divided the binders into two groups based on the
mineral constituents of preliminary materials; the first group of binders were called
as “alkaline binding systems” and the second group as “alkaline-earth–alkali binding
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systems.” The study by Glukhovsky was considered as a significant step stone for
the further researches in the field of “alkali-activated cements,” following which the
development of “alkali-activated concretes” [7]. In the year 1979, Davidovits devel-
oped an innovative faction of binders produced by combining sintering kaolinite
products, “limestone” or “dolomite” as the “aluminosilicate” ingredients, and called
those binders as “geopolymers.” The term “geopolymer” was given to such binders
because of the presence of a polymeric structure. He proposed that any source, either
from natural geological source or an industrial waste material such as rice husk ash
and fly-ash, that are rich in alumina and silica can be effectively activated by means
of highly alkaline liquid solutions [8]. The classification of alkali-activated binders
based on their chemical configuration and characterization of hydration products
was done by Krivenko in 1994 [7]. The “alkaline aluminosilicate systems,” “(R–
A–S–H, where R=Na or K)” were called “geocements,” whose formation process is
similar to process of natural zeolites and “alkaline–alkaline-earth systems” (R–C–A–
S–H) in which the products of hydration included the formation of “calcium silicate
hydrates,” i.e., “C–S–H”with low “Ca/Si” ratio. Further, it has been suggested by few
researchers that the use of the term “geopolymer” in alkali-activated cementitious
materials only if there is a presence of a zeolite-like phase with amorphous to semi-
crystalline characteristics [9]. The chief historic developments of alkali-activated
binders are abridged by Roy [10] as shown in Fig. 1. The field of “alkali-activated
cements”waswitnessed further contributions frommany researchers [1, 2, 4, 11–13].

3 Source Materials, Alkaline Activator, and Mechanical
Properties

The raw constituents used for themaking of AABsmay be classified as pozzolanic or
latent hydraulic materials [7]. Pozzalans are the materials rich in silica and alumina,
possess diminutive or no cementitious behavior by themselves, but in finely divided
state and in the occurrence of moistness, experience chemical reaction with calcium
hydroxides at ambient temperature to form composites having cementing behavior
[14, 15]. Low calcium “(class F) fly-ash” and “silica fume” are the commonly
used “pozzolanic materials.” Latent hydraulic materials are finely divided materials
similar to pozzolans, which contain sufficient amount of calcium to form complexes
with binding property after reacting with water. In general, the latent hydraulic mate-
rials cannot undergo direct setting and hardening after reacting with water in normal
conditions [14]. The hardening energy is quiescent and requires an “activator” such
as “calcium hydroxide” or other alkaline compound that is strong to release the
cementitious properties. The “latent hydraulic materials” (LHM) when combined
with OPC and water get activated under the influence of “calcium hydroxide” which
is generated during the hydration reaction of cement. GGBS is one of the examples
of LHM, which have a good potential to be used in cement manufacturing. Both the
pozzolans and latent hydraulic materials may be naturally occurring in nature or may
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Fig. 1 Historical development of AAC systems and alkaline cements

be produced artificially from industrial processes. Davidovits discovered that during
the production of geopolymeric binders, the addition of GGBS, which is a “latent
hydraulic” cementitious end product, that quickens the setting time and improves
compressive and flexural strengths [8].

Many researchers reported [16] the use of mineral admixtures in the GGBS-
based alkali-activated concrete to obtain the enhanced concrete performance. The
silica-rich materials such as powdered waste glass, silica fume, alumina-rich red
mud, natural pozzolan, calcium-rich powdered lime were utilized to enhance the
engineering performance. The study byRostami andBehfarnia revealed the enhanced
90 days compressive strength by 32% by the use of 15% substitution of GGBS by
silica fume. It also enhanced the resistance to chloride penetration, reduced voids,
and reduced water captivation potential of the concrete [17].

Numerous researchers have used “fly-ash” as source substance in the making of
“geopolymer” concrete. Since the fly-ash is available as an abundant waste mate-
rial obtained mainly from coal based on the thermal power plants; it is considered
as most used binding material in production of geopolymer concrete. The yearly
production of “fly-ash” is assessed to be approximately 780 million tonnes. It mainly
consists of amorphous alumina and silica along with a favorable particle size and
shape which has proved to improve the workability property of geopolymer mix
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production [1, 18]. Many studies were also carried out by considering other waste
materialswhichhavepozzolanic properties in the productionof geopolymer concrete.
However, exceptGGBS and fly-ash, other industrial left-overmaterials such as “palm
oil fuel ash,” “rise husk ash (RHA),” “biomass ash,” red mud (i.e., bauxite residue),
heavy metal containing wastes were also used in geopolymer binder production in
concrete applications [18].

The source materials for alkali-activated binders need to be activated using strong
alkalis in order to form the resulting binding material. “caustic alkalis” or “alkaline
salts” are themostwidely used “alkaline activators.” The alkaline activators generally
consist ofmixtures of silicates and hydroxides of alkali. “sodium silicate” (Na2SiO3),
“sodiumhydroxide” (NaOH), “sodium carbonate” (Na2CO3) ormixture of “sodium–
potassium hydroxide” (NaOH, KOH) with “sodium silicate–potassium silicate,” or
anyother combinations are themostwidely used “alkaline activators.”Acombination
of “sodium hydroxide” with liquid sodium silicate has been agreed to provide the
best strength performance for activation of alkali-activated binders [19] The strength
of “AABs” is governed by the alkaline activator type, activator modulus, and dosage
of alkaline activator [20]. The “activator modulus” (Ms) is defined as the ratio of
the mass ratio of “SiO2” to “Na2O” components present in the alkaline activator,
while the dosage (usually referred as %Na2O) is the total sum of the mass of “Na2O”
present in the alkaline activator (Mass of “Na2O” present in liquid sodium silicate
+mass of Na2O equivalent in sodium hydroxide if mixture of “sodium silicate” and
“sodium hydroxide” used as alkaline activator).

Wang et al. [21, 22] stated that mechanical strength and other properties of AAS
mortars were influenced by the nature of the alkaline activators. The dosage and the
activator modulus have significant effects on the properties of AABs. They provided
a range of activator modulus within maximum compressive strengthmay be obtained
based on the type ofGGBS.Wang et al. suggested that, optimum“modulus of alkaline
activator” solution is ranging from 0.75 to 1.25 for acid slag, 1.0 to 1.5 for basic slag,
and 0.9 to 1.3 for neutral slag [22]. It was observed that, for all types of GGBS in
AAS-based mixes of concrete, as the dosage of activator modulus increases, there is
a rise in the compressive strength value up to certain optimum value of dosage and
further increment of the modulus leads to an decrease of strength value.

Few researchers [23] studied the activation of GGBS using diverse activators such
as “sodium carbonate,” “sodium silicate,” “sodium phosphate,” “sodium hydroxide,”
and combinations of mentioned activators. They recommended that sodium silicate
solution was the best giving higher value of compressive strength with 8% Na2O
dosage with an activator modulus of 1.25 for better results (shown in Fig. 2). They
also observed that, at a higher modulus dosage, there is a significant decrease in
setting time and a reduced early strength gain was seen. At a very higher dosage of
modulus, there was a sign of high shrinkage in concrete—which further performed
like a fast-setting cement (Fig. 3).

Fernandez-Jimenez et al. [20] reported that the strength of “AAS” mortars is
mostly influenced by the type and nature of alkaline activator, dosage of alkaline
activator (AA) and observed that the optimal dosage of “alkaline activator” varies
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Fig. 2 Variation of “moduli
of sodium silicate solution”
with 28-day compressive
strength value for different
types of GGBS

Fig. 3 Compressive
strengths of slag-based
alkali-activated cements

from 3 and 5.5% of “Na2O” by the mass of GGBS. “Na2O” dosage above this limit
may cause efflorescence problems along with inefficient uneconomical mixtures.

Study by Krizan and Zivanovic [24] shown that an higher ultimate strength than
OPC can be achieved with GGBS-based alkali-activated cements activated using
sodium silicatewith “activatormodulus” ranging in between 0.6 and 1.5with the suit-
able Na2O dosage. They also shown from the study of hydration properties of AAC
mixes that the liquid sodium silicate-activated GGBS displays two heat evolution
peaks during preinduction period, and by increasing the modulus of liquid sodium
silicate, there is a rise in the value of additional initial peak and lasting induction
period. However, the rise in the dosage of activator leads to a decrease in the induction
period.

Fernandez and Palomo [25] studied the activation of FA using different types
of alkaline activators and by varying the Na2O dosage between 5 and 15% (mass
of binder). They reported that the activator modulus along with a “water/binder”
ratio (w/b), affects the mechanical strength. Also observed that the Na2O dosage of
5.5% (mass of fly-ash) led to very less pH, that affected the reaction development
negatively, while the increase in Na2O dosage led to higher strength with 14% Na2O
dosage (mass of FA) providing the maximum compression strength.
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Wardhono et al. [26] studied the activation of AASFA mixes with different
GGBS:FA mixes of 100:0, 90:10, 80:20, 70:30, 60:40, and 50:50 activated using
sodium silicate and sodium hydroxide solutions. The “activator modulus” dosages
were varied from 4.06 to 4.72. The results shown that the maximum compression
strength of about 62MPawasobtained for 50:50mix for an alkaline activatormodulus
of 4.72.

Cengiz et al. examined the AAS mortars using different types of activators such
as “sodium hydroxide,” “sodium carbonate,” and “sodium silicate,” with varying
activator modulus and with Na2O dosages in the range of 4–8% (mass of GGBS). It
was detected that the compressive and tensile strengths of “AAS” mortars increased
with Na2O dosage of alkaline activators and also suggested that there exists an
optimal alkaline modulus for which the highest compressive and tensile strengths
can be obtained [27].

Palankar et al. deliberated the use of slag–fly-ash-based AAC for the application
of concrete pavements. In this study, “alkali-activated slag concrete” (AASC) and
“alkali-activated slag–fly-ash concrete” (AASFAC) were developed which was then
related with OPC concrete of alike design grade. GGBS and fly-ash were used in the
mix, in ratio 100:0, 75:25, 50:50, and 25:75 as the binder ingredient. The modulus
of alkaline activator was varied from 0.75 to 1.75, and the dosage of Na2O was
varied from 4.0 to 5.5. All the AAC mixes were subjected to air curing in laboratory
conditions. The results indicated that, all OPC, AASC, and AASFC mixes have
obtained the target slump value. The density of AAFC was found to decrease as
there is a rise in the dosage quantity of fly-ash. The compressive strength test for
the mixes was carried out at 3, 7, 28, and 90 days curing; results indicated that the
performance of alkali-activated mixes had shown better outcome than OPC-based
mixes. Effect of activator modulus on compressive strength of AASC and AASFC
is shown in Fig. 4.

Fig. 4 Effect of “activator
modulus” on strength of
“alkali-activated mixes”
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The early strength gainwas also better in themixeswhere the dosage ofGGBSwas
more. However, the 28 days and 90 days strength of all mixes were similar. AASFAC
displayed a max. compressive strength values of 67.4 MPa at 90 days for Ms 1.25
and for the mix of 75:25. The “flexural strength” and the “modulus of elasticity”
were also investigated. “OPCC” and “AAC” mixes displayed similar “modulus of
elasticity,” but the flexural strength of AAC combinations were higher than OPCC. It
was a peculiar observation that, as there is a rise in “fly-ash” content, the workability
of the mix increased, but there was a little reduction in the strength and “modulus
of elasticity” values. Absorption of water and total porosity tests were conducted on
the concrete mixes according to “ASTMC 642–06” at curing of 28 days. The AASC
displayed the less porosity and absorption of water, among all the concrete mixes.
The AASFC with 25:75 displayed the maximum porosity and water absorption [28].

Karim et al. studied consequence of various alkaline activators, i.e., “NaOH,”
“KOH,” and “Ca(OH)2” on a concrete mix using triple blend of binders (“slag,” “fly-
ash,” and “rice-husk ash”) and comparing the results with conventional Portland-
based concrete. They called the cement as zero-cement, which was abbreviated as
Z-Cem. The alkaline activators were used in varied weights. They have stated that the
setting time and consistency of theZ-Cem raisedwith the increase in the rice-husk ash
dosage. The maximum compressive strength of about 42–44 N/mm2 was achieved
at 28 days of curing with 5% of NaOH dosage. They studied the microstructure
and FTIR analysis which revealed that the development of the strength is due to the
advancement of hydration products called silica-hydrates which are similar to the
CSH gel in Portland-based concretes [29].

A extensive variety of “Si, Al, and Ca” wealthy sources of mineral has been
explored as solo forerunners and as admixtures in dual and ternary alkali-activated
concretes based on fly-ash, GGBS, MK, and powdered waste glass. Some studies
have also shown that the usage of OPC as an admixture to produce alkali-activated
cementitious systems. Aliabdo et al. reported the use of Portland cement in “fly-
ash”-based alkali-activated concrete decreased the setting time of the concrete from
24 h to half an hour. This also leads to an improved mechanical performance of the
hardened concrete (i.e., increased tensile and compressive strength, reduced porosity,
and absorption of water) [30]. Assi et al. have deliberated the effect of addition
of Portland cement (15% by weight) to the fly-ash and silica fume-based AAC,
which lead to a very superior mechanical performance and the reduction in cost of
construction. The study suggested that good mechanical performance is achieved
without the use of external heat which makes this type of concrete mix more eco-
friendly [31].

4 Durability and Flexural Fatigue Studies on AAC Mixes

The durability property of anymaterial is one of the key parameters to use thematerial
in practice. In the conventional OPC concrete, studies have exposed that the usage of
pozzolanic “mineral admixtures” such as fly-ash, GGBS will enhance the durability
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performance [32], whereas in the case of AACmixes, the durability is ruled by many
factors such as type of mix, composition of binders, Na2O dosage, “water/binder
ratio” (w/b), and the modulus of activator [33, 34]. Several researchers have made
the effort to study the performance of durability of various types of alkali-activated
cementitious systems and several research outcomes reported that the alkali-activated
concretes performed far well than that of the “OPC”-based concrete systems [7,
35–38]. The better durability performance of “alkali-activated slag and fly-ash”-
based concrete mixes are mainly because of the nonexistence of calcium hydroxide
(Portlandite) and little calcium content in the reaction products [39]. Few of the
works were presented in this section.

Karim investigated the durability performance of two types of “slag–fly-ash–rice
husk ash”-based “alkali-activated concrete” mixes. He studied the durability of these
two types of mixes which gave the satisfactory performance (in strength) were done
by testing it for porosity, absorption of water, sulfate resistance, chloride penetration,
sulfate resistance, thermal resistance, and corrosion. Further, the durability results
were related with the OPCmix. All the results shown that the alkali-activated binder-
based concrete shown better performance in all the durability tests when compared it
with the OPC-based concrete. He also developed the regression equations showing
the connection between “porosity” and “compressive strength” of the AAC and
“OPC”-based concrete mixes. To investigate the sulfate attack, the prepared mortar
mixes were immersed in 5% MgSO4 solution, and reduction in strength is tested at
age of 30, 60, and 90 days [29].

Palankar et al. studied the long-term aging performances of GGBS–fly-ash-based
alkali-activated cementitious systems by studying their long-term exposure to sulfate
environment (MgSO4), and acid environment (sulfuric acid) is carried out. Along
with this, the absorption of water and their volume of permeable voids are also
determined. In the study, the incorporation of “steel slag aggregates” is done. Results
were compared with that of the Portland cement-based cementitious systems. The
economical and ecological analysis was also performed on both type of mixes. For
the acid and sulfate resistance test, the 100 mm cube specimens were immersed
in the prepared solution after curing for 28 days (air curing for AAC and water
curing for OPC were adopted), and testing at regular intervals till 360 days. The
solution for sulfate attack test was the aqueous solution comprising 10% “MgSO4”
bymaintaining a pHvalue of 6.5–7.5 using nitric acid. The solution for acid attack test
was the aqueous solution containing 1% H2SO4 of pH of 1.0. The alkali-activated
binder mixes have shown better performance than the OPC-based concrete mixes
[40]. Similar results were reported by Mithun and Narasimhan where a type of AAC
performed better than OPC-based concrete mixes subjected to sulfate attack and acid
test [5].

El-Didamony et al. studied the durability of “alkali-activated slag” (AAS)
concretes subjected to extreme saline exposure (sea water). The performance of
the pastes developed by utilization of sea water and tap water was done by using
two types of cements, i.e., GGBS-based alkali-activated cement and the sulfate-
resistant cement (SRC) were compared. The study involved IR spectroscopy, ther-
mogravimetric analysis, scanning electron microscopy, bulk density determination,
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and compressive strength determination. The studies on durability were carried out
by immersing the concrete specimens which were cured, (both AAS and SRC) in sea
water up to 12 months. The results show that the for SRC mixes, a drastic reduction
in compressive strength were reported after 6 months of immersion, whereas for
AAS mixes, there is no reduction strength were reported till 12 months; which was
mainly due to the absence of chloro-aluminate and ettringite in the hydration product
of AAS systems [37].

“Fatigue failure” is one of the vital forms of failure in concrete pavement structures
which subjected to frequent application of loads. This type of failure in pavements
arises under the manipulation of recurring loads or cyclic loads, whose ultimate
values are considerably lesser than safe loads guesstimated through static tests. In
the case of fatigue breakdown, the material fails by recurring application of traffic
loading, which is not of a sufficient amount to cause failure due to single load
application. In any concrete constructions, the failure due to fatigue causes localized,
progressive, and permanent harm due to dynamic loads. Typically, these changes
escort the development of cracks, further this leads to the growth of this crack which
may lead to failure. This kind of failure is most common in the case of concrete
pavements which will happen due to the cracks with progressive growth under the
working of cyclic traffic loading, mostly when the stresses induced are greater than
the strength of flexure of the concrete [41, 42].

Mithun et al. studied, the “flexural fatigue behavior” ofAAS-based concretemixes
prepared at alkaline modulus of 1.25 by utilizing “copper slag” as fine aggregate,
replacement to natural sand. Results were comparedwithOPC-basedmixes designed
for same target strength as that of alkali-activated concrete mixes. The studies were
conducted on six types of concrete mixes, one being OPC mix by incorporating
OPC as binder with the utilization of natural sand; other five are “AASC” mixes by
varied dosage of copper slag with the replacement to the natural sand (replacement
level varied from 0 to 100%, at an interval of 25%). The fatigue tests, done at
different values of stress ratios varied from 0.70 to 0.85, and the fatigue life were
determined. The fatigue lives of all the mixes were represented using “S–N curves.”
Further, the probabilistic analyses were carried out using Weibull distribution. The
results indicate that both the static and fatigue flexural strength of the AAC mix was
better than that of the OPC mix. This was due to the presence of dense and uniform
ITZ in the case of AAC mixes when compared it with that of the OPC concrete
mix [36, 43]. Comparable results were reported by Palankar et al., where a type
of alkali-activated concrete developed using steel slag aggregate replaced in place
of conventional granite aggregates performed better under flexural fatigue loading
while compared with that of the similarly target designed conventional OPC-based
concrete mixes [33, 38].
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5 Usage of Glass Powder in Making Concrete

There is a continuous search for new supplementary materials which can be used
as a complete or partial replacement as cementitious systems in place of conven-
tional OPC-based concretes. Mineral concrete admixtures such as “GGBS, Silica
fume, fly-ash, rice husk-ash” and limestone fines are few famous examples for such
supplementary materials, use of which as a fractional standby in OPC/AAC-based
concrete production is well known. Powdered glass is a new addition to such supple-
mentary materials, and the several research has shown that the powdered glass which
can be used as accompanying material in concrete production [44]. Another reason
to test out the utilization of glass in some fruitful manner is to solve the disposal
problems associated with waste glass. It is a renowned fact that there is a genera-
tion of more than million tonnes of waste glass yearly all over the world, and this
will create lot of disposal problems as this waste material can be considered as a
non-biodegradable waste. The reuse of waste glasses from customer utilization and
industrialized progression pretense a major difficulty for metropolis worldwide [12].
Thus, making an attempt to utilize such a waste in producing sustainable concrete is
really appreciable [45].

Zidol et al. have worked on the use of glass powder in producing OPC-based
concrete. The studies were done by 0%, 20%, and 30% replacement of conventional
cement with glass powder; and the result was compared with the 30% fly-ash +
70% OPC concrete mix and 30% GGBS + 70% OPC concrete mix. Four types of
mixes were made with four different w/c ratios (i.e., 0.35, 0.40, 0.55, and 0.65) were
investigated. The results show that the conventional control OPC mix have shown
better performance in case of compressive strength and chloride ion permeability.
They also reported that glass powder-based concrete behaved in a similar manner
as that of the class F fly-ash-based concrete mixes. Use of GP reflects the slow and
continuous pozzolanic behavior which may lead to better durability of glass powder-
based concrete systems. Thus, from the results obtained, Zidol et al. [44] concluded
that the performance of glass powder can be considered to be similar to those of other
major supplementary materials (such as “fly-ash” and “GGBS”), hence where the
conventional supplementary materials are not available, and where powdered glass
is easily available, this can be effectively used.

Schwarz et al. deliberated, that the long-term compressive strength of 10% glass
powder-based OPC mixes will obtain the strength which is just 5% different than
that of the 10% fly-ash-based OPC mixes. They also experimentally established that
there is a “potential” of glass powder which will help to minimize the expansion
in concrete due to “alkali–silica” reaction. Further, 10% glass powder–10% fly-ash
blended with 80% OPC mix have shown that there is a similarity between the mix
prepared using 20% fly-ash with 80% OPC binder. The long-term performance with
regard to the strength, sorptivity, and coefficient ofmoisture diffusion values indicates
that the “glass powder-modified concretes” perform equal or better than concretes
with improved fly-ash at beginning ages [46].
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Many studieswere also reportedwith the usage of glass powder in themanufacture
of “alkali-activated cementitious systems.” The results reveal that there is a huge
potential to use powderedwaste glass in production of quality alkali-activated binder-
based concretes. Some of the key results were presented in the following subsections.

Zhang and Yue stated that use of 14.57% of powdered glass had led to 28 day
compressive strength and flexural strength of 66.4 MPa and 7.1 MPa with the
optimum use of 8.31% Na2O dosage. Further, this GGBS–glass powder-based AAC
had shown a better resistance to sulfate attack; but themix had limitation that it shown
a higher shrinkage than the Portland cement-based concrete mix. From this research,
it was revealed that the use of powdered “waste-glass” is a potential admixture for
preparing “alkali-activated slag-based concrete” when the mixture of “sodium sili-
cate” and “sodiumhydroxide”were used as alkaline activators. Further, it was recom-
mended that the optimization between glass powder content and Na2O equivalent
should be regarded when waste glass powder is used in alkali-activated cementitious
systems [47].

Redden and Neithalath studied the strength, moisture stability, and “microstruc-
ture” of alkali-activated concretes formed using fly-ash and powdered glass as
binders. The study revealed that a high value of compressive strength achieved with
glass powder-activated mixes when compared with that of the “fly-ash”-activated
mixes at lower heat curing temperatures. They found that the hydration product of
glass powder-activatedmixes was sodium silicate gel, whereas for “glass powder-fly-
ash”-blended-activated mixes gave the combination of “sodium silicate and sodium
aluminosilicate (N–A–S–H)gels form”as a hydrationproduct. Further, theyobserved
that there was a drastic loss in strength when the concrete mixes containing more
% of glass powder, when it is bare to the moisture or vulnerability to an alkaline
solution. To eradicate this problem, the use of aluminum containing mineral such as
metakaolin or slag was suggested to be used in the alkali-activated mixes containing
glass powder, which may lead to the development of moisture-stable hydration prod-
ucts of reaction. Also, the changes in structure upon the contact to moisture are
explained using microstructural and “FTIR spectroscopical” observations. Micro-
graph showing the hydration reaction products of alkali-activated concrete mix upon
heat curing for 48 h at 75 °C containing 50% powdered glass and 50% fly-ash blend
activated using 8 M NaOH is shown in Fig. 5, where the structure of NASH and
silica-rich gel can be seen [48].

Similar studies were conducted by Tashima et al. who investigated that strength
and microstructure characteristics of “alkali-activated mortars” by using “glass fiber
waste” product. The alkaline activator solutions used for the study are “NaOH
and KOH” solution. The compressive strength of the mortar samples obtained was
in the order of 77 N/mm2 just after 3 days of heat curing done at 65 °C when
“10 mol/L” sodium hydroxide solutions was used as activator. Whereas the similar
mixes produced using KOH as activator have shown that the development of the
strength around 70 N/mm2. This was because of a higher degree of reaction when
NaOH is used as activator when compared it with that of KOH activator-basedmixes.
This fact was proved even by the microstructure studies on the two types of mixes,
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Fig. 5 SEM Image showing
hydration products of fly-ash
glass powder-blended AAC

where the NaOH-based mixes shown a dense and compact microstructure while
compared with that of KOH-based systems [49].

Pascual et al. studied the combination of “powdered glass with metakaolin.” The
use of metakaolin will lead to the induction of aluminum content and also to stabilize
alkali ions in the glass powder-based alkali-activated systems. There was a rise in
the compressive strength value of the mortars when the dosage of metakaolin was
up to 8%. When the metakaolin content was less than 3%, there was decrease in
the strength values were observed, which significantly shows that there must be
aluminum content in the mix when glass powder is used to produce alkali-activated
cementitious mixes, otherwise it will be adversely affect the performance [50].

Banjare et al. studied the use of an amalgamation of “calcined kaolin clay,” dross
from “aluminum recycling,” and “lead–silica glass” from recycled fluorescent lamps
to produce a bubbled “alkali-activated binder-based cementitious systems.” They
could produce a very lightweight concrete weighing 460–560 kg/m3 with around
82% porosity and a maximum compressive strength up to 2.3 N/mm2 [51].

Puertas and Torres Carrasco explored the utilization of powdered waste glass for
the potential activation of slag in producing alkali-activated concrete. The findings
showed that the possibility of using waste glass in producing alkali-activated slag.
Treating waste glass with “NaOH/Na2CO3” (pH = 13.6) favors the partial libera-
tion of the reactive silica from the powdered glass. The resulting solution from the
treatment of glass waste acts as “alkaline activators”, partially dissolving the “vit-
reous blast furnace slag.” The compressive strength was over 60 N/mm2 at the age
of 28 days when the “NaOH/Na2CO3” mixture and glass waste mixed solution were
used as activators, indicating that the glass was potentially useful as an additional
silica source in place of commercial silicate solutions. The strength, composition,
and microstructure of the products of reaction recognized in conventional activator
and activated powdered glass waste as activator were comparable.
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6 Key Findings from Literature Review

From the comprehensive “literature review,” it is noticed that the durability and
strength of AACmixes are influenced by several factors, namely the nature of binder,
chemical characteristics of the binder, % of sodium oxide dosage (Na2O), water
content and water-to-binder ratio, nature of alkaline activator, activator modulus
of the alkali, curing regime, etc. Properly designed AAC mixes have an ability
to perform far better (with respect to the durability and strength) than that of the
similarly designed conventional OPC-based concrete mixes. AAC mixes containing
higher dosages of slag (i.e., GGBS dosage more than 50% by weight of binding
ingredient) may arrive at adequate amount of strength even at room temperatures,
i.e., when subjecting it to air curing, without need for any kind of heat curing or other
methods. The addition of higher quantities of fly-ash in AAC mixes may lead to a
reduction in the strength performance, but this will lead to a rise in workability of the
concrete mixes. Further, the “activation energy” required for AAC mixes containing
massive proportions of fly-ash is higher (i.e., in the mixes where fly-ash dosage
greater than 50% by weight of binding ingredient); thus, the replacement of GGBS
with FA ahead of 50% in AAC mixes requires a higher amount of dosage of the
“alkaline activator” solution; also these mixes may require heat curing for attaining
the required target strength. Among many alkaline activators, the incorporation of
NaOH flakes and sodium silicate (Na2SO3) solution will provide the most excellent
activation solution in producing alkali-activated concretes. The strength durability
performances of AACmixes are appreciably influenced by the modulus of activation
(Ms) of alkaline activators and the dosage of sodium oxide (Na2O). It is essential
to find the “Na2O” dosage and the “optimal activator modulus” (Ms) for which the
target strength of AAC can be conquered. The optimal value of Na2O dosage for any
AAC mixes may differ somewhere between 3 and 6% by weight of binder; whereas
higher dosages might lead to uneconomical concrete assortment and efflorescence
problems. Whereas, the optimal modulus of activation (Ms) for the AAC mixes
may fluctuate between 0.50 and 2.0. The Na2O dosage, Ms Value of alkaline acti-
vator, water-to-binder ratio, etc., required to be controlled in order to acquire mixes
of the required workability and desired strength. Waste glass is an industrial end
product and can be looked upon as a potential substitution for traditional ingredients
in concrete production. A satisfactory and an improved engineering performance of
this powdered glass in concrete production have been reported by many researchers
which were used in producing both conventional OPC and AAC-based concrete as a
cementing ingredient. However, there is limited research available on strength, dura-
bility, and fatigue performance of AAC mixes incorporating powdered waste glass
as binding ingredient along with conventional slag and fly-ash. The further research
works can be focused to investigate the properties of sustainable air-cured AAC
mixes with powdered waste glass as binding ingredient with an object of conserving
environment by utilizing waste product.
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Progressive Collapse of Steel-Framed
Structures

T. Anusha and H. G. Nahushananda Chakravarthy

Abstract Progressive collapse is the phenomena in which the local failure of a
primary structural member results in partial or total structural system damage,
without any proportionality between the initial and final failure. In the present study,
multi-story structure is considered. The modeling and analysis are carried out using
SAP2000 software. The different bracing systems such as X, V, K and diagonal
bracing are used to analysis the structural behavior. The structure is verified for
column removal at 3 different locations such as corner, center and interior. It is
observed that maximum vertical deflection is found in interior column removal case
and least in corner column removal. Interior column case was observed to be most
critical case in progressive collapse. There is a raise in axial load and the load distri-
bution to the adjacent columns for column removal at location 1, 2, 3 is around
30%, 25%, and 20%, respectively. The X bracing system performs well in case of
progressive collapse.

Keywords Progressive collapses · Bracing system · Column removal · SAP2000

1 Introduction

Civil engineering methods have evolved through the years, when little attention is
paid to progressive failures. Progressive resistance to collapse was not a design idea,
before 1968 the collapse of the Ronan Point building. Traditional building struc-
tural designs and plans show a technological advancement which is not suitable
to resist disproportionate failure. Unfortunately, the failure of the Alfred Murrah
Federal Building has demonstrated that the possibility of progressive, and catas-
trophic collapse is surprisingly possible and needs to be resolved. Due to accidents
and building errors, a growing number of buildings are demolished locally. Progres-
sive collapse is expected to spread through the building and lead to a catastrophic
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loss causing multiple casualties. Progressive collapse is defined as chain reaction
of failures caused by the instantaneous failure of one or few gravity load-carrying
components. Once the load-bearing portion fails, it could be helpful for the device to
have an alternative load-bearing path and to transfer the loads borne by that compo-
nent to adjoining components. Dynamic internal forces in neighboring components
rise as an outcome of the release of internal energy due to the loss of a component.

In his research, Brian I. Song et al. [1] studied the progressive failure capacity
of a steel-frame building is analyzed through computer simulations and field experi-
ments. Using SAP2000, a computational simulation of the structure was performed.
In the first floor, four columns have been eliminated from the system to examine the
reallocation of load within the system. Field experiment data were used to compare
and validate simulations and mathematical modeling. Simplified research methods,
including sudden replacement of critical columns at specified structural locations,
are suggested in the progressive failure design guideline. The findings revealed that
for both 3-dimensional and 2-dimensional models, the nonlinear dynamic assess-
ments provide lesser DCR values and vertical displacements than for linear static
analysis. Kapil Khandelwal et al. [2] this study is carried out using an alternate path
method to ten-floored structure. In this method, critical columns and neighboring
braces are immediately excluded from the analysis process and the capability of
the structure to tolerate component losses is effectively observed. The loss of the
member should then imply a condition in which the component is affected by a
drastic event or an unusual load case. Those results suggest that the unique concen-
trically braced structure is largely susceptible to the progressive collapse than the
eccentrically braced structure, while several systems gain from the placement of the
seismically built structure on the periphery of the building. In this review, Liu-Lian
Li et al. [3] introduce the actions of progressive failure of steel structures under a
column elimination case by examining the FE model. First finite eliminate models
were validated against the studies of three steel-frame structures regarding dynamic
response and collapse modes. Using FE models, the critical load and robustness of
steel frames with a number of different mechanical and geometrical factors were
calculated. The findings found that critical load and robustness are lower in strong
column-weak beam structure than in strong beam-weak column structure. Critical
load and robustness are lower in the side-by-side inner column elimination case.
On the opposite, the scenario of middle column elimination, robustness and critical
load is stronger. In order to explain the gradual collapse of high-rise structures with
composite steel structures, Rohola Rahnavard et al. [4] in his study takes into account
3-D modeling using the FE approach. Responses of the system under two conditions
of elimination of columns are investigated by nonlinear functional analysis. Two
types of lateral resistance structures were chosen for analysis and evaluation. The
arrangement comprises of regular and irregular layouts of plans. The behavior of
the system is evaluated in depth, and measures to mitigate a progressive failure have
been suggested. Relative to corner column elimination case, side column elimina-
tion scenario was more susceptible to progressive collapse in the centrally braced
moment frame systems.
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2 Objective of Work

To analyze the performance of braced structure, when column is eliminated at various
location in steel structure.

3 Methodology

3.1 Modeling of the Building

In this analysis, 10 floor steel-framed buildings have been chosen. The building
consists of 5 bays of six meters each in both transverse Y-direction and longitudinal
X-direction. The standard floor-to-floor height is four meters. On perimeter beams,
glazing with a thickness of 25 mm is provided. Column and beam section are made
of I Section, and channel section is used for bracings. Slab thickness considered is
200 mm. For modeling and analysis of the structures, SAP2000 Software is used.
Material properties and design factors are considered shown in Table 1. Five steel-
framed structures such as without bracing, with V bracing, X bracing, diagonal
bracing, and K bracing are considered with 3 column removal scenario such as
corner, middle, and interior. Elevation of models considered is as shown in Fig. 1.

Table 1 Material properties
and design factors

S. No. Description Data

1 Seismic zone III

2 Seismic zone factor (Z) 0.16

3 Damping ratio 0.05

4 Soil type Hard soil

5 Height of the building 40 m

6 Story to story height 4.0 m

1 Span length 6 m

8 Column used 2ISHB 450

9 Beam used ISMB 350

10 Bracing used ISMC 250

11 Thickness of slab 200 mm

12 Floor finish 1.0 kN/m2

13 Live load 3.0 kN/m2

14 Glass facade 2.5 kN/m

15 Grade of concrete M30

16 Grade of structural steel Fe 350
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Fig. 1 Elevation of the
models

In Fig. 1a–e refer to building without bracing, V bracing, X bracing, diagonal
bracing, and K bracing, respectively.

3.2 GSA Guidelines

The General Service Administration (GSA) [5] includes the comprehensive methods
and performance standards required to determine the sensitivity of new and current
structures to progressive failure. As per GSA specifications, the structure is analyzed
for the instantaneous failure of a column. In this study, the following analytical cases
are considered for conventional or symmetrical framed systems.

Twenty structural models having 10 floors are considered in this study, mentioned
in Table 2. Model A1, A2, A3 are structured with column elimination at position
1, 2, 3 in building A. Models B1, B2, B3 are structured with column elimination
at position 1, 2, 3 in building B. Models C1, C2, C3 are structured with column
elimination at position 1, 2, 3 in building C. Models D1, D2, D3 are structured with
column elimination at position 1, 2, 3 in building D.Models E1, E2, E3 are structured
with column elimination at position 1, 2, 3 in building E.

In Fig. 2, position 1, 2, 3 represent the corner, edge, and interior location of column
removal at ground story.
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Table 2 Building specification

Models Description

Building A (Model A) Building without bracing

Building A1 (Model A1) Building without bracing and column removal at location 1

Building A2 (Model A2) Building without bracing and column removal at location 2

Building A3 (Model A3) Building without bracing and column removal at location 3

Building B (Model B) Building with V bracing

Building B1 (Model El) Building with V bracing and column removal at location 1

Building B2 (Model B2) Building with V bracing and column removal at location 2

Building B3 (Model B3) Building with V bracing and column removal at location 3

Building C (Model C) Building with X bracing

Building CI (Model CI) Building with X bracing and column removal at location 1

Building C2 (Model C2) Building with X bracing and column removal at location 2

Building C3 (Model C3) Building with X bracing and column removal at location 3

Building D (Model D) Building with diagonal bracing

Building D1 (Model D1) Building with diagonal bracing and column removal at location I

Building D2 (Model D2) Building with diagonal bracing and column removal at location 2

Building D3 (Model D3) Building with diagonal bracing and column removal at location 3

Building E (Model E) Building with K bracing

Building E1 (Model El) Budding with K bracing and column removal at location 1

Building E2 (Model E1) Building with K bracing and column removal at location 2

Building E3 (Model E3) Building with K bracing and column removal at location 3

Fig. 2 Column removed
position at ground floor
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3.3 Analysis Procedure

Demand capacity ratios is defined as the ratio of structural member force acting
on the member to expected strength of the member. The DCR of each member is
determined from the below equation.

DCR = Qud/Qce

where

Qud Structural member force acting on the member
Qce Expected ultimate capacity in member.

Acceptance criteria

In order to avoid failure of the structure, the DCR values in each structural element
should not be greater than, 2 for symmetrical structural configuration, and 1.5 for
unsymmetrical structural configuration.

Structural elements with DCR values beyond the above limits will not have suffi-
cient ability to effectively redistribute loads and are considered to have collapsed,
and as a result of that whole system may collapse..

Analysis steps

Step l. The building is designed according to IS 1893(Part 1) 2016 load
combinations in SAP2000, and linear static analysis is performed.
Step 2. A column is eliminated from the location under evaluation, and linear
static analysis is performed out on braced steel structure with load combinations
as per GSA 2016 specifications.
Step 3. Load combinations are inserted in the SAP2000. Under each scenario, a
SAP2000 computer simulation is conducted for various column elimination cases
on the system and the findings are evaluated.
Step 4. Results obtained for vertical displacement, axial load, and DCR of beams
for element after column elimination.
Step 5. Comparison of outcomes before and after elimination of the column is
analyzed for column removal in different bracing structures at various locations
for progressive failure of the system.

4 Results and Discussion

Asper theGSAspecification, progressive collapse (PC) analysiswas done. In the case
of a regular framed structure, the elimination of one column at the corner (location
1), the middle (location 2) at the outer frame, and the middle of the immediate inner
frame at the center (location 3) of the building is performed in accordance with the
GSA specifications.
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4.1 Axial Loads on Columns

If the columns are eliminated, the axial loadwon’t disappear. It will be redistributed in
neighboring columns. The elimination of column leads to rise of load in the adjacent
columns.

Location 1 (Corner Column)

Axial load on adjacent column for column removal at location 1 is seen in Fig. 3.
The percentage rise in axial load is around 30%.

Location 2 (Middle Column-Exterior)

The elimination of the column at position 2 is more vulnerable to progressive failure
and is seen in Fig. 4. The percentage rise in axial load is around 25%.

Location 3 (Middle Column-Interior)

All columns experience similar behaviors in the event of column elimination at
position 3, as seen in Fig. 5. It is noticed that in frame 2, and the bracing effect is not
noticed. The percentage rise in axial load is around 18 to 20% for all columns.

Fig. 3 Axial Load on
adjacent column for removal
of column at Location 1

Fig. 4 Axial load on
adjacent column for removal
of column at Location 2
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Fig. 5 Axial load on
adjacent column for removal
of column at Location 3

4.2 Deflection in Beams

The removal of the column triggers the beam deflection to rise tremendously.
Deflection of beams for different column removal cases is explained below.

Location 1 (Corner Column)

Beam deflection for column removal at position 1 is as seen in Fig. 6.Model A has the
maximum deflection of 37mm.However, by having different bracings, the deflection
can be managed. For models B, C, D and E, the deflection of beams increased by 7.5
times, 8.8 times, 7.55 times, and 8.2 times, respectively. Models B and D are better
at reducing deflection efficiency.

Location 2 (Middle Column-Exterior)

The deflection of beams at position 2 for column elimination is seen in Fig. 7. It
is found from the graph that the bracings do not help to minimize the deflection.
For models of bracing systems, the column elimination at position 2 reveals that
the deflection in beam is increasing. For structure with and without bracings, the
percentage rise is more than 40%.

Fig. 6 Deflection of beam at
joint 29 for removal of
column at Location 1
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Fig. 7 Deflection of beam at
joint 15 for removal of
column at Location 2

Fig. 8 Deflection of beam at
joint 18 for removal of
column at Location 3

Location 3 (Middle Column-Interior)

The deflection of the beam for removal of the column at position 2 is seen in Fig. 8.
For models of column elimination at position 3, the deflection is increasing as the
area affected is more. Maximum deflection of 92.97 mm is observed. The effect of
type bracing is negligible on deflection of beam at location 3 and as a result deflection
is same.

4.3 DCR Ratios for Beams

Location 1

The DCR value of beams bottom 3 floors is shown in given in Table 3. DCR ratio of
beams at floor 1 is as shown in Fig. 9. In model B1 at floor 1, the maximum raise of
the DCR ratio in beam is observed. Model C with X bracing is more efficient than
other structures.
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Table 3 DCR ratio in beams for removal of column at location 1

Location 1 Model A Model A1 % variation

Floor 3 EI 369 0.397 0.B64 54.0 5%

Floor 2 EI 309 0.414 0.963 57.01%

Floor 1 B29 0.502 1.003 49.95%

MODEL E Model E1 % variation

Floor 3 EI 369 0.7B4 0.B69 9.78%

Floor 2 EI 309 0.B22 1014 18.93%

Floor 1 B29 0.90 1.416 36.44%

Model C Model C1 % variation

Floor 3 EI 369 0.112 0.123 8.94%

Floor 2 EI 309 0.113 0.1:7 29.94%

Floor 1 E29 0.300 0.321 6.54%

Model D Model D1 % variation

Floor 3 EI 369 0.174 0.240 27.50%

Floor 2 EI 309 0.220 0.306 28.10%

Floor 1 B29 0.414 0.522 20.69%

Model E Model E1 % variation

Floor 3 EI 369 0.200 0.221 9.50%

Floor 2 EI 309 0.233 0.292 20.21%

Floor 1 B29 0.419 0.520 19.42%

Max 57.01%

Fig. 9 DCR ratio of beam
29 for removal of column at
Location 1

Location 2

The DCR value of beams bottom 3 floors is shown in given in table 4. DCR ratio
of beams at floor 1 is as shown in Fig. 10. The removal of the column at position
2 would not benefit from the incorporation of the bracing system. After column



Progressive Collapse of Steel-Framed Structures 321

Table 4 DCR ratio in beams for removal of column at Location 2

Location 2 Model A Model A2 % variation

Floor 3 B137B 0.345 0.994 65.29’%

Floor 2 B131B 0.374 1.091 65.72%

Floor 1 B27 0.460 1.123 59.04%

Model B Model B2 % variation

Floor 3 B137B 0.237 1 612 3.5.30%

Floor 2 B131B 0.228 1.664 86.30%

Floor 1 B27 0.388 1.776 78.15%

Model C Model C2 % variation

Floor 3 B137B 0.202 1.577 87.19%

Floor 2 B131E 0.185 1.621 88. 59%

Floor 1 B27 0.352 1.737 79.74%

Model D Model D2 % variation

Floor 3 B137B 0.265 1.641 83.85%

Floor 2 B131B 0.270 1.707 84.18%

Floor 1 B27 0.436 1.823 76.08%

Model E Model E2 % variation

Floor 3 B137E 0.273 1.648 83.43%

Floor 2 B131B 0.285 1.721 83.44%

Floor 1 B27 0.452 1.838 75.41%

Max 88.59%

Fig. 10 DCR ratio of beam
27 for removal of column at
Location 2

removal, percentage increase of DCR ratio in the beams for bracing structure is
more.



322 T. Anusha and H. G. Nahushananda Chakravarthy

Location 3

The DCR value of beams bottom 3 floors is shown in given in Table 5. DCR ratio
of beams at floor 1 is as shown in Fig. 11. All beams fail in floor 1 after removal of
column at location 3.

Table 5 DCR Ratio in Beams for Removal of Column at Location 3

Locations Model A Model A3 % variation

Floor 3 B1373 0.325 1.341 7.5.76%

Floor 2 B1 313 0.353 1.479 76.13%

Floor 1 B32 0.439 1.524 71.19%

Model B Model B3 % variation

Floor 1 B1373 0.198 1.976 89.98%

Floor 2 B1313 0.131 2.064 90.75%

Floor1 B32 0.350 2.143 83.67%

Model C Model C3 % variation

Floor 3 B1373 0.163 1.975 91.75%

Floor 2 B1313 0.148 2.064 92.83%

Floor 1 B32 0.315 2.138 8.5.27%

Model D Model D3 % variation

Floor 3 B1373 0.228 1.995 88.57%

Floor2 B1313 0.235 2.087 88.74%

Floor 1 B32 0.401 2.193 81.71%

Model E Model E3 % variation

Floor 3 B1373 0.235 1.975 88. 10%

Floor 2 El 313 0.248 2.083 88. 09%

Floor 1 B32 0.414 2.205 81.22%

92.83%

Fig. 11 DCR ratio of beam
32 for removal of column at
Location 3
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5 Conclusion

(1) There is a raise in axial load, and the load distribution to the adjacent columns
for column removal at location 1, 2, 3 is around 30%, 25%, and 20%,
respectively.

(2) Maximum beam deflection is observed for removal of columns at location
3, i.e., 92.97 mm, followed by removal of columns at location 2. The lower
deflection is observed at location 1 having X bracing, i.e., 10.38 mm.

(3) DCR ratio value of beams exceeds the acceptance criteria in interior column
removal. The interior column removal case was found to be more critical in the
event of progressive collapse. X bracing proves efficient among other bracing
system.
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Durability Studies Concerning
Permeability on High Performance
Concrete Using Artificial Sand as Fine
Aggregate

Prashant U. Narale and H. S. Jadhav

Abstract Theworld scenario, in last 10–15 years, high performance concrete (HPC)
entered in the construction field, in particular construction of long span bridges
and flyover, high rise building, atomic power plant, prestressed concrete, metro
rail project. In this present work, developed optimum mix of M80 grade high
strength concrete using fully replacement of artificial sand as fine aggregate and
fly ash, silica fume as supplementary cementaneous material with incorporation
of super plasticizer by Indian standard method. Also conducted durability test of
developed M80 grade concrete includes resistance to chloride attack and imperme-
ability of water. Trial mixes (TM) are designed with water cement ratio 0.26, poly
carboxylate ether-based super plasticizer and various percentage addition of silica
fume (2.5,5.0,7.5,10.5,12.5), fly ash (5.0,10.0,15.0,20.0) for to obtain optimum mix
proportion of M80 grade concrete. Target compressive strength is achieved at 1%
dosage of super plasticizer, 5% addition silica fume and artificial sand below 300
micron, which is replaced by fly ash, with well-graded coarse aggregate. Average
chloride ion passed through test specimen is 181.33 Coulombs, which is in very low
permeability class (100–1000). The maximum water penetration depth of developed
M80 grade concrete is 11.5 mm, which is within the permissible limit (< 25 mm) as
per Ministry of Road and Surface Transport of India. It is classified as the concrete
“impermeable” under aggressive conditions. The present study concluded that arti-
ficial sand is substitute material to natural sand as fine aggregate in the presence of
silica fume with poly carboxylate ether-based superplasticizer can be suitably used
in making eco-friendly HPC.

Keywords High performance concrete · Artificial sand · Silica fume · Fly ash ·
Super plasticizer · Rapid chloride penetration test ·Water penetration test
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1 Introduction

Current scenario of construction industry for development of concrete natural sand
is used commonly as fine aggregate. About 30–35% of concrete volume is occupied
by sand. Due to infrastructure development, the natural sand resources depleting day
by day and disturbing nature of ecosystem of our country. Also, government had
restricted quarrying of sand from natural resources. It is necessary to find another
alternative to river sand, considering all aspect of high performance concrete (HPC)
[1].

The use of artificial sand in concrete has desirable benefits such as increase in
the strength [2, 9]. Unacceptable rates of deterioration of recently built concrete
structures indicate that the strength criterion is no longer adequate to judge the
performance of concrete. It must fulfil all durability aspect. Thus, the concept of
HPC has been evolved [3].

The requirement of HPC includes high compressive strength, durability such as
impermeability, resistance to chemical attacks (sulfate, chloride, etc.) and resistance
to temperature [4]. From material point of view, HPC becomes possible mainly due
to use of mineral and chemical admixtures [10–14].

HPCwill extend the service life of structures in aggressive environments.Addition
of chemical admixtures such as super plasticizer improves the properties of plastic
concrete with regard to workability and segregation.

2 Methodology

Various trial mixes (TM) were designed to develop optimum mix proportion of
M80 grade concrete incorporating addition of supplementary cementaneous material
and super plasticizer based on IS 10262:2019 guidelines [5]. Durability tests were
conducted includes rapid chloride penetration test and water impermeability test.

3 Materials and Mix Proportioning

3.1 Materials

1. Cement: 53 gradeOPC cement confirming to IS 12269:1987was used important
physical properties of cement are shown in Table 1.

2. Fine aggregate (FA): Artificial sand of grading zone-II as per IS 383:1987 was
used [6]. Physical properties of river and artificial are shown in Table 2.
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Table 1 Physical properties
of cement

Comp. strength (MPa) 68.5

Initial setting time (min) 40

Soundness (mm) 1.0

Final setting time (min) 365

Table 2 Physical properties
of river and artificial sand

Properties Krishana river sand Artificial sand
Walawa, Sangli

Specific gravity 2.62 2.72

Water absorption
(%)

2.80 1.64

Fineness modulus 2.5 4.42

Table 3 Properties of CA Fineness modulus 5.60

Water absorption (%) 1.40

Specific gravity 2.78

3. Coarse aggregate (CA): Maximum 12.5 mm size of coarse aggregate used for
TM1-TM9 as per IS 10262:2019 [6] and fractions of CA and FA of obtainedmix
proportion of TM10 was used. Physical properties of CA are shown in Table 3.

4. Water: Drinking water was considered for making concrete.
5. Silica fume (SF): Confirming to ASTM C 1240–2000, Elkem micro-silica of

920D and specific gravity of 2.2 was used (“ELKEM industry, Mumbai).
6. Fly ash: The fly ash of type C was used, in that the CaO present is more than

12%. Properties of fly ash are shown in Table 4.

7. Chemical admixture: Poly carboxylate ether (PCE) based “Master Glenium Sky
8521” was used (BASF private limited,Mumbai). Properties of super plasticizer
shown in Table 5.

Table 4 Properties of fly ash Shape Spherical

Bulk density (kg/m3) 540–860

Specific gravity 2.20

Size 5–300 µ
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Table 5 Properties of used
superplasticizer

Relative density 1.11 at 25 °C

pH > 6.0 at 25 °C

Aspect Light brown liquid

Chloride ion content < 0.20%

3.2 Mix Proportioning

As per IS 10262:2019 guideline, various trial mixes were made as shown in Table 6.
Details of aggregate gradation of trial mix 10 as shown in Table 7. Figure 1 shows
the image of ingredients of proposed concrete grade.

4 Test on Concrete

4.1 Slump Test

A good quality and required strength of concrete is formed by properly mixing
ingredients at standard temperature (27± 2 °C) and humidity (50–60%) [5]. Concrete
mixing with slump test to control on workability shown in Fig. 2.

4.2 Compression Strength

After 7 and 28 days curing period, the concrete cube tested under a compression
testing machine of 300-ton capacity. The crushing loads computed based on the
average compressive strength of concrete cube. Figure 3 shows the compressive
strength test.

4.3 Durability Test

Water Penetration Test (WPT) andRapidChloride Penetration Test (RCPT) on devel-
oped high strength of M80 grade concrete are conducted to assess the suitability
regarding durability point of view. Figure 4 shows the test specimen required for
RCPT and water penetration test.

(1) Rapid Chloride Penetration Test: The rapid chloride penetration test was
carried out as per ASTM C 1202–12. This test method determines electrical
current flow through 50 mm thick slices of 100 mm diameter specimen during
a 6-h period. After 28 days curing specimens were used. A potential difference
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Table 7 Detailed gradation
of CA and FA for TM10

CA Fraction I—20% [20–12.5 mm size]
Fraction II—60% [12.5–10 mm size]
Fraction III—20% [below 10 mm size]

FA Fraction I—90% [4.75 mm–300 µ size]
Fraction II—10% [below 300 µ replaced by fly ash]

Fig. 1 Ingredient of
concrete for TM10

Fig. 2 Concrete mixing
with slump test to control on
workability

Fig. 3 Compressive strength
test setup
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Fig. 4 Test specimen for
RCPT and WPT

of 60 V kept constant across the ends of the specimen. Filled the one side of
the specimen with 3.0% Sodium Chloride (NaCl) solution and the other side of
the cell filled with 0.3 N Sodium Hydroxide (NaOH) Solution. Turned power
supply on and recorded current with at every 30 minutes [8]. Rapid chloride
penetration test is shown in Fig. 5.

(2) Water Penetration Test: This test was performed as per German standard DIN
1048:1991.

The specimen cast and cured in a standard procedure, is subjected to prescribed
water pressure. After prescribed time of application of pressure, the specimen is
broken and the depth of water penetration is measured by scale [4].

The depth of water penetration gives an indication of the qualitative assessment
of permeability of concrete. Water penetration test set up is shown in Fig. 6.

Fig. 5 Rapid chloride
penetration test setup
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Fig. 6 Water penetration
test setup

Table 8 Super plasticizer
dosage for various addition of
silica fume for 100 mm slump

Silica Fume (%) Superplasticizer (%)

0.0 0.75

2.5 0.90

5.0 1.0

7.5 1.10

10.0 1.15

12.5 1.20

5 Results and Discussion

5.1 Slump Test

For very low w/c ratio (i.e., 0.26), PCE base super plasticizer was used and optimum
dosage of super plasticizer was found to fix slump of 100 mm as shown in Table 8
and Fig. 7.

5.2 Compression Strength

The 7 and 28 days results of compressive strength of various trial mix for M80 are
summarized in tabular and graphical form as shown in Table 9 and Fig. 8, respectively
[1].

Considering only silica fume (TM2) 5% gives maximum compressive strength
(87.95 N/mm2) which is nearly equal to target strength (89.9 N/mm2). But there is
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Fig. 7 Superplasticizer
dosage percentage versus
silica Fume percentage
addition

Table 9 7 days and 28 days compressive strength results

Trial mixes Silica fume (%) Fly ash (%) 7 days comp. strength
(N/mm2)

28 days comp. strength
(N/mm2)

CM 0.0 0.0 67.33 76.44

TM1 2.5 0.0 74.00 83.33

TM2 5.0 0.0 77.70 87.95

TM3 7.5 0.0 73.33 84.66

TM4 10.0 0.0 70.66 82.00

TM5 12.5 0.0 66.66 78.66

TM6 5.0 5.0 75.75 83.33

TM7 5.0 10.0 74.00 82.00

TM8 5.0 15.0 70.66 79.33

TM9 5.0 20.0 66.66 75.77

TM10 5.0 – 78.66 90.22

Fig. 8 Chart—Trial mixes
versus compressive strength
at 7 days and 28 days curing
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Fig. 9 Air void in hardened
concrete at surface and
interior

air void problem in hardened concrete at surface and interior also, shown in Fig. 9.
It affects durability aspect.

To overcome this problem and additional more strength with optimized 5% SF,
added fly ash, in various percentage (5%, 10%, 15%, and 20%) with respective trail
mixes TM6–TM9 are carried out.

From Fig. 8 observed that, with minimum fly ash content and after removing
dust in artificial sand, well finished concrete surface with negligible air void
and compressive strength up to 90 N/mm2 which is greater than target strength
(89.9 N/mm2).

Hence, TM10 is optimummix proportion of M80 grade concrete. This developed
M80 high grade concrete was used to check important durability requirement.

5.3 Durability Test

Rapid Chloride Penetration Test: The aggregate charge flows in coulombs, related
to the resistance of the concrete specimen to chloride ion penetration. The current is
recorded for every 30-min intervals for 6 h and following Eq. 1 is used to calculate
the total charge passed over the test specimen.

Q = 900 X(I0 + 2I30 + 2I60 + 2I90 + 2I120 + · · · + 2I300 + 2I330 + I360) (1)

where,

Q = Charge passes through each cell (coulombs)
I0 = Initial Current value in amperes immediately
I t = Current value in amperes at t minutes.

Qualitative indication of the chloride ion carried out as per ASTM C1202 shown
in Table 10.

The results of RCPT test of concrete specimens at the age of 28 days of developed
M80 grade concrete after computing from Eq. 1 shown in Table 11.
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Table 10 Chloride ion
permeability rating (ASTM C
1202)

Chloride ion permeability class Charges passed (Coulombs)

High < 4000

Moderate 2000 to 4000

Low 1000 to 2000

Very low 100 to 1000

Negligible < 100

Table 11 Rapid chloride permeability test result

Trial Mix
ID

Charges passed (coulombs)
through test specimens

Average charge passed
(Coulombs)

Penetrability class as
PER
(ASTM
C-1202)

1 2 3

TM 10 184 170 190 181.33 Very low
(100–1000)

As per rapid chloride penetration test result of developed M80 grade concrete
average charge passed through test specimen is 181.33 (Coulombs) which is in very
low permeability class. The reduction in the magnitude of charge passed could be
because of the consumption of calcium particles in the gel pore liquids and the
improvement of tightened irregular and pore structures. The high conductivity way
for the ions will be decreased.

Water Penetration Test: Depth of water penetration is measured by using scale after
the test by broken tested cube. Specimens of 150 mm cube sizes were used. This
method was conducted under a pressure of 0.50 N/mm2 continuously for 48 h. After
the pressure is released the cube is split with the help of compression testing machine
and depth of penetration of water is marked and measured as shown in Table 12.

Ministry of Road and Surface Transport of India (MORST) prescribed that the
depth of water penetration of good concrete should not more than 25 mm [4].

As a qualitative assessment of concrete, penetration depth up to 50 mm can be
classified as the concrete which is “impermeable”, a depth not more than 30 mm can
be classified as the concrete “Impermeable” under aggressive conditions.

Maximum water penetration depth of developed M80 grade concrete is 11.5 mm
which is within the permissible limit (25 mm) as per MORST.

Table 12 Water penetration test result considering penetration depth

Trail mix ID Water penetration depth through test specimen
(mm)

Max
value
(mm)

Remark
(As per MORST)

1 2 3

TM10 11 10.5 11.5 11.5 Penetration depth is
Permissible
(<25 mm)
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As per WPT theory penetration depth 11.5 mm is less than 30 mm, therefore it is
classified as the concrete “Impermeable” under aggressive conditions.

6 Conclusions

Following are the major conclusions that were drawn,

• Optimum mix proportion of M80 grade concrete is TM10 with SF (5%) and
artificial sand below 300 micron which is nearly equal to 10% is replaced by fly
ash, with good gradation of coarse aggregate of 20 mm maximum sizes.

• Maximum compressive strength 90.22 N/mm2. It is possible to achieve higher
grade concrete using silica fume as mineral admixture and artificial sand without
dust.

• Use of SF in concrete reduces the workability. By using PCE base superplasticizer
(HRWR), it is possible to increase workability and high earlier strength at lower
w/c ratio.

• As per rapid chloride penetration test result of M80 grade average charge passed
through test specimen is 181.33 (Coulombs), which is in very low permeability
class (100–1000 Coulombs).

• Maximum water penetration depth of M80 grade concrete is 11.5 mm, which
is within the permissible limit (< 25 mm) as per MORST. It is classified as the
concrete “Impermeable” under aggressive conditions.

• The reduction in the magnitude of water penetration depth and charge passed
could be because of the consumption of calcium particles in the gel pore liquids
and the pozzolanic responses of silica fume.

• The eco-friendly high performance concrete with artificial sand is substitutemate-
rial to natural sand as fine aggregate in the presence of silica fume with poly
carboxylate ether based superplasticizer can be effectively used in the construction
field to minimize the environmental pollution.
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Shoreline Change Monitoring of Karwar
Coast of Karnataka, India, Using
Sentinel-2 Satellite

Sheetal Mutagi, Arunkumar Yadav, and Chandrashekarayya G. Hiremath

Abstract Karnataka coastal area stretches across 320 km approximately. Karwar
coast is found to be a famous tourist place and undisturbed beaches in Karnataka.
Change in coastal conditions due to port activities, seasonally varying discharge
and sediment transport from estuarine, and threat caused by different factors have
revolved into the dynamic region; the primary aim of the study is to monitor the
change in shoreline using the Sentinel-2 data for a period of 2016–2020. Sentinel-2
data is free to access and has a spatial resolution of 10 × 10 m. Multi-temporal
shorelines are extracted using ArcGIS 10.4 tool and rate of change of shorelines are
calculated using Digital Shoreline Analysis System tool which includes statistical
approaches like linear regression rate, end point rate to identify erosion and accretion
rates and comparisons aremade. The results indicate that Rabindranath TagoreBeach
has erosion of −17.87 m/ yr (highest value) and −0.03 m/yr (lowest value) and
accretion of 3.11 m/yr (highest value) and 0.03 m/yr (lowest value). The average
shoreline change rate of 6.00 m/yr (LRR) and 5.83 m/ yr (EPR). The results were
found to be more precise because of the high-resolution Sentinel-2 data used.

Keywords Sentinel-2A · ArcGIS · Shoreline change · End point rate · Linear
regression rate

1 Introduction

The shoreline is complex and unique features are clearly defined as a line/interface
where land and water interconnect. The shoreline is variable features easy to define
but needs vast knowledge and difficult to delineate the exact position for moni-
toring change because of the tide and everlasting effects such as changes in the level
of the sea, residual transport, concerning space and time continuous changing of
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shorelines positions [1]. Shorelines are dynamic and complex due to factors such
as geological, meteorological, hydrological, human interruptions, vegetation, poli-
cies of agriculture, and land use. Transition of coastal zones are due to the natural
factors like sea-level rise, wind and storms, near-shore currents, climate change,
global warming and slope processes and additionally affected by human factors
like port activities, industrialization, discharge of effluents by large industries and
power plants, sewage discharge, coastal engineering, dams or reservoirs construc-
tion, activities of dredging, claiming of land, mining and water withdrawals that
indirectly affect natural conditions [2]. Coastal areas with river mouth are complex
and important habitats, and their estuarine morphology such as sediment transport
also varies seasonally due to a rise in sea level and change in shoreline configu-
ration [3]. The advantages of using any particular method for detecting shoreline
change rates are dependent on data sources and resources available. Earlier use of
Toposheets is now advancedwith high-resolution satellite imageries, remote sensing,
and different Geographical Information System approaches that showed improve-
ments in the examination of coastal geomorphologic, determination of shorelines
in a semi-automatic way, and identification of comparative changes among coastal
components. The study analyzed for 55 years was helpful for the further survey of its
historic evolution and future trends prediction [4]. Nowadays, the use of Toposheets
is called old methods which are not accurate and which gives errors, but T-sheets
are the best and only source of historical shoreline data from any areas, and uncer-
tainty can be removed when used in the GIS framework [5]. Over the past years,
Remote Sensing andGeographic Information System technology has developedwith
different methods for solving coastal problems. It has provided a way to generate
information required for monitoring and provide analysis to study about previous
years and predict and visualize future changes [6]. Prediction of future shoreline
positions, estimation of change rates, and prediction of shoreline changes accurately
can be done cost-effectively by combined new and old techniques of satellite image
analysis and statistics using satellite image data of higher resolution at smaller inter-
vals [7]. Coastal processes and riverine inputs were the cause of different patterns
and the presence of changing trends along the coast that sometimes behaves as stable,
erosive, accretion zones. Different satellite imagery and statistical methods can be
used for determination of shoreline position change [8]. The shoreline change has its
effects, but not visible for easy visual interpretation, but a false-color composite of
RGB has the limitation of not delineating of land and water boundary correctly, and
hence, different techniques like band rationing technique, enhancement of image,
supervised and unsupervised classification, principle component analysis (PCA),
normalized differencewater index (NDWI) can be considered [9].Detection of shore-
lines is possible bymanual, semi-automatic/ automatic methods. Automatic methods
are namely histogramequalization, adaptive thresholding techniques, Image segmen-
tation, algorithms were developed to know about accurate position [10, 11]. Because
of shoreline change, the coastal areas are affected in terms of tourism, activities of a
fishery, loss of land, and infrastructure damages, which mark the urgency of analysis
for shoreline change taking place. Mitigation efforts for the coastal region need to be
implemented through structural mitigation/ non-structural mitigation [12]. Dynamic
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activities like erosion and accretion in shoreline changes were analyzed using RS
and GIS techniques, and mapping of shoreline is done to gain information about the
changes occurring [13]. Updating of the shoreline change maps and management of
natural resources, the study on shoreline change is very important and plays a vital
role in providing useful information on coastal landform dynamics [14]. Due to loss
of human property, life, and damage to the ecosystem caused by shoreline change,
monitoring andmappingof past andongoingperiods is used as an emergencymeasure
to prevent further loss caused by erosion [15]. Shoreline mapping is an important
aspect and needs to be updated every year for coastal management and creating a
sustainable coastal environment. In the future, society must be educated about the
coastal problems and their importance of participation in creating a sustainable and
safe environment. The current study was carried out to monitor and compare change
rates, erosion, and accretion rates for the period of 2016–2020 using Sentinel-2A
satellite imagery data. Due to free access to data, it has 10 × 10 m spatial resolution
Sentinel-2 satellite imagery data is used which is better than Landsat TM satellite
imagery.

2 Study Area

Karwar is the coastal city in the state of Karnataka which lies on the west coast
of southern India situated on the banks of the Kali River which flows west to the
Arabian sea. Karwar coast has Rabindranath Tagore Beach which is towards the
south. The current study area lies between 14°48′00′′ and 14°52′30′′ North latitude
and 74°06′00′′–74°08′00′′ East longitude shown in Fig. 1. The whole Karwar city is
built on many ridges and due to the influence of meeting of the Arabian Sea and Kali
river in past, beach ridges are slowly vanishing along the coast [16]. Karwar coast
has seven islands which are significant ecologically with rocky and sandy shores
and is diverse in a habitat that ranges from the open shoreline to sandy beaches near
the estuarine environment. It was observed that Kali Estuary has nutrient-rich water
content influencing primary nutrient product and salinity, resulting in low salinity in
regions close to it [17].

3 Data and Methods

3.1 Shoreline Data

This study used Sentinel-2A multi-temporal satellite data for the period 2016–2020
to observe shoreline change. Table 1 gives the details of the type of satellite imagery
data used and the time they were acquired.
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Fig. 1 Study area—Rabindranath Tagore Beach

Table 1 Source of shoreline data

Data Period Acquisition time High tide Low tide

Sentinel-2A March 8th, 2016 05:37:57 1.8 0.1

Sentinel-2A May 20th, 2017 05:42:08 0.7 1.7

Sentinel-2A May 25th, 2018 05:34:19 0.3 1.7

Sentinel-2A May 25th, 2019 05:37:18 0.5 1.7

Sentinel-2A May 25th, 2020 05:38:21 1.9 0.9

Source https://earthexplorer.usgs.gov/

3.2 Image Processing

Image preliminary processing is the pre-operation done to remote sensing data and
its main aim is to improve the data by intensifying important features. Preprocessing
was carried out for Sentinel-2A satellite image data. The layer-stacking technique
is used to stack images/bands having the same spatial resolution of 10 m. For Band
8 (Near-IR), 4 (red), 3 (green), and 2 (blue), the false-color composite was created
using ArcGIS 10.4.

https://earthexplorer.usgs.gov/
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3.3 Shoreline Change Detection Analysis

Shorelineswere extracted by digitizingmanually byArcGIS 10.4 tool using Sentinel-
2A satellite images from2016 to 2020. Figure 2 shows aflowchart of shoreline change
analysis. After manual digitization of shorelines for different periods, the extracted
shoreline features are put together in ArcGIS 10.4 with necessary attribute fields
such as SHAPE (Polyline), ObjectID, SHAPE Length, Date, and Uncertainty values
in shoreline feature class within a personal geodatabase. For the calculation of rate of
change, multiple shoreline positions are extracted as individual shapefiles and later
merged into single file. Digital Shoreline Analysis System (DSAS) version 4.0 is

DSAS (Digital Shoreline Analysis System)

Multiple 
Shorelines

Layer stacking using ArcGIS 10.4

Shoreline Digitization using ArcGIS 
10.4

Generation of Map

Create baselines 
by Buffering

Create Transects 
using DSAS

End Point Rate Linear Regression Rate

Estimation of Shoreline rates

Image Processing

Sentinel 2A image data

Data Source

Calculation of Change of  Shoreline                       
Statistics

Fig. 2 Flowchart showing shoreline change analysis
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an ArcMap extension tool used to calculate the rate of change statistics by casting
transects of shorelines from multiple shoreline positions [18]. The baseline act is a
starting point for the perpendicular casting of transects created by buffering which
follows the direction of the shape of shoreline either onshore, offshore, or mid-shore.
The distance between shoreline and baseline was kept 200 m apart. Computation of
shoreline change statistics can be done byweighted linear regression, shoreline cover
envelope, net shoreline movement, end point rate, and linear regression rate. In this
present study, use of linear regression rate (LRR) and end point rate (EPR) statistical
approach is used [16]. Calculation of rate of change is done by dividing the shoreline
change distance by the time passed between the oldest and the youngest shorelines
with the end point rate (EPR) approach. The shoreline movement and estimation of
change rate is byLinearRegressionRate (LRR)methodusing least squares regression
lines from total shoreline positions along the transects.

4 Field Investigation

During field investigation, the photographs of study area Rabindranath Tagore Beach
subjected to erosion and accretion are taken. Figure 8a and b shows the erosion pattern
observed in the central part of the coast. Figure 8c–e shows the accretion pattern
observed near the Kali River Estuary and near the port. Most similar results are seen
when the comparison is made between obtained results from analysis projected in
terms of the graph as shown in Figs. 3 and 4 and field photographs.

5 Results and Discussion

To monitor the change rate of extracted multiple shorelines from 2016 to 2020,
the digital shoreline analysis system is used. In this study, the end point rate and
linear regression rate methods are utilized to identify the change of rate, erosion,
and accretion where erosion is indicated by negative values and accretion by positive
values. Rates were calculated by transects cast perpendicular to both shorelines and
baseline at 100 m spacing and 200 m transect distance. Figures 3 and 4 show the
LRR and EPR map of Rabindranath Tagore Beach.

From previous studies, it was observed that Karwar coast was subjected to both
accretion and erosion patterns ranging from low erosion to moderate accretion and
high accretion was found on both sides of the Kali River in the year 1973–2006
[6]. The northern part of the Kali River was subjected to erosion and the accretion
that happened in the south of the Kali River [19]. According to recent years of study,
Rabindranath Tagore Beach resulted in a change from an accretion zone to an erosion
zone and experienced low erosion to high erosion in the year 2015–2017 [3].

In the current study for period 2016–2020, from LRR, the erosion is−17.87 m/yr
(highest value) and −0.03 m/yr (lowest value) and accretion is 3.11 m/yr (highest
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Fig. 4 EPR map of the study area

value) and 0.03m/yr (lowest value). Similarly, fromEPR, the erosion rate is observed
as −20.09 m/yr (highest value) and −0.1 m/yr (lowest value) and accretion as
5.44 m/yr (highest value) and 0.25 m/yr (lowest value). It is observed that the study
area has high erosionwhen compared to accretion. High erosionwas observed during
pre-monsoon and high accretion patterns through the post-monsoon season. Figures 5
and 6 show the EPR and LRR graphs of the rate of change of the shoreline. A compar-
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Fig. 3 LRR map of study area

ison between LRR and EPR graphs is made as shown in Fig. 7, negative values in the
graph indicating erosion and positive values indicating accretion. When compared,
both themethods showed results very close to each other. There is a cumulative effect
of different factors and not a single factor on shoreline change, likewise the study
area is between the Kali estuary and port, due to port activities and discharge from
estuary causes, change in sediment discharges that vary seasonally converted region
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Fig. 6 LRR graph of rate of change of shoreline

Fig. 7 Comparison graph between LRR and EPR
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Table 2 Comparison of the results of two satellite image data

Satellite data EPR m/ yr LRR m/ yr Avg. shoreline rate
m/yr

Accretion Erosion Accretion Erosion EPR LRR

Landsat-8 15.13 −11.71 20.16 −9.29 0.004 1.67

Sentinel-2A 5.44 −20.09 3.11 −17.87 5.83 6.00

Fig. 8 a, b Erosion at middle part of coast, c, d Accretion observed near port. e Accretion near
Kali Estuary

into a dynamic zone observed over years. High erosion was observed during pre-
monsoon and high accretion during the post-monsoon season. The average shoreline
change rates are 6.00 m/yr (LRR) and 5.83 m/yr (EPR). It is observed that the study
area has high erosion when compared to accretion. Also, the results from Landsat-8
for the period of 2013–2017 [3] and Sentinel-2A for the period of 2016–2020 for
Rabindranath Tagore are shown in Table 2.

6 Conclusions

The present study focused on Sentinel-2 data collected from 2016 to 2020 for shore-
line change detection which is the novelty of the present study. Sentinel-2 data was
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used because of its free access and high resolution. The availability of this data
is from the year 2016, and because of high-resolution imagery data, the results
obtained in this study are found to be more precise compared to Landsat satellite
data. The results obtained from EPR showed that the erosion rate is observed as −
20.09 m/yr (highest value) and −0.1 m/yr (lowest value) and accretion as 5.44 m/yr
(highest value) and 0.25 m/yr (lowest value) with average shoreline rate of change as
6.00 m/yr (LRR) and 5.83 m/yr (EPR). This study reveals that Rabindranath Tagore
Beach is subjected to high erosion when compared to accretion and has progressed
from low erosion to high erosion areas from the past to present year. Results obtained
must be used as a guide to form preventive measures to reduce shoreline changes.
From the current study, the analysis of shoreline obtained can be helpful for the
scientists, coastal managers, stakeholders, and coastal people, Policymakers have a
guide to form preventive measures against erosion zones and create a sustainable
environment along the Karwar coast.
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Quantification of Traffic Congestion
Based on Vehicular Speed Under
Heterogeneous Flow Conditions Using
Fuzzy Inference Model

A. Vijayakumar, S. Varadarajan, and V. Chitti Babu

Abstract On transport networks, traffic congestion is a phenomenon that arises as
usage increases and is marked by slower speeds, longer travel times and increased
queuing of automobiles. In plain terms, “the ability of a vehicle to move forward
in a traffic state” defines congestion. Traffic congestion in smart cities has been a
major concern. In heterogeneous flow like India, congestion impacts the movement
of people both in perception and in reality that leads to consumption of time, energy
and also leads to the pollution. In order to save precious human life, eliminate road
accidents and the essence factor called time, it is essential to ensure a proper measure
for traffic congestion. Earlier there were several attempts made to develop different
approaches for congestion analysis. At present the congestion levels of ten different
road stretches of Visakhapatnam city within the central business district (CBD) area.
The key purpose of this analysis is to introduce a scalable fuzzy logic traffic flow
model capable of optimally forecasting traffic to define the city’s congestion levels
by taking into account parameters such as vehicle volume, average speed and road
speed limits by using MATLAB and to generate the desired congestion index of the
specified study stretches. This research sets the framework for the forecast, early
warning and constructive alleviation of traffic congestion
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1 Introduction

Urban traffic congestion has become a crucial concern that impacts not just the
everyday life of people but also the healthy growth of society and economy in coun-
tries like India, which have mixed traffic conditions, congestion cannot be totally
eliminated, but it could be stabilized to some extent by taking proper enforcement
and mitigates measures. Irregular planning, intolerable road capacity, private transit
encouragement, tremendous growths of vehicles are themain source of traffic conges-
tion.Countries likeChina, Singapore, London andUShas introduced a concept called
“congestion charging” to control congestion. Our country is making some flexible
policies to implement the same initially in some of the metro cities. Figure 1 shows
how the heterogeneous flow impact congestion.

Today, urban centers generate dynamic issues with transportation in everyday life.
The problem of congestion cannot be avoided just by building bridges, motorways
or by increasing road capacity alone, but also by ensuring sufficient channeling. It is

Fig. 1 Heterogeneous flow
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important to develop a transportationmanagement technology framework tomonitor
the traffic phenomena.

Traffic management systems have a significant effect on traffic issues, leading to
increase the flow of traffic and decrease congestion. There is currently no unified
and fixed assessment measure for determining the circumstances of traffic opera-
tions. In fact, in different areas, there are different assessment steps [1]. In 1985, the
highway capacity manual [HCM] first proposed using the level of service as a road
performance assessment index.

The level of service was specified in the United States by six grades and in Japan
by three grades. In China, the Ministry of Public Security has chosen the average
city road speed as an assessment metric to characterize road traffic conditions [2].
A Congestion Index was developed by Levinson and Lomax that revealed varia-
tions between real and desired travel times for various types of roads. The definition
of a delay rate index (DRI) was derived on the basis of the 1985 and 1994 HCM,
LOS, speed, delay rate and other relationships [3]. In 2006, the Washington State
Transportation Department issued a congestion report that described the congestion
assessment index as the average peak traffic time [4]. Yan and Liu performed a
report based on the Beijing Expressway Network Speed Efficiency Index in which
the author took various road segments for report and measured the congestion index
of the road segment and the congestion index of the road network with the speed
index [5]. Vaziri et al. developed Congestion indices with restricted sampling speed
and flow rate information have been established. In simple and rational models, the
congestion indices were related to travel speed, travel rate, delay rate, travel rate ratio
and delay ratio variables, respectively. Relevant congestion levels were measured by
the index values under free and capacity flow conditions to calibrate the congestion
index models. For reference, index models were built based on the US Highway
Capacity Manual, direction and speed flow rate information [6]. Hamad et al. estab-
lished a fuzzy inference model with travel speed inputs, free-flow speed, and very
low-speed proportions in the overall travel time. Using real-world evidence, the
method was illustrated. The findings were similar to those of the manual of highway
capability [7]. Das by using MATLAB, assessed congestion modeling under mixed
traffic conditions. For the feasibility of study, the author considered six kilometre of
stretch dividing it into three segments of 2 km each [8]. Surendra and Parbat devel-
oped congestion modeling on the urban road network to obtain an output Parameter
Congestion Index using the fuzzy inference system [9].

2 Study Area

“The City of Destiny”, Visakhapatnam is situated in the state of Andhra Pradesh,
with an area of 550 km2, and it is the second largest city in the province. Popu-
larly known as the second capital of Andhra Pradesh. Vishakhapatnam is also one
of India’s fastest growing cities. Due to an abundant increase in urban population,
Visakhapatnam city was taken as the study area. Data collection was mainly focused
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Fig. 2 Study area

on the central business district (CBD) due to the tremendous increase in vehicles.
Figure 2 shows the map of the study area. Ten mid-block areas like Maddilapalem,
Gajuwaka, Dabagardens, Gopalapatnam, Duvvada, Kancharapalem, Marripalem,
Dwarakanagar, Akkayapalem and Old Gajuwaka are taken in the city for study.

A videographic survey of one hour is carried out at each stretch during the peak
hour of that particular locality. A 50 m stretch is taken at each study area by ensuring
the study stretch is of gradient free and far from intersection to generate accurate
vehicle average speeds by collecting data at that particular locality regarding vehicle
volume and the class of vehicle using that particular roadway facility.

3 Development of Fuzzy Inference System (FIS)
for Congestion

3.1 Fuzzy Logic

In 1965, Lotfi Zadeh invented the word fuzzy logic. It is a formwhich purely depends
on degree of freedom in which truth of variables may be any real number between
0 and 1, i.e., it cannot be expressed as true or false exactly, but says it as partially
true. The membership functions (MF) are the integrated functions which constitute
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the body of the fuzzy systemmodel. It should be noted that the membership function
defines the Fuzzy set having a range of values in the horizontal axis. However, the
only constraint for a membership function is in the vertical axis that must be scaled
between 0 and 1.

Fuzzy inference system (FIS) is a process which purely depends upon human
based knowledge by framing some of the rules in the fuzzy inference engine (FIE).
One of the main advantages of this system is that it doesn’t promote any error as
this is entirely based on human sense. Initially the process of model consists of
aggregating the three input data, designing the output variable, framing the rules
based on IF–THEN condition and then finally determining the Congestion Index
(CI).

3.2 Input Parameters

Congestion in road traffic is affected by multiple factors such as vehicular volume,
ehicular average speed, road speed limit. All above three parameters combine
together to represent the congestion levels within the constraints of rule base.

The three inputs and one output with respect to their linguistic variables and
membership functions are tabulated as shown in Table 1. There are no complicated
and fast rules on the membership function selection because it really depends on
the applications where the fuzzy structures are to be applied. Using a mnemonic
acronym that called, “Fuzzy D.I.S.C.” these applications can usually categorized.

Table 1 INPUTS and
membership functions

S. No. Input variable Fuzzy sets Membership
function type

1 Vehicular volume Too low trimf

Low trimf

Moderate trapmf

High trimf

Very high trapmf

2 Vehicular average
speed

Too low trimf

Low trimf

Moderate trimf

High trapmf

3 Road speed limit Low trimf

Moderate trimf

High trapmf
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Table 2 Outputs and
membership functions

S. No. Output variable Fuzzy sets Membership
function type

1 Congestion index Low trimf

Moderate trapmf

High trapmf

Very high trimf

• Decision Maker (e.g., Multiple-criteria decision analysis)
• Identifier (e.g., System identification)
• Scheduler (e.g., Machine scheduling)
• Controller (e.g., Adaptive and supervisory control of nonlinear systems).

3.3 Output Parameters

The linguistic variables of the output parameter with respect to the inputs are given
in Table 2.

The graphs of the Input and Output parameters that are designed and executed are
shown in results.

3.4 Rule Base of the Model

The inference system parallels the method of human reasoning in the fuzzy logic
controller. This is where artificial intelligence is connected with fuzzy logic science.
The rules are entirely based on human knowledge, and hence it leads to perfect
reasoning.

Based on our inputs given by using the IF-THEN condition, the rules can be
specified. The antecedent is considered the part of the law following IF, and the
consequent is considered the part following THEN. The process of integrating three
inputs and deriving a congestion calculation based on natural language is achieved
using a fuzzy law that is manually crafted as follows.

1. IF (Vehicular Volume is too high) AND (Vehicular Average Speed is too low)
AND (Road Speed Limit is low), THEN (Congestion Index is very high)

2. IF (Vehicular Volume is too high) AND (Vehicular Average Speed is low) AND
(Road Speed Limit is low), THEN (Congestion Index is high)

3. IF (Vehicular Volume is high) AND (Vehicular Average Speed is moderate)
AND (Road Speed Limit is moderate), THEN (Congestion Index is moderate).

If the degree of congestion as defined in Figs. 1, 2, 3 and 4 is too high, high,
moderate, and low and too low, each represents the degree of congestion. In this
method, 57 out of 66 rules are executed to get the desired output, as seen in Fig. 3.
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Fig. 3 Rule base in FIS

Fig. 4 Generated congestion index

3.5 Fuzzy Inference Framework Implementation to Produce
Congestion Index

To compute and output the traffic congestion index, the manually tuned Mamdani-
type fuzzy inference method (FIS) is used. In designing fuzzy models, Mamdani FIS
is the most used method. The Mamdani architecture used in this paper is constructed
with three inputs, one output parameter and fifty-seven fuzzy rules to predict road
traffic congestion. Figure 3 depicts how the fuzzy rules are executed. Once all the
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Fig. 5 Generated congestion index

rules are framed, then the fuzzy inference engine is made to run and execute the
program that was given to the system in MATLAB.

On entering observational data to the fuzzy inference system of ten considered
mid-block sections, the system generates the Congestion Indices of study area. The
congestion indices are scaled between 0 and 1, where the indices closer to 0 and 1
indicate free-flow traffic state and a critical congested state, respectively.

Figures 4 and 5 were generated from the fuzzy inference system. In the below
figures, the vertical numbering of each segment from each input shows the rule that
is framed to run the output.

• Critical congested state generated at Gopalapatnam roadway link as 0.70 ~ 1
• Free traffic flow identified at Kancharapalem roadway link as 0.34 ~ 0.

As mentioned previously, the inference obtained is a number between 0 and 1.
In terms of congestion index, this value provides details on the current condition
for each and every point of vehicle volume, vehicular average speed and road speed
limit. Output shows the corresponding congestion measure for each and every point
according to the rule base framed. It is to be noticed that limited number of inputs
should be taken in FIS system as the rule base becomes complex in deriving the
accurate results for more input parameters.
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4 Results

The input parameters developed are vehicle volume, vehicle average speed and road
speed limit. The graphs are as shown in Figs. 6, 7, 8, and 9.

Table 3 shows how all the congestion indices of the study network are varying
and below are the figures of the developed input and output parameter graphs in

Fig. 6 Vehicular average speed

Fig. 7 Vehicular volume

Fig. 8 Road speed limit
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Fig. 9 Congestion index

Table 3 Generated congestion indices

S. No. Roadway link Vehicle volume
(per h)

Vehicle average
speed (kmph)

Road speed
limit (km)

Obtained
congestion
index

1 Maddilapalem 12,887 32.01 60 0.62

2 Kancharapalem 6115 34.05 60 0.34

3 Akkayyapalem 4499 20.71 40 0.49

4 Daba Gardens 6582 23.82 40 0.52

5 Gajuwaka 5611 26.70 60 0.48

6 Gopalapatnam 9688 22.94 40 0.70

7 Old Gajuwaka 5557 26.22 40 0.51

8 Duvvada 5545 21.71 60 0.47

9 Marripalem 5420 33.12 40 0.39

10 Dwarakanagar 3868 29.32 40 0.55

The idea behind providing italics for two stretches (Kancharapalem & Goplapatnam) in Table 3 is
to portray the generated low and higher congestions levels.

fuzzy inference system (FIS) in order to generate the congestion index (CI) by fuzzy
inference engine (FIE) as in Fig. 9. Observation shows that study stretch running
of vehicular volume of nearly 10000 vehicles per hour is said to be in a maximal
congested state. It is also noticed that the same stretchwhere themaximumcongestion
is generated in bus rapid transit system (BRTS).

Here, it is observed that the travelers were not using the BRTS roadway facility in
a proper manner, i.e., the traffic regulations were not at all, followed by the travelers
and all type of vehicle travelers themselves tend to use this BRTS facility in a mixed
way. No proper guidelines were even, followed by the traffic department to regulate
the roadway facility meant only for the buses. Certain enforcement measures and
initiatives are to be taken up by the traffic department leading to the proper usage
of this BRTS facility so that the congestion rate occurred as above can be reduced
and excellent results-like reduction in travel time, vehicle maintenance cost, lower
consumption of fuels can be occurred.



Quantification of Traffic Congestion … 361

Also, by proper usage of this BRTS facility, there is a great chance of the travelers
to change their route choice behavior. This further enhances the public to use this path
as the travel time and also the fare is low rather than using their own vehicles at risk
which costs more in all aspects. Hence this eventually leads to the encouragement
of public transit.

4.1 Vehicular Average Speed

See Fig. 6.

4.2 Vehicular Volume

See Fig. 7.

4.3 Road Speed Limit

See Fig. 8.

4.4 Congestion Index

See Fig. 9.

5 Conclusion

The suggested fuzzy congestion model is extended to the study areas real-world
road network. The needed data is gathered mostly around the central business district
(CBD) area in the city, which createsmore travel times depending on the requirement.
The obtained Congestion Index on the major roads of the city should be studied
carefully and somemitigate measures are to be taken up in the congestion prone area.
By looking at this scenario, we can say that the Kancharapalem roadway link possess
free flow state, whereas Gopalapatnam roadway link generates higher congestion
effect and some remedial measures have to be taken by anticipating future trends.
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An Analytical Approach to Analysis
of Concrete Overlay (White Topping)
Over Flexible Pavement (Hot Mix
Asphalt) Using ANSYS Software

M. S. Nagakumar, N. Ajay , and Sharu Elishuba John

Abstract Concrete overlays offer enormous potential as a rehabilitation strategy
for Indian roads, whereas white topping offers a new advanced technique which will
extend the life of a deteriorated existing bituminous pavement. In the present work,
white topping is considered as the concrete overlay over 150mm thick hotmix asphalt
(HMA) pavement and has been modeled and analyzed by using ANSYS software.
The response of the pavement was computed in terms of surface deflections and
stresses at interior, corner, and edge, along with the effect of temperature, dowel bars,
and slab thickness which were considered as design parameters. Further, parametric
studieswere carried out on varying thickness of slabs (75, 100, 260, 280, and 300mm)
to identify the significant design parameters of the pavement model. Validation of
the finite element (FE) analysis results was carried out using Bradbury’s equation
for temperature stress and Ioannides modified solution ofWestergaard’s closed-form
formulas for response to wheel loading. The results show that bonding condition,
temperature, and thickness of the overlay are critical for the design of rigid overlays.

Keywords ANSYS · Finite element model · Overlay ·White topping

1 Introduction

In India, most of the roads are flexible pavements. Structural failures are common
in the flexible pavements due to accumulated traffic loads, adverse climatic situa-
tions, inadequate ride quality, inaccurate service life prediction, and deterioration
due to over loading. These problems may be overcome by adequate maintenance.
But the proper pavement maintenance is expensive, and pavement may have inad-
equate structural ability for the resisting the traffic loads [1]. Several methods are
available to maintain the flexible pavement [1], and among them, asphalt overlay on
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existing surface is most commonmethod adopted in India [1]. Asphalt overlay repre-
sents common practice used for flexible pavement rehabilitation and maintenance of
pavement. It will increase the structural support and the serviceability of the existing
pavement [2]. The overlay design is mainly based on the thicknesses and stiffness of
the existing asphalt, base, and sub-base layers [2]. The PCC overlay on an existing
bituminous pavement is termed as white topping [2].

Thewhite topping is comprised of cement concrete slabs laid above the bituminous
concrete or hot mix asphalt (HMA) [3]. To make the interface between the two layers
smooth, a separation film is set between the current bituminous concrete or HMA
and cement concrete. However, this film is missing in case of ultra-thin and thin
white topping [3]. To facilitate thermal expansion and contraction of the slab and to
continue construction after a break, different types of joints are provided in white
topping [4]. Dowel bars are given over the transverse joint to transfer load from one
panel to another in conventional white topping.

A few performance studies were carried on the thickness of white topping, bitu-
minous layer, modulus of bituminous layer, temperature differential, etc. [5, 6]. It
is a challenge for any highway engineer to design the PCC overlay system because
of factors such as restricted boundary conditions, non-availability of accurate field
data, less accurate conversion formula for temperature variation, and time-consuming
calculations [5, 6]. In addition to this, collection of necessary data, investment of
money, time, requirements of reliable and comprehensive data, and the conventional
methods like manual calculation which may lead to error [1]. The “finite element
method (FEM)” approach can be used to overcome the above drawbacks and help in
better prediction of PCC overlay behavior [1].

2 Literature Review

The FE method is used to solve the problems with complex geometries, loading,
and material properties numerically. Huang andWang [7] analyzed two-dimensional
concrete slab using FEM based on Kirchhoff’s thin plate theory [8–12]. Since 1970s,
various software’s were developed to simulate the concrete pavements by many
researchers [13, 14]. To overcome the limitations in the two-dimensional FE model,
the researchers developed three-dimensional FE models to capture the behavior
of concrete pavement with different pavement configuration [13, 14]. Cheung and
Zienkiewicz [15] were analyzed the three-dimensional rigid pavement using the
FEM. They concluded that, three-dimensional model can provide better realistically
analysis of pavement when compared to two-dimensional model.

In the present work, white topping is considered as the concrete overlay over
existing 150 mm thick HMA pavement and has been modeled using FEM (Three-
dimensional model). This was analyzed by using ANSYS software [16].

The response of the pavement was computed in terms of surface deflections and
stresses at interior, corner, and edge, along with the effect of temperature, dowel
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bars, and slab thickness which were considered as design parameters. Further, para-
metric studies were also carried out on varying thickness of slabs (75, 100, 260, 280,
and 300 mm) to identify the significant design parameters of the pavement model.
Validation of the FE analysis results was carried out using Bradbury’s equation for
temperature stress and Ioannides modified solution of Westergaard’s closed-form
formulas for response to wheel loading.

3 Finite Element Analysis

The modeling and analysis of white topping overlay on HMA have been performed
with finite element analysis using ANSYS [12]. The element description used in
ANSYS is given in Table 1.

In conventional white topping, dowel bars are used to connect the slab panel to the
adjacent slab panel transferring the loads to that slab. The load is transferred through
the dowel bars to the adjacent slab. In modeling, dowel bars were modeled as 3D
beam elements (BEAM-4). At each transverse joint, dowel bars of 32 mm diameter
and 500 mm long spaced at 200 mm center to center at mid depth of slab are placed.
The models were analyzed both in bonded and un-bonded conditions (The bottom
of sub-grade is assumed as fixed condition in all directions). The pavement model
is a five-layer system (Fig. 1) consisting of concrete layer, existing asphalt layer,
sub-base layer, and sub-grade layer.

Figure 2 shows schematic arrangement of three adjacent white topping overlay
slabs. The stresses and deflections in the white topping overlays were analyzed for
various temperature differential starting from 5 to 20°C to find out the effect of
temperature on the performance of the pavement. Comparison of bonded and un-
bonded conditions of the pavement layers was analyzed to determine its importance.

Figure 3 shows FE mesh of pavement system and dowel bars at transverse joint.
The FE model is validated by computing stresses and deflections at edge, corner and
interior loading positions and comparing the same using closed-form formulas.

Table 1 Element description
used in ANSYS

Members Elements

Concrete slab SOLID65

Existing asphalt, granular,
and sub-grade layer

SOLID45

Contact element between
concrete slab and existing
asphalt layer

TARGE 170 and CONTAC174

For determining the
temperature stress

SOLID5
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Fig. 1 Schematic arrangement of conventional white topping

Fig. 2 Schematic arrangement of three adjacent white topping overlay slab

Fig. 3 White topping overlay slab and dowel bar FE model
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4 Parametric Study

In the present study, 4500mm× 3650mm concrete slab with different thicknesses of
slab from75mm, 100mm, 150mm, 200mm, and 250mmover existing 150mm thick
asphalt-treated base (HMA) were considered. The concrete properties and HMA
properties are given in Table 2. The parameter’s considered were single-axle load
(dual tire) P= 100 kN, 320 mm thickness of overlay slab, the tire contact area is 139
× 196 mm, different E-value (275,1000,2100), tire pressure (0.70, 0.80, 1.0 MPa),
and temperature gradient (lowest considered 20 °C and highest 42 °C).

Westergaard’s modified equations (Ioannides et al. and Bradbury equation) were
used to verify the finite element model [11].

For Stresses:

Interior:

σ =
[
3P
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2πh2

][
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)
+ 0.5− γ

]
+

[
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1+ μ

64h2

](a
l

)

Corner:

Table 2 Properties of
concrete and HMA
considered for analysis

Concrete

Grade of concrete (fck) 40 MPa

Modulus of elasticity (Ec) 21,000 MPa

Poisson’s ratio (µ) 0.15

Density of concrete 24 kN/m3

Coefficient of thermal expansion (α) 1.0 × 10–5 per °C

HMA

Modulus of elasticity (base material) 800 MPa

Poisson’s ratio (μ) (base material) 0.30

Modulus of elasticity (sub-grade
material)

200 MPa

Poisson’s ratio (μ) (sub-grade
material)

0.35

Modulus of elasticity (steel dowels) 200,000 MPa

Poisson’s ratio (μ) (steel dowel) 0.30

Modulus of dowel support (K) 450 MPa/mm

Modulus of sub-grade reaction of
HMA, k

0.12 MPa/mm

Modulus of elasticity (AC layer) 275, 1000, 2100 MPa
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5 Results and Discussions

5.1 Analysis of Stress and Deflection for Corner, Edge,
and Interior Loading

For the analysis of stresses and deflections for corner, edge, and interior loading, the
model is developed by considering a thickness of concrete slab as 250 mm and the
applied tire pressure is 0.70 MPa. The E-value of slab is considered as 21000 MPa,
the load applied is 50 kN, and the temperature considered at top of slab = 20 °C
and at bottom of slab = 28 °C, respectively. Full bonding is provided between the
overlay and the existing asphalt layer. Figures 4, 5, and 6 show the FEmodel (250mm
thick) slab along with corner, edge, and interior loading and respective deflection and
stress values. A reasonably good agreement has been indicated between the results
obtained from proposed model and values obtained from formulas. Similarly, for
other thickness of slabs, analyses were carried out for both bonded and un-bonded
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Fig. 4 Representation of FE
model (250 mm thick slab)
along with deflection and
stress values under corner
loading conditions

conditions between slab and the HMA layer by varying temperature, E-value and
tire pressure.
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Fig. 5 Representation of FE
model (250 mm thick slab)
along with deflection and
stress values under edge
loading conditions
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Fig. 6 Representation of FE
model (250 mm thick slab)
along with deflection and
stress values under interior
loading conditions

FE Models

Deflections

Stresses

5.2 Vaildation for FE Model

As seen from Table 3, the edge loading is critical location on the pavement. Whereas
the stress and deflection values are higher for edge loading condition when compare
to corner and interior loading conditions.
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Table 3 Comparisons of results for stresses and deflections using FEmodel and Ioannides Equation

Condition Stresses (MPa) Deflections (mm)

FE model Equations FE model Equations

Corner 0.508 0.63 0.070 0.036

Interior 0.750 0.53 0.075 0.055

Edge 1.800 0.75 0.130 0.150

Table 4 Temperature versus deflection for various thicknesses for both bonded and un-bonded

Temperature differential
(°C)

Slab thickness (mm)

Deflection (mm)—Bonded Deflection (mm)—Un-bonded

75 100 150 200 250 75 100 150 200 250

5 0.54 0.40 0.34 0.2 0.07 1.07 0.77 0.55 0.38 0.29

8 0.73 0.52 0.19 0.19 0.12 1.66 0.84 0.53 0.51 0.31

12 0.91 0.62 0.54 0.57 0.52 1.97 1.03 0.86 0.85 0.79

15 1.17 0.82 0.68 0.60 0.59 2.21 1.22 1.03 0.92 0.81

18 1.47 0.93 0.88 0.79 0.70 2.30 1.38 1.27 1.18 1.01

20 2.35 1.58 1.37 1.01 0.91 3.65 2.51 2.02 1.23 0.94

5.3 Variation in Deflection with Respect to Temperature

In this analysis, the deflection was computed for various values of the temperature
and various overlay thickness of 75 mm, 100 mm, 150 mm, 200 mm, and 250 mm.
Table 4 shows the deflection in bonded and un-bonded conditionwhen load is applied
at the edge of the slab and the result of the same is plotted in Fig. 7.

Figure 7 shows the variation in deflection with respect to the temperature differen-
tial. The white topping thicknesses increases as the deflection value decrease, while
comparing the bonded white topping that is 18% increase in deflection values and
for un-bonded white topping 30% increase in deflection values.

5.4 Variation in Stress with Respect to Temperature

In this analysis, the stresses were computed for various values of the temperature
and various overlay thickness of 75 mm, 100 mm, 150 mm, 200 mm, and 250 mm.
Table 5 shows the stress in bonded and un-bonded condition when load is applied at
the edge of the slab and the result of the same is plotted in Fig. 8.

As seen from Fig. 8, the shear stress increases with decrease in thickness of the
overlay. As temperature on top slab increases, the shear stress also increases. White
topping for different thicknesses stresses varied from 30 to 40%. The highest value
of shear stress found is 3.95 MPa for a temperature differential of 20 °C which is
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Fig. 7 Relation between temperature versus deflection for various thicknesses for both bonded and
un-bonded conditions

Table 5 Temperature versus stresses for various thicknesses for both bonded and un-bonded

Temperature differential
(°C)

Slab thickness (mm)

Deflection (mm)—Bonded Deflection (mm)—Un-bonded

75 100 150 200 250 75 100 150 200 250

5 1.23 1.20 0.88 0.70 0.62 1.89 1.68 1.47 1.26 1.05

8 1.33 1.14 0.97 0.76 0.51 2.08 1.84 1.6 1.36 1.12

12 1.55 1.38 1.14 0.89 0.66 2.44 2.17 1.9 1.63 1.36

15 1.93 1.79 1.62 1.43 1.33 2.98 2.63 2.28 1.93 1.64

18 2.27 2.17 1.93 1.77 1.69 3.37 3.07 2.77 2.47 2.17

20 2.89 2.55 2.24 1.97 1.83 3.95 3.59 3.23 2.87 2.51

due to the lack of bonding between the overlay and the AC layer. With bonding, the
shear stress reduced by 36%.
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Fig. 8 Relation between
temperatures versus stresses
for various thicknesses for
both bonded and un-bonded
conditions

5.5 Variation in Deflection with Respect to E-Value of AC
Layer

The deflection was computed for variations in the E-value (275, 1000, 2100) of
asphalt layer and various overlay thickness of 75 mm, 100 mm, 150 mm, 200 mm,
and 250 mm for both bonded and un-bonded conditions.

As seen from Fig. 9, as the AC modulus increases the deflection decreases. The
maximum variation in deflection was found to be in the range of 10–12% which
implies that the effect of modulus of elasticity of HMA is not significant on the white
topping.
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Fig. 9 Variations in deflectionwith respect to E-value for various overlay thickness for both bonded
and un-bonded conditions

5.6 Variation in Stress with Respect to E-Value of AC Layer

The stresses on slab were computed for varying E-value of asphalt layer and various
overlay thickness of 75mm, 100mm, 150mm, 200mm, and 250mm for both bonded
and un-bonded conditions.

As seen from Fig. 10, the stress reduces for increasing in the modulus of elasticity
of the AC layer. This is due to increasing the stiffness. There is only 6–8% difference
in stresses with the variation of E-value of the asphalt layer. The average value of
stress with increase in stiffness on white topping is 0.55 for bonded condition and
0.60 for un-bonded condition, respectively.
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Fig.10 Variations of stresses with respect to E-value on various overlay thickness for both bonded
and un-bonded conditions

5.7 Variation in Deflection with Respect to Tire Pressure
on Slab

Deflections on slab were computed for varying tire pressure and various overlay
thickness of 75 mm, 100 mm, 150 mm, 200 mm, and 250 mm for both bonded and
un-bonded conditions. As seen from Fig. 11 as the tire pressure increases from 0.7
to 1.0, the deflection values increase. It is more affected on thin white topping owing
to its less thickness. The results also show that there is some significant increase in
the deflection for un-bonded pavement rather than bonded pavement, which implies
the necessity of bonding between overlay and existing AC layer.
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Fig. 11 Variations of deflection with respect to tire pressure on various overlay thickness for both
bonded and un-bonded conditions

5.8 Variation in Stress with Respect to Tire Pressure on Slab

Stresses on slab were computed for varying the tire pressure and various overlay
thickness of 75 mm, 100 mm, 150 mm, 200 mm, and 250 mm for both bonded and
un-bonded conditions.

As seen from Fig. 12, the stresses were found to increase as tire pressure increases
for un-bonded pavement under the same overlay thickness. As overlay thicknesses
increases, the stresses were found to decrease for the same tire pressure.
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Fig. 12 Variations of stress with respect to tire pressure on various overlay thickness for both
bonded and un-bonded conditions

6 Conclusion

A three-dimensional FE model of conventional white topping for bonded and un-
bonded conditions have been developed using ANSYS by considering static wheel
loading, temperature, tire pressure, and modulus of elasticity for various thicknesses.
These models can be used for computing stresses and deflections in conventional
white topping. The model has been validated by computing stresses and deflections
at edge, corner, and interior loading positions. Also, thesemodels have been validated
using closed-form formulas like Ioannides et al. and Bradbury. The results show that
bonding condition, temperature, and thickness of the overlay are critical for the design



An Analytical Approach to Analysis of Concrete Overlay (White Topping) … 379

of rigid overlays. Also, sufficient stiffness of the existing asphalt layer should be
ensured before laying the overlay. There is good agreement between values obtained
from three-dimensional FE model and as well as closed-form formulas results.
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Investigations on Slag-Fly Ash-Glass
Powder Based Ecofriendly Interlocking
Paver Blocks

Shriram Marathe, I. R. Mithanthaya, and S. K. Susmitha

Abstract This interrogation presents an laboratory exploration on sustainable inter-
locking concrete paving blocks (ICPB) produced using alkali activated cementitious
materials. The study involves comparison of mechanical properties such as compres-
sive, split-tensile, flexural strengths, and scratch resistance of ICPBs produced using
one type of “alkali activated concrete” (AAC) with that of the conventional OPC
based paver blocks obtained from field. The AAC is systematically developed using
GGBS, fly-ash and powdered waste glass as binding ingredients. The investigations
were extended to learn the compression and tensile behavior of geo-grid reinforced
alkali activated ICPBs introduced in two layers. The cost analysis was also carried-
out to compare the AACwith OPC based ICPBs. The experimental results reveal that
the use of alkali activated ICPBs are proved be the sustainable replacement to OPC
based conventional ICPBs. Thus, alkali activated concrete ICPBs must be commer-
cialized and produced in a large scale for the sustainable construction of interlocking
pavement system.

Keywords Alkali Activation · Fly-ash · Glass powder · Slag · Interlocking
Concrete Paver Block (ICPB)

1 Introduction

In India, the industrial production of OPC is more than 300 Mt [1], whereas the
production of the industrial wastes that can be used as a substitute to OPC is more
than the double this amount. The explore for new environmental friendly building
material which will match the durability of primordial OPC based concretes that can
be effectively produced using industrial waste materials has motivated the study on
non-conventional cementitious systems over the preceding three decades. Hence,
there is a demand for an innovative and sustainable concrete technology which
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utilizes less energy and generates fewer CO2 without compromising the strength
and durability performances. Keeping these facts in mind, researchers are trying to
develop alternative materials which utilizes industrial by-product materials (wastes),
emit little CO2 and consume less energy, while compared to OPC. Thus, the call
for the day is, hence ‘Sustainable Development’ which demands the fresh concrete
technology that utilize fewer natural resource, minimum energy as well as generates
lesser amount of CO2, with no compromise on the strength and durability properties
[2–4].

Alkali activated cements are considered as new generation binders, which have a
potential to give a sustainable replacement to OPC. There is an urge to limit the usage
of the OPC in infrastructural development due to its adverse environmental issues
and it’s structural limitations [5]. Because of low-internal energy and low-carbon
dioxide emission associated with production of Alkali-activated binder (AAB), this
newmaterial can be taken asmore eco-friendly than the conventional portland cement
concretes [4, 6].

These AABs are broadly talked about and encouraged as constituent of the recent
and upcoming tool box of ‘sustainable cementing binder systems’. Alkali-activation
is a common term that is concerned to the reaction of a solid alumino-silicate (called
the ‘precursor’) under alkaline conditions (induced by the ‘alkali activator’), to
produce ahardenedbinderwhich is basedon a combinationof hydrous alkali-alumino
silicate and/or alkali-alkali earth-alumino silicate phases [5, 7, 8].

Interlocking concrete paving blocks (ICPBs) have been comprehensively utilized
as a expert pinpointing method for granting pathway in regions where conserva-
tive method of construction are fewer long-lasting owing to a lot of functioning
and ecological restraints. The strengths, stability, and visually pleasing exterior of
ICPB have made them suitable for various range of applications. 10 years ago ICPB
technology was introduced in India. They were used in footpath, parking spot, and
garden, etc., whereas nowadays they are used for various purpose. Themajor compo-
nents of ICPB are shown in Fig. 1. They comprise of base materials, pavers, bedding
sand, jointing sand, sealer, and geotechnical fabric and edge restraints. For better
architectural view, ICPBs are accessible different sizes, shapes, and colors.

In this current inspection, the attempt was to develop eco-friendly ICPBs of
desirable quality by using developed alkali activated binders instead of using OPC
binder.

Fig. 1 Typical cross section of ICPB pavement section [9]
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IRC guidelines [10] suggest that for paving applications, the minimum compres-
sive strength of individual block must not be less than 30 MPa. IS:15658 [11] states
that the grade of the concrete and the minimum thickness of the ICPB is decided
for the manufacture of paver blocks based on the expected traffic conditions. For
non-traffic category road applications the minimum 28 day compressive strength
must be 30 MPa with a minimum thickness of 50 mm; for the light traffic category
applications, i.e., average daily traffic (ADT) upto 150 HCVs (Commercial vehicles
with laden weight > 30 kN) minimum strength must be 35 MPa with a minimum
thickness of 60 mm; for the medium traffic category applications, i.e., ADT from
150 to 450 HCVs minimum strength must be 40 MPa with a minimum thickness of
80 mm; for the heavy traffic category applications i.e., ADT from 450 to 1500 HCVs
minimum strength must be 50 MPa with a minimum thickness of 100 mm; and,
for the very heavy traffic category applications, i.e., ADT > 1500 HCVs minimum
strength must be 55 MPa with a minimum thickness of 120 mm.

2 Materials and Methodology

In this study, the mechanical performance of field ICPBs was compared with that
of the developed alkali activated concrete ICPBs. For this purpose, the conventional
OPC binder based ICPBswere obtained directly from the local paver blockmanufac-
turing company located in Karkala Taluk. The ICPB mix proportion (i.e., field mix)
by themanufacturing companywas developed for design strength of 40MPa. Further,
two ICPB mix-proportions were developed for AAC mixes. For AAC mixes, three
binding ingredients were used namely, ground granulated blast furnace slag (GGBS)
of relative density 2.89; Fly Ash (FA) with specific gravity 2.32, and powdered waste
glass (GP) with specific gravity 2.45. The graded stone crusher dust of zone-II with
relative density of 2.61 is utilized as fine aggregates and 10 mm down gravel crushed
stones (with G = 2.72) are used as coarse aggregates.

Netlan geo-grid was used in the present investigation as a reinforcement mate-
rial for the preparation of AAC reinforced paver blocks. The tests on the geo-grid
material are carried out as indicated by relevant ASTM standards. Unit weight test
was conducted using Archimedes principle and it was found to be 0.85 g/cm3. Five
geo-grid specimens of dimension 10 cm × 10 cm were taken and weighed. The
average weight per m2 of the geo-grid material was found to be 7.545 N (i.e., 769.4
gsm). The tensile strength of the geo-grid specimen was tested in a universal testing
machine (UTM) and the ultimate strength of the specimen was found to be 1.061
kN/m. The allowable strength is 0.43 kN/m.

The mix proportion design for AAC-ICPBs was build-up on the method recom-
mended for the mix design of the conventional Portland Cement based concrete mix-
proportion design BIS code IS: 10262 [12]. Here in research work, the mix-design
was prepared with a total binder content of 440 kg/m3, with “water-to-binder ratio”
of 0.40 and “fine aggregate-to-coarse aggregate ratio” of 0.38:0.62. All the mixes
were developed to attain a design slump range of 0–25 mm. Then, the systematic
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modifications were done based on the literature [6, 13] to obtain the proportioning of
AAC mixes to have same binding content (440 kg/m3) and “water-to-binder ratio”
(0.4) as same as the conventional PQC mix. Alkali-activated concrete mixes were
made using binders, i.e., ground granulated blast furnace slag: FA in the ratios of
75:25 (M-0 mix). “Total water content” in activator solution for the AAC mixes, is
the total water which is present in sodium silicate solution and the additional water
which is add on to prepare the mix, to obtain design water content. The alkali acti-
vator solutions were balanced separately for each type of mix to provide 4% dosage
of Na2O (by weight of binder), of Ms value 1.25. No super-plasticizers were used in
the preparation of AAC mixes.

First reference alkali activated ICPB elements were prepared without using glass
powder (M-0 mix); afterward, the AAC ICPBs with 15% dosage of glass powder
was considered (i.e., M-15 mix with 75% GGBS+ 10% FA+ 15% GP). Afterward,
studying their compressive, split tensile strengths (Tensile Splitting Strength) and
flexural strengths as per IS 15658-2006 [11]. The investigation was extended to study
about the mechanical behaviors of reinforced alkali activated ICPB by incorporating
geo-grid reinforcement. Comparison was done between results obtained from the
test and Portland cement concrete based ICPBs obtained from the field.

Initially, the alkali solution was prepared by mixing calculated quantity of sodium
hydroxide and liquid sodium silicate solution mixed to adequate quantity of water
essential to maintain a w/c ratio of 0.20. This alkali solution was prepared and kept
in a closed plastic container minimum before 24 h of actual casting works. The
additional water is added to bring the concrete mix water/binder ratio of 0.40 during
the mixing of ingredients. Details of the AAC paver block mix proportion are given
in Table 1.

The ICPB used in the present investigation is under the classification of “category
A-Type C” as per IRC [10] having a plan area of 32,500mm2 with a depth of 100mm
(mean length of 250 mm, mean width of 120 mm, measured in accordance with
annexure B of IS:15658-2006 [11]). The preparation sequence of the ICPB involves
placing of batched requisite amount of coarse aggregate, fine aggregates (quarry dust)
and cementing materials (Alkali activated binders) in drum-type machine mixer and
mixing it for about 3 min (i.e., till dry mix gets blended well). Later, the required

Table 1 Mix proportion
details for AAC ICPB in kg
per m3

Mix ingredients Mix ID

AAC M-0 AAC M-15

GGBS 330 330

Fly ash 110 44

Glass powder 0 66

Additional water 88 88

Alkaline solution 129.85 129.85

Coarse aggregates 1103 1105

Fine aggregates 669 670



Investigations on Slag-Fly Ash-Glass … 385

amount of alkaline activator solution and water is poured to this dry mix and green
concrete mix is prepared.

The ICPBs were prepared by filling the green concrete mix in the standard ICPB
rubber molds. Then, the filled molds were vibrated and compacted in three layers by
placing it in vibratory table, and then the surface is finished. The production sequence
of ICPBs is shown in Fig. 2. After a day the blocks were de-moulded and air cured
in room temperature as shown in Fig. 3. After curing for 7 and 28 days the ICPBs
were tested for their strength and abrasion resistance.

Further, two type of reinforced ICPBs were prepared, one with single layer of
reinforcement by providing geo-grid reinforcement layer at a depth of 60 mm; and
the otherwith double layer of reinforcement by providing two geo-grid reinforcement
layers, respectively, at a depth of 60 mm and 30 mm.

Fig. 2 a Production
sequence of ICPBs.
b Finishing of produced
ICPBs
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Fig. 3 a Air-curing
sequence of ICPBs.
b Air-cured ICPB specimens

3 Results and Discussions of Tests on ICPBs

The compressive, split-tensile, and flexural strengths testing on ICPBs were
conducted in the Civil Engineering laboratory is shown in Fig. 3. The failure pattern
of ICPBs during its test for compression is shown in Fig. 4, split-tension and flexure
strength can also seen in Fig. 5.

Results of compression, split-tensile, and flexural strengths of the ICPBs are,
respectively, indicated in Figs. 6, 7, and 8. The guidelines suggested by Indian Stan-
dard Code of practice: IS:15658-2006 [11] is carefully followed and the formulae
used for the determination of the various strength parameters were also taken from
the same guidelines. The averages of three readings were represented as the results in
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Fig. 4 a Compressive
strength testing of ICPBs.
b Compressive strength
testing and failure patterns

every case. Apparent compressive strengths of ICPBs were obtained by the conven-
tional method, i.e., the highest compressive load is divided by the area of plan.
The corrected compressive strengths of ICPBs are determined by multiplying the
obtained apparent compressive strengths by the appropriate correction factor based
on thickness and type (i.e., plain or chamfered edge) of ICPBs (as suggested by the
Annex D of the code IS:15658-2006).

In the present investigation, thickness of the paver block used is 100 mm and
the edge was chamfered. The multiplication factor used to determine the corrected
compressive strength was 1.24 as per the code.

Figure 6 indicates that corrected compressive strengths of the ICPBs which shows
that the AAC ICPBs performs better with higher compressive strengths results when
matched with that of the field OPC based ICPBs. The mix AAC-M-0 shown a 28 day
compressive strength value 49% higher than that of the reference field mix; whereas
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Fig. 5 a Split tensile
strength testing of ICPB.
b Flexural strength testing of
ICPB

optimum AAC-M-15 shown a value 60% higher than that of the field mix. While
compared with the AAC M-0 mix, AAC M-15 mix showed 7% higher compressive
strength value. However, the effect of reinforcement is very less on the compressive
strength of ICPB mixes, where it indicated a marginal increase in strength, which
can be considered to be insignificant. The split tensile strength results of ICPBs were
shown in Fig. 7 indicates that the AAC-M-0 ICPBmix is having split tensile strength
91% more than that of the field mix. The AAC-M-15 shows a value which is 101%
greater than that of the field mix. Introduction of single layer of geo-grid reinforce-
ment lead to an raise in tensile strengths of about 6%; whereas the introduction of
double layer of geo-grid reinforcement lead to an increased tensile strength of about
12% when compared with the un-reinforced AAC-M-15 ICPB mix. The average
value of unit weight and the average %water absorption of the ICPBs were indicated
in table 2. The results shows that the unit weight of the mixes were almost same for
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Fig. 6 Results of compression Test on ICPBs

Fig. 7 Results of split tensile strength test of ICPBs

Fig. 8 Results of flexural strength test on ICPBs
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Table 2 Density and water
absorption results of ICPBs

Mix ID Test parameter

Unit weight (kg/m3) Water absorption (%)

AAC-M-0 2342 3.13

AAC-M-15 2382 3.32

OPC (field mix) 2320 6.58

both the field (OPC) mixes and AAC mixes. The water absorption of all the mixes
was less than 7% which is desirable; however, the values are less for AAC mixes
when compared with that of the field mixes.

The flexural strength of the ICPB depicted in Fig. 8 shows the similar trend as
that of the split tensile strength results. The AAC M-0 ICPB mix shows the flexural
strength value of about 144% greater than that of the OPC field mix. Whereas AAC-
M-15 mix shows a value which is 178% greater than that of the field OPC ICPB
mix. Introduction of single layer of geo-grid reinforcement lead to an increased
flexural strength of about 14%; whereas the introduction of double layer of geo-grid
reinforcement lead to an increased flexural strength of about 14% when compared
with the un-reinforced optimum AAC-M-15 mix.

The abrasion test on prepared ICPB specimen was carried-out in-according to
IS:15658 [11] to measure the abrasion resistance of the paver block. The specimen
for scratch test was obtained from cutting the concrete paving block. The size and
shape of test specimen is 7.06×7.06 cm (i.e., 50 cm2 in area) and square, respectively.
The preparation of ICPB sample by cutting using marble cutting machine for this
test is shown in Fig. 9.

The testing of ICPB specimen for its scratch resisting ability was done by tile
abrasion testing machine. The testing set-up is indicated in Fig. 10. The test will be
conducted once it’s cured for 7 and 28 days. The results of this test are depicted in
Fig. 11. The results show that the abrasion value for both the mixes is more than
2.0 mm at the age of 7 days of curing. After 28 days of curing the results were within
2.0 mm which are within the desirable limits as mentioned in Indian standard code
specification. However, the AAC mixes were performing better than the OPC based
field mixes.

At 28 days of curing, the the AAC-M-0 mix had shown 38.5% better abrasion
resistance value when compared it with the OPC filed ICPB. Whereas the AAC-M-
15 mix had shown 41.6% better abrasion resistance value when compared it with the
OPC filed mix. The optimum AAC-M-15 mix had shown a abrasion resistance value
5% better than that of the AAC-M-0 mix.

The cost analysis of the two types of ICPBs (i.e., OPC field mix and AAC mix)
was carried out which shows that for the given strength and thickness the OPC based
ICPBs will cost about Rs. 50 per square feet in the local market. Whereas the AAC
paver blocks will cost about Rs. 45 per square feet if it is produced in a large scale.
Thus, the analysis of overall mechanical performance and the cost analysis show that
the AAC binder based ICPBs are far better engineering material than that of the OPC
based field ICPBs.
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Fig. 9 a Preparation of
ICPB specimen for Abrasion
Test. b Preparation of ICPB
specimen for Abrasion Test

4 Conclusions

The outcomes from the present investigations on alkali activated and conventional
ICPBs are presented in this section. The test results show that AAC ICPBs performed
far better in compression and tension while compared to that of the conventional
OPC based blocks obtained from the field. The specific conclusions from the present
investigations were listed in here:

• The results of compression test revealed that, there is a 49% increase in AAC
compressive strengths values than that of the reference OPC based field mix;
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Fig. 10 a Testing of ICPB
specimen in Abrasion
Machine. b Testing of ICPB
specimens in Abrasion
Machine

Fig. 11 Abrasion test results on ICPB specimen
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whereas optimum AAC-M-15 shown a value 60% more than the field mix.
All compressive strengths results satisfy the desirable requirements as per IRC
guidelines.

• There was a marginal raise in the tensile strengths values when reinforcement
incorporation was done in ICPBs.

• The analysis of cost indicates that the alkali activated ICPBs were about 10%
cheaper (when compared with market rate per square feet) when compared to that
of the field OPC based ICPBs.

• The abrasion test of ICPBs on the optimum AAC mix had shown 41.6% better
abrasion resistance value when compared it with the OPC filed ICPB mix, which
indicate that the AAC specimens are better than that of the OPC specimens.

Thus, from overall results it can be affirmed that the AAC paver blocks are far
better considering economy and strength aspects. However, the studies can be further
extended to investigate the durability aspects of these paver blocks subjected to
various extreme environments such as acid, sulfate, corrosion resistance etc.

The experimental results reveal that the use of alkali activated ICPBs are consid-
ered to be sustainable replacement to OPC based conventional ICPBs. Thus alkali
activated concrete ICPBs must be commercialized and produced in a large scale for
the sustainable construction of interlocking pavement system.
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Pushover Analysis of Irregular Steel
Structure with Varying Irregularity
Ratios

B. Jayaram Nayak and Kiran Kamath

Abstract In this paper, the seismic performance of irregular steel structure with
varying irregularity ratio has been investigated. For the study purpose, two different
models with vertical geometric irregularity and three different models with plan
irregularity according to IS 1893 (part 1)-2002 have been considered. The irregularity
ratio, A/L (where A is offset, and L is base width), has been varied from 0.2 to 0.8.
Irregular structures have been modelled using ETABS, a finite element software, and
plastic hinges are assigned to incorporate the inelastic seismic behaviour of structures.
Performance of thirteen irregular structures has been compared with regular bare
frame structure in terms of base shear carrying capacity, roof displacement and
performance point, using pushover analysis. Two slab models with shell element
and membrane element considered for all structural models. The results indicate that
as irregularity ratio increases, base shear carrying capacity and performance point
of irregular structure decrease. Structural models considered slab as shell obtained
higher seismic performance compared to slab as membrane.

Keywords Irregularity ratio · Plan irregularity · Pushover analysis · Seismic
behaviour · Vertical geometric irregularity

1 Introduction

An earthquake is a natural phenomenon which induces seismic wave causing ground
motion. Due to this, lateral forces will act on structures which in turn cause severe
damage or collapse of structures. When the structure is under seismic excitations,
elements in structure reach its inelastic zone. For seismic evaluation, nonlinear
behaviour of structure in inelastic zoneplays significant role.Hence, elastic behaviour
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of structure is not sufficient to analyse and design the structures [1]. During seismic
excitations, considering inelastic behaviour with elastic behaviour, the real behaviour
of structures can be studied.

In the last decade, pushover analysis is used to study performance of structure
under seismic exaction. Pushover analysis is a sequential analysismethod to study the
inelastic behaviour of structures, when the structure pushed by providing monoton-
ically increasing lateral force until a predefined target roof displacement is reached
or till collapse of structure [2]. Also, pushover analysis provides details regarding
capacity curves and demand curves which represent ability of structure to resist the
lateral loads and earthquake ground motion, respectively [3]. Performance point can
be obtained by superimposing capacity curves and demand curves on each other and
is analysed with respect to base shear and roof displacement. Henceforth, pushover
analysis gives accurate predication of structural performance for demand seismic
loading.

Irregular structures have been commonly used due to site restriction, various
functional requirements and architectural demands. Researchers have shown that
irregular structure attracts more seismic forces compared to regular structures [4].
In an earlier research, authors have study on the amount of eccentricity of struc-
tures effecting the seismic behaviour. Results indicate that as eccentricity increases,
torsion increases. Due to which accuracy of seismic response is reduced [5]. Authors
of the researcher studied seismic response considering various irregularities type of
structural configurations. Results obtained show that seismic response of structure
varies with the irregularities type [6]. When plan irregularity and vertical irregularity
structures on a sloping ground are considered, the vertical irregularity structures are
more critical in seismic performance [7]. Also, various researches have been carried
out in order to study the seismic performance of steel frame structures. Results show
that steel structures have high seismic performance [8–10]. However, limited studies
have been carried out in the effect irregularity ratio on irregular steel structures for
seismic evaluation. So, in this study, using pushover analysis, the effect of irregu-
larity ratio on vertical geometric irregularity and plan irregularity steel structures is
considered.

2 Description of Models

A 10-story structure with height of each story 3 m is considered as regular bare frame
structure. The plan of dimension 15 m× 15 m of bare frame structure considered in
the study is given in Fig. 1. The reinforced concrete slab considered is of 150 mm
thick with M 20 grade of concrete.

The dead and live loads considered on structure are based on IS 875 (part I)
[12] and IS 875 (part II) [13], respectively. Live load considered on all floors is 3
kN/m2 and on roof is 1.5 kN/m2; dead load on floor is 1 kN/m2 on all structural
models. For seismic evaluation, structural models considered are situated in seismic
zone III with response reduction factor as four. All the structural configurations are
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Fig. 1 Plan of the building

having importance factor of one with soil type medium. All the structural models are
considered fixed at the base. The seismic excitations on all models are considered
by application of earthquake loading in X-direction and Y-direction.

Thirteen irregular models are considered by varying irregularity ratio. The irreg-
ularity ratio is varied by varying the offset (A) and keeping the base width (L)
constant.

As per IS 1893 (part 1)-2002 [11], Fig. 2 shows type (i) and type (ii) structures
which are two types of vertical geometric irregularities. Figure 3 shows type (iii),
type (iv) and type (v) structures which are three types of plan irregularities.

Figures 4, 5 and 6 show the variation in irregularity ratio of type (i) structure.
Figures 7 and 8 show the variation in irregularity ratio of type (ii) structure. Figures 9,
10 and 11 show the variation in irregularity ratio of type (iii) structure. Figures 12,
13 and 14 show the variation in irregularity ratio of type (iv) structure. Figures 15
and 16 show the variation in irregularity ratio of type (v) structure. Model numbering
for irregular structures is done from Figs. 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 and
16.

Using ETABS, a finite element software, beams and columns are modelled as
frame elements with slab considered as membrane element and shell element. The
structural models both regular and irregular structures are designed according to IS
800 (2007) [14]. The designed steel section used for beams and columns is ISMB200
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Fig. 2 Two types of vertical geometric irregularity as per IS 1893 (part 1)—2002

Fig. 3 Three types of plan irregularity as per IS 1893 (part 1)—2002

and ISWB 600-2, respectively, with grade of steel used is Fe 250. The auto hinges
for incorporation of inelastic behaviour of structures, M3 and P-M2-M3 hinges, are
assigned to beams and columns, respectively, according to ASCE 41-13 [15]. For
seismic performance evaluation, the base shear carrying capacity, roof displacement
and performance point are considered in both the directions of applied earthquake
loading, i.e. X- and Y-direction.

3 Results and Discussions

The results obtained from nonlinear pushover analysis are discussed here. Figures 17,
18, 19, 20, 21, 22, 23, 24, 25 and 26 show the pushover curves comparing the irregular
structural models with bare frame structural model.

From Figs. 17, 18, 19, 20, 21, 22, 23, 24, 25 and 26, it is clear that structures with
slab considered as shell element have shown higher seismic base shear capacity with
least roof displacement compared to structures with slab considered as membrane
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Fig. 4 Model 1, frame showing type (i) irregular structure with irregularity ratio of 0.4

Fig. 5 Model 2, frame showing type (i) irregular structure with irregularity ratio of 0.6
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Fig. 6 Model 3, frame showing type (i) irregular structure with irregularity ratio of 0.8

Fig. 7 Model 4, frame showing type (ii) irregular structure with irregularity ratio of 0.2
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Fig. 8 Model 5, frame showing type (ii) irregular structure with irregularity ratio of 0.4

Fig. 9 Model 6, frame showing type (iii) irregular structure with irregularity ratio of 0.4
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Fig. 10 Model 7, frame showing type (iii) irregular structure with irregularity ratio of 0.6

Fig. 11 Model 8, frame showing type (iii) irregular structure with irregularity ratio of 0.8
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Fig. 12 Model 9, frame showing type (iv) irregular structure with irregularity ratio of 0.4

Fig. 13 Model 10, frame showing type (iv) irregular structure with irregularity ratio of 0.6
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Fig. 14 Model 11, frame showing type (iv) irregular structure with irregularity ratio of 0.8

Fig. 15 Model 12, frame showing type (v) irregular structure with irregularity ratio of 0.2



Pushover Analysis of Irregular Steel Structure … 405

Fig. 16 Model 13, frame showing type (v) irregular structure with irregularity ratio of 0.4

Fig. 17 Pushover curves, comparing vertical geometric irregularity of type (i) (Fig. 2) structures
with regular structure in X-direction of earthquake
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Fig. 18 Pushover curves, comparing vertical geometric irregularity of type (i) structures with
regular structure in Y-direction of earthquake

Fig. 19 Pushover curves, comparing vertical geometric irregularity of type (ii) (Fig. 2) structures
with regular structure in X-direction of earthquake
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Fig. 20 Pushover curves, comparing vertical geometric irregularity of type (ii) structures with
regular structure in Y-direction of earthquake

Fig. 21 Pushover curves, comparing plan irregularity of type (iii) (Fig. 3) structures with regular
structure in X-direction of earthquake
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Fig. 22 Pushover curves, comparing plan irregularity of type (iii) structures with regular structure
in Y-direction of earthquake

Fig. 23 Pushover curves, comparing plan irregularity of type (iv) (Fig. 3) structures with regular
structure in X-direction of earthquake
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Fig. 24 Pushover curves, comparing plan irregularity of type (iv) structures with regular structure
in Y-direction of earthquake

Fig. 25 Pushover curves, comparing plan irregularity of type (v) (Fig. 3) structures with regular
structure in X-direction of earthquake
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Fig. 26 Pushover curves, comparing plan irregularity of type (v) structures with regular structure
in Y-direction of earthquake

element. Stiffness of structures with slab as shell element is higher compared to
structures with slab as membrane element.

As shell element will resist seismic forces compared to themembrane element, for
seismic analysis, considering shell elements for slab gives accurate values compared
to the overestimated values of the membrane elements for slab in structures.

From Figs. 17, 18, 19, 20, 21, 22, 23, 24, 25 and 26, it evident that regular
bare frame structure has higher seismic base shear capacity compared to irregular
structures in both the directions of earthquake.

Also as irregularity ratio increases, base shear capacity decreases in both the
directions of earthquake and in all the cases of vertical geometric irregularity and
plan irregularity with slab considered as shell and membrane elements.

In both the cases, vertical geometrical irregular structures with type 1 (Models
1 to 3) have shown higher seismic base shear capacity compared with least roof
displacement compared to all other structures considered in the study. In plan irregular
structures, the type 5 (Model 12 andModel 13) has shown higher base shear capacity
compared all other plan irregular structures in the direction.

Table 1 indicates the structural models with slabs considered as shell element have
higher base shear capacity than slabs considered as membrane elements. However, it
can be seen in Table 2 the roof displacement decreases for structural models with slab
considered as shell elements compared to slabs considered as membrane element.
Also, it is evident that in irregularity ratios increase, percentage base shear increase
has been decreased in both vertical geometrical irregular structures (from Models 1
to 5) and plan irregularity (from Models 6 to 13).
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Table 1 Comparative percentage increase in base shear in structuralmodels of slab as shell elements
to membrane elements

Structural models Percentage increase in Base Shear in
X-direction (%)

Percentage increase in Base Shear in
Y-direction (%)

Bare frame 36.07 39.56

Model 1 52.59 38.77

Model 2 59.83 39.70

Model 3 63.03 42.01

Model 4 41.09 40.35

Model 5 26.52 49.14

Model 6 34.08 10.90

Model 7 30.11 42.62

Model 8 26.61 38.16

Model 9 32.82 43.68

Model 10 29.77 46.17

Model 11 21.06 41.28

Model 12 35.96 44.57

Model 13 43.81 47.95

Table 2 Comparative percentage decrease in roof displacement in structural models of slab as shell
elements to membrane elements

Structural models Percentage decrease in roof
displacement in X-direction (%)

Percentage decrease in roof
displacement in Y-direction (%)

Bare frame 210.53 201.72

Model 1 114.78 167.27

Model 2 66.06 147.64

Model 3 37.86 132.99

Model 4 152.25 170.18

Model 5 155.37 81.84

Model 6 199.42 197.13

Model 7 201.49 171.25

Model 8 197.32 155.52

Model 9 197.57 162.65

Model 10 178.17 136.09

Model 11 169.99 156.60

Model 12 205.94 162.31

Model 13 147.98 131.05
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Table 3 Base shear and displacement at performance point in X-direction

Types of structural
model

Performance point (slab as
membrane)

Performance point (slab as shell)

Base Shear (kN) Displacement
(mm)

Base Shear (kN) Displacement
(mm)

Bare frame 3865.16 368.79 5244.69 273.39

Model 1 3639.88 360.22 4976.94 265.75

Model 2 3196.81 354.53 4383.10 262.62

Model 3 2552.29 348.74 3483.06 260.88

Model 4 2481.46 351.81 3341.52 263.18

Model 5 961.55 328.74 1230.61 257.07

Model 6 3030.24 365.72 4044.73 276.72

Model 7 2619.79 373.43 3453.11 283.34

Model 8 2206.91 393.84 2859.80 293.96

Model 9 2760.60 362.50 3669.03 278.46

Model 10 2206.94 372.26 2877.02 292.25

Model 11 1643.24 409.63 2079.18 318.54

Model 12 3313.04 363.78 4465.89 271.49

Model 13 2761.46 356.95 3673.32 269.85

From Tables 3 and 4, it can be seen that, at performance point, base shear capacity
of regular bare frame structure is greater than all irregular structures. Also, as irreg-
ularity ratio increases, at performance point, base shear capacity and displacement
decrease in all the cases and in both directions. The base shear capacity of structures
with slab as shell element is higher compared to structures with slab as membrane
element at performance point.

The vertical geometrical irregular structure of type 1 (Models 1 to 3) has shown
higher base shear capacity at performance point compared to other irregular struc-
tural models considered. Higher base shear indicates higher seismic performance of
structures.

From Tables 3 and 4, it can be observed that for bare frame structures the value
of base shear and displacement at performance point has higher value in X-direction
when compared to Y-direction due to sectional properties of structural members. The
structural models considered in the present study have higher moment of inertia for
beams and columns along X-direction than in Y-direction, hence the performance
point for seismic analysis along X-direction is higher than that along Y-direction.
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Table 4 Base shear and displacement at performance point in Y-direction

Types of structural
model

Performance point (slab as
membrane)

Performance point (slab as shell)

Base Shear (kN) Displacement
(mm)

Base Shear (kN) Displacement
(mm)

Bare frame 3010.99 487.34 3864.55 384.17

Model 1 2829.74 526.64 3626.35 418.05

Model 2 2495.44 516.19 3183.31 412.20

Model 3 2057.33 477.22 2600.91 385.33

Model 4 2030.35 449.27 2573.38 258.07

Model 5 954.54 369.85 1137.46 307.10

Model 6 2363.28 468.39 3009.01 374.44

Model 7 2041.52 458.85 2584.44 369.10

Model 8 1720.31 450.24 2158.53 363.83

Model 9 2152.02 471.53 2730.70 375.75

Model 10 1720.90 458.09 2163.45 368.33

Model 11 1287.26 436.65 1593.57 356.46

Model 12 2582.15 480.54 3294.47 380.89

Model 13 2152.13 471.34 2728.12 375.96

4 Conclusion

Based on the result and discussion, it can be concluded that, as irregularity ratio
increases, base shear carrying capacity and performance point of irregular structure
decrease. Regular bare frame structural model showed higher seismic performance
in both X- and Y-direction compared to all irregular structural models considered.
The vertical geometrical irregularity models of type (i) have higher seismic perfor-
mance compared to all the irregular configurations considered in the study. Also, slab
considered as shell element has higher seismic performance compared to structures
with slab considered as membrane element.
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Studies on the Behavior of Gabion Wall
Subjected to Lateral Monotonic Loading

N. R. Chirdeep, N. C. Balaji, Rohith Jain, and G. S. Suresh

Abstract This paper presents the experimental investigation results on the behavior
of gabion wall subjected to lateral monotonic loading. Behavior of reinforced
concrete retaining wall due to lateral loading could be significantly improved by
replacing concrete wall by gabion wall. Diameter of mesh wire, spacing between the
wires and void ratio of infill material and tensile strength of the wire significantly
influence the behavior of gabion walls. Single twisted wire mesh was used as outer
cage, and stones and soil were used as infill materials for the construction of gabion
wall. Concrete reaction retaining wall was constructed in the laboratory to support
the gabion wall and to resist the reaction of load applied on the gabion wall. Themain
objective of experimental work is to study the behavior of gabion wall having soil
and stone as infill material subjected to lateral loading. Lateral monotonic loading
was applied, and the strain in the mesh wire was measured using vernier caliper
for each load increment. The test results included experimental load-strain curve,
load-deformation curve, H/� ratio, and moment–curvature characteristics. Gabion
wall having stone as infill material showed an increase in resistance to deformation
ranging from 30 to 40% compared to gabion wall having soil as infill material.

Keywords Gabion wall · Lateral monotonic loading · Deformation
characteristics · Single twisted wire mesh

1 Introduction

The gabion is defined as a wire mesh container of different sizes, unvaryingly divided
into internal compartments, unified with other comparable components and filled
with stone at the job site to form elastic, permeable uniform structures for earth
retaining, and erosion control purposes, for example, retaining walls, sea walls,
channel facings, revetments, offshore bunds, dykes, and weirs [1] The different
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components of the gabion box are double-twisted wire mesh, selvedge wire, edge
wire, and lacingwire. The tensile strength ofwire used for lacingwire, double-twisted
mesh, and stiffener will be 350–550 MPa at a minimum elongation of 10% [2]. The
experiment was performed on a gauge length of test specimen as 200 mm. In recent
years, the interest in gabion structures is increasing drastically. This curiosity has been
produced by the gabion’s ecologically aesthetic structures, but additional interest is
being established by the versatility and advantages of gabion structure. Gabion struc-
tures are essentially cages made up of wire mesh which is filled with stones, rocks,
or sand. A gabion wall is a retaining wall made up of stones or rocks stacked layer by
layer and confined inside a tied wire mesh. They can be stacked in any shapes from
stepped walls to battering wall. As they dissipate energy from the flowing water, they
allow water to pass through them, but do not get washed away. As time passes, the
voids between the stones may get filled with silt, vegetation, etc. This may increase
the strength of the gabion wall in some cases by reinforcing it with the filled debris.
One of the main aspect of a gabion retaining wall is its durability. The durability of
the gabion wall mainly depends on the lifespan of the wire rather than the durability
of the filler material. The wire mesh can be made up of galvanized steel wire or stain-
less steel wire whose life expectancy can reach up to 60 years. The filler material
should chiefly comply with the dimensional and structural characteristics. Gabion
walls are protective assemblies used to design, construct, and conserve for providing
technical solution. Gabions are being used as building material for various construc-
tion works, because of their excellent engineering adaptability, outstanding strength
and dependability. They are used in many construction works, such as, soil erosion
protection, road construction, retaining walls, bridge protection, river training, etc.

A broad literature assessment was shown to study the experimental work carried
out on gabion walls. In the experimental study conducted by Lin and Yang [3], the
extreme strains of reinforcements in the fifth layer and the third layer are about 0.90%
and 0.78%, respectively, under themaximum load q= 250 kPa. As per Saravanapriya
S [4], the outcome indicates that the lateral deformation for the geogrid gabion wall
and geogrid gabion wall (partial replacement with sand) was reduced by 20% and
55%, respectively, when related to conventional gabion wall. Ramli and Karasu [5]
conducted tests for two types of gabion wall, which varied in its shape. Based on
the observations, it was concluded that the hexagonal shape gabion wall has better
structural integrity than the conventional rectangular gabion wall due to their special
interlocking property. It was ascertained from the results obtained by Jiang andWang
[6], and the deformation occurs at center of gabion was found to be maximum, and
it was increasing laterally. As per the study conducted by Yang et al. [7], the tensile
strength of 2.7 mm diameter wire mesh was 1.4 times greater than 2.2 mm diameter
wire mesh. Employing woven waste tire stripes as replacement to steel wire in their
study, Apriyono et al. [8] concluded that the strength of the gabion models used in
their study is 83.197, 59.426, and 62.397 kPa for the wire, nail, and glue connector.
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Table 1 Different variables considered for the test

Specimen/variable Dia of wire
mesh in
mm

Wire mesh
opening size
in mm

Gabion box
size (l × b ×
h) in m

Shape of
opening

Filler material

Specimen 1 2.5 80 × 80 1× 0.3× 0.4 Single twisted
rhombus

Stones

Specimen 2 2.5 80 × 80 1× 0.3× 0.4 Single twisted
rhombus

Soil

2 Experimental Program

The gabion walls were tested under lateral monotonic loading with fixed support at
the bottom of the wall. In order to interpret the behavior of gabion wall subjected
to lateral monotonic loading, performance on deformation resistance of gabion wall
is to be evaluated. To analyze the deformation characteristics of gabion wall for
both stones and soil as infill material, the strain, deformation and moment–curvature
characteristics were obtained. Further to evaluate the brittleness of the material, H/�
values were used. The gabions used for this study was classified into two types of
specimens with respect to the infill material used. A single twisted steel wire mesh
of 2.5 mm diameter was used for the study. The dimensions of the gabion wall used
were same for both the cases. But, the infill materials used were both soil and stones.
A total of three trials was conducted for gabion wall having stone and soil as infill
materials. As shown in Table 1.

3 Details of Gabion Wall

The size of the gabion wall selected for the study was 1000 mm× 300 mm as length
and width, respectively. Gabion wall was constructed upto 400 mm height, and the
infill material was varied. Single twisted gabion wire mesh of 2.5 mm diameter and
opening size of 80 mm × 80 mm was used. The gabion wall was set up by adopting
guidelines given by IS 16014:2018.

3.1 Materials for Constrcution of Gabion Wall

Single twisted steel mesh is a wire frequently used in many fields in practice. It is
made of thin, elastic galvanized steel wire, with rhombus shaped openings.Mesh size
of 80mm× 80mmwas used for the study. The diameter of thewiremeshwas 2.5mm.
Before conducting experiments, a wire sample from the mesh was tested in UTM
to determine tensile strength. The yield strength and ultimate strength of the wire
sample were found to be 352 Mpa and 587 Mpa, respectively. Stones of higher unit
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Table 2 Test results on soil Properties Results IS Conforming

Specific gravity 2.47 IS 2720 Part (3)

Fineness
modulus

2.72 IS 2720 Part (4)

Bulk density
(kN/m3)

18.86 IS 2720 Part (29)

Dry density
(kN/m3)

14.92 IS 2720 Part (29)

Grade of soil Medium to well
graded

Type of soil Sandy soil

weight are desirable. To make sure the toughness of the gabion assembly, the stone
should have high opposition to weathering and erosion and maximum compression
strength. The suitable size for infilling stone differs from 1.5 to 2 times the length
of wire mesh, and the stone should be sufficiently large to evade its escape over the
opening of wire mesh. Specific gravity of stones is 2.75, compressive strength was
62 Mpa, and density of stones was 27 kN/m3. The size ranges from 150 to 200 mm.
Soils are also used to fill gabion wall. The properties of the soil are discussed in
Table 2. LDPE sheets were used as outer covering to fill the soil inside the gabion
wire mesh. The soil was compacted using rammer after filling it in layers to achieve
maximum density and minimum void ratio.

3.2 Specifications of Equipment Used for Testing

There were many equipment’s used to test gabion wall. The details of those
equipment’s have been discussed in this section (Figs. 1 and 2).

• Mechanical jack of stroke 300 mm and maximum capacity of 30 kN was used to
apply the load on gabion wall. The increase in loading was gradual. Mechanical
jack uses a screw thread for lifting or pushing heavy objects is as shown in Fig. 3.
A steel rod was used to rotate the screw and apply the load.

Fig. 1 Mechanical Jack
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Fig. 2 Load cell

Fig. 3 Digital indicator

• The sampleswere placed on the concrete bed andwere subjected to require loading
using load cell.A load cell of capacity 100kNwas used tomeasure the load applied
on the gabion wall using mechanical jack. The face of the load cell has a spherical
surface which helps in making contact with the face of the gabion wall. It is very
sensitive, having least count of 0.01 kN. The load cell used to conduct experiment
is as shown in Fig. 4.

Fig. 4 Vernier Caliper
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Fig. 5 Detailing of reaction retaining wall

• A digital indicator was used to display the load applied on the gabion wall as
shown in Fig. 5.

• A Vernier Caliper was used to measure the deformation on the gabion wire mesh
as shown in Fig. 6. After loading the gabion wall for certain load increment, the
change in length and diameter of the wire at 100 mm from bottom of gabion wall
was measured using Vernier Caliper.

• Later, this data was used to measure the strain at that point. Dial gauges were also
used to note down the deformation occurring at the top of the gabion wall.

Fig. 6 Concrete reaction
retaining wall
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4 Test Setup

4.1 Construction of Reaction Retaining Wall

Before conducting experiments, a thorough study has been conducted to decide the
platform for construction of gabion wall and also the loading surface which has to
resist the reaction of the mechanical jack. After detailed study, a concrete retaining
wall was designed and constructed in such a way that it has to resist the reaction force
and also the rotation at the base of the gabion wall. A concrete retaining wall was
constructed first which rests firmly on the ground. The design of concrete retaining
wall was carried out to resist lateral load of 400 kN at the top. The dimensions of
retaining wall were decided based on the results obtained from the design. Detailing
of retaining wall is as shown in Figs. 7 and 8. 10 bolts of 20 mm diameter were
inserted 500 mm into the concrete bed of retaining wall perpendicular to heel, along
the length of the wall. These bolts were used to fix the base of the gabion wall on the
ground, so as to achieve fixity at base of the gabion wall.

Fig. 7 Testing of gabion
wall specimen 1

Fig. 8 Testing of gabion
wall specimen 2
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4.2 Construction of Gabion Wall

The gabion wall specimens were tested on the heel portion of the reaction retaining
wall constructedwhich hasmaximum load capacity of 400 kN. The gabionwall spec-
imens were tested under lateral monotonic loading, and they were fixed at the bottom
with a span of 1000 mm. Figures 9 and 10 show experimental setup for gabion wire
mesh. Deformation at the top, type of failure, ultimate load, and strain measurement
at 100 mm from bottom was measured for respective loading increments which was
carefully observed and recorded. Failure of gabion wall is as shown in Figs. 11 and
12. The steps followed for the construction of gabion wall is discussed below.

• Preparing the gabion wire mesh and placing it on bolts
• Fixing the edges of gabion wire mesh and filling it with infill materials
• Fixing plates, studs, and dial gauges
• Testing of gabion wall
• Observing failure of gabion wall.

Fig. 9 Failure of specimen 1

Fig. 10 Failure of specimen
2
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Fig. 11 Load versus deformation curve for specimen 1

Fig. 12 Load versus deformation curve for specimen 2



424 N. R. Chirdeep et al.

5 Results and Discussions

5.1 Load Deformation Behavior

The behaviors of gabion wall were studied with load-controlled testing, under lateral
monotonic loading. Vernier Caliper was utilized for strain measurement. In mono-
tonic loading, the loads are applied gradually up to the ultimate load, and strain is
measured until the failure load. Investigations carried to arrive at behavior of gabion
wall for both stone and soil as infill materials are presented below.

5.1.1 Gabion Wall Having Stone as Infill Material

The gabion wall having stone as infill material shows linear variation of load versus
deformation curve. The failure of gabion wall was decided by deformation value.
There was excess deformation for smaller value of loading.Maximum load being 3.5
kN and maximum deformation obtained for all the three trials were 80 mm, 100 mm,
and 105 mm, respectively. So, average deformation was found to be 95 mm. Stones
deform lesser compared to soil for similar value of loading.

5.1.2 Gabion Wall Having Soil as Infill Material

Initially, there is slight increase in deformation for the given loading upto 1 kN. After
that, the curve increases sharplywith the given loading upto 3.5 kN.Maximumdefor-
mation obtained for all three trials were 142mm, 150mm, and 144mm, respectively.
Maximum deformation obtained for gabion wall having soil as infill material was
1.5 times more than that for gabion walls having stone as infill material. Since soil
has less density compared to stones, the resistance to deformation obtained for soil
will be less compared to stones.

5.2 Load Strain Behavior

5.2.1 Gabion Wall Having Stone as Infill Material

The load strain behavior follows curvilinear pattern. Initially, the slope of the curve
increases gradually. Later on, there was a sudden change in the curve which has
sharp slope. This indicates that the stones were being adjusted or there was a slight
movement in the stones to fill the void ratio inside the gabion wall when the load was
applied initially. This process occurred upto 2 kN. Later, the stones inside the gabion
wall were packed well. Therefore, it shows marginal increase in the slope indicating
there was a slight increase in strain value for larger value of load. The gabion wall
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Fig. 13 Load versus strain curve for specimen 1

resists the load after the stones are packed well. As shown in graph, the strain value
increases twice as the previous value for each load increment upto 2 kN. Later on,
the strain value was increased by 20% for each load increment. Maximum load being
3.5 kN and maximum average tensile strain obtained for this load was 0.09344.

5.2.2 Gabion Wall Having Soil as Infill Material

The load strain behavior follows linear pattern. The curve shows almost linear
behavior for all the three trials. The strain values for each load increment were
increased by 64% from 0.5 to 1 kN. For next increment, the strain was increased by
37.5% for 1.5 kN and for 2 kN, and the strain value was increased by 21%. This
pattern continues upto 3.5 kN, where strain value was increased by 14%. Maximum
load being 3.5 kN and maximum average tensile strain obtained for this load was
0.318. Therefore, maximum tensile strain for specimen 2 was 70.6% more than that
of specimen 1 (Figs. 13 and 14).

5.3 Moment Curvature Characteristics

5.3.1 Gabion Wall Having Stone as Infill Material

This curve shows same variation as load deformation curve. This relationship
provides information about the ductility, stiffness, and strength of the material.
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Fig. 14 Load versus strain curve for specimen 2

Maximum moment obtained for the gabion wall was 1.05 kN m, and maximum
angle of rotation of cross-section under bending of gabion wall was found to be
17.55.

5.3.2 Gabion Wall Having Soil as Infill Material

This curve shows same variation as load deformation curve. Maximum moment
obtained for the gabion wall was 1.05 kN m, and maximum angle of rotation of
cross-section under bending of gabion wall was found to be 25.84. The curvature
obtained for specimen 2 is 32% more than that of specimen 1 (Figs. 15 and 16).

5.4 H/Δ Ratio

The maximum value of H/� ratio was found to be 4.21 and 2.76 for specimen 1
and specimen 2, respectively, for 3.5 kN. This value provides information about the
stiffness of the material. The H/� ratio for specimen 1 is 34.44% more than that of
specimen 2. Specimen 1 is stiffer and offers higher resistance to deformation when
compared with specimen 2. Specimen 2 is more ductile when compared to specimen
1 (Fig. 17).
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Fig. 15 Moment curvature characteristics for specimen 1

Fig. 16 Moment curvature characteristics for specimen 2

6 Conclusion

Following observations were made for monotonic loading through experimental
approach:
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Fig. 17 H/� ratio for
specimen 1 and specimen 2

• Load versus deformation curve for specimenswith soil and stone as infillmaterials
followed typical curvilinear pattern.

• The initial variation in load versus strain curve for stone as infill material shows
that filling of void ratio occurred upto 1.5 kN loading, and further variation shows
that the material got stiffer.

• Load versus strain curve for specimens with soil and stone as infill materials
followed typical curvilinear pattern.

• Moment versus curvature diagram for specimens with soil and stone as infill
materials showed same behavior as load versus deformation curve.

• The variation in deformation, strain values in successive trials is attributed to
sensitivity of instrumentation and experimental errors.

• Maximum deformation of 150 mm and maximum strain of 0.335 were obtained
in 2nd trial for specimen having soil as infill material.

• Soil as infill material does not offer resistance to deformation when compared to
stones.

• H/� ratio was maximum for specimen having stone as infill material, which
indicates that this specimen was stiffer when compared to specimen having soil
as infill material.

• Thedeformationvalue of gabionwall having stone as infillmaterialswas increased
by 34.45% after replacing it with soil.

• There was an increase in strain value of 70.6% in gabion wall having soil as infill
material when compared with stone as infill material.
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Exploring the Application of Data
Envelopment Analysis in the Evaluation
of Public Transport Organizations

P. Praveen Kumar, Varghese George, and Raviraj H. Mulangi

Abstract Thework provides details on a studyonperforming a comparative analysis
of productivity and efficiency of selected public transport organizations in India.
The data envelopment analysis (DEA) method was used in this study using sub-
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1 Introduction

The data envelopment analysis (DEA) approach is a commonly adopted non-
parametric method of analysis for the measurement of efficiency-related charac-
teristics of business organizations. This method was originally seen to be applied to
assess the performance of the banking sector, and other economic sectors including
the health-care sector. The present study provides details on the application of the
DEA approach in performing a comparative analysis of productivity and efficiency
of selected public transport organizations in India. The focus of the present study is
on performing a comparative study of the performance of three important input vari-
ables such as, total operating cost (TOC), average fleet operated (AFO), and total
staff employed (TSE) categorized as part of service inputs, and three output vari-
ables such as, total revenue (TR), total passenger-km (TPKM), and total passengers
carried (TPC) classified under service consumption. The data envelopment analysis
(DEA) method was used in this study using sub-routines specially developed in the
R programming language commonly used for statistical analyses.

The theoretical foundations for the application of the DEA approach were laid by
Charnes et al. [1] while Coll-Serrano et al. [2] developed a package named ‘deaR’
using the R programming language [3] for DEA analysis and comparison of the
performances of various organizations in general. The R programming language is
generally used in developing tools for performing statistical analyses.

Based on the availability and consistency of information, selected input and output
data on 27 State Road Transport Undertakings (SRTUs) were used in this study.
The scores of efficiencies were then computed using an input-oriented DEA model
with constant return to scale. Finally, the analysis was used to differentiate between
efficient and inefficient SRTUs based on the weight to peer units. The results of
this study indicate that only 10 out of the 27 SRTUs performed well. It was also
found that the performance parameters could be improved by reducing the quantity
of input-related variables in order to maintain the same level of output.

2 Basic Studies and Literature Review

(a) Theoretical Foundations of the DEA Model

Efficiency of various organizations can be evaluated based on parametric approaches
such as, the least-square regression method [4, 5], and the stochastic frontier analysis
approaches that include the Cobb–Douglas or translog frontier analysis method [6],
and the semi-parametric approaches such as, the tobit regression method, and the
truncated regression method [7], and the non-parametric approaches such as the data
envelopment analysis (DEA) method [1]. The most suited method for analysis is
adopted based on the availability, type of data, and the consistency of data. Parametric
techniques are adopted when data collection involves randomness as in a sample
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survey, where there are chances of occurrence of measurement errors. On the other
hand, a non-parametric approach such as the DEA method could be adopted where
random-errors are expected to be the least [8].

The objective of the DEA approach proposed by Charnes et al. [1] is to maximize
the efficiency of the organization or decision-making unit (DMU) under study. This
approach focuses on maximizing the normalized ratio of the output to the input of
selected characteristics. This approach was based on the measurement of produc-
tive efficiency [9]. The DEA model can be formulated as an input oriented, output
oriented, or a combined approach. The original approach adopted by Charnes et al.
[1] in the CCR model as it later came to be known was based on inputs to the
decision-making unit with a specific rate of return (or constant returns to scale). The
measure of efficiency obtained using the CCRmodel is called as the overall technical
efficiency (OTE).

Banker et al. [10] developed an alternative model that came to be known as the
BCC model, where varying rates of returns (or variable returns to scale) could be
studied. The measure of efficiency obtained using the BCC model is called as the
pure technical efficiency (PTE).

In the later stages, various modified forms of the DEA approach evolved. The
bootstrap DEA developed by Sadjadi and Omrani [11], the fuzzy DEA developed
by Bray et al. [12] that could handle uncertain and partially erroneous data, and the
robust optimization model or robust DEA developed by Landete et al. [13], are some
of the examples.

(b) Measurement of Efficiency in Public Transport Organizations

A number of studies were performed on the application of the DEA approach in
evaluating the performance of public transport organizations in India.

Agarwal et al. [14] performed investigations on determining the technical effi-
ciency of 35 State Road Transport Undertakings (SRTUs) in India using the DEA
approach for data on performance of bus transport organizations in the 2004–05.

Saxena and Saxena [15] applied the technique based on theDEA approach in
comparing the technical and managerial efficiencies of 25 SRTUs in India based on
data compiled over a three-year period between 2002 and 2005. The scale efficiencies
were then computed as the ratio of the efficiency scores obtainedusing theCCRmodel
and the BCC model.

Kumar [16] adopted the use of DEA models such as the CCR model, the BCC
model, and the Andersen and Petersen’s super-efficiency model [17] to compute the
efficiency scores of public transport organizations. The studies also focused on the
factors that resulted in the variation of performance among various organizations
using the Tobit analysis. Mulangi et al. [18] evaluated the performance of 13 divi-
sions of Karnataka State Road Transport Corporation using the principal component
analysis (PCA) approach and the DEA method.
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It may be noted that if a number of high performing DMUs are included in the
reference set of organizations studied, then the DEA analysis can ensure a smoother
frontier line of points. However, in case the number of high performing DMUs is
lesser, then the frontier points appear to be jagged. Bose and Patel [19] proposed the
use of artificial neural networks (ANNs) in generating additional frontier points that
assisted in smoothening the frontier points. A two-step approach was used in this
study, where the data on the functioning of 12 hospitals was adopted based on CCR
model.

3 Methodology

In general, efficiency can be defined as the ratio of output to input. A decision-making
unit (DMU) or an organization is considered to be efficient if a higher output can
be attained at a lower input. When two or more input and output parameters are
involved, then the efficiency can be compared using a composite efficiency factor as
given in (1a) and (1b).

Efficiency = WeightedOutputs/Weighted Inputs (1a)

Or,

Combined Efficiency Factor

= (u1Y1 + u2Y2 + . . . + usYs)/(v1X1 + v2X2 + . . . + vm Xm) (1b)

where Y1,Y2, . . . Ys indicate the ‘s’ output variables, u1, u2, . . . us indicate the
weights assigned to the ‘s’ output variables; X1, X2, . . . Xm indicate the ‘m’ input
variables; and v1, v2, . . . vm indicate the weights assigned to the ‘m’ input variables.

However, when comparing parameters with different measurement units, for
various organizations, DEAmodel can be used as part of the multi-criteria decision-
making model (MCDM). The DEA model proposed by Charnes et al. [1] is capable
of handling multiple input and output variables for the comparison of performance
of DMUs. The model incorporates the use of different weights for different input
and output variables since managers do not give equal weightage to different types
of input and output variables. In this approach, a linear programming (LP) model is
formulated for each of theDMUs,where the combined efficiency factor is maximized
as shown in (2a), subject to constraints as in (2b) to (2d) given below:

Maximize

= (u1Y1 + u2Y2 + . . . + usYs)/(v1X1 + v2X2 + . . . + vm Xm) (2a)

Such that,
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(u1Y1 + u2Y2 + . . . + usYs)/(v1X1 + v2X2 + . . . + vm Xm) ≤ 1 (2b)

u1, u2, . . . us ≥ 0 (2c)

v1, v2, . . . vm ≥ 0 (2d)

where Y1,Y2, . . . Ys indicate the ‘s’ output variables, u1, u2, . . . us indicate the
weights assigned to the ‘s’ output variables; X1, X2, . . . Xm indicate the ‘m’ input
variables; and v1, v2, . . . vm indicate the weights assigned to the ‘m’ input variables.

Since the objective function as expressed in (2a) is fractional in nature, it is
required to reformulate the objective function of the LP problem as in (3a). Here, the
denominator of the objective function is assumed to be equal to 1, and an additional
constraint is provided as in (3c). Thus, the constraint given by (2b) can be refor-
mulated as shown in (3b). The modified primal form of the LP problem for the qth
decision-making unit (DMU) can be expressed according to CCR model as follows,

Maximize hq =
s∑

r=1

urYrq (3a)

Such that,

s∑

r=1

urYrq −
m∑

i=1

vi Xiq ≤ 0 q = 1, 2, . . . , n (3b)

m∑

i=1

vi Xiq = 1 (3c)

u1, u2, . . . us ≥ 0 (3d)

v1, v2, . . . vm ≥ 0 (3e)

where hq represents the combined efficiency factor for the qth decision-making unit.
The methodology can be explained using a simple demonstration. Let us consider

four DMUs, namely 1, 2, 3, and 4 with inputs and outputs as listed in Table 1:
Here, ‘s’ number of outputs measured= 3, and ‘m’ number of inputs measured=

2. The basic input-oriented CCR model for the first DMU can be formulated using
(4a) to (4e) corresponding to (3a) to (3e) as given below:

Maximize h1 =
3∑

r=1

urYr1 (4a)

=> (u1 ∗ 5) + (u2 ∗ 50) + (u3 ∗ 10)
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Table 1 A sample problem for the DEA approach

DMU
(q)

Inputs (m) Outputs (s)

(X1) (X2) (Y1) (Y2) (Y3)

1 1 25 5 50 10

2 0.8 22 4 45 8

3 0.6 15 3 55 6

4 1 27 4 40 8

Such that,

3∑

r=1

urYrq −
2∑

i=1

vi Xiq ≤ 0 (4b)

Or,

[(u1 ∗ 5) + (u2 ∗ 50) + (u3 ∗ 10)] − [(v1 ∗ 1) + (v2 ∗ 25)] ≤ 0

[(u1 ∗ 4) + (u2 ∗ 45) + (u3 ∗ 8)] − [(v1 ∗ 0.8) + (v2 ∗ 22)] ≤ 0

[(u1 ∗ 3) + (u2 ∗ 55) + (u3 ∗ 6)] − [(v1 ∗ 0.6) + (v2 ∗ 15)] ≤ 0

[(u1 ∗ 4) + (u2 ∗ 40) + (u3 ∗ 8)] − [(v1 ∗ 1) + (v2 ∗ 27)] ≤ 0

Also,

2∑

i=1

vi Xi1 = 1 (4c)

Or,

[(v1 ∗ 1) + (v2 ∗ 25)] = 1

u1, u2, u3 ≥ 0 (4d)

v1, v2 ≥ 0 (4e)

Similarly, we need to formulate an LP problem for other 3 DMUs. Thus, there will
be 4 objective functions for 4 DMUs along with the associated constraint equations.
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The solution to the LP problems formulated above can be obtained as shown in
Table 2 using solver sub-routine in Excel spreadsheet application. The solutions can
also be computed using other programming tools including MATLAB.

Here, it may be observed that the efficiency ismeasured in a scale varying between
0 and 1.0. Thus, DMUs such as 1, 2, and 3 having values approximately equal to 1.0
may be considered to be highly efficient.

A dual form of the above mentioned primal LP formulation expressed vide (3a)
to (3e) can also be derived as demonstrated by Charnes et al. [1]. In the primal LP
problem, since the objective function is required to be maximized, the dual problem
can be formulated to perform a minimization operation. The solutions to the primal
and dual problems will be identical as both represent the same optimal conditions.
This approach is adopted if there are more number of constraints in the primal LP
problem, so as to simplify the computations.

For the primal LP problem formulated above vide (3a) to (3e), the dual LP problem
with slack variables can be formulated as expressed in (5a) to (5d) as demonstrated
in CCR model.

Minimize θ − ε

(
s∑

r=1

S+
r +

m∑

i=1

S−
i

)
(5a)

Such that,

n∑

q=1

λq Xiq + S−
+ = θXiq i = 1, 2, ..,m (5b)

n∑

q=1

λqYrq − S+
r = Yr q r = 1, 2, .., s (5c)

λq , S
−
i , S+

r ≥ 0 (5d)

where xiq = amount of input ‘i’ used by the qth DMU, yrq = amount of output ‘r’
produced by the qth DMU; m = the number of inputs; s = the number of outputs;
and n = the number of DMUs.

In the above formulation, θ and λq (where q = 1, 2, … n) are the dual variables
of the primal LP problem. Also, S−−

i and S+
r are the ‘Slack variables’ (additional

variables) added to the model in order to convert inequality constraints to equality

Table 2 Summary of
solutions to the sample
problem for the DEA
approach

DMU (q) Efficiency (hq)

1 1

2 1

3 1

4 0.8
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constraints. The slack variables indicate the additional increase in outputs (S+
r ),

and/or the decrease in inputs (S−−
i ) required to be implemented for a decision-making

unit to become more efficient. ‘ε’ is a ‘Non-Archimedean infinitesimal’ constant
which is smaller than any positive real number, and is normally assumed as 10–6.

A. Data Collection and Preprocessing

Bus transport organizations in India are mostly owned and operated by State Road
Transport Undertakings (SRTUs). These provide passenger transport services for
rural, inter-city, and urban areas. Central Institute of Road Transport (CIRT) in Pune
collects data on financial and physical performances submitted by the SRTUs,
compiles the data, and publishes the summarized findings. The transport research
wing of the Ministry of Road Transport and Highways (MoRTH) also compiles and
publishes details on the physical and financial performance of SRTUs annually. The
information compiled as part of financial performance includes the total revenue,
total cost, and details on other cost components, while the data compiled as part
of Physical Performance includes details on fleet-utilization, capacity-utilization,
manpower productivity, and other related operational information.

In the year 2014–15, forty-six SRTUs reported details on financial and phys-
ical performance to the transport research wing of Ministry of Road Transport &
Highways, Government of India [20]. Out of the forty-six SRTUs, some of the data
pertaining to a number of SRTUs were found to be missing. Such data were elimi-
nated, and the data reported by twenty-seven SRTUswere finally selected for analysis
in the present study. The final set of data used in this study is provided in Table 3.

In the present study, it was proposed to compare the performance of bus transport
organizations using the DEA approach considering three important input and three
important output variables. These variables form part of the set of essential input and
output indicators identified by a number of researchers [21–24].

The variables such as total operating cost (TOC), average fleet operated (AFO),
and total staff employed (TSE) can be categorized under service inputs, while total
revenue (TR), total passenger-km (TPKM), andtotal passengers carried (TPC) can
be classified under service consumption.

In a DEA approach, the number of DMUs selected should be greater than or
equal to three times the total number of input and output variables considered, or the
number of DMUs must be greater than product of the number of input and output
variables in order to ensure reliable results [25]. This criterion was satisfied while
formulating the problem for the present study using data on 27 SRTUs.

4 Results and Discussion

The computations related to the DEA analysis can be performed using the ‘deaR’
open-source package, a GPL software sub-routine developed by Vicente Coll-
Serrano et al. [2] as part of the open-source R programming environment [3]. R
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Table 3 An overview of existing performance of 27 SRTUs in India

Sl.
No.

Names of
SRTUs

TOC
(105Rs)

AFO
(Number)

TSE
(Number)

TR
(105Rs)

TPKM
(105)

TPC
(105)

1 Ahmedabad
Municipal
Transport
Service (AMTS)

35,413.26 719 4971 13,011.4 15,851.6 2024.37

2 Andhra Pradesh
State Road
Transport
Corporation
(APSRTC)

540,280.1 12,023 61,806 480,768.1 548,032.3 23,192.1

3 Brihanmumbai
Electricity
Supply and
Transport
(BEST)
undertaking

235,503 3636 35,705 150,855.9 90,716 12,216

4 Bangalore
Metropolitan
Transport
Corporation
(BMTC)

232,174.8 6014 36,474 225,684.4 217,253.9 19,366.9

5 Bihar State
Road Transport
Corporation
(BSRTC)

2348.66 85 749 1562.75 2674.7 25.36

6 Calcutta State
Transport
Corporation
(CSTC)

23,191.2 401 4799 7240.52 6306 616

7 Chandigarh
Transport
Undertaking
(CTU)

18,139.97 378 2102 11,107.08 15,441 478.15

8 Delhi Transport
Corporation
(DTC)

510,467.7 4180 32,864 111,321.1 136,064.6 14,187.28

9 Gujarat State
Road Transport
Corporation
(GSRTC)

299,568.7 6683 39,257 286,218.5 333,368.2 7734.65

10 Jammu and
Kashmir State
Road Transport
Corporation
(JKSRTC)

8372.61 287 1720 5341 6065.75 45.69

(continued)
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Table 3 (continued)

Sl.
No.

Names of
SRTUs

TOC
(105Rs)

AFO
(Number)

TSE
(Number)

TR
(105Rs)

TPKM
(105)

TPC
(105)

11 Kadamba
Transport
Corporation
(KTS)

16,581.87 361 2054 14,388.58 9523.52 345.08

12 Karnataka State
Road Transport
Corporation
(KnSRTC)

324,818 7572 37,326 320,468.9 354,273.7 10,129.75

13 Maharashtra
State Road
Transport
Corporation
(MSRTC)

764,967 16,702 107,500 725,866 523,753.8 24,556.91

14 Meghalaya
Transport
Corporation
(MTC)

1360.98 42 286 1179.95 399.09 3.82

15 Metropolitan
Transport
Corporation
Chennai
(MTC-CNI)

159,599.3 3187 25,219 137,651.8 189,963 18,120

16 Mizoram State
Transport
(MZST)

2383.36 18 418 231.45 229.15 0.48

17 North Bengal
State Transport
Corporation
(NBSTC)

18,110.4 501 3001 8770.19 12,000.51 763.68

18 North Eastern
Karnataka Road
Transport
Corporation
(NEKnRTC)

146,413.9 3795 18,412 144,901.2 154,800.5 4891

19 North Western
Karnataka Road
Transport
Corporation
(NWKnRTC)

174,668.1 4507 23,573 171,583.9 179,082 8303.75

20 Rajasthan State
Road Transport
Corporation
(RSRTC)

214,750.6 4324 20,551 183,692.9 223,386.3 3582.29

(continued)
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Table 3 (continued)

Sl.
No.

Names of
SRTUs

TOC
(105Rs)

AFO
(Number)

TSE
(Number)

TR
(105Rs)

TPKM
(105)

TPC
(105)

21 South Bengal
State Transport
Corporation
(SBSTC)

18,967.54 403 2148 15,242.53 18,923.67 1020.04

22 Tamil Nadu
State Transport
Corporation.
Ltd.,
Coimbatore
(TNSTC-CBE)

154,469.6 3061 18,964 126,100.7 228,832.2 9014.78

23 Tamil Nadu
State Transport
Corporation.
Ltd.,
Kumbakonam
(TNSTC-KUM)

182,563.2 3622 23,198 164,740.1 275,548 10,748.46

24 Tamil Nadu
State Transport
Corporation.
Ltd., Madurai
(TNSTC-MDU)

120,836.4 2381 14,850 106,235.8 187,390.6 6563.54

25 Tamil Nadu
State Transport
Corporation.
Ltd., Salem
(TNSTC-SLM)

117,933.4 2212 14,326 90,742.01 173,098.1 5580.85

26 Tamil Nadu
State Transport
Corporation.
Ltd., Villupuram
(TNSTC-VPM)

177,126.8 3352 22,573 161,852.4 293,359.9 8450.15

27 Uttar Pradesh
State Road
Transport
Corporation
(UPSRTC)

327,306.7 9128 24,904 327,554.6 283,054 5440

is a programming language available under the free software environment for statis-
tical computing and graphical representation. This programing environment was
originally developed by the R Foundation for Statistical Computing, and is presently
supported by them [3].

The ‘deaR’ open-source package [2] supported by the open-source R program-
ming environment was developed to handle classical formulations of DEAmodels in
addition to fuzzy-based DEA models. The algorithm is programmed to perform the
analysis in a two-stage process. In the first phase, the value of the efficiency scores
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(θ ) was optimized, followed by the second phase where the algorithm minimizes the
quantity used as input based on the optimized value of θ in order to see how the
performance of inefficient DMUs can be enhanced.

In the present study, the input-oriented CCR model was adopted, where the algo-
rithmminimizes the quantity used as input. The details on the optimized values of λq

assigned as coefficients to the input and output parameters generated by the ‘deaR’
open-source package [2] are shown in Appendix 1. The cells in the last column of
the table provide the sum of the λq values for each of the SRTUs. These values indi-
cate the level of improvement required to be undertaken when compared to efficient
DMUs.

Of the 27 SRTUs, 10 SRTUs were found to be efficient since these possessed
efficiency scores equal to 1. These SRTUs are considered to define the benchmark for
best practices, and together form the peer group in DEA terminology as examples
to be followed. These SRTUs are classified as efficient frontier organizations that
ensure effective utilization of resources. See Fig. 1.

The 10 exemplary SRTUs that constitute the peer group include: Banga-
lore Metropolitan Transport Corporation (BMTC), Karnataka State Road Trans-
port Corporation (KnSRTC), Metropolitan Transport Corporation Chennai (MTC-
CNI), North Eastern Karnataka Road Transport Corporation (NEKnRTC), Rajasthan
State Road Transport Corporation (RSRTC), Tamil Nadu State Transport Corpo-
ration Ltd., Coimbatore (TNSTC-CUM), Tamil Nadu State Transport Corporation
Ltd., Kumbakonam (TNSTC-KUM), Tamil Nadu State Transport Corporation Ltd.,
Madurai (TNSTC-MDU), Tamil Nadu State Transport Corporation Ltd., Villupuram
(TNSTC-VPM), and Uttar Pradesh State Road Transport Corporation (UPSRTC).
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Fig. 1 Details on efficient and inefficient DMUs, and the efficiency score distribution
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Table 4 Efficiency scores and returns to scale values based on the DEA analysis for SRTUs

S. No. SRTUa Eff.
score

‘λq’
sum

RTS S. No. SRTUa Eff.
score

‘λq’
sum

RTS

1 AMTS 0.56678 0.1117 IRS 15 MTC-CNI 1 1 CRS

2 APSRTC 0.94613 2.3985 DRS 16 MZST 0.2663 0.0014 IRS

3 BEST 0.89596 0.9914 IRS 17 NBSTC 0.52659 0.051 IRS

4 BMTC 1 1 CRS 18 NEKnRTC 1 1 CRS

5 BSRTC 0.72049 0.009 IRS 19 NWKnRTC 0.99817 1.0469 DRS

6 CSTC 0.3922 0.048 IRS 20 RSRTC 1 1 CRS

7 CTU 0.65793 0.0606 IRS 21 SBSTC 0.92248 0.0815 IRS

8 DTC 0.61316 0.8023 IRS 22 TNSTC-CBE 1 1 CRS

9 GSRTC 0.98502 1.0816 DRS 23 TNSTC-KUM 1 1 CRS

10 JKSRTC 0.64877 0.0174 IRS 24 TNSTC-MDU 1 1 CRS

11 KTS 0.90292 0.0596 IRS 25 TNSTC-SLM 0.94668 0.7606 IRS

12 KnSRTC 1 1 CRS 26 TNSTC-VPM 1 1 CRS

13 MSRTC 0.98629 2.9751 DRS 27 UPSRTC 1 1 CRS

14 MTC 0.86633 0.0036 IRS – – – –

aThe full names of the SRTUs are provided in Table 3
RTS Returns to Scale; CRS Constant Returns to Scale; IRS Increasing Returns to Scale; and DRS
Decreasing Returns to Scale

The remaining 17 SRTUs have an efficiency score of lesser than 1, indicating that
these SRTUs are not operated efficiently.

In the case of APSRTC, the efficiency score is 0.94613 and the λqsum value is
2.3985 as observed in Appendix 1, and in Table 4. Since the λqsum value is greater
than 1.0, the SRTU is said to operate at decreasing return to scale (DRS) according
to Banker et al. [10] and Seiford and Zhu [26].

The λqsum value of is 2.3985 for APSRTC was computed based on the bench-
mark performances of Karnataka State Road Transport Corporation (KnSRTC),
Metro Transport Corporation Ltd. Chennai (MTC-CNI), Tamil Nadu State Trans-
port Corporation. Ltd., Villupuram (TNSTC-VPM), and Uttar Pradesh State Road
Transport Corporation (UPSRTC) with λq values of 0.1397, 0.43, 1.3411, and 0.487,
respectively, resulting in a summed up value of 2.3985 as shown in Appendix 1.

This indicates that if the performance of APSRTC must be improved, then the
targeted total operating cost (TOC) of this SRTUmust be equal to the sum of 0.1397
× TOC for KnSRTC, 0.43 × TOC for MTC-CNI, 1.3411 × TOC for TNSTC-VPM,
and 0.487 × TOC for UPSRTC which is equal to 511,176.1 units in place of the
existing value of 540,280.1 units as shown in Appendix 2, and Table 3, respectively,
which are attained as part of the output generated by the ‘deaR’ Program. In a similar
way, the inputs such as the average fleet operated (AFO), and the total staff employed
(TSE) must be reduced. Thus, the improvement in performance for APSRTC can be
attained for each input variable as the sum of the product of the λq values, and the
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corresponding input values of the benchmarked organizations. This is expressed as,

Xiq−target =
n∑

q=1

λq Xiq (6a)

where Xiq-target = the target input i for the qth DMU, Xiq = actual input i for the qth
DMU, and λq = dual variables of the primal LP problem.

The required improvements to the SRTUs can also be found in another manner
based on the efficiency scores and the values of slack variables. In the case of BEST,
the efficiency score is 0.89596 and theλqsum value is 0.9914 as observed inAppendix
1, and in Table 4. Since the λqsum value is lesser than 1.0, the SRTU is said to operate
at increasing return to scale (IRS) according to Banker et al. [10] and Seiford and
Zhu [26].

Here, the performance of an inefficient bus transport organization such as BEST
can be improved by proportionally reducing inputs as part of the input-oriented CCR
model such that the output increases proportionately. Since the desired efficiency
score should have been 1.00, the improvement in performance of BEST can be
achieved by reducing the inputs by 10.404% (obtained as 100 * [1 − 0.89596]).
Additionally, the values of the input-related slack variables need to be reduced.

This indicates that if the performance ofBEST must be improved, then the targeted
total operating cost (TOC) of this SRTU must be equal to 0.10404 times the existing
value of TOC of 235,503 units for BEST minus the value of 42,353.5, and the slack
variable value for TOC for BEST as shown in Table 3 and in Appendix 3. This
computes to the target value of 168,648.05 units of TOC for BEST as shown in
Appendix 2.

In a similar way, the inputs such as the average fleet operated (AFO), and the total
staff employed (TSE) must be reduced. Thus, the improvement in performance for
BEST can be attained for each input variable as the product of efficiency score and
the input variable value minus the slack value for the corresponding input. This is
expressed as,

Xiq−target = (
θ ∗ Xiq

) − S−
i (6b)

where Xiq-target = the target input i for the qth DMU, Xiq = actual input i for the qth
DMU, θ* = efficiency score of the qth DMU, and S−

i = value of the corresponding
input slack variable.

In the case of output variables, it is required to add the slack value for the
corresponding output. This is expressed as,

Yrq−target = Yrq + S+
r (7)

where Yrq-target = target output ‘r’ for the qth DMU; Yrq = actual output ‘r’ for the
qth DMU; and S+

i = value of the corresponding output slack variable.
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In the case of BMTC, the efficiency score is 1.0 and the λqsum value is 1.0 as
observed in Appendix 1, and in Table 4. Since the λqsum value is equal to 1.0, the
SRTU is said to operate at constant return to scale (CRS) according to Banker et al.
[10] and Seiford and Zhu [26].

Usually, during short-term periods such as during certain seasons of the year, orga-
nizations may seem to operate at increasing returns to scale (IRS) or at decreasing
returns to scale (DRS). Organizations that undergo decreasing returns to scale expe-
rience rising average costs, while organizations with increasing returns to scale are
characterized by reduction in average costs.

However, according to micro-economic theory, it is required for organizations to
operate at a constant return to scale (CRS) ensuring productivity over long periods
by minimizing costs and by maximizing revenues [27]. This implies that in the long
run, the organizations are expected to operate at constant return to scale (CRS) by
either expanding the services, or by curtailing unprofitable services so as to compete
with other similar firms.

Out of the seventeen SRTUs that operate at lower efficiencies, it is found that
thirteen SRTUs are operating at increasing returns to scale (IRS), while four SRTUs
are found to operate at decreasing returns to scale (DRS). Since the thirteen SRTUs
are operating at increasing returns to scale (IRS), it can be said that the scale of
operations of these SRTUs can be further expanded. On the other hand, the four
SRTUs that are seen to operate at decreasing returns to scale (DRS) can be made
more efficient by curtailing services offered to unproductive routes.

On further examination of Appendix 1, it can be seen that TNST-VPM or Tamil
Nadu State Transport Corporation-Villupuram has been considered as a benchmark
for comparison of efficiencies of fourteen comparatively inefficient SRTUs, while
MTC-CNI (Metro Transport Corporation Chennai) has been considered as a bench-
mark of performance by eight inefficient SRTUs. Figure 2 provides a graphical repre-
sentation of the ranking of efficient SRTUs based on the referenced benchmarks.
Figure 3 provides a graphical output generated by the deaR program representing
inefficient SRTUs in red benchmarked against efficient SRTUs in green.

5 Conclusion

The overall technical efficiency of 27 State Road Transport Undertakings (SRTUs)
operating in India was determined using the DEA approach. For this purpose, the
primary input oriented DEA model with constant returns to scale was adopted. It is
evident from the results that:

• More than half of SRTUs are operating Inefficiently.
• Among the Efficient SRTUs, few are ‘Marginal Efficient SRTU’ which it may

lose if necessary measures are not taken to improve its output.
• The inefficient SRTUs need to improve its performance. This can be achieved

either by improving its outputs are by downsizing its size.
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Fig. 2 Ranking of efficient SRTUs based on referenced benchmarks

Based on the analysis performed and results generated and discussed in the above
section vide Table 3 andAppendix 2, it can be seen that, for example, the performance
of APSRTC may be improved by reducing the AFO, from 12,023 units to 11,375
units and reducing the TSE from 61,806 units to 58,477 units. This will result in
reduction in TOC from 540,280.1 to 511,176 lakhs rupees. These values were arrived
at by DEA analysis in R programming language [3] using deaR package [2] based
on comparison with KnSRTC, MTC-CNI, TNSTC-VPM and UPSRTC, as inferred
based on Appendix 1. Similar observation may be made on other 17 non-performing
SRTUs.

With the Efficiency measurement, the management can take right decision to be a
self-reliant and professional organization to improve its financial performance judi-
ciously. In the process of improving its efficiencies, SRTU should not compromise
its primary objective of serving the needs of commuters. A balanced approach to
maintain the equilibrium of efficiency and effectiveness should be considered in the
process.

The DEAmethod is one of the non-parametric approaches to determine efficiency
of an organization with multiple input and output variables. This approach is widely
used in banking sector, and, also in Hospital sector, and other organization, where
performance has to evaluated. DEA analysis is capable of indicating the parameters
that the management needs to focus on so as to improve the operational efficiency.

The above section provided details on the analysis approach adopted using DEA
method. However, it may be also observed that similar studies on performance anal-
ysis of SRTUs were made by various researchers mentioned in the literature, and
also, using capabilities of RDBMS and expert system as demonstrated by George
et al. [28, 29].
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Appendix 1

Summary of the Optimized Values of λq Assigned as Coefficients to the Input and
Output Parameters Generated by the ‘deaR’ Program.
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Appendix 2

Target Values of Input and Output Variables to be Attained to Improve the Efficiency
of SRTUs as Determined Using the ‘deaR’ Program.
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Appendix 3

Slacks Generated by the ‘deaR Program Indicating the Quantum of Inputs to be
Reduced for Better Performance for Selected SRTUs.
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Investigation, Design and Construction
Methodology of 120 m High IKOCP
Dumping Yard, Singareni Collieries

Srikanth Emmadi, G. V. Ramana, and P. S. Prasasd

Abstract The Singareni Collieries Company Limited (SCCL) is a government-
based coalmining company jointly ownedby theTelanganaGovernment andGovern-
ment of India. The Singareni coal reserves stretch over an area of 350 km on
Pranahita—Godavari Valley of Telangana with a proven geological reserve aggre-
gating to whopping 8791 million tonnes of coal. SCCL is currently operating 29
underground mines and 17 opencast mines in four districts of Telangana. Out of 17
open cast mines, Indaram Khani Open Cast Project (IKOCP) is one of the open cast
mine operating by SCCL. Huge quantity of waste/debris (Sandstone boulders, clay
and some other rock lumps) is also generated during mining of coal. The SCCL
is proposed to construct a 120 m high IKOCP dumping yard in 1.2 km × 1.0 km
of Srirampur Region, near IKOCP, Telangana. Nine bore holes were drilled up to
a depth of 7 m at different locations in the proposed dumping yard area. The stan-
dard penetration test (SPT) was also carried out during subsoil investigation. The
site was investigated and the slope stability analysis of the proposed dumping yard
under different conditions was carried out by using GEO 5 software. The present
study is intended to highlight the outcome of the study along with suitable design
and construction methodology of 120 m high dumping yard based on the field and
laboratory investigations.
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1 Introduction

Due to accelerated industrialisation and extensive growth in population, the energy
demand is increased rapidly which forces extraction of coal from open cast mines to
serve energy needs. Generally, extraction of coal from mines by open cast mining is
relatively better option than underground methods. For successful operation of open
cast mine, proper management of overburden mine waste is very essential otherwise
it may lead to instability problems. This might affect production of mining operation
and safety of human life. For example, pit dumps minimise reusing of overburden
material and are effective in utilisation of existing area [1, 2]; however, failure of
dump may interrupt quarrying operations, hazard personnel and destroy machinery
[2]. In case of material handling and land use, overburden dumps are less effective
and overcome the effects of mining operations in case of failure of dump [3, 4].
Many case studies in India reveal that dump failure results in significant damage
to quarrying properties, hazard to human life and interrupts coal production [5, 6].
There are dump slope failures occurred at Singareni colliery during December 2009
[7]. In order to provide safety of personnel and machinery, the waste dump should
have a proper design [6, 8]. The study area is an open cast mine in Indaram Khani
Open Cast Project (IKOCP) and it is operating by SCCL. The SCCL main function
is to search and produce the coal deposits along the Godavari valley coal field. Huge
quantity of waste/debris (Sandstone boulders, clay and some other rock lumps) is
also generated during mining of coal has to be accommodated in minimal area in
order to restrict the wastage of useful agricultural land. Hence SCCL is proposed
to construct a 120 m high IKOCP dumping yard in the area of 1.2 km × 1.0 km
of Srirampur Region, near IKOCP, Singareni Collieries, Telangana, as the waste
materials placed in the form of dumps to greater heights. Hence, there is a need
to study the geotechnical properties and parameters of dump materials along with
foundation soil which governs the design of stability of Dump Yard.

In the present study, field and laboratory investigation has been carried out to
evaluate the representative geotechnical properties (shear strength parameters; unit
weight) of both proposed dumping yard foundation soil and excavated mine over-
burden (OB). Slope stability software (GEO 5) has been used to assess the local
and global stability of the overburden dump fill. The final slope of the dump yard
(overburden dump fill) of 120 m high has been proposed based on the factor of safety
value.

2 Geotechnical Investigation on Proposed Site

A total of nine bore holes (BH-1, BH-2, BH-3, BH-4, BH-5, BH-6, BH-7, BH-8
and BH-9) were drilled at different locations in the proposed dumping yard area to
find the subsoil strata and its properties of foundation soil. The depth of each bore
hole varies from 3.5 to 7.0 m. The location of the bore holes was selected by the
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Fig. 1 SPT test on the
proposed original foundation
site

project authorities at the proposed original foundation site of IKOCP OB dumping
yard Srirampur Region Singareni Collieries Company Limited.

2.1 Field Tests

Standard Penetration Test at different levels has been carried out in all bore holes
(Fig. 1) and the results are presented in Table 1. Undisturbed soil samples were also
collected from each bore hole by using 38 mm diameter tubes. The typical disturbed
soil samples from SPT split spoon sampler tube of BH-2 (Label Name: SPT-02
IKOCP) is presented in Fig. 2.

2.2 Sample Preparation and Laboratory Tests

A total of 18 representative soil samples (9 Nos. disturbed soil samples and 9 Nos.
undisturbed soil samples) from 9 bore holes (SPT-1 to SPT-9) were collected and
conducted grain size analysis, Atterberg limits and shear strength characteristics
as per procedures outlined in relevant Indian Standards [9–15] and other standard
procedures.

(a) Physical characteristics of field samples

The representative samples collected from 9 boreholes were subjected to grain size
distribution analysis and consistency limits tests and the results are shown in Table 1.
The grain size distribution analysis has exposed that the majority of the soil samples
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Fig. 2 Bore hole number 2
(BH-2)

contain primarily clay fraction then followed by silt and sand (including fine,medium
and coarse) fractions barring few exceptions. From the Atterberg Limits tests, it was
observed that liquid limit values of the 9 No’s of representative soil samples vary
from 30 to 78%. Barring one sample SPT-5 (which exhibited non-plastic nature),
the remaining 8 representative soil samples exhibited plasticity characteristics and
the plasticity index values varied from 14 to 55%. The subsoil samples have been
classified as per IS soil classification system and the results are shown in Table 1.

(b) Triaxial test

Eight chosen soil samples (Undisturbed) were subjected to Triaxial Shear Test (UU
test). The soil samples were sheared at three various confining pressures of 1.0, 1.5
and 3.0 kg/cm2 respectively. The values of shear strength parameters, i.e. cohesion
(c) and angle of internal friction (ϕ) of the tested soil samples of the areas are shown
in Table 2. The values of shear strength parameters, i.e. cohesion (c) and angle of

Table 2 Foundation investigations at the original ground site of IKOCP

SI.
No

Field
No.

Depth (m) In-situ
bulk
density
kN/m3

In-situ
dry
density
kN/m3

Natural
moisture
content %

IS soil
classification

Shear strength
parameters (UU
test)

c (kPa) φ

1 SPT1 1.2–3.45 19.1 15.8 21.07 CH 32 11

2 SPT2 1.5–6.0 15.8 14.4 9.89 CI 36 12

3 SPT3 1.2–3.9 18.0 15.2 18.25 CH 42 9

4 SPT4 1.1–3.35 18.7 16.0 17.13 CH 30 11

5 SPT5 1.5–6.0 17.0 15.8 7.75 ML 44 17

6 SPT6 1.5–3.4 19.1 17.1 11.65 CL 23 13

7 SPT7 1.5–3.45 17.6 16.3 7.90 CL 26 11

8 SPT8 1.5–5.55 21.0 17.6 19.08 CH 35 9

9 SPT9 1.5–6.9 21.5 18.2 18.38 CH 46 10



464 S. Emmadi et al.

internal friction (ϕ) of the tested samples (i.e. 8 No’s) from SPT-1 to SPT-4 and
SPT-6 to SPT-9 were found to vary from 23 to 46 kPa and 9° to 13° respectively. In
similar lines, the values of total shear strength parameters of SPT-5, cohesion (c) and
effective angle of internal friction (ϕ) were found to 44 kPa and 17° respectively.

3 Stability Analysis of Dumping Yard

The shape of the dumping yard mainly depends on the nature and geography of the
area available for dump. Since the available land is almost plain, heaped fill dumping
construction method is proposed. The area available for the proposed dumping yard
is 1.2 km× 1.0 km. The height of the proposed dump fill is 120 m. The slope of the
proposed dumping fill is 23.20. Berm has been provided at every 15 m high intervals.
The average slope of the dumping fill with berms is 17.50. The top view and cross
section of the proposed dumping yard is shown in Fig. 3. Since dumping yard is
to be constructed on clayey soil, the designer has to ensure the internal and global
stability of the dump fill. Failure of dumping yard may be due to either inadequate
bearing capacity or due to deep seated shear failure. The failure of dumping yard
may also take place due to loose dump fill / loose dumped slope upon saturation due
to rain. The main objective of the stability analysis is to ensure that the proposed
dumping yard does not face any risk due to shear strength parameters of the dumped
fill material or drainage issue.

Geo5 software is a tool to provide analytical solutions for various geotechnical
applications like design of abutments, cantilever wall, gabion wall, gravity wall and
masonry wall. The Geo 5 software is very much useful for design of embankments,
stability analysis of normal slopes and steep slopes with soil nailing technique. This
software can also be used for settlement calculations and rock slope stability. In the
current study stability analysis of the dumping yard has been carried out with GEO
5 (slope stability) software. The stability analysis (verified methodology) has been
carried out using classic way, i.e. the stability of dumping yard can be corroborated
according to theory of limit or FoS. Bishops method (circular slip surface) is used
for analysis of slopes of dumping yard. The foundation soil and overburden dump
properties considered for stability analysis are presented in Table 3. Different slope
angle of the dump fill has been considered for stability analysis. In the present study,
only optimised design cross section (The slip circle with lowest factor of safety)
is presented. The results of the stability analysis for different conditions (effect of
groundwater table, saturation and earthquake forces) are presented in Table 4. The
results of the stability analysis (Table 4) clearly shows that the overburden dump
fill slope is stable in all conditions except under saturated condition. Results of the
stability analysis indicated that proper drainage arrangements are required for entire
slope and top of the dump yard so that the rainwater can be disposed of immediately
without saturating the slope.
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Fig. 3 Top view and cross section of the proposed dumping yard

4 Methodology for Construction of 120 m High Dumping
Yard

Before dumping yard construction, it is proposed to first remove/excavate approxi-
mately 2 m of top soil. Top 20 cm soil should be stacked separately for dump yard
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Table 3 Material properties
considered for stability
analysis

γ b (kN/m3) c (kPa) ϕ

Soft disintegrated rock 19 40 20°

Clayey soil 18 35 9°

Boulders 19 0 32°

Overburden (OB) fill 18 15 25°

reclamation. Remaining 180 cm soil also stacked separately. This soil will also be
used as a soil cover for the slope of dumping yard for each stage. After removal of
top soil, the soil should be properly cambered for drainage purpose (Fig. 3). The
base soil should be properly compacted up to 95% of maximum dry density with
pneumatic roller/ sheep foot roller. 25 mm thick sand bedding layer should be spread
evenly over the foundation soil to serve as cushion for geomembrane laying and this
sand layer should be sprinkled with water and rolled. Geomembrane should be laid
over the compacted ground. The geomembrane layer would act as separator between
filled soil and Foundation soil. The geomembrane would act as an impermeable
sheet and helps in preventing water seeps into foundation soil. The specification of
geomembrane should satisfy according to IRC [16].

Over the geomembrane, a 10 cm sand and 190 cm stone/boulder soling should
be provided. This will act as a foundation for proposed overburdening dumping
fill. Construction of the new dumping yard should be taken up layer wise above
the prepared base. In general the waste mine materials usually back dumped in the
dumping yard with end tipping method. After dumping the waste mine material, it is
generally levelled with a grader. In general the layer is in a very loose condition and
these layered materials usually compacted through dumpers while transporting the
dumpingmaterial (Natural compaction). Some compactionwill also take place in due
course of time due to further movement of vehicles. At every 15 m, interval height
berm should be provided. This berm will be useful for stability of an embankment,
drainage can be provided on berm and also can be used as a road for transporting
the overburden dump fill. In general, overburden dump fill slopes remain denuded.
Hence, the side slopes are very much prone for erosion due to rainfall and wind.
The embankment side slopes need protection against erosion. The Gabion toe wall
plays an important role in reducing the embankment erosion. The erosion control
measures should be applied up to top of the embankment. To ensure that gabion toe
wall does not bulge / gets displaced during embankment construction, it is suggested
that gabion toe wall construction can be taken up subsequently after embankment
construction by suitably trimming the compacted embankment and using a plate
compactor. Non-woven polymeric geotextile should be placed all along behind the
gabion toe wall.

After constructing the 120 m high embankment (overburden dump fill), the
embankment side slopes should be properly protected by providing 300–400 mm
(200 mm thick soil cover+ 150–200 mm high geocell filled up with soil) thick layer
of soil cover (use already excavated and stacked soil for this purpose). This tech-
nique helps not only in case of erosion due to run-off water but also in case of wind
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Table 4 Stability analysis of proposed dumping fill

S. No FoS Remarks

1 1.54 The Dump fill
is in dry
condition and
Water table far
below the
ground level

2 1.53 The Dump fill
is in dry
condition and
Water table is
at ground level

3 0.96 The Dump fill
is in saturation
condition

4 1.53 The Dump fill
is in dry
condition and
Water table is
at ground level

5 1.11
(with
earthquake
factors)

The dump fill
is in partially
saturated
condition
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Fig. 4 Embankment slope protected with gabion, drainage, soil cover with geocell with turfing and
plantation

erosion. Side slopes of embankment covered with geocell filled up with soil suitable
for turfing and tree plantation. Local grass/creepers and plants can be selected based
on the expert opinion of agricultural scientist. Figure 4 presents the embankment
slide slopes protected with gabion, drain, geocell with turfing and trees.

5 Conclusions

The SCCL is proposed to construct a 120 m high IKOCP dumping yard. The
proposed dumping yard has been designed based on the field investigation and
stability analysis. The conclusions are drawn from the present study as follows.

• The slope angle of the dumping yard should be less than or equal to angle of
repose of overburden fill material.

• The stability of dumping yard is safe in all conditions except under full saturation
condition. To avoid full saturation of dumping yard due to rains, longitudinal and
transverse (Garland) drains should be provided all along the dumping yard.

• Since the foundation soil is weak (clayey soil), before laying the next layer of fill,
the overburden dump fill should be dumped and spread uniformly over the entire
proposed area.

• To prevent the rill and gully erosion against wind and rain, the side slopes of the
dumping yard should be protected with gabion, drainage, soil cover with geocell
with turfing and plantation.

• Since the height of the dumping yard is too high (120 m) and back dumping the
overburden fill with end tipping method, the dumping yard should be properly
monitored with settlement gauges, piezometers and inclinometers.
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Stresses in Masonry Cylindrical Shells
Using Realistic Boundary Conditions

P. Subrahmanya V. Bhat, M. V. Renukadevi, and K. S. Jagadish

Abstract Masonry shells have been used as roofing since ancient times. Cylin-
drical and spherical shells are most common among them. They have the advan-
tage of simplicity of construction without using elaborate support systems. Attempts
have been made to use theory of shells in designing modern masonry shells. While
analyzing circular cylindrical shells, the shear stress at the longitudinal boundary is
frequently assumed to be zero. An earlier study by Yogananda using this assump-
tion showed large tensile membrane stresses in the longitudinal direction. Such a
boundary condition is unrealistic as the wall support is never very smooth. It appears
that no axial deformation along the longitudinal boundaries is more realistic instead.
Hence, the alternative condition has been considered in this paper using Flugge’s
approach. The analysis results showed that the longitudinal membrane stresses are
no longer tensile along the boundaries. The bending moments also show a reducing
trend. Thus, the new boundary condition is well suited for designing masonry cylin-
drical shells. However, the diagonal tension due to in plane shear stress is increased
marginally as the boundary condition is altered. The masonry shell is generally
provided with a thin layer (4 cm) of cement concrete with nominal steel reinforce-
ment both for waterproofing and for resisting settlement creeps. This will also help
in resisting some of the small tension value which may occur.

Keywords Masonry shells · Cylindrical shells · Boundary conditions

1 Introduction

The use of masonry for domes and vaults has been known all over the world for
thousands of years. Nubian vaults of Africa, resurrected by Hassan Fathy [1, 2],
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represent perhaps the oldest examples. Subsequently, the Pantheon of Rome, Hagia
Sophia of Istanbul are well known examples of large masonry domes. In the Indian
context, traditional Jain temples used corbelled domes. Later, during the Islamic
rule in India, arcuate domes became common. In the Vijayanagar period, the domes
used by theMuslim rulers of Bahmani Kingdom influenced masonry dome and vault
construction for secular and temple structures even byHindu rulers. It must, however,
be noted that the earlier domes, and vaults were essentially designed as architectural
novelties using empirical means for their structural design. It is only in recent times
that Heyman [3] and Grimm [4] recognized such structures as masonry shells. This
means that structural theories of shells may now be used to understand and design
masonry shells. Yogananda [5] attempted a stress analysis of masonry cylindrical
shell roofs using Flugee’s and Donnel theory [6, 7] to calculate stresses in various
shells.

Yogananda considered cylindrical shells according to their lengths and span-rise
ratios. Accordingly, there types of lengths, namely short, moderate, and long shells
are considered. In the span-rise ratio category, he considered shallow, moderately
shallow, and non-shallow shells. The basis for the selection of shell classification is
as below.

2 Shell Parameters

Three dimensions of a cylindrical shell are important in analyzing the stresses. They
are the span, rise, and length of the shell. The relevant aspect ratios are the rise/span
and the length/span.Vlasov [8] defines a shallow shell is the onewhose rise/span ratio
is less than 0.2. The maximum value possible for this ratio in a circular cylindrical
shell is 0.5 (semicircular cylinder). Shells with a rise/span ratio close to 0.5 (>0.4) is
termed as non-shallow. The other shells with rise/span ratios between 0.2 and 0.4 are
considered as moderately shallow. Regarding the length/span ratios, a shell may be
considered as short if the ratio is unity. It may be considered long if the ratio is three
or more. The shell may be considered moderately long if the ratio is in between.

3 Numerical Studies

For comparison of results, the shells considered by Yogananda are considered here
also. The specific dimensions of shell considered are shown in Table 1. Here, the
length of the shell is ‘l’, its rise is ‘R’, span ‘B’, radius is ‘a’, and ‘φ0’ is the semi
vertical angle from crown to longitudinal boundary as shown in the Fig. 1. In shell
designation, MS refers to moderately shallow and NS refers to non-shallow. The first
letter of suffix indicates the length of the shell and the remaining the span.

The membrane and bending stress resultants of a typical shell element are shown
in Fig. 2. Yogananda considered the following boundary conditions for the analysis:
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Table 1 Various circular cylindrical shells

Shell designation Length

(‘l’ m)

Span

(‘B’ m)

Rise

(‘R’ m)

Radius

(‘a’ m)

Half

angle (φ0
°)

MS33 3.0 3.0 1.0 1.625 67.4°

MS63 6.0 3.0 1.0 1.625 67.4°

MS93 9.0 3.0 1.0 1.625 67.4°

MS645 6.0 4.5 1.5 2.437 67.4°

MS945 9.0 4.5 1.5 2.437 67.4°

NS33 3.0 3.0 1.5 1.5 90°

NS63 6.0 3.0 1.5 1.5 90°

NS93 9.0 3.0 1.5 1.5 90°

NS645 6.0 4.5 2.25 2.25 90°

NS945 9.0 4.5 2.25 2.25 90°

Fig. 1 Shell geometry

Along longitudinal boundaries, i.e.,
at φ = ± φ0 Nxφ = v = w = Mφ = 0 and
Along the curved boundaries, i.e.,
at x = 0 and l, u = v = w = Mx = 0.
These boundary conditions are referred to as old boundary conditions (OBC)

further.
Using these conditions, the stresses in the shells for dead and live load of 2.05

kN/m2 were obtained by neglecting the Poisson’s ratio. Yogananda found that theNx

values at midspan of non-shallow shells could go up to 8 kN/m to 16 kN/m leading to
tension values ranging from 0.11 to 0.23 N/mm2. These values are not admissible for
unreinforcedmasonry. Apparently, these large tension values are due to the boundary
condition Nxφ = 0 at φ = ±φ0. This is an unrealistic boundary condition as the top
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Fig. 2 a Membrane, b Bending and shear stress resultants

of the wall on which the shell rests is never smooth. It appears that the boundary
condition u = 0 is more realistic in the longitudinal boundaries.

Now the modified boundary conditions considered in the present study are:
Along longitudinal boundaries, i.e.,
at φ = ± φ0u = v = w = Mφ = 0 and.
Along the curved boundaries, i.e.,
at x = 0 and l, u = v = w = Mx = 0.
Which is referred to as new boundary conditions (NBC) now onwards.
The various shells are now analyzed for the new boundary conditions using

Flugge’s equations, and the results are compared using the stress resultants obtained
by Yogananda. The thickness of shell considered is 7 cm.

4 Cylindrical Shell Analysis

Complete solution to cylindrical shell problem consists of two parts. The first one is
membrane or particular solution, which will account for the applied loads. The latter
is the bending solution, which will account for the edge or boundary conditions. The
membrane state of stress alone will results in free deformation of the shell along
the boundaries. The bending solution will counteract this depending upon the edge
conditions superimposed. So boundary conditions will play vital role in the bending
analysis, miss interpretation of the same will lead to abnormal results.

For obtaining the membrane solution, the load ‘p’ acting on the surface of the
shell is expressed as single trigonometric series function as below.
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p(x) =
∞∑

n=1,3.5..

4p

nπ
sin

(
λx

a

)
(1)

where λ = nπa/l.
Using (1) in membrane equilibrium equations and with the help of basic stress

strain relations, expressions for membrane stress resultants and displacements are
obtained.

For the bending solution, Flugge’s approach carried out by Yogananda [5] is
followed. The stresses are expressed in terms of strains and strains in terms of
displacements. The expressions for stress resultants in terms of displacements
are obtained by integrating the stresses thought the thickness of the shell. These
stress resultants are used to transform the bending equilibrium equations having
ten unknowns to three equations with only three unknowns, i.e., with displacement
components u, v, and w. Considering u = Aemφ , v = Bemφ , and w = Cemφ , the
equilibrium equations can be written in matrix form as below.

⎡

⎢⎢⎣

λ2 − 0.5(1 + k)m2 −0.5mλ −k
{
λ3 + 0.5m2λ

}

−0.5mλ m2 − 0.5λ2 − 1.5λ2k m + 1.5mλ2k

−k
{
λ3 + 0.5m2λ

}
m + 1.5kmλ2 1 + k

(
λ4 + m4 − 2λ2m2 + 2m2 + 1

)

⎤

⎥⎥⎦

⎧
⎪⎨

⎪⎩

A
B
C

⎫
⎪⎬

⎪⎭
= 0

(2)

where k = h2/12a2, h = thickness of shell.
For the nontrivial solution, the determinent of the coeffecientmatrix should vanish,

i.e.,

∣∣∣∣∣∣∣∣

λ2 − 0.5(1 + k)m2 −0.5mλ −k
{
λ3 + 0.5m2λ

}

−0.5mλ m2 − 0.5λ2 − 1.5λ2k m + 1.5mλ2k

−k
{
λ3 + 0.5m2λ

}
m + 1.5kmλ2 1 + k

(
λ4 + m4 − 2λ2m2 + 2m2 + 1

)

∣∣∣∣∣∣∣∣
= 0 (3)

The resulting characteristics equation in terms of m is as follows,

m8 − 2
(
2λ2 − 1

)
m6 +

(
6λ4 − 8λ2 + 1

)
m4 − 2λ2

(
2λ4 − 3λ2 + 2

)
m2 +

(
λ4

k
+ λ8

)
= 0 (4)

The eight roots of the equation lead to eight solutions of the form constant x emjφ ,
j = 1,2, 0.8 with eight constants. The resulting solution need to be solved along
with membrane solution using the appropriate boundary conditions at φ = ± φ0.
Since both geometry and loading is symmetry, all the anti-symmetric terms of the
series can be omitted. The series solution can be finally truncated depending on the
accuracy of the solution required. In the present analysis, six terms are considered
namely n = 1, 3, 5, 7, 9, and 11.
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5 Stresses in Circular Cylindrical Shells

The results for the NBC at φ = ± φ0 have been compared with earlier results
of Yogananda. Comparison have been made for the stress resultants Mφ , Nφ , Nx,
and Nxφ . Figures 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, and 18 shows
the comparisons. The comparison have been made for moderately shallow and non-
shallow shells.

Fig. 3 Comparison of Mφ at
x = l/2 for OBC/NBC 3m
span MS shells

Fig. 4 Comparison of Mφ at
x = l/2 for OBC/NBC 3m
span NS shells
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Fig. 5 Comparison of Mφ at
x = l/2 for OBC/NBC 4.5m
span MS shells

Fig. 6 Comparison of Mφ at
x = l/2 for OBC/NBC 4.5m
span NS shells

5.1 Comparison for Mφ

The maximum bending momentMφ , generally occurs when x = l/2 (mid length) and
near φ/φo = 0.75. Themaximum value is a negative moment. The positive maximum
moment occurs at the crown, when φ/φo = 0, but this value is slightly smaller than
the maximum negative moment. Hence, the negative moment will lead to maximum
flexural tension. It may also be observed that pattern of moment is quite same for
both the boundary conditions. However, the moments for the NBC are invariably
smaller than for OBC. The difference is less pronounced when the shell lengths are
smaller and are largest when the length of shell is twice or thrice the span.
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Fig. 7 Comparison of Nφ at
x = l/2 for OBC/NBC 3m
span MS shells

Fig. 8 Comparison of Nφ at
x = l/2 for OBC/NBC 3m
span NS shells

5.2 Comparison for Nφ

This stress resultant is always compressive for both the boundary conditions. The
maximum value occurs often at φ = ±φ0. When the boundary condition is u =
0, the Nφ values are generally smaller near the longitudinal boundaries and greater
near the crown. The trend is somewhat different for shells with span 3 m and length
3 m and for shells when the span is 4.5 m and length 6/9 m. When the span is 3 m,
the maximum value is at φ = ±φ0, except for the cases NS33 and MS33. In these
cases, the maximum compression is at φ = 0. Since the shell is square in plan, the
design load is distributed more or less equally on all the sides, and the arch action
due to curvature is not felt at midspan. The moment variation due to arch action starts
showing as the length increases beyond twice the span. The maximum compression
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Fig. 9 Comparison of Nφ at
x = l/2 for OBC/NBC 4.5m
span MS shells

Fig. 10 Comparison of Nφ

at x = l/2 for OBC/NBC
4.5m span NS shells

Nφ also occurs at φ = 0 for shells NS645 and NS945 for NBC. The resulting
compressive stresses are fairly low, and the maximum among all cases considered is
in the range of 0.6–0.9 N/mm2. A brick masonry with a brick strength of 3.5 N/mm2

can easily withstand this stress when the mortar is CM 1:6. Since most of the case
mortar of CM 1:4 is recommended for masonry shells, the issue of compressive
strength is not problemative.
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Fig. 11 Comparison of Nx
at x = l/2 for OBC/NBC 3m
span MS shells

Fig. 12 Comparison of Nx
at x = l/2 for OBC/NBC 3m
span NS shells

5.3 Comparison for Nx

The comparison between the results for two boundary conditions throws up an inter-
esting result. In the analysis of Yogananda, the Nx value is generally tensile as φ/φ0

is more than 0.5. However, when boundary condition is u = 0, the tension values are
practically suppressed, Nx being zero at φ = ± φ0. It can be observed that the shell
MS93 is purely compressive without axial tension along the longitudinal direction.
Nx attains a small tension value for all other shells near φ/φo = 0.75 which vanishes
toward crown where it is compressive for all the shells. This shows that when the
boundary condition is realistic u = 0, the large tensile stresses are not there. It may
also be observed that even when Nxφ = 0, the tensile stress is mostly in the range
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Fig. 13 Comparison of Nx
at x = l/2 for OBC/NBC
4.5m span MS shells

Fig. 14 Comparison of Nx
at x = l/2 for OBC/NBC
4.5m span NS shells

of 0.1–0.2 N/mm2. The largest value is for the shell NS945, and all the other shells
have lower tensile values.

5.4 Comparison for Nxφ

The shear stress Nxφ shows significantly different variation in the two boundary
conditions. When u = 0 at φ = ± φ0, Nxφ is no longer zero and attain a large
value (x = 0 or l). The peak value is usually around φ/φo = 0.6. This peak value
is marginally more than the value at φ = ± φ0. Again, the peak value for u = 0
is invariably more than the peak value for the boundary condition Nxφ = 0 used
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Fig. 15 Comparison of Nxφ
at x = 0 for OBC/NBC 3m
span MS shells

Fig. 16 Comparison of Nxφ
at x = 0 for OBC/NBC 3m
span NS shells

by Yogananda. The largest shear value of around 11.11 kN/m occurs for the shell
NS945. It must be recognized that this peak value of membrane shear leads to a
diagonal tension near the boundary.

6 Values of Stress Resultants and Corresponding Stresses
for Various Shell Dimensions

The critical values of stress resultants for the various shells considered are presented
in Table 2.
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Fig. 17 Comparison of Nxφ
at x = 0 for OBC/NBC 4.5m
span MS shells

Fig. 18 Comparison of Nxφ
at x = 0 for OBC/NBC 4.5m
span NS shells

The stresses due to these stress resultants are presented in Table 3. With reference
to Mφ , a flexural stress from 6Mφ /bh2 is presented in form of N/mm2. The other
stress resultants lead to direct stresses in terms of N/mm2. It may be noted that the
largest flexural tensile stresses occur in the non-shallow shell NS93, and the value is
0.393 N/mm2. For masonry, this value is rather high. It is possible that the presence
of axial compression Nφ may partially offset this flexural tension. Also, a thin layer
of concrete with minimum reinforcement may be provided over the masonry shell
to bear the small tension values. But still such shell proportions can be avoided.

The stresses Nx are by and large quite low. The maximum value is seen in shell
NS645, and the value is 0.035 N/mm2. According to the measurements by Mathana
[9] and Raghunath [10], the masonry tensile strength is about 0.166 N/mm2 for
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Table 2 Critical stress resultants for NBC

Stress resultants x = l/2, φ/φ0 = 0.75 x = l/2, φ/φ0 = 0.75 x = 0 or l, φ/φ0 = 0

Shell type Mφ kNm/m Nφ kN/m Nx kN/m Nxφ kN/m

MS33 0.046 −2.673 0.738 2.634

MS63 0.131 −3.509 0.105 2.624

MS93 0.163 −3.799 −0.192 2.130

NS33 0.044 −1.551 1.395 3.985

NS63 0.168 −2.340 1.111 6.163

NS93 0.322 −3.307 0.093 5.900

MS645 0.113 −3.971 1.221 5.327

MS945 0.230 −4.786 0.447 5.531

NS645 0.105 −2.242 2.463 8.232

NS945 0.221 −2.774 2.124 11.115

Table 3 Critical stresses for NBC

Stress resultants x = l/2, φ/φ0 = 0.75 x = l/2
φ/φ0 = 0.75

x = 0 or l, φ/φ0 = 0

Shell type Mφ N/mm2 Nφ N/mm2 Nx N/mm2 Nxφ N/mm2

MS33 0.057 −0.038 0.011 0.038

MS63 0.160 −0.051 0.002 0.038

MS93 0.199 −0.055 −0.003 0.030

NS33 0.055 −0.022 0.020 0.057

NS63 0.206 −0.034 0.016 0.088

NS93 0.393 −0.048 0.002 0.084

MS645 0.140 −0.057 0.018 0.076

MS945 0.282 −0.069 0.007 0.079

NS645 0.120 −0.032 0.035 0.118

NS945 0.272 −0.040 0.031 0.159

CM1:6, stresses parallel to the bed joints. Hence, the shell stresses are well within the
limit. However, according to Yogananda’s boundary conditions, the tensile stress is
0.24 N/mm2. Thus, the use of realistic boundary condition u= 0 leads to satisfactory
stresses in masonry shells.

It is interesting to note that the shell MS93 is under pure compression without
axial tension along the longitudinal direction. Also, shells like MS63, NS93, MS945
show marginal tension values. So it is clear from the results that it is possible to
select the shell proportions such that the direct tension value Nx, which is critical for
masonry design can be avoided or minimized.

The shear stress resultant Nxφ , however, leads to larger diagonal tension going up
to 0.159 N/mm2(NS945).
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7 Discussion of Results

The change of boundary condition Nxφ = 0 atφ = ±φ0 to u = 0 at φ = ± φ0

generally leads to less value ofMφNφ and Nx. In fact, the tension values of Nx in the
Yogananda boundary condition are practically eliminated. The values of Nxφ near
the boundaries x = 0 and x = l, x = 0, however, get enhances by about ten percent.

Increase in the length of the shell generally leads to larger bending moments near
the midspan. It would be ideal to keep the length of the shell as less than twice the
span. In general, the value of the new boundary condition leads to more favorable
stresses in masonry shell proportions considered here.

The large flexural tension values occur in shells NS93 andNS945 for the boundary
condition Nxφ = 0 at φ = ± φ0. The values figure out to be 0.47 N/mm2 and
0.4 N/mm2, respectively. When the boundary condition is changed to u = 0, the
flexural tension values reduced to 0.39 N/mm2 and 0.27 N/mm2. Even these values
are on the higher side, it is desirable to restrict the length of 3 m span shell to twice
the span and 4.5 m span shell to 1.3 times the span. Even then, these shells will have
small value of flexural tension. The presence of axial compression due to Nφ means
such flexural tensions are not serious, especially when a mortar of CM 1:4 is used
for the shell construction.

The critical stress in the Nx value which becomes tensile as φ/φ0 is increased
beyond 0.5 when the boundary condition is Nxφ = 0 at φ = ± φ0. The tension value
reachs 8 kN/m for shell NS63 and 16 kN/m for shell NS945. The corresponding
stresses are 0.11 N/mm2 and 0.23 N/mm2, respectively. These tension values are
certainly not desirable for unreinforcedmasonry.However,when the boundary condi-
tion is themore realistic u= 0 atφ = ±φ0, the tension value reduces to 0.014N/mm2

and 0.036 N/mm2. These tension values are well below the permissible stress values.
Again, a masonry shell is always covered by a thin layer of reinforced concrete (4 cm
thick with nominal steel) to take care of settlement stresses. This additional feature
will also be able to provide any small tension values.

The stress Nxφ in the shell, however, is increased with the boundary condition u
= 0. This leads to a diagonal tension when x = 0 and x = l for φ/φ0 = 0.6. This
tension is generally small except for the shell NS645 and NS945. Again, the layer
of reinforced concrete can take care of longitudinal tension values. The stress values
are well within the permissible limits for other shell proportions considered here.

8 Conclusion

This paper examines the stresses in masonry shells as the edge boundary condition
Nxφ = 0 at φ = ± φ0 is changed to u= 0 at φ = ± φ0. The results of earlier study by
Yogananda [5] have been compared with the new results, utilizing Flugge’s theory
for circular cylindrical shells. Shells of span 3 m and 4.5 m have been considered.
For 3 m span shells, lengths of 3, 6, and 9 m have been considered. For 4.5 m span
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shells, lengths of 6 m and 9 m have been considered. Regarding the midspan rise,
moderately shallow and non-shallow shells have been considered.

• There is a drastic reduction in the flexural tension values for the new boundary
condition. The values are quite high for long shells. Even though the presence
of axial compression Nφ at the same location is beneficial in reducing the effect
of this tension, the stresses values are quite high for masonry. So, such shell
proportions can be avoided.

• There is a significant reduction in the direct tension values for new boundary
condition. The largest value is observed for non-shallow shells. It is interesting to
note that as the length of the shell increases, the tension value decreases. However,
the tension value increases with span.

• The diagonal tension due toNxφ is, however, increasedmarginally as the boundary
condition is changed fromNxφ = 0 to u= 0. A thin layer of concrete with nominal
reinforcement will help in resisting any small tension which may occur.

• The study reveals that it is possible to select the shell proportions such that the
stress values are within permissible limit.

• New boundary condition leads to more favorable stresses in masonry cylindrical
shells.
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Experimental Investigations
on Utilization of Bagasse Ash in Adobe
Bricks
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Prashant Sunagar, and M. V. Shivaprakash

Abstract Utilizing the industrial and agricultural wastes as a active raw material
has been the prime focus for Researchers around the globe. Utilizing these by-
products/waste materials can be beneficial in terms of cost savings in addition to
addressing the issue of sustainability and reducing the greenhouse gas emissions.
The present work was aimed at developing eco-friendly unfired bricks termed as
adobe bricks by utilizing agro waste from sugar mills which is termed as sugar-
cane bagasse ash. The study involved investigating the performance of adobe bricks
mixedwith sugarcane bagasse ash stabilizedwith cement. Locally available soil from
North part of Bengaluru was used as part of this study. The adobe bricks were casted
by varying the sugarcane bagasse ash in the range 0–60% at increments of 10%.
Engineering properties of these adobe bricks such as compressive strength, water
absorption, dry density, flexural strength were studied as per codal provisions. Mix
with 30% blending of sugarcane bagasse ash in the adobe bricks showed good results
and satisfied the codal provisions as per Indian standards.

Keywords SCBA · OPC · Compressive strength · Sun-dried bricks

M. S. Dharek (B)
Department of Civil Engineering, BMS College of Engineering Bengaluru, Bengaluru, India

K. S. Sreekeshava
Department of Civil Engineering, Jyothy Institute of Technology, Bengaluru, India

J. Vengala
Department of Civil Engineering, PVP Siddhartha Institute of Technology, Vijayawada, India

K. Pramod
Ionidea Educational Software private limited, Bengaluru, India

P. Sunagar
Department of Civil Engineering, Ramaiah Institute of Technology, Bengaluru, India

M. V. Shivaprakash
Department of Civil Engineering, MITS, Madanpalle, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
L. Nandagiri et al. (eds.), Sustainability Trends and Challenges in Civil Engineering,
Lecture Notes in Civil Engineering 162, https://doi.org/10.1007/978-981-16-2826-9_31

487

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2826-9_31&domain=pdf
https://doi.org/10.1007/978-981-16-2826-9_31


488 M. S. Dharek et al.

1 Introduction

Use of adobe blocks for dwelling has been in practise from ancient days espe-
cially in the American and middle east regions. “Adobe” a Spanish word has been
derived from old Arabic word “al-tob” dating from the Moorish occupation in
Spain. Adobe block/bricks for construction has been adapted universally due to
changes in economic and social reasons. Quite a good amount of investigations in
order to provide engineering solutions have been done on utilization of adobe as
a building blocks. Earth has been the most broadly known and richly accessible
material for human culture to utilize it in development. From the times of Egyptian
and Mesopotamian, earth is primary part of any development in its various struc-
tures. Nearby accessibility of mud makes its utilization invaluable, and simplicity of
handling makes it one of the most energy proficient building material, savvy and it is
a truly dependable material for any working by and large and minimal effort struc-
tures specifically. Generally, mud has been widely utilized for building development
in India and somewhere else. Customary earth development innovation has gone
through an extensive change that upgrades earth’s strength and quality as a develop-
ment material for minimal effort structures. Such techniques incorporate slammed
earth and machine packed settled earth blocks. The development practises of today
vigorously rely upon materials like concrete blocks, bricks, and different metals like
steel, aluminiumand soon [1–3]. These are energy escalatedmaterialswhichdevour a
great deal of energy and hence the creation of these building blocks negatively affects
climate [4, 5]. Since these materials can be created distinctly specifically territories
there is a need to move these materials to the site where they are to be utilized and
again bringing about utilization of energy, so it is very obvious that these materials
contain parcel of typified energy in them. Thus, it is essential to deliver building
materials which burn-through less energy and can be utilized for development [6].

2 Literature Review

Studies on utilization of quarry dust (QD), lime (L) and sugarcane bagasse ash
(SCBA) were carried out by [7]. The physical properties of quarry dust and lime
were determined using the laboratory test methods. SCBA–quarry dust (QD) lime
(L) combination blocks were designed and developed in different mix proportions.
A compressive strength of 6 MPa was observed. Particle size distribution analysis
of SCBA was carried out using the hydrometer test. Chemical analysis of SCBA
was done using energy-dispersive x-ray fluorescence spectrometer. The blocks with
20% addition of lime to SCBA and quarry dust exhibited a compressive strength
of up to 6.59 MPa, which is almost double that of the conventional clay blocks
(3.5 MPa). It was also observed that masonry bonding of SCBA– QD–L blocks is
stronger compared to commercially available fly ash and burnt clay blocks. Research
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carried out by Pusit et al. [8] focussed on the feasibility of using agricultural by-
products such as rice husk and bagasse ash in adobe blockmixtures with a percentage
replacement of 0, 1, 2, 3 and 6%byweight ofmaterials. The study explored the level at
which replacing rice husk and bagasse in adobe block affect the optimal compressive
strength, shrinkage, thermal conductivity and moisture absorption. Bagasse and rice
husk fibre can improve the compressive strength of adobe block. Bagasse was more
effective than rice husk in all mix proportions. The proportion of clay 84%, sand
10%, bagasse 6% gives compressive strength as 3 MPa. Prabhu et al. [9] studied the
effect of addition of bagasse ash on the compressive strength and water absorption
of bricks.

Studies on effect of addition of aluminium sulphate on the compaction andmixing
characteristics of brickswere also studied as part of this work.Mixwith 20% addition
of bagasse ash gave compressive strength of 6.3 MPa when compared with conven-
tional clay brick (3.5 MPa). The water absorption values were also found to reduce
with increase in bagasse ash content in the brick. It was observed that addition of
aluminium sulphate improved compaction. Studies on bricks with binary and ternary
mixtures containing clay, bagasse ash, fly ash and silica fumewas taken up by Ignacio
et al. [10]. Characterization of ternary and binary mixtures were carried out. Studies
concluded that mixture with clay, bagasse ash and silica fume showed good results in
terms of compressive and bending strength. Based on the above literature, it was seen
that sugarcane bagasse ash be effectively used as an active ingredient. The objectives
of the present research have been summarized below.

• Testing of soil, bagasse ash for its engineering properties.
• Preparation of optimal mix to produce an adobe brick of required strength

incorporating the bagasse ash.
• Evaluation of engineering properties of adobe brick viz. compressive strength,

flexural strength, dry density, water absorption in comparison with normal burnt
clay brick.

3 Characterization of Materials

The constituents used for casting the adobe bricks included soil, sugarcane bagasse
ash, ordinary portland cement, water. The details of the tests carried on these
constituents are summarized below.

3.1 Soil

Soil used in the present study was sourced from North part of Bengaluru. Tests were
conducted on the soil as per IS 2720-1983 [11]. The details of the physical properties
of soil is shown in Table 1.
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Table 1 Physical properties of soil

Serial No Property Result obtained

1 Soil classification Silty clay

2 Specific gravity 2.67

3 Liquid limit and plastic limit 23.29%, 17.79%

4 Plasticity index 5.51

5 Water content 12.5%

6 Unconfined compressive strength 0.132 MPa

7 Maximum dry density
Optimum moisture content

1.86 g/cc
16.5%

3.2 Sugarcane Bagasse Ash (SBA)

Sugarcane bagasse ash, a by-product obtained from sugar manufacturing factories is
produced by burning the sugarcane bagasse. The bagasse ash for the present work
was collected from sugarcane manufacturing plant at Doddagarudanahalli, Mandya
district, Karnataka. The ash was brought to the lab and sieved through 600 µ sieve.
The specific gravity of the SBA was found to be 2.35and blaine’s fineness was 938
m2/kg.

3.3 Ordinary Portland Cement (OPC)

Ordinary portland cement-53 Grade conforming to IS 12269-2013 [12] was used in
this study which was procured locally fromBengaluru. The results of tests conducted
on cement are shown in Table 2

Table 2 Physical properties of ordinary Portland cement-53 Grade

S. No. Property Result obtained Remarks

1 Specific gravity 3.12 Range 3.05–3.15

2 Consistency 28% –

3 Setting time-initial 43 min ≥ 30 min

4 Setting time-final setting 568 min � 600
minutes

5 Soundness by Le chatliers method 7.0 mm � 10 mm

6 Compressive strength 56.3 MPa @ 28
days

≥ 53 MPa
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4 Methodology Adopted

Wooden moulds in a gang mould pattern was planned for casting the adobe bricks
of size 190 mm × 90 mm × 90 mmwhich is the size recommended in IS 1077-1992
[13]. The gang moulds to accommodate five adobe bricks at a time were fabricated,
details of which are shown in Fig. 1.

The blend had to kneaded well in order to obtain a reliable blend. The optimum
content of water required for making adobe was decided by conducting a field trials
through the method of rolling the soil into smooth balls between the hands which
should not disintegrate when dropped from 0.5 m elevation. The inner surface of
mould was oiled in order to prevent the sticking of soil inside the mould. The blend
was filled into the precast wooden mould of dimensions 190 mmx 90 mm x 90 mm
and later compacted immediately by dropping the ball from an elevation of around
0.5m.Thiswas done to ensure soil got compacted inside themouldwithout formation
of voids. These were demoulded after 24 h from the moulds and subjected to wet
curing through sprinkling of water on a regular basis for seven days and stacked for a
minimum duration of about seven days later after curing as shown in Fig. 2. Themain
purpose of curing of these adobe bricks was to ensure they gain sufficient strength
and undergo minimal shrinkage if any so that these adobe bricks do not shrink at a
later stage.

The numerical value in parenthesis in Table 4 indicates the coefficient of variation.
The details of the mix proportion by weight which were studied as part of the

present investigations are shown in Table 3. The cement content of 10% was kept
uniform for all mixes.

Fig. 1 Details of mould (left) and mould fabrication process (right)
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Fig. 2 Demoulded adobe bricks (right) and curing of adobe bricks (right)

Table 3 Details of the mix proportion for adobe bricks

Mix type % of soil % of SBA % of cement

A 100 0 10

B 90 10 10

C 80 20 10

D 70 30 10

E 60 40 10

F 50 50 10

5 Tests on Adobe Bricks

The assessment of engineering properties of these adobe bricks such as compressive
strength, water absorption, dry density, flexural strength were carried out as per IS
3495-1992-Part I and Part II [14]. The details are shown in Table 4.
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Table 4 Details of engineering properties of adobe bricks

Mix type Mean compressive
strength

Mean water
absorption

Mean dry density Mean flexural
strength

A 1.80 MPa
(15.2%)

21.80%
(8.9%)

1.55 g/cc
(15.4%)

0.19 MPa
(13.6%)

B 2.45 MPa
(18.7%)

19.40%
(12.2%),

1.53 g/cc (14.2%) 0.27 MPa
(15.9%)

C 3.50 MPa
(21.3%)

17.40%
(13.9%)

1.49 g/cc
(9.8%)

0.34 MPa
(22.6%)

D 4.12 MPa
(12.3%)

18.20%,
(16.8%)

1.41 g/cc
(16.1%)

0.45 MPa
(15.4%)

E 3.12 MPa
(13.9%)

23.60%
(15.7%)

1.38 g/cc
(17.0.2%)

0.30 MPa
(13.9%)

F 2.30 MPa
(18.6%)

20.20%,
(14.5%)

1.36 g/cc
(13.2%)

0.26 MPa
(18.6%)

6 Results and Discussions

The variation of mean compressive strength for varying percentage of SBA is shown
in Fig. 3. The maximum compressive strength of 4.2 MPa is obtained for mix D.
Hence, when the soil is replaced with SBA, the pozzolana reacts completely with
Ca(OH)2 resulting from hydration of OPC and hence it is the optimum. The range
of compressive strength obtained was between 1.80 and 4.12 MPa.

The variation of mean water absorption for varying percentage of SBA is shown
in Fig. 4. The range of water absorption was between 17.40 and 23.60%. Mix C
showed the least value of water absorption, i.e. 17.40%. The water absorption of
Mix D was also very close to Mix C, i.e. 18.20%.

The variation of mean dry density for varying percentage of SBA is shown in
Fig. 5. The range of dry density was between 1.36 and 1.55 g/cc. Mix A showed
maximum dry density, whereas mix F showed the least dry density. The dry density
valued dipped sharply for Mix E and Mix F.

Fig. 3 Variation of
compressive strength of
adobe bricks versus % of
SBA
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Fig. 4 Variation of water absorption of adobe bricks versus % of SBA

Fig. 5 Variation of dry density versus % of SBA

The variation of mean flexural strength for varying percentage of SBA is shown
in Fig. 6. The maximum compressive strength of 0.45 MPa was obtained for mix D.

The range of flexural strength obtained was between 0.19 and 0.45 MPa. The
optimal level of SBA from point of view of strength was found to be at 30%.

7 Conclusions of the Present Study

The following broad conclusions are drawn from the present study on utilization of
bagasse ash in adobe bricks.
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Fig. 6 Variation of Flexural
strength of adobe bricks
versus % of SBA
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• The minimum compressive strength prescribed as per IS 1077-1992 [13] for clay
bricks is 3.50 MPa. In the present study, compressive strength of mix D (30%
SBA) was 4.20 MPa satisfying the codal provisions

• The maximum water absorption prescribed as per IS 1077-1992 [13] for clay
bricks is 20%. In the present study mix B, C, D satisfied this criteria. However
from strength point of view, mix C was found to be optimum

• The dry density values as per literature [15] is in the range 1.4–1.8 g/cc for bricks.
In the present study, Mix A, B, C, D satisfied this criteria.

• The flexural strength as per literature [15] is in the range 0.3–0.4 MPa for table
moulded bricks. In the present study, Mix C and Mix D satisfied this criteria

• Based on the results obtained, Mix C with 30% SBAwas found to be optimal thus
clearly showing the effectiveness of SBA as an active ingredient in production of
adobe bricks.
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Analysis of Storm Water Management
Model for Yediyur Lake, Bangalore

K. Tejaswini, H. S. Yashaswini, B. N. Skanda Kumar, Vibha Ramesh,
C. Chandre Gowda, B. E. Bhojaraja, S. R. Srilakshmi, and S. Harish Kumar

Abstract Lack of organized planning may raise critical issues in management of
water resources. The encroachment ofwetlands and construction of any infrastructure
in the natural flood zones severely affect them during monsoon. So, a systematic and
technical supervision is required tomanage the stormwater drains in the urban zones.
In this study, a micro-catchment in Bangalore (Yediyur Lake), Karnataka, India, was
analyzed in terms of quality and quantity using storm water management model.
The size of drains and conduits was designed and simulated for 10 year return period
rainfall event. The impact of excess volume at each node was checked. The best
management practices for urban surplus water management have been portrayed in
order to mitigate the flash floods and also to reduce the contamination of the runoffs.

Keywords Storm water management model · Flood · Rainfall event ·
Contamination

1 Introduction

In urban areas, most of the surface area is covered by impermeable layer such
as parking spaces, built-up areas, roads, and pavement blocks. The impermeable
surface increases the direct runoff and reduces the seepage of water in to the ground.
These layers are the main cause for drastic hydrological response such as urban
floods. So, it is essential to model the hydrological conditions accurately to assess
the future risks and to devise the strategies for mitigation. Urban floods are caused
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by augmented development activity and unplanned expansion of infrastructure due
to the increase in population. Expansion of city areas depends on energy-intensive
water sources (distant rivers or aquatic body) to meet their water demand. Storm
water originating from precipitation events is often stored in ponds and puddles
which serves as drinking water source for urban catchments.

The pace of urbanization is increasing globally, putting more pressure on local
water quality [1]. Release of urban and industrial wastewater contributes to the poor
water quality in a number of ways. During monsoons, urban storm water runoff
results in increase of microorganisms in the drain at outfall discharges [2]. The
correlation between water quality and urban planning is significant in safeguarding
urban ecosystems such as lakes [3]. The quality of Bellandur Lake was severely
affected due to high-level physio-chemical concentrations by industrial discharges
[4]. Lakes should be monitored regularly to reduce the deterioration of quality from
source to point [4]. The restoration approaches substantially improve lakes condition
and health of aquatic dwellers [5].

Storm water detention basins control the flood and are considered major part
of best management practice during peak storm water flows [6]. The multi-criteria
analysis (MCA) approach was carried out for urban storm water drainage manage-
ment [7]. Many legal and administrative measures were imposed in developing the
natural water flow routes through restoring the tank bunds [8]. Nevertheless, the
contaminants such as copper and other pollutants deposited on roads from the motor
vehicles are carried from overland flow, further transported to aquatic habitats [9].
Consequently, the widespread degradation of water resources caused by pollution
from urban runoff combined with the impacts of flooding and poor drainage of runoff
has led to a critique of traditional approaches for the design and operation of urban
drainage systems [10].

Many model studies along with field and laboratory experiments were carried out
to find the biological retention for urban stormwater at laboratory scales [11]. Biolog-
ical retention helped in removal of nitrate and other constituents [11, 12]. In the recent
years, mechanisms and design enhancements for nitrogen uptake, denitrification
through various storm water (bio-retention and using filters) control measures were
reviewed [13]. Artificial neural networks were used to predict storm water quality at
urbanized catchments located throughout the United States [14]. Many studies used
in evaluation and identification of suitable sites for storm water harvesting assist the
planner to prioritize the respective schemes in the corresponding areas with signifi-
cant impact on the water demand [15]. Linear and integer programming formulation
was developed to find the optimal sizes of storm water. The results demonstrated
the feasibility of meeting the objective of storm water retention and water quality
management by optimal application of storm water control measures [16, 17].

In similar purview of the contemporary moment, flood risk has been heightened
because of an intensified alignment between the flow/fixity of capital and storm
drains [18]. Due to urban encroachments of open and wetland areas, the impact of
the urban flood has directly affected the habitants [19]. Annual average economical
loss in India because of flood is 75–80% of total economic loss [20]. It is necessary
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to develop better disaster management tactics and disaster risk reduction techniques
for the better way of life.

Lack of organized planning may raise critical issues in management of water
resources. So, a systematic and technical supervision is required to manage the
storm water drains in the urban zones. In this study, a micro-catchment in Banga-
lore (Yediyur Lake), Karnataka, India, was analyzed in terms of quality and quantity
using SWMM.

2 Study Area

Yediyur Lake, Jayanagar, Bangalore, India, is selected as study area. The geographic
location of the inflow to lake is at 12.93°N latitude and 77.57° E longitude. Jayanagar
is located in the center of the Bangalore city. Being one of the oldest lakes in
Bangalore, Yediyur Lake is the one of the most visited lakes in the city.

In Bangalore, rainfall peaks during the monsoon starting from last week of May
to August and continues with post-monsoon showers later in September–October.
Since it is closer to Chennai, so at times it is affected due to depressions in Bay
of Bengal. During pre-monsoon, rainfall is intense with shorter spells, and during
monsoon, rainfall recurs with longer spells. Previously, the recharge potential of
rainfall infiltrating into the ground was good. But in the present time, urbanization
has decreased the infiltration capacitywith increased built-up cover in the city.Hence,
the majority rainwater is carried away by storm water drains giving rise to sudden
accumulation of water at the low lying areas.

For over 100 years, rainfall variability ranged from 500 to 1350 mm during 1901–
2000 over Bangalore. However, Bangalore witnessed lowest rainfall of 24.3 mm in
1984 and highest rainfall of 247.3 mm in 1998. The average annual rainfall was
recorded about 787 mm with around 60 rainy days per year [21].

The urban space of Bangalore city has grown more than 632%with the encroach-
ment of wetlands and floodplains. The rapid urbanization affected the floodplain
areas with the loss of natural water bodies for flood storage resulting in the creation
of 134 flood-prone areas. Hence, the quantity of storm water inflowing to the sewers
has increased with the sewer system getting overburdened. In addition, overflows
occur in combined sewers resulting in untreated sewage entering into the streams.
The difference in the capacity of wastewater treatment system installed (450 MLD)
when compared to that of the domestic water generated (700 MLD) is proof for the
magnitude of water available [21].

From the review, it was observed that, it is very important to analyze the storm
water discharges in terms of quality and quantity in urban areas. Based on this, the
objectives were defined for this study (Fig. 1).
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Fig. 1 Yediur Lake, Bangalore, Karnataka (Source Google Earth Imagery: May 21st, 2019)

Objectives of the study:

• Qualitative and quantitative analysis to evaluate inundation risks in urban drainage
system.

• Providing significant best management practices for the improvement of water
quality in storm water drainage systems.

3 Methodology

In the study, Yediyur Lake was considered, and the details of micro-watershed data
were collected (stream flow, precipitation and metadata) to analyze through storm
water management model (SWMM). ArcGIS was used to do watershed delineation
and crop theDEM.Later, it was used inAutoCAD to create a backdrop.After drawing
the drainages through the area, then SWMM was used to find the flow volume and
determine the contaminate constituents. The quality analysis of the water in drains
and the quantity analysis in terms of water volume were determined (Fig. 2). Once
the analysis was competed, then the best management practices were suggested.

SWMMwas used formodeling the stormwater, sewer and other drainage network
and analyzing the input–output discharge from them. It was utilized to design,
plan and evaluate the controlling facilities, such as storm water drainages and pipe
appurtenances pipes.

SWMM was found to be a useful tool for providing cost-efficient solutions to
create sustainable infrastructure configuration. It was developed to support national,
state and local objectives of stormwater management by reducing the runoff through
artificial recharge techniques and regulate the damage to natural water bodies. The
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Fig. 2 Methodology flowchart

major applications of SWMM consist of storm water drainage system design, flood
plainmapping and protection, impact assessment on the existing sewers and redesign
for overflow conditions as well as non-point source modeling of waste load.

4 Results

The analysis of the micro-watershed in terms of quality and quantity was carried.
The simulation was carried for a storm event of 6 h. The analysis was done for
the maximum precipitation event occurred in during previous 10 years. Totally, 47
sub-catchments and 29 junctions were observed, which were contributing to the lake.

The maximum discharge observed along the sub-watershed was 665.44 m3/s for
6-h storm. The nodal contaminant inflow has been displayed in Fig. 3. The flooding
zones are been highlighted in Fig. 4.

From Fig. 4, it was observed that the carrying capacity of the drains is limited for
the extreme event which stimulates the cascading effect and leads to severe damages
for the neighboring areas within the vicinity of the lake.

Table 1 show the runoff volume about 0.531MCM and depth 102mm at the outlet
node for the storm event occurred, excluding the losses. The total volume available
as the final storage was about 91,000 m3.

Table 2 describes the lead content at varying runoff qualities. The standard TDS
content recommended for portable water is 4.15 mg/l and lead content is about
0.01 mg/l; hence, treatment is essential at current situation, before it reaches into
any animal of plant body. The treatment must be carried for TDS and lead in surface
runoff.
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Fig. 3 Contaminant inflow toward the lake

Fig. 4 Flooding zones within the study are for storm event

5 Conclusion

SWMMwas analyzed for Yediyur Lake, Bangalore. From the study, it was observed
that total volume at the outfall was 68.5 Mm3 of water for total precipitation of
102 mm (10 year return period) in all the sub-catchments and the maximum flooded
hourswere 5.97h.Duringqualitative analysis, TDSand lead content for the study area
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Table 1 Link capacity Volume Depth

Runoff volume continuity MCM Mm

Rainfall 0.531 102

Evaporation 0.000 0.000

Infiltration 0.023 6.29

Surface runoff 0.42 119.54

Total storage 0.091 25.82

Continuity error (%) −1.037

MCM million cubic meter

Table 2 Water quality and
concentrations

Outfall node out1

Flow frequency (%) 99.86

Average flow (m3/s) 3.46

Maximum flow (m3/s) 4.52

Total volume 106 (l) 68.5

Total TDS (mg/l) 1260.8

Total lead (mg/l) 0.315

were about 1260.79 mg/l and 0.315 mg/l (Table 2), respectively, and it exceeds the
drinking standards (IS 10500:2012) for which treatment is required. Total infiltration
in the sub-catchment is 6.29 mm, and peak runoff in the watershed area was 4.52
m3/s.

From the results, it can be concluded that

• The contaminant concentrations are higher in the basin, so pretreatment at the
inlet or prior is essential.

• Flow paths in the drainage network found to be unique at the branches, where the
excess rainfall congestion at inlets increased and the uncertainty in peak runoff
estimation increased.

• By improving the drainage network (looped), the decrease in the discharge was
predicted to occur at a shorter time period with more flow path availability.

• The source of higher TDS and lead is due to the industrial discharges.

Best Management Practices:

From the study, some of the management practices are listed, and recommendations
for the future in the areas of structural best management practices include managing:

• Artificial recharge structures.
• Detention and retention basins.
• Wetlands and treatment units.
• Vegetation strips and swales.
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• Non-structural best management practices include
• Industrial monitoring.
• Reduction in the fertilizers and pesticides.
• Silt and waste management.
• Discharge maintenance.
• Educational and outreach activities.
• Individual storm and sewer systems.
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research.
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An Iterative Procedure to Determine
Natural Frequencies and Mode Shapes
from Discrete and Continuous
Approaches

E. Meghana Reddy, N. Srujana, and T. Bhavani

Abstract Free vibration analysis is the preliminary task that a structure must
undergo before conducting either linear or nonlinear analysis under external time-
dependent loadings. Discrete and continuous approaches are commonly used to
perform modal analysis. The results evolved from the eigenvalue problem of the
discrete system approach and Euler Bernoulli’s equation of continuous system
approach are not consistent. An alternative methodology is proposed to determine
the preliminary dynamic parameters based on the modal superposition method and
Rayleigh quotient method using iterations. In this study, G + 9 structure is analysed
for fundamental frequencies and mode shapes by applying conventional approaches.
The other conventional approaches are highlighted in this work for their accuracy
and straightforwardness in contrary to the computational efforts generally expe-
rienced in terms of modelling and analysis of the structure in software tools. The
fundamental frequency obtained from the iterative procedure is supported by approx-
imate methods. The proposed approach is suitable for symmetric structures having
uniformly distributed mass and stiffness throughout the structure height.

Keywords Discrete system · Continuous system · Rayleigh quotient · Modal
superposition method · Natural frequency · Mode shapes

1 Introduction

The natural frequency is essential to understand the system behaviour and able to
draw the deformation profile of the structure. For a single degree of freedom (SDOF)
system (where the structure is able to deform in any one direction either x or y-
axis) with one mass and equivalent stiffness of the column members, identifying
the natural frequency is straightforward. But in the case of multi-degree of freedom
(MDOF) system, calculation of equivalent stiffness is challenging. Hence, a popular
idealization-shear building concept is introduced which is used to determine the
natural frequencies of a multi-degree of freedom system. A shear building may be
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defined as a structure in which there is no rotation at the floor level. The structure
behaves like a cantilever beam, and it undergoes deflection only due to shear force.
The major assumptions of shear building concepts are: (1) the total mass is located
at the floor level (i.e. it transfers the system of infinite number of degrees of freedom
into as many degrees as the system masses lumped at floor levels), (2) the beams
are rigid when compared to columns (it means, no rotation at the joint of column
and beam), (3) the deformation of the structure is independent of the axial forces
of the column (which indicates that the beams and floors remain horizontal during
vibration). Classical methods and approximate methods are considered under the
discrete system approach (lumpedmasses at floor levels) and are used to calculate the
natural frequency of MDOF systems. Another methodology, i.e. continuous system
approach at where the mass and stiffness are uniformly distributed throughout the
length of the structure, and those systems are also known as “distributed parameter
systems”. The discrete system consists of a finite number of degrees of freedom
(DOF), whereas in a continuous system infinite number has infinite DOF because
the displacement of every point in the elastic body is specified by an infinite number
of coordinates. The displacement is dependent on two variables F(x) and y(t). As
a result, the motion of the continuous system is governed by partial differential
equations to be satisfied over the entire domain of the system subjected to boundary
conditions and initial conditions. In the case of a building, the structure is considered
as cantilever system (i.e. one end is fixed at ground level and another end is free at
the top floor).

Late 80’s the computer algorithms were developed to analyse indeterminate struc-
tures using numerical methods. Computational efforts were greatly reduced, but all
these algorithms are based on flexibility and stiffness matrix methods. Kamgar and
Reza [1] developed an approximate method for estimating the natural frequency
of tube framed structure using Timoshenko’s beam model in which flexural and
shear deformations are considered. The natural frequencies and mode shapes are
calculated based on the flexural and shear rigidities along with the effects of rota-
tional inertia. Hamdan and Jubran [2] used base beam equation to calculate the
mode shape functions which satisfy all the geometric and natural boundary condi-
tions. The mode shape functions are used in conjunction with Galerkin’s method
to obtain the response of the cantilever. Malekinejad and Reza [3] presented an
approximate formula for dynamic response of tubular tall building structures on
the basis of D’Alembert’s principle. Using the principle and applying the compati-
bility conditions on the deformation of the tubes, the governing dynamic equation of
the tubular structure’s motion is derived. Then, natural boundary conditions of the
parallel cantilevered flexural–shear beams are derived, and by using Rayleigh–Ritz
method, the value problem is solved, and trivial and nontrivial solutions are derived,
which can be used for calculating natural frequencies and mode shapes of tubular
structures. Roh et al. [4] developed a model, based on eigenvalues and eigenvectors
which named as “frequency adaptive lumped mass stick model” has only a small
number of stick elements and nodes to provide the same natural frequencies of the
structure and is applied to a nuclear containment building. Cunha and Sampaio [5]
studied the influence of a discrete element in the nonlinear dynamics of a continuous
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mechanical system subject to randomness in the model parameters. The mechanical
system consists of an elastic bar that is fixed at one end (right side), and other the end
is attached to a couple of springs (one linear and another nonlinear) and lumpedmass.
In this system, I was subjected to Gaussian white-noise distributed external force.
Malekinejad et al. [6] proposed a discrete–continuous approach for free vibration
analysis of the combined system of framed tube, shear core, and outer rigger belt
truss. The structure is discretized at each floor of the building as a series of lumped
masses placed at the centre of shear core. Sohani and Eipakchi [7] worked on beam
theories proposed by Euler–Bernoulli and Timoshenko for the analysis of free vibra-
tions. Using perturbation technique, the behaviour of beams with arbitrary varying
cross sections is studied. The beam equations are solved using Wentzel, Kramers,
Brillouin approximation. Liu [8] verified variational iteration technique with the
domain decomposition method to solve free vibration equations of Euler–Bernoulli
beam. The tested method is found to be efficient in solving uniform Euler–Bernoulli
beam problems and solution converges rapidly.

A minimum study is addressed in the literature regarding the iteration proce-
dures involved in classical methods to estimate the fundamental frequency of the
structures. The present study introduces an alternative iterative procedure by using
natural frequency obtained from any approach and with the mode shapes corre-
sponding to the natural frequency obtained from the mode superposition method.
The proposed methodology is limited to flexural modes especially the fundamental
mode and corresponding mode shape.

2 Methodology

The proposed methodology is carried out in three levels. Initially, solving the eigen-
value problem from the modal superposition method using mass and stiffness matrix
for identifying the angular frequencies and mode shapes. Next, estimate the mode
shapes of the structure with the idealization of a vertical cantilever beam using
the continuous approach. Consider Rayleigh quotient method to calculate the funda-
mental frequency. At this level, the fundamental frequencies from the two approaches
must be matched well. In case of a discrepancy with frequencies, the iterative proce-
dure must be considered. In the iteration procedure, the frequency obtained from the
continuous approach is substituted in the mode superposition method to identify the
mode shape corresponding fundamental frequency. Evaluate natural frequency using
mode shapes by applying the Rayleigh quotient method. Continue the procedure till
the natural frequency converges. The mode shape related to the converged natural
frequency is considered as the exact shape profile of the frequency. A case study of
the G + 9 structure is presented in the study for the identification of fundamental
frequency from the conventional approaches.
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2.1 Description of the Structure

A 30 m height of structure having length and width as 12 m (3bays) and 8 m (2bays)
with a floor height of 3 m having column sizes 600 mm × 600 mm for bottom five
storey and 400 × 400 mm for remaining storeys are considered. Beam dimensions
are 300 mm × 400 mm, and the thickness of the slab is 150 mm. The shear building
assumed the G + 9 structure with each level idealization is shown in Fig. 1.

Fig. 1 Idealized G + 9
building
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Table 1 Global mass matrix of G + 9 structure

88800 0 0 0 0 0 0 0 0 0

0 88800 0 0 0 0 0 0 0 0

0 0 88800 0 0 0 0 0 0 0

0 0 0 88800 0 0 0 0 0 0

0 0 0 0 79800 0 0 0 0 0

0 0 0 0 0 70800 0 0 0 0

0 0 0 0 0 0 70800 0 0 0

0 0 0 0 0 0 0 70800 0 0

0 0 0 0 0 0 0 0 70800 0

0 0 0 0 0 0 0 0 0 63000

2.2 Preliminary Data Collection

(a) Calculation of mass matrix: Lumped masses are considered at the individual
floor levels by calculating the dead loads of half of the column above and below
the floor level including self-weight of beams and slab. The global mass matrix
is framed from the lumped mass located at storey levels is shown in Table 1.

(b) Calculation of stiffness matrix: Stiffness at each floor is calculated with the
assumptions of the floor is rigidly connected (in a way of fixed) for one case
and floor rotation is allowed for the other case. In one case, the shear building
concept is adopted that is rotation is not allowed at the floor level. The stiffness
of each storey is calculated by assuming each storey columns as a cantilever
bar (one end fixed and another end is free). The global stiffness matrix is shown
in Table 2.

In another case, the rotation is allowed at the floor level, i.e. stiffness is calculated
by assuming ground floor columns as the cantilever (K1 = 12EI/L3) and other floor
columns as simply supported (K2, K3….K10 = 3 EI/L3). The stiffness matrix is
framed as shown in Table 3.

The discrete approach is utilized in the classical method and approximate method
of estimating natural frequencies and mode shapes. Approximate methods have
proven to be efficient in estimating the fundamental natural frequency of the structure.

2.3 Conventional Approach (Eigenvalue Problem)

The structure is idealized as spring mass system connected in series (Fig. 1). D
Alembert’s principle is adopted to write the equilibrium equation of motion in free
vibration condition. The undamped equation ofmotion represented globally is shown
in “(1)”. Damping characteristics are neglected in the study due to the basic definition
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Table 2 Global stiffness matrix of G + 9 structure (Rotation is not allowed)

3.15E
+ 09

−l.60E
+ 09

0 0 0 0 0 0 0

– 3.15E +
09

−1.58E
+ 09

0 0 0 0 0 0

0 −l.6l0E
+ 09

3.15E +
09

−1.60E
+ 09

0 0 0 0 0

0 0 −1.58E
+ 09

3.15E +
09

−1.60E +
09

0 0 0 0

0 0 0 −1.60E
+ 09

1.89E +
09

−3.10E
+ 08

0 0 0

0 0 0 0 −3.10E4
+ 08

6.23E +
08

−3.10E
+ 08

0 0

0 0 0 0 0 −3.10E
+ 08

6.23E +
08

−3.10E
+ 08

0

0 0 0 0 0 0 −3.10E
+ 08

6.23E +
08

−3.10E
+ 05

0 0 0 0 0 0 0 −3.10E
+ 08

3.12E +
08

of natural frequency as a function of equivalent stiffness and equivalent mass.

[M]ü(t) + [K]u(t) = 0 (1)

where [M] is the global mass matrix, [K] is the global stiffness matrix, and u(t) is
the shape vector or displacement vector of response.

Equation (1) is written in form of the matrix

[M] × {ü} + [K] × {u} = {0} (2)

The characteristic equation or frequency equation is

∣
∣[K] − ω2

j [M]
∣
∣ = 0 (3)

The eigenvalues are estimated by using the algorithms ofMatlab. The fundamental
frequencies (ω2) of G + 9 structure in both the stiffness cases of rotation allowed
and rotation not allowed are shown in Table 4. The natural frequency of 8.2 rad/s
is considered in the study. The normalized mode shape values corresponding graph
(height of storey is on the x-axis and corresponding mode shape values on y-axis)
are shown in Fig. 2.
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Table 4 Fundamental
frequencies

Rotation conditions at floor level Fundamental natural
frequency

Lumped mass-rotations not
allowed

23 rad/s

Lumped mass-rotations allowed at 8.2 rad/s

Fig. 2 The first mode shape in eigenvalue problem

2.4 Continuous Approach (Euler Bernoulli’s)

In the continuous approach (Paz [9]), the mass and stiffness are uniformly distributed
throughout the length of the structure. By using the Euler–Bernoulli theory (i.e. plane
of the section remains plane during flexure) an approximate equation is derived. From
the solution of this approximate equation, the mode shapes are calculated.

E I
(

∂4y/∂x4
) + m

(

∂2y/∂t2
) = 0 (4)

The deflections due to shear force and inertia force caused by the rotation of
column cross sections are neglected. The solution to the above equation is found
by the variable separable method. The approximate solution is given in function of
position F(x) and function of time f (t).

i.e. y(x, t) = �(x) × f (t).

�IV(x) − a4�(x) = 0 (5)

Let, F(x) = A sin(ax) + B cos(ax) + C sinh(ax) + D cosh(ax)
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Fig. 3 Mode shape of first natural frequency

Where A, B, C, and D stands for the constants of integration, these four define the
shape and amplitude of the beam in free vibration. The constants are evaluated by
considering the boundary conditions at the end of the beam. The frequency equation
is shown in “(6)”

cos(anL) × cosh(anL) + 1 = 0 (6)

Roots of the equation corresponds to the successive natural frequencies. The first
natural frequency is given by,

ωn = (anL)2
√

E I
mL4

and normal mode is �(x).

�(x) = (cosh anx − cos anx) − (cos anL + cosh anL)

(sin anL + sinh anL)
(sinh anx − sin anx) (7)

where x is the level height from the base, an =
√
3516
L , L is length of the structure.

The first mode shape corresponding the storey level using “(7)”, i.e. X =
0, 3, 6, . . . 0.30 is shown in Fig. 3.

2.5 Rayleigh Quotient Method

Using the mode shape values of first natural frequency, equivalent mass and the
equivalent stiffness matrices are calculated. Rayleigh quotient method is adopted to
identify the fundamental frequency of the structure. The equivalentmass and stiffness
matrices are shown in “(8)” and “(9)”.

[M]1×1 = {�}T1×10 × [m]10×10 × {�}10×1 (8)
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[K]1×1 = {�}T1×10 × [k]10×10 × {�}10×1 (9)

The natural frequency is calculated from the below formula comes out to be
9.32 rad/s.

ω = √

([K]/[M]) (10)

2.6 Numerical Analysis

G + 9 structure is modelled in the ETABS, and modal analysis is performed. The
plan and isometric view are shown in Fig. 4. The characteristic strength given as
material properties of concrete is 30 N/mm2. Sectional properties are assigned, for
bottom five storey columns as 600 × 600 mm, top five storey columns as 400 ×
400 mm, beam size is 300 × 400 mm, and the thickness of slab as 150 mm. Slab is
modelled as diaphragm using shell 8-noded elements.

First natural frequency is identified at 6.32 and 7.53 rad/s at first two natural
frequencies. First and second modes corresponding frequencies are shown in Fig. 5.

Fig. 4 Plan and isometric view of G + 9 building
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Fig. 5 First and second natural frequencies of the building

2.7 Approximate Methods

ModifiedStodola andHolzar’smethods are considered for the studyof naturalmodes.
In modified Stodola, mode shape is assumed at the initial stage and later it is adjusted
iteratively until an approximate of the mode shape is achieved.

{u} = ω2
j [A]{u} (11)

where [A]= [f ] [M] is calleddynamic equation, [f ] is theflexibilitymatrix, i.e. inverse
of stiffness matrix. Table 5 describes the iterations for the mode shape convergence.
The natural frequency is calculated at the 6th iteration.

The value of natural frequency is calculated as,

ω2 = 1/0.0147 = 68.0272

ω = √
68.0272 = 8.24 rad/s

The natural frequency is identified as 8.24 rad/s. The converged mode shape is
shown in Fig. 6.

Holzar’s method is an iterative procedure with the assumed natural frequency at
a minimum value. The first natural frequency of 8.2 rad/s is estimated at converged
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Fig. 6 Mode shape of the building using Stodola method

mode shape values (shown in Table 6). The mode shapes derived from Holzar’s
method are shown in Fig. 7.

The frequencies extracted from conventional method, approximation method,
discrete continuous approach, numerical method and proposed iterative approach are
shown in Table 7. For the superposition method of discrete approach, fundamental
frequency in the case of rotation not allowed is presented.

2.8 Iterative Procedure

An iterative procedure is considered to calculate the approximate frequency from the
discrete approach and continuous approach. The iteration is followed in two steps.
Step 1: the natural frequency obtained from the continuous approach, and numer-
ical analysis is substituted separately in the eigenvalue problem to retrieve mode
shapes. Step 2: using the mode shapes, Rayleigh quotient frequency is determined.
The Rayleigh quotient frequency is substituted in the eigenvalue problem to get the
modified mode shapes. Repeat the steps till the natural frequency converges. At the
3rd iteration, the value converged to 8.24 rad/s. The normalized mode shapes are
shown in Fig. 8.

3 Summary and Discussions

• In the discrete approach, the conventional method with the assumption of allowed
rotation, the natural frequency is obtained as 8.24 rad/s. But in the case of restricted
rotation, the natural frequency of the structure is observed to be higher than
8.24 rad/s. This is due to the provision of considering the stiffness in the system
by not allowing the rotation. Hence, the natural frequency of 23 rad/s is evident.
In the first case, stiffness for all the columns is taken as 12EI/L3 for all the storeys
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Fig. 7 First natural frequency using Holzar’s method

Table 7 Fundamental
frequencies from various
methods

Method of analysis Fundamental frequency (rad/s)

Mode superposition method 8.24
23 (rotation not allowed)

Continuous approach 9.32

Stodola method 8.24

Holzar’s method 8.20

Numerical method 6.32

Proposed iterative approach 8.20

Fig. 8 Mode shape of the structure at the converged first frequency
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but in other case, the stiffness is taken as 12EI/L3 for the fixed base and 3EI/L3

for other storeys.
• From the approximate methods, the structural natural frequency of 8.2 rad/s is

observed in the Stadola method and Holzer’s method.
• In the continuous system, Euler–Bernoulli’s bending theory is adopted in the

discrete–continuous approach. The structure is idealized as a cantilever structure
with uniform distributed mass and stiffness. The mode shape of the first mode is
identified using shear building idealization. First natural frequency is determined
by adopting Rayleigh quotient method. The natural frequency value obtained is
9.32 rad/s which is almost 10% greater than the value calculated from the conven-
tional approach (i.e. eigenvalue problem second case). Because the structure is
very stiff with the basic Euler’s assumption of the vertical cantilever. Hence,
high stiffness is drawn to the high natural frequency. One other limitation of the
approach is structured with varying sections cannot be modelled.

• In ETABS, the natural frequency obtained from this analysis is 6.32 rad/s which
is 23% lesser than the value obtained from the conventional approach.

• The iterative procedure adopted in the study from the values derived from the
discrete, continuous, and numerical approaches, the natural frequency of 8.2 rad/s
is converged at 3rd iteration.

4 Conclusions

• With the shear building assumption of the structure having lumped mass at inter-
mediate levels and restrained floor rotations, the natural frequency of the structure
is identified as 23 rad/s, which is very high for the structure. This is due to the
assumption by allowing the structure to behave rigidly with the base. Since the
structure has ten degrees of freedom, each degree of freedom is designed to move
rigidly and relatively along with the below floor level, starting from the first mass
connected at the first-floor level near the base of the structure to the top floor mass.
The above idealization may work well with the SDOF system.

• With the assumption of lumped mass and allowed floor rotations, by means of
making the structure flexible at the floor levels except the floor connected to the
base of the structure. Therefore, the natural frequency is reduced to 8.2 rad/s.

• Approximate methods are in good pace with the structure assumed of lumped
mass and with allowed floor rotations. It is maintained 99% accuracy.

• The fundamental frequency obtained from the continuous approach is 94% accu-
rate with the complete discrete method with the assumption of allowed floor
rotations. This is due to the consideration of change in column sections from
6th storey of the building which is contradicting the Euler-Bernoulli’s approach
considered for the study. The profile of the mode shape has not accommodated
the changes in mass and stiffness. Hence, due to the limitation, this method is
not suitable to be considered in the iteration procedure of identifying the first
natural frequency. However, the natural frequency from the discrete–continuous
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approach is used in the proposed iterative procedure, but the value converged at
8.2 rad/s. Timoshenko beam theory can be considered to validate the approximate
methods for the structures having varying cross sectional elements with allowed
rotations, and also the Timoshenko beam theory possibly addresses the torsional
modes and mode shapes in terms are shear effects.

• The iteration procedure is efficient in estimating the natural frequency obtained
from numerical method, Rayleigh quotient method, and eigenvalue problem.

• The resonant frequency obtained from iteration procedure is highly accurate to
the frequency calculated from approximate methods.

• The proposed approach results accurate fundamental frequency for symmetric
structures. For non-symmetric structures, the approach can be successful provided
appropriate stiffness at each floor level is assumed.
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A Novel Approach to Utilize Fly Ash
to Enhance Compressive Strength
of Diesel-Soaked Concrete

Sneha S. Bandekar, Chidanand Patil, Girish S. Kulkarni, and K. B. Prakash

Abstract Petroleum, popularly known as black diamond, has been the major cause
of the renaissance in civilization history. Petroleum products adversely affect the
environment. Concrete is a prominent construction material. Concrete finds applica-
tions in the construction of petroleum storage areas, garages, and petrol bunks. This
study attempts to study the impact of diesel on concrete structures. The concrete
properties were enhanced by partially replacing the costly cement with solid waste
from thermal power stations “fly ash”. Concrete cubes were cast, cured in water
and diesel. The concrete samples were tested for strength, age, and durability. Trials
were conducted with different blends of fly ash to partially replace cement, enhance
the quality of concrete, and reduce concrete cost. Mineralogical and morphological
analysis of concrete can be done using scanning electron microscope (SEM) and X-
ray diffraction (XRD), which indicates the presence of phases that positively affect
compressive strength.

Keywords SEM · XRD · Compressive strength · Diesel-soaked concrete

1 Introduction

Usage of concrete for construction purposes has become inevitable. Resisting of
loads is a unique property anticipated in concrete. The sorptivity, permeability, and
diffusivity are some of the transport material properties determining the durability
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and age of concrete. Concrete undergoes degradation when it comes in contact with
petroleum products. The structural mortification of concrete due to petroleum prod-
ucts spillage has gained paramount importance. Spillage of petroleum products on
concrete is a widespread scenario in storage tanks, automobile service stations, and
garages.

Concrete linings are used in the boreholes of oil extraction plants. Petroleum
products are stored in steel or concrete tanks [1, 2]. Due to corrosion problems,
concrete tanks are favored for storing petroleum products. A significant breakdown
in compressive strength by 18–90% on concrete was found due to crude oil coming
into contact with it [3]. Dynamic modulus of concrete was analyzed for concrete
specimens soaked in crude oil over three months. It was found that the increase
in the dynamic modulus in the case of crude oil-soaked specimens was less when
compared to water-saturated ones [4]. The compressive strength was found to be
decreased for concrete specimens soaked in crude oil [3]. Petroleum products cause
adverse effects on concrete and thus start degrading. The percolation of petroleum
products into concrete poses a threat to underground water. This culminates in the
cracking of concrete structures.

1.1 Fly Ash with Concrete

Toextract themaximumreimbursement to tackle economic and environmental issues,
the addition of fly ash as a replacement material is crucial to concrete. Since fly ash
is an industrial waste, it has the overhead of disposal. So, it can be efficiently be
exploited as a replacement agent in concrete and thus help minimize the issues
related to environmental pollution [5–7]. Studies reveal the significance of fly ash
morphological size on the strength of mortar [8]. Positive results were found with
replacements of concrete compressive strength with fly ash [9–11], and relations
between the two parameters were determined.

Fly ash has been used exclusively along with other pozzolanic materials like palm
oil fuel, silica fumes, and burnt clay to enhance the strength properties of concrete.
Though much research is laid on enhancing the compressive strength of concrete
using fly ash and other additives, the proper proportion of only fly ash selection
needs much consideration. Also, this has to be done on all the classes of petroleum
products. This helps in optimum disposal of fly ash on a large-scale basis. The
proposed work is based on the proper selection of fly ash proportion to enhance the
compressive strength characteristics of concrete coming in contact with diesel. The
proportion of fly ash selected for the study was 0% to 40% to test the mechanical
behavior of Diesel soaked concrete.
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Table 1 Physical properties of ordinary Portland cement

Particulars Parameters Experimental result As per standard

Fineness 308 m2/kg Not > 225 m2/kg

Compressive strength 3 days 36 Not > 23

7 day 46 Not > 33

28 day 60 Not > 43

Soundness By Le-Chatelier Exp. (mm) 1.5 mm Not < 10 m

By autoclave Exp. (%) 0.070 Not < 0.8

Setting time (minutes) Initial 180 Not < 30

Final 250 Not > 600

1.2 Research Significance

The proposed work aims at inferring the performance of concrete soaked in diesel
for over 3 months. The study involves assessing the degrading effect of diesel on
concrete versus diesel-free concrete kept under experimental surveillance for the
same period. In this consideration, the chemical characteristics of the above speci-
mens were premeditated via XRD and SEM analysis. It also deals with finding the
right proportion of fly ash to be used as a cement replacement material to sustain
diesel’s harmful impacts on concrete.

1.3 Materials and Method

1.3.1 Cement

Ordinary Portland cement, 43 grade conforming IS: 8112-19,898, contains CaO 60–
67%, SiO2 17–25%, Al2O3 3–8%, Fe2O3 0.5–6%, MgO 0.5–4%, Na2O2%–3.5%,
and SO3 2–3.5%. Table 1 gives the physical properties of Portland cement.

1.3.2 Fly Ash

Fly ash used was obtained from Raichur Thermal Power Station, Shaktinagar,
containing silica (SiO2): 38–63%, Iron oxide (Fe2O3): 3.3–6.4%, alumina (Al2O3):
27–44%, titanium oxide (TiO2): 0.4–1.8%, potassium oxide (K2O): 0.04–0.9%,
Calcium oxide (CaO): 0.2–8.0%, magnesium oxide MgO: 0.01–0.5%, Phosphorus
pentaoxide (P2O2), sulfate (SO4) and disodium oxide (Na2O) together having
0.07–0.43%, as shown in Table 2 [7, 11].
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Table 2 Chemical composition of fly ash

Chemical components %

Iron oxide (Fe2O3) 6.28

Alkalies (Na2O + K2O) 0.46

Calcium oxide (CaO) 3.62

Magnesium oxide (MgO) 0.34

Titanium oxide (TiO2) 0.31

Silica (SiO2) 56.88

Alumina (Al2O3) 27.65

1.3.3 Sand

Sand was collected from local vendors which has specific gravity 2.64, and coarse
aggregates of (20 mm and down) 2.90 were used. Table 3 gives the sieve analysis of
sand, and Table 4 presents the physical properties of sand particles.

Table 3 Presents sieve analysis of sand particles as per IS standards (IS: 383-1970)

IS sieve size
in μm

Weight
retained
(g)

Cumulative
weight
retained
(g)

Cumulative %
weight retained

Cumulative %
passing

Grading zone II

10 0 0 0 100 100

4.75 5 1 5 95 90–100

2.36 44 45 9 91 75–100

1.18 30 75 15 85 55–90

600 50 125 45 55 35–59

300 185 310 72 28 8–30

150 120 430 92 8 0–10

Pan 70 500 – –

Total 504 – 238 – –

Table 4 Presents physical properties sand particles as per IS standards (IS: 2386-1963)

Parameters Results Permissible limit as per IS: 2386-1963

Specific gravity 2.63 Should be between the limits 2.6–2.7

Moisture content 0.65% –

Organic impurities Colorless Colorless/straw color/dark color

Silt content 0.7% Should not be more than 6–10%

Bulking of sand 16% Should not be more than 40%
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Table 5 Presents properties of deisel as per IS standards (ASME)

Product Parameters Value

Diesel Density at 293 K 840 kg/m3

Kinematic viscosity at 313 K 3.161 mm2/s

Flashpoint 341.15 K

1.3.4 Water

Water used for concrete mixing, specimen preparation and curing is taken from local
available sources, i.e. Udyambag, Belagavi Municipal water supply, as water aided
an essential key role in the hydration of cement which resulted in the setting and
hardening of the concrete as per Indian Standards (IS 516-1959).

1.3.5 Diesel

Petroleumproducts like diesel fromautomobile service stations are taken as a soaking
medium. Prepared concrete specimens are soaked in diesel. After a specific curing
time, strength was noted down (Table 5).

1.3.6 Preparation of Specimens

The concrete was designed for M 30 grade as per IS: 10262-2009, which yields a
proportion of 1:1.76: 3.15 with a water/cement ratio of 0.49, and various percentages
of fly ash were added in the range of 0–40%. The mix was designed to achieve a
nominal 28 days concrete compressive strength of 30N/mm2. Then, the concrete mix
was placed in the molds to cast the specimens. Standard cube specimens of 150 mm
× 150 mm × 150 mm were cast. Hand compaction, along with the vibrations from
the vibrating table, was employed in preparing the specimens. This bequeathed fine
finishing to the specimens, it was left for 24 h without disturbing it, and it was
demolded and water cured for 28 days. The specimens were then categorized into
two groups (Group A and B). Group B specimens were kept for water curing and
will be continued without any disturbance for another 90 days. At the same time,
Group A specimens were soaked in diesel. Then, as per IS standards, Group A and
Group B, specimens were tested for their respective compressive strengths. In Group
A specimens, the compressive test was performed on the 14th, 28th, 40th, 52nd, and
90th day of the diesel curing to monitor the consequences of diesel on concrete.
Group B specimens were tested on the 28th and 90th day of the water curing process
as the change in compressive strength in this context is significantly less.

To scrutinize the impact of diesel on the strength properties of concrete, the subjec-
tion of the specimens to the chemical and morphological tests was of paramount
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importance. So, X-ray diffraction test (XRD) and scanning electron microscope test
(SEM) analyses were conducted in this regard.

1.3.7 Experimental Procedure

The present study deals with the utilization of fly ash along with two variants in the
compressive strength analysis of the host specimen (one water cured and the other
soaked in diesel), which can be better explained by the below-mentioned steps.

Totally, 189 concrete cubes with different fly ash replacements were prepared and
cured in water for 28 days. On the 28th day, three cubes of each of the nine samples
(varying in percentages in the interval of 5 from 0 to 40% of fly ash) were prepared
and tested for their compressive strength. Twenty-seven out of 189 specimens were
prepared and tested. 135 specimens were left for diesel curing (Group A), while the
remaining twenty-seven specimens were cured in water (Group B). At mentioned
time intervals (14, 28, 40, 52, 90 days), Group A specimen’s compressive strengths
were analyzed. In the case ofGroupB specimens, the compressive testwas performed
on specimens cured only for 28th and 90th day. The specimens of both Groups
A and B compressive test results were compared against their corresponding time
intervals. In the case of XRD and SEM, powdered samples were used for the analysis
of compressive strength. The entire fly ash concrete cube was used with its shape
intact.

2 Results and Discussions

The compressive strength ofGroupAspecimens is as shown inFig. 1,which indicates
the strength results of diesel-soaked concrete at fixed time intervals. The various
percentages of fly ash used in concrete and the period are shown along theX-axiswith
their corresponding compressive strengths plotted against Y-axis. The compressive
strength increased during the early stages of soaking. However, the rate of increase

Fig. 1 Variation in compressive strength of Group A samples over 90 days
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decreases gradually along with fly ash content up to 25% replacement of fly ash. It
increases drastically at 30% fly ash content. The decrease in compressive strength
followed the same trend before 30% of fly ash up to 40% fly ash contents. Figure 2
shows the compressive strengths of the three types of specimens. Where fd-28-f
gives concrete specimens containing fly ash andwater cured for 28 days, fd-90-f gives
concrete specimens containing fly ash and water cured for 90 days, and fd-90-d gives
concrete specimens containing fly ash and soaked in diesel for 90 days. The varying
percentages of fly ash used are shown along X-axis, and the compressive strengths
are shown along Y-axis. The compressive strengths of reference concrete were found
to decrease from the 28th day to the 90th day. In contrast to the 30% replacement of
fly ash, other specimen compressive strengths were relatively low. The deterioration
of concrete in diesel over some time can be seen. Figure 3 represents the percentage
variation of the compressive strengths of both Group A and B specimens. The fly ash
compositions used are represented on the X-axis with the corresponding variations
of compressive strengths.

The percentage increase or decrease in compressive strength concerning the initial
reference mix shows the amount of degradation undergone by the mix under diesel
contact. It can be observed that positive variation concerning 30% fly ash mix in
concrete indicates the lower deteriorating effect on the specimen due to diesel. The

Fig. 2 Variation of compressive strength of fly ash mixed with and without diesel-soaked concrete

Fig. 3 Percent variation of diesel concrete strength based on that of diesel-free concrete
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Fig. 4 XRD results of
concrete before diesel
soaking

Fig. 5 XRD results of
concrete after diesel soaking

figures mentioned above aid in examining the concrete strength configurations due
to diesel. To determine the chemical behavior of diesel on concrete (with and without
diesel soaking), prepared concrete as per different mediums was characterized by the
XRDandSEM.Figures 4 and 5 depict the diffractograms,which analyze the presence
of aluminum silicate, quartz (SiO2), CaSO4 (andrite), and free CaO compounds. The
peak position at 28 values of 27.0, 50.4, and 60.4 was of aluminum–silicon oxide
which matched with standard JCPDS card No 79-1455. Aluminum silicate reacts
with water to give hydration product of aluminum silicate hydrate A-S-H, this is
also responsible for early strength in concrete [12]. The peak position at 2θ values
of 39.8 and 43.0 represents the crystal system of zinc chromium sulfide (ZnCr2S4),
which matches with JCPDS card No. 88-0886. Cement is known to have a trace
composition of chromium and sulfate and zinc usually from the fly ash components.
Themineral zinc chromium sulfidewould have shown its presence due to the reaction
of cement and fly ash. Two interpretations could be drawn from this presence of peak.
Either calcium sulfate has not fully reacted which shows the presence of an unreacted
gypsum peak. Our earlier findings have shown the presence of calcium hydroxide
at peak position 39.8. This free calcium oxide could react with the sulfate which
originates from petroleum products which in turn reacts with calcium hydroxide to
give C-S–H peak. It is known that more amount of calcium sulfate in cement leads
to the deterioration of concrete. This could be one of the reasons for the reduction in
strength which was soaked in deisel.

The phase shifts in these figures are attributed to the decrease in compressive
strengths. The readings shown in Fig. 4 correspond to the fly ash concrete subjected
to water curing. Note the intensities of all the compounds mentioned above. The
readings shown in Fig. 5 correspond to the fly ash concrete subjected to diesel
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Fig. 6 SEM results of
concrete before diesel
soaking

soaking for 90 days. The intensities of all the components are reduced consider-
ably when compared to the former figure. The presence of additional peaks (intensi-
ties) is attributed to additional compounds. The peak values of the above-mentioned
compounds are reduced here. Maximum reduction of SiO2 takes place in diesel-
soaked concrete. The micrographs show that the materials are heterogeneous and
contain a large proportion of unreacted fly ash.

On similar grounds, the SEM analysis results are in good agreement with the
above XRD results (Fig. 7). The instrument specification for SEM testing is JEOL
JSM-6360, vacuum system-rotary up to 10–2 Torr. Micrographs were taken on the
90th day for both the Group A and B samples. Figures 6 and 7 are SEM images
of before and after Diesel soaked concrete. In the case of Group B samples, Fig. 7
indicates the aggressive effect of diesel on concrete. It has been observed from the
SEM images of different resolutions that the microstructure of concrete soaked in
diesel shows the less dense hydration. Few rod-like structures were noticed in Fig. 7
SEM photographs, and this may lead to the ettringite formation which leads to the
cracking of concrete. Small ettringite formation may lead to expanding the concrete
structure, and due to this, there may be a chance of deterioration of concrete. These
results act as an archetype to emphasize that diesel has an aggressive impact on
concrete, which degrades its compressive strength.

3 Conclusion

As a summary, the following conclusions can be drawn from the proposed
implementation:

The mechanical behavior of concrete (compressive strength) when soaked in
diesel found that there is a reduction in the strength properties by 2.40%, and the
magnitude of the reduction varies with diesel.
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Fig. 7 SEM results of
concrete after diesel soaking

The studies on material characterization by X-ray diffraction (XRD) and material
morphology by scanning electron microscope (SEM) have shown that the addition
of fly ash in the concrete leads to the formation of dense microstructure which can
resist the deterioration effects of deisel in concrete. The study dealt with assessing
the degrading impact of diesel on fly ash concrete with the aid of XRD, SEM, and
compressive strength analysis. To reduce thedeteriorating effect of diesel on concrete,
the results obtained showed that 30% replacement of fly ash bequeathed optimum
compressive strength. Thus, it serves as an effective paradigm, and industrial waste
materials can be used to reduce pollution.

4 Future Scope

The obtained results can be effectively be used in building structures that are prone
to come in contact with diesel. Also, the proposed methods can be used to study
the effect of other petroleum products on fly ash mixed concrete. This can bestow
better compressive strengths to the concrete structures and help them to overcome
the degrading effect of petroleum products. Furthermore, this creates an urge to
effectively utilize solid wastes, thereby overcoming environmental pollution.
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Studies on the Effect of Frequency
Content of Earthquakes on Structures
with Infill

A. R. Avinash, A. Krishnamoorthy, and Kiran Kamath

Abstract Most of the modern buildings are constructed using reinforced cement
concrete, and these structures commonly have infill walls. Though the mass of infill
walls is accounted for in the conventional analysis, the stiffness is usually ignored.
One of the reasons for ignoring the stiffness of the infill is the difficulty involved in
the modelling. However, such an assumption might not yield realistic results. In this
paper, the effect of modelling the infill on the seismic response of a fixed base plane
frame structure is considered. Further, an attempt is also made to understand the
behaviour of frames under earthquakes of different frequency content. Results show
that the base shear response of the fixed base structure is sensitive to the frequency
content of the earthquake. However, other responses such as roof displacement and
roof acceleration are not much sensitive to the frequency content of the earthquakes.

Keywords Frequency content · Infill · Time history · Plane frame · Storey shear ·
Base shear

1 Introduction

Reinforced concrete (RC) multi-storey buildings are quite common nowadays.
Masonry infilled walls are used widely in these structures as partition walls due
to low cost, excellent heat resistant properties and ease of availability [1]. Under
the action of gravity loads, these masonry infills do not offer any structural advan-
tage. Also, due to their brittle behaviour, usually, infills are treated as non-structural
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elements. However, the addition of such infill adds a considerable mass and stiff-
ness to the structure. During a seismic event, the infill walls also act as structural
elements and significantly alter the response of the structure [2]. Despite this, most
of the times, the effect of infill is neglected in the conventional analysis. One of
the main reasons behind ignoring the infill effect is the complex behaviour of infill
and the difficulty involved in the modelling. However, to reduce the computational
effort, many researchers have considered several simplified models such as diagonal
compression elements to incorporate the stiffness effects of infill. Some researchers
used single diagonal compression element [3, 4]. Others have tried two diagonal
struts and three diagonal struts in their models [5, 6]. However, it has been reported
that behaviour of masonry is very complicated due to the participation of higher
modes [7], and hence, such simplified methods may not produce satisfactory results.
In this context, in the present work, in order to obtain a realistic response of structure
with infill, the infill is modelled as continuum using finite element method (FEM).

The characteristics of earthquake significantly influence the response of the struc-
ture during a seismic event. One of the important characteristics of an earthquake
is the frequency content. The response of a structure which is subjected to a high-
frequency, short-duration earthquake is different than the structure subjected to a
low-frequency, long-duration earthquake. Several researchers have tried to fix a range
to classify earthquakes based on such frequency contents. The frequency content of
an earthquake can be expressed with a value which is a ratio of peak ground accel-
eration to peak ground velocity. A ratio of 0.8 or lesser indicates a low-frequency
content and any value more than 1.2 indicates a high-frequency content, whereas
values in between indicate a medium frequency content [8]. In this study, the effect
of frequency content on the response of the infilled structure is also studied.

2 Details of the Structure and Ground Motion parameters

2.1 Description of the Structure

The structure considered for the study is a RC space frame building as shown in
Fig. 1a. As shown in the figure, the building is of four storeys with each storey
being 3 m in height. The building also has a plinth level of height 1 m. The details
of geometrical and material properties are shown in Table 1. Since the frame is
symmetric, it is idealized as a two-dimensional (2D) plane frame structure as shown
in Fig. 1b. Gravity loads on the frame include dead load and the live load. Dead loads
include self-weight of the slabs, beams, columns and floor finish. A floor finish load
of 1 kN/m2 is considered for all floors. A live load of 2 kN/m2 is considered for all
floors except roof slab.
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Fig. 1 Idealization of a space frame into a plane frame a space frame b plane frame

Table 1 Geometrical and material properties of the structure

Properties of the frame Properties of the masonry infill

Size of columns 0.23 m × 0.60 m Type of infill Brick masonry

Size of beams 0.23 m × 0.45 m Thickness of infill 0.3 m

Modulus of elasticity 27,386 MPa Modulus of elasticity 2068.4 MPa

Unit weight 25 kN/m3 Unit weight 18 kN/m3

Poisson’s ratio 0.2 Poisson’s ratio 0.3

2.2 Description of the Earthquake Records Used for the Study

Four strong earthquake ground motions are considered for the study. These earth-
quakes are chosen based on their frequency content. Details of these earthquakes
are given in Table 2. As seen from the Table 2, Chi-Chi and Imperial Valley have
low frequency content. El-Centro earthquake has intermediate frequency content,
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Table 2 Details of the earthquake ground motions considered for the study

Earthquake Peak ground
acceleration (g)

Station Magnitude Frequency
content

Category

Chi-Chi 0.31 CWB
TCU075

7.3 0.29 Low

Imperial valley 0.44 USGS 5158 6.6 0.40 Low

El-Centro 0.30 USGS 0117 6.7 0.81 Intermediate

Kobe 0.35 Kakogawa
CUE

6.9 1.25 High

whereas Kobe earthquake has a high frequency content. The accelerograms of these
earthquakes are shown in Fig. 3. The peak ground acceleration (PGA) in terms of
‘g’ (acceleration due to gravity) is shown in these figures.

3 Modelling Details of the Structure

The structure is the arrangement of beams and columns and infill walls. The beams
and columns of the structure are discretized as two-noded plane frame elements
(Fig. 2a) and infill is modelled as four-noded quadrilateral plane stress elements
(Fig. 2b). Frame elements have two end nodes with three degrees of freedom at each
node (Fig. 2c). These degrees of freedom represent two translations along two axes (x
and y) and one rotation about the ‘z’ axis. Plane stress elements have four nodes with
two degrees of freedom (one horizontal translation and another vertical translation)
at each node (Fig. 2c). In general, the stiffness matrix for each element is obtained

Fig. 2 Discretization of the structure a structure without infill modelling b structure with infill
modelling c degrees of freedom of the frame and infill
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Fig. 3 Accelerograms of various earthquakes considered for the study

using the equation,

[K ] =
∫

v

[B]T [C][B]dv (1)

where
[B] = matrix relating strain to displacement
[C] = constitutive matrix relating stress to strain given by,

E

1− μ2

⎡
⎣ 1 μ 0

μ 1 0
0 0 1−μ

2

⎤
⎦

where
μ = Poisson’s ratio of the material
E = modulus of elasticity of the material
Similarly, the mass matrix can be obtained using the equation,
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M = ρ

∫

v

[N ]T [N ]dv (2)

where
ρ = mass density of the material
N = shape function of the element
The stiffness matrix of the frame element in local direction is given by,

[Kfl] =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

E A
L 0 0 − E A

L 0 0
0 12E I

L3
6E I
L2 0 − 12E I

L3
6E I
L2

0 6E I
L2

4E I
L 0 − 6E I

L2
2E I
L

− E A
L 0 0 E A

L 0 0
0 − 12E I

L3 − 6E I
L2 0 12E I

L3 − 6E I
L2

0 6E I
L2

2E I
L 0 − 6E I

L2
4E I
L

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

where
A = cross-sectional area of the frame element
L = length of the frame element
I = second moment of area of the element
The consistent mass matrix of the frame element is given by,

[Mfl] = ρAL

420

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

140 0 0 70 0 0
0 156 22L 0 54 −13L
0 22L 4L2 0 13L −3L2

70 0 0 140 0 0
0 54 13L 0 156 −22L
0 −13L −3L2 0 −22L 4L2

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

The stiffness matrix [Kfl] and mass matrix [Mfl] from local direction are
transformed into the global direction using the equations,

[
Kgf

] = [T ]T [Kfl][T ] (3)

[
Mgf

] = [T ]T [Mfl ][T ] (4)

where
[T ] = transformation matrix
The overallmassmatrix [Ms] and stiffnessmatrix [K s] of the structure are obtained

by assembling mass and stiffness matrix of each element by direct stiffness method.
The masonry is modelled using plane stress element with two translational degrees
of freedom u and v. Thus, the stiffness of a frame element corresponding to the two
translational displacements are added to the stiffness of plane stress element at the
nodes where the frame elements are connected to the plane stress elements. The
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Table 3 Validation of the developed model considering El-Centro earthquake

Time period (s) Peak roof displacement (m)

Without infill
modelling

With infill modelling Without infill modelling With infill modelling

Program SAP2000 Program SAP2000 Program SAP2000 Program SAP2000

0.49 0.50 0.19 0.19 0.072 0.076 0.016 0.011

dynamic equation of equilibrium of the structure in matrix form is given as,

[Ms]{ü} + [Cs]{u̇} + [Ks]{u} = {F(t)} (5)

where

[Cs] = α[Ms]+ β[Ks] (6)

where
[Cs] = the damping matrix which is obtained by considering Rayleigh type

damping
α, β = Rayleigh constants which are obtained by knowing the damping ratio for

each mode.
u, u̇ and ü are the relative displacement, velocity and acceleration vectors,

respectively. F(t) is the nodal load vector given by,

{F(t)} = −[Ms]{I }üg(t) (7)

where
{I} = is influence vector
üg(t) = ground acceleration
A program is written in C language to analyse the plane frame building. For the

validation purpose of the method, the model is developed and analysed in SAP2000
(evaluation version), a commercial structural analysis and design software package.
These models are subjected to the El-Centro earthquake (Fig. 3). The comparison
of the time period of the structures and peak roof displacement results are shown
in Table 3. As seen from the table, the time period of the model obtained from
the proposed analysis matches closely with the SAP2000 results. Further, peak roof
displacement of the models also shows agreeable results.

4 Results and Discussions

The structure without considering the infill effect is subjected to above-mentioned
earthquakes and the responses of the structure are obtained in terms of base shear,
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storey shears, roof displacement and roof accelerations. Similarly, the structure with
infill modelling is also subjected to the same earthquakes and results are obtained.
The results of the structure without infill modelling are compared with the structure
modelled by considering the effect of infill.

Figure 4 shows the time history response of base shear of structures subjected
to different earthquakes. It can be seen that for all earthquake inputs considered in
the study, the base shear of the structure is increased when the infill is modelled. A
comparison is made to study the effect of modelling infill on the peak base shear
in Fig. 5. The figure shows the base shear response in the increasing order of the
frequency content. The increase in peak base shear is prominent for the El-Centro
earthquake which has an intermediate frequency content.

The storey shear response of the structures can be seen in Fig. 6. Even though the
storey shears of structure with infill modelling is high at the plinth level, a consid-
erable reduction can be seen at all the upper storeys. This reduction is considerable
for earthquakes of low frequency content. However, it is not so significant for the
intermediate and high frequency content earthquakes.

The effect of infill modelling on the roof displacement is seen in the time history
plot shown in Fig. 7 for various earthquakes with different frequency content. In

Fig. 4 Time history responses of base shear for the structure with and without infill effect
corresponding to earthquakes of various frequency contents
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Fig. 5 Peak base shear for the structure with and without infill modelling corresponding to
earthquakes of various frequency contents

Fig. 6 Peak storey shears for the structures without infill modelling and with infill modelling
corresponding to earthquakes of various frequency contents

all the cases, the roof displacement reduces significantly when infill modelling is
considered. It can also be seen from Fig. 8 that the peak roof displacement reduction
is similar to all earthquake inputs. Thus, the frequency content of the earthquake
does not have a notable effect on roof displacement.

Figure 9 illustrates the effect of modelling infill on roof accelerations. It is evident
from this time history response that with the infill modelling, there is a significant
reduction in roof acceleration. It can be observed from Fig. 10 that the peak roof
acceleration reduction is not significant in case of Imperial Valley earthquake which
has a low frequency content. This indicates that the effect of infill on roof acceleration
is influenced significantly by the frequency content of earthquake.
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Fig. 7 Timehistory response of roof displacement for the structurewith andwithout infillmodelling
for earthquakes with different frequency contents

Fig. 8 Peak roof displacement response for the structure with and without infill modelling for
earthquakes with different frequency contents
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Fig. 9 Time history response of roof acceleration for the structure with and without infill modelling
for earthquakes with different frequency contents

Fig. 10 Peak roof acceleration response for the structure with and without infill modelling for
earthquakes with different frequency contents
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5 Conclusions

Masonry infills when used in structures have a tendency to significantly modify
the response of the structure. Thus, realistic modelling and analysis of the infill is
important from both the safety and economy point of view. Hence, in the proposed
study, the effect of infill on modelling of structure is studied. Following are the
conclusions of the proposed study:

• It is evident from the study that ignoring the effect of infill in modelling has
resulted in gross underestimation of base shears. Hence, consideration of infill in
modelling is required to obtain realistic response.

• Storey shear results indicate that neglecting the effect of infill in modelling of
structure results in significant overestimation of forces in upper storeys. In view of
this,with a proper approach, it is possible to achieve someeconomy in construction
by reducing the member sizes of upper storeys.

• Roof displacement reduces significantly when the effect of infill is considered in
modelling. This again indicates an overestimation of the roof displacements in
conventional analysis.

• Further, roof acceleration plots indicate a similar overestimation of forces when
infill effect is ignored in modelling.

• The effect of infill on base shear response is sensitive to frequency content of the
earthquake.

• The story shear reduces when the effect of infill is considered in modelling of
structure for an earthquake with low frequency content, whereas for other earth-
quakes with intermediate or high frequency contents, the effect of considering
infill in modelling is not much significant for storey shear responses.

• The effect of frequency content does not appear to be significant for roof
displacement and roof accelerations.
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Soil Structure Interaction Analysis
of Tanks Filled with Fluid Subjected
to Near-Fault Earthquakes

M. Chaithra and A. Krishnamoorthy

Abstract When the tanks with fluid are analysed conventionally, soil flexibility is
not considered, and the tank base is assumed to be fixed. But, for practical analysis
of tank resting on soil, the interaction between the tank, soil and foundation systems
has to be considered. In the present study, the tank supported on the soil is studied
considering the influence of soil. The tank, foundation and soil systems are discretized
using finite element method. The tank is modelled using frame elements with two
nodes, and foundation and soil are modelled using plane strain elements of four
nodes. Pressure formulation approach is used to model the mutual influence between
fluid and tank. The tank is subjected to two near-fault earthquakes. The analysis is
used to investigate the effect of soil on the response of the tank. The various response
parameters considered for the study are base shear, variation of fluid pressure on tank
wall and displacement at top. Three soil types with different values of flexibility are
considered in order to evaluate the effect of SSI. It is concluded from the analysis
that the soil flexibility considerably influences the response of tank.

Keywords Tanks · Soil structure interaction · Seismic · Analysis

1 Introduction

Liquid storage tanks have played a vital role in daily human activities. These tanks
must perform well and should remain functional even after a major seismic event.
If forces on the tank are not estimated properly, it will lead to inappropriate design
and may fail during a seismic event. Such inadequate designs have attributed to
failure of storage tanks filledwith fluid during past earthquakes. Such failures created
a lot of interest in safeguarding the tanks against dynamic forces. The dynamic
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behaviour of fluid-filled tanks subjected to earthquakes is different compared to
the response of common structures such as bridges or buildings. This difference is
obtained due to the influence of pressure on tank walls. The presence of liquid in
storage tanks has a considerable effect on the dynamics of structure. When the tank
is subjected to seismic force, the motion of the structure restricts the motion of fluid
which in turn loads the structure. This mutual influence between the structure and
fluid is known as fluid structure interaction (FSI). Also, when the tanks with fluid
are analysed conventionally, soil flexibility is not considered, and the tank base is
assumed to be fixed. However, various studies indicated that, apart from the tank
stiffness, the actual response of the tank also depends on the foundation stiffness
and supporting soil stiffness. Soil conditions have a great influence on the damage of
structures during ground motion. SSI can affect the behaviour of the structure based
on the relative stiffness of the structure and soil. Hence, it is required to consider
the interaction between tank and soil system for the realistic analysis. The process
in which the soil and structure has mutual influence on their response is known
as soil–structure interaction (SSI). Such analysis, considering fluid–structure–soil
interaction is required to achieve a safe and economical structural design of the tank.

Housner [1] proposed a simplified analytical solution for circular and rectangular
tanks under horizontal ground excitations assuming the tank base to be fixed without
considering the soil flexibility. Kim et al. [2] presented a method for a cylindrical
tank by considering the effects of the liquid and soil system in the frequency domain.
Kianoush and Ghaemmaghami [3] also studied the effect of SSI on a tank filled
with fluid for different soil types. Everstine [4] has reviewed different finite element
formulations to solve FSI problems.

It may be noted from the literature that the study on the effect of both SSI and
FSI on dynamic behaviour of liquid storage tanks is limited. Many literatures are
available on investigation of seismic responses of circular storage tanks. However,
rectangular tanks are also used for storage of fluids, and hence, vibratory response
of these tanks is also of practical interest. Chaithra et al. [5] studied the influence
of SSI on a shallow tank filled with fluid. In this, the effect of SSI is considered for
Chi-Chi earthquake. Since, the type of earthquake has strong influence on response
of tank and on SSI effect, in the present study, the effect of SSI is evaluated for two
near-fault earthquakes. Also, type of tank has great influence on the response of the
tank. Hence, a tall tank model resting on three types of soil is considered.

A rectangular water tank is considered in the present study. The tank is subjected
to two near-fault earthquakes, viz. Imperial Valley and Loma Prieta. The dynamic
behaviour of the tank is obtained in terms of displacement at top, variation of fluid
pressure and base shear by considering FSI as well as SSI. The results obtained are
then compared with the response of tank without considering SSI, i.e. rigid base
structure.
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2 Methodology

The tank, fluid and soil are discretized using finite elements.

2.1 Modelling the Tank and Soil

The tank is modelled using two-noded frame element having one rotational and two
translational degrees of freedom at each node, and four-noded plane strain element
is used to model the foundation and soil system. The equation of motion for the tank
and soil is given by,

Kq + Mq̈ + Cq̇ −
∫
s

(
NT Ñds

)
p = f (t) (1)

where

K
∫
v

BT DB dV , stiffness matrix

M ρ
∫
v

NT N dV , mass matrix

q, q̇, q̈ vectors of displacement, velocity, acceleration at nodes
D constitutive matrix relating stress to strain
ρ mass density of material
N shape function defining displacement of structure
Ñ shape function defining pressure distribution in fluid
C damping matrix and is obtained using Rayleigh’s method as,

C = αM + βK (2)

where α and β are Rayleigh constants.
The force due to earthquake, f(t) is given by,

f (t) = −MI üg(t) (3)

where

I influence vector
üg(t) ground acceleration

As observed, the loads due to earthquake ground acceleration are applied at the
corresponding degrees of freedom. It may be noted that üg(t) in (3) is the ground
acceleration which can be obtained from the accelerogram of earthquake at various
time interval.



554 M. Chaithra and A. Krishnamoorthy

2.2 Modelling the Fluid

Fluid is modelled as four-noded rectangular element, and Eulerian pressure formu-
lation approach [6] is used to model the equation of motion for fluid. Sloshing is
neglected in the analysis, and hence, the pressure along the top nodes of fluid is
considered as zero. The motion at the interface is prescribed by the movement of the
structure. Hence, the equation of motion for fluid is given by,

Hp + G p̈ +
∫
s

(
Ñ TρNds

)
q̈ = 0 (4)

where

H
∫
v
∇T Ñ T ∇ Ñ dV

G 1/g
∫
s N

T N ds
ρ density of fluid
p fluid pressure
q̈ acceleration of the structure
g acceleration due to gravity

Equations (1) and (4) can be combined and written in matrix form as,

[
K −S
0 H

][
q
p

]
+

[
C 0
0 0

][
q̇
ṗ

]
+

[
M 0

ρST G

][
q̈
p̈

]
= [ f (t)] (5)

where
S = ∫

s

(
NT N ds

)
, is the interaction matrix for both structure and fluid and is

obtained from the boundary condition imposed between the tank wall and liquid.
It may be noted that the (5) combines the structure and fluid and is known as

coupled fluid–structure interaction equation.

2.3 Determination of Seismic Response

Newmark’s method is considered to obtain the response of the tank system in the
incremental form. In this method, response at time ‘t’ is obtained first and is used to
obtain the response at time ‘t + Δt’. Constant average acceleration method is used
by considering β = ¼ and γ = ½.
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3 Numerical Analysis

The response of the tank filled with fluid is studied for real earthquakes. The response
quantities considered for the study include displacement at the top of tank, base shear
and variation of fluid pressure on tank wall. The effect of considering SSI on the
response of tank is studied.

3.1 Details of Structure, Fluid, and Soil System Considered
for the Analysis

The finite element model of tank, fluid and soil is shown in Fig. 1.Material properties
and geometric properties considered for the problem are as follows:

Tank

Tank height—11.2 m
Tank width—19.6 m
Tank wall thickness—1.2 m
Mass density of tank wall material—2.3 kNs2/m4

Fluid

Bulk modulus—2.0684 × 106 kN/m2

Mass density—1.0 kNs2/m4

Fig. 1 Finite element discretization of soil, fluid and tank system
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Modulus of elasticity of soil

Hard soil—5,000,000 kN/m2

Medium soil—50,000 kN/m2

Soft soil—5000 kN/m2

Poisson’s ratio—0.3

The properties of the tank model used for the present study are similar to the
tank model considered by Kianoush and Ghaemmaghami [6]. The tank resting on
soil is subjected to Imperial Valley and Loma Prieta earthquake ground motions, and
responses are obtained in terms of base shear and displacement at top at various time
intervals. To study the influence of soil on the tank, the results obtained from the
analysis of the tank resting on soil are compared with the results obtained from the
analysis of isolated tank without considering SSI (tank fixed at base).

3.2 Time History Response

The SSI effect on response of tank subjected to Imperial Valley and Loma Prieta
earthquakes is studied at different time intervals during the ground motion. The
accelerograms for the earthquakes with peak ground acceleration (PGA) is shown
in Fig. 2. The time history response for the tank with fixed base and tank supported
on various types of soil in terms of base shear is shown in Fig. 3 for Imperial Valley
earthquake and in Fig. 4 for Loma Prieta earthquake. Figures 5 and 6 show the time
history response for the tank with fixed base and tank supported on three types of
soil in terms of displacement at the top for Imperial Valley earthquake and Loma
Prieta earthquake, respectively.

Fig. 2 Accelerograms of earthquake ground motions considered for the study
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Fig. 3 Time history response of base shear of tank on various soil types for Imperial Valley
earthquake

The peak response of the tank resting on various soil types is given in Table 1. It
can be observed from Figs. 3, 4 and Table 1 that the SSI influences the base shear of
the tank. The percentage reduction of base shear for tank resting on soft, medium and
hard soil is 12.2%, 52.5% and 52.8%, respectively. The effect of SSI is significant for
the tank resting on soft and medium soil and reduces as the soil stiffness increases.
The base shear ismaximum for tank resting on hard soil compared to soft andmedium
soil for both earthquakes. It can be observed from Figs. 5, 6 and Table 1, that, the
top displacement of the tank is affected considerably due to SSI. The percentage
reduction of top displacement for tank resting on soft, medium and hard soil is
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Fig. 4 Time history response of base shear of tank on various soil types for Loma Prieta earthquake

13.8%, 62.3% and 66.1%, respectively. The effect is significant for the tank resting
on soft soil and reduces as the stiffness of soil increases. However, the response may
decrease or increase due to the shift in natural frequency of the tank and soil system
when SSI is considered. For the present case, the response of the tank reduces as the
soil stiffness decreases.

3.3 Effect of SSI on Fluid Pressure

Figure 7 shows the variation of pressure at fluid-wall interface along height of the
wall for the tank supported on three types of soil subjected to Imperial Valley and
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Fig. 5 Time history response of top displacement of tank on various soil types for Imperial Valley
earthquake

Loma Prieta earthquake. It can be observed that the pressure is not affected much
due to SSI for the tank on hard soil whereas, the pressure decreases due to SSI on
medium and soft soil.
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Fig. 6 Time history response of top displacement of tank on various soil types for Loma Prieta
earthquake

4 Conclusion

The influence of SSI effects on the response of the tank containing fluid is investi-
gated. In order to consider the flexibility of soil on SSI, three types of soils, viz. soft,
medium and hard, are considered for the analysis. From the study, it is concluded that
SSI does not have much effect on response of tank resting on hard soil. However, SSI
affects the response of the tank and fluid significantly when resting on soft soil. For
the two near-fault earthquakes considered for the study, the effect of SSI is observed
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Fig. 7 Pressure variation of fluid on tank wall

to be beneficial for all the responses such as top displacement, base shear and pressure
for the tank with fluid. Hence, considering the SSI effect is more important when the
tank is resting on soft soil rather than on hard soil.
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Analysis of Interaction-Dynamics
Between Vehicle and Bridge

S. Akhila and Durgaprasad Janjanam

Abstract Past examinations on the deducing the (bridge frequency (B-f) in an indi-
rect way from the dynamic reaction of amoving vehicle were centered fundamentally
around the possibility of the procedure. Not many examinations are done to contem-
plate the impacts of important unique factors of the framework on the vertical reaction
of the moving vehicle. To comprehend such a space, the important factors will be
analyzed not just for assessing their comparative impact, however for enhancing the
likelihood of effectively recognizing the B-f of requirement. Different amplitude
ratio (AR’s) will be characterized and communicated as far as the important factors,
which serve as valuable markers for assessing the likelihood of effective recognition
of the B-f from the moving automobile. For the case examined, where it is possible
that a couple of B-f to be indicated, it was indicated that the preliminary AR assumes
a job that’s a higher priority when compared to others in fruitful recognizable proof
of the B-f. Recommendations are done for utilization of strategy in the discipline.

Keywords Bridge frequency · Natural frequency · Acceleration amplitude ratio
(AAR) · Driving frequency · Amplitude ratio

1 Introduction

For whatever length of time that the estimation of bridge frequency (B-f) is consid-
ered, one conventional methodology is to attach various vibration sensors, for
example, accelerometers, on suitable areas on the connect brace and to document
the dynamic reactions of the bridge under different vibration origin by means of
an information obtaining framework. The frequencies of the connection could be
differentiated from the documented reaction by a Fourier range (F-R) examination.
Such a methodology is eluded as the direct method, because it depends for most
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part on the bridge reaction. Even though an extensive scope of dynamic properties
shall be observed for the bridge, the organization and support of the vibration sensor
and statistics lumberjacks are for the most part expensive, labor-intensive, and time-
consuming, despite the fact that remote information transmission is turning out to be
well known these days.

As of late, another idea for estimating theB-f alluded to as the indirectmethod. The
principle thought of unintended approach is to deduce B-f from the dynamic reaction
of an automobile moving on the bridge, instead of that from the bridge. Passing
automobile assumes double job of vibration agitator to the bridge and communication
recipient of the bridge reaction.

In order to get a handle on important factors included, the bridge and automo-
bile were considered as a simple beam referring a sprung mass, individually, in the
hypothetical investigations. There was no exertion done to consider parameters, for
instance, the automobile damping, the underlying dynamic reaction of whichever
the automobile or bridge, and so forth. Hypothetically talking, every one of these
components can influence the automobile reaction to a few degrees. To upgrade the
common applicability of the method, one should understand all the more altogether
the general impact of each factor of the V-B (vehicle-bridge) framework as to the
likelihood of effective recognition of the B-f unconfined to the principle mode.

The target of the current project is to assess in what way every one of the important
factors of the V-B framework might influence its dynamic reaction of a moving
automobile. Such data will be valuable for tuning the trial automobile, to lessen the
amount of futile preliminary runs during the ground test.

To the finish, the investigative answer for the dynamic reaction of a moving auto-
mobile on the bridge shall initially be inferred. At that point, amplitude ratio (AR)
shall be characterized and communicated in series of important factors that fill in as
accommodating markers for assessing the likelihood of effective recognition of the
B-f of concern. A case, where it is possible that a couple of B-f are wanted, shall be
concentrated to outline the impact of the factors considered.

2 Literature Survey

The issue of an automobile going on a bridge is generally experienced in the
conveyance facilities, for example, high-way spans, railway spans, airplane/runway
bridges in air terminals, etc. At the point when an automobile moves above a bridge,
convinced effect or dynamic enhancement affect will be originated above the bridge,
which should be considered in the design of bridges. Consideration paid to this topic
goes back to crafted by Willis [1] and Stokes [2] in the mid-nineteenth hundred. In
this viewpoint, most of the inscription has been given to inspection of the bridge
vibrations using the supposed (1) moving load, (2) moving mass, and (3) moving
sprung mass model for the automobiles.
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2.1 Moving Load

As stated by Timoshenko [3], the imperfect balance of the locomotive driving-
wheels is the primary origin of impact effect in bridges of lengthy span inferred that
forced vibration delivered by need of equalization in trains might be of functional
significance.

2.2 Moving Mass

Anumerical-analytical tactic is given byAkin andMofid [4], to describe the action of
beams through various limit settings and to transport a momentous mass. Analyzing
the response of beams subjected tomovingmass requires resolving partial distinguish
equations that are generally agreed by abridging assumptions, adequately intricate.
As a general rule, these expectations include fixed limit states or neglect the momen-
tous inertia of mass or beam mass. The apathy of a moving mass can be diminished
now and then and may be safely ignored. Be that as it may, disregarding the inertia in
cases with a huge moving mass may cause an error of 20–80%, depending on param-
eters such as frame adaptability, mass speed, and uniform components. An investiga-
tive numerical technique is implemented that can be used to determine the complex
behavior of beams, conveying a moving mass, with different boundary settings. The
modification of the normal prevailing equation into a new, solvable sequence of ordi-
nary differential equations is shown in this paper. In addition, the paper shows that
the return of structures due to moving mass, which has been routinely overlooked
before, must be properly taken into account because it sometimes differs entirely
from the moving force model.

2.3 Moving Sprung Mass Models

The dynamic relation between a moving car and the assistant bridge is contemplated
[5]. It is asserted that reasonably reliable findings could be achieved by evaluating
only the primary mode for bridge and vehicle reactions together. Two frequency
classes, i.e., themoving frequency of the vehicle and the N-f of the bridge, administer
the displacement, velocity rate, and velocity of the bridge at different numbers.
Then again, three distinct frequencies that occur as driving frequencies, automotive
frequency, and B-f reflect the automotive reactions. All three frequency sets can be
identified from the vehicle reaction, directed at the situation in which 0 damping and
even roadway exterior are presumed for the bridge. In the off case that the results of
damping and intermittent paving are taken into consideration, the dominant B-f can
still be identified from the automotive response. Additional hypothetical and forensic
analysis both are necessary in this respect.
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3 Analytical Investigation

3.1 Construction of the Theory

For current purposes, consider the V-B model, as seen in Fig. 1. The automobile is
modeled as a mv of lumped mass in kg, backed by a spring of stiffness kv in N/m
and scramble pot coefficient of damping cv in N s/m, which passes through a clear
beam of length L in m at speed “v” in m/s. In Fig. 1, as mentioned elsewhere, the
easy beam showed up would be considered as the system for the necessary equations
to be inferred. With the ultimate objective of speculation, the vast majority of well-
thought-out dynamic features would be expressed in the wording of dimensionless
variables. The bar is thought to be a B-E (Bernoulli Euler) type with consistent c/s
and even roadway.

The trial automobile is displayed as a SDOF sprungmass. The equation of motion
as for the trial automobile can be composed as [4, 6]

mvq̈v + cvq̇v + kv(qv − ub|x=vt ) = 0 (1)

where qv and ub (x, t)mean, respectively, the vertical displacements of the automobile
and the beam.

Prior to entering the bridge, the vehicle is expected to vibrate with steady ampli-
tude Av0. Thusly, the preliminary state of the automobile can be composed as
[6]

qv(0) = Av0 (2)

qv(0) = 0 (3)

We expect the beam to be programmed to vibrate by various means prior to the
trial car’s arrival above the bridge. The movement of the bridge can scarcely be

Fig. 1 Automobile modeled as a sprung mass moving through a simple beam
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affected by the moving vehicle in a situation where the mass of the automobile is
considerably smaller than that of the bridge. In addition, because of the moderately
limited operating time of the trial vehicle, the V-B interface is negligible. Along
these lines, the vertical motion of the bridge can be sensibly thought to be harmonic
motion with steady frequencies and amplitudes across the automobile’s time frame,
given as follows [6],

ub(x, t) =
∑

n

An sin
nπx

L
sinωb,nt (4)

where the nth modular B-f and its equivalent amplitude are meant by ωb,n and An,
and the word sin(nπx/L) means the nth modular bridge form.

Substituting Eq. (4) ub(x, t) into Eq. (1)

mvq̈v + cvq̇v + kv(qv −
∑

n

An sin

(
nπL

L

)
sinωb,nt = 0 (5)

q̈v + 2mvωvξvq̇v + ω2
vqv = ω2

v,n

2

∑

n

An cosωb,nt

(
1 − nπL

ωb,nt

)

− cosωb,nt

(
1 + nπL

ωb,nt

)
(6)

The parameters ωbl,n and ωbr,n, individually, are the L-R-shifted frequencies of
the nth mode of the bridge[5], characterized as

ωbl,n = ωb,n(1 − Sn) (7)

ωbr,n = ωb,n(1 + Sn) (8)

where Sn is a dimensionless speed parameter [5], characterized as the ratio of n
occurrences the driving frequency πv/L of automobile to the nth frequency ωb,n of
the bridge [6],

Sn = nπv/L

ωb,n
, where v = x

t
(9)

q̈v + 2̈ξvq̇v + w2
vqv = ω2

v

2

∑

n

An(cosωbl,nt − cosωbr,nt) (10)

Remarkable from Eq. (10) is that the automobile’s dynamic response can be seen
as remaining entirely energized by the progression of bridge vibrations with L-R-
shifted nth mode frequencies. The reply to Eq. (10), the homogeneous structure, qvh,
and separate arrangements, qvp1 and qvp2, can be communicated as a whole, i.e.,
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qv = qvh + qvp1 + qvp2 (11)

Here, qvp1 and qvp2 are the particular answers, each relating to L-R-shifted bridge
vibration notions. Every one of them needs to fulfill a nonhomogeneous differential
condition considered as shown below [7]

q̈vp1 + 2ξvωvq̇vp1 + ω2
vqvp1 = w2

v

2

∑

n

An cosωbl,n t (12)

q̈vp2 + 2ξvωvq̇vp2 + ω2
vqvp2 = −w2

v

2

∑

n

An cosωbr,n t (13)

Following the traditional strategy, the homogeneous solution qvh to Eq. (10) can
be gotten as because the system is under damped the complimentary solution is [7]

qvh = (c1 sinωvd t + c2 cosωvd t)e
−ξvωv t (14)

where ωvd is the damped frequency of the automobile, interpreted as

ωvd = ωv

√
1 − ξ 2

v (15)

and c1 and c2 are the coefficient to be ascertained from the preliminary states. At the
same time, the particular answers can be acquired as

Consider Eq. (12)

q̈vp1 + 2ξvωvq̇vp1 + ω2
vqvp1 = w2

v

2

∑

n

An cosωbl,n t (16)

The particular solution is obtained as [7]

qvp1 =
∑

n

An/2[(
1 − μ2

l,n

)2 + (2ξvμl,n
)2]

∗ [(2ξvμl,n
)
sinωbl,nt + (1 − μ2

l,n

)
cosωbl,nt

]
(17)

where μl,n is a dimensionless parameter characterized as the nth mode to vehicle
frequency (V-f) ratios of L-S B-f; i.e., similarly, for Eq. (13)

qvp2 =
∑

n

−An/2[(
1 − μ2

r,n

)2 + (2ξvμr,n
)2]

∗ [(2ξvμr,n
)
sinωbr,nt + (1 − μ2

r,n

)
cosωbr,nt

]
(18)
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where μr,n are dimensionless parameters characterized as the nth mode to V-f ratios
of R-S B-f; i.e.,

μr,n = ωbr,n

ωv

(19)

the above-mentioned two parameters μl,n and μr,n can be associated to μn as [6]

μn = ωb,n

ωv

(20)

μl,n = μn(1 − Sn) (21)

μr,n = μn(1 + Sn) (22)

c1 = Av0ξv√
1 − ξ 2

v

×
{
1 −

∑

i

1

2Ri

[
1 + μ2

l,i(
1 − μ2

l,i

)2 + (2ξvμl,i
)2 − 1 + μ2

r,i(
1 − μ2

r,i

)2 + (2ξvμr,i
)2

]}

(23)

c2 = Av0

×

⎧
⎪⎨

⎪⎩
1 −

∑

j

1

2R j

⎡

⎢⎣
1 + μ2

l, j
(
1 − μ2

l, j

)2 + (2ξvμl, j
)2 − 1 − μ2

r, j
(
1 − μ2

r, j

)2 + (2ξvμr, j
)2

⎤

⎥⎦

⎫
⎪⎬

⎪⎭

(24)

qv = (c1 sinωvd t + c2 cosωvd t)e
−ξvωv t +

∑

n

(dn sinωbl,nt + en cosωbl,nt

+ fn sinωbr,nt + gn cosωbr,nt) (25)

where c1 and c2, the coefficients of the terms sin ωvdt and cos ωvdt, dn, en, f n, and
gn, the coefficient of the terms sin ωbl,nt, cos ωbl,nt, sin ωbr,nt, and cos ωbr ,nt, can be
acquired by evaluation with Eqs. (17) and (18); i.e.,

dn = An

2

2ξvμl,n[(
1 − μ2

l,n

)2 + (2ξvμl,n
)2] (26)

en = An

2

1 − μ2
l,n[(

1 − μ2
l,n

)2 + (2ξvμl,n
)2] (27)
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fn = An

2

−2ξvμr,n

[(1 − μ2
r,n

)2 + (2ξvμr,n
)2]

(28)

gn = An

2

−(1 − μ2
r,n)

[(1 − μ2
r,n

)2 + (2ξvμr,n
)2]

(29)

Take in that the vertical displacement of automobile in Eq. (25) is overwhelmed by
three noteworthy gatherings of frequencies. Two gatherings remain identified with
the normal B-f, i.e., the L-R-shifted B-f of the nth mode, ωbl,n and ωbr,n, and the
third gathering is identified with characteristic frequency of the automobile, i.e., the
damped frequency ωvd of the automobile. Precisely, the L-R-shifted B-f are the B-f
(ωn) prevailing in the dynamic reactions of the transient automobile yet decreased
or amplified by proportions (1 − Sn) and (1 + Sn), separately, as showed in Eqs. (7)
and (8). Genuinely, the vibration of the bridge will be conducted to the voyaging
automobile with its frequencies moved by specific sums, as demonstrated by the
relationships with L-R-moved B-f, because of the coupling among the automobile
and bridge. The additional perception is that the parameter associated with ωvd of
the automobile will decay because of essence of the automobile damping.

In handy relevance, it is simpler to quantify an acceleration reaction, as opposed to
the displacement reaction, of the voyaging automobile [5]. To the finish, the perpen-
dicular quickening reaction of the automobile shall be gotten by differentiate the
displacement reaction in Eq. (25) w.r.t “t” twice, [6]

q̈v = (−c1ω
2
vd sinωvd t − c2ω

2
vd cosωvd t

)
e−ξvωv t + (c1ωvd cosωvd t − c2ωvd sinωvd t)

e−ξvωv t ∗ (ξvωv

)+ (c1ωvd cosωvd t − c2ωvd sinωvd t)e
−ξvωv t (−ξvωv)

+ (c1 sinωvd t + c2 cosωvd t)e
−ξvωv t

(−ξ 2
v ω2

v

)

+
∑

n

(dn(−ω2
bl,n cosωbl,nt − enω

2
bl,n sinωbl,nt − fnω

2
br,n cosωbr,nt

− gnω
2
br,n sinωbr,nt) (30)

where ˜̃c1 and ˜̃c2, the coefficients of the notion sin ωvdt and cos ωvdt, can be related
to c1 and c2, respectively, as follows:

˜̃c1 = ξ 2
v ω2

vc1 − ω2
vdc1 + 2ξvωvωvdc2 (31)

˜̃c2 = ξ 2
v ω2

vc2 − ω2
vdc2 − 2ξvωvωvdc1 (32)

On the other hand, the coefficients of the terms sin ωbl,nt, cos ωbl,nt, sin ωbr,nt, and

cosωbr,nt terms, i.e., ˜̃dn , ˜̃en , ˜̃fn , ˜̃gn can be associated to dn, en, f n, and gn, respectively,
as follows [6]:
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˜̃dn = −ω2
bl,ndn (33)

˜̃en = −ω2
bl,nen (34)

˜̃fn = −ω2
br,n fn (35)

˜̃gn = −ω2
br,ngn (36)

q̈v = (̃̃c1 sinωvd t +˜̃c2 cosωvd t)e
−ξvωv t +

∑

n

(̃d̃n sinωbl,nt +˜̃en cosωbl,nt

+ ˜̃f n sinωbr,nt + ˜̃gn cosωbr,nt) (37)

Once more, from Eq. (37), it very well may be seen that the acceleration reaction
of the voyaging automobile is ruled by a similar three gatherings of frequencies,
i.e., ωbl,n and ωbr,n, and ωvd . As well, the acceleration reaction related with ωvd of
the automobile also degenerates in an exponential way because of the automobile
damping.

Meanwhile a large portion of the reactions concerned of the acceleration kind,
the term “acceleration amplitude” will be utilized when an inconstant is recently
presented, yet might be alluded to simply as “amplitude” for brusqueness a short
time later.

3.2 Amplitude Ratios in Fourier Transform

Planned for looking for an ideal condition for extricating the B-f, the AR’s among
different frequencies would be examined in this segment. Amplitudes comparing
ωbl,n and ωbr,n, individually, of the bridge can also be determined by the acceleration
reaction of the automobile in Eq. (37) as

˜

˜Abl,n =
√
˜̃d
2

n +˜̃e2n = Anω
2
bl,n

2
√(

1 − μ2
l,n

)2 + (2ξvμl,n
)2 (38)

˜

˜Abr,n =
√
˜̃f

2

n + ˜̃g2n = An
ω2
br,n

2
√(

1 − μ2
r,n

)2 + (2ξvμr,n
)2 (39)

As this can be seen, the amplitudes
˜

˜Abl,n and
˜

˜Abr,n of the altered B-f are equivalent
to the preliminary amplitude An of B-f of the nth approach incremented by the
proportion notions on right side of Eqs. (38) and (39).
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Accordingly, the amplitude related with ωvd can be determined from the auto-
mobile acceleration in Eq. (37) alongside the meaning of ωvd in Eq. (15) as

˜̃Avd =
√
˜̃
c21 + ˜̃

c22 (40)

So as to effectively deduce the B-f ωb,n, it is ideal that the amplitudes ˜̃Avd related

with the automobile be kept as little as could be expected, while
˜

˜Abl,n ,
˜

˜Abr,n related
with B-f ought to be made as big as could reasonably be expected. The likelihood of
effectively extracting the bridge associated frequencies relies principally upon the
deceivability of the pinnacles related thru these frequencies in an F-R, the overall
amplitude of the focused frequency as for the others in the span [6].

˜̃Avd = ω2
v

√
c21 + c22 (41)

In the initial place, considering the AR of the L-S (left shifted) B-f of the nth

mode to R-S (right shifted) one,
˜

˜Abl,n/
˜

˜Abr,n by the articulations for
˜

˜Abl,n and
˜

˜Abr,n

in Eqs. (38) and (39) and the denotations of ωbl,n and ωbr,n in Eqs. (7) and (8), it very
well may be inferred that

˜

˜Abl,n

˜

˜Abr,n

=
(
1 − Sn
1 + Sn

)2
√√√√
[
1 − μ2

n(1 + Sn)
]2 + [2ξvμv(1 + Sn)]

2

[
1 − μ2

n(1 − Sn)
]2 + [2ξvμv(1 − Sn)]

2
(42)

Figure 2 shows the contour of the AR
˜

˜Abl,n /
˜

˜Abr,n with respect to the Sn and nth
μn with ξ v = 10% [8]. The contour line set apart as 1 is important since it speaks to

the limit between the two regions with
˜

˜Abl,n more prominent or smaller than
˜

˜Abr,n .
Secondly, considering theARαn of the top acceleration of the damped automobile

frequency to the big one of the top related with the nth bridge shifted frequencies
[6],

αn =
˜̃Avd

max

(
˜

˜Abl,n,
˜

˜Abr,n

) (43)

αn =
ω2

v2
√(

1 − μ2
l,n

)2 + (2ξvμl,n
)2

Anω
2
bl,n
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Fig. 2 Graph for the AR
˜

˜Abl,n=
˜

˜Abr,n versus Sn and nth bridge/vehicle frequency ratio μn

∗

√√√√√√√√√

(
Av0 ξv√
1−ξ 2

v

{1 −∑
i

1
2˜̃Ri

[ 1+μ2
l,i

(1−μ2
l,i)

2+(2ξvμl,i)
2 − 1+μ2

r,i

(1−μ2
r,i)

2+(2ξvμr,i)
2 ]}
)2

+
(
Av0{1 −∑

j

1
2˜̃R j

[ 1+μ2
l, j(

1−μ2
l, j

)2+(2ξvμl, j)
2
− 1−μ2

r, j(
1−μ2

r, j

)2+(2ξvμr, j)
2
]}
)2 (44)

αn =
˜̃Rn2

√(
1 − μ2

l,n

)2 + (2ξvμl,n
)2

(1 − Sn)

∗

√√√√√√√√√

(
ξv√
1−ξ 2

v

{1 −∑
i

1
2˜̃Ri

[ 1+μ2
l,i

(1−μ2
l,i)

2+(2ξvμl,i)
2 − 1+μ2

r,i

(1−μ2
r,i)

2+(2ξvμr,i)
2 ]}
)2

+
(

{1 −∑
j

1
2˜̃R j

[ 1+μ2
l, j(

1−μ2
l, j

)2+(2ξvμl, j)
2
− 1−μ2

r, j(
1−μ2

r, j

)2+(2ξvμr, j)
2
]}
)2 (45)

The AR αn offers a significant record for assessing the likelihood of effectively
recognizing the bridge interrelated frequencies in F-R of acceleration reaction of
a moving automobile. The greater the αn is, the lower the likelihood of effective
recognition identification of the B-f.

This could be effortlessly comprehended, since a pinnacle that is excessively
little analogized with the neighboring pinnacle might be covered up by the others
when they’re excessively near, or even adulterated by the commotions and rendered
undetectable.
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˜̃Rn = ω2
vAv0

ω2
b,n Ab,n

(46)

the AR αn for the V/B frequency could be inferred as

αn = 2
√

α2
c1n + +α2

c2,n (47)

where the terms αc1,n and αc2,n are given first box [6]

αc1,n =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

˜̃Rn
2
√
(1−μ2

l,n)
2+(2ξvμl,n)

2

(1−Sn)
2

∗ ξv√
1−ξ 2

v

{
1 −∑

i

1
2R̃i

[
1+μ2

l,i

(1−μ2
l,i)

2+(2ξvμl,i)
2 − 1+μ2

r,i

(1−μ2
r,i)

2+(2ξvμr,i)
2

]}

if
˜

˜Abl,n ≥ ˜

˜Abr,n

˜̃Rn
2
√
(1−μ2

r,n)
2+(2ξvμr,n)

2

(1−Sn)
2

∗ ξv√
1−ξ 2

v

{
1 −∑

i

1
2R̃i

[
1+μ2

l,i

(1−μ2
l,i)

2+(2ξvμl,i)
2 − 1+μ2

r,i

(1−μ2
r,i)

2+(2ξvμr,i)
2

]}

if
˜

˜Abl,n ≤ ˜

˜Abr,n

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(48)

αc2,n =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Rn
2
√
(1−μ2

l,n)
2+(2ξvμl,n)

2

(1−Sn)
2

∗
{
1 −∑

i

1
2R̃i

[
1−μ2

l,i

(1−μ2
l,i)

2+(2ξvμl,i)
2 − 1−μ2

r,i

(1−μ2
r,i)

2+(2ξvμr,i)
2

]}

if Abl,n

∧

≥ Abr,n

Rn
2
√
(1−μ2

r,n)
2+(2ξvμr,n)

2

(1−Sn)
2

∗
{
1 −∑

i

1
2R̃i

[
1+μ2

l,i

(1−μ2
l,i)

2+(2ξvμl,i)
2 − 1−∗μ2

r,i

(1−μ2
r,i)

2+(2ξvμr,i)
2

]}

if
︷︸︸︷
Abl,n

∧

≤ Abr,n

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(49)

As it can be seen, the two term αc1,n and αc2,n rely upon the ξ v of the automo-

bile,
˜

˜Ri( j), Sn, μl,i(j) and μr,i(j). Since the in-between parameters μl,i(j) and μr,i(j). as
mentioned in Eqs. (21) and (22) are associates of Si(j) and μi(j) the two terms αc1,n

and αc2, rely completely upon the following four parameters: ξ v,
˜

˜Ri( j), Si(j), μi(j).
Accordingly, the αn, that is a function of αc1,n and αc2,n, can be completely controlled

by these four parameters: ξ v,
˜

˜Ri( j), Si(j), μi(j).
The directly above figuring demonstrates that a colossal quantity of components

may influence αn for the V/B frequency. Unmistakably, the deducing of B-f from the
automobile reaction is a muddled physical issue. To examine the crucial parameters
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included, we will study underneath a special case, apiece consisting of a couple of
B-f of interest.

3.3 Case I: One Frequency of the Bridge Involved

Considering the case where a particular basis pushes the bridge and sets it in motion
for a solitary vibration mode. Let us agree that the various modes are not invigorated,
with the exception of this vibration mode, or animated to a neck and neck so low
that they can be forgotten for all intents and purposes. Meanwhile, in repetition, the
bridge’s preliminary mode is almost definitely to be stimulated; here, we intend to
take the preliminary mode as the one to demonstrate the interrelated results. The
scene is like that. When the test science reaches the bridge with a movement of ωv

and Av0, the bridge is formed in the motion of the preliminary mode with ωb,1 and
A1.

Acceleration of the automobile’s input by its acceleration on the bridge, as seen
from Eq. 37 with n = 1, will be dominated by three important frequencies will be
regulated by by n = 1: L-R-shifted B-f of the preliminary mode, ωbl n and ωbr,n and
ωvd .

Aimed at the current case, α1, can be acquired from Eq. (47) where the terms αc1,1

and αc2,1, shall be gotten from the conditions n = i = j = 1.
As indicated by the earlier discussion, α1 is reliant on the following three non-

dependent inconstant: ˜̃R1, S1, and μ1, that is, α1 (˜̃R1, S1, μ1) the ξ v is set as 10%
and is accordingly it is not a non-dependent inconstant.

Figure 3 previews the AR α1 regarding the speed boundary S1 and μ1 for the
three beginning ˜̃R1= 2, 5, and 10, alongside the contours contrived in Fig. 4a–c.
It is understood that the patterns of the AR α1 are comparative regardless if the
beginning ˜̃R1 is little (˜̃R1=2) or huge (˜̃R1=10). All in all, the acceleration amplitude
ratio (AAR)α1 declines steadily as the f-Rμ1 increments from 0 to 1 and arrives at its
lowest around the curveμ1 = 1. In any case, α1 increments quickly asμ1 increments
from 1 and thereafter, with the exception of within the V-shape span focused by a
conspicuous bend.

Subsequently, a lower value of the α1 infers a superior resolute for the B-f; it
is envisioned that the B-f could be all the additional effortlessly deduced if the μ1

happens to be situated in the < 1 or if the related boundaries occur to be found within
the V-shape range focused by the conspicuous bend for μ1 > 1.

Such a perception additionally clarifies the motivation behind where for the B-f of
complex modes cannot be deduced in a path as simple as that for the principal mode
due to the comparatively better numbers of μn for frequencies of complex modes.

From a pragmatic perspective, there is a complex likelihood of accomplishment
in recognizing the B-f when α1 is decreased, and ideally once it is lower than the
preliminary ˜̃R1. To the extent the reduction of α1 is concerned, the inconstant μ1,P

(i.e., B/V f-R) is an unmanageable obscure by and by because of the factual that
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Fig. 3 α1 versus S1 and μ1 (note ˜̃R1= R1)
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(1) both the BVF are constant and can scarcely be altered; (2) the B-f are obscure
previously the evaluation is directed.

On the way to manage the unmanageable character of μ1, we will split its span
into Np parts, supposing equivalent likelihood of event for each parts and signify the
value of the μ1 on the pth part by μ1,p. Likewise, the likelihood of diminishing the
α1 is [6]

P(α1≤R1)

(˜̃R1, S1
)

=
∑NP

p=1 φP(˜̃R1, μ1,p, S1)

NP
(50)

where

φp(
˜̃R1, μ1,p, S1) =

{
1, ifα1(

˜̃R1, μ1,p, S1) ≤ ˜̃R1

0, ifα1(
˜̃R1, μ1,p, S1) > ˜̃R1

(51)

Fig. 4 a Graph for α1 with respect to S1 and μ1: ˜̃R1= 2. b Graph for α1 with respect to S1 and

μ1: ˜̃R1= 5. c Graph for α1 with respect to S1 and μ1: ˜̃R1= 10
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Fig. 4 (continued)

The likelihood of decreasing α1 has been contrived in Fig. 5 concerning S1 for
preliminary ˜̃R1 = 2, 5, and 10. As can be seen, the likelihood of decreasing α1 gets
high as S1 increments from nil to a specific value (e.g., 0.42 for the bend ˜̃R1 = 2, 0.3
for the bend ˜̃R1= 5, and 0.25 for the bend ˜̃R1=10) and afterward remains constant for
additional increment in S1. Such a perception is gotten beneath the idyllic condition
that the preliminary ˜̃R1 stays constant as S1 builds that needs to be affirmed from
the ground trial. Another apprehension is that, as the automobile velocity builds, the
moving duration of the automobile on the bridge is diminished, as is the hiatus for
recording the automobile reaction. These will create a cut-off on the highest speed
permitted.

The decrease of the α1 is not at all assurance of effectively recognizing the B-f,
except if this tends to decrease to an admissible level. Hypothetically, the likelihood
of effectively recognizing the B-f can be characterized as the ace for appearance of
α1 to be lesser than a threshold tα . Since α1 is dependent on ˜̃R1, S1 (speed boundary),
and μ1, the likelihood of effectively recognizing the B-f is likewise an element of
these three non-dependent factors. For the current purposes, we will segregate the
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Fig. 5 Probability of reducing α1 versus S1 (note: ˜̃R1 = R1)

span of S1 andμ1 intoNq andNp equivalent parts, individually, supposing equivalent
likelihood of appearance for apiece.

Let us indicate the value of the inconstant μ1 on the pth portion and, that of S1
on the qth portion by μ1;p and S1,q, individually. In understanding, the likelihood of
effectively recognizing the B-f can be characterized as [6]

P(α1≤tα)

(˜̃R1

)
=
∑NP

p=1

∑Nq

q=1 φpq

(˜̃R1, μ1,p, S1,q
)

NP × Nq
(52)

where

φpq(
˜̃R1, μ1,p, S1,q) =

{
1, ifα1 (˜̃R1, μ1,p, S1,q) ≤ tα
0, ifα1 (˜̃R1, μ1,p, S1,q) > tα

(53)

In this, the threshold limit tα is prudently set 5, suggesting that the pinnacle
amplitude of the bridge related frequency ought to be at least be 0.2 times that of the
damped V-F in the F-R to ensure its discernibility.

Now, wemight want to include that in spite of the fact that the automobile speed is
manageable practically speaking, the presumption of S1 as an unmanageable param-
eter is as yet prudent, since, as indicated by the meaning of speed boundary the
B-f associated with the divisor are obscure preceding the volume. Hence, one can
regulate the pattern of the speed parameter (as it is relative to automobile velocity),
yet could scarcely get a handle on its value prior the trial is made. Accordingly, the
velocity parameter is viewed as unmanageable.
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It is understood that reverberation brought about by the fortuitous event of the
bridge and automobile frequencies is hard to deduce the B-f utilizing the strategies
introduced thus. Therefore, such resonance conditions will be prohibited from the
current contemplations. All the more accurately, we will prohibit the state of defi-
nite fortuitous event as of the bridge and automobile frequencies, as suggested by
μbl,1 = 1

(
orωbl,1 = ωv

)
andμbr,1 = 1

(
orωbr,1 = ωv

)
, yet consider the cases when

μbl,1 andμbr,1 are moderately prominent or < 1, as far as the automobile and B-f can
be systematically isolated.

Then again, the reverberation of the bridge with the automobile will show itself
in the fairly huge reaction of the test automobile when it goes inside the bridge,
contrasted with the non-reverberating cases because of the fact that the reverberation
occurrence is identified, the B-f is recognized to be equivalent to the V-f, and the
objective of deducing the B-f is correspondingly made.

Figure 6 displays the likelihood of effectively recognizing the B-F regarding
preliminary ˜̃R1. As can be seen, the likelihood of effective recognition diminishes
radically from its 100% to about half as ˜̃R1 increments from 0 to 1 and afterward
diminishes steadily from about half to 10% as ˜̃R1 increments from 1 to 10.

The overall conclusion is that building ˜̃R1 will bring about a diminishing of the
likelihood of effective recognition. In this manner, in the event that one can possess
control over the preliminary ˜̃R1 to be as low as possible, either by intensifying the
preliminary amplitude of the bridge (say, by exploiting existing traffic) or by lessening
the preliminary amplitude of the automobile, all things considered, the B-f can be
effectively recognized.

Fig. 6 Probability of effectively identifying the bridge frequency versus the preliminary accelera-

tion amplitude ratio ˜̃R1 (note: ˜̃R1= R1)
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3.4 Case II: Two Frequencies of the Bridge Involved

We will reflect the condition in the current section when the extension is invigorated
by unique bases and set to travel with 2 vibration modes. It is assumed that all the
additional modes of the bridge are not invigorated for the present tenacities or are
invigorated to so little a degree that they can be overlooked. Usually, the original
2 modes are the ones that are well on the way to being revitalized. In these lines,
we will take the original 2 bridge methods as the ones for analysis in the current
chapter. The bridge is thus assumed to be placed in vibration mainly in the modes I
and II, each with and A1 and A2, when the car enters the bridge with a vibration of
and amplitude.

By setting n = 1–2 in Eq. (25), the acceleration feedback of the automobile
during its entrance on the bridge will be influenced by five significant frequencies,
i.e., ωbl,1 andωbr,1 ωbl,2 andωbr,2, and ωvd . Their linking amplitudes in the F-R are

signified as
˜

˜Abl,1,
˜

˜Abr,1,
˜

˜Abl,2,
˜

˜Abr,2 and ˜̃Avd , individually. Like Case I, one is keen
on of the damped V-B to the I and II bridge-related frequencies, separately, got from
Eq. (47) as [6]

αn = 2
√

α2
c1,n + α2

c2,n For n = 1, 2 (54)

where the terms αc1,n andαc2,n can be got from the equations by considering i = j =
(1, 2).

For the current situation with two vibrational modes included, Ni = 2, α1 andα2

rely upon six factors, ˜̃R1, ˜̃R2, S1, S2, μ1 andμ2. Among these factors, just five (=2Ni

+ 1) are autonomous. To improve the accompanying conversation, we will present
additional dimensionless parameter ν21 to demonstrate the ratio of the II/I frequency
of the bridge,

v21 = ωb.2

ωb,1
(55)

Similarly, the co-relation between the speed parameters S1 and S2 w.r.t the I and
II B-f, respectively, can be provided as

S2 = 2

ν21
S1 (56)

and that among the, μ1 andμ2 is

μ2 = ν21μ1 (57)
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Along these lines, the α1 andα2 are elements of the five free factors ˜̃R1, ˜̃R2, S1,
μ1, and ν21, i.e., α1(2) = α1(2)(

˜̃R1,
˜̃R2,S1, μ1, ν21).

To lessen the quantity of free factors, the accompanying information is viewed as
reasonable for functional issues.

• The preliminary R for the I mode is taken as ˜̃R1 = 2;
• For the subsequent mode, it is occupied as ˜̃R2 = 5, in view of the thought that the

AAR of the initial type is additional prominent than that of the subsequent type;
• The II/I bridge f-R is taken as ν21 = 2 (the II B-f is about twice that of the

preliminary B-f in the field trial of Ref. [8]).

As for the speed limit S1 and the preliminary mode, the subsequent ARs of the
I and II modes were built in Fig. 7, next to their description in Fig. 8a and b. The
trend is similar to that of the current case, but more complex than that of Case I.
Due to the presence of two reverberation conditions for the corresponding mode, the
dispersion of the current case is more confused, apiece with μbl,2 = 1

(
ωbl,2 = ωv

)

or μbr,2 = 1
(
ωbr,2 = ωv

)
in totaling to the two reverberation conditions for the

preliminary mode, with μbl,1 = 1 and μbr,1 = 1, as referenced in Case I.
The perceptions for the current case can be watched as an augmentation of the

outcomes drawn for Case I, which are specified as follows. (1) Under certain condi-
tions (e.g., for S1 < 0:4 for α1 or S2 < 0:3 for α2), the rise in the automobile speed can
prompt an increment in the likelihood of diminishing α1 or α2 to a level littler than
the preliminary ˜̃R1 or ˜̃R2, individually. In any case, the decrease of α1 or α2 need not
ensure benefit in recognizing the B-f, except if it very well may be diminished to an
adequate level from real contemplations. (2) Both the α1 and α2 decline steadily as
there μ1 and μ2 . Increment from 0 to the reverberation (μb.1 = 1 and μb,2 = 1),
and afterward increment quickly as μ1 and μ2 increment further. The technique that
the estimation of α2 is always higher than of α1 also acknowledge with the hypothesis
for Case I, in that frequencies of advanced modes cannot be separated in a manner
that is as simple as that for the principal mode due to their complex B/V f-Rs.

Once more, to handle the intractable character of the initialμ1 and the primary S1,
we will partition the spans of μ1 and S1 into Np and Nq equivalent portions, corre-
spondingly. Expecting the likelihood of happening for apiece part to be equivalent,
we will designate the estimate of the inconstant μ1 on the pth portion and that of S1
on the qth portion by μ1,p and S1,q, respectively.

As needs be, the likelihood of lessening α1 or α2 can be characterized as [6]

P(
α1(2)≤˜̃R1(2)

)˜̃(R1,
˜̃R2, ν21) =

∑Np

p=1

∑Nq

q=1 φpq

(˜̃R1,
˜̃R2, S1,q , μ1,p, ν21

)

Np ∗ Nq
. (58)

where
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Fig. 7 α1; α2 versus S1 and μ1
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Fig. 8 a Graphs for vehicle/bridge acceleration amplitude ratio with respect to S1 and μ1; contour
of α1. b Graphs for vehicle/bridge acceleration amplitude ratio with respect to S1 and μ1; contour
of α2

φpq

(˜̃R1,
˜̃R2, S1,q , μ1,p, ν21

)
=

⎧
⎪⎨

⎪⎩

1, ifα1(2)

(˜̃R1,
˜̃R2, S1,q , μ1,p, ν21

)
≤ ˜

˜R1(2)

0, ifα1(2)

(˜̃R1,
˜̃R2, S1,q , μ1,p, ν21

)
>

˜

˜R1(2)

(59)

Figure 9 shows the likelihood of lessening α1 and α2 versus ν21 for preliminary
˜̃R1 = 5 (I mode) and ˜̃R2 = 5 (II mode). It is seen that the likelihood of lowering the
α1 remains nearly invariable as ν21 increments, while that of lowering α2 reduces
as ν21 increments. As indicated by Eq. (57), the ν21 is directly proportional to μ2.
Consequently, it very well may be gathered that the greater μ2 is, the lesser the
likelihood of lowering the second AAR. This added affirms the hypothesis for Case
I about the complication for deducing the B-f of greater modes. From a practical
perspective, in the event that the II B-f is a lot higher than the I, at that point the
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Fig. 9 Probability of reducing α1 and α2

likelihood of lowering the II AAR will be a lot lower, inferring that the likelihood
of effectively recognizing the II B-f will be a lot of lower also. Such a perception
offers a few hints on the intrinsic complication related with the recognizing of the
subsequent or higher modes of frequencies for the bridge.

As a general rule, ν21 is also an unmanageable obscure other than the two incon-
stant μ1 and S1. By a similar token, we can segregate the span of ν21 into Nr parts,
with equivalent likelihood of appearance for each part, and indicate the value of
the inconstant ν21 on the rth part byν21,r . In this manner, the likelihood of effec-
tively recognizing the B-f, for α1 andα2 to be lower than the threshold tα1 and tα2,
individually, can be characterized as [6]

P(
α1(2)≤tα1(2)

)
(˜̃R1,

˜̃R2

)
=
∑Np

p=1

∑Nq

q=1

∑Nr
r=1 φpqr (

˜̃R1,
˜̃R2, μ1,p, S1,q , ν21,r )

Np × Nq × Nr
(60)

where

φpqr

(˜̃R1,
˜̃R2, μ1,p, S1,q , ν21,r

)
=
⎧
⎨

⎩
1, ifα1(2)

(˜̃R1,
˜̃R2, μ1,p, S1,q , ν21,r

)
≤ tα1(2)

0, ifα1(2)

(˜̃R1,
˜̃R2, μ1,p, S1,q , ν21,r

)
> tα1(2)

(61)

Thus, both threshold values tα1 and tα2 are established as 5. Like Case I, reverbera-
tion circumstances are avoided since the computation of the likelihood for effectively
recognizing the B-f Fig. 9 shows the likelihood of effective recognition of the B-f
of the I and II modes regarding ˜̃R1 and ˜̃R2. It is seen that likelihood of effectively
recognizing the first B-f is firmly associated with the preliminary ˜̃R1 of the primary
mode, however for the most part superfluous to the ratio ˜̃R2 of the subsequent mode.
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The opposite is likewise valid for the subsequent B-f, that is, the likelihood for effec-
tively recognizing the II B-f is unequivocally associated with the preliminary ˜̃R2

of the subsequent mode, yet for the most part nondependent of the ratio ˜̃R1 of the
primary mode. The likelihood of effectively recognizing the B-f of the initial mode
arrives at 100% when the preliminary AR ˜̃R1 < 3. It reduces steadily from 100 to
about 40/100 as ˜̃R1 increments from 3 to 10. For the subsequent mode, the likeli-
hood of effective recognition can scarcely arrive at 100% except if ˜̃R2 is fairly less,
say 0.1. It reduces steadily from 100 to about 15/100 as ˜̃R2 increments from 0.1 to
10. Generally, the likelihood of effectively recognizing the B-f of either the initial or
subsequentmode is inversely proportional to the corresponding preliminaryAR (e.g.,
˜̃R1 for the primary mode and ˜̃R2 for the subsequent mode). The outcomes procured
for Case I bolster the perceptionmade in this regard, if the movement of twomodes is
viewed as the blend of two individual movements, with the association consequence
between ˜̃R1 and ˜̃R2 disregarded. In this way, to build the likelihood of effectively
recognizing the B-f of a specific mode practically, it is proposed that the prelimi-
nary automobile/bridge AAR related with that specific method be decreased, in the
method of either enhancing the AAR of the bridge movement (state, by profiteering
running traffic) or lowering that of the automobile movement (state, by permitting
the automobile to enter the bridge in a smooth manner) (Fig. 10).

4 Conclusion

That enhance the likelihood of effectively recognizing the B-f utilizing a trial auto-
mobile, the impacts of a few important boundaries on the dynamic reaction of the
automobile moving over the bridge are examined. In the initial place, the dynamic
reaction of the trial automobile with preliminary vibrations going on a bridge under
vibration of specific modes is deduced. The acceleration reaction of the passing auto-
mobile is governed by three set of frequencies: L-S B-f, R-S B-f, and V-f, as can be
visualized from the Fourier spectrum. The key attention in effective recognition is
the discernibility of the pinnacles associated with the B-f of interest and that which
depends on the comparative scales of these pinnacles regarding the V-f.

In the present report, the AAR of the V/B frequencies is presented, which
proposals a list for assessing the likelihood of effective recognition. The littler V/B
AAR is, the greater the likelihood of effectively recognizing the B-f. As for the situ-
ations where just a couple of B-f is included, the V/B AAR is appeared to rely on
the accompanying factors: (1) starting V/B AAR; (2) speed boundaries; (3) B/V f-R;
and (4) II/I bridge f-R (for Case II alone).

Out of these inconstant, the preliminary V/B AAR has all the earmarks of being
generally significant. The lower the ratio of every particular mode is, themore promi-
nent the likelihood of effectively recognizing the B-f of that specific mode. The like-
lihood of effective recognition might arrive at 100% relying on the prerequisite that
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Fig. 10 Probability of effectively identifying bridge frequencies versus initial amplitude ratio:
a first mode, b second mod
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the preliminary AAR < 3. To enhance the likelihood of effectively recognizing the
B-f, it has been proposed that the preliminary AAR of each type be lessened however
much as possible, whichever by enhancing the acceleration amplitude of the bridge
or by lowering that of the automobile.

Regarding the speed boundary, it is seen that within the scope of 0 to 4/10, the
greater the speed boundary is, more the likelihood of diminishing the V/B AAR.
When speed boundary surpasses this span, no extra improvement can be done by
speeding up the vehicle. Yet, decrease of this ratio ought not ensure accomplishment
of-Recognition, except if the ratio is maintained at a value less than the threshold
value. In addition, a ground test needs the travel duration of the automobile on bridge
to be lengthy enough for information gathering. This shall surely put a limiting point
on automobile speed.

The B/V f-R’s are unmanageable factors practically speaking, so it does not mean
a lot to discuss their impact on frequency recognition. Despite the fact that the II/I
bridge f-R is additional unmanageable factor, it is an inconstant identified with the
characteristics of the bridge and might generally assessed for specific bridges. More
prominent the II/I bridge f-R is, lesser the likelihood for lowering theV/BAAR. Such
a perception proposals a few hints on complication associated with recognizing the
second or greater frequencies of specific bridges.

Current examination for deducing the B-f dynamic reaction of a moving automo-
bile depends for the most part on the systematic detailing and analytical framing.
Outcomes acquired proposal a hypothetical guide for deducing the B-f practically.
Albeit a revaluation of the invariable values suggested by the connected past works
upholds the legitimacy of current hypothesis, further in-ground tests are necessary
to confirm the conclusion in this, while giving a criticism to fine tune the hypoth-
esis utilized. At long last, the conclusions drawn herein are dependent upon the
information and hypothesis utilized in the modeling.
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The Influence of Ceramic Ball as a Fine
Aggregate in Concrete

Pradeep Karanth, Sabyath P. Shetty, Thushar S. Shetty,
and Sushanth S. Bhandary

Abstract River sand, a non-renewable resource, is used in concrete as a fine aggre-
gate, which is called filler material that fills the voids in concrete. This paper provides
outcomes of compressive strength of concrete by using the ceramic ball as substitutes
of fine aggregate that is compared with nominal mix concrete. Here, the ceramic ball
is a commercial waste product produced in industries. The report includes the chem-
ical test of the substitute, and it is having 73% of silica and 0.7% of alumina. Zone
I and Zone II are selected as fineness modulus of sand for calculation of nominal
mix design and partial mix design. As per the 28th-day compressive strength result,
30% replacement of fine aggregate gives a good result in comparison with a nominal
strength of concrete, and hence, this waste material can be used as fine aggregate in
concrete production. The main objective of this project is to find ways of disposing
of waste products and to reduce the use of sand in the production of concrete as a
fine aggregate.

Keywords Compressive strength · Ceramic ball · Concrete · Molecular sieve

1 Introduction

The concrete is usually obtained by mixing cement, fine aggregate, coarse aggregate
(gravel), and water using the correct proportion of mix as per the codebook. The
material that is used as fine aggregate and coarse aggregate is natural elements that
affect the nature of the earth especially the environment of the river by extraction
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Fig. 1 Ceramic balls

of sand. Over extraction of sand will increase the river’s ability to erode, this can
provide a threat to nearby infrastructure, and breeding of aquatic life is also affected.
For the construction industry, it has become difficult to obtain sand as fine aggregate
as there is a ban on sand mining, and this increases the cost rate of sand day by
day. This project used ceramic balls as a replacement for fine aggregate to solve this
problem, to find out if this waste can be used as a fine aggregate instead of sand.
Ceramic balls as shown in Fig. 1 are the commercial waste produced in the industry
which makes the industrial very difficult to dispose of.

Figure 2 shows the flowchart diagram of methodology. In this project, waste
material was collected from the industry and carried out for a particular chemical
test that is silica content and alumina content test. The waste material is first crushed
to a small particle with the help of crushing equipment. For the calculation of mix
design, the following test is been conducted as per IS 10262:2009, and they are sieve
analysis of partially mixed sand with waste material in percentage varying from 0
to 50% to select a suitable zone. Water absorption test was conducted on the sand,
aggregate, and waste material, and a specific gravity test was conducted on cement,
sand, aggregate, and waste material. As per the M30 grade mix design, cubes are
cast by partially replacing sand with the waste material in varying percentages from
0 to 100%, and then, compressive strength test for the 7th day and 28th day is tested.
The following are the lab test conducted in detail.

1.1 Chemical Test

This test is conducted to checkwhether the waste sample has binding component or it
can be the substitute of fine aggregate or not. The chemical tests that were conducted
are determination of silicon dioxide to find out silica content and determination of
the combined oxides (Al2O3 and Fe2O3) to find out alumina content. Following are
the procedure of test conducted.

• Take 2 g of sample in 100 ml beaker.
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Fig. 2 Flowchart of
methodology

• 20 ml of concentrated HCL was applied and then heated to dryness on the electric
hotplate.

• An additional 12 ml of HCL, 60 ml of distilled water have been added and heated
up to a boiling point.

• The hot solution was cleaned with less filter paper than ash.
• The precipitate was washed with 60 ml of hot distilled water.
• The precipitate and filter paper were transmitted to a clean vessel.
• For 50 min, the vessel and its innards were burned to 800 °C, and the vessel was

left in the dryer to cool and then measured.

Calculation:

Percentage of Silicon dioxide = Weight of SiO2

Weight of sample
× 100%

Identification of combined oxides

• 2 g of ammonium chloride was added to the remaining filtrate, and drops of the
indicator of methyl red were heated to boil.

• The ammonia solution has been applied continuously until the color changes to
yellow.
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• The beaker was left behind for 10 min.
• The solution was filtered through ashless filter paper.
• Precipitate and filter paper washed with a 2% ammonium nitrate solution.
• The precipitate and filter paper were transmitted to a clean crucible.
• The crucible and its contents were burned at an 800 °C for 50 min. It was left to

cool in the dryer for minutes and then weighted to assess the combined oxides.

Determination procedure of ferric oxide percentage:

• 2 g of the sample was taken in a 100 ml beaker, and 10 ml of concentrated
HCL was applied to the beaker and was well controlled until the green color had
disappeared.

• Then, 20 ml of distilled water was applied, and the solution moved quantitatively
to a 100 ml volumetric flask.

• Then, a beaker was poured in and left to cool down.
• Add 10 ml of buffer solution and 2 ml of salicylic acid.
• The mixture was titrated until the end point against the standard EDTA solution.
• The titration has been repeated for up to two consecutive readings.
• The number of moles and the weight in grams was measured by titration, and the

percentage was then estimated.

Percentage of Aluminum Oxide:

Percentage of aluminum oxide = percentage of combined oxide

− percentage of ferric oxide.

From the test, it is observed that silica content and alumina content in ceramic
balls are 93 and 0.7%. Since ceramic balls are having 93% of silica content which is
more than 50%. Hence, ceramic ball can be used as substitutes of fine aggregate.

1.2 Sieve Analysis

This test is conducted to select the zone of fineness modulus of partial replacement
of sand with waste sample so that it can be used to calculate mix design which is
required for casting concrete cubes. This test is done on partial replacement of sand
with waste sample having sand replacement varying from 0 to 50%. The following
are the procedure carried out for the test.

• 500 g of sand replaced by waste material by percentage was taken.
• The material was sieved by standard IS sieve.
• Retained weight on respective sieve, including pan, was noted and tabulated as

shown in Table 1, and suitable zone is selected.

Table 1 shows the report of sieve analysis conducted on partially replaced sand
with waste sample. In the table, the * mark tells that the value of cumulative
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Table 1 Sieve analysis report of 0–50% replacement of sand with waste sample

Sieve Weight
retained
(g)

Cumulative
weight
retained (g)

Cumulative
percentage
weight (%)

Cumulative
percentage
passing
(%)

Zone I
(%)

Zone II
(%)

Zone III
(%)

Zone IV
(%)

0% replacement of sand with sample

10 0 0 0 100 100* 100* 100* 100*

4.75 6 6 1.2 98.8 90–100* 90–100* 90–100* 95–100*

2.36 24 30 6 94 60–95* 75–100* 85–100* 95–100*

1.18 136 166 33.2 66.8 30–70* 55–90* 75–100* 90–100

0.6 83 249 49.8 33 16–34* 35–59 60–79 80–100

0.3 72 321 64.2 18 05–20* 8–30* 12–40* 15–50*

0.15 106 427 85.4 9.6 0–10* 0–10* 0–10* 0–15*

Pan 73 500 100 0 Fineness modulus value is 2.39

10% replacement of sand with sample

10 0 0 0 100 100* 100* 100* 100*

4.75 10 10 2 98 90–100* 90–100* 90–100* 95–100*

2.36 33 43 8.6 91.4 60–95* 75–100* 85–100* 95–100

1.18 78 121 24.2 75.8 30–70 55–90* 75–100* 90–100

0.6 117 238 47.6 52.4 16–34 35–59* 60–79* 80–100

0.3 219 457 91.4 8.6 05–20* 8–30* 12–40 15–50

0.15 35 492 98.4 1.6 0–10* 0–10* 0–10* 0–15*

Pan 8 500 100 0 Fineness modulus value is 2.72

20% replacement of sand with sample

10 0 0 0 100 100* 100* 100* 100*

4.75 10 10 2 98 90–100* 90–100* 90–100* 95–100*

2.36 31 43 8.6 91.4 60–95* 75–100* 85–100* 95–100

1.18 93 136 27.2 72.8 30–70 55–90* 75–100* 90–100

0.6 114 254 50.8 49.2 16–34 35–59* 60–79 80–100

0.3 198 452 90.4 9.6 05–20* 8–30* 12–40 15–50

0.15 33 485 97 3 0–10* 0–10* 0–10* 0–15*

Pan 15 500 100 0 Fineness modulus value is 2.76

30% replacement of sand with sample

10 0 0 0 100 100* 100* 100* 100*

4.75 5 5 1 99 90–100* 90–100* 90–100* 95–100*

2.36 42 47 9.4 90.6 60–95* 75–100* 85–100* 95–100

1.18 83 130 26 74 30–70 55–90* 75–100 90–100

0.6 120 250 50 50 16–34 35–59* 60–79 80–100

0.3 179 429 85.8 14.2 05–20* 8–30* 12–40* 15–50

0.15 36 465 93 7 0–10* 0–10* 0–10* 0–15*

(continued)
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Table 1 (continued)

Sieve Weight
retained
(g)

Cumulative
weight
retained (g)

Cumulative
percentage
weight (%)

Cumulative
percentage
passing
(%)

Zone I
(%)

Zone II
(%)

Zone III
(%)

Zone IV
(%)

Pan 35 500 100 0 Fineness modulus value is 2.652

40% replacement of sand with sample

10 0 0 0 100 100* 100* 100* 100*

4.75 8 8 1.6 98.4 90–100* 90–100* 90–100* 95–100*

2.36 48 56 11.2 88.8 60–95* 75–100* 85–100* 95–100

1.18 85 141 22.8 77.2 30–70 55–90* 75–100* 90–100

0.6 105 246 49.2 50.8 16–34 35–59* 60–79 80–100

0.3 170 416 83.2 16.8 05–20* 8–30* 12–40* 15–50*

0.15 63 479 95.8 4.2 0–10* 0–10* 0–10* 0–15*

Pan 21 500 100 0 Fineness modulus value is 2.63

50% replacement of sand with sample

10 0 0 0 100 100* 100* 100* 100*

4.75 9 9 1.8 98.2 90–100* 90–100* 90–100* 95–100*

2.36 19 28 5.6 94.4 60–95* 75–100* 85–100* 95–100

1.18 105 133 26.6 73.4 30–70 55–90* 75–100 90–100

0.6 158 291 48.2 41.8 16–34 35–59* 60–79 80–100

0.3 130 421 84.2 15.8 05–20* 8–30* 12–40* 15–50*

0.15 72 493 98.6 1.4 0–10* 0–10* 0–10* 0–15*

Pan 7 500 100 0 Fineness modules value is 2.75

percentage passing is satisfying the value of the zone with respect to sieve sizes.
It is observed that 0% replacement satisfies Zone I and the remaining, i.e., 10–50%
replacement satisfies Zone II.

1.3 Specific Gravity

Specific gravity is the proportion of an object’s mass to a reference liquid. In this
project, specific gravity test was ‘ball’. The main reason to conduct this test is to
check whether ceramic ball is having same density as fine aggregate is having for
better bonding in concrete and it is required for calculation ofmix design. Here, water
is used as reference liquid to test specific gravity of fine aggregate, coarse aggregate,
and ceramic ball. Whereas kerosene is used as reference liquid to test specific gravity
of cement. Table 2 gives the result of specific gravity test.
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Table 2 Specific gravity test
result

Specific gravity test result

Sample Specific gravity

Sand 2.55

Coarse aggregate 2.83

Cement 3.08

Ceramic ball 2.75

Fig. 3 Shows the
workability of fresh concrete
by using the Slump test

1.4 Slump Test

As per IS 456:2000, the slump to be obtained during the test is 100 mm for heavily
reinforced section in slabs, beams, walls, and columns. This is required to obtain
ease in workability. Soon after the slump is obtained, the concrete is casted in the
cube (Fig. 3).

2 Process of Concrete Casting

The concrete is cast for M30 grade, and the mix proportion as per calculation is
1.00:1.71:2.98. The quantity of water used to mix concrete materials is 3.9 L. The
mold used for casting of concrete cube is 15 cm * 15 cm * 15 cm. Three cubes each
are cast for 7 days and 28 days for 0% replacement of sand with the ceramic ball up to
100% replacement of sand with ceramic ball. The cubes are vibrated manually with
the help of a tamping rod. The cubes were demolded after 24 h and held for 7 days
and 28 days for curing, and the compressive strength of the cubes was measured on
that day by the UTM.
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3 Compressive Strength Test

For nominal cubes and partly substituted cubes, the compressive strength test is
carried out for the 7th and 28th days. Since the cube is casted for M30 grade, as per
IS 10262-2009, the 7th day compressive strength for nominal and partially replaced
cubes should obtain 65% of the compressive strength of concrete mix (M30) that is
19.5 N/mm2, and 28th day compressive strength should obtain 100% compressive
strength of concrete mix that is 30 N/mm2 (Figs. 4 and 5).

Table 2 shows the compressive strength test result of concrete cubes for 7th day
and 28th day, and Figs. 6 and 7 show line chart diagram of 7th day and 28th day
compressive strength. From 28th day line chart diagram, it is observed that 50%
replacement and 100% replacement obtain minimum strength, and hence, this waste
sample can be used as fine aggregate in construction industry for 50 and 100%
replacement.

Fig. 4 Compressive test
machine

Fig. 5 Shows the
Compression testing of the
Concrete cube
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Fig. 6 Line chart of 7th day compressive strength

Fig. 7 Line chart of 28th day compressive strength

4 Calculation Procedure of Mix Proportion as per IS
10262:2009

Mix proportion is calculated as per above test result of sieve analysis, specific gravity
test and slump test.

Data for M30 grade concrete mix proportion

• Note down complete data for proportion like grade, type of cement, etc.
• (2) Calculate the target strength for mixing by the following equation.

f ′ck = f ck + 1.65s

where
s = standard deviation, i.e., 5 N/mm2.

• Selection of the water–cement ratio: As per IS 456:2000 from Table 3, the
respective water–cement ratio should be selected.
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• Water content selection: As per IS 10262:2009 from Table 2, the respective water
content should be selected.

• With respect to water–cement ratio and water content, cement content should be
selected from Table 5 of IS 456:2000.

• The proportion of gross aggregate volume and fine aggregate content can be
obtained from Table 3 (with respect to zone for water–cement ratio of 0.5).

• Mix calculations: In this calculation, the volume of concrete should be taken as
1 m3, and the volume of cement, the volume of water, the total volume, and the
volume of the fine aggregate and the gross aggregate should be calculated.

• Note down the calculated mix proportion for castings such as cement, water
quantity, total volume in aggregate, and gross aggregate mass.

5 Conclusion

• The ceramic ball is having high silica content (73%), and hence, it is used as a
substitute for sand.

• From sieve analysis, Zone I is selected for nominal mix design, and Zone II is
selected for partial mix design calculation.

• Specific gravity for the ceramic ball is 2.75 and sand is 2.55which is nearly similar,
and hence, the ceramic ball can be used as a substitute for sand in concrete.

• The characteristic strength of the M30 concrete mix is 38.25 MPa. The strength
in 30% replacement is 33.85 MPa. Hence, waste samples can be used to replace
30% sand in fine aggregate.

• On the 28th day, the compressive strength of the concrete with 100 percent substi-
tution of sandwith the ceramic ball as an aggregate is 30.25MPa, which is slightly
lower than that ofNominalmix concrete (With 0 percent replacement). As a result,
this waste sample can also be used to replace sand completely.
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Comprehensive Analysis of Outrigger
System for High Rise Structures
Subjected to Wind and Earthquake
Loadings

N. M. Priyanka, D. T. Abhilash, H. A. Ajay, H. S. Mohan, and S. Apoorva

Abstract Tall building development has been rapidly increasing worldwide intro-
ducing new challenges that need to be met through engineering judgment. High rise
buildings are very vulnerable to earthquake and wind loads on regular basis. Hence,
to make high rise buildings safe against lateral loads, different types of structural
systems are used. One of these structural systems is outrigger system. This project
aims to show the analysis of a 60 storied three-dimensional building located at Delhi
using ETABS 2016 software. Analysis of eight different models with outriggers
and belt truss configuration is carried out by response spectrum method for seismic
zone IV, to understand the performance for various parameters like maximum storey
displacement, maximum storey drift and storey shear. The present work contains a
comparative study on regular building with wall outriggers and braced outriggers.
The results showed the reduction in responses by using outrigger and belt truss
system.

Keywords Outriggers · Belt truss · Belt wall · Bracing

1 Introduction

People have been fascinated by high rise buildings from the olden days [1]. People
from countryside regions are voyaging in large numbers to bigger towns because
of increase in employment opportunities and infrastructure amenities [2]. Due to
this, cities come to be compactly inhabited and rate of property has been increasing
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which leads to the growth of skyscraper [2]. From the olden pyramidical period to
today’s technical period, supremacy and prosperity of the nation have been conveyed
through skyscraper. Thus, we can say that there is a competition in mankind to have
the world’s tallest building. From a structural engineer’s point of vision, a skyscraper
may be defined as one that because of its tallness is exaggerated by the movements
of horizontal forces due to earthquake or wind and plays important criteria in its
structural design. There are several reasons for the demand of tall buildings in bigger
towns. Some of the most important reasons are scarcity of land in urban areas;
due to rapid industrial development, there is increasing demand for domestic and
commercial space, economic growth of the city and technological advancements
[3]. Ground motion due to earthquake can be happened any place in the world,
and the risk involved with skyscraper due to high intensity earthquake is more, and
special attention should be given in its design and analysis, as skyscraper often have
thousands of residents [4]. The structure should be designed to perform well during
an earthquake and ensure that the structure remains safe without producing major
damage to the structure [5].

1.1 Outrigger Structure

It is one of the most effective lateral load resisting systems and has been used for four
decades [6]. Outrigger system connects the central core to the external peripheral
columns in the case of conventional outrigger systems, and in the case of virtual
outrigger systems, there is no direct connection between central core and outermost
columns, but it connects outermost columns together so that it will help to reduce
the responses [7, 8]. It may be positioned centrally or at one side of the structure [3].
Outrigger system concept has been developed from sailing ship industry. In sailing
ship industry, outriggers have been used for many years in order to resist the wind [7].
When the building is exposed to earthquake, wind loads rotational moments at the
core will be transferred to outermost columns by joining columns and core and then
transferred to foundation; hence, overall deflection of the building will be reduced
[2, 3, 6].

2 Objectives of the Present Work

Following are the objectives of the current project adopted from the various literature
review done.

• To study and understand the concept of outrigger structural system and to ascertain
the optimum conditions for buildings at large height.
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• To analyse the important structural response factors such as storey shear,
maximum storey displacement and maximum storey drift for dissimilar structural
configurations.

• To study the performance of the outrigger system with and without belt truss
system/belt wall and to compare wall outriggers with braced outriggers.

3 Methodology

Following steps have been adopted as the methodology process for achieving the
anticipated objectives.

• Structure parameters such as floor plans, outrigger type, tower dimensions and
number of outrigger levels have been worked out.

• Ground conditions and foundation type are assumed prior to modelling of the
structure.

• Drafting and modelling of the tower were done on ETABS using corresponding
materials selection. IS codes for concrete and steel are adopted for the analysis.

• Loads are applied for gravity, wind and earthquake condition.
• The analysis was run on the model in the ETABS software. For seismic loads,

dynamic analysis was carried out by using response spectrummethod. The perfor-
mance of the structure is checked on parameters such as maximum storey drift,
maximum storey displacement and storey shear.

• Results are obtained, and the behaviour of the model is studied, and necessary
adjustments are made to give optimum conditions for the building to stay safe.
The analysis results are further represented in graphical and tabular forms.

3.1 Details of the Model

• Structure—SMRF
• No. of stories—60
• Storey height—3.5 m
• Total height of the building—210 m
• Grade of concrete—M60 for columns, M40 for beams and M30 for slabs
• Grade of steel—HYSD Fe 500
• Density of concrete—25 kN/m3

• Density of brick masonry—19 kN/m3

• Thickness of RC slab—150 mm
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• Beam size (bracing beams and all other beams)—230 mm × 600 mm
• Thickness of RC shear wall—300 mm
• Thickness of outrigger wall—500 mm
• Thickness of brick masonry wall—230 mm
• Columns

1–15 Stories 900 mm × 900 mm

16–30 Stories 750 mm × 750 mm

31–45 Stories 600 mm × 600 mm

46–60 Stories 450 mm × 450 mm

• Floor finishes—1.5 kN/m2

• Live load on floors—3 kN/m2

• Live load on roof—1 kN/m2

• Parapet load on top floor = 0.23 × 1 × 19 = 4.37 kN/m
• Wall load on beams = (3.5–0.6) × 0.23 × 19 = 12.673 kN/m Earthquake live

load on slab according to clause 7.3.1 and 7.3.2 of IS 1893 (Part-1)—2002 is
calculated as:

• Roof (clause 7.3.2) = 0
• Floor (clause 7.3.1) = 0.5 × 3 = 1.5 kN/m2

• Location—Delhi
• Seismic zone—IV
• Seismic intensity—Severe
• Seismic zone factor (Z)—0.24
• Response reduction factor (R)—5
• Importance factor (I)—1
• Type of soil—medium
• Structure—SMRF
• Damping—5% (for RC structure)
• Supports at base—fixed
• Diaphragm—rigid
• Basic wind speed—47 m/s (for Delhi)

Following models have been studied and analysed in the present study.

Model 1—A bare frame model.
Model 2—Building with core wall.
Model 3—Building with core wall and single outrigger with peripheral belt wall
at 30th storey.
Model 4—Building with core wall and double outrigger with peripheral belt wall
at 20th and 40th storey.
Model 5—building with core wall and triple outrigger with peripheral belt wall
at 15th, 30th and 45th storey (Fig. 2).
Model 6—buildingwith core wall and triple outrigger without peripheral belt wall
at 15th, 30th and 45th storey.
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Fig. 1 Plan of the model at outrigger level

Model 7—building with core wall and braced outriggers with peripheral belt truss
(X bracings) at 15th, 30th and 45th storey (Fig. 4).
Model 8—building with core wall and braced outriggers without peripheral belt
truss (X bracings) at 15th, 30th and 45th storey.

4 Results and Discussions

Optimum location of the outrigger system is of major concern in the present study.
It was found out by placing the outrigger at different locations of the structure.
Based on some literature survey, it was found that for one outrigger structure placing
the outrigger at mid height of the structure will be efficient, and for two outrigger
structure, it would be better to place the outrigger systems at 2 h/3 and h/3 from
bottom of the building. Optimum position of the multi outrigger system was found
out by placing the outrigger systems at different locations of the building.

4.1 Results of Bare Frame Model (M1)

• Maximum storey displacement (Fig. 6)

Maximum storey displacement was recorded under the action of wind loads along Y
direction. The maximum storey displacement at the topmost storey of the structure
was found to be 1327.56 mm due to WLY direction, 549.446 mm due to WLX
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Fig. 2 3D view of the building with core wall and triple outrigger with peripheral belt wall at 15th,
30th and 45th storey



Comprehensive Analysis of Outrigger System … 607

Fig. 3 Elevation views of the building with core wall and triple outrigger with peripheral belt wall
at 15th, 30th and 45th storey
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Fig. 4 3D view of the building with core wall and braced outriggers with peripheral belt truss (X
bracings) at 15th, 30th and 45th storey
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Fig. 5 Elevation views of the building with core wall and braced outriggers with peripheral belt
truss (X bracings) at 15th, 30th and 45th storey
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Fig. 6 Variation in maximum storey displacement for M1 under earthquake and wind loads

direction, 209.098 due to EQX direction and 252.885 mm due to EQY direction,
respectively.

• Maximum storey drift (Fig. 7)

Maximum storey shear value was recorded under the action of wind loads along Y
direction. The value of maximum storey drift at 40th storey of the building was found
to be 0.00693 mm due to WLY direction, 0.00363 mm at 10th storey due to WLX
direction, 0.00148 mm at 40th storey due to EQY direction and 0.00115 mm at 40th
storey due to EQX direction, respectively.

• Storey shear (Fig. 8)

Fig. 7 Variation in maximum storey drift for M1 under earthquake and wind loads



Comprehensive Analysis of Outrigger System … 611

Fig. 8 Variation in storey shear for M1 under earthquake and wind loads

Maximum storey shear value was recorded under the action of wind loads along Y
direction. The recorded value is 21272.25 kN at the bottommost storey and 235.15 kN
at the topmost storey because of wind loads along Y direction. Storey shear value
was found to be 3128.8 kN at the bottommost storey and 128.438 kN at the topmost
storey due to earthquake loads.

4.2 Results of Building with Core Wall and Triple Outrigger
with Peripheral Belt Wall at 15th, 30th and 45th Storey
(M5)

• Maximum storey displacement (Fig. 9)

Fig. 9 Variation in maximum storey displacement for M5 under earthquake and wind loads
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Fig. 10 Variation in maximum storey drift for M5 under earthquake and wind loads

The maximum storey displacement at the top was found to be 994.504 mm due
to WLY direction, 266.795 mm due to WLX direction, 215.882 mm due to EQY
direction and 116.524 mm due to EQX direction. There is a reduction of 33.48%,
22.76%, 14.43%and 7.24%of storey displacement due towind loadswhen compared
to storey displacement of M1, M2, M3 and M4 respectively.

• Maximum storey drift (Fig. 10)

The maximum storey drift value was seen to be 0.00578 mm at 40th storey due
to WLY direction, 0.00184 mm at 10th storey due to WLX direction, 0.00138 mm
at 40th storey due to EQY direction and 0.00071 mm at 20th storey due to EQX
direction. There is a reduction of 73.62% of drift due to wind loads when compared
to drift of M1.

• Storey shear (Fig. 11)

The recorded value is 3457.45 kN at the lowermost storey and 127.12 kN at the top
most storey due to earthquake loads. Storey shear value was found to be 21272.25 kN
at the bottommost storey and 235.15 kN at the topmost storey because of wind loads
along Y direction. There is an increment of 10.5% of storey shear when compared
to storey shear of M1 due to earthquake loads. But there is no considerable change
in the storey shear because of wind loads by the introduction of triple outriggers in
the building.

4.3 Comparative Results of All the Models in Graphical
and Tabular Form

• Results for maximum storey displacement (Fig. 12)
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Fig. 11 Variation in storey shear for M5 under earthquake and wind loads

Fig. 12 Variation in maximum storey displacement under earthquake loads along X direction for
each model

When triple outriggers with belt wall were placed at 15th, 30th and 45th storey,
maximumstorey displacement has been reduced to 116.524mm.Thiswas a reduction
of 44.27%.When triple outriggers were placed without belt wall, there is a reduction
of 43.45% of maximum storey displacement (Table 1).

From the above results, it can be seen that model 1 has maximum storey displace-
ment of 209.098 mm at the top most storey; by the introduction of concrete core
wall, there is a reduction of 11.16% of displacement (Fig. 13).

When a single outrigger with belt wall was placed at 30th storey, displacement
has been reduced to 377.403mm.When double outriggers with belt wall were placed
at 20th and 40th storey displacement was reduced to 317.308 mm (Table 2).

When triple outriggers with belt wall were placed at 15th, 30th and 45th storey
maximumstorey displacement has been reduced to 266.795mm.Thiswas a reduction
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Table 1 Maximum storey displacement because of earthquake loads along X direction

Model number Maximum storey displacement in mm % reduction

1 209.098 –

2 185.76 11.16

3 157.088 24.87

4 135.038 35.41

5 116.524 44.27

6 118.234 43.45

7 128.293 38.65

8 134.954 35.45

Fig. 13 Variation in maximum storey displacement under wind loads along X direction for each
model

Table 2 Maximum storey displacement because of wind loads along X direction

Model number Maximum storey displacement in mm % reduction

1 549.446 –

2 451.511 17.82

3 377.403 31.31

4 317.308 42.23

5 266.795 51.44

6 378.747 49.27

7 307.859 43.97

8 325.974 40.67

of 51.44%.When triple outriggers were placed without belt wall, there is a reduction
of 49.27% of maximum storey displacement.

• Results for maximum storey drift (Fig. 14)
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Fig. 14 Variation inmaximum storey drift under earthquake loads alongX direction for eachmodel

By the introduction of concrete core wall, there is a reduction of 12.73% of storey
drift. When a single outrigger with belt wall was placed at 30th storey, drift has been
reduced to 0.000981 mm.When double outriggers with belt wall were placed at 20th
and 40th storey, drift was reduced to 0.000897 mm (Table 3).

When triple outriggers with belt wall were placed at 15th, 30th and 45th storey
maximum storey drift has been reduced to 0.000763 mm. This was a reduction of
39.29%. When triple outriggers were placed without belt wall, there is a reduction
of 39.46% of maximum storey drift (Fig. 15).

When a single outrigger with belt wall was placed at the 30th storey, drift has
been reduced to 0.002572 mm. When double outriggers with belt wall were placed
at 20th and 40th storey, drift was reduced to 0.002361 mm (Table 4).

When braced outriggers were placed in place of wall outriggers storey, drift was
seen to be 0.002078 mm, and it can be clearly seen that braced outriggers are less
effective when compared to maximum storey drift of wall outriggers.

• Results for storey shear (Fig. 16)

Table 3 Maximum storey drift because of earthquake loads along X direction

Model number Maximum storey drift in mm % reduction

1 0.001257 –

2 0.001097 12.73

3 0.000981 21.96

4 0.000897 28.64

5 0.000763 39.29

6 0.000761 39.46

7 0.000807 35.79

8 0.000835 33.57
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Fig. 15 Variation in maximum storey drift under wind loads along X direction for each model

Table 4 Maximum storey drift because of wind loads along X direction

Model number Maximum storey drift in mm % reduction

1 0.00367 –

2 0.00289 21.25%

3 0.002572 29.92%

4 0.002361 35.67%

5 0.001918 47.74%

6 0.001945 47%

7 0.002078 43.38%

8 0.002168 40.93%

Fig. 16 Variation in storey shear under earthquake loads along X direction for each model
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Table 5 Storey shear because of earthquake loads along x direction

Model number Storey shear in kN % reduction

1 3128.8 –

2 3213.14 2.69

3 3294.51 5.29

4 3375.86 7.89

5 3457.46 10.50

6 3324.58 6.25

7 3259.78 4.18

8 3234.39 3.37

By the introduction of concrete core wall, there is an increment of 2.69% of storey
shear. When a single outrigger with belt wall was placed at the 30th storey, storey
shear has been increased to 3294.51 kN.When double outriggers with belt wall were
placed at 20th and 40th storey, storey shear was increased to 3375.86 kN (Table 5).

• Performance of the building increases with increase in the number of outrigger
system, and use of belt truss/belt wall with outriggers is more effective than only
outriggers.

• Wall outriggers reduce the responses more when compared to braced outriggers.
• Single outrigger at 30th storey reduces the maximum storey displacement by

31.31% and maximum storey drift by 29.91%.
• Double outrigger at 20th and 40th storey reduces the maximum storey displace-

ment by 42.23% and maximum storey drift by 35.67%.
• Triple outrigger at 15th, 30th and 45th storey reduces the maximum storey

displacement by 51.44% and maximum storey drift by 47.74%.
• Triple outrigger without belt wall at 15th, 30th and 45th storey reduces the

maximum storey displacement by 49.27% and maximum storey drift by 47%.
• Braced outrigger system with external belt truss at 15th, 30th and 45th storey

reduces the maximum storey displacement by 43.97% and maximum storey drift
by 43.38%.

• Braced outriggerwithout peripheral belt truss at 15th, 30th and 45th storey reduces
the maximum storey displacement by 40.67% and maximum storey drift by
40.93%.

• The value of storey shear has been increased to very small extent by the introduc-
tion of lateral load resisting systems since it increases with increase in the weight
of the structure, but this increment is within the acceptable limits; hence, it is of
less concern.

When triple outriggers with belt wall were placed at 15th, 30th and 45th storey,
storey shear has been increased to 3457.46 kN. This was an increment of 10.5%.
When triple outriggerswere placedwithout beltwall therewas an increment of 6.25%
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of storey shear.When braced outriggerswere placed in place ofwall outriggers storey
shear was seen to be 3259.7752 kN.

5 Conclusion

• Performance of the building under the action of lateral loads increases with the
usage of outrigger system when compared to structure without outrigger.
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Possible Risk on Human Health
and Agricultural Land Associated
with Application of Humanure

S. Srirashmi, R. Varshini, D. Istalingamurthy, and K. S. Lokesh

Abstract Ecological sanitation can be used in water scare places, and this type of
sanitation the end product obtained is humanure which can be applied to agricultural
fields to improve the fertility of soil. Ground water contamination, soil pollution can
be avoided by this type of sanitation. The study area is Mosarahalla (Singapatna) in
H.D. Kote taluk, Mysuru. This village has over 57 eco-san toilets installed in 2006.
The decomposed manure is removed once in a year and applied to fields during
pre-monsoon season in bear hands. The soil and water samples were collected from
different sources of village and was analysed. The chemical parameters like pH, fluo-
ride, total iron, Calcium hardness, Total hardness, chloride and electric conductivity
of water was analysed and a comparative study was made as all the sample were
in Limits as specified. Soil samples were analysed for pH, electrical conductivity,
organic carbon, potash, available nitrogen, available potassium. A questionnaire
survey was made to understand the health of the villages. Most of them suffered
from skin infection, gastro intestinal problem and also respiratory related issues.
Microbial analysis was done for soil and showed that the presence of certain fungi
may be responsible for the disease caused among the villagers. The results of analysis
of soil and water sample showed that increases chloride content, moderately hard
water may be the reason for skin infection and cardiovascular diseases. Microbial
analysis showed that certain fungi present in soil samples are carcinogen and potent
to cause respiratory disorders. Proper treatment like reverse osmosis can be done to
decrease the increased levels of chloride and hardness. Taking proper measure during
to application of humanure and proper storage with application of fungicides, the
risk of getting effected by humanure can be avoided.

Keywords Humanure · Chemical characteristics of water · Microorganism ·
Eco-san toilets
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1 Introduction

1.1 General Introduction

Eco-San toilets are composting toilets in whichmicroorganisms treats human excreta
in biological process forming compost as end product that can be applied for agricul-
tural land thus “closing the loop” by putting back the nutrients to soil [1]. These toilets
are low-cost waterless toilets constructed using locally available materials. When the
pit of eco-san toilets get completely filled after about ten to twelve months, the faeces
get composted completely and can be used as manure for agricultural fields. The
end product of the eco-san toilets is called as humanure. Humanure regenerates the
fertility of cultivated land [2]. Using humanure obtained from Eco-San toilets have
many advantages in context with artificial fertilizers Ground water contamination
and soil pollution that is caused by practice of open defecation [3] can be avoided
by use of Eco-San toilets. According to a report in 2018, over 2 billion people live
in countries experiencing high water stress. When compared to flushing system of
sanitation these toilets use minimal amount or no water hence, it is generally recom-
mended to be used in water scarce places. There are different types of ecological
sanitation used worldwide some of them are safichoo, bio-digestor toilets, Eco-san
toilets, tent toilets, bamboo toilets, two pit compost, nano membrane toilets, etc.

The Possible Risk Associated with Use of Humanure

When the humanure is exposed to water and air there are possibility of getting
infected from pathogens like E. coli, listeria and cryptosporidium. The toxic in the
humanure can cause respiratory problems [4] in cattle and humans and also effect
the reproduction system in cattle. Improperly treated manure can be threat to aquatic
life. There are estimated risk of acute gastrointestinal infection due to the presence
of aerosolized pathogens. The humanure may also be contaminate with pathogenic
bacteria and viruses and also medicines taken for few diseases this can cause nausea,
eye irritation, headaches, chronic cough, increased cardiopulmonary risk, asthma,
etc.

1.2 Indian Scenario

India is a welfare state according to the constitution. Providing basic facilities is
one of the important responsibilities of a democratic country like India. In the post-
independence period, the Government of India has been concentrating on various
development activities in the country. Most Indians depend on on-site sanitation
facilitieswhichmeansmainly pit latrines in rural areas. In rural areas, the government
has been promoting community-led sanitation approaches such as the total sanitation
campaign, with some success. The main objectives of TCS included, bring about
an improvement in the general quality of life in rural areas. Accelerate sanitation
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coverage in rural areas generally felt the demand for sanitation facilities through
awareness creation and health education. Cover schools/Anganwadi in rural areas
with sanitation facilities and promote hygiene education and sanitary habits among
students. If we take the example of Mumbai city, an average of 81 persons shares a
single toilet. In some places, this figure rises to an eye-watering 273. Even the lowest
average is still 58, according to local municipal authority figures. In many urban
and semi-urban pockets, it is still a common sight to see people squatting by roads
and railway tracks or along the coast, openly defecating in the city where some of
the world’s richest people live. The level of investment in water and sanitation by
international standards has increased in size during the 2000s. For example, in 1980
rural sanitation coverage was estimated at 1% and reached 95% in 2018. Also, the
share of Indians with access to improved sources of water has increased significantly
from 72% in 1990 to 88% in 2008. In India in 2019, 98.9% have access to “at
least basic sanitation". Between 2014 and 2018, the NDA Government in India built
around 92.2million toilets all across India, due towhich the basic sanitation coverage
went up from 38.7% in October 2014 to 98.9% in February 2019.

The circular sanitation economy (close the loop form) recovers toilet resources
for water, energy and agriculture are pilot phase around the country but they are
worth of about 14 billion dollars today and could be worth of over 25 billion dollars
by 2021 [5]. The government of India is promoting the production and co-marketing
of compost through existing fertilizer companies. This study finds that more and
more farmers are shifting usage of chemical fertilizers to compost or humanure. In
some cases, it is found that the cultivation and input cost can be cut by 70% with
organic farming. India is home to 30% of the total organic producers in the world,
but accounts for just 2.59% (1.5 million hectares) of the total organic cultivation area
of 57.8 million hectares, according to theWorld of Organic Agriculture 2018 report.

2 Objectives

2.1 Major Objective

To study the effect of application of humanure on human health and agriculture.

2.2 Specific Objective

i. To analyse the chemical characteristics of water collected from various sources
ii. To analyse nutrients, present in different soil samples
iii. To identify the microorganisms mainly bacteria and fungi present in humanure

and various soil sample
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iv. To identify the possible health risk associated with microorganisms present in
humanure through microbial examination and questionnaire.

3 Materials and Methodology

3.1 Study Area

Mysore district falls in the survey of India degree sheet Nos. 48P, 57D, 57H and
58A. The district is bounded by north latitudes 110°45′–120°40′ and east longitudes
750°59′–770°05′ covering an area of 6269 km2. Mysore district is divided into 7
taluks namely HD Kote, Hunsur, K.R.Nagar, Mysore, Nanjangud, Periyapatna, T.
Narasipur for administrative purposes. The study area is a village namedMosarahalla
in H.D. Kote taluk.

The study area is a water scare village in which 57 ecological sanitation toilets are
installed in 2006 underMYRADA scheme and zillah panchayat with the cost of each
toilet being around Rs. 11,000/-. These toilets consist of a trench over with ceramic
toilet is placed, the wall is of burnt brick masonry with 12-mm thick plastering on
both side and asbestos sheet over top. The excreta is collected in the pit and charcoal
ash is mixed which helps for further treatment and transformation of excreta into
humanure. Humanure is removed once in every two or one year. The manure that is
obtained from eco-san toilets are applied for fields every one year or two year during
the pre-monsoon period because humanure is very concentrated and require more for
dilution. The major crops cultivated in Mosarahalla Village are ragi, jowar, cotton,
banana and groundnut.

Features of Study Area

The taluk is connected by weather roads thus making it accessible throughout the
year. TheRiverKabiniwhich is one of themajor tributaries of theRiverCauveryflows
in this region. It receives an annual rainfall during South-West monsoon. There are 6
rain gage stations in H.DKote which receives a normal rainfall of 904mm (1901–70)
and actual rainfall of 1171.1 mm (2005). H.D Kote taluk in the southern parts of the
district has higher elevation ranging from 2200 to 3150 m AMSL. Mosarahalla has
red loamy soil. In the yield wise distribution of aquifers, it is seen that Mosarahalla
of H.D. Kote taluk falls under small patches of land with a yield less than one liter
per second (lps).

3.2 Sample Collection

Ecological sanitation can be the method used to “close the loop” and put the nutrients
back to soil. In Mosarahalla in H.D Kote taluk has eco-san toilets installed in 2006.



Possible Risk on Human Health and Agricultural Land … 623

The end product of these toilet is humanure which is composite of human excreta,
charcoal ash. This humanure is applied to field in bare hand without any gloves.

This study concentrates on the effect of usage of humanure on human health
and agricultural crop through conducting microbial test on soil to understand the
number of microbes (bacteria and fungi) present in them and their effect on human
and agriculture

i. Collection of Water Sample

2-L cans were used to collect the water samples. Six water samples from different
source was collected. The cans were rinsed with the source water first. Sampling time
and data was recorded on each sample. Water samples were analyzed for various
chemical properties.

The chemical properties thewater sampleswere analyzed for pH, fluoride content,
total iron, chloride content, calcium hardness and electrical conductivity (Table 1).

ii. Collection of Soil and Humanure Sample

Eight representative soil samples were collected from different plots among which
three samples were collective sample collected by quadrant method and one huma-
nure sample was collected on 25th Jan, 2020. Five-kilogram polythene bags were
used to collect the sample. The samples were analysis for chemical characteristics
and soil nutrients. Chemical properties soil was analyzed for was pH and elec-
trical conductivity. Organic carbon, available nitrogen, available phosphorous and
available potash were the nutrients analysed in samples (Table 2).

iii. Microbial test

Microbiological test was conducted on humanure and soil samples to identify the
bacteria and fungi present in the sample. The results from the experiments were
helpful to justify the objective of the study.

iv. Questionnaire survey

Questionnaire survey was done to understand the condition of health of villagers.
Local temple used as a central meeting point for all the respondents, where the
questionnaires were individually administered. There are 2 street in the village and

Table 1 Source of water
samples collected

Sample Source

S1 Drinking water

S2 Water used for toilets

S3 Bore well water

S4 Surface water

S5 Overhead tank water

S6 Surface water near humanure vegetation
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Table 2 Source of soil
samples collected

Sample Collection plot

S1 Humanure sample

S2 Sample near surface water

S3 Vegetation soil with no humanure

S4 Sample near humanure toilets

S5 Humanure and other manure applied soil

S6 (a, b, c) Humanure applied soil sample

S7 Sample in village street

about 57 eco-san toilets are being installed in 2006 by MYRADA plan and zillah
panchayat. This questionnaire survey is a quantitative method used for descriptive
purpose in this study.

The following questions were asked during the questionnaire survey

1. Name of the person
2. If humanure was used in by them?
3. Number of family members with medication
4. Any diseases like B.P, Diabetes, TB, Skin infections, amoebiasis etc.
5. Age group of the family members
6. Frequency of usage of toilets
7. Medication taken for Specific Diseases
8. Since how many years the medicines are taken?

All the respondents where the residents of the village. The above questions were
asked for 13 residents and the respond was noted for further use.

4 Results and Discussion

4.1 Results on Water Sample Analysis

All the results are verified with respect to IS standard code IS:10500-2012 (Tables 3
and 4).

4.2 Result of Soil Sample Analysis

Chemical parameter and soil nutrient (Figs. 1, 2, 3 and 4).

Microbial test

i. Sample name: Humanure sample
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Table 3 IS:10500-2012
permissible and
desirable limits for drinking
water

Parameter Desirable limits Permissible limit

pH 6.5–8.5 No relaxation

Fluoride 1.00 mg/l 1.5 mg/l

Total iron 0.30 mg/l No relaxation

Chloride 250 mg/l 1000 mg/l

Total hardness 300 mg/l 600 mg/l

Calcium hardness 75 mg/l 200 mg/l

conductivity < 1.1 micro mhos/cm –

• Bacteria (Fig. 5)

The number of bacteria present in a gram of humanure sample analysed,
For 10–5 dilution = 77

0.1×10−5

= 77 × 106 bacteria per gram of soil sample
For 10–6 dilution = 100

0.1×10−6

= 10 × 108 bacteria per gram of soil sample.

• Fungi (Fig. 6)

For 10–3 dilution = 46
1×10−3

= 46 × 103 colonies of fungi are present in per gram of soil sample.
The fungi present in humanure sample are

• Aspergillus niger
• Aspergillus parasiticuss
• Penicillium

4.3 Discussion

According to drinking water standards of IS:10500-2012 the permissible limit for
chloride content is 250 mg/l. The results of the water samples analysed showed that
the chloride content is range of 430–476 mg/l. The chloride content is responsible
for maintaining fluids in body. When chloride levels are moderately high there are
no symptoms of hyperchloremia, however with long term exposure Cl− can cause a
range of symptoms.

• Fertilizers and humanure from eco-san toilets are applied to field from past 10–
15 years. Potassium chloride is the salt in most of the commonly used fertilizer as
a source of potassium. Potassium increases the soil fertility and improves the yield
however, the use of these kinds of fertilizers will leach into rivers and underground
water and can results in increase chloride content.
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Fig. 1 Result of fluoride, total iron and electrical conductivity in water

• The samples were collected during end of January. If the evaporation losses are
greater than the precipitation this may also lead to increase the chloride content
in the surface water bodies.

• Leaching of humanwaste fromseptic tank and also fromopendefecation practiced
in few parts of village might have led to increase the chloride content over period
of time [6].

4.4 Discussion on Calcium and Total Hardness Exceeding
Desirable Limit

Water which does not produce lather with soap is called hard water. The hardness
does not have a very significant importance with respect to health, but the hardness
adheres to the surface of tubs, sinks, utensils, taps etc. it also affects the texture of
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Fig. 2 Result of chloride, calcium hardness and total hardness in water sample

skin and kills natural antibodies on surface of skin andmake vulnerable to infections.
Water with hardness of 61–120 mg/l as ‘Ca’ is considered as soft. 121–180 mg/l as
moderately hard, more than 180 mg/l as hard.

• Prolong intake of very hard water may be a cause for formation of kidney stones
as 3/4th of the kidney stones [7] are composed of calcium salts in form of oxalate
and less in form of calcium phosphates.

• The calcium hardness and total hardness of all the samples analysed are in the
range of 125–142 mg/l and 338–361 mg/l, respectively, which tell that is it
moderately hard.
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Fig. 3 Result of pH, electrical conductivity and organic carbon in soil sample

4.5 Discussion on Questionnaire Survey

The questionnaire survey was done with the residents of villages to understand the
condition of the heath. During the questionnaire survey it was found that most of the
residence suffered gastrointestinal problems, respiratory problems, headache, high
blood pressure and skin infection. The probable reason for these health issue may be

• The increased chloride content can lead to hyperchloremia which causes a wide
range of symptoms like high blood pressure, fluid retention, numbness, confusion
also muscle spam

• The increase in hardness make skin vulnerable for skin infection
• The application of humanure in bare hands can causes respiratory problems, skin

problems, nausea and also it may be due to aerosol microorganism present in
environment.
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Fig. 4 Result of available nitrogen, available phosphorus and available potash in soil sample

• Few crops like ground nuts and corn has ability to get contaminated by toxins
produced by fungi (mycotoxin). Few fungi like Penicillium and Aspergillus para-
siticuss produces a mycotoxin called as aflatoxin. This aflatoxin is a potential
carcinogenic. This may also be a reason for kidney failure and cancer caused
among a resident.

4.6 Discussion on Humanure Sample

From the analysis of humanure sample it is found that the levels of organic carbon,
conductivity, and pH are high and available nitrogen, Phosphorus and Potash are in
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Fig. 5 Developed bacterial
colonies

Fig. 6 Developed fungi in
humanure soil
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medium range. The pH of humanure sample was found to be 7.92 which is slightly
high (alkaline). The use of alkaline pH can disrupt the ability of plants to absorb
certain nutrients. The probable reason for alkaline pH in humanure sample are

• Human stool is alkaline in pH thus making the humanure slightly alkaline
• The pH of any compost will be slightly acidic initially and during the course of

time due to microbial activity the pH of humanure becomes Alkaline, this may
also be the reason for alkaline pH in our sample.

The electrical conductivity of the humanure is also high as 1.52. The reason of
high conductivity may be due to

• Human excreta have bicarbonates, chlorides and salts like sodium and potassium
in it hence, the presence of these ions can rise the conductivity of humanure
sample.

4.7 Discussion on Increased pH in Soil Samples

The pH of the soil samples varies from 6.59 to 8.25. The pH of the soil influences
the intake of micro and macro nutrients by plants. It is found that plants can absorb
nutrients easily from slightly acidic soil. The possible cause for rise in pH may be
due to

• The water used is moderately hard which has ions like carbonated and bicarbon-
ates. The presence of carbonated and bicarbonates in soil can rise the pH of soil
making it Alkaline in nature.

• The study area has pockets of limestone. The weathering of such rocks can also
rise the pH of the soil.

• Humanure is applied to field this may also be a reason for increase in pH [8].

4.8 Discussion on Increased Organic Carbon in Soil

Organic carbon has important role to improve the soil fertility, better water holding
capacity and also effect the microbial metabolic activity. The reason for increased
organic carbon in soil sample are

• Coal ash is added for treatment of humanure this will increase the organic carbon
in soil.

• The erosion of top soil from elevated field can also lead to increase in organic
carbon due to deposition.

• Sample 4, Sample near Eco-san toilets has carbon content of 0.81which is slightly
high. The leaching of humanure might be the reason for this.
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• Vegetation where humanure was applied has high organic carbon thus this is
because of application of humanure for better fertility of soil and to obtain good
yield [9].

5 Conclusions

Humanure is end product of the eco-san toilets. The humanure when applied to
agricultural field increases the fertility [10], and humus content of the soil which
improves the yield of crops [11]. The application of humanure in bare hands and
improper storage can be peril for human health. Many researches have shown the
effect of application of humanure on soil, water and human health.

In Mosarahalla, H. D. Kote taluk there are about 90 houses in 2 street of village
and 57 eco toilets are installed in the year 2006. The water and soil samples were
collected from different sources and places in the village. A questionnaire surveywas
done to understand the status of health among the villagers. The analysis of water
samples revealed that the chloride content was high and water was moderately hard.
The possible reasons for increase in chloride content are maybe due to geological
setting, use of fertilizer and humanure to fields [12] and also may be due to leaching
of wastes from septic tanks. The increase in hardness is may be due to geological
setting. H. D. Kote has pockets of dolomitic limestone, calcite and high calcium lime
stone which might be the cause for increase in hardness.

The microbial test of the samples showed the presence of bacterial colonies and
few fungi like Aspergillus parasiticuss, Penicillium and Aspergillus niger. The ques-
tionnaire survey results showmany residents suffered from dermatitis, kidney failure
[7, 13], headache, high blood pressure, respiratory problems and cancer. The fungi
present in the soil sample produces a mycotoxin named aflatoxin which is a potential
carcinogenic. Aspergillus are also responsible for causing respiratory problems and
polyps in nose. Thewater with excess of chloride can result in cardiovascular disease,
hyperchloremia and nausea [14]. Hardwater can kill the natural antibodies present
on surface of skin making it vulnerable for skin infections [15]. Humanure sample
and vegetation where humanure was applied has oil with alkaline nature this can be
treated by adding proper amount of gypsum to soil and also by growing leguminous
plants [16] in crop rotation. The use of humanure in bare hands can also result in
respiratory problems and skin infection however, prolonged contact of humanure
containing those fungi can be carcinogenic.

Excess chloride content and hardness can be removed by treating the water
through reverse osmosis. Reverse osmosis can potentially reduce the concentration
of dissolved solids and salts. The risk associated with humanure can be controlled by
taking personal protective measures [PPM] [17] like wearing rubber or latex gloves
during the application, wearing mask to avoid inhalation of air bound microorgan-
isms and wear gumboots. Consuming food crops grown in such field (corn, house
gram and groundnut) [15] can also be a risk,
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however, cleaning in fresh running water and cooking in high pressure vessel can
kill the microbes present. The fungi present in the humanure if treated with fungicide
and baking soda diluted with water can be applied to fields to kill the fungus in soil.

References

1. Jenkins JC The humanure handbook
2. Wang B et al Soil productivity and structure of bacterial and fungal communities in unfertilised

arable soil
3. Harilal VAn assessment of the viability and sustainability of the use of humanure for household

agriculture purposes. J Case Study Cotton Lands eThekwini Municipality
4. Komnitsas K et al Assessment of human health and ecosystem risk due to agricultural waste

compost applications on soils
5. Toilet board coalition. The sanitation economy in India
6. Hunt M et al Chlorides in fresh water
7. Shuster J et al (1982) Water hardness and urinary stone disease
8. Phuc PD et al Human health implications by humanure. J Case StudyNghean ProvinceVietnam
9. Li X et al Short term response of soil microbial community to field conversion from dry land

to paddy land under the land consolidation process in North China
10. Jenkins J (2015) Thermophilic composting as a sanitation alternative, Haiti. J Case Study Curr

Bus Model Sanergy Kenya
11. Urra J et al Potential benefits and risks for soil health derived from the use of organic

amendments in agriculture
12. Effebi KR et al Physicochemical and microbiological characterisation of human faeces and

wine from composting toilets in Abidjan
13. Bellizzi V (1999) Effects of water hardness on urinary risk factor for kidney stone in patients

with idiopathic nephrolithiasis
14. Shuster J et al (1982) Water hardness and urinary stone disease. J Urol
15. Deepa N, Sreenivasa MY A review on its global occurrence, epidemiology, toxicity and

detection
16. Bassil RJ et al Antibiotic uptake by plants from manure-amended soils
17. Gajurel DR et al Sanitation and associated hygienic risk



An Investigation of Coefficient
of Torsional Irregularity for Irregular
Buildings in Plan

K. K. Sneha and Janjanam Durgaprasad

Abstract In many of the structures in the present scenario, most of the buildings
have irregular configurations in both plan and elevation of the structure. This irreg-
ular configuration in future may subject to damage due to earthquakes. Structures
experience lateral deflections under earthquake loads. Asymmetric distribution of
mass, rigidity and strength due to irregularity in the design of the building when
the building is exposed to translations, and unnecessary floor rotations are the key
causes of serious harm to the structures. In most of the research works, it is repeat-
edly confirmed that irregular structure suffers more damage than regular structure.
The code proposed torsional irregularity coefficient does not include eccentricity
in the direction of excitation of earthquake. The objective of this work is, first of
all, to analyze the requirements for excessive structural irregularity and, secondly,
to address the possible irregularity provisions of the code. A parametric investiga-
tion is conducted on six types of asymmetrical normal buildings with different floor
numbers and structural wall location and six types of unusual L-shaped buildings
with different story numbers to accomplish this task. Based on this analysis, the
maximum irregularity coefficient found in 1 story structure and torsional irregularity
coefficients are found to increase as the number of story in most structures decreases.
Also, floor rotation increases with respect to number of floors, as the story numbers
increases, floor rotation reach the maximum value.
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1 Introduction

Earthquake is one of themost dangerous and devastating natural disasters fromwhich
it was very difficult to save our engineering properties. The reliability of the build
environment’s seismic strength has to be checked and many analytical procedures
have to be developed in order to ensure that the structure is resistant to the earthquake.

Several guidelines are being updated on this topic all over the world. The behavior
of the building depends onmany factors during an earthquake, such as stiffness, suffi-
cient lateral strength, ductility, simple and periodic building configurations. More
harm is suffered by buildings with irregular geometry and nonuniformly distributed
mass and stiffness. The irregularity in plan or elevation of the building causes
the structures to get highly effected by seismic forces. The irregularities of the
building are of many types; mainly they are branched into two groups, they are
plan irregularities and vertical irregularities.

In this work, an investigation is done on torsional irregularity which is a type
of plan irregularity. There are numerous studies exploring different aspects of the
torsional irregularity of the building. Ozmen et al. [2] considered certain group of
buildings and performed seismic analysis using ETABS. If the eccentricity decreases,
they find that the structure is subject to torsion as the structure’s torsional rigidity
decreases. On the contrary, as the eccentricity increases, torsional rigidity of the
structure is found to be increased. Kewalramani and Syed [3] performed analysis
on symmetrical and asymmetrical reinforced concrete buildings of uniform panel
dimension. They have found that interstory drift is maximum for the square shape
building due to inadequacy. Also, base shear results were found maximum for square
shape building indicating that structure is stiffer for seismic response. They concluded
that significant variation in values of torsion-related parameters was observed due to
asymmetry in plan and the presence of stiff elements within the structure. Ilerisoy
[4] an investigation of structural irregularities has been done in different earthquake
codes of certain countries. The seismic codes of different countries having various
seismic regulations were compared and the results of plan irregularities are analyzed.
Hussain and Tengli [5] in their work, regular and irregular building has been used for
analysis purpose which is provided with a certain percentage of irregularities with
constant height. Results of the study indicate that there is an increase in shear forces
in columns due to torsion in irregular structures. They concluded that the planned
structural irregularities had a major impact on the structure’s seismic response, espe-
cially in terms of base shear and displacement. Ozhendekci and Polat [6] concluded
that code proposed torsional irregularity parameter does not include the eccentricity
in the direction parallel to excitation due to seismic forces. They proposed new
parameter, effective modal masses to define torsional irregularity.

In this work, asymmetric regular and L shaped irregular buildings have been
considered. Six types of asymmetric regular building have been chosen with varying
shear wall positions in a rectangular plan. On the other hand, six types of asymmetric
irregular building of L shape are chosen. Both the types of models are varied with
number of floors, i.e., 10 floors, 5 floors, and 1 floor buildings are considered in this
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work. The outcome of this work is to determine the reasons for excessive torsional
behavior of buildings and to address the provisions provided for torsional irregularity
in codes. Based on the studies, it is found that torsional irregularity coefficient,
eccentricity, and rotation of the floor are the parameters that defines the severity of
torsional effect on the building.

Equivalent stiffness method is used to determine the eccentricity and angle of
rotation of thefloor. The torsional irregularity coefficient of the building is determined
using computer analysis. The provisions of IS 1893: 2016 (part 1) Indian Standard,
‘Criteria for Earthquake Resistant Design of Structures’, are followed throughout
the investigation of this work.

2 Torsional Irregularity of Structure

Torsional irregularity is one of the types of plan irregularity of the building. The
torsional behavior in plan asymmetric building is one of the frequent causes for
failure during strong ground motions and structural damage. The unsymmetrical
distribution of mass and stiffness along the height of the building is one of the most
common reasons for the torsion in buildings. Seismic forces are required to act at
the floor center of mass (CM) and lateral force resistance acts at the floor diaphragm
center of rigidity (CR). Hence, if CM coincides with CR of floor diaphragms, only
translational motion gets produced without any rotation when lateral force acts to
the structure. Hence, the distance between the CM and CR should be less to prevent
the building from rotation. In Fig. 1, it can be observed that the CM and CR are
at the same location. Due to the effect of lateral forces, eccentricity gets produced
which leads to torsional moment in each floor. The larger the eccentricity between the

Fig. 1 Regular building
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Fig. 2 Building with eccentricity

center of rigidity and center of mass, the larger will be the torsional effects. Figure 2,
shows a floor diaphragm where the CM and CR did not coincide. This leads to larger
displacements and drifts in the building.

We can say that the eccentricity which is produced due to the center of mass and
rigidity is the main reason for torsional behavior of building when it is excited by
the seismic forces. In any particular floor diaphragm of the structure, the eccentricity
between the CM and the CR may be caused by the asymmetric distribution of the
stiff lateral force resisting elements with respect to the center of gravity of the floor,
or by the asymmetric existence of large masses with respect to the structure’s CR.
The severity of torsional irregularity is presented by torsional irregularity coefficient.

3 Torsional Irregularity Coefficient

3.1 Definition

The ratio of the maximum story drift at one end of the structure to the average
displacement drift at two ends of the structure is the torsion irregularity coefficient
defined by the code.

3.2 Torsional Provisions in Seismic Codes

In general, the torsional irregularity coefficient represented in most of the codes as
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Fig. 3 Maximum and average displacements [14]

ηt = δmax

δavg
(1)

where
δmax = Maximum drift of story at one of the structures.
δavg = Average drift of two end of the structures.

As per IS 1893:2016 (part 1) Indian standard code, if

• ηt < 1.5, torsional irregularity does not exist in the structure.
• ηt > 1.5, torsional irregularity exists and the building configuration need to be

revised (Fig. 3).

4 Equivalent Stiffness Method

The eccentricity and angle of rotation of the floor which has been excited by the
seismic forces are determined by using equivalent stiffness method. For complex
structures, the concept of equivalent bending (K) and torsional stiffness (J) are used
to estimate the angle of twist. Torsional rigidity (stiffness) is a characteristic feature
of the material that indicates how rigid it is and its resistance when twisted at an
angle per grade change.

Following are the major steps need to be followed to determine the angle of
rotation of each story of building as per equivalent stiffness method.

4.1 Centre of Rotation

If an earthquake occurs, the rotation of buildings is expected about their center of
rigidity, which can also be known as center of rotation. Select the proper coordinate
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system, say X, Y, Z for the required model. Mark all vertical members and their
stiffness K1, K2, K3, …, Kn on the plan XY. The location of center of rotation can
be obtained using,

X̄ =
∑

Ki xi
∑

Ki
(2)

Ȳ =
∑

Ki yi
∑

Ki
(3)

Ki = Rigidity of member against shear force.
E = Modulus of elasticity of member.
I = Moment of inertia of the section.
xi = distance of structural member from origin of building to center of gravity of

structural member in x-direction.
yi = distance of structural member from origin of building to center of gravity of

structural member in y-direction.

4.2 Lateral Load

The total lateral force acting on each story is calculated to determine the torsional
moment. The total lateral force is calculated as,

Qix =
(

Wih2i∑n
j=1 Wjh2j

)

VB (4)

Qix = Total lateral force at floor i in x-direction.
Wi = Seismic weight of floor i.
hi = Height of floor i from the base.
VB = Base shear along principal direction of building.

4.3 Torsional Moment

The more the distance between the Centre of Rigidity(CR) and Centre of Mass(CM),
eccentricity will get generated and the structure is forced to twist around the center of
rigidity and subjected to great torsional moment. Eccentricity, which is the distance
between the CR and CM, induces a moment that creates additional forces on the
building. The torsional moment can be calculated as,

T = Wx × Eccentricity (5)
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Fig. 4 Angle of rotation

T = Torsional moment.
Wx = Lateral force acting in x-direction.
Eccentricity = Spacing between the CM and CR.

4.4 Angle of Rotation

The building is expected to twist or rotate at center of rotation at some angle due to
torsional moment. The angle of twist or rotation (θ ) can be calculated as,

θ = T

J
= T

∑
Kir2i

(6)

θ = Angle of rotation.
K = Stiffness of each vertical member.
r = Perpendicular distance of each vertical member from the center of rotation.

5 Model Parameters of Building

5.1 Asymmetrical Regular Building

Six standard regular asymmetric models, i.e., A, B, C, D, E, and F, have been taken
into account and consist of frames and walls. All the models are composed of 30 ×
12 m2, five bays along x-direction and three bays along y-direction. The models are
provided with varying shear wall position. The position of shear walls is arranged
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in such a way that they are symmetrical along x-axis. The schematic floor plans of
asymmetrical regular buildings are shown in Fig. 5.

Column size 600× 300mm, beam size 300× 500mm, thickness of slab 125mm,
thickness of wall 200 mm, live load 2 kN/m2, floor finish 2 kN/m2, zone factor, Z
= 0.16 (zone III), site condition II (medium soil), response reduction factor, R = 5
(SMRF), importance factor, I = 1.5.

5.2 L Shaped Irregular Building

The typical structures have ten bays in x-direction and ten bays in y-direction, and
each bay is placed at the distance of 5 m. Six types of models have been considered
L1, L2, L3, L4, L5, and L6. The schematic floor plans of L shaped regular buildings
are shown in Fig. 6.

The model parameters of this L shaped irregular buildings are same as that of
asymmetrical regular buildings.

Using equivalent stiffness method, the parameters center of rotation, lateral force,
torsional moment, and angle of twist have been found out. From the obtained results
of this parameter, discussion has been done regarding the code proposed torsional
irregularity coefficient for the buildings.

Tables 1, 2 and 3 show the results of equivalent stiffness method that is obtained
for type A, 10 story, 5 story, and 1 story structures. Similarly, the method is followed
for other types of buildings.

6 Results and Discussions

6.1 Asymmetrical Regular Building

The main parameter which defines the torsional irregularity is torsional irregularity
coefficient, nothing but the ratio ofmaximumdisplacement by average displacement.

Table 4 shows themaximum horizontal displacement limit for all 10 story, 5 story,
and 1 story asymmetric regular buildings.

Table 5 shows the torsional irregularity coefficient of 10 story asymmetric regular
buildings. This coefficient is determined for 5 story and 1 story structures too. The
results are obtained by seismic analysis of the building using computer analysis.

The variation of maximum torsional irregularity coefficient of all 10, 5, and 1
story structures are represented in terms of graph as shown in Fig. 7.

From Fig. 7, it is noted that the maximum torsional irregularity coefficient value
is found to be in 1 story structure in all the asymmetrical regular structure.
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Fig. 5 Schematic floor plans
of asymmetrical regular
building [2]
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Fig. 6 Schematic floor plans
of L shaped irregular
building [1]
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Table 1 Angle of rotation obtained by equivalent stiffness method for type A, 10 floor structure

Story No. Type A, 10 floor structure

Center of
rotation (m)

Lateral force
(kN)

Eccentricity
(m)

Torsional
moment
(kN m)

K * ri2 Angle, θ
(radian)

10 10.19 468.40 4.89 2917.197 1,782,828 0.00163

9 10.19 605.07 4.89 4351.141 2,438,175 0.00178

8 10.2 483.58 4.88 3472.697 3,456,906 0.00100

7 10.2 375.70 4.87 2697.960 5,128,633 0.00052

6 10.2 281.41 4.87 2020.880 8,068,145 0.00025

5 10.21 200.72 4.86 1439.447 13,729,534 0.00010

4 10.21 133.64 4.86 958.349 26,085,053 3.6E−05

3 10.22 80.151 4.85 573.970 58,399,366 9.8E−06

2 10.26 40.26 4.81 286.699 1.7E+08 1.6E−06

1 10.44 14.039 4.63 97.447 7.9E+08 1.2E−07

Table 2 Angle of rotation obtained by equivalent stiffness method for type A, 1 floor structure

Story
No.

Type A, 5 floor structure

Center of
rotation
(m)

Lateral
force (kN)

Eccentricity
(m)

Torsional
moment
(kN m)

K * ri2 Angle, θ
(radian)

5 10.19 115.40 4.89 565.276 1,979,708.61 0.000285

4 10.19 137.98 4.89 675.007 2,839,058.14 0.000237

3 10.2 77.617 4.88 378.774 4,442,440.82 8.52E−05

2 10.2 34.496 4.87 168.310 8,558,086.05 1.96E−05

1 10.2 8.624 4.87 42.072 36,028,895.2 1.16E−06

Table 3 Angle of rotation obtained by equivalent stiffness method for type A, 1 floor structure

Story No. Type A, 1 floor structure

Center of
rotation (m)

Lateral
force (kN)

Eccentricity
(m)

Torsional
moment
(kN m)

K * ri2 Angle, θ
(radian)

1 10.2 8.624 4.87 42.072 36,028,895.2 1.16E−06

Table 4 Maximum horizontal displacement limit (mm) for asymmetrical regular building

Story No. Type of structure

A B C D E F

10 story 83.382 128.135 132.668 217.891 189.138 169.004

5 story 33.654 40.648 9.803 83.692 68.48 48.476

1 story 0.476 0.672 0.432 3.426 2.317 0.07
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Table 5 Torsional irregularity coefficient for 10 story asymmetrical regular building

Story No. Type of structure

A B C D E F

1 1.439 1.618 1.997 1.769 1.866 1.545

2 1.433 1.602 1.986 1.746 1.812 1.484

3 1.428 1.588 1.973 1.725 1.765 1.439

4 1.424 1.574 1.958 1.707 1.728 1.409

5 1.42 1.562 1.943 1.691 1.699 1.387

6 1.416 1.549 1.929 1.679 1.675 1.371

7 1.412 1.537 1.916 1.667 1.655 1.359

8 1.408 1.525 1.904 1.656 1.636 1.349

9 1.404 1.513 1.894 1.644 1.617 1.338

10 1.401 1.512 1.883 1.63 1.595 1.327

Fig. 7 Maximum torsional irregularity coefficient of asymmetric regular buildings

Similarly, the variation of angle of rotation of all 10 story structures are represented
in terms ofTable 6 and themaximumangle of rotation of all 10, 5, and 1 story structure
are presented in graph as shown in Fig. 8.

The rotation is maximum in the top floors in all the types of the model. The type
C structure shows higher rotation compare to all the models. The 10 story structures
show maximum rotation than the 1 story structure.
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Table 6 Angle of rotation for 10 story asymmetrical regular building

Story No. Type of structure

A B C D E F

1 5.0E−08 1.1E−07 2.1E−07 7.7E−08 4.8E−08 4.26E−09

2 9.7E−07 2.2E−06 4.4E−06 1.4E−06 1.1E−06 1.41E−07

3 6.4E−06 1.3E−05 2.9E−05 9.6E−06 7.9E−06 1.05E−06

4 2.5E−05 5.3E−05 0.00011 3.8E−05 3.2E−05 4.41E−06

5 7.6E−05 0.00015 0.00035 0.00011 9.7E−05 1.34E−05

6 0.0001 0.00039 0.00086 0.00027 0.00024 3.34E−05

7 0.0004 0.00083 0.00184 0.0005 0.00051 7.45E−05

8 0.0007 0.00162 0.00358 0.00116 0.0010 0.000149

9 0.0014 0.00291 0.00645 0.00208 0.0018 0.000282

10 0.0014 0.00299 0.00684 0.00331 0.0029 0.000522

Fig. 8 Maximum angle of rotation of asymmetric regular buildings

6.2 L Shaped Irregular Building

The maximum horizontal displacement limit for 10 story, 5 story, and 1 story L
shaped irregular buildings are shown in Table 7.

Table 7 Maximum horizontal displacement limit (mm) for L shaped irregular building

Story No. Type of structure

L1 L2 L3 L4 L5 L6

10 story 66.835 74.967 85.681 78.557 81.923 90.475

5 story 0.036 0.944 29.706 25.731 26.915 29.425

1 story 0.507 0.034 0.577 0.025 0.595 0.02
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The maximum torsional irregularity ratio and angle of rotation of all L shaped
irregular buildings for 10 story structures has been shown in Table 8.

Figure 9 shows the graphical representation of themaximum torsional irregularity
coefficient for 1 story, 5 story, and 10 story of all L shaped irregular structures.
The 1 story structure shows higher irregular coefficient in type L1 and 10 story
structure shows the lesser value. Except L1, rest of the structures shows higher
irregular coefficient value in 10 story structure.

The floor rotation of L shaped irregular structures is shown in Table 9. Maximum
rotation is found in top floors and structure type L6 shows the maximum rotation
and type L1 shows the lesser one.

Table 8 Torsional irregularity coefficient for 10 story L shaped irregular building

Story No. Type of structure

L1 L2 L3 L4 L5 L6

1 1.1 1.121 1.136 1.2 1.19 1.245

2 1.096 1.12 1.138 1.188 1.199 1.262

3 1.094 1.119 1.139 1.184 1.204 1.272

4 1.092 1.119 1.14 1.182 1.208 1.279

5 1.091 1.119 1.141 1.182 1.21 1.283

6 1.091 1.119 1.142 1.181 1.212 1.286

7 1.09 1.119 1.142 1.181 1.213 1.289

8 1.09 1.119 1.142 1.182 1.214 1.292

9 1.089 1.118 1.143 1.182 1.216 1.294

10 1.089 1.118 1.143 1.183 1.217 1.297

Fig. 9 Maximum torsional irregularity coefficient of L shaped irregular buildings
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Table 9 Angle of rotation for 10 story L shaped irregular building

Story No. Type of structure

L1 L2 L3 L4 L5 L6

1 5.4E−10 1.1E−09 1.1E−09 4.4E−09 3.3E−09 1.4E−08

2 1.7E−08 3.5E−08 3.4E−08 1.4E−07 1.1E−07 4.48E−07

3 1.3E−07 2.7E−07 2.5E−07 1.1E−06 8.2E−07 3.40E−06

4 5.5E−07 1.1E−06 1.1E−06 4.5E−06 3.4E−06 1.43E−05

5 1.6E−06 3.4E−06 3.3E−06 1.4E−05 1.1E−05 4.38E−05

6 4.2E−06 8.6E−06 8.2E−06 3.4E−05 2.6E−05 0.000108

7 9.1E−06 1.8E−05 1.7E−05 7.4E−05 5.6E−05 0.000235

8 1.7E−05 3.6E−05 3.5E−05 0.00014 0.00012 0.000459

9 3.1E−05 6.5E−05 6.1E−05 0.00026 0.00021 0.000828

10 3.7E−05 7.8E−05 7.4E−05 0.00032 0.00029 0.00191

Fig. 10 Maximum angle of rotation of L shaped irregular buildings

Figure 10 shows the maximum floor rotation of L shaped irregular buildings. It
is seen that all the 10 story structure shows maximum rotation and 1 story structure
shows the lesser rotation.

6.3 Evaluation of Torsional Irregularity Coefficient
and Rotation of Floor

Figures 11, 12, 13, and 14 in this section represents the torsional irregularity
coefficient and rotation of floor along the height of the structure.
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Fig. 11 Torsional irregularity coefficient of 10 story asymmetric regular buildings

Fig. 12 Angle of rotation of 10 story asymmetric regular buildings

• Asymmetrical regular building

• L Shaped irregular building

The torsional irregular coefficient together with floor rotation has been shown in
this section for both the types of models. In both types of structures, the angle
of rotation is maximum in top story. The type C shows maximum rotation in
asymmetrical regular buildings, and type L6 shows maximum angle of rotation in
L shaped irregular buildings.But ifweobserve the torsional irregularity coefficient
in both the groups of structure types (Figs. 11 and 13), in asymmetrical regular
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Fig. 13 Torsional irregularity coefficient of 10 story L shaped irregular buildings

Fig. 14 Angle of rotation of 10 story L shaped irregular buildings

buildings, coefficient value is found to bemaximum in bottom story and gradually
decreased along the height of the building. But in L shaped irregular structures,
the results are quite reversible that coefficient values are maximum in top story.
The angle of rotation of floor obtained from equivalent stiffness method of all
structures has been represented graphically, it can be observed that,
Maximum rotation can be seen in top floor of the structure and the rotation
increases gradually as the number of floor increases.
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The angle of rotation is decreased for 1 story structures of all types of building,
whereas torsional irregularity coefficient increased for one story structures.

The angles which are obtained for both the types of structures is almost zero only
in lower floors. If we observe the angles in top floors, the results are not almost zero
and there is rotation. In the similar way, angles in radians of one story structures of
both asymmetric and L shaped irregular structures are almost zero which indicates
that building is safer from rotation. Lower the angle of rotation, lesser will be the
torsion effect and hence safer the building. As the number of floors increases, angle
of floor rotation increases simultaneously.

The above observations for torsional irregularity coefficient and angle of rota-
tion of floor are quite contradictory. We can clearly observe that angle of rotation
of floor can be considered the indicator of the torsional behavior compared to the
code proposed torsional irregularity coefficients of the structures [2]. It can also be
seen that both the coefficients of floor rotation and torsion irregularity are inversely
proportional to each other. It can be inferred as follows, by analyzing the observations
made in the above:

• Regulations for torsional irregularity coefficients which are defined in code books
are not practical about the torsional features of any of their structures.

• The torsional irregularity coefficient regulations defined in the codes should be
updated.

6.4 Proposal of New Definition for Torsional Irregularity

From the results of the torsional irregularity coefficient and floor rotation studied
above, we can note that the rotation of the floor more realistically reflects the struc-
ture’s torsional behavior. Therefore, a new definition of the coefficient of torsional
irregularity based on floor rotation should be proposed. Along with the new defini-
tion, similar to the limitations of drift which is provided in the code regulations, an
upper bound for angle of rotation of floor need to be proposed in the standard codes
[2]. By considering the floor rotation θ of above models, an appropriate limitation
for θ can be,

θi ≤ 0.0012

7 Conclusion

In thiswork, an investigation is carried out on six types of asymmetric regular building
by considering shear walls in different positions and L shaped irregular building. All
the buildings are varied with story numbers. The irregularity in plan and asymmetric
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placement of the structural walls of these structures will have major effects on the
demands for seismic response due to the lateral-torsional coupled behavior.

The torsional behavior of the building is one of the most severe factors, which is
the reason for extreme damage to the structural elements of the building. A signifi-
cant parameter which measures the extent of the torsional effect on the structure is
the coefficient of torsional irregularity. A significant parameter which measures the
extent of the torsional effect on the structure is the coefficient of torsional irregularity.
Torsional irregularity is described in most of the standard codes by considering the
displacement of buildings. It can be clearly observed in this analysis that the torsional
irregularity coefficient does not realistically characterize the torsion behavior of the
structures.

From the obtained results, it is seen that single story structures were showing
higher torsional irregularity coefficient value in asymmetrical regular buildings, and
in most of the L shaped irregular buildings, torsional irregularity coefficient shows
the minimum value. It is clearly seen that the angle of rotation of floor of all the
buildings is increased as the number of floors is increased. The rotation of floor
decrease in proportion to number of floors, i.e., for single story structure, floor rota-
tion is minimum. Floor rotations of the structure attain maximum value when the
shear walls are placed near the center of mass in asymmetric regular models [2].
By considering all these behaviors of the structures, the code proposed torsional
irregularity coefficient does not represent torsion behavior reasonably. The torsional
or twisting behavior of the structures is defined realistically by the rotation of floor.
Hence, it is required to propose the new amendments for torsional irregularity based
on floor rotations. By taking into account the floor rotation of the above examples, a
suitable constraint for angle of rotation θ could be,

θi ≤ 0.0012
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Regionalization of Flow Duration Curves
for West Flowing Rivers of India

Chandrashekarayya G. Hiremath and Lakshman Nandagiri

Abstract A flow duration curve (FDC) by providing a concise description of the
temporal variability of streamflow from a river basin is extremely useful as a hydro-
logical signature and also in the design of water resources projects. However, long-
term historical measured streamflow records are essential to derive the FDC, and
hence, a major challenge has been to develop methods to estimate the FDC for
ungauged river basins. Also, for the derived FDC to provide an accurate representa-
tion of the variability of natural flows, no regulations/abstractionsmust exist upstream
of the gauging station. Therefore, the present study was being taken up to develop a
methodology for prediction of FDCs in ungauged river basins located in the hydro-
logically homogeneous West flowing rivers of India using streamflow records of 14
unregulated river basins. FDCs were derived for each basin using frequency analysis,
and flow quantiles at specific exceedance probabilities were extracted. Subsequently,
the regionalization approach involving transfer of hydrological information from
gauged basins to ungauged basins was adopted by developing regression models
relating flow quantiles to easily derived basin physical characteristics. The perfor-
mance of the developed regression models was evaluated using validation datasets
and found to yield satisfactory results. Results of this study will permit estimation
of flow quantiles and FDCs in ungauged basins located within West flowing rivers
of India.

Keywords Flow duration curves · Regionalization · Regression analysis

1 Introduction

Water is a vital resource, and its management is essential for the economic devel-
opment of all nations. River discharge is an important hydrological data essentially
required for analysis and design of water resources projects viz., canals, reservoirs
and hydropower projects, irrigation, water supply, navigation, recreation and for
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assessment of drought and flood risks [1, 2]. Although there is significant advance-
ment in hydrological research, the issues related to insufficient hydrometric data,
together with problems of land use changes and climatic change impacts, resulting
in decreased water availability and degradation of ecosystem is prevalent in many
developing countries. These issues are challenging, especially during the estimation
of runoff from an ungauged or poorly gauged basin [3]. This undermines the water
resources planning and management not only at the ungauged site, but also at the
river basin level [1].

The non-availability of data in ungauged basins needs hydrological regionaliza-
tion that allows assessment of parameter values of hydrological predictive tools
without calibration [1]. The mechanism that facilitates extrapolation of parameter
values from gauged sites to other site at which data are required but are not available
is commonly referred as regionalization [4, 5]. Previous research studies have used
the river flow information from a flow duration curve (FDC) as a criterion for hydro-
logical regionalization [1, 6–8]. For example—Quimp et al. 1983 estimated FDC
for ungauged sites in Philippines by regionalization of FDC from different gauged
basins. Yu and Yang 1996 developed regional FDC for Southern Tailwan by adopting
multivariate statistical analysis of flow records from 34 sites [7].

FDC is a tool for representing the relationship between the river discharge value
and their associated exceedance probabilities for a particular site [6, 9, 10]. The
regional FDC works on the supposition that the regions within which the basins
are studied will perform in a similar manner. Hence, the flow duration curve for
sites, where the flow measurements are unavailable, is derived from the method of
regression analysis [11]. The use of multivariate regression techniques to develop
the statistical relationship between river flow and geomorphology has been adopted
by many researchers for estimating flow values at ungauged sites [2]. A similar
kind of regionalization technique is attempted in this study which aims to develop a
methodology for estimating the FDC in ungauged river basins located in the hydro-
logically homogeneous West flowing rivers of India using stream flow records of 14
unregulated river basin stations. This technique involves development of FDCs, and
subsequently, regionalization of parameters from gauged to ungauged basins was
adopted by developing regression models relating flow quantiles to easily derived
basin physical characteristics.

2 Study Area and Data

South Indian Rivers can be categorized intoWest flowing and the East flowing rivers.
TheWest flowing rivers of India with unregulated flow is selected as the study region.
West flowing river flows are seasonal, and this seasonality of flow has resulted in
construction of multi-purpose reservoirs in order to manage water supply problems
and to protect flood prone deltaic region [13]. All the West flowing rivers drain into
the Arabian Sea.
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Out of all West flowing Indian Rivers, 14 unregulated river basin station having a
combined geographical area of 13,793.857 km2 was delineated for the study.

Figure 1 displays the location of the identified unregulated river basin gauge
station in the West Flowing rivers of India. The details of the selected stations are as
given in Table 1.

West flowing rivers are surrounded by Western Ghats Mountains on the east and
theArabian Sea on thewest sidewith physiographic consisting of highland hill slopes
on east and the coastal plains on west side. The mean annual rainfall in the study area
is around 2400 mm [13, 14]. Majority of river flow occurs during the wet monsoon
month from July to August, and the flow is negligible in many of the rivers during

Fig. 1 Map showing the location of selected river basin gauge station
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Table 1 List of selected river basin gauge station in West flowing rivers of India

River basin name S. No. Gauge station name Data period Drainage area (km2)

West flowing rivers 1 Santeguli 1991–2018 988

2 Avershe 2003–2018 276

3 Yennehole 1991–2018 334

4 Addoor 2004–2018 690

5 Bantwal 1991–2018 3204

6 Erinjipuzha 1991–2018 852

7 Kidangoor 1991–2017 593

8 Kalloopara 1991–2017 700

9 Thumpaman 1991–2018 796

10 Ayilam 1991–2015 533

11 Kuniyil 1991–2018 1998

12 Karathodu 1991–2015 770

13 Kalampur 1991–2017 358

14 Mahuwa 1992–2017 1701

the dry periods. Daily discharge data from 14 selected gauge stations maintained
by CWC, and Government of India were extracted from the water resources infor-
mation system (WRIS) web-portal. In addition, the delineation of catchment and
assessment of its characteristics were carried out by processing the 30 m SRTM—
digital elevation model (DEM) information using ArcMap tool. For the analysis,
different catchment characteristics were determined which include: catchment area
(km2), basin perimeter (km), length of the basin (km), basin width (km), drainage
density (km/km2), elongation ratio, form factor, shape factor, circulatory ratio, basin
slope, maximum and minimum elevation (km).

3 Methodology

3.1 Flow Duration Curve

The flow data of the selected gauge station were collected separately and were
arranged in descending magnitude. In order to develop the FDC for each basin, the
plotting positions (exceedance probability) were assigned to each of the discharge
value using the Weibull Plotting Position method as given in Eq. (1). Next the flow
values are plotted as ordinate against the associated percentage of the time; the river
discharge has exceeded/equalled as abscissa, and smooth curve is obtained by joining
the resulting points [15, 16].
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P = M

n + 1
100% (1)

Here, ‘P’ is the probability of exceedance less than or equal to the magnitude
of river flow, ‘M’ is the number of counts of flow values falling within the speci-
fied interval and ‘n’ is the number of observations. From this study, total nine flow
quantiles with their corresponding exceedance probability values viz., 10, 20, 30,
40, 50, 60, 70, 80 and 90% were extracted by interpolation for each of the selected
unregulated basin.

3.2 Multiple Regression Models

Multiple regressionmodel is one of the commonly adopted technique for determining
the model parameter values at gauged basins by developing a regression relationship
between catchment characteristics and the optimal parameters [8]. In order predict the
river flow value at ungauged stations through regionalization, the regression equation
shown in Eq. (2) has been developed.

Q(D) = β0 + β1Z1 + β2Z2 + · · · + βn Zn + ε (2)

where Q(D) is the flow quantile of specific exceedance probability ‘D’ (10%, 20%,
…, 90%) of study catchment; Z1, Z2, …, Zn are the selected catchment character-
istics and β1, β2, …, βn are regression co-efficient [12, 15, 17]. The co-efficient
contained through regression is utilized to determine the flow quantile values in
ungauged basins. This is carried out by substituting the characteristics corresponding
to ungauged basin in the developed regression relationship [10, 15]. In the beginning,
twelve catchment characteristics were selected for the multiple regression analysis
in each of the 14 unregulated stations. Later, the use of stepwise linear regression
procedure facilitated the identification of the most significant catchment character-
istics for explaining the observed variability in the flow quantiles. The identified
significant characteristics for 14 basins include: catchment area (km2), perimeter of
the basin (km), basin length (km), basin width (km), shape factor, elongation ratio,
circulatory ratio, form factor and drainage density (km/km2).

3.3 Model Performance Statistics

The following statistical measures were utilized to assess the performance of the
predicted quantiles with that of the observed flow quantiles.

• Coefficient of Determination (R2):
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R2 =
⎛
⎝

∑N
i=1 (Oi − Oa)(Si − Sa)√∑N

i=1 (Oi − Oa)2
√∑N

i=1 (Si − Sa)2

⎞
⎠ (3)

• Root Mean Square Error (RMSE):

RMSE =
√∑N

i=1 (Si − Oi )
2

N
(.....m3/s) (4)

• Mean Relative Error (MRE):

MRE = 1

N

N∑
i=1

(
Si − Oi

Oi

)
(5)

In above equations, ‘N’ denotes the number of selected basins, ‘O’ represents the
observed flows and ‘S’ is the estimated flow values, Oa and Sa denotes the average
value of observed and simulated flow rates. For an ideal model, the value of RMSE
and MRE value should be zero. The value of R2 ranges between 0 and 1; where 1
signifies better model performance [20].

4 Results and Discussion

To evaluate the variation of the results with respect to changing basin location and
characteristics, 14unregulated river basin gauge stationpertaining to theWest flowing
rivers was used.

4.1 Regional Flow Quantiles

As discussed in Sect. 3.1, the observed flows of the selected river basin stations
were plotted against the corresponding time of flow exceedance flow. Figure 2
displays the flow duration curves estimated for the selected river gauge stations. The
maximum average flow from all the selected West flowing river basins combined
was 229.47 m3/s, and the minimum average flow value was about 0.108 m3/s. Total
nine flow quantiles (10, 20, 30, 40, 50, 60, 70, 80 and 90%) values were extracted
by interpolation for each of the FDC plotted for selected unregulated stations for
regression analysis.
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Fig. 2 Flow duration curve
for 14 West flowing river
dataset
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4.2 Multiple Regression Analysis

As discussed previous, FDC is used as a criterion for hydrological regionalization
in this study—to predict the river flow information at ungauged basins by utilizing
the multiple regression technique. Subsequently, 14 regression relationships were
developed (in the form of Eq. 2) by utilizing the flow quantile values and catch-
ment characteristics data available from all the delineated unregulated stations. The
significant correlated characteristicswere determined using stepwise regression tech-
nique. The catchment characteristics, namely the catchment area (km2) ‘A’, basin
perimeter ‘P’ (km), basin length ‘L’ (km), basin width ‘W ’ (km), drainage density
‘DD’ (km/km2), elongation ratio ‘RL’, form factor ‘FF’, shape factor ‘SF’ and circu-
latory ratio ‘Rc’ are found be correlated significantly to flow quantiles associatedwith
14 West flowing river stations. The regression relationship coefficients for signifi-
cantly correlated catchment characteristics for each of the flow quantile are shown
in Table 2. As per study conducted by Vogel et al. 1999 [2], the regression relation-
ship developed based on more than catchment area alone can estimate the river flow
values better than that of runoff maps at the ungauged sites.

The significantly correlated catchment characteristics and co-efficient derived
through the regression analysis are utilized to produce flow quantile values in
ungauged basins. Flow quantile estimate from multiple regression analysis is
compared with those of the observed values, and the performance is evaluated in
terms of correlation coefficient, RMSE and MRE. Table 3 shows the performance
statistics of each of the flow quantile obtained by multiple regression model devel-
oped (Table 2) using the complete dataset of all the 14 West flowing river basin
stations. This statistical analysis indicates better prediction performance results for
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Table 3 Performance statistics of multiple regression model

Flow quantiles MRE RMSE (m3/s) R2

Q10 0.049 29.010 0.993

Q20 0.045 15.095 0.994

Q30 0.027 6.621 0.996

Q40 0.006 3.354 0.996

Q50 75.187 3.523 0.947

Q60 29.806 1.725 0.802

Q70 13.646 0.543 0.914

Q80 −1.255 0.107 0.987

Q90 −1.546 0.082 0.972

most of the flow quantiles. The weakening of model performance with higher statis-
tical values of MRE and RMSE for few of the flow quantiles shows the possibility
of data uncertainties while calculating the flow quantile. Correlation coefficient (R2)
quantifies the strength of association between observed and model estimates. The
R2 is found to be better for all the predicted flow quantile in 14 West flowing river
dataset except for one flow quantiles—Q60.

Further the performance statistics of MRE and RMSE show a mixed response,
with much higher RMSE values in initial three flow quantile—Q10, Q20 and Q30.
In contrast, the MRE values are low in first four flow quantile and considerably
higher in Q50, Q60 and Q70 indicating the model is over predicting the flows at
these three quantiles. MRE results for last two quantiles Q80 and Q90 are under
predicted by the multiple regression model. The performance result from Table 3
reveals that the regression model analysis for study stations provides better estimate
as predicted values are closely correlated to the observed flow corresponding to
different exceedance probability.

Theunsatisfactorymodel performance in certainflowquantiles canbe linked to the
varying topography and land-use conditions in the delineated basins of the study area.
Overall, the predicted flow quantile using multiple regression model simulation for
study area provides much better model performance. Major deviations were detected
in only five of the stations including Adoor with minimum value ofQ10,Q20 andQ30,
Kidangoor stationwith over predicted flowvalues atQ10 andQ20, and under predicted
atQ50 andQ60, Ayilam station with maximum value ofQ10 toQ30, Karathodu station
withmaximumvalue ofQ10,Q20 andQ30, andKalampur stationwithminimumvalue
of Q10 and Q20. Further the observations from catchment characteristics reveal that
the drainage density of the above-mentioned five stations is much higher than the
rest of stations in West flowing river dataset. The negative values predicted in the
study are not practically as the catchment responses are non-negative process [21]
and can be set to be zero [22] for plotting the FDC. Figure 3 illustrates the predicted
FDC for all the 14 river station dataset which is in agreement with the observed FDC
curves.
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Fig. 3 Predicted flow
duration curve for 14 West
flowing river dataset

0

200

400

600

800

1000

0 20 40 60 80

Q
 (m

3 /s
)

P (%)

Santeguli Avershe
Yennehole Addoor
Bantwal Erinjipuzha
Kidangoor Kalloopara
Thumpaman Ayilam
Kuniyil Karathodu
Kalampur Mahuwa

In summary, the results indicate that the performance of the developed regres-
sion model for flow prediction has yielded satisfactory results. Such analysis will
permit estimation of flowquantiles and FDCs in ungauged basins locatedwithinWest
flowing rivers of India. The non-satisfactory performance statistical value necessi-
tates more comprehensive research work to overcome the uncertainty involved in
such prediction.

5 Conclusions

The regionalization concept in predicting the flow quantiles in ungauged basins
was evaluated for river basin gauge station located in West flowing rivers of India.
The FDC for each of the station was developed by utilizing the historic time-series
flow data of 14 unregulated river basin gauge stations, and total of nine flow quan-
tiles (Q10 to Q90) were extracted by interpolation. Subsequently, regionalization of
parameters from gauged to ungauged basins was adopted by developing regres-
sion models relating flow quantiles to easily derived basin physical characteristics.
Stepwise regression analysis was used to determine the significant correlated char-
acteristics. Total nine characteristics in 14 West flowing river dataset were found to
be significantly correlated. The developed regression co-efficient from all stations
combined was utilized to synthesize flow quantile values in presumed ungauged
basins. The tested prediction accuracy of the regression model indicates that the flow
quantile developed for 14West flowing river dataset performs very well in predicting
the percentile flow values.

However, certain deviations were detected in five locations. Stations including
Adoor, Kidangoor and Kalampur under-predicted the flow quantile values, whereas
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over-predicted flow quantiles were seen inKidangoor, Ayilam andKarathodu station.
This variation was mainly due to difference in catchment characteristics especially
the flow quantiles and drainage density of the sites within the study area. Hence, care
must be taken while dealing with different river basin having considerable difference
in characteristics. This study is an attempt to solve the issues related to prediction
of flows in poorly gauged or ungauged basins, and comprehensive research work is
needed to reinforce the outcomes of the present study.
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Comparative Analysis of Precast
Prestressed Hollow Core Slabs

B. Rekha and R. Ravindra

Abstract The time-to-market pressure is very high in construction industry. It
shortens the project duration and requires faster delivery means. It triggers for having
quicker engineering design and analysis solutions for building and its components.
The advent of precast prestressed components in construction industry triggers better
cost-effective design and analysis schemes for these components to withstand the
quality pressure and verification demands. This requires an appropriate modelling
mechanism of precast prestressed components. The work undertakes a numerical
model for precast prestressed hollow core (PHC) slabs using ANSYS APDL and
validated with the results obtained from experimental results. Comparable results
justify the suitability of discrete modelling mechanism as substitute to experimental
evaluation. It also confirms the usage of contact pairs, meshing and element selec-
tion of ANSYS model. The performance evaluation of PHC slabs under single line
loading (LL) at mid-span, two line loading (TLL) and uniformly distributed loading
(UDL) cases are conducted both experimentally and numerically. The performance
in terms of deflection, stress and crack patterns are evaluated in this work. It was
also observed that PHC slabs show shear compression failure under TLL and UDL
cases. The work is extended with parametric study of core shape of PHC slabs. It
was observed that slabs with circular cores (PHC) have higher load carrying capacity
with lesser deflection than PHC slabs with square cores (PHSC).

Keywords Hollow core slabs · Hollow square core slabs · Load carrying
capacity · Crack pattern · Numerical analysis
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1 Introduction

There is wide acceptance of precast prestressed hollow core (PHC) slabs for floor
construction of multi-storey buildings, horizontal/vertical walls or noise barriers [1].
There are experimental studies on PHC slabs mentioned in literature [2–6] and these
experiments give vital information on ‘shear span to effective depth (a/d) ratio’, shape
of core, stress distribution, deflection, vertical shear capacity and ultimate loading
capacity. But it is observed by research fraternity [7] that there is a need of numerical
analysis of precast systems due to its economical viability than experimental analysis
due to the nature of testing.

The numerical studies on PHC slabs were carried out in [8–11]. Brunesi et al. [9]
compared PHC slabs for its shear strength capacity experimentally and numerically
using nonlinear fracturemechanism-basedmodel. Hoogenboom [10] presented finite
element analysis procedure with stress recovery method for PHC slabs and predicted
the feasibility of PHC slabs with large opening. Deeb et al. [11] presented an analyt-
ical model to study shear behaviour of PHC slabs in ANSYS. They used smeared
cracking approach for the concrete and 3D link element for pre-stressing strands.
It was observed that the results of experiments match with that of ANSYS results.
The proposed work aims to validate numerical model with experimental results.
Deflections at mid-span, cracking load, failure load and failure pattern were experi-
mentally measured and compared with analytical results. The analysis also extends
by conducting the numerical analysis on effect of changing core shape from circular
to square.

2 Methodology

This section provides the approach used and the loading considered during the execu-
tion of work. It also indicates the details of equipment and test environment deployed
while performing the experiments.

2.1 Approach

The scope of work includes the measurement of flexural strength, deflection and
crack patterns of PHC slabs under loading cases experimentally. The results are
validated with PHC ANSYS models by comparing these results. The scope of work
also includes the parametric study of PHC slabs by changing the circular core shapes
to square shape. The following steps are carried out as part of proposed work.

• Preparation of the PHC specimens for conducting experiments.
• Testing of the specimen under defined loading cases using a loading frame.
• Modelling of PHC specimens in ANSYS APDL releases 18.1.
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• Validation of ANSYS models by comparing experiment measurements to that
ANSYS simulation results.

• Performance evaluation of stress and crack patterns.
• Parametric study on the effect of core shape on PHC slabs.

2.2 Loading Cases

Single line loading (LL) at mid-span, two line loading (TLL) and uniformly
distributed loading (UDL) cases are carried out to measure deflection and flexural
behaviour of PHC slabs. These slabs are tested on a loading frame for the following
load cases (a) LL at mid-span of slab (Fig. 1), (b) TLL (Fig. 2) and (c) UDL (Fig. 3)
cases.

Fig. 1 Experimental setup—LL

Fig. 2 Experimental setup—TLL
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Fig. 3 Experimental setup—UDL

2.3 Experimental Setup

The load is applied through a hydraulic jack and the test data are captured using
PC-based data logger using a loading frame unit. The 2000 kN capacity load cell
is used to measure load and linear variable differential transducer (LVDT) is used
for measuring deflection. The slab is simply supported at ends with a bearing length
of 150 mm. The slabs are loaded gradually up to the failure. The loading process is
carried out to obtain first crack, cracking load, failure load and deflection. The images
of crack pattern are monitored at each stage of loading process and it is photographed
for the verification at a later stage.

An I-section is kept at mid-span of slab width in LL arrangement as shown in
Fig. 1. Two I-section beams at one-third span of slab width in TLL arrangement as
shown in Fig. 2. The load applied is uniformly transferred through these sections in
UDL arrangement as shown in Fig. 3. In UDL arrangement, load is imposed on the
specimen by placing a six number of 160 mm diameter 40 mm thick mild steel discs,
two discs spaced equally along its width and 3 numbers of discs spaced equally along
its span length. Above these discs I-sections are placed to apply the load. In all these
arrangements—LL, TLL and UDL, another set of I-sections of 150 mm height and
150 mm width are kept for supporting the slabs.

3 Preparation of the Specimen

The experimental specimen consists of 3 PHC slabs. Each of them has dimensions of
1500mm× 595mm× 125mm,with 5 circular voids of 70mmdiameter as shown in
Fig. 4. The circular voids are provided symmetrically at mid-depth of slabs. Slabs are
reinforced with 6 numbers of pre-stressing strands of 5 mm diameter with Poisson’s
coefficient of 0.3. They are having a maximum tensile strength of 1595 MPa and
Young’s modulus of 210 kN/mm2. For having accelerated curing, steam curing at
atmospheric pressure was carried out.
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Fig. 4 PHC slab

The geometrical dimensions of the proposed specimens satisfy requirements of
IS10297-1982 Clause 4.4.3 [12] and are tabulated in Table 1.

Concrete mix design for M40 grade is made in accordance with IS10262:2009
[13] and the mix proportion details are shown in Table 2.

Table 1 Specimen dimensions

Parameter Dimensions (mm) ISO10297-1982 (mm)

Width, b 595 < 2100

Span 1500 –

Depth, d = span/30 125 > 50

Top flange depth, d1 31.25 20 (min) or d/4

Bottom flange depth, d2 20 20 (min) or d/8

Hollow core diameter, dh = d − (d1 + d2) 70 –

Web width b0 = b − (n * dh), where n is number of
voids

245 ≥ b/3

Net web width, bw = b0/n 40.833 –

a/d ratio 0.1723 –

Table 2 Concrete mix design
details

S. No. Material Quantity

1 Cement 285 kg/m3

2 GGBS 122 kg/m3

3 Fine aggregate 807 kg/m3

4 Coarse aggregate 1127 kg/m3

5 Chemical admixture 7.40 kg/m3

6 Water cement ratio 0.343
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4 Numerical Model

ANSYS APDL is used for carrying out nonlinear finite element analysis of PHC
slabs. ANSYS model of slab is as shown in Fig. 5. Meshing size of 25 mm [14] is
adopted for the slabs considered.

SOLID165, LINK180 and SOLID185 are the element types considered for
concrete, pre-stressing strands and steel plates respectively and are given in Table 3.

To avoid uneven loading/stress concentration, steel plates of 10 mm thickness are
provided at the loading areas. Slab and steel plate were modelled as contact-pair
elements, in which steel plate is assigned as contact and concrete are assigned as
target elements. The boundary conditions of slabs are provided such that Y-direction
(UY=0) movements are restrained on the right-hand side of slab and X, Y and Z

Fig. 5 Meshed PHC slab model

Table 3 Modelling element types

Material Element type Remarks

Concrete SOLID65 To be able to account for the failure modes
of concrete cracking in tension and crushing
in compression, a special brittle finite
element material model has to be used

Pre-stressing strand LINK180 3D spar uni-axial tension–compression
element

Steel plates SOLID185 Element with high strain and stiffen stress

Contact pairs CONTA 173 & TARGE 170 Steel plate was taken as the contact element.
Concrete was taken as the target
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direction (UX = 0, UY = 0 & UZ = 0) movements are restrained on left-hand side
of slab. The loading steps are followed the same manner in both experimental and
numericalmodels. The incremental loading steps of 10 kN applied until the first crack
is observed and each step was applied with sub-steps of 2, i.e. applied twice. Further
on, the load incremented with same incremental loading 10 kN, but with sub-steps
of 10 until the failure happens. Load increment was divided into 2 sup-steps. Close
to the failure load, increment was divided into 10 sub-steps.

5 Validation of Model

The deflections obtained experimentally and numerically for load cases-LL, TLL and
UDL are plotted to validate the performance of PHC slabs. The load deflection plots
under LL, TLL and UDL are shown in Figs. 6, 8 and 10 respectively. The plots are
depicted for comparison. In experimental evaluation, the ultimate deflection values
in slabs at failure load is found to be 11.21 mm, 8.30 mm, 5.20 mm respectively for
loads-LL, TLL and UDL respectively. The deflection observed from ANSYS model
on slabs under LL, TLL and UDL loading cases are as shown in Figs. 7, 9 and 11
respectively. The ultimate deflection computed by numerical analysis in the slabs at
failure load are found to be 10.73 mm, 8.18 mm, 4.84 mm under LL, TLL and UDL
respectively. It is observed that numerical analysis shows lesser deflection and higher
ultimate load. Initially the deflections at initial stage are same both experimentally
and numerically. Small divergence of values in deflection is observed at ultimate
loads. The deflection under LL experimentally is similar with ANSYS analysis up
to 350 kN as shown in Fig. 6. Further, numerical analysis shows lower deflection
trend compared to experimental results may due to uncertainty of concrete after first
crack.

Fig. 6 Load deflection plot
under LL
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Fig. 7 Deflection plot of PHC slab under LL

Fig. 8 Load deflection plot
under TLL
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Experimentally measured deflection of slab under UDL has shown similar trend
with ANSYS results up to 300 kN as shown in Fig. 10. Further, numerical analysis
shows lower deflection trend compared to experimental results.

Experimentally measured deflection of slab under TLL, have shown similar trend
with ANSYS results up to 325 kN as shown in Fig. 8. Further, numerical analysis
shows lower deflection trend compared to experimental results.

The comparative analysis of experimental and numerical results of PHC slabs
are tabulated in Table 4. The results obtained from ANSYS software are comparable
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Fig. 9 Deflection plot of PHC slab under TLL

Fig. 10 Load deflection plot
under UDL
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with experimental results. The usage of contact pairs, meshing technique and element
selection of ANSYS model provides satisfactory results as of experimental results.
This confirms the feasibility of modelling techniques as a cost-effective alternative
design and analysis mechanism. It also confirms the suitability of models for the
performance evaluation and parametric study of PHC slabs in the present work.
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Fig. 11 Deflection plot of PHC slabs under UDL

Table 4 Comparison of results

Loading
case

Experimental Numerical Mode of
failureCrack load

(kN)
Failure
load (kN)

Deflection
(mm)

Failure
load (kN)

Deflection
(mm)

LL 310 430 11.21 450 10.73 Shear
compression

TLL 340 380 8.3 410 8.18 Web shear

UDL 420 490 5.2 500 4.84 Web shear

6 Performance Evaluation

This section details the performance evaluation of PHC slabs. It consists of stress
pattern analysis and crack pattern observation. In addition, the crack patterns
observed with ANSYS models are compared with patterns obtained during the test
experiments.

6.1 Stress Patterns

The purpose of stress distribution analysis is to find the maximum stress points of
PHC slabs under the loading of LL, TLL and UDL cases using numerical method.
VonMises stress distribution is based on distortion energy theory, is being considered
for the analysis.
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The stress patterns observed on the application of LL case are as shown in Fig. 12.
It is observed that for LL case, the maximum stress concentration occurred in bottom
region of voids and at support region.

The stress pattern observed with the application of TLL case is shown in Fig. 13.
When TLL case is applied, it is observed that the maximum stress concentration
occurred at web area between cores and at support region. The stress patterns

Fig. 12 Stress pattern on PHC slab due to LL

Fig. 13 Stress pattern on PHC slab due to TLL
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Fig. 14 Stress pattern on PHC slab due to UDL

observed with the application of UDL case on slabs are as shown in Fig. 14. The
maximum stress pattern is observed only at support regions when UDL is applied.
The stress pattern analysis is useful in understanding the weak zones in a structure
subjected to the loading.

6.2 Crack Patterns

The behaviour of crack patterns gives an insight into the vital clues of failures and it
assists engineers to take remedial measures to prevent major catastrophe. A compar-
ative analysis was conducted between crack patterns observed during experimental
study and the results obtained from numerical analysis. Fig. 15 indicates the crack
patterns observed on the application of LL case. The visible crack occurred at a load
of 310 kN initially and the width of the initial crack was less than 1mm. At the failure
load of 430 kN, the crack width increased to 3 mm. The cracks are observed at the
mid-span of the slab, indicates shear compression failure [15]. With the increase in
loading, the crack begins at flexural zones, then it spreads to shear zones and later
induces into the compression zone. Finally, it ends with crushing of concrete and
fails at the application loading point.

The crack patterns observed on the application of TLL are as shown in Fig. 16. The
first visible crack in slab is observed at a load of 340 kN and the initial crack width
is found to be less than 1 mm. At failure load of 380 kN, the crack width increased
to 3 mm. The crack originated from the point of load application, i.e. at 1/3rd span
of the slab and extended up to top surface of slab through the cores. According to
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Fig. 15 Crack patterns observed under LL

Fig. 16 Crack patterns observed under TLL

FIP recommendations [15], the crack developed is a longitudinal crack at void/core
and results in web-shear mode of failure.

The crack patterns observed for UDL case are as shown in Fig. 17. The first visible
crack occurred at a load of 420 kN and the initial width is found to be less than 1 mm.
At failure load of 490 kN, the crack width increased to 3 mm. It is observed that the
crack behaviour and failure mode exhibit the similar behaviour as in case of TLL. It
is also observed that the failure modes of PHC are due to web shear [15].

The load at the occurrence of first crack, failure load and failure mode for loading
cases of LL, TLL and UDL are shown in Table 4. It is observed that in accordance
with ACI 318 [15], the chosen slab with a/d ratio of 0.1723 failed with web shear
mode, under TLL and UDL cases. Whereas it failed with shear compression, when
subjected to LL case.
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Fig. 17 Crack patterns observed under UDL

7 Effect of Core Shape in PHC Slabs

The core shape of PHC slabs place an important role in load carrying capacity. In
order to find the effect of the core shapes on the performance of PHC slab, ANSYS
analysis is conducted by changing the core shape from circular to square. The cross-
sectional area for both circular and square cores are kept same. The diameter of
circular core considered was 70 mm while for a square core each side measured
62 mm. The deflection observed on PHSC slabs under LL, TLL and UDL cases are
as shown in Figs. 18, 20 and 22 and the corresponding stress patterns of PHSC slabs
under LL, TLL and UDL cases are as shown in Figs. 19, 21 and 23 respectively.

Fig. 18 Deflection of PHSC slab under LL



Comparative Analysis of Precast Prestressed Hollow Core Slabs 683

Fig. 19 Stress pattern on PHSC slab due to LL

Fig. 20 Deflection of PHSC slab under TLL

The failure load and corresponding deflection are tabulated for circular core and
square core slabs as given in Table 5. The load carrying capacity of PHSC slabs are
found to be lesser than PHC slabs. An improvement in load carrying capacity of
8.88%, 9.7% and 9.6% was observed in circular core slabs compared to square core
slabs when subjected to LL, TLL and UDL cases respectively. It is also observed
that there is only marginal increase in deflection in slabs with square core compared
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Fig. 21 Stress pattern on PHSC slab due to TLL

Fig. 22 Deflection of PHSC slab under UDL

to circular core. However, the load carrying capacity for slabs with circular core is
higher than the slabs with square cores.
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Fig. 23 Stress pattern on PHSC slab due to UDL

Table 5 PHC slab versus PSHC slab

Loading case Circular core Square core

Failure load (kN) Deflection (mm) Failure load (kN) Deflection (mm)

LL 450 10.16 410 10.43

TLL 410 8.18 370 8.06

UDL 520 4.84 470 4.91

8 Conclusion

Replacement of cast-in-situ construction by precast industry, triggers tremendous
research potential in precast structures. Thework brings out an appropriatemodelling
mechanism in ANSYS to perform numerical analysis to assess deflection, stress
pattern and crack pattern of PHC slabs. The chosen discrete modelling mechanism
provides compatible results to that of experimental evaluation. In this work, perfor-
mance evaluation of PHC slabs is compared experimentally and numerically. The
observations obtained are as follows:

• The range of variation in maximum deflection of PHC slabs between numerical
analysis and experimental results were within 9.36%, 1.44% and 6.90% under
LL, TLL and UDL respectively.

• It is observed that the maximum stress concentration occurred at support irrespec-
tive of loading case applied. In addition, maximum stress concentration occurred
at slab core area when LL is applied and at slab web area when TLL is applied.



686 B. Rekha and R. Ravindra

• PHC slabs failed with shear compression, web-shear and bond-and-anchorage
failure modes when subjected to LL, TLL and UDL cases respectively.

• The core shape of PHC slabs does not have much impact on deflection behaviour
of slabs. However, there is an improvement of load carrying capacity of 8.88%,
9.7% and 9.6% observed with circular core PHC than square core subjected to
LL, TLL and UDL cases respectively.

It was measured that performance of PHC slabs in terms of deflection, crack
pattern and failure and observed that experimental measurements have greater agree-
mentwithANSYS simulation results. It is proved the performance evaluation of PHC
slabs using numerical analysis is better and cost-effective alternative to test experi-
ments. Considering load carrying capacity, it is preferable to use circular core shape
PHC slabs as roofing/flooring/walls/noise barrier components.
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Study on Rainfall Trends and Water
Requirement for Crops in Bellary
District of Karnataka, India

R. Sreedevi and B. R. Ramesh

Abstract Theglobal climate change could have important effects onvariousweather
parameters including rainfall in many countries around the world. The trends of rain-
fall have a great impact in the existing regions for crop production. This study is
carried out to examine the trend of rainfall in Bellary District of Karnataka, India.
Rainfall data of 51 rain gauge stations for a period of 40 years (1977–2016) and
monthly evapotranspiration (ETo) data of 2007–2016 is considered for the analysis.
Rainfall anomaly index (RAI) and IMD method are used to find the trend of rain-
fall. Meteorological drought severity index (MDSI) is used to assess the severity
of drought in the study area. The crop water requirement studies with 10 years
whether parameters using Penman Montaith method for crops in Kharif and Rabi
season are analysed to assess the necessity of irrigation water for both Kharif and
Rabi season. Rainfall anomaly index (RAI) shows the decreasing trend of rainfall,
and IMD method shows the occurrence and frequency of various drought. MDSI
analysis indicates that the study area is facing moderate drought. Water requirement
computations to crops for both Kharif and Rabi season indicate that dry crops can be
grown in Kharif season without any irrigation. However, both dry, wet and seasonal
crops require irrigation supply in both the seasons.

Keywords Drought · Trend analysis · Precipitation · Crop season · RAI · IMD ·
MDSI

1 Introduction

Drought is considered as one of the most complex of all the natural hazards, which
affects more people than any other hazard. It is widely defined as severe water
shortage. Low rainfall and fall in agricultural production are the main causes for
drought [1]. The key parameters like rainfall and temperature of the weather system
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which are responsible for drought are temporal and spatial variability at different
scales. Thus, analysis of their behaviour is of vital importance for understanding of
climate variability. Rainfall is vital climate parameter which has direct effect on crop
growth and yield under rain fed condition [2]. Any change in the weather parameters
like temperature, rainfall, wind pattern over a decade or longer is termed as climate
change (IPCC, 2015). In planning of agriculture allied projects, rainfall probability is
to be considered as an important factor. Hence, information about rainfall distribution
pattern at specified location is quite essential for planning of irrigation system and
cropping pattern for the project [3].

In countries like India, which mainly depends on monsoon for agricultural activ-
ities, rainfall data is a crucial parameter necessary for planning and design of water
resources projects. Study of trends of monsoon in India is very important [4]. To
identify the climate change studies using annual series of sub-regions have been
attempted by researchers [5]. Precipitation pattern and their relationship with ENSO
are conducted by Sarkar and Kafatos [6]. Annual rainfall studies from 1901 to 1960
were conducted by Parthasarathy and Dhar, indicated an increasing trend in and
around Central India and a decreasing trend of rainfall in some regions of eastern
India [7]. Nandeesha used IndiaMeteorological Department (IMD)method to assess
meteorological drought gives overall idea of drought proneness in any area with
combination of different severities of drought [8].

2 Study Area

The present study area—Bellary region, in the state of Karnataka has the second
largest of arid zone after Rajasthan in terms of total geographical area prone to
drought [9]. The district is elongated from south-west to north-east and is located
in the eastern part of the Karnataka state and lies between the north latitude 14°
30′:15° 47′ east longitude 75° 40′:77° 11’. Seventy five per cent of the labour force
in the district is dependent on agriculture and allied activities. The Tungabhadra
perennial river-tributary to Krishna River forms major drainage system in Bellary
district (Fig. 1).

3 Methodology

3.1 Rainfall Anomaly Index

Rainfall anomaly index (RAI) of ranking procedure is used to assign magnitudes for
precipitation [10]. The range of RAI values is divided into nine categories as shown
in Table 1.
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Fig. 1 Bellary district

Table 1 Classification of
RAI values

Range of values Classification

≥ 3.00 Extremely wet

2.00–2.99 Very wet

1.00–1.99 Moderately wet

0.50–0.99 Slightly wet

0.49 to − 0.49 Near normal

− 0.50 to − 0.99 Slightly dry

− 1.00 to − 1.99 Moderately dry

− 2.00 to − 2.99 Very dry

≤− 3.00 Extremely dry

The procedure of ranking is done by arranging the meteorological data in
descending order. The top ten values are averaged to form a threshold for posi-
tive anomaly, and the last ten values are averaged to form a threshold for negative
anomaly. The arbitrary threshold values of + 3 and − 3 have, respectively, been
assigned to the mean of the ten most extreme positive and negative anomalies. Nine
abnormality classes are then given against a scale of numerical values of the relative
rainfall anomaly index [11].

3.2 Indian Meteorological Department (IMD) Method

Significant decrease in precipitation from the normal precipitation in an area is termed
as meteorological drought. IMD method is employed for the assessment of drought
severity [12]. Percentage deviation of annual rainfall from the long-term annualmean
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Table 2 IMD classification
of drought

> 0 M0 No drought

0 to − 25 M1 Mild drought

− 25 to − 50 M2 Moderate drought

<− 50 M3 Severe drought

Table 3 Range of drought
severity in MDSI

S. No. Range Drought severity

1 1.34–1.64 No drought

2 1.64–1.94 Mild drought

3 1.94–2.24 Moderate drought

4 2.24–2.54 Severe drought

rainfall is employed to assess the drought in this method. The definition of drought
according to this method is presented in Table 2.

3.3 Meteorological Drought Severity Index (MDSI)

Meteorological drought severity index is a number computed based on the frequency
analysis. It is the number of times the precipitation is deviated in a given period with
respect to mean rainfall of the region.

The method involves frequency analysis of various classes of drought severity.
Weightages 1, 2, 3 and 4 are assigned to drought severity classes ‘No drought’,
‘Mild drought’, ‘Moderate drought’ and ‘Severe drought’, respectively. The MDSI
is found out by multiplying the frequency of each class of drought severity by the
corresponding weightage. Four drought severity classes were delineated based on
the range of drought severity index [12] as shown in Table 3.

3.4 Water Requirement and Crop Season

Crop water requirements (CWR) are the water consumed by crop for their evap-
otranspiration (ETo). The crop must be disease-free, growing in large fields under
non-restricting soil conditions including soil, water and fertility and produce full
production potential under the given growing environment (L. S. Pereira, I. Alves,
in Reference Module in Earth Systems and Environmental Sciences, 2013). This
method needs the climatic and agronomic conditions of the area.

Cropping season in India is classified into twomain seasons Viz., Kharif and Rabi
based on the monsoon. The Kharif cropping season is from July to October during
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the south-west monsoon, and the Rabi cropping season is from October to March
(winter). The crops grown between March and June are called summer crops.

The requirement of crop water for its survival, growth and development is to be
applied either naturally by precipitation or artificially by irrigation. Ten year (2007–
2016) average value of monthly mean rainfall (cm) for Bellary region is considered,
and ETo (cm) computation for different crops and seasons is presented in Table 9.

4 Results

4.1 Rainfall Anomaly Index

Annual rainfall anomaly index can be used to analyse the frequency and intensity
of the dry and rainy years. Positive anomaly have their values above average, and
negative anomaly have their values below average.

The rainfall anomaly index analysis is conducted for rainfall data between 1977
and 2016. The year wise classification is shown in Fig. 2. Out of 40 year rainfall,
21 years shows positive anomaly, and 19 year shows the negative anomaly. Positive
anomalies are more in earlier years, and negative anomalies are more in recent years.

Classification of different categories of rainfall anomalies and the number of years
of occurrence is presented in Table 4. Extremely dry and extremely wet years were
not observed during the period. Even though it shows one very wet year and zero very
dry year, number of moderately dry and slightly dry years are seven each; moderately
wet and slightly wet years are 2 each, whereas the near normal years are twenty-one
in the forty years of study; therefore, dry years are observed more frequent, and area
can be moderately classified as agricultural drought.

4.2 IMD Method

Study area consists of fifty-one rain gauge stations. Drought classification in the
region on basis of rain gauge stations is presented in Table 5. The classification
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Table 4 Rainfall anomaly
index

Range of values Classification No. of years
(1977–2016)

≥ 3.00 Extremely wet 0

2.00–2.99 Very wet 1

1.00–1.99 Moderately wet 2

0.50–0.99 Slightly wet 2

0.49 to − 0.49 Near normal 21

− 0.50 to − 0.99 Slightly dry 7

− 1.00 to − 1.99 Moderately dry 7

− 2.00 to − 2.99 Very dry 0

≤− 3.00 Extremely dry 0

indicates twenty-three stations with no drought (> 0) conditions, twelve stations are
under mild drought (0 to − 25), twelve are under moderate drought (− 25 to − 50)
and four stations are facing severe drought (<−50).

Frequency of drought occurrence is also calculated according to year, i.e. from
1977 to 2016. The results are shown in Table 6. Percentage deviation is calculated
using the average annual rainfall of all the forty years and the average rainfall of the
individual year. In the forty years of study, four year shows ‘No drought’ conditions,
seventeen years are under ‘Mild drought’, sixteen years are under ‘Moderate drought’
and three years are facing ‘Severe drought’.

The analysis of frequency of drought based on rain gauge stations indicates rate
of non-occurrence of drought in the study area is 45% (as the average rainfall of 12
rain gauge stations are more than 500 mm). Frequency of mild and moderate and
severe drought is 23% and 24% and 8%, respectively.

The analysis of frequency of drought on basis of years (40 years) indicates severe
drought as 8%. There is a drastic change in the non-occurrence of drought, i.e. from
45 to 10%, with increase in chances of occurrence of mild drought from 24 to 42%
and the moderate drought from 24 to 40%.

Drought classes according to the rain gauge stations and according to the year are
shown through Pie chart, Figs. 3 and 4.

4.3 Meteorological Drought Severity Index (MDSI)

Meteorological drought severity index (MDSI) was developed by calculating prob-
ability of each drought severity class. Weightages of 1, 2, 3 and 4 were assigned,
and the cumulative weighted value is arrived as per MDSI. From the IMD results
presented in Tables 5 and 6, the meteorological drought severity status of study area
was determined. Four drought severity classes were delineated based on the range
of drought severity index as shown in Table 3.
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Fig. 3 Frequency according
to rain gauge station

Fig. 4 Frequency according
to year

MDSI was calculated by taking the average of fifty-one rain gauge stations with
average annual rainfall of 387 mm. Probability of drought severity index is obtained
as 45% chances of occurrence of no drought, 24% incidence of mild and moderate
drought and 8% existence of severe drought. Through these probability of classes
drought severity index is attained as 1.94 with which it can be alleged that drought
severity class for the study area is moderate, shown in Table 7.

MDSI was also calculated by taking the average of forty years with average
annual rainfall of 387 mm. Probability of drought severity index is obtained as 10%
chances of occurrence of no drought, 42.5% incidence of mild, 40% of occurrence
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Table 7 MDSI according to rain gauge station

Meteorological Drought Severity Index

Name of the
district

Average
annual
rainfall
(mm)

Probability of drought severity class Drought
Severity
Index

Drought
severity
class

No drought Mild Moderate Severe

Bellary 387 0.45 0.24 0.24 0.08 1.94 Moderate

Table 8 MDSI according to year

Meteorological Drought Severity Index

Name of the
district

Average
annual
rainfall
(mm)

Probability of drought severity class Drought
Severity
Index

Drought
severity
class

No drought Mild Moderate Severe

Bellary 387 0.1 0.425 0.4 0.075 2.15 Moderate

of moderate drought and 8% existence of severe drought. Through these probability
of classes, drought severity index is attained as 2.15 with which it can be alleged that
drought severity class for the study area is moderate as shown in Table 8 (Table 9).

4.4 Water Requirement to Crops

Study on water requirement of crops is required to understand the necessity of irri-
gation to the crops in the region and also to suggest the crop planning suited to the
region. The study is conducted for both Kharif and Rabi seasons considering the
meteorological data from year 2007 to 2016.

Kharif crops

Paddy (Kharif crop): High rainfall or assured irrigation is essential for areas of rice
cultivation. Even though Bellary district faces moderate drought, few villages in the
lower rainfall region of the Bellary district grow paddy.

Crop period for medium type of paddy is 120–140 days (4–5 months). Sowing
starts in the middle of august, and the harvesting is at the middle or at the end of
January. Eto graph in Fig. 5 shows that there is a shortage of water in the months of
November and January for paddy in the Kharif season. So there is a requirement of
additional supply of water to the crop in the month of scarcity.

Jowar (Kharif crop): This crop is the main food and fodder crop of dry land agri-
culture. Crop period for Jowar is 110–120 days (4–5 months). Sowing starts in the
starting of June, and the harvesting is at middle or at the end of October. ETo graph
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Paddy (Kharif crop)

MMR ETO

Fig. 5 Monthly water required for paddy

in Fig. 6 shows that no shortage of water for the Jowar crop in the Kharif season.
Crop gets sufficient water for the growth and can expect a good production.

Bajra (Kharif crop): This crop is a drought resistant crop which is generally
preferred in low rainfall areas and lighter soils. Crop period for bajra is 90–110 days
(3–4 months). Sowing of the crop starts in the starting days of June and at the middle
of September. ETo graph in Fig. 7 shows that the evapotranspiration in all months

0.0
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10.0
15.0
20.0

Jowar(Kharif crop)

MMR ETO

Fig. 6 Monthly water required for jowar
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Bajra(Kharif crop)

MMR ETO

Fig. 7 Monthly water required for bajra

falls below the range of monthly mean rainfall. Crops in the kharif season have
sufficient amount water for the expected production rate.

Maize (Kharif crop): This crop is essentially awarmweather crop grown in different
regions and is one of the main cereals of the world. Duration of the crop is between
80 and 100 days (4–5 months). Sowing starts from the end of the august, and the
harvesting is in the starting or in the middle of the December. ETo graph in Fig. 8
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15.0

20.0

Maize(Kharif crop)

MMR ETO

Fig. 8 Monthly water required for maize
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Ragi(Kharif crop)

MMR ETO

Fig. 9 Monthly water required for ragi

shows that the crop gets required amount of water in all the months of the crop
period, expect November. Hence, a little irrigation supply in the month of November
is necessary good yield.

Ragi (Kharif crop): This crop is a not season bound crop and hence can cultivated
through the year, if moisture is available. It can also be grown as hot weather crop.
Crop duration of the Raagi is 100–120 days (4–5 months). Sowing of the crop starts
from May, and harvesting can be done at the middle or end of the September. ETo
graph in Fig. 9 shows that the range of monthly mean rainfall falls above the evapo-
transpiration in all months. Hence, there is no additional supply of water is required
for the crop.

Tur (Kharif crop): This crop is commonly known as tur in India has the ability to
produce high economic yields under soil moisture deficit makes it an important crop
in rain fed and dry land agriculture. Crop period of this is 200–210 days (6–7months).
Sowing starts at the starting and middle of the June, and the harvesting is done at the
end of the December. ETo graph in Fig. 10 shows that evapotranspiration is below
the monthly mean rainfall in this crop period expect November. Hence, extra water
is necessary for the crop in this month for expected yield.

Gram (Kharif crop): This crop is semi-spreading verity, suitable for rain fed condi-
tions. Crop period for the grams varies between 140 and 145 days (4–5 months).
Sowing of the gram is in the middle of the June, and the harvesting is at the middle
or at the end of the October. The rate of evapotranspiration falls within the monthly
mean rainfall so that there is no requirement of additional supply of water for the
better yield of crop as shown in Fig. 11.
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Tur(Kharif crop)
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Fig. 10 Monthly water required for tur
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Gram(Kharif crop)
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Fig. 11 Monthly water required for gram

Groundnut (Kharif crop): This crop is generally grown as a rain fed Kharif crop.
Crop period of the ground nut varies from 100 to 120 days (4–5months). Sowing and
harvesting of the crop are done at the starting of the June and ending of September,
respectively. Rainfall in these months is above the evapotranspiration rate as shown
in Fig. 12. Good production of the crop can be done without surplus water.

Sunflower (Kharif crop): This used as a silage crop. It can be used as a double crop
after early harvested small grains or vegetables, an emergency crop, or in areas with
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Groundnut(Kharif crop)

MMR Eto

Fig. 12 Monthly water required for groundnut

a season too short to produce mature corn for silage. Crop period of the sunflower
varies from 90 to 100 days (3–4months). Sowing and harvesting of the crop is done at
the starting of the July and middle of October, respectively. Rainfall in these months
is above the evapotranspiration rate as shown in Fig. 13. Good crop production can
be done without surplus water.
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Sunflower(Kharif  crop)

MMR ETO

Fig. 13 Monthly water required for sunflower
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Co on(Kharif crop)

MMR ETO

Fig. 14 Monthly water required for cotton

Cotton (Kharif crop): Most of the cotton growing areas are in the high to medium
rainfall zones. The sowing seasons vary from region to region. Cotton is a Kharif
crop which requires 6–8 months to mature. Figure 14 shows that evapotranspiration
is below the monthly mean rainfall in this crop period expect November. Hence,
extra irrigation is necessary for the crop in this month.

Rabi crops

Figures 15, 16, 17, 18, 19, 20, 21, 22, 23 and 24 show the monthly mean rainfall
and the evapotranspiration rates in the respective months for all the crops in the
Rabi season. Rate of evapotranspiration except in the beginning of the season is
higher than the rainfall in most of the months for all. Therefore, rainfall alone is not
sufficient for the growing of the crops. Even the shortage of water for a single month
leads to failure of the crops. So it requires additional irrigation water for the proper
production of all the crops.

Seasonal Crop: Sugarcane is one of the seasonal cash crop, but it is also used as
livestock fodder. Crop period of sugarcane is 12–18 months. Planting season in
tropical regions is from June to august. Crop period of sugarcane experiences the
shortage of water in about five months as shown in Fig. 25. If additional water is not
supplied during these months, proper yield of the crop and good production cannot
be achieved.
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Paddy (Rabi crop)
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Fig. 15 Monthly water required for paddy
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Jowar(Rabi crop)

MMR ETO

Fig. 16 Monthly water required for jowar

5 Conclusion

This exertion is carried out to study the trends of rainfall in Bellary District from
1977 to 2016, over 51 rain gauge stations. With more negative anomalies in the
recent years of study indicates the occurrence of lowest rainfall, and the trend of
rainfall is decreasing. According to rainfall anomaly index drought categories, 21
out of 40 years have the normal conditions of rainfall, and in the remaining 19 years,
7 years are under slightly dry and moderately dry condition each, 2 years are under
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Bajra (Rabi crop)
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Fig. 17 Monthly water required for bajra
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Maize(Rabi crop)
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Fig. 18 Monthly water required for maize

slightly wet and moderately wet condition each with 1 year of very wet shows that
the study area is facing lowest rainfall and moderate drought.

Occurrence and frequency of drought are analysed according to rain gauge stations
and year using IMDmethod, where occurrence of drought is shown in numbers, and
the frequency is given in percentage. The results obtained indicate that Bellary region
is experiencing drought. MDSI is another method to locate drought severity class
with the drought index. This analysis in the present study indicates that Bellary
district is experiencing a moderate drought.
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Fig. 19 Monthly water required for ragi
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Fig. 20 Monthly water required for tur

Water requirement for crops which are grown in Bellary district is assessed in
graphical method for the year 2016. The results show that dry crops will have suffi-
cientwater during theKharif season, but experience insufficiency inRabi season.Wet
crops show irrigation requirement in both the seasons. Seasonal crops also require
irrigation for few months. This scarcity of water is due to low rainfall in the study
area.
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Gram(Rabi crop)
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Fig. 21 Monthly water required for gram
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Fig. 22 Monthly water required for groundnut
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Sunflower (Rabi crop)
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Fig. 23 Monthly water required for sunflower
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Fig. 24 Monthly water required for cotton
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Fig. 25 Monthly water required for sugarcane
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Mitigation of Seismic Pounding Observed
in Adjacent Buildings with Fluid Viscous
Damper

Basanagouda I. Patil, Bapugouda B. Biradar, and Rashmi Doddamani

Abstract Seismic pounding between closely spaced building structures is one
among the main causes of severe building damages observed in seismically proven
regions. Due to the earthquake-induced vibrations, the buildings which are adjacent
to each other with dissimilar dynamic characteristics will move out of phase resulting
in the collision as there would be no energy dissipation system to accommodate the
relative motions. Seismic pounding can be prevented by passive structural control
of energy dissipation systems, i.e., dampers. The current study aims to mitigate the
seismic pounding observed in the adjacent buildings connected with fluid viscous
dampers (FVDs). G+14 and G+9 multistoried adjacent buildings are modeled and
analyzed using ETABS 2017. Two stories are connected with one viscous damper.
Adjacent buildings with similar height (G+14 storied) and varying height (G+14 &
G+9 storied) connected with FVDs subjected to El Centro earthquake are studied.
Nonlinear time history analysis is carried out. Considering displacement and seismic
gap as the main parameters, adjacent buildings with similar and different height
connected with and without FVDs are compared.
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1 Introduction

Over the past few decades, the world has experienced numerous devastating earth-
quakes, resulting in increased loss of human life due to the collapse of the structures.
Earthquakes are the major natural hazards that cause severe damages to the structure.
Building pounding between the structures has been usually observed in majority of
the earthquakes [6]. Due to the earthquake-induced vibrations, the adjacent buildings
placed with minimum separation gap will move out of the phase due to their different
dynamic characteristics resulting in the collision [5]. Seismic pounding occurs when
the two adjacent buildings collide [1]. One of the simplest and most effective ways to
prevent pounding is to provide enough gap between the adjacently placed structures.
But on occasions, obtaining the required separation is a problem in metropolitan
cities because of increasing cost of land, scarcity of land space and detailing the
problem [2]. Due to the sudden ground vibrations, a huge amount of energy will
be released and imparted to the structures. As a result, the structure undergoes large
displacements, drifts whichmay further lead to the collision of adjacent buildings and
hence failure of the structure. Hence, for the safety of the structure, there is a need to
dissipate the energy imparted to the structure. So, to counteract these loads, a proper
lateral load resisting system should be used to fulfill the design and serviceability
criteria [3]. Hence, the substitute to gap provision in the structural design is to reduce
the consequence of pounding by reducing sidewaysmotionwhich can be achieved by
use of passive energy dissipation device called “Dampers”which are used to attenuate
the unwanted vibrations in the structure. Fluid viscous damper (FVD) is a technique
that is used for the stabilization of buildings against lateral forces [8]. Installing
FVD within the structures mitigates the structural response and also avoids seismic
pounding between the structures [4]. Application of these dampers substantially
reduces story displacement and inter-story relative displacements [7]. FVD works
on the principle of energy dissipation. Seismic energy is absorbed by silicone-based
fluid passing between piston–cylinder arrangements. The passive damper modifies
the structural response without using any external power supply. It operates at the
temperature ranging from 40 to 70 °C [9] (Fig. 1).

Following two types of damage due to pounding can occur

1. Local damage when there is an impact.
2. Global damage which occurs due to energy and momentum transfer occurred

by collision.

Local damage occurs due to collision force, while global damage is based on the
dynamic characteristics of both the structures at the time of collision (Figs. 2 and 3).

Seismic gap:

IS 4326 specifies that a minimum gap should be provided between the buildings
which are adjacent to each other to avoid collision when earthquake occurs (Table
1).
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Fig. 1 Fluid viscous dampers installed diagonally in building. Source (1) https://www.researchg
ate.net/figure/Construction-of-fluid-viscous-damper-Constantinou-and-Symans-1992_fig9_257
335162. (2) https://www.slideshare.net/NamanKantesaria/naman-act

Fig. 2 Pounding damage during Mexico earthquake 1985. Source http://www.smate.wwu.edu/tec
hed/geology/eq-Mexico.html

Structural vibration control aims to produce buildings that can withstand severe
dynamic loads such as seismic and wind. This aim is achieved by using dampers.
So, the current study includes finding out the effectiveness of fluid viscous dampers
installed in multistoried adjacent buildings in reducing seismic pounding.

https://www.researchgate.net/figure/Construction-of-fluid-viscous-damper-Constantinou-and-Symans-1992_fig9_257335162
https://www.slideshare.net/NamanKantesaria/naman-act
http://www.smate.wwu.edu/teched/geology/eq-Mexico.html
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Fig. 3 Causality of L’Aquila earthquake, Italy 2009. Source http://www.airworldwide.com/Public
ationsItem.aspx?id=17228

Table 1 Gap width for buildings built adjacent to each other

S. No. Mode of construction Gap/story (mm) for design seismic
coefficient αh = 0.12

1 Box system/frames with shear walls 15

2 Moment-resistant reinforced concrete
frame

20

3 Moment-resistant steel frame 30

Note Minimum gap shall not be less than 25 mm. Seismic gap shall be calculated according to IS
1893 (Part 1)—2016 clause 7.11.3

2 Methodology

For the study, two models are considered for analysis, i.e., model 1 of G+14 storied
similar height adjacent buildings; model 2 of 15 and 10 storied different height
adjacent structures. The structures are modeled and analyzed using ETABS 2017.
Earthquake loads and analyses carrying out in the study are as per IS 1893 part
1:2016. Nonlinear time history analysis is carried out using El Centro earthquake
data.

Step 1: Initially, the analysis is carried out considering individual buildings and
calculated for the seismic gap.
Step 2: Then, the buildings are placed adjacently with proper seismic gap
considered.
Step 3: Analysis is carried out for both model 1 and model 2; seismic pounding
between the adjacent buildings is verified.
Step 4: Fluid viscous dampers (FVD) will be installed within the structure if they
are subjected to seismic pounding.

http://www.airworldwide.com/PublicationsItem.aspx%3Fid%3D17228
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Step 5: Considering displacement, story drift, and seismic gap as the main param-
eters, adjacent buildings with similar height and different height connected with
and without fluid viscous dampers are compared.

3 Structural Modeling and Analysis

Model 1: Adjacent buildings with similar height (G+14).
Model 2: Adjacent buildingswith different height (G+14&G+9) (Table 2, Figs. 4,
5 and 6; Graph 1).

Table 2 Section, material properties and loads considered

Building parameters considered

1 Typical story height 3.2 m

2 Size of columns 500 × 500 mm

3 Size of beams 300 × 500 mm

4 Depth of slab 150 mm

5 Main wall 230 mm

6 Parapet wall 115 mm

Material properties

1 Grade of concrete M30

2 Grade of steel HYSD500

Loads as per IS 875:1983 (part I and II)

1 Live load 3 kN/m2

2 Floor finish 1 kN/m2

3 Dead load of wall 12.42 kN/m

4 Dead load of parapet wall 2.07 kN/m

Seismic loads as per IS 1893:2016

1 Seismic zone factor 0.24 (zone IV)

2 Importance factor 1

3 Response reduction factor 5

4 Site type II (medium)

Link type—damper exponential

1 Mass 44 kg

2 Weight 250 kN
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Fig. 4 Plan of G+14 storied similar height adjacent buildings placed with seismic gap of 600 mm

Fig. 5 3D view of G+14 storied adjacent buildings
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Fig. 6 3D view of G+14 and G+9 storied adjacent buildings

Graph 1 Ground acceleration of El Centro earthquake. Source http://peer.berkeley.edu

http://peer.berkeley.edu
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4 Results and Discussions

See Graphs 2, 3, 4, 5 and 6 and Tables 3 and 4.

Graph 2 Acceleration of G+9 building
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Graph 3 Maximum story displacement along THA-X

Graph 4 Maximum story displacement along THA-Y

Graph 5 Maximum story displacement along THA-X
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Graph 6 Maximum story displacement along THA-Y

Table 3 Displacements in x- and y-direction

Model 1: buildings with
similar height

Displacement in x-direction
(THA-X) mm

Displacement in y-direction
(THA-Y) mm

Building 1: 15 storied 70.970 85.247

Building 2: 15 storied 70.970 85.247

Seismic gap 709.7 852.47

Seismic gap considered 600 mm

Table 4 Displacements in x- and y-direction

Model 2: buildings with
different height

Displacement in x-direction
(THA-X), mm

Displacement in y-direction
(THA-Y), mm

Building 1: 15 storied 70.970 85.247

Building 2: 10 storied 44.446 44.954

Seismic gap 577.08 651.005

Seismic gap considered 500 mm
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CASE 1 CASE 2

CASE 3 CASE 4

Case 1: Similar height adjacent buildings without FVD.
Case 2: Similar height adjacent buildings with FVD.
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Case 3: Different height adjacent buildings without FVD.
Case 4: Different height adjacent buildings with FVD (Graphs 7, 8, 9, 10, 11, 12,

13 and 14; Tables 5, 6, 7, 8, 9 and 10).

• In case of without dampers, the seismic gap obtained is 752.10 mm in x-direction
and 867.41 mm in y-direction which is exceeding the seismic gap considered, i.e.,
600 mm. Hence, seismic pounding is observed.

• With the use of FVD, the seismic gap obtained is 445.96 mm in x-direction and
335.66 mm in y-direction which is within the seismic gap considered. Hence,
seismic pounding is prevented.

• The displacement was reduced by 40.70% in x-direction and 61.30% in the y-
direction with the use of FVD.

Graph 7 Maximum story
displacement of CASE 1
along THA-X

Graph 8 Maximum story
displacement of CASE 2
along THA-X

Graph 9 Maximum story
displacement of CASE 1
along THA-Y
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Graph 10 Maximum story
displacement of CASE 2
along THA-Y

Graph 11 Maximum story
displacement of CASE 3
along THA-X

Graph 12 Maximum story
displacement of CASE 4
along THA-X

Graph 13 Maximum story
displacement of CASE 3
along THA-Y



724 B. I. Patil et al.

Graph 14 Maximum story
displacement of CASE 4
along THA-Y

Table 5 % difference of displacements in x-direction

Case 1: without
dampers

Case 2: with dampers Percentage difference
%

Displacements (mm)
for G+14

75.210 44.596 40.70

Displacements (mm)
for G+14

75.210 44.596 40.70

Seismic gap
calculation (mm)

752.10 445.96 40.70

Table 6 % difference in displacements in y-direction

Case 1: without
dampers

Case 2: WITH
dampers

Percentage difference
%

Displacement (mm) for
G+14

86.741 33.566 61.30

Displacements (mm) for
G+14

86.741 33.566 61.30

Seismic gap
calculation(mm)

867.41 335.66 61.30

Table 7 Maximum displacements of building corresponding to peak time interval

Maximum displacement obtained at peak time Case 1 Case 2

THA-X (mm) 75.210 44.596

Time (s) 7.13 6.45

THA-Y (mm) 86.741 33.566

Time (s) 12.09 5.22
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Table 8 % difference in displacements in x-direction

Case 3: without
dampers

Case 4: with dampers Percentage difference
%

Displacements (mm)
for G+14

78.82 56.58 28.21

Displacements (mm)
for G+9

42.67 36.80 13.76

Seismic gap
calculation (mm)

607.48 466.92 23.14

Table 9 % difference in displacements in y-direction

Case 3: without
dampers

Case 4: with dampers Percentage difference
%

Displacements (mm)
for G+14

117.35 59.66 49.16

Displacements (mm)
for G+9

45.30 21.77 51.94

Seismic gap
calculation (mm)

813.28 407.15 49.94

Table 10 Maximum displacements of building corresponding to peak time interval

Maximum displacement obtained at peak time Case 3 Case 4

THA-X (mm) 78.820 56.583

Time (s) 7.13 6.45

THA-Y (mm) 117.352 45.304

Time (s) 12.10 5.22

• In case of without dampers, the seismic gap obtained is 607.48 mm in x-direction
and 813.28 mm in y-direction which is exceeding the seismic gap considered, i.e.,
500 mm. Hence, seismic pounding is observed.

• With the use of FVD, the seismic gap obtained is 466.92 mm in x-direction and
407.15 mm in y-direction which is within the seismic gap considered. Hence,
seismic pounding is prevented.

• The displacement was reduced by 28.21% in x-direction and 51.94% in the y-
direction with the use of FVD (Graphs 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25
and 26).
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Graph 15 Number of story versus displacement of G+9 along THA-X

Graph 16 Number of story versus displacement of G+9 along THA-Y

Graph 17 Number of story versus displacement of G+14 along THA-X
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Graph 18 Number of story versus displacement of G+14 along THA-Y

Graph 19 Number of story versus displacement of CASE 1 along THA-X

Graph 20 Number of story versus displacement of CASE 1 along THA-Y
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Graph 21 Number of story versus displacement of CASE 2 along THA-X

Graph 22 Number of story versus displacement of CASE 2 along THA-Y

Graph 23 Number of story versus displacement of CASE 3 along THA-X
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Graph 24 Number of story versus displacement of CASE 3 along THA-Y

Graph 25 Number of story versus displacement of CASE 4 along THA-X

Graph 26 Number of story versus displacement of CASE 2 along THA-Y
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5 Conclusions

After the analysis, the following conclusions are drawn as follows:

1. MODEL 1: G+14 storied adjacent buildings (similar height)

• On comparison of the results of displacement of buildings without dampers
and with damper, it is concluded that provision of dampers reduces the
displacement by 40.70% along x-direction and 61.30% along y-direction.

2. MODEL 2: G+14 and G+9 storied adjacent buildings (different height)

• On comparison of the results of displacement of buildings without dampers
and with damper, it is concluded that provision of dampers reduces the
displacement by 28.21% in x-direction and 51.94% in the y-direction.

3. The displacements in both the models were exceeding the seismic gap consid-
ered, i.e., 600 mm in case of model 1 and 500 mm for model 2. Hence, seismic
pounding was observed between the adjacent buildings without dampers.

4. With the use of dampers, the seismic pounding effect was reduced by 61.30%
in model 1 and about 49.94% in model 2. Hence, after placing the dampers, it
was observed that the pounding effect was effectively controlled.

5. Two stories connected with one fluid viscous dampers (FVD) were noticed to
be very effective in reducing the seismic responses between the structures and
also helpful in avoiding the seismic pounding phenomenon.

6. The similar height adjacent structures having floors at same level will
behave similarly as compared to the adjacent structures of different heights.

References

1. Shirole AB (2015) Seismic pounding between adjacent building structures. Int J Innov Res
Adv Eng

2. Patel RR et al (2017) Study of seismic pounding effects between adjacent structures. Int J Innov
Res Adv Eng

3. Ravindranatha et al (2015) Prevention of seismic pounding between adjacent buildings. Civ
Eng Syst Sustain Innov

4. Bhaskararao AV et al (2004) Seismic response of adjacent buildings connected with dampers.
In: 13th world conference on earthquake engineering, Canada

5. Mazanoglu K et al (2016) An optimization study for viscous dampers between adjacent
buildings. Elsevier

6. Somwanshi MA et al (2017) Seismic pounding and vulnerability to the high-rise building
structures. Int Adv Res J Sci Eng Technol

7. Aydin E et al (2017) Application of viscous dampers for prevention of pounding in adja-
cent reinforced concrete buildings. In: 16th world conference on earthquake, 16WCEE 2017,
Santiago, Chile, 9–13 Jan 2017

8. DonaM et al (2018) Effectiveness of fluid-viscous dampers for improved seismic performance
of inter-storey isolated buildings. Elsevier



Mitigation of Seismic Pounding Observed in Adjacent … 731

9. Pipinato A (2016) Innovative bridge design handbook: construction, rehabilitation and
maintenance. Butterworth-Heinemann

10. IS 1893 (Part 1):2016. Criteria for earthquake resistant design of structure
11. IS 4326: Earthquake resistant design and construction of buildings—code of practice (second

revision) (1993)
12. IS 875 (Part 1):1987: Code of practice for design loads of buildings & structures. Part 1. Dead

loads. Bureau of Indian standards, New Delhi



Hydrological Review and Dam Break
Analysis of Suvaranavathi Dam Using
HEC-RAS

B. S. Naveen Kumar, K. Usha, and M. S. Kanchana

Abstract Dam is a hydraulic structure constructed across the river to impoundwater.
Generally dams are used for multipurpose, thus dam stability is essential. Floods
resulting from the failure have caused some of the most destructive catastrophes in
the past decades (George and Nair Aquat Procedia 4:853–860, 2015). The current
study was undertaken to understand the Hydrological Review and Dam Break Anal-
ysis (DBA) of Suvarnavathi dam constructed across Suvarnavathi River. An unsteady
flow simulation is done using HEC-RAS (Hydrological Engineering Center River
Analysis System) model to determine, probable maximum flood, flood travel time
and the affected villages. From hydrological review, it is clear that existing spillway
capacity is inadequate. Hence dam height must be raised further to a height of 10.1m.
The results obtained from Dam break analysis under overtopping and piping criteria
furnished proof to give statement that, 46 villages and a city will be under submer-
gence and rehabilitation cost turns out to be 3440.64 crores under overtopping failure.
23 villages and a city will be under submergence and rehabilitation cost turns out to
be 1802.73 crores under piping failure.

Keywords Dam break · Flood · HEC-HMS · HEC-RAS

1 Introduction

Dam is a very important structure. It is defined as a barrier constructed across the
river to impound water or to create reservoir which can be used for multipurpose
like irrigation, domestic, power generation, and flood mitigation, etc. Dams provide
many societal benefits, but some of the most destructive catastrophes in the last two
centuries have also caused by floods resulting from the failure of the built dams
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[1]. Simulation of events of dam breaches and the subsequent floods are important
to characterizing and minimizing risks due to possible disruptions of dams. A dam
breach can result in a flood wave moving along a valley at fairly high speeds up to
tens of meters deep. The effect on developed areas of such a wave can be destructive.
Such destructive power, if early notice and evacuation are not feasible, comes as an
imminent loss of lives.

A dam can be classified into different types based on function served, mate-
rial used, structural behavior, hydraulic design and rigidity. Dam Break Analysis
(DBA) is an important topic in which peak flood discharge, which can be discharged
through spillway can be estimated (adequacy of spillway). In flood condition, if peak
discharge is discharged then Inundation maps are very much useful to safeguard the
lives and property. The negative effect of natural disaster can be reduced by providing
reliable information to the community through the flood inundation maps. By using
inundation maps and Emergency Action Plans (EAP) we may reduce risk of life and
loss of property in downstream areas. Disaster prevention focused on flood inunda-
tion maps and identification of flood risk areas is the key goal of EAP. The category
of flood risk is divided into three types: Very high, Medium, Very low risk.

The first collapse of dam was reported in Madhya Pradesh in 1917 when, due to
overtopping, the Tigra dam collapsed. The Machu II dam failure in Gujarat is the
worst dam failure in India in1979, unleashed floodwater in which about 2000 people
died. The breach of Pratapura dam, Vadodara, Gujarat and Nandagaon dam, Nagpur,
Maharashtra, both in 2005 triggered severe floods in downstream areas, among the
recent dam failures [2]. The above instances of the dam breaches demonstrate the
danger posed by big and small dams, is very real. As public understanding of these
potential risks increases and tolerance of catastrophic environmental effects and loss
of life declines, it is becoming an important necessity rather than a management
choice to mitigate and minimize the risk from individual systems.

2 Materials and Methods

2.1 Study Area

TheSuvarnavathiDam is located across Suvarnavathi River nearAttigulipura village,
Chamarajanagar taluk at a distance of about 16 km away. The longitude and latitude
are 77°00′59′′ and 11°49′53′′, respectively. It has a gross storage capacity of 1.260
Thousand Million Cubic feet (TMC). Filling period starts from the month of June
to November, The reservoir submerges 1112 acres of forest, 100 acres of cultivable
land. The dam is constructed with masonry spillway and earthen flanks on either
side. Length of the dam is about 1170.43 m long and height of the dam is about
25.90 m above the river bed level. Spillway capacity is 23,900 cusecs. It irrigates the
downstream area of about 9694 acres.
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2.2 Input Data for Modeling

Input data’s required for the model are salient feature of the dam these data were
fetched from the Karnataka water resource department Web site. Standard project
storm (SPS) value of the study area was collected from Indian Metrological Depart-
ment (IMD). % of 24 h storm rainfall collected from IMD. Reservoir elevation,
storage and discharge data were collected from dam authority. Catchment delineation
is done to obtain area of the catchment. Catchment areawas found to be 392 km2.Arc-
GIS software is used to perform catchment delineation in order to extract the catch-
ment parameters. Inflow hydrograph is prepared by using synthetic unit hydrograph
principle. Flood routing is done byusingHydrological EngineeringCentreHydrolog-
ical Modeling System (HEC-HMS) model. Hydrological Engineering Centre River
Analysis System (HEC-RAS) model is used to analyze dam breach under different
criteria.

2.3 HEC-HMS Model

The hydrologic modeling system is designed to simulate in dendrite watershed
systems, precipitation runoff process. It is planned to be applicable to solve the
widest possible variety of problems across a wide range of geographic areas. This
includes water supply and flood hydrology for large river basins and drainage for
small urban or natural watershed runoff. Hydrographs created by the programmer
are used directly or in conjunction with other forecasting like future effect of urban-
ization, design of reservoir spillway, reduction of flood damage, management of
floodplain and system operation [3].

The program is a generalized modeling system capable of representing several
different watersheds. By splitting the hydrologic cycle into manageable parts and
creating boundaries across the watershed of interest, a model of the watershed is
built. With a mathematical model, any mass or energy flux in the cycle can then be
interpreted. For the representation of each flux, multiple model choices are available
in most cases. The objectives of hydrological analysis and engineering judgment are
relevant for each mathematical model included in the programmer in various settings
and under the watershed [3].

2.4 HEC-RAS Model

HEC-RAS is designed to carry out one-dimensional and two-dimensional hydraulic
calculations for the entire natural and constructed canal network. Several river anal-
ysis components are used in HEC-RAS method for: (1) steady flow water surface
profile computations; (2) one-and two-dimensional unsteady flow simulation; (3)
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movable boundary sediment transport computations; and (4) analysis ofwater quality.
A key aspect is that all four components use a shared representation of geometric
data and common routines for geometric and hydraulic computation. The system
contains many hydraulic design features in addition to these river analysis elements,
which can be invoked once the specific water surface profiles are computed [4].

This part of the modeling system for HEC-RAS is capable of simulating one-
dimensional and combined one-dimensional unstable flow through a complete
network of open channels, floodplains and alluvial fans. In the unstable flow
computation module, the unsteady flow portion can be used to perform subcritical,
supercritical and mixed flow regime calculations [4].

The unstable flowcomponents special characteristics include: comprehensive dam
break analysis of hydraulic structure capabilities; levee breaching and overtopping;
pumping stations; navigation dam operations; pressurized pipe systems; automatic
calibration features; user-defined rules; and combined modeling of one- and two-
dimensional unstable flow [4].

2.5 Boundary Conditions (BC)

A slope of 1 in 1000 is considered. Lateral inflow hydrograph is fed. The maximum
inflowwas 4179m3/s . Themaximumgate opening of damwas 6.10m. The elevation
of water at maximum discharge is 748.28 m.

2.6 Empirical Equations

As per Froehlich [5] the breach parameters are Bavg andtf

Bavg = Average width of final trapezoidal breach in meter.

B = Final bottom width in meter = Bavg − Hb × Slope.
where

Hb Height of breach in meter.
tf Breach formation times in hours.
Vw Reservoir volume at the time of failure in 1000 m3.

Equation (1) is used to calculate width of breach and (Eq. 2) is used to calculate
breach formation time for the corresponding breach width (Fig. 1).

Bavg= 0.23 × Km × V1/3
W (1)

where Km

= 1.5 for Overturning failure.
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Fig. 1 Typical breach cross
section

= 1.0 for other failure modes.

tf= 60 ×
√

Vw

g × H2
b

(2)

where
g–Gravitational constant 9.81 m/s2.

2.7 DBA Simulation by Using HEC-RAS Model

The clipped digital elevation model (DEM) is inserted into HEC-RAS model.
Manning’s coefficient is extracted from Arc-GIS and fed into the model. Water
storage area, flow area and boundary conditions are fed in to the model. Elevation
and storage data is entered. Mesh is created for simulation. Geometric parameters
for the dam are entered. The center line terrain profile is shown in Fig. 2. As per
Froehlich [5]; practical breach velocity will be less than 4 m per second at the time
of breach time. Hence the bottom width of breach and breach formation time is

Fig. 2 Centerline terrain
profile
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Table 1 Breach parameters for overtopping failure and piping failure condition

Breach parameters Overtopping failure Piping failure

Bottom width in meter ‘B’ 138 106

Breach formation time in hours ‘tf’ 2.401 2.051

Fig. 3 Inflow hydrograph

changed within the given range so that breach velocity must be within permissible
limit. From trial and error procedure for the given ranges of breach bottom width
and breach formation time the following values are obtained and shown in Table 1.

The plot between Simulation Time and Lateral Inflow is shown in Fig. 3.

3 Results

After simulation the model gives various results to analyze like breach bottom eleva-
tion, breach bottom width, breach outflow, breach side slope, breach velocity, etc. It
helps further to prepare Inundation mapping and flood hazard mapping.

3.1 Hydrological Review of Suvarnavathi Dam

The Roughness coefficient for Suvarnavathi catchment area is obtained from
processed DEM through Arc-GIS model. The values of manning’s coefficient for
Suvarnavathi catchment are tabulated in Table 2.
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Table 2 Manning’s coefficient of Suvarnavathi catchment

S. No. Roughness coefficients η Value

1 11 0.034

2 14 0.06

3 20 0.034

4 30 0.034

5 40 0.1

6 50 0.1

7 70 0.11

8 100 0.11

9 110 0.035

10 120 0.035

11 130 0.07

12 140 0.034

13 210 0.04

The left bank elevation is 749.797 m and right bank elevation is 752.408 m, the
cross-sectional details are given in Table 3.

Table 3 Elevations of embankment along center line

S. No. Station Elevation in m

1 0 749.797

2 75 748.919

3 150 743.789

4 225 745.122

5 300 747.000

6 375 743.289

7 450 741.000

8 525 740.303

9 600 742.854

10 675 734.392

11 750 748.000

12 825 744.633

13 900 745.971

14 975 745.395

15 1050 748.000

16 1125 751.512

17 1170.43 752.408
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Fig. 4 Flood routed results of Suvarnavathi dam

Catchment of Suvarnavathi River is ungauged catchment, hence synthetic unit
hydrograph is extracted as per principles of unit hydrograph [6]. Critical sequencing
of rainfall is done by collecting Standard Project Storm (SPS) value from Indian
MetrologicalDepartment (IMD). The SPS value is distributed into 24 h rainfall distri-
bution. Hourly % rainfall distribution for 12 h is sufficient to find Time Distribution
Coefficient (TDC). Critical sequencing of rainfall is done to feed the precipitation
values in HEC-HMS model. The data’s of elevation of water, storage of water at
different levels and discharge of water at different levels are collected from dam
authority.

Flood routed results from HEC-HMS model refer Fig. 4; the peak inflow to the
reservoir was 4179.00 m3/s. The Dam spillway was designed for 830.24 m3/s. The
top of damwas at an elevation of 751.30m.Due to flood, peak dischargewas 1494.30
m3/s. and it is flowing over the dam at an elevation of 761.10 m hence the existing
spillway is inadequate, hence raise the dam by a height of 10.1 m including 0.3 m of
freeboard.

3.2 Dam Break Analysis Under Overtopping Failure Criteria

The breach bottom width has increased from 0 to 138 m in 2 h 25 min. The breach
elevation has reduced from 751.19m to 727.98m in just 39min. Hence breach height
has restricted to 23.21m.Breach left side slope and right side slope is constant 1:1.The
breach velocity at breach formation time is 3.55 m per second which is less than 4 m
per second [5].

The outflow hydrograph is shown in Fig. 5, the maximum flood was found to be
13,475.27 m3/s. The flood reaches its maximum value after 1 h 29 min from breach
start time and reaches its base flow of 19.6 m3/s after 32 h 46 min. The graph of flood
discharge versus time is shown in Table 4.

In the downstream, the river has 45 km length to reach the Cauvery River at its
confluence point. The flood water covers the downstream area by a depth ranging
from zero to 15 m. The flood water may flow with a velocity of up to 6 m/s.
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Fig. 5 Outflow flood
hydrograph

Table 4 Peak flood result

Time series Maximum Time at max Volume (1000 m3)

1 HW stage 752.21 12 Feb 2020 0627

2 HW stage 738.35 12 Feb 2020 0627

3 Flow 13,475.27 12 Feb 2020 0627 164,330.33

The flooded water will effect 46 villages and a town which are located in down-
stream side of the Suvarnavathi Dam. The population data from 2011 census of the
flood effected villages are taken from https://www.census2011.co.in/ and the number
of families are calculated by considering 5 persons per family [7]. The list of villages
effected population and rehabilitation cost is tabulated in Table 5.

Thus, the total cost for rehabilitation of the villages is estimated to be Rs. 3440.64
crores. This has been calculated by considering 15 Lakhs per family. It includes land
cost, construction cost and infrastructure cost. From RASMapper, it can be analyzed
that, time required by flood water to reach the above listed villages. It is listed in
Table 6. This information helps the authority to evacuate the people and animal life
with their valuables within safe time.

By using RAS mapper (flood inundation map) velocity of flow, depth of flow and
time of flood reach at various points can be extracted. Here, only time of flood reach
to various places is listed as in above Table 6. RAS mapper showing depth of flood
at a point is shown in Fig. 6. The typical RAS mapper showing time of flood reach to
Hongalavadi village, Yelandur city and Cauvery River (Confluence point) is shown
in Figs. 7, 8 and 9, respectively. The time of flood reach to various villages and city
are tabulated by using the typical technique as shown in Figs. 7, 8 and 9.

https://www.census2011.co.in/
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Table 6 Time required by flood water to reach the listed villages

S. No. Villages Time required to reach flood water

1 Hongalawadi 47 min

2 Karadihalla 52 min

3 Kanikere 59 min

4 Devarajaura 1 h 07 min

5 Dollipura 1 h 10 min

6 Byadamudlu 1 h 26 min

7 Basavanapura 1 h 59 min

8 Hebbasur 2 h 07 min

9 Boodithittu 2 h 31 min

10 Kudluru 3 h 11 min

11 Handarakalli 3 h 33 min

12 Mallupura 3 h 43 min

13 Kariyanakatte 4 h 32 min

14 Kempanapura 5 h 01 min

15 Kannegala 5 h 06 min

16 Kottamballi 5 h 17 min

17 Alur 5 h 20 min

18 Amble 5 h 33 min

19 Avalakandalli 5 h 50 min

20 D Kandahalli 5 h 51 min

21 Homma 5 h 56 min

22 Dugahatti 6 h 14 min

23 Changarahalli 6 h 17 min

24 Dyamkandalli 6 h 23 min

25 Yelandur 6 h 40 min

26 Y.K. Mole 6 h 51 min

27 Honganuru 7 h 45 min

28 Yeriyur 7 h 54 min

29 Uppinamole 8 h 06 min

30 Chamalapura 8 h 53 min

31 Mellagahalli 8 h 59 min

32 Komaranapura 9 h 23 min

33 Basavapura 9 h 58 min

34 Shivakahalli 9 h 59 min

35 Boodithittu 10 h 04 min

36 Kinkanahalli 10 h 33 min

37 Katnavadi 10 h 35 min

(continued)
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Table 6 (continued)

S. No. Villages Time required to reach flood water

38 T.Hosur 11 h 43 min

39 Bannisarrige 11 h 56 min

40 Mamballi 12 h 47 min

41 Agara 12 h 49 min

42 Teramballi 13 h 04 min

43 Uttamballi 13 h 25 min

44 Mulluru 13 h 54 min

45 Hampapura 15 h 27 min

46 Dasanapura 17 h 57 min

47 Harale 22 h 51 min

Fig. 6 Typical RAS mapper showing depth of water at a point
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Fig. 7 Typical RAS mapper showing time of flood (47 min) to reach the village Hongalavadi

Fig. 8 Typical RAS mapper showing time of flood (6 h 40 min) to reach the city Yelandur
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Fig. 9 Typical RAS mapper showing time of flood (15 h 31 min) to reach the confluence point
‘Cauvery River’

3.3 Dam Break Analysis Under Piping Failure Criteria

The Outflow hydrograph is shown in Figure-10, the maximum flood was found to be
8059.91m3/s. The flood reaches itsmaximumvalue after 1 h 38min frombreach start
time and reaches its base flow of 19.60m3/s after 6 h 24min. The outflow hydrograph
is shown in Fig. 10. The flood values and time of flood reach are summarized in Table
7.

In the down stream, the Suvarnavathi River has to flow 45 km length to reach the
Cauvery River at its confluence point. The flood water reaches its confluence point
after 4 days. The flood water covers the downstream area by a depth ranging from 0
to 8 m. The flood water may flow with a velocity up to 3 m/s.

The flooded water will effect 23 villages and 1 town which are located in down-
streamside of theSuvarnavathi dam.Thepopulation data of theflood effected villages
are taken from the Internet and the number of families are calculated by considering
5 persons per family. The list of villages effected population and rehabilitation cost
is tabulated in Table 8.
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Fig. 10 Outflow flood
hydrograph

Table 7 Peak flood result

S. No. Time series Maximum Time at max Volume (1000 m3)

1 HW stage 748.28 12 Feb 2020 0609

2 HW stage 736.57 12 Feb 2020 0739

3 Flow 8053.91 12 Feb 2020 0738 36,216

Thus, the total cost for rehabilitation of the villages is estimated as Rs. 1802.73
crores. This has been calculated by considering 15 Lakhs per family. It includes land
cost, construction cost and infrastructure cost. From RASMapper, it can be analyzed
that, time required by flood water to reach the above listed villages are tabulated in
Table 9. This information helps the authority to evacuate the people and animal life
with their valuables within safe time.

The typical RAS mapper showing time of flood reach to Hongalavadi village and
Yelandur city is shown in Figs. 11 and 12, respectively. The time of flood reach to
various villages and city are tabulated in Table 9 by using the typical technique as
shown in Figs. 11 and 12. The depth of inundation map in contour plot layer is shown
in Fig. 13.
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Fig. 11 Typical RAS mapper showing time of flood (1 h 30 min) to reach the village Hongalavadi

Fig. 12 Typical RAS mapper showing time of flood (10 h 14 min) to reach the Yelandur city
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Table 9 Time required by flood water to reach the listed villages

S. No. Villages Time required to reach flood water

1 Hongalawadi 1 h 30 min

2 Karadihalla 1 h 18 min

3 Kanikere 1 h 27 min

4 Devarajaura 1 h 34 min

5 Dollipura 1 h 42 min

6 Byadamudlu 2 h 0 min

7 Basavanapura 2 h 40 min

8 Hebbasur 2 h 52 min

9 Boodithittu 3 h 18 min

10 Kudluru 4 h 07 min

11 Handarakalli 4 h 53 min

12 Amble 9 h 23 min

13 Avalakandalli 9 h 31 min

14 D Kandahalli 9 h 44 min

15 Yelandur 10 h 14 min

16 Changarahalli 10 h 16 min

17 Honganuru 14 h 59 min

18 Uppinamole 15 h 10 min

19 Honganuru 15 h 10 min

20 Malligehalli 20 h 16 min

21 Chamalapura 21 h 31 min

22 Boodithittu 26 h 09 min

23 Shivakahalli 29 h 11 min

24 T Hosur 41 h 24 min

25 Mulluru 55 h 04 min

26 Cauvery River 55 h 25 min

4 Conclusion

The Hydrological Review and Dam Break Analysis under overtopping failure and
piping failure criteria are done successfully for Suvarnavathi Dam by using HEC-
HMS and HEC-RASmodels. From the analysis it is found that, the existing spillway
was found inadequate to carry the flood discharge and hence the dam height must
be raised further up to a height of 10.1 m. From RAS mapper tool, villages effected
by flood are identified and the total cost of rehabilitation of villages was found to
be Rs. 3440.64 crores is estimated under overtopping failure criteria. Rehabilitation
cost of Rs. 1802.73 crores has been estimated under piping failure criteria. The flood
water will travel 6.5 km in 47 min to reach nearest village, Hongalvadi. So 47 min is
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Fig. 13 RAS mapper showing depth of inundation in contour plot layer

sufficient to evacuate the peoples of Hongalavadi village. The Dam Break Analysis
helps to know peak flood discharge and to prepare Inundation mapping. This project
opens up to carry flood hazard mapping which in turn helps the authority to evacuate
the people and animal life with their valuables within safe time.
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Prediction of Seasonal Monthly Rainfall
Using Back Propagation Neural Network

M. S. Karthik and M. S. Ganesh Prasad

Abstract Rainfall is a principle component in hydrological cycle and is a consider-
able source for both surface and ground water. Rainfall affects the maximum liveli-
hood and all major activities that connected with it; therefore, prediction of rainfall
is very important. The early prediction of rainfall is more significant to ascertain
the effective use of water resources, productivity of crop, and preplanning of water
structures. Due to nonlinear behavior of rainfall and complex nature of climatic
system, prediction of rainfall is a challenging task. Many approaches have been
practiced for the purpose of rainfall prediction. A nonlinear model such as artifi-
cial neural network (ANN) approach is considered in this work. The main objective
of this study is to predict the seasonal monthly rainfall in Mysuru taluk, southern
part of Karnataka state, India. Back propagation neural network (BPNN) technique
has been attempted using previous 8 years datasets for climatic parameters; relative
humidity, atmospheric temperature, wind speed, and rainfall. In the present study, ten
different networks using BPNN were created and analyzed based on their regression
results. The network result with higher regression relationship has been considered
for rainfall prediction.

Keywords Rainfall prediction · Artificial neural network · Back propagation
neural network · Regression · Denormalization · Simulation

1 Introduction

Rainfall prediction is a process of predicting the future rainfall values over a location
with implementation of science and technology. Rainfall is a principle component in
hydrological cycle and is a considerable source for both surface and groundwater [1].
It affects many activities related to the field of agriculture, construction, electricity
generation, etc., [2]. Agriculture is India’s main practice that most of the Indian
economy leans on agriculture [4, 15]. Here, rainfall plays a wide major role that
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early prediction of rainfall helps farmers to manage the crop yield sufficiently. This
leads to a superior growth of economy in the country [5].Many economists agree that
a strong monsoon would be a swing factor giving Gross Domestic Product (GDP)
number a one-time boost [8]. Also, the prediction of rainfall is very important to some
degree that it is strongly associated with adverse events such as landslides, floods,
and mass movements [6]. These uncertainties in the natural cycle are mitigated and
eliminated only by getting the accurate rainfall prediction technique.Due to nonlinear
behavior of rainfall, accurate prediction ismore complex [9, 24]. The suitablemethod
is to be adopted to solve this nonlinear relationship.

There aremany techniques of various strategies available for the purpose of predic-
tion. Statistical method requires broad historical climatic weather data [11] which
is fairly used in predicting monsoon rainfall because the method fails in building
nonlinear relationship. Dynamical method is based on the system of nonlinear
governing equations [7]which are responsive to the initial conditions andmakes them
tougher to solve equations. Hence, dynamical method gives deficient results in long
range predictions. Support vector machine (SVM) technique is used in supervised
learning [13]. It provides better performance and unique solution [12]. However, it is
not satisfactory for rainfall prediction because it achieves poor results. The multiple
linear regression (MLR) technique is used to forecast the impacts of changes from
one variable to another, but this is limited to linear relationship [3, 10]. The technique
is easily affected by deviation of datasets; therefore, it is not fit to use for rainfall
prediction. Concern to the study, there exist a nonlinear relationship between each
elements; therefore, the nonlinear model or method like artificial neural network
(ANN) can be best suitable for the present study.

Artificial neural network is a computational network, which includes several
processing elements which secure inputs and supply outputs based on predefined
activation function [13, 36, 38]. The most attractive feature of ANN is ability to
learn the exact behavior between inputs and targets. Here, the network gets trained
from collected historical datasets by training which is followed by validation and
testing [14]. After successful training, the network is able to perform classification,
prediction, etc., and captures complex relationship between input and target [19, 20].
ANN has several network types in which the present study uses back propagation
neural network to predict the seasonal monthly rainfall in Mysuru taluk.

2 Back Propagation Neural Network

Back propagation neural network (BPNN) is an important type of artificial neural
network. It is a feed forward network associated with back propagation algorithm.
It is present with one input layer, one output layer, and one or more hidden layer
(Fig. 1). It involves two passes, one is forward pass, and another is backward pass [23,
26]. In forward pass, the synaptic weights of neurons are fixed. In backward pass,
the synaptic weights of neurons are adjusted in the network in accordance with error
correction rule [29]. In this network, the number of hidden layer and the number of
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Fig. 1 Back propagation
neural network

neurons in the hidden layer get selected depending upon input and target features [31,
33]. BPNN has wider applications in the field of prediction; therefore, the present
study preferred this network for rainfall prediction.

3 Methodology

Following are the steps taken up in the present work:

1. Study area and data used
2. Arrangement and normalization of datasets
3. Generating rainfall prediction networks using BPNN
4. Training the created networks
5. Performance analysis
6. Conclusions.

3.1 Study Area and Data Used

The study area selected for the work isMysuru taluk which is present in southern part
of Karnataka state in India. Agriculture is the cornerstone of this area’s economy, the
rivers Kaveri and Kabini provide irrigation needs to it. Here, the temperature ranges
from 15 °C (in winter) to 35 °C (in summer) and gets 785 mm of average annual
rainfall. The prediction of rainfall in this region helps in sufficient management of
crop yield and water resources.

The data used for the present work were relative humidity, temperature, wind
speed, and rainfall. These were collected from Karnataka State Natural Disaster
Monitoring System (KSNDMC) Web site. The Web site proactively included all the
relevant information that will be easy to understand and open to the public. The data
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has been collected for Mysuru over an eight-year period from 2012 to 2019, and it
is in Excel format.

3.2 Arrangement and Normalization of Datasets

The collected datasets are not in the order that required for the present work, and
these should be arranged before moving it into the MATLAB workspace. At first,
the datasets were grouped to input and target datasets. Parameters taken for the input
datasets were relative humidity, atmospheric temperature, and wind speed where
rainfall has taken for target datasets. Then, these input and target datasets were
arranged in the form of matrix, i.e., [m * n]. Here, ‘m’ represents rows which in turn
refers to parameters and ‘n’ represents column which in turn refers to number of
collected historical data. The research considers only average seasonal month’s data
(June, July, August, and September) from past eight years. Thus, the total number of
data used for the study is ‘Thirty-two’. Then, the corresponding arranged input and
target datasets were in the form of [3 * 32] and [1 * 32], respectively.

The arranged datasets should be normalized before they hit model input. Normal-
ization is a process of rescaling one or more attributes to the value ranges from
0 to 1 [22, 28, 39]. Usually, this process is used for datasets having different SI
units. In this study, parameters present in the datasets have their own SI units and
are different from each other. The direct use of these datasets causes an error in the
output results of network and also affects network efficiency. Thus, the datasets needs
to be normalized which enhances the network by reducing total error and increasing
overall efficiency. In this present study, the normalization process has been done
using (Eq. 1).

Normalized value =
(Xa − Xmin)

(Xmax − Xmin)
(1)

where
Xa = actual data to be normalized in the datasets.
Xmax = maximum value in the datasets of respected parameter.
Xmin = minimum value in the datasets of respected parameter.
Then, the normalized values were taken intoMATLABworkspacewhere research

has been carried out using nntool by generating rainfall prediction networks using
BPNN.

3.3 Generating Rainfall Prediction Network Using BPNN

In the present study, the rainfall prediction networks were created using back prop-
agation neural network. It is a type of artificial neural network which is developed
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based on the mechanism of biological brain. Here, the construction of network has
been done using neural network toolbox of MATLAB. The ‘nntool’ has been used
because it facilitates the development of more general neural network. At first, the
normalized input and target datasets were imported to MATLAB workspace. Then,
nntool is opened and specified the features that it has. In this work, as shown in
Fig. 2, the feed forward back propagation network type is selectedwithTraining func-
tion ‘TRAINLM’, adaption learning function ‘LEARNGDM’, performance function
‘MSE’, and transfer function ‘TANSIG’. All these specifications are done based on
the trial work that carried using sample datasets. Here, three inputs and one target
feature were usedwhich is sufficient to use single hidden layer; therefore, the number
of layers considered is two, one is hidden, and another is output layer.

Then, the hidden layer should specify the number of neurons (N). The change
in the number of neurons influences the network performance and leads to achieve
better results at some particular N value. Therefore, the present work performed by
creating ten different BPN rainfall prediction networks with change in neuron value,
i.e., N = 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20. These created networks get stored in
the data manager or nntool window as shown in Fig. 3.

Fig. 2 Network creating window
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Fig. 3 Neural network window with created networks

3.4 Training the Created Networks

Training the created rainfall prediction network is very important in BPNN. The
overall performance of this network depends on this training process. Training
should be done effectively for this network because a well-trained network leads
to achieve good results [32, 34]. Here, the process of training that carried in the
initial network ‘Network_N_2’ was presented where the process is same for all
other created networks.

Figure 4 shows the initial network that has created using BPNN with number
of neurons in the hidden layer is ‘2’. One can verify the created network pattern
using ‘view’ ribbon in the network window. Then, click on ‘Train’ ribbon which
opens training info as shown in Fig. 5. Here, the inputs and targets were assigned
using imported input and target data from MATLAB workspace. After this, click on

Fig. 4 Rainfall prediction network (Network_N_2)
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Fig. 5 Training info window

‘Train Network’ to train the Network_N_2 which has done more than 50 times here
to achieve good training.

Then, the network should also perform the same training process by changing
training parameters because network training by changing training parameters gets
influence over network accuracy.

Click on training parameters. It involves show, epochs, time, goal, min_grad,
max_fail, mu, etc., as shown in Fig. 6. However, present study concentrates on
the change of epochs and max_fail because both of these represent iterations in the
network. Iterations are very important here for network trainingbecause an increase in
iterations leads to reach higher accuracy in the network results. Therefore, the present
study has been performed the training for default settings of training parameters and
by changing the epoch and max_fail to 100, 500, 1000, and 1500.

After the completion of training process, simulation has done for the network.
Click on ‘Simulate’ ribbon in the network window which opens simulation data as
shown in Fig. 7. Here, the inputs and targets were specified again using input and

Fig. 6 Training parameters window
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Fig. 7 Simulate window

target data. If require, the output and error name can be changed here. After this, click
on ‘Simulate Network’ to simulate the network outputs and corresponding errors.
This simulated output and error results get stored automatically in the respective
output and error data box of data manager window as shown in Fig. 8. These output
and error results were exported to MATLAB workspace using ‘Export’ option.

Fig. 8 Neural network window with network outputs and errors
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4 Results and discussions

In this present study, the performances of ten different BPN networks were analyzed
through their respective regression (R) value at higher iteration. R is defined as
correlation coefficient which is used to measure the relationship between any two
variables [17]. Here, correlation coefficient ‘R’ is used to measure the strong rela-
tionship between output and target of the networks. In this, output represents the
results obtained from the rainfall prediction network as a network output and target
represents the datasets that given to the network to reach as a network target.

Based on the observation fromTable 1, a good relationship can be seen in between
the network N = 10 and N = 16. Here, among ten rainfall prediction BPN networks,
the network at N = 12 achieved higher correlation, i.e. R = 0.941. A good rela-
tionship in the network promotes good results in the prediction; therefore, output
results of the network N = 12 were taken for the performance analysis in detail. The
analysis has been done using regression results and simulated results.

4.1 Regression Results

The regression results of this network include plots of all the three stages that involved
in the network which are training, validation, and testing.

1. Training stage

The training stage is the initial and more presiding stage where further stages are
dependent on this [21]. Generally, thewhole datasets that used in thework are divided
into training datasets, validation datasets, and testing datasets. Usually, more than
50% of total datasets are used for training the network. The remaining datasets are
equally divided for validation and testing [30].

In this study ‘Nntool’ has been used where the tool has default settings in datasets
distribution for training, validation, and testing stage, i.e., 60% of total datasets are
distributed for training, 20% for validation, and remaining 20% for testing. However,
the particular study has 8 years monthly average datasets where 60% of datasets
utilized the first 4 years of data for training purpose. The corresponding result of this
was presented below.

Table 1 Regression value for ten different rainfall prediction networks

Network N = 2 N = 4 N = 6 N = 8 N = 10

R value 0.66 0.862 0.876 0.885 0.935

Network N = 12 N = 14 N = 16 N = 18 N = 20

R value 0.941 0.922 0.915 0.895 0.847
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Fig. 9 Regression plot of
training stage

Figure 9 shows the regression plot of training stage. Here, the training process
achieved correlation coefficient of 0.937 between output and target. Here, output
represents the results obtained from the network at training level, and target represents
the datasets that given to the network to reach as a network target. For any artificial
neural network, training is the main priority. A good relationship in the training
process leads to an increase of network efficiency. In this study, the network achieved
a good relationship between output and target which indicates that the network is
well trained in its sequence.

Then, the output values were calculated for the training stage using the output
equation that is available in the regression plot of training stage. The calculated output
values were in the normalized form where these values should be de-normalized.

De-normalization is the method of storing the join of superior normal form rela-
tions as base relation [35, 40]. It is very important to de-normalize the output values
in this study because the prediction has to be made in the normal form of SI units.
Therefore, the de-normalization has been performed in thiswork for the output values
using (Eq. 2).

De - normalized value = (Normalized value× (Max(X)−Min(X)) + Min(X))
(2)

where
‘X’ refers to a specific parameter that considered for de-normalization.
Max(X) = maximum value in the datasets of specified parameter.
Min(X) = minimum value in the datasets of specified parameter.
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Fig. 10 Comparison graph for training stage

Then, comparison graph was plotted between the de-normalized output and target
rainfall values for training stage. From the comparison graph (Fig. 10), it is observed
that the output and target rainfall values are very similar to each other. A small differ-
ence is observed between them. Here, the results of regression plot and comparison
graph conclude that the training stage achieved good results with better accuracy,
and the network is suitable for prediction activity.

2. Validation stage

The training process is followed by validation process. Here, the learned model has
been validated using validation datasets. The process improves the network if any
variance occurs in it. In the present study, the validation process utilized next two
years of data for validating the trained network. The corresponding result of this
were shown below.

Figure 11 shows the regression plot of validation stage.Here, the network achieved
good correlation between output and target, i.e., R = 0.979. Then, the output values
were calculated using the output equation that available in the regression plot of
validation stage.

The calculated output values were de-normalized using (Eq. 2). Then, compar-
ison graph was plotted between the de-normalized output and target rainfall values
for validation stage. From the comparison graph (Fig. 12), it is observed that the
output and target rainfall values are similar to each other with small difference. Here,
the results of regression plot and comparison graph conclude that the validation
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Fig. 11 Regression plot of
validation stage

Fig. 12 Comparison graph
for validation stage

stage achieved good results with better accuracy, and the network is validated in its
sequence.

3. Testing stage

The validation process is followed by testing process. Here, the validated network
has been tested using testing datasets. The testing process describes the network
capability of handling the datasets [18, 37]. The present work utilized the last two
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Fig. 13 Regression plot of
testing stage

years of datasets to test the validated network, and the corresponding results were
presented below.

Figure 13 shows the regression plot of testing stage. Here, the network achieved
good correlation between output and target, i.e., R = 0.971. It indicates that the
network is highly correlated and tested in its sequence and attained better accuracy.
Then, the output values were calculated using output equation that available in the
regression plot of testing stage. The calculated output values were de-normalized
using (Eq. 2).

Then, comparison graph was plotted between the de-normalized output and target
rainfall values for testing stage. From the comparison graph (Fig. 14), it is observed
that the output and target rainfall values are not highly similar to each other which
indicate that the network should be improved in this process.

Thus, from the demonstration of all the three process, the network with N = 12
supports to carry the action of rainfall prediction using its simulation results.

4.2 Simulation Results

The simulation results were obtained directly from the network. The analysis of this
result has been made in the platform of Microsoft Excel. At first, simulated values
were de-normalized using (Eq. 2), and then, de-normalized output and target rainfall
values were compared by plotting the comparison graph. Along with the comparison
graph, the linear graph was also plotted to analyze the simulated results.
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Fig. 14 Comparison graph
for testing stage

Figure 15 shows the comparison graph for simulated result of rainfall prediction
network N = 12. From comparison graph, it is observed that very similarities in the
output and target rainfall values with some small difference (in between). It indicates
that the network achieved good results with better performance.

From linear graph (Fig. 16), the value of R2 and corresponding linear equation
were obtained. Here, theR2 represents the coefficient of determination. It is an output
of regression analysis.R2 is interpreted as the portion of the variance in the dependent
variable that is predictable from the independent variable. Also, it is the square of
correlation (R) between output and target values; thus, it ranges from 0 to 1 [16, 25,

Fig. 15 Comparison graph
for simulated result of N =
12
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Fig. 16 Linear graph for
simulated result of N = 12

27]. Here, if R2 is near to zero or lower value indicates that the dependent variable
cannot be predicted from the independent variable. If R2 is higher or near to one
indicates that the dependent variable can be predicted from the independent variable.
In this present work, the R2 reached the value of 0.885 which is somewhat good
value indicates a good relationship between output and target rainfall values in the
overall network. Therefore, the linear equation obtained from this linear graph is best
suitable for the prediction of future rainfall values.

4.3 Prediction Results

In this study, the back propagation neural network achieved its best result in the
networkN = 12. Therefore, the result of that network has been used for the prediction
of future rainfall values. However, the prediction has beenmade using linear equation
obtained from the linear graph (Fig. 16). The linear equation obtained was Y =
0.8931 *X + 11.761. Here, ‘X’ uses the average of monthly seasonal average rainfall
values to predict the upcoming average monthly rainfall values for seasonal months.
Then, the prediction of rainfall values in ‘mm’ has made for the Mysuru taluk and
they are 92, 90, 119 and 116 (June, July, August and September) respectively.

5 Conclusions

The created rainfall prediction networks using BPNN were performed individually
and achieved good results. Among ten different networks, the higher regression
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relationship and good fit were observed in the network ‘N = 12’. The network also
achieved good results with high accuracy in the process of prediction. The predicted
rainfall values in ‘mm’ are 92, 90, 119, and 116 (June, July, August, and September),
respectively. In this study, BPNN proved as a good technique for rainfall prediction.
Here, data used is not sufficient for long range prediction. The prediction accuracy
can be increased further by considering larger historical datasets.
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Factors Influencing Productivity
of Construction Labour—A Survey

R. Abhishek , K. C. Sachin, and S. R. Shashikumara

Abstract Labour productivity is a major factor which influences the timely comple-
tion of the project within the allocated budget. Factors having impact on labour
productivity were recognized and rated for this study. Analysis was carried out based
on the questionnaire survey consisting of three main sections having 33 various
factors. First and second set of questionnaires consist factors affecting the produc-
tivity of labours. A set of data analysiswas carried out for the collected responseswith
the help of Statistical Package for the Social Sciences (SPSS) software. To determine
the internal consistency of each factor, Cronbach’s Alpha was computed. Relative
Importance Index (RII) analysis helped to recognize importance of factors affecting
the labour productivity based on ranking, in the view of contractors and profes-
sional consultants. The monotonic correlation between the data was measured by
Spearman’s correlation coefficient. Third set of questionnaire consists thosemeasures
which can be instigated for improving the productivity in construction sector. Based
on ratings given by participants, RII was carried out for these responses. This work
would assist the construction managers to avoid the productivity loss and to achieve
optimum work from labours. Experience and effective management techniques can
ameliorate productivity.

Keywords Productivity · Relative Importance Index · Cronbach’s Alpha ·
Spearman’s Correlation Coefficient

1 Introduction

One of the world’s most challenging and largest industries is construction, also the
second largest in county like India next to agriculture [1]. Human resource is a key
element in construction productivity as it uncontrollable and varying [2]. Productivity
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can be defined as the quantum of tasks accomplished with number of labour involved
in it [2, 3]. Low productivity problem is still being encountered by construction
industry.

In construction other than resources like materials, capital and equipment, human
resource is one of the major inputs as a resource which is flexible for management.
So in construction, productivity can be defined as labour productivity [4]. 30–50%
out of complete project cost comprises the labour cost, hence construction industry is
labour-intensive industry [5]. Under many research, it has been identified that labour
productivity is the key reason for delay and cost overrun of the projects. As labour
productivity improvement is critical, initial step in identifying those factors which
affect the productivity of labours is crucial for the success of the project [6]. The
idea of development of task level productivity is neglected in construction sector
compared with manufacturing sector [2].

The academicians and the practitioners have a great concern about the poor perfor-
mance in the industry. It was recognized that deprived labour productivity as a key
cause for delay in Indian construction projects [7]. Even though the performance of
construction industry is relayed on productivity, in India, the measurement of labour
productivity is too rare; due to which the losses in productivity are not accounted.
There is an essential for research, to identify the factors affecting labour produc-
tivity in construction industry and also to look into the opportunities for improving
the productivity. Labour productivity was interdependent and cannot be controlled
completely [2]. Improving productivity in construction sector is a prime method of
enhancing the profit with little or no increment in investment [8].

The objective of the project is to identify the both internal and external factors
which influence the loss of productivity.

2 Methodology

Important factors affecting productivity of construction sector were shortlisted based
on reviews of previous work [1–5] for further research. Questionnaire survey is most
suitable method for collecting the data related to factors and identifying the relative
importance by gauging the perception of every individual in construction industry
[2]. Pertinent to practical working condition questionnaire was designed considering
41 factors. Based on pilot study, these factors were further modified to 33 factors.

Questionnaire was redesigned considering 33 factors under different heads are
mentioned Table 1. Certain factors were merged or redesigned based on the similar-
ities and interdependencies. Few factors were deleted as they had very low impact
on productivity based on the respondent values [8]. Respondents were requested to
rate the questions ranging between 1 and 5 where 1 represents strongly disagree and
5 represents strongly agree that factors affect the labour productivity [9]. Process
carried out for the survey analysis is depicted in Fig. 1.
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Table 1 Factors considered for the study

Internal factors

A Manpower

Q1 No proper supervision

Q2 Skill of labour

Q3 Unclear instructions to labour

Q4 Labour strikes

Q5 Difficulty in recruitment of workers

Q6 Non-payment to labour contractor

Q7 Absenteeism at worksite

B Management

Q1 Resource management

Q2 Motivation

Q3 Safety issue

Q4 Lack of equipment

Q5 Disruption of power/water supplies

Q6 Stoppages because of dispute with owners/consultants

Q7 Stop work orders because of infringements of government
regulations (The action of breaking the terms of law,
agreement, etc.)

C Design factors

Q1 Build ability (Design of a building facilitates ease of
construction)

Q2 Design changes

D Site factors

Q1 Site access

Q2 Congested work area

Q3 Repair and repetition works

Q4 Idling due to non-availability of materials

External factor

Q1 Health

Q2 Climatic conditions

Q3 Force majeure (traffic/site accidents)

Productivity improvement technique

A Employee-based productive improvement technique

Q1 Quality of supervision

Q2 Skill enhancement

Q3 Time management (minimize time wasters, e.g.: inability
to delegate work)

(continued)
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Table 1 (continued)

Q4 Learning curve (experience and expertise)

Q5 Better living

Q6 Financial incentives (e.g.: Bonuses)

Q7 Fringe benefits (e.g.: medical insurance)

B Task-based productivity improvement technique

Q1 Planning and scheduling (Right materials at the right
place at right time)

Q2 Job safety design (A safe workplace)

Q3 Method engineering/work simplification (Elimination of
unnecessary task to reduce time)

Fig. 1 Process of the
analysis

The survey was carried out at Bengaluru (Bangalore) city, Karnataka, India
amongst contractor, project management consultants, site engineers, senior site
engineers and general manager.

The respondents were well qualified professionals with a minimum experience of
10 years in relevant fields. As this sector had variety of people from various parts of
India with different experiences, this study depicts the national level response about
labour productivity in construction sector.

A set of data analysis was carried out for the collected responses with the help
of Statistical Package for the Social Sciences (SPSS) software. Reliability analysis
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was carried out to check the internal consistency of the factors. Each factors’ inter-
correlation was examined, and Cronbach’s Alpha was computed to determine the
internal consistency of each factor. The minimum advisable level was considered
as 0.7 [10, 11]. The factor having computed Cronbach’s Alpha greater than 0.7 was
considered as highly reliable and internally consistent.

Relative Importance Index (RII) analysis was carried out for the collected data.
It helps to identify importance of factors affecting the labour productivity based on
ranking, from the viewpoint of contractors and professional consultants. 33 factors
prominently affecting productivity of labours were classified under five headings,
and the collected responses were ranked using RII. This method is best suited for
respondent satisfaction rating [2].

The monotonic correlation between the data was measured by Spearman’s corre-
lation coefficient. This identifies the extent of variation that the value one variable
changes to another. The value varies between −1 and +1, positive value represents
the change in both variables in same direction where in negative value represents the
change in in opposite direction.

3 Result and Discussion

152 responses were collected from construction industry professionals, which
includes 60 responses from site engineers, 48 from quantity surveyors, 25 from
contractors and 19 from project managers. Cronbach’s Alpha was computed for the
collected responses. The Cronbach’s Alpha values for manpower, management and
site factors ranged from 0.755 to 0.843, which was larger than the recommended
value of 0.700. The alpha value for design factors is 0.344 less than 0.7, which is not
reliable. Figures 2, 3 and 4 show the RII analysis carried for the collected responses.
It shows the ranking of various factors according to their importance. The major
factors affecting labour productivity under respecting heading are as follows,

• Manpower factors—No proper supervision with 73.20%.

73.20 72.20

51.20 50.20
46.40 45.60

40.20

Q 1 Q 2 Q 3 Q 4 Q 5 Q 6 Q 7

Manpower Factors
79.20

75.60

49.60
45.60

42.40 40.00 38.00

Q 1 Q 2 Q 3 Q 4 Q 5 Q 6 Q 7

Management Factors

Fig. 2 RII analysis for factors related to manpower and management
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79.20

60.40

Q 1 Q 2

Design Factors
72.40

57.20
49.20

43.40

Q 1 Q 2 Q 3 Q 4

Site Factors 78.20
71.00

60.00

Q 1 Q 2 Q 3

External Factor

Fig. 3 RII analysis for design, site and external factors

76.60 74.60 74.20 73.80 73.60

65.20 62.40

Q 1 Q 2 Q 3 Q 4 Q 5 Q 6 Q 7

Employee-Based Productive Improvement 
Technique                 

80.80

76.00
75.40

Q 1 Q 2 Q 3

Task-Based Productivity Improvement 
Technique

Fig. 4 RII analysis for productivity improvement technique

• Management factors—Resource management with 79.20%.
• Design factors—Build ability with 79.20%.
• Site factor—Site access with 72.40%.
• External factor—Health with 78.20%.

With RII analysis for productivity improvement techniques, it was observed that
factors like quality of supervision, skill enhancement of workers and time manage-
ment with proper planning and scheduling have better contribution for improving
the labour productivity.

Based on Spearman’s correlation coefficient, it was observed that few factors were
internally correlated with each other and together affects the productivity.

• Under factors related to manpower, difficulty in recruitment and non-payment to
labours is correlated with value 0.764, i.e. recruitment of proper skilled labours
is difficult without proper payment.

• No proper supervision and skill of labour are correlated with value 0.745. It
indicates due to poor supervision there was no improvement in skills of labours.

• With value 0.742, it can be stated that lack of communication and proper
instructions will lead to labour strikes.
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• Under factors related to management with a value 0.857, it was observed
that infringements of government regulations may lead to dispute with
owners/consultants which results in stoppage of works.

• Value 0.639 indicates that repair/repetition of work is difficult due to congested
work space.

• Value 0.732 reflects that bad climatic conditions will affect the labours health.

4 Conclusions

This survey was carried to highlight the factors responsible for variation in produc-
tivity amongst human resources involved in construction industry. Many resources
are essential for accomplishing a construction project out of which human resource
is a vital. Human resource management has higher importance due to the challenges
of handling people with various physiological, psychological and social background.

This analysis reflects that all the shortlisted 33 factors under different heads are
affecting the productivity, and many factors are correlated with each other. It is
difficult to improve the skills of labours without proper training and consistent moni-
toring. Recruitment or retainment of skilled labour is even though uneconomical, and
it reduces wastage of material, saves time and hinders the chances of safety hazards.
Thus, hiring skilled labours and effective management of labours are most crucial for
accomplishment of every project. Management factors like poor resource manage-
ment and lack of propermotivation affect duration of work completion leading to loss
of productivity. Progress of the work is also suppressed due to the disputes between
owners/consultants because of government regulation infringements and poor ability
to analyse the design at execution level. Delay in works occurs due to congested work
space and bad climatic conditions. Labours health and site conditions have its impact
on the productivity.

Proper enlightenment about these factors to the execution team and periodic
quality improvement trainings to the labours will help the organization to overcome
the low productivity problems.

Acknowledgements Authors extend their sincere thanks to the JSS Academy of Technical Educa-
tion and R V College of Engineering, Bengaluru for their infrastructure support during the conduc-
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Assessment of Surface Water Quality
Parameters of Panchganga River

Chidanand Patil, Sneha S. Bandekar, Sateesh Hosamane, Sanjeev Sangami,
and Amrut Adavimath

Abstract This article presents physico-chemical parameters of Panchganga River,
Maharashtra, India. The river receives varieties of domestic, industrial and agricul-
tural wastes located around the river. The samples are collected from seven different
locations P1 to P7 along Panchganga River. Parameters such as pH, turbidity, elec-
trical conductivity (EC), total dissolved solids (TDS), acidity, alkalinity, chlorides,
total hardness, calcium sodium and potassium were determined. Dissolved oxygen
(DO) deficit assessed using Streeter-Phelps equation from March to May 2019 on
monthly basis. Results showed turbidity was out of desirable limit at all sampling
locations. Most of parameters showed increase in value as river flows downstream.
Calcium and alkalinity showed higher values than desirable limit as per IS 10500-
2012 at last four sampling points. From results, it is concluded that water quality is
getting polluted moderately as river flows from Kolhapur to Ichalkaranji. And there
is decrease in DO content of water as river flows downstream; critical DO ranging
between 2.66 and 4.14 mg/L is observed at distance of 3396–4475 m from discharge
point. Finally, the attempt has been made to study the water quality index (WQI)
of the river flow and the results showed that variation in quality of water from the
upstream to the downstream.

1 Introduction

Water is about 71% of the earth’s surface and yet it is one of the scarcest resources.
Water is abundant earth as a whole but clean and safe water for consumption is
very less in ecosystem. Rivers are the most important resources of drinking water in
different countries of the world. As mankind is growing, changes occurred in land
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and water usage, and hydrological conditions due to coarser use of water. There is
an increasing measure of water pollution throughout the world. There are mainly
two types of sources of pollution namely point and non-point source pollution. In
India, the rivers are getting polluted day by day. Today intense pollution is superior in
many rivers such as Krishna, Bramhaputra, Tapti, Hoogly, Ganga and Narmada. As
thewater flows, it collectsminerals, salts and silt from the soil and rock in the riverbed
and riverbank. Numerous different pollutants enter stream as it flows downstream,
including human waste, animal waste, agricultural runoff, urban runoff, industrial
effluents, and mining waste, because of which most of the rivers are confronting
pollution problem or under danger of pollution [1].

Self-purification is a process by which a stream is partially or totally restored after
insertion of foreign substances in quantity and quality, by way of natural processes,
to cause a distinctive change in the physical, chemical and/or biological properties of
the stream. The introduction of foreign matter to the environment is usually through
manmade activities [2].

The process of self-purification can be divided into four zones; “zone of degrada-
tion” is characterized by dark and turbid water and DO is as low as 40% of saturation
value. Anaerobic decomposition takes place here. “Zone of active decomposition” is
marked by heavy pollution. Water in this zone is gray and no fishes are found in this
zone because DO decreases to lowest value. The recovery process starts within the
“Zone of recovery”. DO again reach 40% of saturation. Close to the end of the zone,
microscopic aquatic life reappears. In “clear water zone” becomes clean and more
aesthetically pleasant as DO reaches saturation value and fishes reappear. There are
many factors affecting the process of self-purification including dilution, current,
temperature, sunlight and rate of oxidation.

The oxygen deficit at any point in the stream is equal to the difference between
saturation dissolved oxygen and actual dissolved oxygen at particular time. The
resulting oxygen deficiency can be obtained by addition of the oxygenation and
reaeration curves algebraically and the obtained curve is called the oxygen sag curve
[3].

The WQI theory was first proposed by Horton [4] and which compares of water
quality of the rivers with any statutory standards are given by various organizations. It
gives different weights to the different parameters based on the limits of the standards
and it is very is for us to determine the quality of water of the river [5]. Many
researchers have developedWQImodels successfully and applied to check the quality
of water [6, 7].

The PanchagangaRiver basin is situated on the eastern side of the Sahyadri ranges.
It is in the northern part of Kolhapur district of Maharashtra, located at 15° 43′ and
17° 17′ North latitude and 73° 40′ and 74° 42′ East longitude and is constituted of
five northeast flowing streams, namely Bhogavati (83 km), Tulsi (30 km), Kasari
(69 km), Kumbi (48 km) and Dhamani (41 km). The Bhogawati River is renamed
Panchaganga from Prayag Chikhali. The river flows and meets Krishna River at
Narsinhwadi, Tal: Shirol, Dist: Kolhapur. There are 174 villages, 2 municipal towns
(Ichalkarnji and Kurundwad) and one city (Kolhapur) situated on the bank of the
river [8].
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Kolhapur and Ichalkaranji cities are situated on the bank of Panchganga River,
which is the main water source for many purposes. Increase in industrial activities
and rapid urbanization is polluting river water. The wastewater from MIDC Shiroli,
Kolhapur and textile mills of Ichalkaranji is reaching the river without any treat-
ment. Due to this man-made activities, there is problem in drinking water supply
to surrounding areas. Water pollution created severe health impact on human life.
Hence, it is most important to assess the quality of river Panchganga. The main
objective of this work is to assess and analyze the water quality of the Panchganga
River by analyzing WQI, and the attempts have been made to establish the dissolved
oxygen sag curve for Panchganga River.

2 Study Area

Samples are collected from the river Panchganga at particular locations which are
shown in Figs. 1 and 2. One liter of samples was collected from each location in
the study area. The samples were collected in the middle of river from 7 different
locations for the months of March, April and May 2019. Samples are collected in
new clean air-tight plastic containers marked with numbers. Grab sampling method
is used for the collection of sample (Table 1).

Fig. 1 Satellite image of Panchganga river basin
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Fig. 2 Water sampling points

Table 1 Details of sampling points

S. No. Site code Distance (km) Location Elevation from mean sea level
(m)Latitude Longitude

1 P1 0.0 16.6917568 74.1654932 543.0

2 P2 07.72 16.7615540 74.2621537 538.0

3 P3 21.88 16.7121682 74.2805517 536.9

4 P4 29.77 16.6660892 74.4757330 535.8

5 P5 03.37 16.6810911 74.5082206 534.0

6 P6 17.70 16.6818394 74.5759011 531.9

7 P7 14.80 16.6918400 74.5965658 531.0
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3 Materials and Methodology

The parameters pH, turbidity, electrical conductivity (EC), total dissolved solids
(TDS), acidity, alkalinity, chlorides, total hardness, calcium, sodium and potassium
were analyzed as per procedure prescribed by APHA 2005.

3.1 Oxygen Sag Curve

Assume the river is completely mixed and the concentration of water and waste at x
= 0 is [9]:

Co = QrCr + QwCw

Qr + Qw
. (3.1)

where,

Co initial strength at the starting point after mixing (mg/l).
Qr discharge (m3/s) of the stream.
Cr before mixing (mg/L).
Cw wastewater strength (mg/L).

The saturated oxygen is equal to

Ds = 475

33.3 + T
. (3.2)

where,

Ds DO saturation.
T Temperature in °C.

The deoxygenation constant is obtained by the equation.

K20 = 0.3

(
H

8

)−0.434

. (3.3)

KT = K20◦ × 1.047(T−20). (3.4)

where,

H average depth of river (m).
U average velocity of river flow (m/s).

The reaeration constant was determined

R = 294(DLU)
0.5

H 1.5
. (3.5)
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DL = 1.760 × 10−4m2/d × 1.037(T−20). (3.6)

where,

R reaeration constant.
H average depth of river (m).
U average flow velocity (m/s).
DL diffusion coefficient (m2/day).

Several assumptions have been made for the calculation of dissolved oxygen. We
assumed that themixed one is evenly across thewidth of the river and is rapidlymixed
with the stream water. The two necessary parameters are the rate of deoxygenation
(K) and the rate of reaeration (R). And the term x indicates the distance of downstream
from the waste discharge point and u in the equation indicates the velocity of the
river water, respectively [9].

Dt = K L0

R − K

(
e−K (x/u) − e−R(x/u)

) + D0e
−R(x/u) (3.7)

where,

Dt DO deficit at anytime t.
Lo BOD remaining at time t = 0.
K deoxygenation rate.
R reoxygenation rate.
x downstream distance from the waste discharge point.
u velocity of the river water.

4 Results and Discussion

4.1 Physico-chemical Parameters

The pH, turbidity, electrical conductivity (EC), total dissolved solids (TDS), acidity,
alkalinity, chlorides, total hardness, calcium, sodium and potassium of the river water
samples collected during March to May 2019 are explained below.

4.2 pH

In the present study, the pH of water is in the range of 7.09–8.29. From Table 2, it is
noticed that the pH is well within the permissible range. There is no much variation
of pH at different locations as shown in Fig. 3a. In majority of the cases, the water
is nearer to neutral range. The minimum pH is recorded at P2 (7.09) in May and
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Fig. 3 Variation of physico-chemical parameters at sampling locations.a pH,b turbidity, c electrical
conductivity (EC),d total dissolved solids (TDS), e acidity, f alkalinity, g chlorides,h total hardness,
i calcium, j sodium, k potassium
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Fig. 3 (continued)
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maximum pH is recorded at P7 (8.29) on 1st March. pH is slightly increased at end
points due to the mixing of untreated sewage discharge from Ichalkaranji Nallah.

4.3 Turbidity

However, turbidity observed in the river waster varies from 1.0 to 16.1 NTU. The
values of turbidity obtained are given in Table 2. Figure 3b represents the variation of
turbidity along the Panchganga River. The turbidity is maximum at P6 (16.1 NTU)
in March and sharp decline in turbidity is obtained at P5 (1.0 NTU) in May. This
is attributed to the sudden deposition of relatively coarser particles derived from the
upstream area and further finer sediments are carried away and remain in suspension.

4.4 Electrical Conductivity

Conductivity of water is its ability to conduct an electric current. In the present study,
the Electrical Conductivity of waster varies from 72.5 to 958.2 µS/cm. Maximum
was recorded at P7 in the month of May 2019. As the sampling was done in summer
season, significantly high EC was recorded in the downstream. The values of EC
are as given in Table 2. The variation of EC along the course of the river from
Kolhapur to Ichalkaranji is shown in Fig. 3c. From the figure, it is evident that there
is a considerable increase in conductivity from upstream to downstream of the study
area because of discharge of domestic waste and agricultural runoff. Maximum value
was obtained at P5.

4.5 Total Dissolved Solids

It is the amount ionized and non-ionized matter in water. The desirable limit of total
dissolved solids in drinking water as per BIS (IS 10500-2012) is 500 mg/L. The
variation of TDS along the river is shown in Fig. 3d. Evaporation and lower flow
volume might be reason for higher TDS at downstream. But, the values are within
the desirable limits. The recorded TDS value is low at upstream of Kolhapur (P1) in
March and high at P5 and P7 in April and May, respectively.

4.6 Acidity

Acidity is caused by the presence of organic and inorganic acids and salts. Carbon
dioxidewhich is dissolved is usually themain reason for acidity in unpolluted surface
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waters. The acidity of sample varies from 5 to 18 mg/L. Maximum acidity was
recorded at P4 in the month of March 2019. The values of acidity are given in Table
2.

4.7 Alkalinity

The BIS (IS 10500:2012) specified desirable limit of alkalinity in drinking water
is 200 mg/L (as CaCO3). In the present study area, there is a wide variation in
alkalinity. It varies between 68 and 252 mg/L. Table 2 shows the alkalinity variation
with respect to time and space. The variation of alkalinity along the course of the
river from Kolhapur to Ichalkaranji is shown in Fig. 3g. From the figure, it is evident
that there is a significant increase in alkalinity at P5 is 252 mg/L in March is may be
due to weathering of carbonate minerals in rocks and soil.

4.8 Chloride

Chloride irons are essential for life. However, above a concentration of 250 mg/L
chloride, the water may taste salty. The BIS (IS 10500:2012) standard of chloride
is 250 mg/L. The concentration of the chloride showed variation both spatially and
temporally. This may be an indication of the transported soil and solute particles
which reaches the river water as non-point sources. The graphical representation
of chloride distribution is shown in Fig. 3h. This shows that the chloride content
is within desirable limit. The higher concentrations at P5, P6 and P7 may indicate
pollution by sewage and industrial waste.

4.9 Total Hardness

The concentrations of total hardness obtained during the study period are given in
Table 2. The variation of total hardness in the study area is shown in Fig. 3i. It is quite
evident that there is a significant increase in the total hardness in the downstream area
which could be due to the nature and composition of soil particles suspended in the
water. Total hardness is low at P1 (60 mg/L) in May and maximum at P5 (232 mg/L)
in March.
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4.10 Calcium

The concentration of the calcium showed variation both spatially and temporally.
This is caused due to the deposition of minerals. The variation of calcium along the
course of the river fromKolhapur to Ichalkaranji is shown in Fig. 3j. From the figure,
it is evident that from sampling point P4 to P7 values exceeds desirable limit. This
may be due to deposition of minerals due to industrial, residential and agricultural
discharges.

4.11 Sodium

Sodium is always present in natural waters. It is also an essential dietary requirement
in very small quantity. The sodium concentration along the river is shown in Table
2. It ranges from 3.19 to 89.77 mg/L. These sudden increase and decline of sodium
content are referred to hydrological changes resulted from rainfall and discharge
characteristics. The variation of sodium along the course of the river is shown in
Fig. 3j. The peak of sodium concentration observed at P5 in March, April and May
months could be due to sewage and runoff characteristic which indirectly influences
the water quality parameters.

4.12 Potassium

Potassium is present in geological formations. In spite of high concentration of
sodium in the river water, it is recorded that the potassium content is found to be
very low in all months. This kind of character of ions indicates the source of sodium
as natural rocks and soil type whereas potassium is contributed mainly through non-
point sources, particularly from agricultural lands. High concentration is observed in
March. The lowest potassium content is recorded at P5 in April and highest content
is recorded at P4 inMarch. Leaching of artificial fertilizer is maybe the reason higher
concentrations (Fig. 3k) of potassium.

4.13 DO Sag Curve

TheDO sag curves were developed for Panchganga River where the industrial wastes
discharges into the mainstream. There was discharge of 2 MLD of wastewater from
MIDC Shiroli, Kolhapur (P3). The observed BOD discharge is of wastewater found
to be 900, 932 and 998mg/L for themonthsMarch,April andMay 2019, respectively.
And from Ichalkaranji Nallah (P5) 1.5 MLD of wastewater is discharged into the
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river and BOD load of 810, 865 and 912 mg/L for the months March, April and May
2019, respectively. The observed values are abnormally high. Once they joined the
mainstream, the DO showed significant fall which is shown below (Fig. 4).

The DO concentrations 500 m upstream from the point of discharge of Kolhapur
MIDC effluent were 6.89, 6.02 and 6.76 mg/L. At the point of discharge of waste,
the DO concentrations were 6.15, 4.98 and 5.62 mg/L months March, April and
May, respectively. The critical DO concentrations of 4.14, 2.66 and 3.03 mg/L were
observed at critical distances 4475, 3773 and 3924m downstream from the discharge
point, respectively.
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Table 3 Desirable limit as
per IS10500-2012 [11]

Parameters IS10500-2012 (desirable limit)

pH 6.5–8.5

Turbidity (NTU) 5

TDS (mg L−1) 500

Chlorides (mg L−1) as Cl 250

Total hardness (mg L−1) as
CaCO3

300

Calcium (mg L−1) 75

DO (mg L−1) Should not be less than 4

Potassium (mg L−1)

TheDOconcentrations 500mupstream from the point of discharge of Ichalkaranji
Nallah were 6.50, 6.07 and 6.57 mg/L. At the point of discharge of waste, the DO
concentrations were 5.72, 5.18 and 5.38 mg/L months March, April and May 2019,
respectively. The DO concentrations decreased to critical value of 3.94, 3.68 and
3.23 mg/L at 4019, 3122 and 3396 m which is the critical distance downstream from
the discharge point. The DO concentration increases as flow takes along the distance.

4.14 Water Quality Index (WQI)

Water Quality Index (WQI) is going to decide the suitability of the water for different
purpose. It is very important to specify the purpose before the analysis. In the
present study, WQI is calculated based on the 8 water quality parameters namely pH,
turbidity, total dissolved solids (TDS), chlorides, total hardness, calcium, DO, potas-
sium. The weights are assigned based on the important parameter for the particular
use. The desirable limit for the drinking purpose is shown in Table 3. The Bargavas
[10] method is used for the calculation of water quality index as it is very simple
and more easy toward analyzing water quality for various purpose. The water quality
criteria for drinking purpose are shown in Table 4 and the calculated water quality
Index is shown in Table 5. It is observed that water quality at P4, P5 and P6 are not
acceptable with the some parameters. This may be due to the industrial discharge

Table 4 Water quality
criteria based on Bhargava
water quality index

Criteria Range of values

91–100 Excellent

71–90 Good

51–70 Fair

41–50 Marginal

<40 Poor
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Table 5 Water quality index

Month Sampling points

P1 P2 P3 P4 P5 P6 P7

March 84 83 68 56 45 61 63

April 86 81 65 58 46 63 58

May 76 78 70 50 41 56 67

points and also during the may month the water quality is not acceptable, due to the
heavy rainfall before the sampling.

5 Conclusions

This study investigated the physico-chemical and dissolved oxygen sag of Panch-
ganga River which is polluted by various sources. The discharge of industries,
agricultural chemicals and domestic sewage are the main sources of pollution.

From the study, the following conclusions were drawn:

• The water quality parameters have been observed during study period of March,
April and May 2019. Turbidity, calcium and alkalinity showed very higher values
at P4, P5, P6 and P7, which are more than desirable limit in all three months at
downstream. Whereas total hardness exceeded desirable limit only at P5 in the
month of March.

• It is noticed that there is a significant change in water characteristics as the river
flows from Kolhapur to Ichalkaranji. Water pollution increases in Ichalkaranji
area due to sewage and textile mill waste disposal in river without treatment.

• The DO concentrations of Panchganga River in upstream area of Kolhapur (P3)
were 6.89, 6.02 and 6.76 mg/L and in upstream of Ichalkaranji (P5) were 6.50,
6.07 and 6.57 mg/L for months March, April and May 2019, respectively. These
concentrations were fit for survival of aquatic life.

• The critical DO concentrations for MIDC Shiroli, Kolhapur were 4.14, 2.66 and
3.03 mg/L at critical distances of 4475, 3773 and 3924 m and for Ichalkaranji
Nallah critical DO were 3.94, 3.68 and 3.23 mg/L at 4019, 3122 and 3396 m,
respectively.

• Finally, the WQI confirms the zone of pollution and are P4, P5, P6, respectively.
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A Review on Efficiency of Polypropylene
Fiber-Reinforced Concrete

Aishwarya Lakshmi, Poornachandra Pandit, Yamuna Bhagwat,
and Gopinatha Nayak

Abstract Sustainability of concrete is affected by cracks which are proved to be
detrimental for both mechanical and durability properties as they tend to propagate
under the influence of loads and result in entry of aggressive agents from surrounding
environment. Polypropylenefiber in concrete acts as crack arrester alongwith altering
the fresh and hardened properties due to improper packing and dispersion issues
which has adverse effect on concrete. The effects of polypropylene fiber concrete
are reviewed in the following section based on study of workability, compressive
strength, and cracks. The issues are encountered to certain extent by combined
usage of fiber and pozzolanic materials. This combination contributes to strength
and durability along with effective utilization of industrial waste products.

Keywords Polypropylene fiber · Concrete · Pozzolanic material

1 Introduction

Construction process has experienced modification in materials, methods, and archi-
tecture from ancient times till date and it is a continuous process as new needs
demandmodifications in the process.Conventional concrete is combination of binder,
water, and aggregates in their coarse and fine form. This combination in fresh state
is of flowable consistency and as time passes gets hardened resulting in a brittle
material. Concrete is a better performer on encountering compressive forces but
a poor performer when tensile forces are considered. To improve tensile strength,
concrete is reinforced with steel and is called as reinforced concrete. Fibers are
added to concrete mix, so that when cracks start to propagate these fibers act as
crack arresters. The brittle nature of concrete is compensated by adding fibers and
called as fiber-reinforced concrete (FRC). For this purpose, natural, metallic, and
synthetic fibers are used which are available commercially. In olden days, sun-dried
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bricks were reinforced with straw (pueblo houses) which depicts the concept of
fibers usage in construction [1]. Later in 1900 asbestos fiber usage was started in
concrete. The evolution of fiber types used in construction has recorded the use of
asbestos fibers. In 1950s, fibrous concrete made buzz. Later in 1960s, manmade
fibers (glass, steel, basalt, textile and synthetic fibers) gained importance as asbestos
fibers had cons regarding health [1]. Till date the research work on implementa-
tion of fibers in concrete is continued which demonstrated the fibers work as crack
arrester, shrinkage reducer (both plastic and drying), permeability reducer, improver
of strength along with improving the quality of concrete to bear impact loads, freeze
thaw actions at varying temperature. Fibers are added to concrete mix, so that when
cracks start to propagate these fibers act as crack arresters. The brittle nature of
concrete is compensated by adding fibers and called as fiber-reinforced concrete
where the matrix and fiber will be bonded in the form of physical, chemical, fric-
tion, or mechanical anchorage. For this natural, metallic and synthetic fibers are
used which are available commercially. Presence of fibers in concrete will result in
concrete failing in ductile manner under the loads [2].

FRC is gaining importance in construction industry but there is reluctancy in using
it due to lack of application-based study of fibers on different types of structures.
The pros and cons of using different fibers in concrete should be validated through
studies.

The fiber usage in concrete depends on its strength and elastic modulus along
with its capacity to bond with materials of the concrete. From the studies, it is clear
that there exists mechanical bonding between fibers and concrete composites. Fiber-
reinforced concrete is gaining its importance in construction [3] but its utilization
is not done effectively as people in construction field are not readily accepting the
changes based on truths revealed through research works carried out, the reason may
be preset mind or economic conditions. Type of fibers, orientation, geometry (aspect
ratio), density, and distribution affect the concrete property. Following paper specifi-
cally deals with usage of polypropylene fiberss (PPF) in concrete as secondary rein-
forcement in the formof discrete fibers.Material added to concrete should improve its
behavior either in fresh or hardened state without hindering mechanical or durability
properties. Still more synthetic fibers like acrylic, aramid, carbon, nylon, polyester,
and polyethylene are used in concrete.

2 Polypropylene Fiber

2.1 Properties

These are thermoplastic fibers of synthetic formulation that are lightweight as shown
in Fig. 1. Available in monofilament and fibrillated form, which has fine diameter
with lower density, modulus of elasticity and do not absorb water (hydrophobic)
[1]. They do not participate in chemical reaction with matrix (Table 1). They do not
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Fig. 1 Polypropylene fibers

Table 1 Properties of polypropylene fiber

Fiber Properties

Specific gravity Density (kg/m3) Melting point (°C) Resistance to
acid/alkali

Polypropylene 0.91 910 165 High

involve in chemical bonding with concrete composite instead they are mechanically
held by binder, i.e., there exists only mechanical interaction, usually used in concrete
to improve resistance to shrinkage cracks, resistance to spall, improve impact strength
and energy absorption. A very small dosage is efficient to resist cracks induced due
to plastic shrinkage.

2.2 Advantages

The following properties of polypropylene makes them suitable for use in concrete.

• High resistance to alkali/acid.
• Does not absorb water.
• Post-cracking behavior of concrete is improved.
• They induce shrinkage restraining effect.
• Small dosages do not affect strength of concrete.
• Economically feasible.
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2.3 Disadvantages

These factors have negative impact on utilization of PP fiber in concrete.

• Low modulus of elasticity (1–8 GPa) [2].
• Lower tensile strength (140–690 MPa) [2].
• Susceptibility to deterioration in the presence of sunlight and oxygen.
• Evaporates at higher-temperature living pores in concrete, i.e., heat resistance is

low.
• Acts as void connector in the case of improper packing within concrete.

3 Polypropylene Fiber Concrete

The behavior of concrete composite with fibers is influenced by distribution and
orientation of fiber, interaction between fiber and cementitious matrix, and dense
nature of it [2]. Fresh and hardened properties are influenced by the addition of fiber.
Hence, it is necessary to observe the behavior of FRC. The main criteria for using
PPF in concrete are its non-absorbent nature and care should be taken toward uniform
dispersion of it in themixwhich can be achieved by proper drymixing of ingredients.
Water absorptionof concrete is amajormatter of concern anymodification in concrete
should not severely alter the properties of concrete. In one of the results, it was seen
that these fibers did not have major effect on water absorption [4]. Short fibers tend
to limit the spread of cracks [5]. The compatibility and durability of PPF in Ordinary
Portland cement (OPC) is found to be satisfactory and the same with pozzolanic
materials in combination with OPC [5]. Fiber dosage in the range of 0.1–0.3 is
called low volume and 0.4–0.8 is called high volume dosage [1]. It is evident from
the research works that PPF in concrete has the calcium silicate hydrate (CSH)
gel enclosing the fibers and providing bridging effect due to mechanical bonding
and has the tendency to lower the permeability and capacity to block the pores [6],
which becomes the major criteria for slowing down the depassivation of concrete
surrounding the steel surface. PPF are resistant to alkalis due to which they are not
degraded by the matrix.

3.1 Workability of Concrete with Polypropylene Fibers

Being a basic property it is observed that workability is reduced on addition of these
fibers.

Ramezanianpour et al. [6] evaluated that the physical, durability, and mechanical
behavior of sleepers produced with PPF was studied (dosage—0.5, 0.7, 0.9, 1.5, 2
and 4 kg/m3). Due to the lower slump value implemented for the sleepers, the slump
test showed further decrease in workability with increase in the fiber dosage.
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Karimipour et al. [7] evaluated the effect of 0.1%and 0.3%PPF inclusion onwork-
ability of self-compacting concrete by conducting flow table test. Results showed
that with increase in fiber content the ease with which the concrete can be handled
decreased. Choosing optimal fiber dosage is necessary in order to get workable
concrete.

Chen and Liu [8] determined the contribution of three types of fiber (carbon,
steel, and polypropylene) addition in lightweight concrete. The workability of PPF
decreased compared to other two fibers. There was up to 20.8% reduction and this
was considered as the result of holding up effect of fibers, i.e., when the fibers
are distributed throughout the mix and more paste is held up by fibers. There was
decreased sedimentation of aggregates and bleeding simultaneously increasing the
viscosity with slump of 240 mm for no fiber concrete and 190 mm for concrete with
1% PPF.

Shen et al. [9] studied the effect of length of polypropylene fibers in resisting
the crack development in high-performance concrete (HPC). The lengths of fibers
chosen for study were 60mm, 54mm, and 42mmwith dosage of 8 kg/m3. There was
slight variation in the workability for the concrete with three different sizes of fiber
that ranged as 142 mm, 131 mm, and 120 mm, respectively, which shows decrease
in slump with decrease in fiber size.

Alwesabi et al. [10] studied the behavior of fibrous concrete containing polypropy-
lene fiber and mentioned that for 1% fiber dosage the workability decreased. This
proves that these fibers tend to increase viscosity of the mix. Greater the number of
fibers in the mix more is the contact surface which increases the viscosity and hence
lowers the workability.

Yap et al. [11] investigated concrete with PPF (0.1%), steel fiber (0.9%), and the
hybrid combination on mechanical and fresh properties of concrete with w/c 0.30.
Higher the dosage of PPF, i.e., >0.25%poorer the dispersion in concretewhich effects
the workability negatively. On considering PPF only a notable range of 15–30 mm,
decrease in workability is observed. large surface area of fibers requires more paste
to interact which makes concrete more viscous thus decreasing the workability.

Karahan and Atiş [12] work intended to study the durability features of concrete
(freeze thaw resistance and drying shrinkage) mass implemented with combination
of fly ash and PPF. 15% and 30% of cement were replaced with fly ash (w/c= 0.35)
and PPFwere used in following volume fraction 0.05%, 0.1%, and 0.2%. The density
showed decreasing trend with increase of fiber content which is the point to be noted.
Ease of handling the concrete decreased making the mix harsh with the addition of
fibers but fly ash showed a positive impact on the workability.

Yap et al. [13] determined the effect of polypropylene and nylon fiberswith dosage
of 0.25%, 0.50%, 0.75% in oil palm shell concrete. On study ofworkability following
observation is made, i.e., smaller the length of fiber greater is the effective surface
area available for interaction between surrounding material. The bond efficiency
between fiber and cement paste will be higher which increases the viscosity of mix,
i.e., smaller the fiber lower is the workability. 10–15 mm reduction of slump was
observed.
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Vairagade and Kene [14] used PPF of length (15, 20, 24 mm) that were used with
dosageof 0.4% inM20concrete.Noadmixtureswereused for this study and influence
of fibers on concrete workability was explained as having inverse relationship with
length of fibers that is with increase in length of fibers the workability reduced.

Mohebi et al. [15] study showed the similar trend where workability reduced with
increase in fiber dosage 0.15%, 0.30%, and 0.45%, and it is considered that there
exists an inverse relation between fiber dosage and workability.

3.2 Compressive Strength

Concrete effectively encounters compressive forces. Any additions to the mix should
not alter its positive contribution toward bearing compressive stresses. Addition of
fibers reduces the brittleness of concrete meanwhile number of studies are conducted
to ensure the effect of fibers on compressive strength of concrete due to type and
dosage of fibers.

Ramezanianpour et al. [6] work showed compressive strength reduction due to
incompatibility between thefibers andpaste phase.Meanwhile, the tensile andflexure
capacity showed an increase for 0.7 kg/m3 of PPF which decreased as time passed.
This phenomenon is the result of pores in the concrete due to fibers. Scanning electron
microscope (SEM) image in Fig. 2 gave a clear picture of bridging capacity of the
fibers in microstructure of 0.7 kg/m3 of PP dosage where gel entangles the fibers and
pores are more compared to control sample where the pore was more compact.

Karimipour et al. [7] work results showed that when PPF concrete is subjected to
elevated temperature, i.e., in the case of fire emergency as the fibers are thermoplastic,
they melted at 160 °C forming cavities post-fire exposure which acted as relief
channels of pressure. At 250 °C, the reduction of strength was lower for 0.1% dosage
compared to 0.3%dosage of PPF. It is noteworthy that at room temperature for former
dosage concrete showed 10% increase in strength and later did not have significant
effect on strength.

Fig. 2 Microstructure of
0.7 kg/m3 of polypropylene
fiber matrix [6]
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Chen and Liu [8] study results showed that 1% fiber in concrete lowers the
compressive strength but this drop was smaller compared to [4] here the compressive
strength was 45 MPa which was just 0.05 MPa lower than that of control specimen.
Lack of uniform dispersion of fibers due to large dosage was considered as the reason
for drop in strength.

Alwesabi et al. [10] from the obtained results it is observed that for smaller dosage
of (0.1%) PPF the aggregate–paste bonding improved, but compressive strength of
1% PPF 24.7 MPa and that of control specimen was 38.5 MPa. It is noted that for
PPF dosage below 0.25% in combination with steel fiber improved this result.

Yap et al. [11] study depicted that irrespective of type of concrete and hybrid
fiber combination, dosage of PPF beyond 0.25% negatively impacts the strength
especially for single fiber concrete with 1% PPF the strength reduction was 7.4 MPa
compared to control mix with strength of 36.5 MPa. The lower stiffness of PPF
results in lesser impact on compressive strength but higher dosage causes dispersion
problems resulting in lowered compressive strength.

Karahan and Atiş [12] study revealed that compressive strength decreased with
increased dosage of both fly ash (FA) and PPF. The lowest value recorded was
42.4 MPa among all the mixes. This is attributed to the weak interaction between
matrix and fibers. The highest value was 64.9 MPa for mix with 0% FA and 0.05%
PP fibers.

Yuan and Jia [16] investigated the combination of glass and PPF in concrete of
which PPF dosage was 0.45%, 0.90% and 1.35% of total volume. Control spec-
imen was overall better performer compared to fiber concrete. w/c and fiber dosage
both have combined effect on compressive strength. When fibrous concrete of two
different water cement ratiowas compared, 0.45%PPF concrete had higher compres-
sive strength for 0.30 w/c and 0.90% PPF concrete had higher compressive strength
for 0.35 w/c. Figure 3 shows with increase in dosage from 0.45 to 0.90% compres-
sive strength drop is observed and for further increase 1.5 MPa increase is observed.

Fig. 3 Compressive strength
of polypropylene-reinforced
concrete [16]
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Fig. 4 Influence of
polypropylene content on
mechanical properties [17]

Compared to other dosages, 0.45% PPF specimen is better specimen but its strength
is 3.2 MPa lower than that of control specimen.

Qian and Stroeven [17] developed hybrid fiber concrete with steel and polypropy-
lene fibers combination. Figure 4 shows the mechanical properties like tensile
strength (fspl), and compressive strength at 1 and 28 days took a rise at 0.15% PPF
dosage and dropped at 0.30% and this condition was the other way for modulus of
rupture (MOR); this showswith increase in fiber volumeflexural strength is improved
perfect packing of particles and fibers is achieved at smaller dosage of PPF which
enhances the concrete properties hence 0.15% was considered as optimum dosage.

Vairagade and Kene [14] study showed a different trend, with increase in the
length of both the fibers the strength factor also increased. PPF in concrete showed an
increase of 11.32% in compressive strength when compared with control specimen.

3.3 Cracks in Concrete

Shen et al. [9] study specifically focused on the effect of length of PP fibers (42 mm,
54 mm, 60 mm) in resisting the crack development in high-performance concrete
(HPC).Basedon integrated criterion, crack resistance increasedwith respect to length
of fiber as shown in Fig. 5.

Yap et al. [13] arrived at the conclusion that addition of PPFdue to their flexible and
ductile nature offers improved resistance to growth of cracks, crack bridging effect,
and ductility to concrete best dosage of polypropylene for better crack resistance is
0.1%. Based on observations made through first crack deflection graph, it is observed
that single fiber (1% PPF) showed poor performance compared to smaller dosage by
showing small deflection at the time of first crack formation (0.6–0.8 mm) compared
to control specimen with 1 mm deflection.

Yuan and Jia [16] study revealed that under optimum condition of packing the
fibers tend to bridge the gaps which makes these fibers the crack arresters and excess
fibers decreased the strength as the densification was incomplete.
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Fig. 5 Relation between
cracking resistance and
length of fiber [9]

Nosheen et al. [18] study revealed the effect of fiber-reinforced pretensioned
concrete made with the dosage of 0.4% and 0.6% polypropylene fibers. The ductility
index (displacement at mid-span/first yield displacement) of control specimen and
0.4% polypropylene was similar with increased dosage ductility experienced a drop.
Crack width increased with increase in dosage of PPF. For former and latter dosage
was 7.5 mm and 9.5 mm.

Zhang et al. [19] studied properties of concrete under fracture with 0.04%, 0.06%,
0.08%, and 0.1%PPF. Being lower elasticmodulus flexible fibers these form network
in the matrix which on contact with crack stresses induced due to thermal or drying
shrinkage will encounter by the bridging effect.

Banthia and Gupta [20] investigated the effect of PPF for dosage ranging from
0.1%, 0.2%, and 0.3% on plastic shrinkage of concrete. It is observed that crack
width was 1.32, 1.04, 0.89 mm, respectively, which shows with increase of dosage
of fiber the crack width decreased this implies increased dosage of fibers results in
crack width control.

Sadrinejad et al. [21] attempted to evaluate the effect of three types of fibers—PP,
polyolefin, and steel fibers. All three fibers were used individually and two fibers
in combination with PPF. The total fraction of fiber volume was limited to 1%.
Meanwhile, the PPF usagewas limited to 0.1% both individually and in combination.
The studymade an effort to emphasize on the influence of combination of these fibers
on beams under sustained loads and accelerated corrosion. M40 Grade FRC was
used. Experimentally, it was concluded that the bridging nature of fibers controlled
the crack propagation. Study depicted that PPF tend to reinforce the concrete around
the bars. On the basis of crack studies, PP was found effective in lowering the cracks.
The maximum crack width with 0.1% PP was in the range between 4 and 6 mm,
which was comparatively lower than other fibers and combinations. The cracking
pattern varied in all the beams with single type and hybrid fiber dosages which failed
to explain the trends of crack control. The best combination of fibers was steel and
polypropylene. This worked well in controlling of cracks.
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Sun and Xu [22]’s work focused on examining the presence of PPF in concrete on
mechanical and physical properties. The interfacial transition zone between aggre-
gate and paste was studied by SEM imaging and outcomes revealed that PP fiber
reduced the crystallization of calcium hydroxide a by-product of cement hydration,
whichdonot contribute to the strength.Thefibers formednetworkbridging themicro-
cracks at interfacial zone of transition. 0.9 kg/m3 was considered to be optimum, i.e.,
0.1% dosage of PPF of total concrete volume.

Carlesso et al. [23] proposed a numerical model relating increase in crack opening
andmechanical performancewhere residual stresseswere represented by considering
non-cracked section.Crack openingwasmentioned to be independent of fiber content
and type. Statically significant influence of fiber type or content was not observed
on slump and compressive strength.

3.4 Interfacial Transition Zone

The reason for strength drop in PPF concrete is explained on the basis of transition
zone. Concrete is three-phase material among which transition zone is responsible
for all the properties in hardened concrete. Figure 6 represents the matrix of concrete
without fibers.

Liu et al. [24] developed numerical model simulated based on Fick’s model with
regard to diffusion of chlorides by considering interfacial transition zone. Chloride
diffusion coefficient was high for concrete with polypropylene fiber and is influenced
by volume and length of fiber.

Fig. 6 Concrete matrix
without fiber [24]
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Fig. 7 Concrete matrix with
fiber [24]

In FRC, the region next to fiber is also termed as transition zone. This zone decides
the quality of composite. Presence of voids in this region gets connected to pores in
the presence of fibers leading to interconnections which acts as connected pathway
for propagation of cracks. Factors which effect these connections are volume and
length of fibers used.

Since the PP are hydrophobic, thin layer of water gets accumulated around the
fiber in cylindrical form represented by Fig. 7 which in later stages of hydration
leads to the formation of porous layer around the fiber which is similar to that
around aggregates. When fiber dosage is high, the porosity increases resulting in
strength drop as observed in above results hence deciding optimum dosage to suit
the requirement of concrete is vital.

4 Polypropylene Fiber with Pozzolanic Cement Concrete

It is inevitable fact that though there is enormous energy utilization in the process
of cement manufacture, we cannot completely replace it with eco-friendly product.
Innovations are tried by researchers to implement materials that have less impact on
nature. The selection of binder depends on the necessity of the structure. It is the paste
(cement + water) that holds up the aggregates by the virtue of hydration products
entangling them. As the hydration proceeds, the strength of the composite increases
due to improvement in gel structure. Type of concrete to be used is selected based
on the requirements of the structure. OPC is commonly and widely used cement
for structures whose various versions are produced to suit the requirement based
on exposure conditions. Mineral-based materials are gaining their importance in
construction one among them is Portland pozzolanic cement (PPC). Cement reacts
with water to give CSH gel and calcium hydroxide, between these two CSH gel
binds the materials together and its quality depicts the composite strength. Calcium
hydroxide acts as a con factor as it does not contribute to the strength. This product
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when combined with pozzolanic material secondary hydration is triggered forming
more CSH which enhances the strength of concrete composite.

It is evident from the observation that construction field is deliberately neglecting
the use PPC due to its extended time to gain strength compared to OPC and a smaller
number of researches with this regard. The total service life of PPC is found superior
to that of OPC as the former performs better in aggressive environment, i.e., in long
run the former serves better than latter.

Alhozaimy [25] aimed to determine the effect of polypropylene fibers (V = 0.05–
0.3%) on mechanical strength of concrete in the presence of pozzolanic materials
(25% FA, 25% slag, and 10% silica fume). ANOVA showed there was no significant
effect of fibers on compressive strength and flexural strength but the impact resistance
was improved due to fibers. The pozzolans reduced the impact resistance but there
was positive interaction between pozzolans and fibers which ultimately contributed
to impact resistance by 82% increase which implies effectiveness of fibers in the
presence of pozzolans. The work was on M35 grade concrete girder reinforced with
steel and fibers both used individually and in hybrid form. Durability aspects of
FRC was investigated. The PP dosage was 0.40%, and 0.60% for individual mix
was chosen. Water absorption was not affected by fiber reinforcement which was a
topic of major concern. Compared to control mix, the PPF concrete showed lower
absorption and in concrete this is attributed to the curling nature of PP fibers. On
SEM analysis of PPF concrete, the fibers were attached to matrix or curled to the
aggregate and steel fibers had developed rust in small amount due to exposure to
open atmosphere.

Mohseni et al. [26] studied the effect of two pozzolanic materials, i.e., rice husk
ash and metakaolin as partial replacement for cement and PP fiber added as addi-
tive. Compressive strength was higher than control specimen for a sample of 10%
metakaolin+ 20% rice husk ash+ 0.3% PPF, with the influence of pozzolanic action
the crack control capacity of fibers contributed to the strength of concrete and this
result is opposite to that of other works which showed PP fibers have no influence
on compressive strength. On testing of flexure strength, it was noticed that there was
forty percent increase, and this is due to the crack bridging nature of the fibers. The
test on water absorption was majorly influenced by combination of metakaolin +
PPF as the presence of fibers created vacant spaces that led to moisture movement
but the absorption was lower compared to control specimen. The quality of sample
was determined by ultrasonic pulse velocity test (UPVT) and the specimen with only
PPF and combination of PPF with pozzolanic material showed better performance
than control specimen due to filler effect of pozzolanic material.

Mohod [27] used PPF with 0.5% increase in dosage ranging from 0 to 2% was
used with two grades of concrete (M30 andM40) of PPC with two curing conditions
one being exposure curing and other controlled curing. The concrete was stiff in
fresh condition for fiber dosage greater than 1% which denotes workability loss in
presence of higher volume of fibers. Based on three major mechanical properties, the
optimumdosageoffibers inPPCconcretewas studied. Flexural strengthobtainedwas
highest for lowest fraction of fibers for both concretes under two curing conditions.
Tensile strength was maximum for M30 concrete with 0.5% fibers beyond which
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the tensile strength decreased with higher dosages. The curing condition is seen
to have influence on compressive strength of nominal mix concrete without fibers
after 7 days as in pozzolanic cement concrete secondary hydration is triggered after
primary hydration, as a result of which control cured specimens performed better.
0.5% was considered as optimum based on mechanical strength observations.

5 Conclusion

• Low elastic modulus fibers cannot prevent crack formation on encountering of
high stress.

• Increase in fiber dosage negatively impacts on concrete strength as optimum
packing condition is not achieved.

• Significant loss of workability is observed with increase in fiber content.
• Dispersion of fibers in concrete has got influence on strength hence uniform

distribution of fiber is expected.
• These fibers individually up to the dosage of 0.1% and in hybrid combination up

to 0.25% improve crack control features in concrete.
• Dosage of lower volume (0.1%) is effective as secondary reinforcement in

concrete as there is no effect on compressive strength.
• Presence of pozzolanic materials aids in dispersion of fibers.
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Corrosion of Reinforcing Bar in RCC
Structures—A Review

Yamuna Bhagwat, Gopinatha Nayak, Aishwarya Lakshmi,
and Poornachandra Pandit

Abstract Corrosion of the reinforcements in the concrete has been considered as the
severe factor which reduces the concrete structure’s durability. The structures present
in marine environments are prone to the corrosion attacks. The damage of concrete
is evidenced through expansion, cracking, and gradual concrete cover spalling. The
non-uniformity of corrosion throughout the rebar and reduced cross section causes
sudden failure of reinforced members without prior indication. With intense earnest-
ness, the corrosion effect on normal steel and high-strength steel which is used in
prestressed concrete is discussed here to understand the state of the art. The study
included reasons for corrosion of bar and effect on bond strength, structural perfor-
mance of normal and prestressed concrete. The paper concludes with pores distri-
bution on the concrete, concrete–steel and an aggregate–paste interface contribute
more for rebar corrosion and lowers the bond strength, structural performance of
RCC structures.

Keywords Corrosion · Deterioration · Concrete structures · Prestressed concrete ·
Prestressed steel

1 Introduction

The corrosion of steel used in the reinforced concrete to enhance the strength of
concrete is the considerable factor for the study to improve the serviceability of the
structure. The corrosion is not only the sole reason in affecting the durability of the
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structure, but it has the significant contribution [1, 2]. Therefore, it has attracted the
major concern while improving the durability aspects as well as to explore other
dimensions that indirectly affects the corrosion.

The calcium silicate hydrated (C–S–H) gel and calcium hydroxide (Ca(OH)2)
are produced during hydration process when cement is mixed with water. C–S–H
gel helps to determine the property of the concrete and Ca(OH)2 being alkaline
maintains pH near to 13 and helps to resists the corrosion of reinforcements [3].
Because of the pores present in the concrete, carbon dioxide and chlorides penetrate
inside and reach up to the reinforcement and finally destroy the passive layer formed
against the corrosion. Figure 1 schematically represents the flow of charges in the
electrochemical process of corrosion. The result of this begins the deposition of
an oxide layer on the reinforcement due to the potential difference created inside it.
Generally, this deposition can increase the volume of reinforcement up to 4–6 times to
its original volume and causes radial tension along the length of the reinforcement to
the surrounding. This results in cracking and breaking the bonding between concrete
and reinforcement as shown in Fig. 2.

The main factors for corrosion of reinforcement are

• existence of two metals or single metal at two locations at different energy levels;
• presence of an electrolyte (in the reinforcement corrosion concrete act as

electrolyte);
• metallic connection between the two metals [4].

Fig. 1 Diagrammatic
representation reinforcing
steel corrosion in concrete
[13]

Fig. 2 Reinforcement corrosion leads to cracking and spalling [14]
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Fig. 3 Stages in
development of corrosion of
steel [8]

The corrosionof the steel happensmainly because of the followingphenomenon—
carbonation and chloride-induced corrosion. The atmospheric carbon dioxide (CO2)
ingression in the concrete causes carbonation corrosion of steel, and the chloride
ions penetration throughwater or present in the rawmaterial causes chloride-induced
corrosion [5–7]. The chloride-induced corrosion has more wild attack than carbon-
induced corrosion.

Four stages are considered in the corrosion; in the first stage, aggressive mate-
rials enter into the concrete by pores or crack present. The depassivation takes place,
no color changes can be detected by formation of rust. In the second stage, the
corrosion starts and depending on the moisture and oxygen access corrosion rate
increases, tensile stresses develop due to products formation. In the third stage,
corrosion stresses reach the cover and spall-off of cover happens because of detach-
ment due to cracking; reinforcing bar loss is accepted in the final stage and eventually
structure becomes less strengthened [8]. These all stages are called the propagation
stage as shown in Fig. 3. Since the corrosion significantly affects the durability of the
structure, there is a strong requirement to find out the effective solution to reduce the
corrosion effect. Here, an attempt is made of collective study of the state-of-the-art
papers on the corrosion of reinforcements effect.

2 Influencing Factors for Steel Corrosion in Concrete

There are several influencing factors for corrosion rate such as moisture content,
temperature, pH value, permeability, carbonation and chlorides, exposure condition,
thickness of cover used for reinforcement. The pH of the concrete is reduced by the
ingression of the chemicals or other acidic gases such as sulfur dioxide and nitrogen
dioxide. The entering of foreign substances is possible when concrete is permeable,
and permeability depends on density of the concrete.
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Chloride entering rate and carbonation rate depends on the permeability coeffi-
cient, and also precracking existed on the surface of the concrete member due to
shrinkage, etc. [9–12].

Two types of transition zones are considered in the concrete, namely steel–
concrete and aggregate–paste interface. The porous present in the aggregate paste
interface has no much effect but it transports chloride ions [15]. Pores present in the
concrete very adjacent to the reinforcement, i.e., steel–mortar interface, is the place
where there is no immediate presence of alkalis with limited supply of oxygen [15,
16]. As a result, corrosion begins typically as localized corrosion at the interface [17].
For heedful study, defects of steel–concrete interface beneath the steel are locations
which contribute less corrosion resistance [18]. Blended cements are found to be
comparatively more resistant for the ingression of chloride ions [19].

Intuitively, corrosion initiation on the steel surface is reciprocal to the distance
between the steel surface and the aggregate [20]. But, for randomly placed multiple
aggregates with different sizes effect has to be studied thoroughly.

Corrosion rate is greatly influenced by the exposure time, temperature, and state
of the environment. At low relative humidity conditions, corrosion is generally slow.
Humidity conditions more than 90% with high temperature corrosion rate increases
exponentially. High humid conditions form rust in a very less period and spalling of
concrete cover commences within a very short period [21].

Corrosion in reinforcement also depends on the [Cl−/OH−] ratio, if it exceeds the
threshold value then corrosion begins [22]. The threshold value or critical value of
the chloride is defined as the required amount of chloride for depassivation of steel
or chloride content which is associated with acceptable cracking of the reinforced
concrete member [23]. Many experiments show the threshold value of [Cl−/OH−]
between 0.3 and 3 [22]. This threshold value cannot be a constant since it depends
on the many other factors like temperature, water–cement ratio, C3A, and alkali
content in cement [22, 24–26]. In America, the critical value of chloride content is
taken as approximately 0.4% of weight of cement and water soluble chloride content
considered as 0.1% of weight of cement [6]. The chloride threshold values as per
different international standards are listed in Table 1.

3 Effects of Steel Corrosion in Concrete

3.1 Bond Strength

Other than cracking of the concrete, the tension created from the volume increases
due to corrosion products, decreases the bond strength. Bond strength is the main
reason for concrete to act as composite material. Using pullout test, bond strength
of the concrete is studied for different levels of steel corrosion. The bond strength is
responsive to corrosion level in non-confined deformed bars. Usually, bond strength
in non-confined deformed bars decreases with increase in corrosion level. But, in the
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Table 1 Chloride threshold
value from different standards
[27]

Name of
standards

Details Threshold value of
chloride

British
standards

For reinforced
concrete structures

0.4% of cement

Prestressed concrete
structures

0.1% of cement

Australian
standard

For concrete
structures

0.8 kg/m3 of concrete

Canadian
standard

For RC structures 0.15–1% of cement

Prestressed concrete
structures

0.06% of cement

ACI 318-11 For reinforced
concrete structures

0.15–0.3% of cement

Indian
standards IS
456

Reinforced concrete 0.6 kg/m3

Prestressed concrete 0.4 kg/m3

Normal concrete 3 kg/m3

Hong Kong
standards of
practice

Reinforced concrete 0.35% of concrete

Prestressed concrete 0.1% of concrete
mass

New Zealand
standards

Prestressed concrete 0.5 kg/m3 of concrete

Reinforcement under
moisture

0.8 kg/m3 of concrete

Reinforcement under
dry

1.6 kg/m3 of concrete

confined bars, no much effect on bond degradation was found [28]. According to the
literature, bond strength improved when the corrosion level was very low, and when
corrosion reached to 9%, bond strength decreased to one-third of the value of without
corrosion. Smooth bars without confinement showed increase in bond strength till
2–4% increase in corrosion. But, in confined bars, up to 5% corrosion level bond
strength increment has been observed [28, 29]. The corrosion loss more than 9.26%
or crack formed due to corrosion effect wider than 0.67 mm decreased bond strength
between concrete and corroded strands [30]. Also, the failure by bond degradation
depends on the method of inducing corrosion [31]. But, when experimentally studied
deterioration of members underestimated in artificially induced corrosion method
when compared with natural corrosion. The presence of stirrups too affects the bond
degradation, more dense stirrups decrease the bond degradation rate and surface
cracking from corrosion, increase the value of pullout load [32]. Many analytical
models to find out the amount of strength degradation have been developed with
reinforcement corrosion considering uniform and non-uniform corrosion [33–35].
The variation of bond strength for different corrosion level from the literature is
listed in Table 2.
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Table 2 Bond strength variation for corrosion level from the literatures

Corrosion level Bond strength Literature

Up to 6.24% Increased Wang et al. [30]

More than 9.26% Decreased Wang et al. [30]

Up to 5% (rebar corrosion prior to
the concrete placement)

Increased Choi et al. [31]

Up to 1% (rebar corrosion after
concrete placement)

Increased Choi et al. [31]

Up to 5.3% (uncracked concrete) Increased Jiradilok et al. [37]

Up to 3% (cracked concrete) Increased Jiradilok et al. [37]

More than 5.3% (cracked concrete) Decreased Jiradilok et al. [37]

5% Increased Fang et al. [28]

9% Decreased (1/3 of non-corroded
specimen)

Fang et al. [28]

3.2 Structural Performance

The corrosion propagation directly affects the structural performance of reinforced
concrete member. Decrease in steel c/s area greatly affects the flexural performance
of the member, and concrete spalling because of splitting of the bond reduces the
stability of the member. The cracks develop more intensely in a dry environment in
an accelerated corrosion process than in a moist environment.

The concrete beam which was allowed to corrode in a humid environment and
dry environment studied and compared for flexural performance. Since most of the
corrosion products in dry concrete remained at the steel and concrete interface, it
develops more pressure and leads to the development of tensile stresses and corre-
spondingly cracks formation at this interface. Pit formation in the rebar is considered
to be more in the wet-accelerated corrosion process than in the dry process. Forma-
tion of the pits on rebars reduces the load bearing capacity, for average rebar loss
residual load capacity and corroded residual load capacity decreased up to 30% and
40%, respectively. For localized corrosion, corroded residual load capacity reduced
up to 60% of its designed value [36].

Reduction of load bearing capacity changes the failuremode fromductile to brittle
for increased corrosion of rebars [38]. Corrosion shows a very harmful effect on the
mechanical behavior of reinforcement, reduced ductility observed in the corroded
bars than non-corroded bars. In one of the research works, with ductile response the
corroded beam failed in flexure; in non-corroded beams, brittle shear failure was
observed [39].

Therefore, it is evident that decrease in c/s area of reinforcement affects the
flexural capacity and also the mode of failure from shear to flexure. Presence of
precrack has accelerated the performance degradation and deterioration [40] in the
beam, and it increases the loss of steel bar cross section and significant effect on
mechanical properties correspondingly affects the mode of failure of the beam (for
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each percentage loss of local c/s area of steel reduces load carrying capacity by
0.9%). The performance reduction and deterioration progress of naturally corroded
reinforcement beam results have been shown in Fig. 4 [41].

The strength capacity of the bars affected by its minimum c/s area, whereas defor-
mation capacity affected by minimum c/s area as well as distribution of c/s area
throughout the bar [42]. Also, the reinforcement corrosion reduces the impact resis-
tance and stiffness of the beam [43]. From experimental investigations, it is found that
for the same level of deterioration of reinforcement due to corrosion shows different

Fig. 4 Representation of deterioration progress and performance degradation [41]
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fracture properties and performance of members under different action of static and
impact loading.

4 Prestressed Concrete

The demand for lighter and stronger components in the construction industry has
led to the development of prestressed concrete. Prestressed concrete is essentially a
concrete with additional application of acceptable internal stresses of magnitude and
distribution, so as to overcome a reasonable degree of the stresses arising from the
external loads.High-strength steels are used to incorporate additional internal stresses
in the concrete. The high tensile strength steel is formed by increasing the carbon
content. The minimum characteristic strength of high-strength steel is considered as
980 MPa. Proof stress should not be less than 80% of characteristic strength and
elongation at rupture should be 10% for the considered gauge length. Since steels
are subjected to high stress levels in the prestressed concrete, potential threat of
corrosion in prestressed concrete is much higher than the normal concrete [44–46].
The application of prestressing force increases the stiffness by 40% compared with
the normal concrete and retards the crack development on the surface of the member.
So, a fully prestressed member is comparatively resistant to corrosion than normal
concrete [47].

4.1 High-Strength Steel Corrosion and Effect

The steel corrosion mechanism in prestressed concrete is same as that of normal
concrete. Additionally, stress corrosion cracking and hydrogen embrittlement of steel
is mainly considered in the prestressed steel corrosion. Steel in prestressed concrete
made liable for high tensile stress and it results in development of distance between
the molecules. The corrosion products deposited between this molecular gap cause
stress corrosion cracking which is the reason for prestressed concrete failures in
most of the cases. Hydrogen embrittlement has been observed in the steel which was
placed in high alkaline medium pH about 13.2, when it is exposed to hydrogen [48].

The main causes and effect of corrosion in high-strength steel is listed in Table
3. The stress corrosion cracking develops “microcracking and microvoid” in high
loaded steel, because of stress concentration in pits formed due to corrosion. The
prestressing levels influence the stress corrosion cracking. Increase in the prestressing
load increases the corrosion in a linear rate [49, 50]. The effect of temperature
changes, chloride content, oxygen availability, and pressure waves has the signifi-
cance on the start of stress corrosion cracking. This is proved in the study conducted
on electrochemical behavior of high-strength steel wire with solutions of high alka-
line medium similar to in concrete [51]. Increase in prestressing level increases
corrosion amount as shown in Fig. 5. But, it does not influence the corrosion product
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Table 3 Effect of corrosion on high-strength steel bar [53]

Effect Causes

Stress corrosion cracking Crack is formed reason of combined effect of
stress and corrosion

Hydrogen embrittlement (hydrogen assisted
cracking)

Crack formation because of the formation of
brittle hydrides when exposed to hydrogen

Fretting fatigue Due to the cyclic load, oscillating motion of the
metal with the contact surface wearing happens
and protective cover on surface gets destroyed
and corrosion starts

Corrosion fatigue Degradation of metal due to corrosion and
cyclic loading

Fig. 5 Variation of
corrosion amount with
prestressing level [44]

composition. With an increase in corrosion amount and initial prestressing, the ulti-
mate load reduces in the prestressing steel like in normal steel. The stress–strain
curve comparison for the prestressed tendon is shown in Fig. 6 [49, 50, 52]. Also,
presence of chloride forms the pitting corrosion in the prestressed steel, causing
brittle failure [52]. The local defects present on the steel surface increase the possi-
bility of cracking due to stress corrosion. Because of the localized corrosion, the
steel wires do not show any reduction in the stress globally. But, there exists a loss in
the tensile strength of the bar with increase in the corrosion percentage as shown in
Fig. 7. Because of this reason, damage detection analysis also cannot help in most of
the cases and hence without any prior indications they end up with sudden failures
[49]. From the experiments, it is seen that mass loss and ductility loss are more in
the stressed corroded steel wire than in unstressed corroded steel wire as shown in
Figs. 8 and 9.
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Fig. 6 Stress–strain curve for corroded tendon [50]

Fig. 7 Degradation of
tensile strength of corroded
steel strand [54]

Fig. 8 Comparison of loss
of mass in stressed and
unstressed corroded steel
wire [49]
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Fig. 9 Comparison of
stressed, unstressed corroded
steel wire and uncorroded
steel wire [49]

5 Conclusions and Perspectives

Corrosion plays the major role in deterioration of the reinforced structures. After
reviewing the current studies done on the effect of corrosion of reinforcement, it is
clear that the main challenge in understanding the corrosion inside the reinforced
concrete is heterogeneity of the reinforced concrete. The pores present in the concrete
are the main reasons to carry the corrosion influential material inside the concrete.
The local defects present on the steels used in the reinforcements also should be the
main concern. Non-uniformity in the concrete–steel interface and aggregate–paste
interfaces contributes their effect in the corrosion process initiation.

• More studies are required to understand the corrosionmechanism in the reinforced
concrete considering pores distribution on the concrete and transitional zones.

• Sincemost of the studies assume uniform corrosion in the performance analysis of
the structure, more concentration needs to be given to the non-uniform corrosion
study.

• More focus should be given to reduce precracks in the member because precracks
on the concrete member surface are again one of the reasons for corrosion
acceleration of the embedded bars.

• Pitting corrosion is one of the main severe corrosions since it reduces the cross
section. Therefore, more focus should be given in that study.

• Since most of the works were conducted with the simulation of concrete medium
in prestressing steel corrosion study, rigorous study has to be conducted more
effectively by considering steel in concrete. There is substantially different effect
of steel corrosion in normal concrete and prestressed concrete. Precracks forma-
tion is very slow in the prestressed concrete. Therefore, it is evident that much
focus should be given to know the other factors which contribute to that.

• Dense and non-porous concrete design can also be one of the solutions for these
corrosion protection phenomena.

• Improvement in design method, handling of materials, and quality of concrete
can be better options against the corrosion process. More focus has to be given
for finding out the methods for identifying, preventing, or slowing down the
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process of corrosion for reducing this method of deterioration of concrete and
for a cost-effective solution.
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Effect of Soil Structure Interaction
on Multi-storey R.C.C Structure Under
Earthquake Load

Sabyath Shetty and K. N. Jeevan Kumar

Abstract The buildings situated in areas vulnerable to earthquakes, the impact
of soil structure interaction should be taken into account. The main objective of
the research is to analyse the importance of the influence of the interaction of the
soil structure on the multi-storey R.C.C structure. An attempt was made during the
current study to compare the behaviour of R.C.C buildings with fixed and flex-
ible support conditions subjected to seismic forces. Here, ground+15 (G+15) storey
R.C.C building with a 30 m × 20 m rectangular plan, uniform across the height,
is considered and analysed using ETABS 18 software for gravity and lateral loads.
The functioning characteristics such as storey drift, storey displacement, base shear
and natural time period are evaluated. Since storey displacements and storey drifts
are less than flexible support condition, the fixed support condition structure shows
good performance in resisting lateral loads.

Keywords Soil structure interaction · Earthquake force · Storey displacements ·
Storey drift · Natural time period · Base shear · ETABS

1 Introduction

In this era of rapid growth and urbanization along with the scarcity of land, one is
forced to build structures even in relatively soft soil,which in the past has been consid-
ered inappropriate for building purpose. However, with the improvement in various
ground improvement techniques, it is possible to build the structures. The designers
eventually considered the interaction between soil and structure and observed the
soil and structure’s dynamic behaviour as a single system.

A structure’s response to seismic shaking is affected by the interactions between
the three interconnected systems: the structure, the base and the foundation [1]. Anal-
ysis of the soil-structure interaction tests the collective response of these systems
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to the movement of the systems specified. The key issues involved in the occur-
rence of soil-structure interactions are the seismic waves transmitted through the soil
during an earthquake, and at the intersection of the soil and structural foundations, a
discontinuity is experienced in the wave propagation medium.

The change in material properties results in scattering, variation, refraction and
reflection of seismic waves at the soil foundation interface. The mechanism in which
the soil’s response influences the structure’s motion, and the structure’s motion
influences the soil’s response is referred to as soil-structure interaction (SSI) [2].

Under load application, the flexibility of soil mass induces the rotation of footings
and differential settlement. The relative stiffness of the soil, foundation and structure
influences the structure-foundation-soil system interaction behaviour [3]. Thus, the
physical property of the foundation medium is an important factor in the seismic
response of structures supported on it [4–6].

The Indian Earthquake Design Code IS: 1893 (Part 1) (BIS, 2002) indicates that
studies of soil structure interaction (SSI) can be ignored for rock or rock-like soil
seismic design [7]. However, for the structure to rest on the stiff or soft soil, during
the analysis, it is important to consider the results of the interaction.

2 Objective

In this project, G+15 storey R.C.C structure is analysed to study the effect of lateral
forces such as seismic force (Zone III) for a building resting on fixed and flexible
footing condition.

Type of Structure Analysed:

• RCC Structure with Fixed Base condition.
• RCC Structure resting on Hard Soil.
• RCC Structure resting on Medium Soil.
• RCC Structure resting on Soft Soil.

The software to be used for the analysis is ETABS18. The comparison of structural
behaviour is observed such as storey displacement of building, storey drift, natural
time period, base shear and conclusions are made on the basis of findings, and this
research finds a stronger structural system.

3 Methodology

Subsequent step-by-step procedures are followed to attain the above objective;

• Conducted a literature review to assess the goals of the project work.
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• In the present investigation, a G+15 storied building is considered, having general
arrangementmeasurement of 30m× 20mwith a bay size of 5m in both directions
along the X and Y directions.

• Four structural systems are adopted in this work, i.e. one structure with fixed base
condition and others are structures resting on hard, medium and soft Soil.

• Analyse all selected models using ETABS 18 Software by applying design loads
as per IS 875.

• Evaluate the results of the analysis and check the criteria for the geometric
limitations.

4 Problem Statement

Following types of structural arrangement is studied;

• Reinforced concrete multi-storey building with fixed base condition.
• Reinforced concrete multi-storey structure resting on soft, medium and hard soil.

4.1 Geometrical Data

• No of Stories: G+15
• No. of Bay in X-Direction: 6
• No. of Bay in Y-Direction: 4
• Type of Building Use: Residential
• Plan: 30 m × 20 m
• Typical Storey Height: 3.0 m
• Bottom Storey Height: 3.0 m
• Total Height: 51 m.

4.2 Materials

• Concrete Grade: M20, M25, M30
• Steel (Rebar): Fe500.

4.3 Member Properties

• Thickness of Slab: 150 mm
• Column Size: 600 mm × 600 mm
• Beam Size: 230 mm × 450 mm.
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4.4 Loads Considered

• Dead Load: Auto
• Live Load: 3 kN/m2

• Floor Finish: 1.5 kN/m2

• Wall Load: 13 kN/m (9′′ Thick)
• Other Loads: Seismic Load.

4.5 Seismic Load

In accordance with IS: 1893:2016 [7], seismic design shall be done. The structure
considered is situated in Mangaluru in India which lies in earthquake zone III. The
parameters to be used for analysis and design are given below.

• Zone: III
• Zone Factor: 0.16 [IS 1893 (Part 1)]
• Importance factor: 1.2
• Response Reduction: 5.0 (SMRF)
• Structure Type: RC Frame Structure.

4.6 Soil Characteristics

The structure’s response is influenced by the dynamic analysis of the structure and
its interaction with soil. Foundation dimensions and elastic properties of soil influ-
ence the interaction between them. The versatility of the foundation in the study is
considered by replacing the foundation with statically equivalent springs (Table 1).

5 Foundation Characteristics

According to the equations given by FEMA 356, modelling of foundation soil was
done by using spring constants as shown below [8] (Fig. 1).

Table 1 Soil parameters Soil type Hard soil Medium soil Soft soil

Modulus of elasticity
(kN/m2)

65,000 35,000 15,000

Poisson’s ratio (µ) 0.3 0.4 0.4
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Fig. 1 Spring stiffness equations based on FEMA 356

5.1 Footing

• Length of footing L: 4.7 m
• Width of footing B: 4.7 m
• Depth of footing d: 0.8 m
• Depth of foundation from ground level D: 3 m
• Depth of centroid of effective sidewall contact h: 2.6 m
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Fig. 2 Plan of the models

Fig. 3 Fixed base building
(3D view)

6 Modelling of the Structure

See Figs. 2, 3 and 4.

7 Results and Discussion

• Response spectrum analysis and time history analysis is carried out for regular
building without and with soil structure interaction.
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Fig. 4 Flexible base
building (3D view)

• The models are checked for storey drift, storey displacement, base shear and
natural time period (Figs. 5, 6, 7 and 8).

7.1 Max. Storey Displacement

• It is total displacement of the top storey with respect to ground.

7.1.1 Fixed Base

See Table 2.

7.1.2 Building Resting on Hard Soil

See Table 3.

7.1.3 Building Resting on Medium Soil

See Table 4.
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Fig. 5 Displacement (3D
view)

7.1.4 Building Resting on Soft Soil

See Figs. 9 and 10; Table 5.

7.2 Comparison of Max. Storey Displacement

See Fig. 11 and Table 6.



Effect of Soil Structure Interaction on Multi-storey R.C.C … 835

Fig. 6 Axial force diagram
(3D view)

7.3 Max. Storey Drift

7.3.1 Fixed Base

See Table 7.

7.3.2 Building Resting on Hard Soil

See Table 8.

7.3.3 Building Resting on Medium Soil

See Table 9.
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Fig. 7 Shear force (3D
view)

7.3.4 Building Resting on Soft Soil

See Figs. 12 and 13; Table 10.

7.4 Comparison of Max. Storey Drift

See Fig. 14 and Table 11.

7.5 Natural Time Period

• Natural time periods are the significant factors that can influence the structure’s
seismic behaviour.
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Fig. 8 Bending moment
(3D view)

• Study has been made, and it shows the variation in fundamental time period for
different braced structure as shown in figure (Fig. 15; Table 12).

7.6 Seismic Base Shear

Seismic base shear mirrors the seismic lateral vulnerability and is considered
as one of the primary input for seismic design. The variation in base shear for
structure resting different type of soil is as shown in figure (Fig. 16; Table 13).
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Table 2 Max. storey
displacement (mm) of fixed
base building

Floor level Fixed base building

X-direction Y-direction

15 Floor 105.92 117.165

14 Floor 104.531 115.242

13 Floor 102.38 112.46

12 Floor 99.382 108.941

11 Floor 95.575 104.933

10 Floor 91.051 100.124

9 Floor 86.398 94.71

8 Floor 80.954 88.898

7 Floor 74.752 82.218

6 Floor 67.902 74.718

5 Floor 60.674 66.452

4 Floor 52.71 57.673

3 Floor 44.07 48.216

2 Floor 34.83 38.075

1 Floor 25.095 27.379

Ground floor 15.082 16.395

Plinth 5.545 5.973

Footing 0 0

8 Conclusion

From the results discussed with respect to the building models considered, leads to
the following conclusions;

• The effect of SSI on storey displacement of G+15 storey buildings has been
studied. It is observed that the displacement increase occurs in SSI models.

• Due to the impact of soil structure interaction, storey displacement, storey drift and
time period values are magnified. The highest values of these response parameters
are given by soft soil.

• The soil structure interaction effect contributes to the decrease of the building’s
base shear.

• Compared to medium and hard soils, soft soil exhibits greater reduction of base
shear.

• In the case of building with a fixed base in first mode, the natural time period is
2.935 s, and in the case of hard soil, medium and soft soil conditions, it increases
to 3.016 s, 3.537 s, 4.049 s.

• Compared to the traditional approach of assuming a fixed base, the response of
R.C building with SSI showed a substantial increase.



Effect of Soil Structure Interaction on Multi-storey R.C.C … 839

Table 3 Max storey
displacement (mm) of
building resting on hard soil

Floor level Fixed base building

X-direction Y-direction

15 Floor 109.311 129.025

14 Floor 107.019 125.505

13 Floor 104.034 121.249

12 Floor 100.258 116.172

11 Floor 95.713 110.314

10 Floor 90.459 103.757

9 Floor 84.571 96.596

8 Floor 78.182 88.922

7 Floor 71.423 80.968

6 Floor 64.292 72.772

5 Floor 56.923 64.255

4 Floor 49.093 55.362

3 Floor 40.839 45.985

2 Floor 32.247 36.174

1 Floor 23.328 26.006

Ground floor 14.192 15.696

Plinth 5.527 6.023

Footing 0.405 0.409

• It is therefore inferred that fixed base structure provides lower response parameter
values as compared to flexible base structure. It is therefore necessary to consider
the impact of the soil structure interaction on the building resting on medium and
soft soil in order to obtain the building’s acceptable response.
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Table 4 Max. storey
displacement (mm) of
building resting on medium
soil

Floor level Fixed base building

X-direction Y-direction

15th Floor 138.275 187.906

14th Floor 134.68 181.714

13th Floor 130.308 174.684

12th Floor 125.077 166.701

11th Floor 119.041 157.786

10th Floor 112.287 148.002

9th Floor 104.902 137.435

8th Floor 96.958 126.182

7th Floor 88.872 114.344

6th Floor 80.213 102.015

5th Floor 70.975 89.623

4th Floor 61.371 76.847

3rd Floor 51.244 63.569

2nd Floor 40.564 49.924

1st Floor 29.42 35.923

Ground floor 18.037 21.782

Plinth level 7.276 8.568

Footing level 0.875 0.907

Fig. 9 Max. storey displacement of structure resting on various types of soil along X-direction
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Fig. 10 Max. storey displacement of structure resting on various types of soil along Y-direction

Table 5 Max. storey
displacement (mm) of
building resting on medium
soil

Floor level Fixed base building

X-direction Y-direction

15 Floor 168.586 256.07

14 Floor 162.904 245.551

13 Floor 156.557 234.385

12 Floor 149.437 222.463

11 Floor 141.544 209.777

10 Floor 132.916 196.716

9 Floor 123.605 182.965

8 Floor 113.695 168.513

7 Floor 103.669 153.37

6 Floor 93.068 137.548

5 Floor 81.976 121.351

4 Floor 70.813 104.443

3 Floor 59.096 86.807

2 Floor 46.869 68.49

1 Floor 34.215 49.621

Ground floor 21.432 30.589

Plinth 9.347 12.813

Footing 1.896 2.106
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Fig. 11 % Increase in max. storey displacement

Table 6 % Increase in max. storey displacement

% Increase in max. storey displacement

Type of footing condition Storey displacement % Increase in max. storey
displacement

X-dir Y-dir X-dir Y-dir

Fixed 105.92 117.17 – –

Hard soil 109.31 129.03 3.20 10.12

Medium soil 138.28 187.91 30.55 60.38

Soft soil 168.59 256.1 59.16 118.56
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Table 9 Max. storey drift of
building resting on medium
soil

Floor level Fixed base building

X-direction Y-direction

15 Floor 0.001198 0.002076

14 Floor 0.00146 0.002366

13 Floor 0.001754 0.002686

12 Floor 0.002037 0.002989

11 Floor 0.002294 0.003261

10 Floor 0.00252 0.003522

9 Floor 0.002715 0.003751

8 Floor 0.002882 0.003946

7 Floor 0.003026 0.00411

6 Floor 0.003153 0.004247

5 Floor 0.003275 0.004364

4 Floor 0.003424 0.004487

3 Floor 0.003575 0.004589

2 Floor 0.003715 0.004691

1 Floor 0.003794 0.004714

Ground floor 0.003645 0.004447

Plinth level 0.002161 0.00259

Footing level 0 0

Fig. 12 Max. storey drift of building resting on different types of soil along X-direction
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Fig. 13 Max. storey drift of structure resting on various types of soil along Y-direction

Table 10 Max. storey drift of
building resting on medium
soil

Floor level Fixed base building

X-direction Y-direction

15 Floor 0.001916 0.003518

14 Floor 0.002158 0.003755

13 Floor 0.002431 0.004032

12 Floor 0.002692 0.004308

11 Floor 0.002927 0.004573

10 Floor 0.003133 0.004821

9 Floor 0.003311 0.005048

8 Floor 0.003489 0.00525

7 Floor 0.003643 0.005427

6 Floor 0.003774 0.005592

5 Floor 0.003886 0.005768

4 Floor 0.004003 0.005921

3 Floor 0.004118 0.006112

2 Floor 0.004218 0.00629

1 Floor 0.004282 0.006344

Ground floor 0.0041 0.005974

Plinth level 0.00256 0.003647

Footing level 0 0
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Fig. 14 % Increase in max. storey displacement

Table 11 % Increase in max. storey drift

% Increase in max. storey drift

Type of footing condition Storey drift % Increase in max. storey
drift

X-dir Y-dir X-dir Y-dir

Fixed 0.00334 0.00366 – –

Hard soil 0.00305 0.00344 −8.75 −6.09

Medium soil 0.00380 0.00471 13.69 28.76

Soft soil 0.00429 0.00634 28.32 73.29

Fig. 15 Peak time period for structure resting on different types of footing
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Table 12 Peak time period
for building resting on
different of footing

Peak time period (s)

Types of footing condition Time period (s)

Fixed 2.935

Hard soil 3.016

Medium soil 3.537

Soft soil 4.049

Fig. 16 Seismic base shear for structure resting on different of footing

Table 13 Seismic base shear
for structure resting on
different of footing

Seismic base shear

Types of footing condition Base shear (kN)

X-dir Y-dir

Fixed 3225.14 3100.57

Hard soil 3215.78 3082.54

Medium soil 2780.94 2526.45

Soft soil 2302.04 2066.29
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Groundwater Quality Analysis for South
Belagavi City, India; A Case Study

Snehal D. Renake, Arjun S. Virupakshi, and Akshata Shagoti

Abstract In the current paper, groundwater status of seven fields situated in South
Belagavi City, Karnataka, India is evaluated with the objective of calculating the
water quality index. Water quality index categorizes the water bodies by providing a
numerical value which describes the physical state or overall quality of water. In the
present study, water quality is examined based upon the physicochemical analysis
of eight parameters in particular pH, electrical conductivity (EC), total dissolved
solids (TDSs), total hardness (TH), calcium hardness (CH), chlorides, alkalinity and
acidity. The statistical regressionmethod of analysis for the groundwater from all the
selected fields is carried out. It is based on the computation of correlation coefficient
between varied physicochemical parameters in consideration. The outcome reveals
that the water quality index in the seven selected fields fall under the category of
poor to unsuitable indicating pollution in the groundwater and is not acceptable for
consumption.

Keywords Groundwater ·Water quality standards ·Water quality index ·
Correlation coefficient · Regression analysis · Belagavi city

1 Introduction

Water is a natural resource and is vital for the existence of various forms of life
on earth. Maintaining the water quality of the various forms of water resource is
essential as it caters to the domestic needs as well as industrial and agricultural needs
[1]. Access to clean water either surface or groundwater has deteriorated as a conse-
quence of human interference in various forms like Industrialization, urbanization,
agricultural practices [2–5] giving rise to associated problems [6–9]. Pollution is
adding to the present state of water stress by discharging untreated sewage [10]. To
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control the further deterioration of these resources regular monitoring is essential
and many researchers have under taken contextual investigations in our nation and
various other parts of the world [5, 7, 11–14]. Water quality is assessed by collecting
the water sample for certain time duration at a fixed location along with testing of
numerous parameters. Access to clean drinking water is a basic need for individ-
uals as well as to different organisms, at the same clean water ensures good health
and protection against various diseases [15]. Water should be free from organic
and inorganic contaminants along with parameters like pH, electrical conductivity,
TDS, dissolved oxygen, chlorides, total hardness, alkalinity, acidity, nitrates should
be under permissible limits [16]. Water quality assessment in the present study is
addressed with concept of water quality index. Water quality assessment in terms of
water quality index evaluates quality of water for the usefulness of drinking water
sources [17–19] for consumption. WQI is investigated by the use of weighted arith-
metic index method [18] as it eases the comparisons between different sampling
fields.

2 Experimental

2.1 Study Area

Belagavi is situated at 15.870 N, 74.500 E. The city is placed at an elevation of
747.47 m above mean sea level (MSL). Belagavi city is based in the north western
parts of Karnataka and lies at the frontier of two states, Maharashtra as well as Goa.

Belagavi is the coldest in winter and experiences monsoon in the time of June
till September. The average annual precipitation is over 1200 mm. Belagavi City
Corporation has been divided into two parts depending on the functioning purposes
namely North Belagavi and South Belagavi [11]. Figure 1 shows the sampling points
located in South Belagavi City namely field 1. Piranwadi, field 2. Khadarwadi, field
3. Macche, field 4. Angol, field 5. Tilakwadi, field 6. Shahapur, field 7. Inox.

2.2 Materials and Methodology

• Collection of Samples: The sampling is carried out fromDecember 2019 toMarch
2020 for a period of four months. The specimen collection is done using a bottle
of one liter and 8 physico chemical parameters are analyzed.

• Water Quality Analysis: Eight physicochemical parameters namely. pH, electrical
conductivity (EC), total dissolved solids (TDS), total hardness (TH), calciumhard-
ness (CH), chloride, alkalinity, acidity are analyzed in the laboratory as per stan-
dard methods prescribed by the APHA and is used to calculate the water quality
index. The pH is evaluated by Digital pH meter (Visso, MK VI). The electrical
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Sampling Points

Fig. 1 Sampling points on Belagavi map

conductivity is evaluated Using TDSMeter (Systronics, 308). The instruments in
the research facility are utilized in the restriction of exact precision and synthetics
used are of high grade.

• Assessment of water quality index: The water quality index is determined using
theweighted arithmetic indexmethod [18]. Eight physicochemical parameters are
used to compute the water quality index. Determination of water quality is done
in line with the standards of drinking water quality put forward by the Bureau
of Indian Standards (BIS) [16]. Table 1 shows the water quality index level and
status of water quality. Further the quality rating is determined using the following
expression

WQI =
∑

QnWn/
∑

Wn (1)

wherein

Qn is the quality rating of nth water quality parameter.
Wn is the unit weight of nth water quality parameter.
Vn the obtained real value of the nth parameter.
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Table 1 Water quality index
(WQI) and status of water
quality

WQI level Water quality Status

0–25 Excellent

26–50 Good

51–75 Poor

76–100 Very poor

>100 Unsuitable

Vi ideal value of the parameter [Vi = 0, except for pH (Vi = 7) and DO (Vi =
14.6 mg/l).

Vs the standard value of the nth water quality parameter.

Unit weight Wn is estimated using the relation

Wn = k/Vs (2)

As “k” is the proportionality constant and is given as

k = 1/
[∑

1/Vs = 1, 2, 3, . . . , n
]

3 Results and Discussion

The concept of water quality index is used to evaluate the water quality of ground-
water in the present study [19]. Weight arithmetic WQI integrates statistics from
varied water quality parameters into a mathematical formula that ranks the physical
state of the water bodywith a numerical value [18]. It mirrors the combined influence
of various parameters which is crucial for assessing and maintaining the nature of
water [18]. Table 2 shows the Physicochemical parameters studied at South Belagavi
City.

From the above table, we can note that the pH of the groundwater samples range
from 5.5–6.76. The Bureau of Indian Standards (BIS) has fixed the acceptable limit
of 6.5–8.5 [16]. The average pH values of 5 fields are slightly acidic with 2 fields
exhibiting desired pH of the groundwater. The EC values of the groundwater range
from 203.90 to 611.11. The average EC values at 5 fields (1–5) are within the permis-
sible limits, field 6, 7 are exhibiting EC values beyond acceptable limit prescribed
by the BIS and high values can be attributed to sewage discharge from residential
areas. TDS values at all the 7 fields are under the prescribed limit as per BIS. Total
hardness of the entire 7 sample is under the permissible limit as per BIS. Chloride
content in all the 7 groundwater samples is under the prescribed limit. Alkalinity is
under the permissible limit as per the standards of BIS.
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Table 2 Physicochemical parameters studied at Belagavi city

Source
month

Field
no

pH Conductivity TDS TH CH Chlorides Alkalinity Acidity WQI

Dec 1 6.27 203.9 101.95 62 49 38.72 86 40 124.12

Jan 1 6.22 247.45 123.725 94 76 21.84 108 45 135.66

Feb 1 6.28 218.5 109.25 82 63 31.77 156 112 138.91

Mar 1 6.2 353.8 176.9 76 58 21.84 304 76 145.92

Dec 2 6.52 217.9 108.95 127 108 50.64 92 22 89.50

Jan 2 6.44 261.53 130.765 156 130 42.69 138 50 109.86

Feb 2 6.39 297.76 148.88 94 70 56.59 172 98 121.44

Mar 2 6.39 349.6 174.8 94 70 56.59 172 125 127.00

Dec 3 5.9 210.2 105.1 60 38 67.51 62 86 90.00

Jan 3 5.85 229.5 114.75 65 46 61.55 98 104 199.35

Feb 3 5.66 277.8 138.9 56 42 80.42 158 186 244.27

Mar 3 5.5 346.4 173.2 67 62 58.58 94 108 254.35

Dec 4 6.57 272.1 136.05 82 57 78.43 166 40 82.06

Jan 4 6.65 293.6 146.8 130 124 68.5 184 73 83.16

Feb 4 6.55 378.1 189.05 98 78 89.35 178 39 87.75

Mar 4 6.63 499.9 249.95 109 76 83.4 188 102 88.84

Dec 5 6.18 411.7 205.85 110 102 32.76 76 52 146.15

Jan 5 6.12 288.19 144.095 102 88 43.68 88 70 156.72

Feb 5 5.86 227.9 113.95 123 102 34.75 106 94 201.33

Mar 5 5.82 289.5 144.75 150 130 55.6 112 90 209.88

Dec 6 6.39 271.4 135.7 122 84 33.75 56 39 109.81

Jan 6 6.41 316.8 158.4 115 80 37.65 88 76 114.27

Feb 6 6.65 458 229 121 119 49.8 67 51 101.91

Mar 6 6.29 501.4 250.7 130 112 50.63 105 65.9 134.61

Dec 7 6.76 480.68 240.34 150 108 100.28 118 84 68.40

Jan 7 6.71 506.3 253.15 130 120 58.58 174 42 69.02

Feb 7 6.7 582.24 291.12 110 132 66.88 198.7 49 73.50

Mar 7 6.66 611.11 305.555 143 100 79.4 215.3 57 79.14

The average water quality index at field 7 is 72.515 falling under the category of
poor and average value at field 4 is 85.45 and falls under the category of very poor.
From Table 2 we can see the average WQI in fields 1, 2, 3, 5, 6 is (>100) and hence
not suitable for drinking.
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Table 3 Correlation coefficient (r) of water quality parameters

pH Conductivity TDS TH CH Chlorides Alkalinity Acidity

pH 1

Conductivity 0.519 1

TDS 0.519 1 1

TH 0.519 0.422 0.422 1

CH 0.467 0.466 0.466 0.898 1

Chlorides 0.263 0.411 0.411 0.076 0.006 1

Alkalinity 0.320 0.374 0.374 −0.016 −0.004 0.223 1

Acidity −0.560 −0.147 −0.147 −0.401 −0.434 0.204 0.135 1

Strong
1

Moderate
10

Weak
8

Negative
7

The value 0.898 is made bold to highlight the strongly correlated value between CH and TH
Similarly parameters which are strong, moderate, weak and negative are highlighted in bold

3.1 Estimate of Water Quality in Terms of Correlation
and Regression Analysis

The regression analysis of the groundwater quality parameters has mild degree of
significance in the correlation coefficient as indicated inTable 3. Pearson’s correlation
coefficient (r) measures the linear correlation and determines the correlation between
parameters.

From Table 3, we can observe that CH and TH are strongly correlated (r = 0.898).
Conductivity, TDS and TH are correlated with pH with a value of 0.519. In Contrast
acidity has negative correlation with pH (−0.560), Conductivity (−0.147), TDS
(−0.147), TH (−0.401), CH (0.434). These parameters are responsible to decrease
acidity in the water. The correlation among few of these parameters has some level
of influence on the water quality.

3.2 Linear Correlation Coefficient and Regression Equation
for Different Set of Parameters

The regression equation is used to determine the existence of relationship between
several dependent features of water quality by substituting the value for the indepen-
dent parameters in a mathematical form [20, 21]. The relation between concentra-
tions of every constituent in concern is found and a regression equation is formulated.
Table 4. Summarizes the linear correlation and regression equation for different set
of parameters showing significant relation.

From Table 4, the values indicate weak correlation within alkalinity and CH (R
= 0.004), Chlorides and TH (R = 0.076), Chlorides and CH (0.006), Alkalinity and
Chlorides (R= 0.223). Considerably higher correlation is observed within electrical
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conductivity (EC) and pH (R = 0.519), total dissolved solids (TDSs) and pH (R =
0.519), total hardness (TH) and electrical conductivity (EC) (R= 0.422). Correlation
between total hardness (TH) and total dissolved solids (TDS) is (R= 0.422), calcium
hardness (CH) and electrical conductivity (EC) are correlated with a value of (R =
0.466). Calcium hardness (CH) and total dissolved solids (TDS) are correlated with
a value of (R = 0.466).

4 Conclusion

• The water quality analysis from the 7 selected points in South Belgaum City is
carried out using weighted arithmetic WQI method. Based on the experimental
analysis we can conclude that among the 7 selected areas field 7. Inox and field 4.
Angol have shown comparatively lowWQI ranging from72.515 to 85.45 although
they are lesser than the other areas but is still of poor quality to be recommended
for human consumption.

• The overall water quality index in the selected sampling points fall under the
category of poor water quality to unsuitable.

• Anthropogenic impacts likely correlate with sewage discharge from residential
areas.

• The results of the correlation studies indicate strong correlation between calcium
hardness and total hardness. pH ismoderately influencedwith Conductivity, TDS,
TH,CH.Conductivity is alsomoderately influenced byTH,CHandChlorides. TH,
CH, Chlorides has influence on TDS.

• It can be established that from the values of water quality index, ground
water requires treatment before consumption and also plan an appropriate water
management facility.
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Recent Advances in Construction
of Masonry Structure by Waste Materials

Kumble Pooja and Prashanth Shreelaxmi

Abstract Masonry being one of the oldest form of construction built by joining
building units with gluing agents termed as mortar. Conventional masonry is built
by using adobe, bricks and cement. Use of these materials adversely affects the
environment by marking large carbon foot print and huge consumption of natural
resources. In the present review, use of different waste materials in the develop-
ment of sustainable, alkali-activated masonry units and hence their properties in
the masonry system are studied. These masonry structural based material are free
of OPC. Development of masonry structural components using alkali activation of
industrial wastes is expected to lead to both an economic and sustainable option in
the building sector. This study is in two parts. Firstly, alkali activation of industrial
wastes in the development of building blocks and in the second phase, bricks with
different types of mortars are discussed. Literature review revealed that there is a
potential use of industrial wastes in construction as building units with different
alkali activators of different proportions and concentration to achieve the required
physio-chemical and durability properties. A knowledge about the alkali-activated
products are not widely commercialized. Hence more studies on alkali activation of
waste materials are still required in order to develop a code of practice for a masonry
system based on this technology as an alternate option to the conventional masonry
which intends sustainability.
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1 Introduction

Construction sector is upraising due to the demand for infrastructure by increasing
population and the resources required to meet the demand of construction is high.
Conservation of natural resources is of key importance to the society. To compensate
for large-scale use of natural resources which is also leading to large consumption of
energy, waste materials can be used as an alternative. Wastes are the materials that
have no further use. Wastes are generated during human activities such as extraction
of resources, processing them and also in the consumption of final products. Different
types ofwasteswhich can be used in the construction industry are agricultural wastes,
industrial wastes, construction and demolition wastes, E-wastes, medical wastes,
plastic wastes, etc.

India generates 62million tons of wastes every year of which 60%of it is collected
and 15% is processed, remaining wastes end up in landfills [1]. This is a matter of
concern of environmental pollution in case of efficient management. Consumption
of wastes as the remedy of waste management is primarily important in the view of
resource management. Efficient use by recycling or reusing of waste materials has
to be planned upon for a sustainable environment. Thus, the waste materials can be
incorporated in the construction sector. The manufacturing of conventional building
materials like cement, clay bricks etc., produce more wastes and pollutants and also
releases huge amount of CO2 to the atmosphere, so this issue needs to be mitigated
from the society by using the industrial by-products as raw materials in construction
sector.

Different industries generates variety of wastes such as ash formed by burning
Bagasse, Rice husk, coal, etc. and also ground granulated blast furnace slag, boiler
slag, etc. in large quantities as industrial by-products. Cement is one of the major
materials used widely in construction, but it has adverse effect on the environment
as its manufacturing process is not a sustainable one. To overcome the problem in
producing a cementitious material several industrial wastes are to be incorporated in
the preparation of binder using alkali activation method. Thus, the requirement of
sustainability can be met with the use of industrial wastes in the construction.

Masonry is the structural element used as load bearing/non-load bearing walls.
Earlier adobes were used [2] for construction of walls, then the sun-dried clay bricks
were used [3], later burnt clay bricks were used to obtainmore strength and durability
[4]. But the clay used is the fertile top layer of the soil whose continuous use is not
sustainable. Then, the production of cement blocks was evolved with different types
and shapes. But the use of cement in manufacturing building units does not meet the
criteria of sustainability due to several adverse reasons. Incorporation of industrial
by-products as raw materials in the preparation of building bricks/blocks will be of
benefit to the society. So in order tomake awallingmaterial sustainable, present trend
is toward alkali activation of materials, which tends to form cementitious substance
without using OPC. Many researchers have studied on alkali activation of different
waste materials as in use for building units, building mortars as well as to substitute
concrete. Industrial wastes which has large amount of silica and alumina are suitable
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for alkali activation. Activation of chemical compounds by alkali materials results to
form a gel, hardens at a particular curing condition to obtain required strength and
durability [5].

2 Review on Incorporation of Waste Materials in Masonry
Systems

Extensive research on efficiently using waste materials in the preparation of bricks
with different mortars to form a masonry wall are discussed in the following two
sections.Many researchers have examined the alkali activation ofwasteswith various
types of activators.

2.1 Development of Bricks/ Blocks from Industrial Wastes
Through Alkali Activation

This process substitutes a portion or entire amount of cement and clay with the
industrial wastes for the development of bricks or blocks used for building walls.
This section reports the literature of different industrial wastes and binder materials
used in the manufacturing of bricks or blocks, the mechanical properties of the
masonry units and the structural elements subjected to different types of loads and
also the thermal properties and durability of it. The following section presents the
literature pertaining to masonry units and their properties (see Table 1).

Diop and Grutzeck [6] investigated the strength and durability of Bafoundou tuff
(Alumino silicate rich rock formed by the consolidation of volcanic ash) based brick.
Bricks were prepared with the addition of caustic soda (sodium silicate and sodium
hydroxide) and water to the basic mix of Bafoundou tuff and keeping them under
the sun for curing. This resulted in increased durability without changing the process
of manufacturing the brick. Different molars of alkali solutions (4, 8 and 12 Molar
NaOH) were mixed with Bafoundou tuff considering curing as a function of both
temperature and time. Itwas found that 8MNaOHwas sufficient to give good strength
at reduced cost. If stronger brick is required then 12 molar NaOH can be used [6].

Zhao et al. [7] developed water absorbing material with the use of coal flyash
and fluxing agent (sheet glass powder) by drying the mixture at around 100 °C for
24 h and milling them to form a homogenized material. 30 wt% of NaOH solution
was added to the homogenized material to alkali-activate the mix. 10% additives
and 13% foaming agent were added and obtained shaped aggregates by pouring the
slurry into the mold. The molds were subjected to sintering in a muffle at 1050 °C for
2 h then cooled at 1.5 °C/min. Strong and porous aggregates were produced due to
the presence of silico-aluminates. Compressive strength was enhanced by potential
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anorthite crystals and elongated grains. This water absorbing material results in
exhibiting good physical and mechanical properties [7].

Gomes et al. [8] carried out a research to use different sizes of industrial wastes
generated from kaolin processing. In different stages of processing, kaolin wastes
are separated according to the size namely sandy (RGC) and clay (RFC). The study
was to evaluate the ability of alkaline activators to activate waste kaolin. Sodium
silicate activator was compared with calcium hydroxide. The wastes were calcined
at 750 °C/2 h. RFC without calcination did not show pozzolonic activity, when
calcined strength was gained with the use of both activators. RGC, both with and
without calcination did not perform well in increasing mechanical strength. RFC’s
has more potential than RGC in preparing building blocks [8].

Venugopal et al. [9] developed the geo polymer masonry units by mixing the
industrial by-products such as Class F Flyash and GGBS with manufactured sand
and solutions of 8M NaOH and Na2SiO3. Prepared bocks were then subjected to air
curing at room temperature. Alkaline solution (silicate and hydroxide) proportions
were altered consideringmortar proportion andfluid-binder ratiomaintained constant
as 1:1 and 0.20, respectively. Physical mechanical and microstructural studies were
conducted. The results showed enhancement in flexural and shear bond properties
of geo polymer blocks when compared to traditional masonry units. Thus, arrived at
a conclusion that with increase in sodium silicate ratio strength of the geopolymer
masonry blocks increases. Microstructural analysis revealed that the all the flyash
particles were not hydrated fully by the activator due to its low molarity [9].

Wuet al. [10] carried out a studyonwater permeable nepheline basedbricks.Calci-
nation of Na2CO3 mixed coal gangue was done by treating it at 773K for 2 h and then
grinded to get coal gangue powder. Brick was manufactured by coal gangue powder
mixed with aluminum hydroxide, urea (pore forming agent), polyvinyl acetate and
water. Testswere conducted on the specimenby taking into consideration the prepara-
tion parameters such as (1) Material mass ratio kept constant with molding pressures
of 180, 200, 220 MPa (2) Molding pressure of 200 MPa constant and material mass
ratioswas altered. Both the parameters of the brickswere studied to provide a balance
between compressive strength and water permeability. The porous structure, mineral
phase and mechanical properties were characterized. Results indicate that with the
increase inmolding pressure, and decrease in rawmaterial ratio compression strength
of the brick increased. Thus, the bricks meet the Chinese industry standard [10].

Wahane [11] studied the light weight aerated autoclaved concrete blockmade by a
mix of cement, gypsum, lime and fly ash or sand. Aluminum powder of about 0.08%
of total dry materials in the mix was added along, to accelerate the reaction with
Calcium Hydroxide and water to release hydrogen gas with the creation of small air
cells which tends to increase the volume of concrete by about three times its original
volume. The AAC blocks were later subjected to high-pressure steam curing for
further strengthening. The test results of these blocks showed higher compressive
strength and weights 80% less compared to conventional clay bricks [11].

Raut and Gomez [12] worked on the development of thermally efficient bricks
made of industrial wastes such as fine powdered glass and flyash obtained from palm
oil industry. Tests to evaluate the physical characteristics, mechanical properties,
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thermal studies and microscopic studies were performed on the bricks. Lime was
used as a binder material. Strength is gained by the reaction between glass powder
and Palmoil flyashwith the presence of silica. Palmfibers inclusion in the experiment
was beneficial to reduce the thermal conductivity of the bricks [12].

Türkmen et al. [13], studied the effect of using Elazig Ferrochrome slag and
gypsum in preparing sustainable building blocks. Mechanical and physical proper-
ties of unfired earth bricks (UEBs) stabilized with gypsum and EFS additives are
determined. Four different types of unfired earth brick (UEB) samples made of soil,
gypsum, Elazig Ferrochrome slag and fibers of straw. Compressive strength, drying
shrinkage, water absorption, ultrasonic pulse velocity (UPV) test and density of the
samples were tested and found that gypsum stabilizer showed higher compression
strength compared to EFS stabilizer [13].

Robayo-Salazar et al. [14] elucidated the mechanical performances of alkali-
activated cements AAC, made of recycling red clay brick waste RCBW, concrete
waste CW and glass waste GW separated from construction demolition wastes
(CDW). These materials were activated by the solution of NaOH or NaOH + water
glass. Best mechanical performance among the samples tested was observed for
RCBW+ 20%OPC+NaoH andwater glass solution. Second best performance was
observed for CWmix.Alkali-activated cement can be obtained by adding appropriate
proportion of activator and curing at room temperature [14].

Kaushik et al. [15] developed a 230×110×90mmsized brickmadeof flyashwith
different particle size 425, 600, 825 µm cured for 7 days, 14 days and 21 days under
the sun. To obtain the optimum mix for the development of bricks, materials such
as fly ash (15–50%), cement (5–30%), gypsum (2%) and coarse aggregate dust (45–
55%)were used and employed Taguchi method to evaluate the improvement of water
absorption tightness, compressive strength and Efflorescence. The best optimummix
was found to be with the 10% fly ash, 35% cement, 3% gypsum and 52% coarse
aggregate dust for particle size 600 µm at Curing Time 21 Days. Lower particle size
and larger curing time are responsible for better compression strength [15].

Dahmen et al. [16] performed life cycle assessment of two types of blocks based
on the impact on environment. The first block made use of compacted, stabilized
engineered soil. Second type of blocks was made by adding alkali activator to clay
for promoting geo polymerization reaction. These blocks showed same strength and
durability as conventional concrete blocks. Blocks made of compacted stabilized
engineered soil offers less embodied carbon than conventional concrete, but water
consumption was high. Compacted alkali-activated blocks showed lesser embodied
carbon than the compacted stabilized engineered soil blocks and conventional
concrete blocks [16].

Rafiza et al. [17] carried out studyonAACblockmadebyusing recycled powdered
AAC, a construction waste, as a replacement to sand in different ratios by weight.
Microscopic analyses were conducted using optical microscope and scanning elec-
tronmicroscope and found that developedAACblockwith very less recycled contents
consists huge pores compared to the one with the highest recycled content. Chem-
ical analysis was conducted using XRD and confirmed that 30% replacement of
recycled contents increases the mechanical strength. Further increment of recycled
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AAC contents mainly consist of calcite and quartz due to which the improvement in
the mechanical strength cannot be expected. Mechanical properties were also tested
and for 30% replacement results were found effective. Thus, it is concluded that
with use of AAC recycling powder, compressive strength and flexural strength can
be enhanced in comparison with the conventional AAC blocks and blocks made by
utilizing industrial waste products [17].

Gavali et al. [18] studied the feasibility of usingdifferent industrialwastes and their
activation through different alkali solutions for the production of strong, durable and
sustainable bricks. Factors that influence the performance of alkali-activated bricks
are discussed. Supplementary materials (waste materials) up to 20% can be mixed to
reduce the dosage of alkali activator. Compaction of the bricks should be within the
limit because it removes the liquid and affect the properties of the brick.Maximum of
25 N/mm2 forming pressure was suggested. Curing temperature of 100 °Cwas found
to be sufficient and any further increase in temperature induces cracks in the bricks.
Better utilization of waste materials was recommended considering the physical
properties of the bricks. Sodium based alkali activators were recommended than the
other alkali activators. Life cycle study, embodied energy and carbon footprint of
these bricks are to be studied in broader aspects [18].

Harshini et al. [19] studied the effect of addition of different amounts of silica
fume, plastic wastes, BASF, Conplast SD110 and hot water on the bricks made of
flyash, eco sand and cementmixture. Addition of 3.3% silica fume or plasticwastes in
the mixture shows enhanced properties of strength in compression, water absorption
and efflorescence were nil [19].

Zhou [20] elucidated the effect of solid activator activation on slag/flyash bricks by
microstructural and chemical analysis. C-S-H gels are observed as products of alkali
activation. After 28 days of activation, these gel crystalize to give solid structure and
provides good bonding thus enhancing the parameters of strength [20].

Philip et al. [21] investigated the geo polymer bricks made of alkali-activated
flyash, foundry sand and bentonite as additives for improving their properties. Geo
polymer bricks were tested for basic characteristics and found to have good perfor-
mance compared to clay burnt bricks. The use of industrialwastes (flyash and foundry
sand) reduces the production cost of the bricks [21].

Gavali and Ralegaonkar [22] developed a brick made of co-fired blended ash
(CBA) 80%with rice husk 20% and stone dust (SD) by studying the physical, chem-
ical, mineralogical and thermal stability properties. To find the optimummix design,
testswere conducted altering themolarity of sodiumhydroxide of 6M to 10M in inter-
vals of 1M, keeping the sodium silicate and sodium hydroxide ratios at 1:1, 1.5:1 and
2:1 for different mix ratios of CBA:SD. The content of alkali activators with base
material was fixed to 35% and found that 8M sodium hydroxide with sodium silicate
and sodium hydroxide ratio 1:1 for all the three mixes of CBA:SD was effective.
Bricks of size 230 × 100 × 80 mm were manufactured with the optimum mix and
tested for density, compressive strength, flexural strength, water absorption, efflo-
rescence, compressive bond strength, flexural bond strength, durability and thermal
properties. By analyzing the test results, the brick masonry units with 2:1 CBA:SD
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ratio were found to be more efficient. As the ash content increased there was reduc-
tion in density and compressive strength with increase in water absorption. Masonry
strength and bond strength increased, durability and thermal properties of the bricks
were found to be better as compared to conventional flyash bricks [22].

Reema et al. [23] worked on geopolymer flyash bricks with the % variation of
flyash with alccofine. The mix of flyash, alccofine and fine aggregates is activated
through Sodium hydroxide and sodium silicate. Bulk density, compression strength
and water absorption of bricks were tested and best properties were achieved by
replacing 30% of flyash with alccofine [23].

Hossiney et al. [24] studied the alkali-activated paver blocks made of Recy-
cled Asphalt Pavement (RAP) aggregates. Physical properties were investigated and
results show that workability reduces, while unit weight, compressive strength and
resistance of block to abrasion increased, Water absorption reduces with increase in
RAP content. Cost of manufacturing is also reduced. Thus, they could be used for
pedestrian paths [24].

2.2 Properties of Masonry Constructed with Alkali-Activated
Blocks and Different Mortars

Bricks/blocks made of different types of industrial wastes glued with or without
mortar, and their bond strengths, in the structure as a whole, are reviewed. This
section deals with the properties of the wall made of different combinations of mortar
and bricks (see Table 2).

Miranda et al. [25] studied the mechanical properties of earthen interlocking
blocks made of Alkali Activation of flyash with mortar joint and without mortar
joint were treated for shear strength, durability tests and compressive strength and
it was found that there was improvement in the performance of masonry with the
use of mortar joints compared without mortar joint. Hence it tends to be more brittle
than masonry without mortar joints [25].

Raj et al. [26] carried out the studies to improve shear bond strength of an auto-
claved aerated cement blocks. The plain blocks, single grooved (SGB) and double
grooved (DGB) blocks glued with sand cement mortar as bonding material were
subjected to experimentation. Bond strength against shear sliding and compressive
strength of grooved AACmasonry showed that DGBmasonry tenders high compres-
sive load bearing capacity and shear strength compared to conventional AAC blocks,
whereas PB masonry showed the least strength. Results were adopted by conducting
simple analytical models and hypothesis testing [26].

Benedetti [27] studied the characterization of materials used for masonry. Fibre
reinforced (FR) mortar of 15 mm layer on both the faces of the wall were applied
and tested for Diagonal compression. The experiment was conducted with different
combinations of mortars and units. Homogenization based on elements in series and
parallel combination exhibits better performance [27].



872 K. Pooja and P. Shreelaxmi

Ta
bl
e
2

B
on
d
st
re
ng
th

pr
op
er
tie
s
of

m
as
on
ry

co
m
po
ne
nt
s

M
at
er
ia
ls
/m

et
ho
do
lo
gy

St
ud
y

Pu
rp
os
e

K
ey

fin
di
ng
s

R
ef
er
en
ce
s

In
te
rl
oc
ki
ng

co
m
pr
es
se
d
ea
rt
h

bl
oc
ks

(I
C
E
B
)
an
d
so
ft
m
or
ta
r

(A
A
B
E
M
1)

an
d
st
if
f
m
or
ta
r

(A
A
B
E
M
2)

B
ot
h
w
er
e
pr
od
uc
ed

by
so
il,

fly
as
h

an
d
al
ka
li
ac
tiv

at
or
s

Tw
o
ty
pe
s
of

m
or
ta
rs
er
e
us
ed

as
be
d
jo
in
tm

or
ta
rs

IC
E
B
s
la
id

dr
y-
st
ac
k
(D

SS
)
an
d

bo
th

m
or
ta
re
d
jo
in
ts
,w

er
e
te
st
ed

fo
r

m
ec
ha
ni
ca
lp

ro
pe
rt
ie
s

To
un
de
rs
ta
nd

th
e
im

po
rt
an
ce

of
th
e

st
if
fn
es
s
di
ff
er
en
ce

be
tw
ee
n
un
its

an
d
jo
in
ts
on

th
e
m
ec
ha
ni
ca
l

pe
rf
or
m
an
ce

of
th
e
m
as
on
ry

Im
pr
ov
em

en
ti
n
th
e
pr
op
er
tie
s
w
ith

th
e
us
e
of

m
or
ta
r
jo
in
ts
co
m
pa
re
d
to

jo
in
ts
w
ith

ou
tm

or
ta
r
w
as

fo
un
d

ef
fe
ct
iv
e

[2
5]

T
he

22
0
×

12
0
×

14
0
m
m

3
si
ze

pl
ai
n
bl
oc
k

Si
ng
le
gr
oo
ve

bl
oc
k

D
ou
bl
e
gr
oo
ve

bl
oc
k

Sa
nd
-c
em

en
tm

or
ta
r

B
on
d
st
re
ng
th

ag
ai
ns
ts
he
ar

sl
id
in
g

an
d
co
m
pr
es
si
ve

st
re
ng
th

of
gr
oo
ve
d

A
A
C
m
as
on
ry

w
as

st
ud
ie
d.

T
he

m
od
el
s
w
er
e
de
ve
lo
pe
d
to

si
m
pl
if
y

an
d
co
m
pu
te
th
e
co
m
pr
es
si
ve

an
d

sh
ea
r
st
re
ng
th

of
th
e
m
as
on
ry

To
in
ve
st
ig
at
e
sh
ea
r
bo
nd

st
re
ng
th

of
A
A
C
m
as
on
ry

en
ha
nc
em

en
tb

y
us
in
g
gr
oo
ve
d
A
A
C
bl
oc
ks

D
G
B
m
as
on
ry

te
nd
er
s
hi
gh

co
m
pr
es
si
ve

lo
ad

be
ar
in
g
ca
pa
ci
ty

an
d
sh
ea
r
st
re
ng
th

co
m
pa
re
d
to

co
nv
en
tio

na
lA

A
C
bl
oc
ks

W
he
re
as
,P

B
sh
ow

ed
th
e
le
as
t

st
re
ng
th

[2
6]

T
he

m
or
ta
rs
in
cl
ud
es

th
e]
re
fe
re
nc
e

m
or
ta
r
us
ed

in
co
m
po
si
ng

th
e
w
al
ls

(R
E
F)
,t
w
o
hi
gh

st
re
ng
th

m
or
ta
rs

(B
T
F,
B
T
G
)
an
d
on
e
hi
gh

ad
he
si
on

m
or
ta
r
(B

T
C
)

T
he

w
al
ls
w
er
e
re
in
fo
rc
ed

w
ith

th
re
e

di
ff
er
en
tl
im

e
m
or
ta
r
co
m
po
un
ds

w
ith

la
ye
r
th
ic
kn
es
se
s
of

12
,1

5
an
d

30
m
m
,a
nd

re
in
fo
rc
ed

w
ith

tw
o

di
ff
er
en
tg

la
ss

fib
re

m
es
he
s
an
d
tw
o

di
ff
er
en
ta
rr
an
ge
m
en
ts
of

st
ee
l

m
ic
ro
-
w
ir
e
st
ri
ps

14
di
ag
on
al
co
m
pr
es
si
on

te
st
s
of

m
as
on
ry

sy
st
em

re
in
fo
rc
ed

w
ith

G
FR

M
w
er
e
bu
ilt

en
co
m
pa
ss
in
g

di
ff
er
en
tF

R
M

co
m
bi
na
tio

ns
w
er
e

te
st
ed

Fi
ni
te
el
em

en
tm

od
el
w
as

pr
ep
ar
ed

an
d
ba
se
d
on

th
is
a
ne
w
th
eo
re
tic
al

m
od
el
w
as

de
fin

ed

To
st
ud
y
th
e
be
ne
fit

of
re
du
ci
ng

m
or
ta
r
th
ic
kn
es
s
in

th
e
ex
te
rn
al

la
ye
rs
an
d
al
so

in
cr
ea
se

m
or
ta
r

st
re
ng
th

by
us
in
g
Fi
br
e
R
ei
nf
or
ce
d

M
or
ta
r
(F
R
M
)

W
ith

ev
en

le
ss

th
an

15
m
m

of
st
re
ng
th
en
in
g
la
ye
rs
on

th
e
tw
o
w
al
l

fa
ce
s.
T
he

sh
ea
r
st
re
ng
th

in
cr
ea
se
d

m
or
e
th
an

10
0%

H
om

og
en
iz
at
io
n
ba
se
d
on

el
em

en
ts

in
se
ri
es

an
d
pa
ra
lle
lc
om

bi
na
tio

n
ex
hi
bi
ts
be
tte
r
pe
rf
or
m
an
ce

T
he

m
as
on
ry

w
al
lm

ad
e
of

th
is

te
ch
ni
qu
e
is
te
st
ed

ex
pe
ri
m
en
ta
lly

an
d
an
al
yt
ic
al
ly

in
th
e
di
ag
on
al

st
re
ss
in
g
ty
pe

to
un
de
rs
ta
nd

th
e

fa
ilu

re
pa
tte
rn

[2
7]

(c
on
tin

ue
d)



Recent Advances in Construction of Masonry Structure … 873

Ta
bl
e
2

(c
on
tin

ue
d)

M
at
er
ia
ls
/m

et
ho
do
lo
gy

St
ud
y

Pu
rp
os
e

K
ey

fin
di
ng
s

R
ef
er
en
ce
s

C
om

m
er
ci
al
ly

av
ai
la
bl
e
lig

ht
w
ei
gh
t

A
A
C
bl
oc
ks

w
er
e
us
ed

A
A
C
bl
oc
k
of

si
ze

60
0
×

20
0
×

10
0
m
m

w
er
e
cu
ti
nt
o
cu
be
s
of

50
,

75
,1

00
m
m

in
th
e
di
re
ct
io
n

pe
rp
en
di
cu
la
r
to

th
e
ri
se

(a
lo
ng

th
e

le
ng
th

of
th
e
bl
oc
k)

Tw
o
ty
pe
s
of

A
C
C
bl
oc
k

as
se
m
bl
ag
es

of
bl
oc
k
si
ze

20
0
×

10
0
×

10
0
m
m

w
er
e
pr
ep
ar
ed

us
in
g

hi
gh

st
re
ng
th

th
ix
ot
ro
pi
c
m
or
ta
r

In
ve
st
ig
at
ed

th
e
ph
ys
ic
al
pr
op
er
tie
s,

an
d
m
ec
ha
ni
ca
lp

ro
pe
rt
ie
s

L
oa
d
w
as

ap
pl
ie
d
on

th
e
cu
be
s
in

tw
o
di
re
ct
io
ns
.C

om
pr
es
si
ve

st
re
ng
th

w
as

ev
al
ua
te
d
an
d
fo
un
d

th
at
pe
ak

st
re
ss

de
cr
ea
se
s,
w
hi
le
th
e

st
ra
in

in
cr
ea
se
s
as

th
e
si
ze

of
A
A
C

bl
oc
ks

in
cr
ea
se
s

St
ru
ct
ur
al
pr
op
er
tie
s
an
d
ov
er
al
l

be
ha
vi
or

of
th
e
A
A
C
bl
oc
ks

ar
e

st
ud
ie
d
in

or
de
r
to

co
m
pu
te
th
e

m
od
el
s
fo
r
A
A
C
m
as
on
ry
-i
nfi

lle
d

fr
am

ed
st
ru
ct
ur
es

B
y
co
m
pr
es
si
ve

st
re
ng
th

te
st
pe
ak

st
re
ss

de
cr
ea
se
s
w
hi
le
th
e
st
ra
in

in
cr
ea
se
s
as

th
e
si
ze

of
A
A
C
bl
oc
ks

in
cr
ea
se
s

C
om

pr
es
si
ve

st
re
ng
th

of
sp
ec
im

en
te
st
ed

in
pe
rp
en
di
cu
la
r
di
re
ct
io
n
of

ri
se

w
as

gr
ea
te
r
th
an

sp
ec
im

en
te
st
ed

in
pa
ra
lle
lt
o
ri
se

M
at
he
m
at
ic
al
ex
pr
es
si
on
s
of

jo
in
t

st
re
ng
th

an
d
to
ta
lj
oi
nt

fo
rc
e
w
er
e

de
ri
ve
d
by

lin
ea
r
an
d
pa
ra
bo
lic

st
re
ss

di
st
ri
bu
tio

n
of

jo
in
ts

[2
8]

L
ig
ht
w
ei
gh
tp

la
st
er
s
w
er
e

m
an
uf
ac
tu
re
d
of

1.
H
yd
ra
te
d
lim

e
m
or
ta
r

2.
G
ro
un
d
gr
an
ul
at
ed

bl
as
tf
ur
na
ce

sl
ag

an
d
tw
o
in
no
va
tiv

e
al
ka
li-
ac
tiv

at
ed

sl
ag
-b
as
ed

m
ix
tu
re
s

So
di
um

m
et
as
ili
ca
te

pe
nt
ah
yd
ra
te
:p
ot
as
si
um

hy
dr
ox
id
e:
so
di
um

ca
rb
on
at
e
=

7:
3:
1

T
he

al
ka
lin

e
re
ag
en
ts
eq
ua
lt
o
20
%

an
d
24
%

by
bi
nd
er

m
as
s
w
as

us
ed

1.
To

ev
al
ua
te
th
e
es
se
nt
ia
l

ch
ar
ac
te
ri
st
ic
s
of

th
e
m
or
ta
rs
at

di
ff
er
en
tl
ig
ht
w
ei
gh
ta
gg
re
ga
te

co
nt
en
ta
nd

to
id
en
tif
y
th
e
id
ea
l

m
ix

pr
op
or
tio

ni
ng

th
at
m
ee
ts
th
e

ge
ne
ra
lr
eq
ui
re
m
en
ts
in

te
rm

s
of

st
re
ng
th

an
d
sp
ec
ifi
c
m
as
s

2.
Pr
ev
io
us
ly

se
le
ct
ed

m
or
ta
r
w
er
e

te
st
ed

to
ob
ta
in

a
m
or
e
de
ta
ile
d

ch
ar
ac
te
ri
za
tio

n
of

its
be
ha
vi
or
,

an
d
to

ev
al
ua
te
th
e
co
m
pa
tib

ili
ty

be
tw
ee
n
th
e
m
or
ta
r
an
d
th
e

G
FR

P
m
es
h

D
ev
el
op
m
en
to

f
lig

ht
w
ei
gh
t

ce
m
en
t-
fr
ee

re
in
fo
rc
ed

pl
as
te
r
to

be
ap
pl
ie
d
in

G
FR

P-
re
in
fo
rc
ed

ja
ck
et
in
g
in
te
rv
en
tio

ns
fo
r
th
e

en
er
gy

up
-g
ra
di
ng

an
d
se
is
m
ic

re
tr
ofi

tti
ng

of
po
or

qu
al
ity

m
as
on
ry

bu
ild

in
gs

T
he

ef
fe
ct
iv
en
es
s
of

th
e

re
in
fo
rc
em

en
td

er
iv
in
g
fr
om

th
e
us
e

of
al
ka
li-
ac
tiv

at
ed

sl
ag
-b
as
ed

pl
as
te
rs
on

th
re
e
le
af

m
as
on
ry

w
al
l

sy
st
em

s
w
er
e
st
ud
ie
d

Po
rt
la
nd
-f
re
e
pl
as
te
r
is
ab
le
to

pr
ov
id
e
a
28
-d
ay

co
m
pr
es
si
ve

st
re
ng
th

eq
ua
lt
o
8
M
Pa

an
d
a

th
er
m
al
co
nd
uc
tiv

ity
of

0.
35

W
/m

K
du
e
to

de
ns
ity

cl
os
e
to

70
0
kg
/m

3

B
y
us
in
g
an

al
ch
il-
al
co
xi
si
la
ne
-b
as
ed

co
at
in
g
is

po
ss
ib
le
to

re
du
ce

th
e
w
at
er

ab
so
rp
tio

n
of

m
or
ta
r
up

to
80
%

U
se

of
gl
as
s
fib

re
re
in
fo
rc
ed

m
es
h

w
as

be
st
su
ite
d
to

al
ka
lin

e
en
vi
ro
nm

en
ts

[2
9]

(c
on
tin

ue
d)



874 K. Pooja and P. Shreelaxmi

Ta
bl
e
2

(c
on
tin

ue
d)

M
at
er
ia
ls
/m

et
ho
do
lo
gy

St
ud
y

Pu
rp
os
e

K
ey

fin
di
ng
s

R
ef
er
en
ce
s

C
SE

B
w
as

m
ad
e
of

4
va
ri
an
ts
of

ce
m
en
ta
nd

la
te
ri
te
m
ix
ed

w
ith

or
w
ith

ou
ts
an
d
an
d
m
ot
or

oi
l

In
th
e
fir
st
ph

as
e
T
he
se

C
SE

B
w
as

te
st
ed

fo
r
di
ff
er
en
tp

ro
pe
rt
ie
s

co
m
pa
re
d
to

sa
nd
cr
et
e
bl
oc
ks

In
th
e
se
co
nd

ph
as
e,
al
lt
he

fo
ur

di
ff
er
en
tt
yp
es

of
C
SE

B
ar
e
te
st
ed

ag
ai
ns
ts
ix

va
ri
et
ie
s
of

m
or
ta
rs

(C
em

en
tm

or
ta
r,
ea
rt
h
m
or
ta
r,

ce
m
en
t+

ea
rt
h
(c
on
ta
in
s
la
te
ri
te
)]

m
or
ta
r
w
ith

an
d
w
ith

ou
to

il)

D
ry

sh
ea
r
bo
nd

st
re
ng
th

an
d
w
et

sh
ea
r
bo
nd

st
re
ng
th
s
be
tw
ee
n
th
e

C
SE

B
s
an
d
m
or
ta
rs
w
er
e

de
te
rm

in
ed

by
an

in
no
va
tiv

e
lo
ad
in
g

sy
st
em

Im
pr
ov
in
g
ad
he
si
ve

bo
nd

be
tw
ee
n

co
m
pr
es
se
d
st
ab
ili
ze
d
ea
rt
h
br
ic
ks

(C
SE

B
)
an
d
m
or
ta
r

Pl
ai
n
C
SE

B
ab
so
rb
s
le
ss

w
at
er

an
d

th
er
e
w
as

no
im

pr
ov
em

en
ti
n
th
e

re
si
st
an
ce

to
w
at
er

ab
so
rp
tio

n
w
ith

th
e
ad
di
tio

n
of

m
ot
or

oi
la
nd

sa
nd

In
cr
ea
se

in
dr
y
un
co
nfi

ne
d

co
m
pr
es
si
ve

st
re
ng
th

an
d
de
cr
ea
se

in
w
et
un
co
nfi

ne
d

B
es
tb

on
d
w
as

ce
m
en
t+

ea
rt
h

(c
on
ta
in
s
la
te
ri
te
)
m
or
ta
r
w
ith

ea
rt
h

fo
r
al
lt
he

va
ri
an
ts
of

C
SE

B
in

w
et

co
nd
iti
on

[3
1]

T
hr
ee

m
or
ta
r
m
ix
es

1:
3,

1:
4,

1:
5

w
er
e
pr
ep
ar
ed

in
va
ry
in
g
pe
rc
en
ta
ge

0–
30
%

in
cr
em

en
to

f
5%

st
yr
en
e-
bu
ta
di
en
e
ru
bb
er

(S
B
R
)

la
te
x
in
to

th
e
m
or
ta
r

T
he
se

w
al
ls
ar
e
te
st
ed

fo
r

co
m
pr
es
si
ve

st
re
ng
th
,s
tif
fn
es
s,

du
ct
ili
ty
,m

ic
ro
st
ru
ct
ur
al
pr
op
er
tie
s

an
d
th
e
im

pa
ct
of

la
te
ra
lf
or
ce
s

1.
C
om

pr
es
si
ve

st
re
ng
th

of
ce
m
en
t

m
or
ta
r

2.
C
om

pr
es
si
ve

st
re
ng
th

of
br
ic
k

m
as
on

ry
3.

C
yc
lic

lo
ad

te
st
in
ve
st
ig
at
es

th
e

bo
nd

ch
ar
ac
te
ri
st
ic
s
of

in
fil
le
d

m
as
on
ry

w
al
ls
bu
ilt

by
m
or
ta
r

m
od
ifi
ed

w
ith

la
te
x

To
un
de
rs
ta
nd

th
e
in
flu

en
ce

of
st
yr
en
e-
bu
ta
di
en
e
ru
bb
er

(S
B
R
)

m
as
on
ry

su
bj
ec
te
d
to

cy
cl
ic
lo
ad

O
pt
im

um
pe
rc
en
ta
ge

of
20
%

la
te
x

m
od
ifi
ed

ru
bb
er

ca
n
be

us
ed

fo
r

ac
hi
ev
in
g
be
tte
r
co
m
pr
es
si
ve

st
re
ng
th

In
co
m
pa
ri
so
n
of

m
or
ta
r
w
ith

an
d

w
ith

ou
ta
dd
iti
on

of
la
te
x
m
od
ifi
ed

ru
bb
er
,t
he
re

sh
ow

ed
in
cr
ea
se

in
pr
e

yi
el
d
st
if
fn
es
s
an
d
du
ct
ili
ty

ra
tio

by
13
%

w
ith

th
e
ad
di
tio

n
of

la
te
x

[3
2]



Recent Advances in Construction of Masonry Structure … 875

Bhosale et al. [28] investigated the physical and mechanical properties of AAC
masonry infilled frame structure and mathematical modeling of the same was
discussed. AAC blocks of size 600 × 200 × 100 mm were cut into cubes of 50,
75, 100 mm along the length of the block and the load was applied on the cubes
in two directions. Strength of the specimens tested for compressive strength was
evaluated and found that, peak stress decreases while the strain increases as the
size of AAC blocks increases (from 50 to 100 mm). Specimen tested for compres-
sive strength in perpendicular direction of rise were greater than those of specimen
tested parallel to rise. In the second stage, bond and tensile strength of two types of
AAC block assemblages made of 200 × 100 × 100 mm size ACC blocks and high-
strength thixotropic mortar were evaluated and found that initial rate of absorption
of the AAC blocks were same as clay brick, hence does not affect the bond strength
of the masonry. Mathematical expressions of joint strength and total joint force were
derived by linear and parabolic stress distribution of joints [28].

Coppola et al. [29] evaluated the characteristics of plaster made up of different
proportions of ground granulated blast furnace slag, hydrated lime, light weight
aggregates, air entraining agents and alkaline reagent (sodium metasilicate pentahy-
drate: potassium hydroxide: potassium carbonate in the ratio 7:3:1) by the binder
mass. Density and compressive strength of the plasters were tested and found that the
plaster with light weight aggregate (Expanded recycled glass aggregates) improved
the performance of the plaster but water absorption rate was high. By the application
of alchil-alcoxisilane-based coating water absorption decreased. Use of glass fibre
reinforced mesh was best suited to alkaline environments [29].

Henrique Nalon et al. [30] investigated the effect of cement-lime mortar and
grout on the mechanical properties and structural behavior of stack bonded hollow
concrete block prism. Results of the failure mechanism explained the effect of
prism strength and stiffness by the variation in component properties of lime cement
mortar and hollow concrete blocks. Development of strength prediction models for
different cases of failures modes improved the predictive ability of current design
code formulation. The structural performance was better elucidated on the impact of
incompatibility of component characteristics [30].

Kolawole et al. [31] aimed at enhancing the bond between the compressed stabi-
lized earth bricks (CSEB) and mortar. CSEB was made of 4 variants of cement and
laterite mixed with or without sand and motor oil. These CSEB was tested for mois-
ture content, Atterberg limit, water absorption and compressive test in comparison
with sandcrete blocks. The results showed that plain CSEB absorbs less water and
there was no improvement in the resistance to water absorption with the addition
of motor oil and sand, this is because of the use of finer material (laterite). Increase
in dry unconfined compressive strength and decrease in wet unconfined compres-
sive strength of CSEB with the addition of motor oil and sand were found. In the
second phase, all the four different types of CSEB were tested against six varieties
of mortars (cement mortar, earth mortar, cement + earth (contains laterite) mortar
with and without oil) for wet and dry shear bond strength determination and found
the best bond was achieved by Cement + earth (contains laterite) mortar with earth
for all the variants of CSEB in wet condition [31].
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Jebadurai et al. [32] conducted cyclic load tests to investigate the bond charac-
teristics of infilled masonry walls built by mortar modified with latex. Three mortar
mixes 1:3, 1:4, 1:5 were prepared in varying percentage 0–30% increment of 5%
styrene-butadiene rubber latex into the mortar. These walls were tested for compres-
sive strength, stiffness, ductility, microstructural properties and the impact of lateral
forces. It was found that optimum percentage of 20% latex modified rubber can be
used for achieving better compressive strength. Results on microstructural studies
show that latex works in enhancing the bond characteristics by forming film around
the cement particles, hence lateral forces can also be resisted. A comparison of
mortar with and without addition of latex modified rubber showed increase in pre
yield stiffness and ductility ratio by 13% with the addition of latex [32].

3 Discussions

Literature pertaining to various materials as base material along with different alkali
activators for preparation of blocks/bricks are illustrated here. Earlier investigations
on masonry blocks/bricks made of different industrial waste materials has been
discussed by many authors. From the literature study, it is known that to improve the
use of different industrial wastes to reduce landfill, construction industry is striving to
incorporate these materials in making building materials such that it meets the envi-
ronmental issues and also caters to the requirement of construction. Various prop-
erties of clay bricks, solid and hollow bricks with different mortars were discussed.
Physical, mechanical and durability properties of different types of bricks/blocks
and masonry prisms were discussed. First Section deals with the studies on use
of flyash, bottom ash, and slag from different industries, construction demolition
wastes and burnt bricks alkali activated and also for geopolymer bricks. Different
alkali activators were discussed which suits the precursors. Thermal, physical and
mechanical properties were tested and confirmed by microstructure and chemical
analysis. Raw material ratio and molding pressure of the bricks were discussed. It
was found that many researchers used NaOH and Na2SiO3 for the activation. Second
Section deals with the properties of masonry made of bricks/blocks with different
mortars. Bond characteristics of mortars with different masonry units were studied
for different grades, types and mix proportion of the mortar. Shear strength, tensile
strength, compressive strength of themortar and bond strength are determined for the
construction of brick/block prisms. The bond strength of the masonry was found to
be directly related to the compressive strength of the mortar and also in order to avoid
the accumulation of stress in the bed joints of the masonry assemblage, strength of
the mortar used should be lower than the strength of blocks.
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Comparison of Hyperspectral
Atmospheric Correction Algorithms
for Precise Mapping of Rice Crop

Balla Vivek, B. E. Bhojaraja, and Amba Shetty

Abstract For millions of people, rice means life, and therefore, it is harvested in
many regions of the world. Two rice species are primarily cultivated in the world,
namely Asian and African rice. It grows primarily in major river deltas, such as
Asia and Southeast Asia. Conventional method of mapping rice crop area is tedious
and time-consuming job and more often subjected to erroneous results. In this study
advanced remote sensing technique is used for mapping, to map precisely hyper-
spectral remote sensing with different atmospheric algorithms were compared for
better accuracy. Also different supervised classification techniques were compared
for the accurate areamapping of rice crop. TheASDfield spec Pro hand held spectro-
radiometer is used for reference spectra collection. And high accuracy GPS device
is used to collect ground truth information. Results show that both FLAASH and
HAC algorithms produce a good spectrum with respect to the rice spectra obtained
fromASDhandheld spectroradiometer. SAM image classification and Parallelepiped
classifier were used for classification of imagery. From the accuracy assessment
performed, accuracy of 88% by using SAM and 84% obtained using Parallelepiped
classifier for Hooghly region and 93% using SAM and 87% using Parallelepiped for
West Godavari region. From the study, it was found that the best approach for rice
crop mapping in Hooghly andWest Godavari is SAM classification. The study helps
to map the rice crop area accurately; it can be used for yield estimation, indirectly
which is helpful for policy makers and to estimate the export, import potential.
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1 Introduction

For millions of people, rice means life, and therefore, it is harvested in many regions
of the world. Two rice species are primarily cultivated in the world, namely Asian
and African rice. It grows primarily in major river deltas, such as Asia and Southeast
Asia. Oryza sativa (Asian rice) andOryza glaberrima (African rice) [1]. Inmajor river
deltas such as Asia and Southeast Asia, it grows mainly [2]. Rice has been cultivated
for over 10,000 years, mainly in Asia, but has developed in emerging economies like
India. Moharana et al. [3], and it is the second largest rice producers in the world.
From the last financial year analysis, India produced over 100 million tons of rice
[4]. Becoming the largest rice producer, India has been one of the world’s largest
producers of rice. From the last financial year analysis, it is also estimated that India
exported over 8 million tons of rice. UAE, Saudi Arabia, Senegal, Iran and South
Africa are importing rice from India, and also it is seen that rice cultivation is the
serious business module in India [4]. Among the 29 states in India more than 20
states are best in producing rice. Some of the largest rice-producing states are West
Bengal and Andhra Pradesh.

About 2000 million people in Asia receive 60–70% of the calories from rice and
its related products in Asia [5]. The United Nations General Assembly proclaimed
2004 the “International Year of Rice” (IYR) by identifying the essential role and
significance of rice. The theme of the “International year of rice” is “Rice is life”.
In India rice is the staple food for above 65% of the people and it is part of every
meal for Indian people and it shows that rice cultivation is how much important for
people. Demand for rice is expected to increase day by day due to rapid increase in
population, so cultivation and production of the rice also need to be increased. Day
by day the agricultural land under rice cultivation is reducing and hence, there is a
need to increase the rice productivity and rice cultivation [6].

West Bengal is called “rice granary of India”, state has 50%of landwhich is arable
is under rice cultivation. InWest Bengal, Hooghly is one of the districts which comes
under high productivity group (High productivity—Yield more than 2500 kg/ha) [7].
Andhra Pradesh is another leading rice cultivated state in India, which contributes
12% of the total rice producing in India [8], In Andhra Pradesh, West Godavari is
known as “rice granary of Andhra Pradesh” [9].

The aimof the present study is to find the influence of atmospheric correction algo-
rithms of rice agricultural fields in various districts in India using existing spectrum.
And to compare four popularly used atmospheric correction algorithms (QUAC,
ATCOR, FLAASH, 6S) in deriving rice spectra from Hyperion data in agricul-
tural fields of West Godavari district in Andhra Pradesh and Hooghly district in
West Bengal. Also to compare HAC (hybrid atmospheric correction algorithm) with
the best atmospheric correction algorithm among four component algorithms and
the spectra obtained from ASD handheld spectroradiometer in deriving rice spectra
fromHyperion data. Finally, tomap the rice crop by using the Spectral AngleMapper
classifier and Parallelepiped classifier techniques.
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From the literature review, it is evident that there is no study is available for
rice crop using the hyperion data and the influence of the different atmospheric
correction algorithm on the paddy reflectance spectrum by using the hyperspectral
remote sensing data. Despite the extensive coverage of spaceborne hyperspectral
images, a few studies focus on the investigation of rice crops. Advances in technology
in this sector are anticipated to attract more research and boost the use of these
information.

2 Methodology

2.1 Study Areas

The study area selected for investigation is located in different parts of India. The
criteria used in selection of study region is that they should be predominantly rice
growing regions. Accordingly, the following districts were chosen for analysis the
rice crop.

The districts are West Godavari and Hooghly, West Godavari district (16.9174°
N, 81.3399° E) or paschima Godavari Jilla is one of the districts of state of Andhra
Pradesh. West Godavari district situated at the coastal Andhra region of Andhra
Pradesh. The district is a flat and slightly slope on the eastern side along the rivers
of the West Godavari districts flow. It is bounded by the Bay of Bengal on the south
and the Khammam district on the North and Godavari river separates it from the east
and Tammileru River and Kolleru lake separate it from west. Rivers in the district
generally flows from west to east, rivers like Godavari, Yerrakaluva and Tammileru
flows through the district. It is known as “rice granary of Andhra Pradesh”. West
Godavari yields rice about approximately 3322 kg/ha every year. Alluvial, Black
cotton and Red Ferruginous and a small belt along the coastal belt of arenaceous
sandy soils are the Soils form.There are eight major types of soils in the District
namely Red Sandy loams, Clay loams, Alluvial, Sandy Alluvial, Deltaic Alluvial,
Black cotton. Study area is dominated by black cotton soil.

Hooghly district (22.8963° N, 88.2461° E) is district of the West Bengal in India.
The district is situated on the bank of the Hooghly River; hence, it is named as the
Hooghly. The land of the Hooghly is totally flat and the land elevation is not more
than 200 m. The River Hooghly borders it to the east. Figure 1 shows the location
map of the study areas.

3 Overall Methodology

In Fig. 2, the overall approach adopted for the analysis is shown. It shows the steps
adopted for the study.



882 B. Vivek et al.

Fig. 1 Location map of the study areas

1. Global Positioning System Data
GPS points of 12 locations were collected over paddy fields from Hooghly sites
near to hyperion satellite data acquisition. Rice sites were geolocated using
the Global Positioning System (GPS with 2 m accuracy). These locations were
collected to ensure pure rice spectra over the Hyperion scene.

2. Spectroradiometric Data
The spectral signatures of the paddy field were collected using ASD fieldspec
Pro spectroradiometer. The collected spectral signatures were used to build a
spectral library utilized for supervised classification.

Ancillary Data

The mean temperature, mean pressure and daily rainfall of the climate data of the
study area are near to the satellite data acquisition (Hyperion). Obtained from the
Weather Online’s “global surface summary of day” product (www.weatheronline.
in) and World Weather online are shown in Table 1. Climatic data from the nearest
climatological station of the study were downloaded from the Web site. The nearest
station of West Bengal site is Hooghly (located at 22° 39′ 32′′ N, 88° 30′ 15′′ E) and
that of (located at16° 15′ 00′′ N, 80° 55′ 00′′ E). Atmosphere was clear in all case on
the date of acquisition of images.

http://www.weatheronline.in
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Fig. 2 Flow chart methodology

Table 1 Climate data for the acquisition dates

Place Year-month-date Mean temperature
(°C)

Mean pressure
(mbar)

Daily rainfall
(mm)

Hooghly (West
Bengal)

2002-07-11 33.3 999.1 0

West Godavari
(Andhra Pradesh)

2008-04-18 33 1006.5 1.32
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4 Pre-processing

Pre-processing of Hyperion imagery is carried to remove bad pixels and recali-
bration of data was obtained by application of the “Gain/offset values with ASCII
files”. Further processing is done by the removal of outliers and dropouts known
as “blackout errors” by using “Fix out of range data” and then removal of extreme
dropout and extreme outliers is done by using “Despike outliers”.

The following atmospheric correction tool corrects the atmospheric errors by
selecting the input reflectance image.

FLAASH is a first-principles atmospheric correction.
QUAC is a semi-empirical algorithm for aerosol retrieval and atmospheric
correction.
The 6S code is the simple RT code used in the atmospheric correction algorithm
for the calculation of lookup tables.
ATCOR uses lookup tables based on MODTRAN 4/5.
HAC1 is the first hybrid atmospheric model.
HAC2 is the second hybrid atmospheric model.

5 Post-processing

(a) Spectral hourglass, (b) Minimum Noise Fraction, (c) Pixel Purity Index, (d) n-D
visualizer retrieving endmembers, (e) Identification of Rice crop (f) Classification
techniques:

Data is classified using the SAM (Spectral Angle Mapper), and it is the physical-
based spectral classification. The end members extracted from the image are used as
the Spectral Angle Mapper (SAM) classification input. It uses an n-D angle to match
pixel to the reference spectrum. The algorithm finds out the spectral similarity by
calculating the angle between the two spectra, in a space with dimensionality treating
them as vectors which is equal to the number of bands (Campbell et al. 2009). The
spectra of endmember used by the SAM in the study is extract from the spectral
library. Boardman et al. (1993) developed SAM algorithm. The spectral angle kept
as 0.1 rad.

In this study, total two study sites are taken West Godavari (A.P) and Hooghly
(W.B) and Hyperion data is used each for one study area and pre-processing and
post-processing and classification is done for each study area separately.
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6 Results and Discussion

6.1 Pre-processing

Standard pre-processing of the Hyperion image is carried out before atmospheric
analysis. In this study, five currently available atmospheric correction methods were
used to apply this transformation. They are:

QUAC, FLAASH,6S,ATCOR based on MODTRAN 4/5 and hybrid algorithms
such as HAC.

Figure 3 shows reflectance spectrums obtained after application of four different
atmospheric correction algorithms.

After the application of four different atmospheric correction methods spectrums
were extracted from hyperion image of 6 locations sof six sof West Godavari.

After the application of four different atmospheric correction methods spectrums
were extracted from hyperion image of 6 locations of Hooghly.

Figure 4 shows the reflectance spectrums obtained after application of four
different atmospheric correction algorithms of Hooghly location.

Reflectance spectra of rice crop were obtained. To compare four popularly used
atmospheric correction algorithms (QUAC, ATCOR, FLAASH, 6S) in deriving rice
spectra from hyperion data. FLAASH corrected signals estimate rice better than
ATCOR, 6S and QUAC corrected signals. The rice spectral feature between 560 and
610 nm is retained by FLAASH corrected signal, this may be because of FLAASH’s
narrow spectral sampling distance in that spectral region. because of high spectral
resolution of hyperspectral imaging, fine atmospheric absorption feature will be
detected these diagnostics features are typically of a very narrow spectral appearance.

Fig. 3 Sample reflectance spectrums of location-1 of West Godavari
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Fig. 4 Reflectance spectrums of location-1 of Hooghly

The wavelength of unique water absorption dips is extracted after the application
of different atmospheric correction is shown below. Table 2 shows the wavelength
unique absorption dips spectra values. Table 3 shows thewavelengths of uniquewater
absorption dips value.

Table 2 Wavelengths of unique water absorption dips of spectra are extracted after the application
of different atmospheric corrections of 6 locations of West Godavari

Rice locations FLAASH (nm) ATCOR (nm) QUAC (nm) 6S (nm)

Location-1 579.25 650.15 942.05 691.23

Location-2 589.45 671.02 823.45 681.02

Location-3 579.45 589.62 701.55 691.37

Location-4 599.80 650.52 823.65 671.02

Location-5 630.32 690.37 762.60 665.02

Location-6 600.08 660.85 752.60 691.37

Table 3 Wavelengths of unique water absorption dips of spectra is extracted after the application
of different atmospheric corrections of 6 locations of Hooghly

Rice locations FLAASH (nm) ATCOR (nm) QUAC (nm) 6S (nm)

Location-1 640.05 691.37 701.55 695.35

Location-2 650.85 681.35 691.45 683.05

Location-3 661.02 672.08 700.27 681.02

Location-4 660.85 671.65 700.55 691.37

Location-5 671.02 691.37 695.55 694.37

Location-6 569.27 650.02 691.05 681.37
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7 Comparision of Atmospheric Correction Algorithms
(HAC and FLAASH)

To compare four popularly used atmospheric correction algorithms (QUAC,ATCOR,
FLAASH,6S) in deriving rice spectra fromhyperiondata. FLAASHcorrected signals
estimate rice better than ATCOR, 6S and QUAC corrected signals. The rice spectral
feature between 560 and 610 nm is retained by FLAASH corrected signal, this may
be because of FLAASH’s narrow spectral sampling distance in that spectral region.

In this section, there will be two methods used to compare. One is a code called
HAC (Hybrid Atmospheric Correction) and the other one called FLAASH (Fast
Line-of-sight Atmospheric Analysis of Spectral Hypercubes).

Comparison of atmospheric correctionmethods of one out of six ofWest Godavari
(Figs. 5 and 6).

Comparison of atmospheric correction methods of location one out of six of West
Godavari.

Table 4Wavelengths of unique water absorption dips of spectra are extracted after
the application of atmospheric corrections FLAASH and HAC of 6 locations ofWest
Godavari (Table 5).

Fig. 5 Reflectance spectrums of location-1 of West Godavari
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Fig. 6 Reflectance spectrums of location-1 of Hooghly

Table 4 Reflectance spectrums of location-1–6 of West Godavari extracted after the application of
atmospheric corrections FLAASH and HAC

Rice locations FLAASH (nm) HAC (nm)

Location-1 579.25 601.09

Location-2 589.45 600.05

Location-3 579.45 582.75

Location-4 599.80 591.02

Location-5 630.32 650.25

Location-6 600.08 598.02

Table 5 wavelengths of unique water absorption dips of spectra is extracted after the application
of atmospheric corrections FLAASH and HAC of 6 locations of Hooghly

Rice locations FLAASH (nm) HAC (nm)

Location-1 640.05 660.02

Location-2 650.85 675.85

Location-3 661.02 611.02

Location-4 660.85 667.55

Location-5 671.02 621.36

Location-6 569.27 585.07
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8 Post-processing and Mapping of Rice Species

8.1 Spectral Hourglass Wizard

The processing in spectral hourglass uses the spectrally over-driven nature to find
out the spectrally unique and pure pixels called “endmembers” in the dataset which
is available and to find or mapping their sub-pixel abundance and location. The
processing flow in spectral hour glass begins by using atmospherically corrected
radiance or reflectance data as an input and begins with MNF (Minimum Noise
Fraction) and PPI (Pixel Purity Index) techniques.

8.2 Minimum Noise Fraction

TheMinimumNoise fraction technique is mainly used to reduce the noise in the data,
to find out the inherent dimensionality of image data and to lessen the computational
requirements for upcoming processing.After the processing is over it shows theMNF
eigenvalues plot window. The MNF eigenvalues plot obtained after the processing
shows the eigenvalue and eigenvalue number in the y-axis and the x-axis for each
MNF-transformed band.

8.3 Pixel Purity Index

Pixel Purity Index (PPI) use the MNF (Minimum Noise fraction technique) result
as an input to find the most spectrally pure (extreme) pixel in the image. After the
processing PPI plot window appear. The PPI (Pixel Purity index) shows the number
of pixels in y-axis and the PPI iterations in the x-axis.

8.4 n-D Visualizer Retrieving Endmembers

The results fromPPI use as the input for the n-Dvisualizer and uses the n-DVisualizer
with MNF data spatially subset using only the purest pixels calculated from the
PPI. The n-D visualizer locates, identifies and clustering and retrieving the extreme
spectral responses (endmembers) and the purest pixels in dataset in the n-dimensional
space. n-D Visualizer and n-D Controls windows are appearing after processing is
over used in retrieving end members.
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8.5 Mapping of Rice Species Using SAM (Spectral Angle
Mapper) and Parallelepiped Classifier Techniques

Data is classified using the SAM (Spectral Angle Mapper) and Parallelepiped clas-
sification techniques, SAM is the physical-based spectral classification. The end
members extracted from the image are used as the Spectral Angle Mapper (SAM)
classification input. The n-D angle is used to align the reference spectrum with the
pixel. By evaluating the angle between the two spectra, the algorithm figures out
the spectral similarity in a space with dimensionality treating them as vectors which
is equal to the number of bands (Campbell 2009). The angle used for this study is
0.05 rad.

From the spectral hour glass technique, 48 endmembers are extracted. The spectra
of the rice are extracted by using the Field spec® ASD handheld spectroradiometer
in the 375–1075 nm range with 1 nm spectral resolution. After that matching the
reference spectra with the 48 endmembers (spectrally unique) and finding out the
pixel pure spectrum by using the spectral hourglass technique. The spectrums are
calculated on the basis of the absorption dips (wavelength and intensity) and are
obtained from different literature and the assumption that the dips are unique does not
alter until some damage, stress and deficiency have been exposed to the species [10].
Reflectance wavelength and intensity is not matched as the seasonal information of
the reference spectrum is unknown and integral area of the spectrum is also checked.
The reference rice spectrum obtained from the literature is matched with the one of
the spectrum from 48 spectrums. Then, these spectra are used to map the rice crop
of the study area (Figs. 7, 8, 9 and 10; Table 6).

Fig. 7 Classification using SAM (Spectral Angle Mapper) classifier technique of Hooghly
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Fig. 8 Classification using parallelepiped classifier technique of Hooghly

Fig. 9 Classification using SAM (Spectral Angle Mapper) classifier technique of West Godavari

The study had a classification accuracy of 88% by using SAM and 84.6% by using
Parallelepiped classifier for Hooghly region and 93.9% using SAM and 87.7% using
Parallelepiped for West Godavari region. The research found SAM in Hooghly and
West Godavari as the best approach to rice crop mapping.
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Fig. 10 Classification using parallelepiped classifier technique of West Godavari

Table 6 Overall accuracy of
different classification
algorithms of West Godavari
and Hooghly

Classifier algorithm West Godavari (%) Hooghly (%)

SAM (Spectral angle
Mapper)

93.93 88.04

Parallelepiped 87.72 84.67

9 Summary and Conclusions

In the present research work, initially a study to compare the reflectance spectra
extracted from the five atmospheric correction algorithms are tested on EO-1 Hype-
rion images of 6 different locations of the West Godavari district of Andhra Pradesh
and the Hooghly district of the West Bengal with the field VNIR/SWIR reflectance
spectra extracted by using the spectroradiometer Field spec® and the mapping of the
rice species by using the SAM (Spectral Angle Mapper) classification technique. It
was to identify best atmospheric correction algorithm method to be used for satellite
data analysis.

The primary objective of the research work is to assess the effect of the atmo-
spheric correction algorithms on the spaceborne hyperspectral data. Commonly
used atmospheric correction algorithms QUAC, ATCOR, FLAASH and 6S algo-
rithms are tested on EO-1 Hyperion images, and rice reflectance spectra extracted
from the corrected images of 6 different locations of the West Godavari district of
Andhra Pradesh and the Hooghly district of the West Bengal, the locations of both
West Godavari and Hooghly are obtained by using the GPS (Global Positioning
System). To improve estimation further, HAC (Hybrid Atmospheric Correction) was
compared with their component algorithms in deriving rice spectra from Hyperion
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data by using the reference spectra, which is extracted by using the ASD handheld
spectroradiometer this research will open up a wide scope for the mapping of rice.

10 Conclusions

The research aims to compare the impact of atmospheric correction algorithms on
precise mapping of rice crops in different districts in India. using reference spectrum.
To compare four popularly used atmospheric correction algorithms (QUAC,ATCOR,
FLAASH, 6S) in deriving rice spectra from Hyperion data in agricultural fields of
West Godavari district in Andhra Pradesh and Hooghly district in West Bengal with
the spectra obtained from ASD handheld spectroradiometer.

The study concentrates on overall rice characteristics and spectra of two famous
regions of INDIA (West Godavari and Hooghly). Firstly, four atmospheric correction
algorithmswere analysed and compared with the Hyperion reflectance using spectral
features (unique water absorption dips).

Secondly, for the determination of the wavelengths of unique water absorption
dips, the efficiency of each atmospheric correction algorithm was analysed.

To compare four popularly used atmospheric correction algorithms (QUAC,
ATCOR, FLAASH, 6S) in deriving rice spectra from Hyperion data in agricultural
fields of West Godavari district in Andhra Pradesh and Hooghly district in West
Bengal with the spectra obtained from ASD handheld spectroradiometer.

To compare four popularly used atmospheric correction algorithms (QUAC,
ATCOR, FLAASH, 6S) in deriving rice spectra from hyperion data. FLAASH
corrected signals estimate rice better than ATCOR, 6S and QUAC corrected signals.
The rice spectral feature between 560 and 610 nm is retained by FLAASH corrected
signal, this may be because of FLAASH’s narrow spectral sampling distance in that
spectral region.

In this research, FLAASH performed better than four component algorithms
(QUAC, ATCOR, FLAASH, 6S), as compared to spectra corrected in terms of
spectral similarities by their component algorithms.

To compare HAC (hybrid atmospheric correction algorithm) with the best atmo-
spheric correction algorithm among four component algorithms and the spectra
obtained from ASD handheld spectroradiometer in deriving rice spectra from
Hyperion data.

The results show that both FLAASH and HAC algorithms produce a good spec-
trumwith respect to the rice spectra obtained fromASD handheld spectroradiometer.

Estimation of rice from spaceborne hyperspectral imagery is influenced by:

• the type of atmospheric correction algorithm chosen.
• spatial arrangement of fields.

Mapping of the rice crop will be carried out by using the Spectral Angle Mapper
classifier and Parallelepiped classifier techniques.
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From the above study, it can be concluded that rice crop maps are generated for
study areas. SAM image classification and Parallelepiped classifier were used in this
study.

The spectra matched to the spectrum obtained from the ASD handheld spectrora-
diometer were used to identify andmap the rice crop as an input for data classification
with classifiers such as Spectral Angle Mapper (SAM), Parallelepiped. In this study,
accuracy assessment was performed, and the study had a classification accuracy of
88% by using SAM and 84.6% by using Parallelepiped classifier for Hooghly region
and 93.9% using SAM and 87.7% using Parallelepiped for West Godavari region.
The study found SAM as the best approach for rice crop mapping in Hooghly and
West Godavari.
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Dynamic Analysis of Geodesic Dome
Structure

M. Roopa, Kavitha B. Lakshmi, and H. Venugopal

Abstract In the recent years, the dome structures are the commonly used geomet-
rical shapes to cover the large span. Specifically the “geodesic dome” structure is
the most attractive structure which provides more space. Geodesic is a Latin word
where “geo” means earth and “desic” means dividing. It is having spherical shape
with lightweight triangular faces and struts in the frame structure. Geodesic dome
has triangles in the stable network form. The study considers the response of four
different geodesic dome frame structure for seismic analysis and the results are
compared.

Keywords Geodesic dome · Frequency of dome · CADRE geo software ·
SAP2000 software

1 Introduction

Domes are the oldest structures. We can see the dome structures in temples and other
monuments. The upper half of the hollow sphere simulates the architectural part of the
dome. The dome structure is use to provide more space without any obstructions that
is, the dome structure embeds the larger volume with the smaller quantity of material
without interrupting columns. Dome structures are used in the early days as symbol-
ical representation of the kingdoms. These structures are economical for covering
larger area in a single span and they are light inweight. They are elegant structures that
provide economical solutions for covering large areas with their splendid aesthetic
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appearance. They consist of [1] one or more layers of elements that are arched. These
types of structures are used in temples, sports stadium, assembly halls, exhibition
centres, swimming pools, shopping centres and industrial buildings. Dome structures
are classified into various types, namely beehive dome, cloister vault dome, crossed-
arch dome, geodesic dome, monolithic dome, inflated dome, etc. In this commonly
used dome structure is geodesic dome.

2 Geodesic Dome Structure

2.1 Geodesic Dome

The structure with hemispherical shape and thin shell-like structure is known as
geodesic dome. The dome structure that is formed by lightweight straight elements
will form the interlocking polygons. Geodesic dome can be constructed easily and
quickly. Walther Bauersfeld was the first person who designed the geodesic dome
after World War I. Later after twenty years, Buckminster Fuller, an American archi-
tect, designedmany geodesic dome structures. For better understanding, the geodesic
structure an example of soccer ball can be considered. The geodesic dome has the
straight lines rather than curved faces in the geodesic playdome and soccer ball as
shown in Fig. 1. Half of the ball resembles the half sphere.

Important parts of the geodesic dome is shown in Fig. 2.
Real geodesic dome structure can be seen in many countries, like full sphere

geodesic dome structure is in Spaceship Earth Florida in USA, Calico Dome at
Ahmedabad in Gujarat India, and in Karnataka we can see geodesic dome structure
at Infosys Mysore, Sri Siddhartha Institute of Technology Tumkur. The pictures of
the geodesic dome structure in Karnataka are shown in Fig. 3.

Fig. 1 Geodesic playdome and soccer ball
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Fig. 2 Parts of geodesic
dome

Fig. 3 Real geodesic dome structures in Karnataka

2.2 Classification of Geodesic Dome

Classification of the dome structure is made on different basis such as based on
the polyhedron where we can find three types of polyhedron, namely tetrahedron
with four sides and it is three-sided pyramid all three faces having same dimensions,
octahedron with eight sides and it is two four-sided pyramids and icosahedron with
twenty equilateral triangles, five triangles forms the pentagon around each pole, as
shown in the Fig. 4.

Each triangle can be subdivided that is faces can be expanded. The degree towhich
each face is subdivided is known as frequency where v represents the frequency of
the dome structure. Based on frequency, the dome structure is classified as 1v, 2v,
3v, 4v, 5v and 6v structure as shown in Figs. 5 and 6. These 1v to 6v geodesic
dome structures are the types in modelling whereas in construction we have various
methods like wooden domes having wooden struts and stainless steel hub called
hub-and-strut dome, panelled domes here steel hubs are not required, steel frame
domes and aluminium frame domes, whereas the cladding may be glass or plastic
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Fig. 4 Polyhedron shapes—tetrahedron, octahedron and icosahedron

Fig. 5 Frequency
representation for geodesic
domes

Fig. 6 .
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sheets having PVC coping and in some domes steel frame with concrete cladding is
used with chicken wire meshing. Here in this research only the frame structure of
the geodesic dome is considered that is cladding is not considered.

3 Earthquake Analysis of Geodesic Dome Structure

Earthquake is such a phenomena that will occur suddenly, so the structure which is
existing in that area gets affected by this. In order to avoid the damage in the structure
due to earthquake, the structure should be well designed to take that earthquake load,
thus the earthquake analysis of structure plays an important role. In case of the special
structures like geodesic dome structure, this earthquake analysis place an important
role as they have no intermediate columns to take the load. There are twomajor types
of earthquake analysis namely static analysis and dynamic analysis. In dynamic anal-
ysis, there are various types namely linear analysis in that response spectrum analysis
and time-history analysis, dynamic analysis in that we have pushover analysis. Here
in this paper, the response spectrum analysis which is a linear dynamic earthquake
analysis is done using SAP2000 version 20 software.

3.1 Literature Survey

Nie and Liu [2], in their work, experimental tests to check the seismic behaviour
[3] of the single-layer reticulated dome was carried [4]. The test structure was a
single-layer reticulated dome with a span of 2.7 m and a height of 0.9 m. Two tests
with the same models with and without isolated supports were conducted using the
shaking table. They found that the structure with the isolated support had a promising
reduction effect on the acceleration response and stress of the member.

Niel et al. [5], in their research [5], in order to have a better understanding of
the mechanical performance and to verify the failure pattern under seismic motion,
they conducted shaking table test of a single-layer reticulated dome. The mechanical
performance of the model under weak and strong seismic motions was investigated
experimentally by using shaking table test. They measured material properties of
the members, [5] yield strength, member [5] section, member length and its Young’s
modulus and the geometric position of the structural nodes. They have given compas-
sion between shake table test results and the results of the model in finite element
software ABAQUS in their work. Jayminkumar and Vahora [6], they studied the
behaviour of flexible dome, where the dome under external load was nonlinear, and
this necessitates them to carry out nonlinear analysis in order to know the realistic
response of the dome. The steel dome structure was analysed using STADD Pro—
Software with different diameters and rise of dome as parameters. Patel [1] different
types of domes are explained and the analysis of Schwedler dome for different diam-
eter and height has been done to find the bestH/D ratio that was carried. They found
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Fig. 7 Buddha temple of Thailand

that for Schwedler dome the best-fitted h/d ratio from parameters to resist the wind
load is 0.4 for all diameters and H/D ratio of 0.2 is least fitted. Anwar et al. [7],
they have carried the analysis and design of single-layer reticulated dome structure
[8] which is inverted monk bowl (Buddha temple of Thailand as shown in Fig. 7) in
shape. The Buddha hall dome which is located in Saraburi, Thailand, having base dia
is 65 m, middle dia is 86 m and the height of the dome is 40 m with gravity load case
was evaluated based on the nonlinear staged construction analysis including P-Delta
effect. In their work, wind load is considered by performing the wind tunnel test and
the earthquake load is considered from Thai earthquake calculation guidelines. The
model of single-layer steel dome was developed using SAP2000 V14.2.4 to examine
the design of the structure which is having inverted monk bowl shape. After they
amend the structural details of some components, it is found that the global and local
structural response was improved to resist both wind and earthquake.

Zhu and Ye [4], they conducted a vulnerability analysis [4] on three shake table
test models of a single-layer reticulated dome built at a scale of 1:10 to find out its
vulnerable failure scenarios [9]. In model 1, all members are made up of steel tubes
of same sections [9]. In model 2, all the members are made up of steel tubes of
various sections and six artificial weak links. In model 3, all the members are made
up of different steel tube sections but without weak links. They conducted the shake
table test for the three models. Their study shows that the shake table test method
proposed [4] can identify the weaknesses of a structure under load and accurately
predict the damage locations and failure modes of the structure.

From the literature survey, it is found that the analysis of the dome structure can
be carried using software like STAAD.Pro, SAP, ABACUS.

3.2 Adapted Software

Modelling of the geodesic dome:
CADREGeo is amodelling softwarewherewe can use it formodelling of different

dome structures.
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• CADRE Geo is a software used for modelling of the domes.
• Different types of domes can be modelled using this software.
• Reticulated dome, geodesic dome, full/half/level-based dome can be modelled.
• Here in this project, CADRE Geo Version 7 is used for modelling.
• AutoCAD Software is used to scale dome the model for required dimensions.

Analysis of Geodesic Dome:

• For analysis of the dome structure here SAP2000 software is used.
• SAP2000 version 20 is a CSI Software for structural analysis.

3.3 Response Spectrum Analysis

For dynamic analysis, two different methods can be used, response spectrum and
time-history analysis. In response spectrum method, the peak response of a struc-
ture during an earthquake is obtained directly from the earthquake response (or
design) spectrum. This method is also known as modal method or mode superposi-
tion method. The method is applicable to those structures where modes other than
the fundamental one significantly affect the response of the structure.

Response spectrum analysis of the geodesic dome structure with different
frequencies is done and the results are compared.

3.4 Structural Details of Geodesic Dome

In the present study, the seismic analysis of 3V, 4V, 5V and 6V geodesic dome
structure with constant diameter is discussed. The diameter of the geodesic dome
selected = 31 m

• Configuration of the dome = Geodesic spheroid icosahedron.
• The dome model is scaled done to the scale of 1:100.
• And the material for the frame structure is assumed as Fe250-5 mm round rod.
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4 Analysis

Analysis is carried using SAP2000 20 software.
Load case: Self-weight of the dome structure is considered. Along with the earth-

quake load EQX and EQY, for response spectrum analysis, the load case of RSX
and RSY is taken. Analysis was carried for individual load pattern. It is done as per
IS1893:2016 [10] that is the zone factor, importance factor, base shear and so on.

4.1 Results

Results like base shear, modal period, member forces are obtained and the same are
enlisted in Tables 1, 2, 3, 4, 5 and 6 respectively. The comparison between the various
frequency of the dome structure is made.

Table 1 Base reactions for 3V geodesic dome

Load case FX FY FZ

N N N

Dead −3.823E−15 −2.449E−15 19.4

EQ-X −1.58 −4.177E−15 1.932E−15

EQ-Y −3.483E−15 −1.58 −1.187E−15

RS-X Max 0.21 5.432E−09 2.452E−08

RS-Y Max 1.756E−09 0.21 7.479E−08

Table 2 Base reactions for 4V geodesic dome

Load case FX FY FZ

N N N

Dead −2.085E−15 −6.994E−15 25.81

EQ-X −2.14 −3.053E−15 3.386E−15

EQ-Y −1.705E−15 −2.14 2.599E−15

RS-X Max 0.29 6.132E−08 6.285E−08

RS-Y Max 6.212E−08 0.29 0.000000273
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Table 3 Base reactions for 5V geodesic dome

Load case FX FY FZ

N N N

Dead −8.105E−15 6.106E−15 32.19

EQ-X −2.7 2.193E−15 −1.094E−14

EQ-Y 3.844E−15 −2.7 3.803E−15

RS-X Max 0.36 4.574E−07 1.417E−08

RS-Y Max 0.000000448 0.36 7.511E−08

Table 4 Base reactions for 6V geodesic dome

Load case FX FY FZ

N N N

Dead −3.331E−16 3.469E−15 38.56

EQ-X −3.27 3.712E−15 −4.569E−15

EQ-Y 1.249E−15 −3.27 −3.532E−15

RS-X Max 0.43 7.339E−07 3.875E−08

RS-Y Max 7.315E−07 0.43 6.31E−08

Table 5 Modal period of the geodesic dome

S. No. Frequency of dome Mode Period (s)

1 3V 1 0.001102

2 4V 1 0.001083

3 5V 1 0.001071

4 6V 1 0.001061

Table 6 Member forces of geodesic

Frequency of dome Max (in N) Min (in N)

3V 1.39 −1.36

4V 1.38 −1.34

5V 1.26 −1.30

6V 1.34 −1.26

4.2 Figures

The obtained results as schematic with respect to the geodesic dome in 3D are shown
in the Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23, 24, 25, 26 and 27.
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Fig. 8 3V geodesic dome in
SAP2000

Fig. 9 Deformed shape of
3V geodesic dome
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Fig. 10 Axial force for 3V geodesic dome

Fig. 11 Moments for 3V geodesic dome
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Fig. 12 Shear force for 3V geodesic dome

Fig. 13 4V geodesic dome in SAP2000
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Fig. 14 Deformed shape of 4V geodesic dome

Fig. 15 Moment for 4V geodesic dome
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Fig. 16 Axial force for 4V geodesic dome

Fig. 17 Shear force for 4V geodesic dome
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Fig. 18 5V Geodesic dome in SAP2000

Fig. 19 Deformed shape of 5V geodesic dome
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Fig. 20 Axial force for 5V geodesic dome

Fig. 21 Moment for 5V
geodesic dome
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Fig. 22 Shear force for 5V
geodesic dome

Fig. 23 6V Geodesic dome
in SAP2000
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Fig. 24 Deformed shape for
6V geodesic dome

Fig. 25 Axial force for 6V
geodesic dome
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Fig. 26 Moment for 6V
geodesic dome

Fig. 27 Shear force for 6V
geodesic dome
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4.3 Comparison

1. Base shear.

2. Elemental force.

4.4 Conclusion

The study is carried out on geodesic dome structure for zone II according to
IS1893:2016 [10]. Different frequency geodesic domes with same radius and mate-
rials are analysed. The obtained results show that base reaction will be more in 6v
dome compared to the low-frequency dome structure. The axial force is greater in
3v dome compared to other frequency domes, whereas for 5v geodesic dome the
axial force is the least. Finally, the conclusion can be drawn that the dome structures
considered for the study are earthquake resistant and design are also safe.
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5 Future Scope

• Scaled model of different frequency with same dimensions can be considered and
shake table test can be conducted.

• Diameter of the geodesic dome can be varied and the test results can be compared.
• Height-to-diameter ratio can be considered and the model for fixed H/D ratio can

be made and test results of various domes can be compared.
• Experimental model of the geodesic dome can be computed, and it can be tested

in shake table.
• The experimental and the analysis results can be compared for further study.

Acknowledgements This project is conducted in Sir Siddhartha Institute of Technology (A
Constituent College of Sir Siddhartha Academy of Higher Education) Maralur, Tumkur. Thankful
to the College and Department of Civil Engineering for their support and encouragement. And also
we are thankful to KSCST Karnataka State Council for Science & Technology Indian Institute of
Science Campus, Bengaluru-560012 Student Projects Programme (SPP) 43rd series 2019–2020.

References

1. Patel KR (2016) Earthquake analysis of different configuration of steel domes using computer
programme. Int J Res Eng Technol

2. Nie G, Liu K (2018) Experimental studies of single-layer reticulated domes with isolated
supports. American Society for Civil Engineering

3. Nie G-B, Zhi X-D, Fan F, Dai J-W (2014) Failure pattern of singe-layer reticulated dome under
severe earthquake and its shaking table test. Int J Steel Struct

4. Zhu N, Ye J (2014) Structural vulnerability of a single-layer dome based on its form. American
Society for Civil Engineering

5. Niel G, Zhu X, Zhi X, Wang F, Dai J (2017) Study on dynamic behavior of single-layer
reticulated dome by shaking table test. Int J Steel Struct

6. Jayminkumar SY, Vahora F (2016) A parametric study on steel dome structures. Int J Technol
Res Eng

7. Anwar N, Norachan P, Aung TH (2015) Case study: challenges of a single-layer reticulated
dome. In: IABSE conference—structural engineering: providing solutions to global challenges.
J Constructional Steel Res

8. Guscetti G, Lelli L (2015) The new UEFA building in Nyon: prestressed light slabs and other
structural aspects. In: IABSE symposium report

9. Jihong Y, Nian Q (2017) Progressive collapse simulation based on DEM for single-layer
reticulated domes. J Constr Steel Res

10. IS 1893-1 (2016)Criteria for earthquake resistant design of structures. Part 1: general provisions
and buildings

11. Anuj C (2014) Analysis and design of steel dome using software. Int J Res Eng Technol
3(3):2321–7308

12. Zhou H, Zhang Y, Fu F, Wu J (2018) Progressive collapse analysis of reticulated shell struc-
ture under severe earthquake loading considering the damage accumulation effect. American
Society of Civil Engineering



Studies on Dry Lean Concrete with New
Mix Design Approach

Somanath Khot, B. M. Mithun, Archana N. Shagoti, and Nitendra Palanakar

Abstract The present study investigates the properties of dry lean concrete (DLC)
produced using new mix design approach. DLC layer is considered as the sub-base
course layer, and the minimum required compressive strength is 10 MPa after 7 days
of water curing. As per the IRC:SP:49-2014 guidelines, the current rational practice
of mix design includes the calculation of quantities of ingredients based on the fixed
cement to aggregate ratios without taking into consideration of the volume calcula-
tions. The earlier approach leads to volume irregularities and hence leads to problems
related to quantity calculations. The current study is focused to prepare DLC mixes
by taking into account the volume occupied by each of the ingredients calculated
based on specific gravities of the materials. In the present study, the DLCmixes with
cement contents of 155, 162, and 171 kg/m3 have been prepared for different water
contents, and the optimalmix is identified. The preparedDLCmixes are evaluated for
their engineering properties, namely compressive strength and flexure strength, water
absorption, volume of permeable voids (VPV), and ultrasonic pulse velocity. From
the results, it was observed that the mix containing 162 kg/m3 cement with moisture
content of 6.02% attained highest compressive strength. The optimal water content
was observed in the range of 6.02–6.52%. The new method of DLC mix design can
be suitably implemented to design DLC mixes by eliminating the drawbacks of the
rational method adopted by the IRC: SP: 49-2014.

Keywords Dry lean concrete ·Mechanical properties · Durability · New mix
design approach

S. Khot · A. N. Shagoti · N. Palanakar (B)
Department of Civil Engineering, KLS Gogte Institute of Technology, Belagavi, India
e-mail: nnpalankar@git.edu

S. Khot
e-mail: smkhot@git.edu

A. N. Shagoti
e-mail: anshagoti@git.edu

B. M. Mithun
Department of Civil Egineering, NMAM Institute of Technology, Karkala, Udupi, India
e-mail: mithunbm@nitte.edu.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
L. Nandagiri et al. (eds.), Sustainability Trends and Challenges in Civil Engineering,
Lecture Notes in Civil Engineering 162, https://doi.org/10.1007/978-981-16-2826-9_57

917

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-2826-9_57&domain=pdf
mailto:nnpalankar@git.edu
mailto:smkhot@git.edu
mailto:anshagoti@git.edu
mailto:mithunbm@nitte.edu.in
https://doi.org/10.1007/978-981-16-2826-9_57


918 S. Khot et al.

1 Introduction

With a total road network of about 5.89 million km in length, India is having one
of the largest road networks in the world. Out of the total road network, around
3.5% is made with the concrete and of about 58.8% is made up with bituminous
material. With an average growth of commercial traffic at the rate of about 7%
yearly and with increase in the economy, the government of India is encouraging
the construction of expressways and national highways with cement concrete roads
through National Highway Development Programme (NHDP) [1]. The government
is even developing the rural road network with cement concrete roads across the
country through various rural road development projects. The versatility of cement
concrete along with some added advantages like less maintenance cost and longer
service life makes it one of the most demanding construction material across the
world. Generally, rigid pavements consist of pavement quality concrete as wearing
course, dry lean concrete as base course or sub-base course followed by prepared
subgrade [2]. The structural and functional performance of the rigid pavement is
greatly influenced by the underlying type base course. By and large, in India, dry
lean concrete is constructed as base course layer to provide uniform support to
the pavement quality concrete. Dry lean concrete is most common sub-base/base
course in the rigid pavement components [3]. DLC is no slump concrete with high
ratio of aggregate to cement in comparison with conventional cement concrete. The
minimum required cement quantity for manufacturing of DLC is 140 kg/m3 [2].
The high ratio of aggregate to cement in DLC makes it a perfect material for base
course layer which also acts as drainage layer. A suitably designed and constructed
DLC not only provides uniform support to the pavement quality concrete (PQC),
but also brings some added advantages like strong underlying support to distribute
loads, minimizing the mud pumping, confrontation to deformation, easy movement
of construction equipment, firm support at joints, ease of form work fixing for PQC,
proper placement of dowel bars, and most importantly designer can decrease the
thickness of PQC slab from the point view of axle load distribution [3]. DLC is
commonly manufactured with ordinary Portland cement (OPC) as per IRC: SP: 49-
2014 specification. This specification (IRC: SP: 49-2014) advocates the use of other
cement such as Portland Pozzolana Cement (PPC), Portland slag cement (PSC) also
in the manufacture of DLC. The minimum required compressive strength is 10 MPa
at 7-days curing andminimumordinary Portland cement (OPC) content of 140 kg/m3

[2]. Nevertheless, there is no clear instructions such as cement content, aggregate to
cement ratio, moisture content, etc., for DLC manufactured with PPC and PSC. The
actual thickness of the DLC will be governed by the design requirements; usually,
150 mm thickness is provided for National highways and State highways. If the
DLC is used as sub-base layer other than national highways and state highways, then
100 mm thickness is sufficient. It is recommended to extend the DLC base/sub-base
layer beyond the pavement edges up to 500 mm so as to support the movement
of construction equipment and extended width of DLC would improve the flexural
strength characteristics of PQC [3]. IRC: SP: 49-2014 advocates use of industrial by
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products as mineral admixtures like fly ash and ground granulated blast furnace slag
at a 15–30% and 25–30% by the total weight of cementitious material in the DLC
[2].

Although the DLC is such an important component in the rigid pavement, scanty
studies have been done on DLC. Apart from industrial by products mentioned in the
code, attempts have beenmade to produce dry lean concrete using different materials
like Reclaimed Asphalt Pavement (RAP), copper slag, etc., RAP extracted from two
different pavements with service life of 20 and 2.5 years was used in production
of DLC as a base course, and it was found that RAP obtained from 20 years old
pavements have the potential of 75%replacements to coarse aggregates andup to 50%
replacements to fine aggregates [4]. Linz-Donawitz slag was used as a replacement
for coarse aggregates in preparation of the dry lean concrete with 25, 50, and 100%
replacements, and fine aggregates were replaced with loamy soil, red soil, and black
cotton soil and concluded that LD slag has the potential to replace the natural coarse
aggregates in DLCwith some selected combination for fine aggregates replacements
[5]. Dry lean concrete was prepared with a blend of stone dust and copper slag as a
replacement for fine aggregateswith 20, 40, 60, and 80%proportions. It was observed
that maximum of 40% replacement for copper slag as fine aggregates yielded the
minimum required compressive strength [6].

DLC laid as a base course layer for PQCwith extendedwidth analyzed for vertical
stresses and flexural stresses using finite element method. Results indicated in reduc-
tion of flexural stresses developed in PQC, and because of reduced stresses, thickness
of the PQC can be reduced [3].

DLC layer considered as the sub-base course layer, and the minimum required
compressive strength is 10 MPa after 7-Days water curing. As per the IRC: SP: 49-
2014 guidelines, the current rational practice of mix design includes the calculation
of quantities of ingredients based on the fixed cement to aggregate ratios without
taking into consideration the volume calculations. In IRC: SP: 49-2014 guidelines,
the suggestedwater contents are 5, 5.5, 6, 6.5, and7%forOPCofminimum140kg/m3

and maximum cement to aggregate ratio of 1:14. This approach leads to volume
irregularities and hence leads to problems related to quantity calculations. In the
current study, it is focused to prepare the DLC mixes by taking into account the
volume occupied by each of the ingredients calculated based on specific gravity of
the materials. The DLCmixes with cement contents of 155, 162, and 171 kg/m3 have
been prepared for different water contents, and the optimal mix is identified.

2 Experimental Investigation

2.1 Materials

The dry lean concrete mixes prepared using 43 grade ordinary Portland cement
confirming to IS 8112-2013 [7]. The compressive strength of cement assessed for
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Table 1 Physical properties of coarse aggregates and fine aggregates

Properties Coarse aggregates Fine aggregates

Specific gravity 2.62 2.67

Aggregate crushing strength (%) 27.82 –

Los Angles abrasion value (%) 18.60 –

Aggregate impact value (%) 10.28 –

Water absorption (%) 0.39 1.10

Bulk density (kg/m3)

(a) Dry loose 1495 1475

(b) Dry compact 1653 1548

Silt content (%) – 2

3 days and 7 days curing and found to be 24 MPa and 32 MPa, respectively. The
specific gravity of the OPC was 3.15, and Blaine’s fineness found to be 325 m2/kg.
32% reported as normal consistency, and initial and final setting time found to be
95 min and 328 min, respectively. The aggregates used in present study are procured
from local stone crushing industry and were assessed as per specification advocated
in IS: 383-2016 and IS: 2386-1963 (Reaffirmed 1997) to check their suitability [8].
The physical properties of coarse aggregates and fine aggregates are evaluated and
presented in Table 1.

The gradation of coarse aggregate and fine aggregate was performed, and the
gradationwas as confirming to the IRC:SP-49:2014guidelines. Themaximumsize of
aggregates used was 26.5 mm. The fine aggregates gradation found to be in the Zone
II. The combined gradation of coarse aggregates and fine aggregates was evaluated,
and they fulfill the required specifications [2].

The potable water available in the laboratory is used for mixing of raw mixes of
different dry lean concrete mixes, and the same is used for curing of the specimens.

2.2 Mix Design and Metodology

In the present investigation, it was intended to examine the performance of DLC
mixes using new mix design approach.

1. Need for the New Mix Design
The mix design was done by fixing the water contents. The IRC: SP: 49-2014
code provides flexibility to the designers to arrive at the mix design by varying
the cement contents, aggregate to cement ratio and water content. As per the
guidelines, the minimum cement content should be greater than 140 kg/m3

and maximum aggregate ratio to be 1:14 for ordinary Portland cement. As
per the guidelines, the moisture content is fixed based on the dry weight of
the ingredients. However, IRC: SP: 49-2014 guidelines does not provide any
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methodology or guidelines to consider the specific gravities of the ingredients
to calculate the volume during the mix design. Hence, there is a possibility
that the mix design may lead to volume irregularities. As an example, let us
consider a cement content of 180 kg/m3 and aggregate cement ratio of 1:14
with a moisture content of 6%. A mix design made with these values will lead
to theoretical density of 2862 kg/m3 which is falling under the category of high
density concrete and hence accommodating higher volume than 1 m3. Further,
the density will keep increasing with the increase in cement contents. The main
drawback of such a mix design methodology is due to the fact that the volume
calculations are not done based on the specific gravities of the ingredients.

2. New Mix Design Approach
In the present study, the mix design is carried out by calculating the volume of
the each of the ingredients by keeping the ratios of thematerials within the limits
as given by the IRC: SP: 49-2014 guidelines. Initially, the water content is fixed
in order to arrive at moisture contents of 5.49, 6.02, 6.52, and 7.02 for various
cement contents of 155, 162, and 171 kg/m3. Based on the volume calculations,
the quantities of aggregates are adjusted and the aggregate to cement ratios are
calculated to be within the limit of 1:14 as mentioned by the IRC: SP: 49-2014.

In the present investigation, the cement content is varied from 155, 162, and
171 kg/m3 based on the mix design calculations. The DLC mixes were prepared
in the tilted drum mixer as per standard procedures. The cubes of size 15 cm ×
15 cm × 15 cm were cast and compacted using Vibratory Jack Hammer [9]. The
specimen were cured for 7-days of water curing. The details of the materials used
for the preparation of DLC mixes are given in Table 2. The performance of the
DLC mixes was assessed for various mechanical properties such as compressive
strength and flexure strength. Durability properties such as water absorption, volume
of permeable voids, and ultrasonic pulse velocity were analyzed. The consistency
of the fresh DLC mixes examined via Vee-Bee consistometer test. The compressive
strength and flexure strength tests were performed for 7 days curing [10]. Ultrasonic
pulse velocity (UPV) test was performed on cubes as per the guidelines provided in
ASTM C 597-09.

3 Results and Discussion

ThepreparedDLCmixes evaluated for their engineering properties, namely compres-
sive strength and flexure strength, water absorption, volume of permeable voids
(VPV), and ultrasonic pulse velocity test.
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Table 2 Mix proportions for different cement contents

Mix No M 1 M 2 M 3 M 4

Cement content of 155 kg/m3

Cement content (kg) 155 155 155 155

Cement/aggregate ratio 1:14 1:13.79 1:13.61 1:13.42

Moisture content (%) 5.49 6.02 6.52 7.03

Water content (kg) 135 147 158 169

Fresh density (kg/m3) 2413 2433 2464 2458

Mix No M 5 M 6 M 7 M 8

Cement content of 162 kg/m3

Cement content, kg 162 162 162 162

Cement/aggregate ratio 1:13.36 1:13.16 1:12.98 1:12.80

Moisture content, % 5.49 6.02 6.52 7.03

Water content, kg 135 147 158 169

Fresh density, kg/m3 2432 2447 2487 2479

Mix No M 9 M 10 M 11 M 12

Cement content of 171 kg/m3

Cement content, kg 171 171 171 171

Cement/aggregate ratio 1:12.61 1:12.42 1:12.25 1:12.08

Moisture content, % 5.49 6.02 6.52 7.02

Water content, kg 135 147 158 169

Fresh density, kg/m3 2433 2452 2498 2490

3.1 Compressive Strength

The compressive strength of DLC mixes for different cement and varying moisture
contents cured at 7 days presented in Fig. 1. From the results, it may be noticed
that the compressive strength for all the mixes was in the range of 8.5–14.21 MPa.
The mix M6 with fixed cement content of 162 kg/m3 and water content of 6.02%
recorded highest compressive strength. From the results, it was observed that for the
mixes with the increase in the binder content increase in the compressive strength
was observed up to 6.52%water content. However, further at 7.02% of water content,
a slight decrease in the strength was noticed. The increasing trend in the compressive
strength may be accounted for the increased mobility of the mix with increasing
water content as the mix for 5.49% water content found to be very dry. However,
the DLCmixes with the water contents of 6.02 and 6.52% attained good consistency
for mixing and hence leading to better compaction and resulting in good compres-
sive strength. Furthermore, the mixes with water content beyond 6.52% attained
much better consistency but, however, more water content lead to the decrease in
the compressive strength. This trend was common for all binder contents. From the
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Fig. 1 Compressive strength of DLC mixes for different cement and moisture contents

overall scenario, it can be understood that the optimal water content for which better
compressive strength was obtained is in the range of 6% to 6.5% irrespective of the
binder content. The mixes with higher cement content achieved higher compres-
sive strengths. However, from the point of application as the sub-base, the target
strength was 10 MPa. Hence, considering that into account, the optimal mix out of
all DLC mixes considered to be as 162 kg/m3, and mixes with high strengths cannot
be considered as optimal mixes [2].

3.2 Flexural Strength

The flexure strength of DLC specimen was assessed for two point loading conditions
[10] and the results depicted Fig. 2. From Fig. 2, it may be noticed that flexural
strength of mixes increased as the binder content increased for the water content
up to 6.52%. For the mixes having water content 5.49%, found to be very stiff and
resulted in the poor flexure strength. However, the mixes having water contents
of 6.02% and 6.52% attained good consistency and proper compaction resulted in
considerable increase in the strength. Furthermore, as the water content increased
beyond 6.52%, reduction in flexure strength was noticed. This may be due to the
increased mobility of the mixes as the binder content is increased.
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Fig. 2 Flexural strength of DLC mixes for different Cement and Moisture contents

3.3 Water Absorpion and Voume of Permeable Voids

The volume of permeable voids (VPV) and water absorption of DLC mixes cured
at 7 days of water curing were investigated as per ASTM C 642-06 guidelines and
given in Table 3. The mixes M1 to M4 containing 155 kg/m3 of binder content

Table 3 Engineering properties of DLC mixes cured for 7 days

Mix No Water absorption (%) VPV (%) UPV (km/s) Vee-Bee consistency (s)

M1 6.98 18.44 3.75 19.42

M2 5.88 17.37 3.9 18.44

M3 4.96 16.78 4.15 16.37

M4 5.57 16.28 4 15.54

M5 5.42 15.68 3.81 18.21

M6 5.26 15.33 4.41 16.1

M7 4.89 15.14 4.2 14.25

M8 4.45 14.33 4.1 13.6

M9 5.33 13.83 4 10.14

M10 5.14 13.2 4.22 8.34

M11 4.34 13.00 4.3 7.37

M12 4.13 12.72 4.14 5.91



Studies on Dry Lean Concrete with New Mix Design Approach 925

displayedhigherwater absorption andVPVas compared tomixesM5–M8containing
162 kg/m3 binder content and M9–M12 containing 171 kg/m3 binder content.

It may be observed that the mixes containing lower binder contents displayed
higher water absorption and volume of permeable voids as compared to those mixes
with higher binder contents. This may be attributed to the higher cement to aggregate
ratio in mixes containing lower binder content.

3.4 Ultra-Sonic Pulse Velocity Test

In the present study, UPV test is carried out on the DLC mixes cured for 7 days of
water curing, and the results were given in Table 3. From the results, it may be noted
that, the mixes with the lower binder content, i.e., 155 kg/m3 and high aggregate ratio
recorded lower UPV values. This may be related to the higher VPV values in such
mixes. However, DLC mixes having binder contents of 162 kg/m3 and 171 kg/m3

have noted higher UPV values. This could be because of the increased binder content
in DLC mixes leads to good consistency and better mobility of the mixes leading to
proper compaction. All themixes attainedUPVvalues in the range of 3.75–4.41 km/s
indicating the quality of concrete to be ranked well.

3.5 Vee-Bee Consistometer Test

In the present study, the consistency of the DLC mixes was measured in terms of
the Vee-Bee seconds, and the results were given in Table 3. From the results, it was
noticed that the DLC mixes were harsh mix in nature [5]. The results depict that, for
mixes with binder content of 155 kg/m3 displayed higher Vee-Bee time as compared
to those mixes with higher binder contents which recorded lower Vee-Bee times. The
mixes containing higher binder content had lower cement to aggregate ratios which
indicates higher paste content, thus leading to better consistency and compaction.
For mixes with binder content of 155 kg/m3, the mix M1 recorded 19.42 s, while
mixes M2, M3, and M4 recorded 18.44 s, 16.37 s, and 15.54 s, respectively. It was
also observed that with increase in water contents irrespective of the binder content,
the Vee-Bee time displayed lower values with increase in water contents. Similar
trends were observed with mixes containing binder contents of 162 and 171 kg/m3.
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4 Conclusions

The conclusions drawn from the present investigation are summarized as below.

1. From the results, it was observed that, as the cement content increases the
consistency andmobility of theDLCmixes increased. The optimalwater content
was found to be in the range of 6.02–6.52% irrespective of the binder content.
The cement content of 162 kg/m3 has recorded the targeted compressive strength
as well as the flexural strength.

2. Water absorption and volume of permeable voids decreased as there is an incre-
ment in the binder content. Mixes with lower binder contents displayed higher
water absorption and VPV values.

3. Themixeswith higher binder contents displayed betterUPVvalues as compared
to low cement content mixes. All the mixes attained UPV values in the range
of 3.75–4.41 km/s indicating the quality of concrete to be ranked good.

4. Irrespective of the binder content, increase in water contents in the mixes led to
lower Vee-Bee time in the DLC mixes.

It may be understood that the new method of mix design can be suitably imple-
mented to design DLC mixes by eliminating the drawbacks of the rational method
adopted by the IRC: SP: 49-2014.
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Properties Enhancement Strategy
for Fibre Reinforced Standard Concrete
Using Foundry Sand (FS) and Crushed
Concrete Waste (CCW)

H. M. Yajnodbhavi, C. M. Ravi Kumar, T. Maruthi, and S. R. Pruthviraj

Abstract Nowadays, many research works are carried for all grades of concrete
to make the concrete most economical and durable by adding the supplementary
cementitious materials and alternative replacement aggregates. In this research work
the experimental investigation of mechanical properties of the M30 and M50 grade
concrete by replacing the fine and coarse aggregate by foundry sand and crushed
concrete waste, respectively. The type of mix design is used in this paper as per
IRC44:2017 Guidelines and recommendations. Proper dosage of super plasticizer
(SP) was maintained in the concrete to make it better performed. In this present
investigation, a poly-propylene fibre (PPF) of 0.3% by weight of the cement is used.
Mechanical properties were determined by preparing the respective mould sizes for
specific test and are cured for 7, 14 and 28 days and result obtained for respective
days were tabulated and discussed.

Keywords M30 and M50 grade concrete · Poly-propylene fibres · IRC
guidelines · Mechanical properties

1 Introduction

Concrete is the maximum substantially used productionmaterial in the world, next to
water. Increasing rate of industrialization and urbanization has led to over exploita-
tion of natural resource such as gravel and river sand, which is giving rise to sustain-
ability issues. TheHighStrength andHighPerformanceConcrete (HSCandHPC) are
becoming important concrete material for conventional concrete. The High Strength
and High Performance Concrete (HSC and HPC) are obtained often, by decreasing
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the amount of W /C ratio, with the use of special admixture that also improves the
workability [Admixtures such aswater-reducing agents, plasticizers (P), super plasti-
cizers (SP), hyper plasticizers (HP) and hyper-hyper plasticizers (HHP)]. ProperMix
design for concrete plays a major role in getting the desirable concrete in construc-
tion field. Proper maintenance of W /C ratio makes the concrete more workable and
Durable. By restricting the W /C ratio to extremely lesser percentage can achieve
more strength in terms by using plasticizers (P) and super plasticizers (SP). Also,
Proper gradation of the fine aggregates (FA) and coarse aggregates (CA) as per stan-
dard specifications and guidelines also becomes the factors for achieving strength of
concrete.

1.1 IRC Recommendations

• Salient features of IRC44:2017 [1]
The main objectives of IRC 44-2017 [1] (Third revision) are to design the mixes
to arrive at the very economical and practical combinations and the proportions
of different ingredients to produce the concrete that will meet the performance
requirements of the desirable grade of concrete under specified environmental
condition. The main Scope of the IRC 44-2017 is to design the concrete mix as
per the requirements.

• Salient features of IRC: 58-1988 [2] (Guidelines for the design of rigid pavements
for highways).

The basic design parameters and assessments of their design values are as follows.

(i) Traffic parameters
(ii) Environmental parameters
(iii) Concrete characteristics
(iv) Design of slab thickness
(v) Design of joint
(vi) Design of reinforcement

• Salient features of IRC: SP: 62-2014 [3]
The code IRC: SP: 62-2014 [3] deals with the design and construction of cement
concrete pavements (CCP) for low volume roads.

This specific code covers the design principles of rigid pavements of the low
volume roads of about 3.75 mwide concrete. Also, in this code the factors governing
the design of concrete with respect to the traffic conditions are discussed.

• Salient features of IRC: 15-2011.

Scope of IRC: 15-2011:
This specific code intended to consider the good quality practices for the construc-

tion of cement concrete pavements including the components of rigid pavements such
as subgrade and sub-base.
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• Salient features of IRC: SP: 46-2013 [4] (Guidelines for design and Construction
of Fibre Reinforced Concrete Pavements-First Revision)
Scope: IRC: SP: 46 discuss the use of fibre reinforced concrete in concrete pave-
ments and the aspects are differentiated with conventional concrete. Discussed
the steel and polymeric fibres only with short length-60 mm discontinuous fibres
in the concrete pavements. Discussed the use of fibres in a cement-based matrix
such as concrete, micro-concrete and in use of concrete pavement and related
repair structures.

2 Literature Review

SriramAaleti et al. [5] investigated the usage of a thin layer of ultra-HPC overlaying
a normal strength concrete (NC) deck. They analysed the behaviour of the HPC by
considering the performance and the durability.Also examined theUHPCand normal
concrete composite deck for strength, roughness and curing conditions on the shear
transferring behaviour of the concrete such as ultra-HPC and conventional concrete
were determined.

Wadekar et al. [6] carried out theExperimental study to assessmechanical properties
of high strength fibre reinforced concrete of grade M80Mpa. They used the material
for investigation such as silica fume, fly Ash and three types of fibres such as hooked
end steel, flat steel fibre and crimped steel fibre. Replacement was done for silica
fume as 50% and for fly ash it is 20%. For this investigation, maintained W/C ratio
about 0.25. Each type of fibre of volume fraction is taken from 0.5 to 4.0% with an
increment of 0.5% in difference of each by weight of cement.

Jayachandra et al. [7] conducted an experimental study on the possessions of
concrete by using foundry sand as replacement of fine aggregate in high strength
concrete (HSC). In this review, it was found that replacement of sand by replacement
of foundry sand which results in the marginal increase in the Hardened properties of
the concrete, and the foundry sand gives up to the optimum percentage of 25%.

Puneeth HC et al. [8] studied the strength properties of Recycled Construction and
Demolition Waste in concrete is investigated with five different replacement ratios
including 20, 40, 60, 80, and 100%. The replacement of recycled materials was
replaced for CA in M30 and M40 grade of concrete. From this study, it is found
that an effective replacement of 45.75 and 23.35% of RCA for M30 and M40 grade,
respectively.

Milind V. Mohod et al. [9] studied the effects of addition of various proportions of
PPF on the houses of High strength concrete (M30 and M40 mixes). The main aim
of the investigation programme is to study the effect of PPF mix by varying content
such as 0, 0.5, 1, 1.5 and 2% and finding the optimum PPF content. It was concluded
that the increasing percentage volume of fibre brought into the concrete would lead
the workability decreased.
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Table 1 Properties of cement used

SL Properties Test results IS: IS: 8112-1989 requirements

1 Specific gravity 3.1 No standard valve

2 Standard consistency (%) 30

3 Fineness (m2/kg) 300 Not less than 225

4 Setting time (mm)

(a) Initial Setting time 57 Not less than 30

(b) Final Setting time 370 Not more than 600

5 Compression strength (Mpa)

For 43 grade: 3 days 24.5 23

7 days 37.8 33

28 days 44.2 43

Chandrasekar R et al. [10] carried out the Experimental results carried out for
utilization ofwaste foundry sand (WFS) inHigh strength concrete. Thewaste foundry
sand was replaced in the place of normal sand with four different percentages (10,
20, 30 and 40%). In this test results, there is sudden decrease in compressive strength
due to the increase in percentage of foundry sand from 30%.

3 Materials

From the above listed materials, priority of the materials is selected based on the
many factors and the role in consideration. The following materials are selected for
the preparation of concrete, they are.

3.1 Cement

In this experimental work, OPC-43 and 53 grades were used. The property of cement
that was used conforms to IS: 8112-1989 as shown in Table 1.

3.2 Fine Aggregate (FA)

3.2.1 River Sand and Foundry Sand (RS and FS)

RS and FS materials can be taken as surface Clean and Dry sand is used as locally
available material. The various properties of RS and FS are listed in Table 2 [11].
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Table 2 Properties of fine aggregate

SL Properties Test results IS: 383 requirements

I Foundry sand

1 Specific gravity 2.46 2.2–2.7

2 Bulking of sand 4% –

3 Silt content Nil Less than 8%

4 Abrasion test 0.235

5 Particle size distribution 2.7 Fine:FM:2.2–2.6
Medium: F.M:2.6–2.9 Coarse:
F.M:2.9–3.2

II River sand

1 Specific gravity 2.45 2.2–2.7

2 Bulking of sand 6% –

3 Silt content 4 Less than 8%

4 Particle size distribution 3.2 Fine:FM:2.2–2.6
Medium: F.M:2.6–2.9 Coarse:
F.M:2.9–3.2

3.3 Coarse Aggregate (CA)

3.3.1 Natural Aggregate and Crushed Concrete Waste (NA and CCW)

NA and CCW aggregates are taken passing through 20 mm sieve and retained on
12.5 mm sieve and as given in IS: 383-1970 [11] is used for all the specimens. The
various properties of NA and CCW are listed in Table 3.

3.4 Water

Casting and curing of concrete specimens were done with the potable water. Water
used in the preparation of concrete should be free from dirt and organic matters.

3.5 Super Plasticizer (SP)

To achieve the workability for concrete, super plasticizers are used. In this, poly
carboxylic ether is used. Conplast SP430: Conplast SP430 should complieswith BIS:
9103-1999 and BS: 5075-part3 and ASTM C494. Super plasticizer molecules and
cement grains are oppositely charged and hence repel each other and the properties
of super plasticizes can be listed in Table 4.
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Table 3 Properties of coarse aggregate

SL Properties Test results IS: 383 requirements

I Natural aggregate

1 Specific gravity 2.46 2.2–2.7

2 Crushing strength (%) 26.60 Not less than 30%

3 Flakiness (%) 5.36 Less than 15%

4 Elongation (%) 14.76 Less than 15%

5 Impact value 18.82 10–20% strong

6 Water absorption (%) 2.37 –

II Crushed concrete waste

1 Specific gravity 2.6 2.2–2.7

2 Crushing strength (%) 16.39 Not less than 30%

3 Flakiness (%) 11.4 Less than 15%

4 Elongation (%) 14.8 Less than 15%

5 Impact value 4.79 < 10% exceptionally strong

6 Water absorption (%) 2.75 –

Table 4 Properties of super plasticiser

SL Properties Test results BIS: 9103 = 1999

Conplast SP430

1 Specific gravity 1.18 1.0–2.0

2 Colour Light brown

3 Plasticizer type High performance super plasticizer

4 Air entrainment (%) 1% Less than 2%

3.6 Poly-Propylene Fibres (PPF)

The rawmaterial of poly-propylene is derived frommonomeric C3H6 which is purely
hydrocarbon. Its mode of polymerization, its high molecular weight and the way it
is processed into fibres combine to give poly-propylene fibres very useful properties
as explained in Table 5.
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Table 5 Properties of poly-propylene fibres

SL Properties Test results

1 Colour Natural white

2 Length 40 mm

3 Cross section Rectangular (1 × 0.5 mm)

4 Density 0.91 kg/m3

5 Specific surface area 250 m2/kg

6 Water absorption (%) Nil

7 Melt point 160 °C

8 Ignition point 365 °C

9 Thermal and electrical conductivity Low

10 Acid resistance High

11 Alkali resistance 100%

4 Experimental Procedure as Per IRC

4.1 Mix Design, Means, Modes and Methods

In this experiment conducted, the grades of concrete M-30 and M-50. The mix
design was carried out as per IRC 44-2017 [12]. The trials have been prepared on
these different grades.

4.2 IRC Method of Concrete Mix Design

The IRC method of mix design calculated for different grades such as M30 and M50
grade of concrete. The mix proportions of various grades can be listed in Table 6.

4.3 Mixing of Samples

The mixing of ingredients is done with proper care and all materials were weighted
properly and mixed in the laboratory concrete mixer. In addition, water super plas-
ticizes (SP) was used in this experiment. To find the optimum dosage of super
plasticizer (SP) we conducted Marsh Cone test.

• Marsh Cone Test (Flowability test)
Marsh cone testing method is used for finding the saturation dosage. Observation
was made by taking the Super plasticizer (SP) dosage of 0, 0.25, 0.5, 0.75, 1.0,



934 H. M. Yajnodbhavi et al.

Table 6 Mix proportion as per IRC 44-2017 [12]

Name of
mixture

Proportions in kg/m3

Designation Cement Fine aggregate Coarse aggregate Admixture Water

NS FS NA CCW

M30 Grade

M1 CC 360 650 0 1198 0 4.5 150

M2 FS15 552 98 1018 180

M3 FS30 455 195 838 360

M4 FS45 357 293 658 540

M5 CCW10 585 65 1078 120

M6 CCW20 520 130 958 240

M7 CCW30 455 195 838 360

M50 Grade

M1 CC 420 467 0 1405 0 5.2 126

M2 FS10 420 47 1265 140

M3 FS20 374 93 1124 281

M4 FS30 327 140 983 422

M5 CCW5 444 23 1335 70

M6 CCW10 420 47 1265 140

M7 CCW15 397 70 1195 210

1.25, 1.5, 1.75 and 2.0% to the weight of cement into Consideration. Active
performance of the cement with Super plasticizers (SP) is discussed in Table 7.

By observing the graph in Fig. 1, the optimum dosage of super plasticizer (SP) is
taken at 1.25%.

Table 7 Marsh cone test results

SL Dosage in % Time in s

1 0 37.70

2 0.25 27.50

3 0.50 25.60

4 0.75 26.20

5 1.0 24.50

6 1.25 23.10

7 1.5 22.90

8 1.75 22.90

9 2.0 23.00

Note: By observing the above Table, 1.25% is the Optimum dosage of super plasticizer (SP) is taken
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Fig. 1 Marsh cone test result
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4.4 Casting of Specimens

After all the materials are collected and mixed with proper manner. The cubes were
filled of size 15 × 15 × 15 cm by partially replacement of FS and C&D waste and
also specimens casted for the test on Hardened concrete-like cubes in size 15× 15×
15 cm, cylinders in size 10× 50 cm and beams in size 10× 10× 50 cm. Compacted
by using table vibrating machine Tamping rod.

4.5 Curing of Specimens

After casting the specimens like cubes, beams and cylinders. All the specimens were
kept for 24 h till the testing days up to 7, 14, and 28 days.

4.6 Testing of Specimens

After completion of the curing, the testing samples are dry about half an hour. After
completely surface drying is done then testing was done by universal testingmachine
of each percentage of three cubes. The prepared specimens are tested Mechanical
properties of concrete for 7, 14, and 28 days of curing.

5 Experimental Observation

5.1 Tests for Fresh Concrete

• Slump test
Slump test is one of the easy tests to carry out the workability of the concrete
both in field and laboratory. This type of test is done when the concrete is more
workable and the slump value of concrete depends on theW /C ratio.
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• Compaction factor test
Compaction factor test is carried in the laboratory only to determine the
compaction factor of the concrete. The concrete of very hard concrete can also
determine using this test. Very low workable concrete can also be determined
through this test.

5.2 Test for Hardened Concrete

• Crushing strength (CS)
Crushing strength test is carried to determine the amount of the compression load
taken by the specific dimension of the concrete cube. The cube may be prepared
with a standard size of 150 mm × 150 mm × 150 mm and are cured and tested
through compression test arrangement. The crushing strength of the cube can
be calculated as compression load acting (P) on the cube to the area (A) of the
specimen. The crushing strength of concrete can be expressed in terms of Mpa.

• Split Tensile Strength (STS)
Split tensile strength test is carried out to determine the tensile capacity of the
concrete sample in its hardened state. The cube prepared for split tensile strength
of concrete having cylindrical in shape dimensioned 150 mm in diameter and
300 mm length. The formula used based on IS: 5816=1970 guidelines.

• Flexural strength test (FST)
Flexural strength test can be carried out through one point or two points loading
excluding supports. Themould of size 100mm× 100mm× 500mmwas prepared
and cured for respective curing periods. To analyse the flexural behaviour of
the concrete in post-cracking stages can be done through this test and can also
determine the toughness characteristics of the concrete.

• Shear Strength Test (SST)
Shear strength is the most extreme load required to remove an example such that
the subsequent pieces or totally certain of each other. This is experienced lust
before a material crack. The formula used based on IS: 516-1959 guidelines.

• Impact test (Dropping Weight test) (IT)
The impact test or dropping weight test is one of the methods used to assess the
impact properties of polymer. Computation of the impact strength was as follows

Impact strength of sample = (W ∗ h ∗ n) N-m

where
W = Weight of hammer = 4.5 kg = 45 N.
H = Height of hammer −0.457 m.
N = Number of blows.
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6 Experimental Results

6.1 Tests on Fresh Concrete

• Slump test results as per IS 1199:1959
The slump values for various compositions are reported in Table 8, and graphical
representation of those values is indicated in Fig. 2.

In Fig. 2, it can be observed that the various concrete mixes such as M1–M7 gives
the respective slump valves. In mix M1 gives the more slump valve about 48 mm

Table 8 Slump values of the concrete

SL Concrete type M30 grade slump in mm M50 grade slump in mm

0% PPF 0.3% PPF 0% PPF 0.3% PPF

1 M1 48 40 20 17

2 M2 36 28 15 13

3 M3 30 25 15 12

4 M4 22 20 12 10

5 M5 20 20 14 12

6 M6 18 16 12 10

7 M7 18 15 12 8

Fig. 2 Graphical representation of slump test results
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for without PPF and 40 mm for with PPF and in the same manner for FS and CCW
replaced materials are also calculated the workability will decrease with the grade
of concrete.

• Compaction factor test as per 1199:1959
Theworkability in terms of compaction factor for various compositions is reported
in Table 9 and graphical representation of those values is indicated in Fig. 3.

In Fig. 3, it can be observed that the various concrete mixes such as M1–M7 gives
the respective compaction factor values from these values it can be observed that for
M30 grade of concrete it varies from 0.90 to 0.95. M50 grade of concrete it varies
0.78–0.88 and also after adding the PPF to the same mixes the compaction factor
will decrease.

Table 9 Compaction factor values of the concrete

SL Concrete type M30 grade compaction factor M50 grade compaction factor

0% PPF 0.3% PPF 0% PPF 0.3% PPF

1 M1 0.95 0.94 0.88 0.86

2 M2 0.94 0.92 0.85 0.84

3 M3 0.94 0.93 0.84 0.81

4 M4 0.92 0.91 0.83 0.81

5 M5 0.91 0.90 0.80 0.78

6 M6 0.90 0.88 0.80 0.77

7 M7 0.90 0.86 0.78 0.77

Fig. 3 Compaction factor test results
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6.2 Tests on Hardened Concrete to Find Optimum
Replacements of FS and CCW

• Crushing strength test results for partially replacement FS and CCW.
The crushing strength results for FS andCCWof various percentage replacements
for 7, 14 and 28 days are detailed in Table 10 and the graphical representation of
each test results are shown separately in Figs. 4, 5 and 6.

In Fig. 4, it can be observed that the Crushing strength (CS) of various mixes from
M1–M7 for 7 days of curing. In which the Crushing strength (CS) as compared to
the both with and without PPF. It shows that with fibres shows maximum Crushing
strength (CS) as compared to the without fibres.

In Fig. 5, it can be observed that the Crushing strength (CS) of various mixes from
M1–M7 for 14 days of curing. In which the Crushing strength (CS) as compared to
the both with & without PPF. It shows that with fibres shows maximum Crushing
strength (CS) as compared to the without fibre.

In Fig. 6, it can be observed that the Crushing strength (CS) of various mixes from
M1–M7 for 28 days of curing. In which the Crushing strength (CS) as compared to
the both with and without PPF. It shows that with fibres shows maximum Crushing
strength (CS) as compared to the without fibres.

• Water absorption test for FS and CCW
The Water absorption test results for FS and CCW of various percentage
replacements for 28 days are detailed in Table 11.

i. Tests on Hardened Concrete results for optimum replaced materials
The test on Hardened concrete test results for Optimum replaced materials FS
and CCW are detailed in Table 12 and the graphical representation of each test
results are shown separately in Figs. 7, 8, 9 and 10.

In Fig. 7, it can be observed that the Crushing strength (CS) of various grades
of concrete such as M30 and M50 for 7 and 28 days of curing, respectively. By
comparing these optimum mixes of M3, M5 and M6 to the conventional mix M1
mix. The Crushing strength (CS) of M3 and M6 has shown increased strength than
the M1 mix for M30 grade, the Crushing strength (CS) of M3 and M6 has shown
increased strength than the M1 mix for M50 grade for both 7 and 28 days of curing.

In Fig. 8, it can be observed that the Flexural strength test (FST) of various grades
of concrete such as M30 and M50 for 7 and 28 days of curing, respectively. By
comparing these optimum mixes of M3, M5 and M6 to the conventional mix M1
mix. The Flexural strength test (FST) ofM3 shown increased strength andM6 shown
decreases strength than the M1 mix for M30 grade, the Flexural strength test (FST)
of M3 andM6 has shown increased strength than the M1mix for M50 grade for both
7 and 28 days of curing.

In Fig. 9, it can be observed that the Shear strength test (SST) of various grades
of concrete such as M30 and M50 for 7 and 28 days of curing, respectively. By
comparing these optimum mixes of M3, M5 and M6 to the conventional mix M1
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Fig. 4 Graph showing crushing strength of FS and CCW for 7 days curing

Fig. 5 Graph showing crushing strength of FS and CCW for 14 days curing
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Fig. 6 Graph showing crushing strength of FS and CCW for 28 days curing

mix. The Shear strength test (SST) of M3 and M6 shown increased strength than
the M1 mix for M30 grade, the Shear strength test (SST) of M3 and M6 has shown
increased strength than the M1 mix for M50 grade for both 7 and 28 days of curing.

In Fig. 10, it can be observed that the Split tensile strength (STS) of various
grades of concrete such as M30 and M50 for 7 and 28 days of curing, respectively.
By comparing these optimum mixes of M3, M5 and M6 to the conventional mix M1
mix. The Split tensile strength (STS) of M3 and M6 shown increased strength than
the M1 mix for M30 grade, the Split tensile strength (STS) of M3 andM6 has shown
increased strength than the M1 mix for M50 grade for both 7 and 28 days of curing.

In Fig. 11, it can be observed that the Impact test (IT) of various grades of concrete
such as M30 and M50 for 7 and 28 days of curing, respectively. By comparing these
optimummixes of M3, M5 andM6 to the conventional mixM1mix. The Impact test
(IT) of M3 shown increased strength M6 shown decreases strength than the M1 mix
for M30 grade, the Impact test (IT) of M3 has shown increased strength M6 shown
decreases strength than the M1 mix for M50 grade for both 7 and 28 days of curing.

6.3 Observations

Following observation are made based on the experimentation conducted for deter-
mining the mechanical properties of concrete with replacement of foundry sand and
crushed concretewaste in concretewith andwithout adding the poly-propylene fibres
are below
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Table 12 Hardened concrete test results of FS and CCW for 7 and 28 days of curing

SL Tests Days M30 grade with 0.3%PP M50 grade with 0.3%PP

M1 M3 M6 M1 M3 M6

1 Compressive
strength test

7 27.99 34.66 29.62 44.29 47.55 46.37

28 48.29 53.47 54.10 65.18 68.88 66.07

2 Flexural
strength test

7 3.14 3.82 3.02 3.38 4.75 3.88

28 3.73 4.24 3.77 4.02 6.41 5.77

3 Shear
strength test

7 5.92 7.14 6.41 10.74 13.70 11.14

28 11.11 14.92 12.44 15.55 20.00 17.74

4 Split tensile
strength test

7 1.98 2.59 2.74 2.45 3.25 2.89

28 2.78 3.63 2.93 3.77 4.33 4.08

5 Impact test 7 16.55 19.89 16.06 22.66 23.55 21.18

28 21.52 23.55 20.93 41.77 42.37 40.88

Fig. 7 Graph showing Crushing strength of FS and CCW for 7- and 28-days curing

1. It is observed that materials which procured are functioned well and all the
materials are satisfied the basic tests and strength requirements.

2. HPC with replacements are measured from slump and compaction factor and
observation made that, the degree of workability goes on decreasing as the
percentage of replacements goes on increasing. This is due to the fineness of
the foundry sand, its surface area and uniform in size and in coarse aggregate,
due to the presence of pores in the crushed concrete waste, the absorption of
water increases. With the addition of poly-propylene fibre into the concrete,
still decrease in the value of the slump thereby decreasing the workability of
the concrete.

3. Crushing strength of crushed concrete waste goes on decreased with increase in
the percentage from 0 to 40% (for every 10% intervals) but the same concrete
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Fig. 8 Graph showing flexural strength of FS and CCW for 7- and 28-days curing

Fig. 9 Graph showing shear strength of FS and CCW for 7- and 28-days curing

with poly-propylene fibre gives 5–10% increase in the crushing strength thereby
getting the optimum value of concrete with crushed concrete waste as 10%with
the addition of dosage of fibre as 0.3% and for 28 days of curing.
It is observed that the crushing strength of foundry sand goes on increased up
to 15% replacement with and without adding the fibre into the concrete. But
there is a 5–10% increase in the value of crushing strength of the concrete with
the use of fibres. This is due to the internal bondage between the fibre and the
concrete, initially concrete fails by compression thereby transformation of load



946 H. M. Yajnodbhavi et al.

Fig. 10 Graph showing split tensile strength results of FS and CCW for 7- and 28-days curing

Fig. 11 Graph showing impact test results of FS and CCW for 7- and 28-days curing

from concrete to fibre and since, the proper presence of gradation, aspect ratio
of the fibre, tensile taking capacity of fibre, there is an increase in the crushing
of concrete.

4. Flexural strength results obtained for HPC with the addition of fibres improved
but with the addition of replacement aggregates to the concrete, there is a
decrease in the Flexural strength. Observation says that the bondage between
the fibre and concrete may not be conditioned for bending test.

5. There is aminor variation in the split tensile strength of the concrete byobserving
the result obtained from split tensile strength. But the function of fibres must be
appreciable.
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6. Impact strength value of HPC will be doubled by adding the poly-propylene
fibre which is observed from the test results. In this present investigation,
229% increase in the impact value of the fibre reinforced HPC compared to
conventional concrete.

7. There is a remarkable increasing in the shear strength of the concrete with the
addition of the foundry sand to 10%.Due to the presence of fibres in the concrete,
there is an increase in the shear value of the concrete for 7 and 28 days of curing.

7 Conclusions

• Workability property of the FRHPC with replacement decreases the slump value
and same condition reflects in the fibred concrete also. But for the case compaction
factor maintained less than 1 (Compaction factor < 1). Shear slump obtained for
all type of HPC in this present investigation.

• Optimum value of crushing strength of Standard Concrete (SC), High Strength
Concrete (HSC) and High Performance Concrete (HPC) compared with and
without adding the poly-propylene fibres (PPF) for 7, 14 and 28 days of curing.
Results obtained for concrete increase in its crushing strength for an optimum
replacement of foundry sand from 15% up to 30% and Crushed Concrete Waste
10–20% for above mentioned three types of concrete.

• Optimum replacements obtained from the crushing strength after 280 days of
curing were selected and for those concrete mixes, the Flexural strength test of
the concrete was conducted.

• There is a substantial increase in the Flexural strength of the HPC by providing the
poly-propylene fibres of dosage about 0.3% by volume of cementitious material
for both conventional and replaced concrete.

• Impact strength value of HPC will be doubled by adding the poly-propylene fibre
which is observed from the test results. In this present investigation, 229% increase
in the impact value of the FRHPC compared to conventional concrete.

• Split tensile strength of the fibre reinforced HPC for 10% CCW and 15% FS was
noted worth readings such as 6.08 Mpa and 6.50 Mpa, respectively.

• Shear strength of fibre reinforced HPC increases its value for 15% replacement
of foundry sand and decrease with 10% replacement of CCW compared with
conventional M80 grade concrete. The value of strength of 15% FS and 10%
CCW is 54.45 Mpa and 45.56 Mpa, respectively.
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Response Analysis of Berthing Structure
with Soil–Structure Interaction

Sushmitha Shettigar, B. R. Jayalekshmi, and Katta Venkataramana

Abstract The berthing structures including piles and diaphragmwalls are supported
on soft marine soils. The soft soils under severe loading are likely to undergo vertical
and lateral movement. The anchored diaphragm wall is provided to support the open
berth structure against backfill. In this paper, finite element analysis of berthing
structure has been carried out using a finite element program ANSYS APDL. The
soil strata is modelled as 3D continuum. The response analysis of diaphragm wall
for different pretension forces in anchor rod has been carried out. The variation in
displacement, shear force and bending moment along the depth of wall is plotted.
The result is compared with the case without considering soil–structure interaction.
The optimum value of pretension force is obtained as 1050 kN which effectively
reduced the deflection of diaphragm wall. The percentage increase in maximum
lateral displacement, shear force and bending moment of wall without considering
soil–structure interaction effect was found to be 25.265%, 52.523% and 892.944%,
respectively.

Keywords Berthing structure · Diaphragm wall · Anchor rod · Soil–structure
interaction · Displacement · Shear force · Bending moment

1 Introduction

The ports and harbours consists of a major platform called as berth which provides
facilities for berthing and mooring of ships, embarking and disembarking of passen-
gers and loading, unloading and storageof cargo.Theberthmainly includes structures
like deck slab, beams, piles and diaphragm wall. The berthing structures are liable
to both vertical loads and lateral loads. The vertical loads are exerted by self-weight
and live load acting on the berth. Lateral loads are imparted by approaching vessels
striking the berth, due to pulling action of mooring lines, motion of wind and waves,
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differential water pressure and earth pressure [1]. The studies show that mooring load
is more critical than other lateral loads [2]. Diaphragm wall and tieback elements
are provided to provide a lateral support to open berth structure [3]. Diaphragm wall
is a reinforced concrete retaining wall which holds the lateral loads exerted by the
backfill soil. It also experiences lateral forces from soil during dredging process [4,
5]. Tieback elements such as anchor rods are installed as reinforcement into the soil
with its one end secured to the diaphragm wall and another end secured to a stable
concrete deadman or into soil with sufficient resistance. Tie-rod anchors can increase
the strength of the structure, resist the lateral loads and largely reduce the deflection
[6]. The tieback-deadman structure resists the force that cause the wall to lean. It
is adopted in berthing structures as it reduces the lateral displacement and bending
moment, thus resulting in an economical construction of structure with the reduction
in the required quantity of reinforcement [3]. Open face type berth structure is shown
in Fig. 1. The anchored diaphragm wall is as shown in Fig. 2.

Soil–structure interaction (SSI) is a mutual relation between structure and under-
lying soil which influences the motion and behaviour of each other. SSI is impor-
tant in the areas of structural dynamics, soil dynamics and earthquake engineering.
The offshore structures like berthing structures are built on soft marine soils which
undergo vertical and lateral displacement under severe loading. The process of
dredging affects the lateral movement of soil bed. The amount of displacement of soil
depends on factors such as properties of soil, properties of structure and sequence of
dredging which in turn affects the diaphragm wall deflection [5]. The lateral loads
can be resisted by the soil–pile interaction effect [7]. The adhesion of pile with the
surrounding soil and the type of interface between the structure and soil will be
responsible for the ultimate lateral soil resistance [8]. The piles in group experience
significant interaction effects which are different for drained soil and undrained soil
condition [9].

Fig. 1 Open face type berth structure
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Fig. 2 Cross section of anchored diaphragm wall

The investigations of SSI can be carried out experimentally or by analysis research
[10]. The tremendous progress and advancement in the computer technology has
given rise to numerical simulation method. Finite element method (FEM) is a
powerful numerical simulationmethodwhich is mostly applicable for complex prob-
lems. It discretizes the large system to a group of small elements of certain size,
achieved through meshing. It can deal with complex geometries, higher loads and
nonlinear behaviour of objects. ANSYS, PLAXIS, ABAQUS, etc., are some of the
FEM software being used by structural engineers and geotechnical engineers. FEM
provides certain approximations to predict true solutions. Researchers have shown
that adopting Mohr–Coulomb and Drucker–Prager models in numerical modelling
are satisfactory [11]. FEM has become an important tool in geotechnical engineering
in studying the behaviour of large complex structures [12]. ANSYS APDL is one
such finite element program. APDL is an abbreviation for ANSYS parametric design
language, a powerful scripting language that allows one to parameterize the model
and automate common tasks. It is the foundation for all sophisticated features,
offering many conveniences such as parameterization, branching and looping, and
complex math operations. ANSYS has been used by structural engineers for design
of various complex structures such as skyscrapers, bridges, and dams. The designers
and engineers are able to analyse the behaviour, strength and safety of structures by
experimenting the various designs in a virtual environment.
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2 Literature Review

The finite element analysis of diaphragm wall installation showed that the three-
dimensional effect resulted in less lateral soil movement when compared with the
plain strain case of diaphragm wall installation. Also, the panel length of wall affects
the lateral stress reduction near the diaphragm wall [13]. The studies have shown
that the diaphragm wall undergoes cantilever-like deflection under lateral loading
with maximum horizontal displacement at top which reduces along the depth [14].
In a study of ground movement control by anchored diaphragm wall, it was found
that the lateral earth system supports the wall and hence limits the deflection, and
the installation of tieback elements through over stressed soil layers leads to ground
surface settlement [15]. Some investigators have successfully modelled and analysed
berthing structure using finite element program PLAXIS and concluded that the
results obtained from numerical method agrees well with full-scale field test results
[4]. The dredging process being carried out in ports and harbours disturbs the marine
soil bed. Researchers have found that the dredging increases the lateral deflection of
the berthing structure [4, 16]. The bed slope also affects the berthing structure. The
increase in bed slope caused by dredging process increases the lateral deflection of
pile and diaphragm wall [4]. Kavitha et al. have studied the soil–structure interaction
effect on the behaviour of berthing structure supported on sloping ground. It was
found that the increasing modulus of soil increases the lateral load intensity on the
berthing structure. Increasing the pile diameter increases bendingmoment of berthing
structure. Also, the response of structure depends on whether the change in the slope
of bed is caused by deposition or by erosion of soil [17]. Some researchers have
carried out the study on the influence of tie rods on the behaviour of diaphragm wall.
Premalatha et al. observed that the length of tie rod influences the diaphragm wall
deflection. Deflection of the wall decreased as the length of tie rod was increased
from 6 to 18 m. Beyond 18 m, there was no significant reduction in the deflection
of wall [6]. Tie rod increases the stability of diaphragm wall [14, 16]. Yajnheswaran
et al. studied the influence of tie rod by analysing berthing structure using finite
element software PLAXIS 3D. The analysis was carried out for absence of tie rod
and for different positions of tie rod. It was revealed that the location of tie rod affects
the deflection, shear force and bending moment of the diaphragm wall [3]. Extensive
literature review showed that the lateral response of berthing structures depends on
structural material, dimensions of structure, soil properties and slope of soil bed.
Increasing the stiffness of anchor rod largely reduces the top lateral displacement of
the diaphragm wall [18].

The studies have shown that nonlinear stress–strain characteristics of soil has
important role in the computation of soil–structure interaction [19]. The examination
of effect of soil layers on lateral loading behaviour of piles has been carried out. The
presence of different soil layers affects the lateral resistance offered by the each layer.
The lower layer of soil has significant effect on the lateral resistance of the upper
layer and vice versa [20]. The active soil wedge also has significant effect on the
lateral capacity of piles [21]. The presence of adjacent surcharge increases the lateral
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soil movement and increases the stress on the structure in the vicinity [22]. Li et al.
carried out three-dimensional finite element analysis usingANSYS software on soil–
structure interaction system. It was observed that soil–structure interaction effect has
considerable effect on displacement peak value at bottom part of the structure. The
effect of SSI on displacement of the structure is larger with decrease of shearmodulus
of soil and larger with increase of rigidity of the structure [10]. The modelling of
pile and surrounding soil can be done using either finite element method or boundary
element method since both the methods can accurately solve the problem under both
static and dynamic loadings [23].

In this paper, effect of SSI on lateral displacement of diaphragm wall is studied.
Soil is modelled as three-dimensional continuum, and its effect on the behaviour of
diaphragm wall is analysed using a general purpose finite element program ANSYS
APDL. The diaphragmwall is pre-stressedwith different pretension force and arrived
at the optimal value of pretension force which results in minimum lateral displace-
ment. The variation of displacement, shear force and bending moment of diaphragm
wall are plotted against depth. The result is compared with the structure without
considering SSI effect by removing the soil strata and providing rigid base.

3 Details of Berthing Structure

3.1 Details of the Berth

For the purpose of analysis, the deep draft multipurpose Berth 18 of NewMangalore
Port Trust is considered. It is located opposite to Kudremukh iron ore berth. The
berth is of length 325 m and width 25 m. The entire length of 325 m is divided into
five panels of length 65 m each. In this study, one panel of dimension 65 m× 25 m is
considered. The plan of a typical single panel is shown in Fig. 3. The entire berthing
structure is supported by 55 rows of piles in transverse direction having 4 piles in
each row. Out of these, 22 rows from seaward end of berth are of 1.3 m diameter and
the remaining 33 rows are of 1.2 m diameter. The piles rest on weathered rock at a
depth of 30 m. Piles are provided at a spacing of 6 m centre to centre along transverse
direction. Each row of piles is named as A, B, C and D. The dredge depth is 17 m
for group D piles, 15 m for group C piles, 13 m for group B piles and 10.5 m for
group A piles. The diaphragm wall is located at a distance of 25 m from the pile near
the sea side. The thickness of diaphragm wall is 1.1 m, and its depth is 22 m. The
steel tie rod anchors of diameter 0.05 m are provided at a spacing of 2.5 m centre to
centre at the top of diaphragm wall and are anchored into soil at an inclined angle of
45°. The deck slab of dimension 65 m × 25 m and thickness of 0.45 m is provided
over piles. The slab is supported on cross beams of dimension 1.1 m × 1.1 m in the
lateral direction and secondary beams of dimension 0.8m× 1.1m in the longitudinal
direction. Crane beams of dimension 1.2 m× 1.1 m are provided in the longitudinal
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Fig. 3 Plan of a typical panel of the berthing structure

direction. Along the slab edge on the sea side, fender beams of dimension 1 m ×
4 m are provided.

3.2 Details of Sub Soil

From borehole investigation, soil types and soil depth details are obtained by New
Mangalore Port Trust. The cohesion, angle of internal friction and unit weight of soil
are obtained for different soils along the depth. The soil profile is shown in Fig. 4.
The soil properties of different layers are as given in Table 1.

4 Description of Approach

In this study, a single deck panel of dimension 65 m × 25 m is modelled using
the finite element software ANSYS APDL. The deck slab is supported over piles
of 1.2 m diameter. The diaphragm wall of thickness 1.1 m is provided for a length
of 25 m. The various loads acting on berthing structure are calculated as per IS:
4651(Part III)-1974 [24]. Dead load (DL) is applied as gravitational acceleration in
the software. A uniform live load (LL) of 55 kN/m2 is applied on the deck slab.
The berthing force (BL) imparted to fender system by berthing ships is calculated as
1682 kN and applied as a point load on the face of fender beam. The mooring force
(ML) due to pulling action of mooring lines is applied at the bollard position. The
mooring force is calculated as 1500 kN. The pressure developed due to difference
in water levels (DWP) at the fill side and the water side is also taken into account. It
is applied as a pressure on the diaphragm wall surface. Active earth pressure (AEP)
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Fig. 4 Soil profile

Table 1 Properties of different soil layers

Soil layer level Properties

Top (m) Bottom (m) Soil type Angle of
internal
friction (°)

Unit weight
(kN/m3)

Cohesion
(kN/m2)

4.662 3.162 Silty sand 34 18 50

3.162 0.162 Loose sand 38 18 0

0.162 − 2.838 Silty sand 26 9.2 20

− 2.838 − 4.838 Sandy silty clay 26 9.37 14.28

− 4.838 − 5.838 Loose sand 26 9.37 0

− 5.838 − 10.338 Dense sand 26 9.37 0

− 10.338 − 27 Decom-posed
granite

40 18 0

exerted by soils on one side of the diaphragm wall is calculated as per IS: 9527(Part
III)-1983 [25]. The analysis has been carried out for critical load combination (1.5DL
+ 1.5LL + 1.5ML + DWP + AEP).

The piles and beams are modelled as line element of type Beam 188. The
diaphragm wall and slab are modelled as shell element of type Shell 281. Tie rod is
designed as link element of type Link 180.
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4.1 Assumptions Made in the Analysis

All the piles are fixed at the bottom. In the case of presence of soil strata, the
diaphragm wall is supported by soil, whereas in the absence of soil strata, the wall
is assumed as fixed at the bottom. The bonded contact has been considered between
soil and piles interface. Two lateral faces of soil at a distance of 10 m on one side and
6 m on another side are restrained against lateral movements in x and z directions.
Mohr–Coulomb constitutive model has been adopted for both reinforced concrete
structure and soil.

4.2 Modelling of Berthing Structure with SSI

The cross section of structure modelled in ANSYS APDL is shown in Fig. 5. Soil
is modelled as a 3D structure in order to introduce the effect of SSI. Different soil
layers are modelled, and properties are assigned in terms of modulus of elasticity,
poisons ratio and density [26]. The structural members and soil are discretised to an
optimum element size where the solution has approximately converged.

Fig. 5 Cross section of modelled berthing structure with 3D soil strata
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Fig. 6 Cross section of modelled berthing structure without 3D soil strata

4.3 Modelling of Berthing Structure Without SSI

The cross section of berthing structure without soil strata is shown in Fig. 6. Piles
and diaphragm wall are fixed at the bottom. Tie rods are pinned at the bottom. All
vertical and lateral forces are applied as in the case with soil strata.

The analysis has been carried out for the structure with soil strata and without soil
strata for the following cases:

Case 1: Response of diaphragm wall for different pretension forces in anchor rod
with SSI.
Case 2: Response of diaphragm wall for different pretension forces in anchor rod
without SSI.

5 Results

5.1 Case 1: Analysis of Berthing Structure with SSI

The anchor rod has been pre-stressed to different forces. The force was gradually
increased from 200 kN. The minimum lateral displacement was obtained when
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anchor rod was pre-stressed to 1050 kN with zero displacement at top and bottom.
Themaximumdiaphragmwall displacement for 200, 600 and 1050 kN pretensioning
was found to be 0.01451 m, 0.007671 m and 0.001078 m, respectively. Increasing
the pretension force beyond 1050 kN resulted in increasing lateral displacement of
wall towards the soil. Figure 7 shows the variation in lateral displacement of wall for
different pretension forces.

The variation in shear force of diaphragm wall with SSI for different pretension
forces in shown in Fig. 8. The considerable variation in shear force is due to change
of soil properties at various depths. Since dredging has been carried out up to 10.5 m
depth, active earth pressure alone acts on the wall till 10.5 m depth. Beyond 10.5 m,
forces due to passive earth pressure also start acting on the diaphragm wall. The
maximum shear force at 1050 kN pretension force is found to be 37.848 kN at 15 m
depth.

Figure 9 shows the variation in bending moment along the depth of diaphragm
wall for various pretension forces. The bending moment is found to be maximum for

Fig. 7 Lateral displacement
of diaphragm wall for
different pretension forces
with SSI

Fig. 8 Variation in shear
force of diaphragm wall for
different pretension forces
with SSI
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Fig. 9 Variation in bending moment of diaphragm wall for different pretension forces with SSI

200 kN pretension forces. A considerable decrease in bending moment is obtained
for 1050 kN pretensioning.

5.2 Case 2: Analysis of Berthing Structure Without SSI

The lateral displacement of diaphragm wall for different forces of pretensioning
anchor rods without considering soil strata is shown in Fig. 10. The maximum

Fig. 10 Lateral displacement of diaphragm wall for different pretension forces without SSI
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Fig. 11 Variation in shear force of diaphragm wall for different pretension forces without SSI

displacement of wall for 200, 600 and 1050 kN pretensioning is obtained as
0.09378 m, 0.06297 m and 0.02831 m, respectively. A considerable increase in
the lateral displacement of wall has been observed when compared with the results
of structure with soil strata.

The variation in shear force along the depth of diaphragm wall without modelling
soil strata is shown in Fig. 11. The maximum shear force for 1050 kN pretension
force is found to be 57.227 kN at the bottom of the diaphragm wall.

The bending moment variation in diaphragm wall without SSI effect is as shown
in Fig. 12. For 1050 kN pretension force, the maximum bending moment is found to
be 256.1 kN m at the bottom of the diaphragm wall. The bending moment value for
all pretension forces without soil strata was found to be more than that of with soil
strata.

6 Conclusions

From the response analysis of diaphragmwall with anchored rod, it can be concluded
that anchor rod plays amajor role in controlling the lateral displacement of diaphragm
wall. In the considered model, pretension force of 1050 kN can be taken as optimal
value which could successfully hold the diaphragm wall at the top against active
earth pressure causing zero displacement at top and theminimum displacement at the
middle portion. Tie rod increases the stability of berthing structure. The comparison
of results of analysis of behaviour of diaphragm wall with and without soil strata
resulted in considerable variation in the result. The percentage increase in maximum
displacement, maximum shear force and maximum bending moment for the case
without considering SSI are 25.265%, 52.523% and 892.944%, respectively. In the
presence of soil strata, the resistance imposed by the surrounding soil for the lateral
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Fig. 12 Variation in bending moment of diaphragm wall for different pretension forces without
SSI

movement of the structure resulted in lower lateral displacement and forces in the
wall. The interaction occurring between soil and wall surfaces in contact plays a
role in reducing the lateral deflection of the structure. Hence, it can be concluded
that SSI effect should be considered in the analysis of berthing structure to arrive
at the accurate and real field behaviour. It results in reduction in the quantity of
reinforcement required for the construction of berthing structure and hence results
in an economic and cost-effective construction.
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Seismic Response of Multi-storey
Building with Different Plan
Configuration Using X-Bracing

Shaik Shaista Farheen and B. Rohini

Abstract In recent times, it is seen that RCC buildings which appear strong in
appearance may collapse in the blink of eye during earthquakes. This raises the
question of its capability to withstand the strong motion. In order to study the perfor-
mance of buildings subjected to seismic loads, evaluation is carried out in both linear
and nonlinear static methods. Also the bracing systems which have good structural
importance when it comes to the RCC building are also considered in the present
study. To study the objective, a (G + 5) building structure is considered, with and
without X-bracing for Rectangle, L and T shape plan configurations and the analysis
is carried out in ETABS. The parameters considered for the comparison are storey
displacement, overturning moment, base shear and storey drift.
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1 Introduction

Structures undergo ground motion when subjected to seismic waves caused by the
earthquake effect and the consequences are huge destruction of property and loss of
life. While it is of major concern for the structural designers to provide structural
safety with good serviceability, adequate stability and strength to the building under
severe earthquake. Hence, one needs to understand a building under seismic loading
requires the keen knowledge of the structural performance under large inelastic
deformations.

In a recent development, the nonlinear static analysis called pushover analysis
has been followed. Nonlinear static analysis is carried out by applying a lateral
load in increasing the level of a structure up to ultimate strength to approximately
know the strength of a structure beyond its elastic limit up to its ultimate strength
in a post-elastic range. Equivalent Static Analysis is linear analysis where the loads
are factored to give design force in a single shot. Therefore, to handle this issue,
procedures in analytical mode should be developed which ensures the structure to
withstand the occurrence of minor earthquakes and indicate caution when prone to
major earthquake events.

Mani Deep et al. [1] studied a G+ 9 Building in all seismic zones and analysed it
by pushover analysis in SAP 2000 Software. From the results, it was observed that
when zone varies base shear, displacement, and time periodwere increased indicating
the severity of seismic activity. It is concluded that damage in the building is less and
columns in bottom storeys can be retrofitted.

Mohod et al. [2] carried out work on a 12 storied building considering 9 different
irregular plan configurations the effect of irregularity on the structure was analysed
in STAAD PRO Software. From the study, the irregular plan configurations such
as L, C, H, T and E shapes have shown higher deflection than regular geometries.
Hence, it is concluded that simple geometry attracts less force and must be adopted
as they perform well during the effect of earthquake.

Haamidh et al. [3] analysed RCC frame structure incorporated with various brac-
ings. The structural response of bracings like X, V and inverted V is analysed for 8,
12 & 16 storey buildings by pushover analysis using ETABS Software. Therefore,
it can be concluded that the X-bracing frame performs good with less displacement
and the base shear of bracings is satisfactory and for development of plastic hinges
which hold high importance compared to other frames.

Balappa and Malagavelli [4], investigated a (G + 10) multi-storey building for
4 models with and without bracings by nonlinear static analysis using SAP-2000
software. A parametric study of different parameters has been carried out. Therefore,
it is seen that storey displacement and storey drift decreased in case of models with
bracings especially model 2 have shown effective reduction. Time period obtained
was less for building with bracings compare to unbraced model. Also base shear was
found to be minimum with provision of bracing as they have high lateral stiffness.
Hence,RCFramewithout bracinggot (CP) level.Model 2 performedbetter compared
to other models.
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G. Sai Prasanna Kumar Reddy and Dr. V. Ranga Rao [5] carried out analysis of
a (G + 10) multi-storey building for four models using SAP-2000 Software. The
parameters studied are base shear, displacement, pushover curve and location of
hinges. Hence, it was concluded that the time period obtained was less for building
with bracings compared to unbraced model. Storey displacement and storey drift
was reduced in case of models with bracings especially model 2 has shown effective
reduction. While base shear was found to be minimum with presence of bracing
as they have high lateral stiffness. Hence, RC Frame without bracing got collapse
prevention (CP) level. Model 2 performed well compared to other models.

Teruna [6] studied the response of a six-storey building of three-bay RC Frame
with different mass introduced at second storey (M2), fourth storey (M4) and sixth
storey (M6) and stiffness irregularity at first floor (Mo) by pushover analysis and
time history analysis (THA) using SAP 2000 software. The response is studied and
development of plastic hinges is discussed. The pushover analysis generated damage
control performance level, while THA exhibited limited safety range performance
level for the whole frame and after evaluating frames in plastic hinge status it was
indicated that frameM6 varies from Immediate occupancy to the collapse prevention
level and in both methods it has shown poor performance level. Hence, it can be
concluded that the results obtained from pushover analysis are lesser than the results
of time history analysis, while time history analysis provides us with accurate results.

Rofooei et al. [7] analysed five different special moment-resisting steel frames,
namely two, five, ten, fifteen and twenty storey buildings with different load patterns
and newapproach by static and dynamic pushover analysis usingDrain-2dxnonlinear
analysis programme. Therefore, it was concluded that the dynamic pushover with a
trilinear approximation of pushover curve and the newly defined effective modal
load pattern (SRM) possessed the least error in resembling the target displace-
ments, specifically in both 15 and 20 stories structural models, while nonlinear static
pushover analysis was satisfactory, no precise inclination is observed in using static
procedure as per code.

The main aim of the study is to perform analysis of a (G + 5) multi-storey
building subjected to seismic load by equivalent static method and pushover method
considering Rectangular building, L shape building and T shape building in ZONE
V, with and without bracings by providing the bracings at the outer side of the plan
configuration using ETABS Software. And also to study and compare the response in
the terms of storey displacement, storey overturning moment, base shear and storey
drift. Finally, the shape desired for construction in seismic zones is found from the
analysis.
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2 Methodology and Description of Building

Structure type SMRF (G + 5) building
Plan area (30 × 20) m2

Each floor height 3 m
Bottom floor height 4 m
Type of concrete M25
Type of steel Fe415
Beam Dimensions 300 mm × 450 mm

400 mm × 500 mm
400 mm × 550 mm
450 mm × 600 mm

Column Dimensions 500 mm × 500 mm
600 mm × 600 mm
700 mm × 700 mm
800 mm × 800 mm

Slab details 150 mm (Shell-Thin)
M25 Grade

Live load (on slab) 5 kN/m2

Diaphragm Rigid diaphragm
Bracing considered ISWB (Pinned)

X-Bracing
Masonry wall thickness 230 mm
Poisson’s ratio of concrete 0.2
Seismic Zone Zone V
Importance Factor 1
Parapet wall dimensions Height—0.90 m

Thickness—115 mm
Site Type Type II
Density of concrete 25 kN/m3

Response Reduction Factor 5
Damping Ratio 5%
RCC Design Code IS 456:2000
Earthquake Design Code IS 1893:2002

DEAD LOAD (On frame):
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2.1 Wall Load Calculations

(1) Wall load on other floors:

Unit weight of brick× thickness of masonry wall× height of the floor

= 20 kN/m3 × 0.230 m× 3 m = 13.8 kN/m.

(2) Wall load (Top floor—on parapet wall):

Unit weight of brick× thickness of masonry wall× height of the floor

= 20 kN/m3 × 0.115 m× 0.90 m = 2.07 kN/m.

2.2 Building Models in ETABS Software

Figure 1 represents rectangular plan configuration in ETABS. Figures 2 and 3 repre-
sent 3D view of building with rectangular plan without and with X-bracings respec-
tively. Figure 4 represents L-shape plan configuration in ETABS. Figures 5 and
6 represent 3D view of building with L-shape plan without and with X-bracings
respectively. Figure 7 represents T shape plan configuration in ETABS. Figures 8
and 9 represent 3D view of building with T-shape plan without and with X-bracings
respectively.

Fig. 1 Rectangle plan shape
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Fig. 2 3D view of rectangle
plan shape

Fig. 3 3D view of rectangle plan shape with X-bracing
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Fig. 4 L-Plan Shape

3 Results and Discussions

3.1 Comparison of Storey Displacement in Equivalent Static
Analysis

In Fig. 10, the variation of the storey displacement for different plan configuration
along with storey number is plotted. It is studied that in the absence of bracing for
the three plan configurations the storey displacement correspondingly increases with
the storey number. For rectangle plan configuration, there is a decrease of 75% of
storey displacement when X-bracing is used. While for L shape plan configuration
with bracing (w/b), the storey displacement reduces by 64.28% similarly there is
a decrease of 56.5% displacement for T shape plan configuration. According to IS
456-2000 and IS 1893( Part-1) 2002, maximum storey displacement is limited to
H/500, where H indicates total height of the building. Hence, it is concluded that
storey displacement did not exceed the limits and is recorded highest for L shape
plan configuration with (w/b) and without (w/ob) X-bracing.
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Fig. 5 3D view of L-plan shape

3.2 Comparison of Storey Overturning Moment
in Equivalent Static Analysis

The storey overturning moment variation for different plan configuration in the pres-
ence of bracing is shown in Fig. 11. It can be observed that there is marginal change
in the presence of bracing. T shape plan configuration with bracing (w/b) records
highest value and the least value is found in rectangular buildings without bracings
(w/ob) which indicates that less moment is required to overturn the storey.

3.3 Comparison of Storey Drift in Equivalent Static Analysis

From Fig 12, it can be seen that the storey drift varies in parabolic manner with
storey number. It can be observed that maximum drift is at storey 2 thereafter it
goes on reducing up to storey 6. In the presence of X-bracing storey drift is found
to be maximum at storey number 1 for every plan configuration considered. As per
the code IS 1893(Part-1)2002 the maximum drift limit is 0.004h, where h indicates
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Fig. 6 3D view of L-plan shape with X-bracing

Fig. 7 T-PLAN Shape
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Fig. 8 3D view of T-plan shape

height of the storey. Storey drift here did not exceed the limits and is found to be
highest in L shape plan configuration with bracings (w/b).

There is a percentage decrease of 14.28, 36 and 15% for rectangle, L shape and
T shape plan configurations.

3.4 Comparison of Storey Displacement in Pushover Analysis

From Fig. 13, it is clear that in Push X load case the storey displacement is less in the
case of T shape plan configuration without bracings (w/ob) while the highest value
is seen in rectangular shape plan configuration with bracings (w/b). Hence, it can be
concluded that the storey displacement here did not exceed the limits as per the code
IS 456-2000 and its values correspondingly increase with increase in the height of
structure.
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Fig. 9 3D view of T-plan shape with X-bracing

Fig. 10 Storey displacement
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Fig. 11 Overturning moment

Fig. 12 Storey drift

3.5 Comparison of Storey Overturning Moment in Pushover
Analysis

The storey overturning moment variation case for different plan configuration for
Push X load case in the presence of bracing is illustrated in Fig. 14. And also storey
overturning moment records the highest value in T shape plan configuration with
bracings (w/b) and least in rectangular plan configuration without bracings (w/ob)
which indicates that less moment is required to overturn the storey.
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Fig. 13 Storey displacement due to Push X

Fig. 14 Overturning moment due to Push X

3.6 Comparison of Storey Drift in Pushover Analysis

From Fig. 15, it can be observed that the maximum drift for Push X load case is
maximum in rectangle shape with bracings (w/b) followed by L shape plan config-
uration with bracings (w/b). T shape plan configuration without bracing (w/ob) has
shown least value. As per the code IS 1893(Part-1)2002, the maximum drift limit is
given by 0.004h where h indicates height of the storey. Therefore, the drift of storey
here did not exceed the limits in the Push X load case.
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Fig. 15 Storey drift due to Push X

Fig. 16 Base shear due to Push X

3.7 Comparison of Base Shear Due to Push X Load Case

Base shear due to Push X load case shown in Fig. 16. It is found to be higher in T
shape plan configuration without bracings (w/ob) due to rise of lateral displacement
in the building and least in T shape plan configuration with bracings (w/b). This is
because of increasing formation of plastic hinges in the structure.

3.8 Comparison of Base Shear Due to Push Y Load Case

From Fig. 17, base shear due to Push Y load case is found to be higher in the L
shape plan configuration with bracings (w/b) due to increase of lateral displacement
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Fig. 17 Base shear due to
Push Y

in the building and least in the T shape plan configuration with bracings (w/b). This
is because of increasing formation of plastic hinges the structure.

4 Conclusions

From the observations and results, the following conclusions drawn are:

1. The storey displacement is found to be within limits and is least in rectangle
shape building with bracing and without bracing in Equivalent static analysis.

2. The values of storey drift satisfy the permissible limits, and it was recorded
highest in L shape building while the least in rectangular building in Equivalent
static analysis while the storey drift values are almost equal in pushover analysis
and equivalent static analysis.

3. Overturning moment got its highest values for T shape building with bracings
and without bracings in both pushover and equivalent static load cases.

4. The values of base shear are found to be highest in L shape and T shape building
while the least values were recorded in T shape model with bracings for both
Push X and Push Y load cases.

From the results obtained it is concluded that the displacement, drift, overturning
moment have drastically decreased in the case ofmodelswith bracings due to increase
in stiffness and adequate ductility compared to themodels without bracings. The base
shear is higher due to irregularity in plan configurations and the structures of simple
regular geometry with bracings are best sought after for construction in seismic
zones.



978 S. S. Farheen and B. Rohini

References

1. Mani Deep V, Polu Raju P (2017) Pushover analysis of RC building: comparative study on
seismic zones of India. Int J Civ Eng Technol (IJCIET) 8(7). ISSN Print 0976-6308

2. Mohod MM (2015) Effect of shape and plan configuration on seismic response of structure. Int
J Sci Technol Res 4(09). ISSN 2277-8616

3. HaamidhA et al (2020) Seismic response assessment of stiffenedRCC frames located inGujarat.
Int J Recent Technol Eng (IJRTE) 8(5). ISSN 2277-3878

4. Balappa DL, Malagavelli V (2018) Pushover analysis of high rise buildings with and without
bracings. Int J Civ Eng Technol (IJCIET) 9(9). ISSN Print 0976-6308

5. Sai PrasannaKumarReddyG,RangaRaoV (2018)Effect of bracings in controlling the structural
response under seismic force. Int J Civ Eng Technol (IJCIET) 9(7). ISSN Print 0976-6308

6. Teruna DR (2017) Comparison of seismic responses for reinforced concrete buildings with
mass and stiffness irregularities using pushover and nonlinear time history analysis. In: IOP
conference series: materials science and engineering vol 180, pp 012145

7. Rofooei FR, Attari NK, Rasekh A, Shodja AH (2006) Comparison of static and dynamic
pushover analysis in assessment of the target displacement. Int J Civ Eng (IJCE) 4(3)



Studies on High-Performance Concrete
Containing Aluminium Dross

B. M. Mithun, Shriram Marathe, and Gururaj Acharya

Abstract This paper focuses on the studies on high-performance concrete (HPC)
incorporating Aluminium dross which is a by-product material obtained from
smelting of Aluminium as a Shrinkage reducing admixture. Aluminiums dross liber-
ates vapours of hydrogen peroxide when it comes in contact with water-which leads
to a swelling behaviour. Due to this swelling behaviour when comes in contact with
water, it could be effectively used as an admixture instead of Shrinkage reducing
admixture in high-performance concrete. In the present work, the comparative study
was also been presented with normal HPC mixes for strength and shrinkage. By
concept, high-performance concrete should be workable, durable, low permeability,
high-dimensional stability and long lasting.Whilst in potential application, the name
HPC is sometimes used for the representation of concrete, this sometimes does not
have any of shown above characteristics. In specific, the use of extremely active
pozzolans, including the use of silica fume, with low water-binding concrete mixes
has been found to be considerably moisture absorption, especially without sufficient
curing. This behaviour can mostly be due to an improvement in autogenous drying
reduction and perhaps a decline in creep for improved shrinking cracking in these
kinds of mixes. The research findings on use of Aluminium dross in HPC—resulting
in an appreciable reduction in the drying shrinkage at 1%. In order to consider the
hydration of concretewith the use ofAluminiumdross,micro-structural observations
have also been conducted out from hardened concrete extracted samples

Keywords Aluminium dross · High-performance concrete · Shrinkage cracking ·
Shrinkage reducing admixture ·Micro-structure

1 Introduction

Development in the field of construction has been known for many years both as
materials as well as structural development. Construction materials cost is raising
day-by-day which has to be controlled. Construction industry has to support a world
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of continuing population growth and economical growth. Concrete is India’s most
used building tool and uses over 100million cubicmetres annually. Experts agree that
traditional, compressive strength-based concrete may not sufficiently act in accor-
dance with many practical specifications, like those of low permeability, freeze–thaw
resistance, thermal cracking. Therefore, as result of the efficacy of the rise in alter-
native building materials and construction techniques are being sought. Aluminium
dross is a wastes from the manufacture of aluminium from Aluminium smelting. It
contains copper, salts as well as other non-metallic materials. Duping of Aluminium
dross is problematic as it affects the ecosystem since it comprises fluorides and
other salts [1]. Through this research, the Aluminium dross was used as a admix-
ture and its features and Efficiency in concrete. High-performance concrete (HPC)
is a specialty concrete sequence designed to offer certain advantages in constructing
concrete buildings, which cannot be regularly accomplished using traditional mate-
rials, standard mixing and curing processes. Better mixes with low-water binding
ratios, which contain extremely active pozzolanic materials such as silica fume,
were observed to experience substantial shrinkage, particularly when adequate cure
is not given. To address problem associated with dry shrinkage compensating cement
is used which consist of Shrinkage reducing admixture (SRA) which significantly
reduces the shrinkage but is not cost-effective.

Many researchers have contributed to the field utilization of Industrial wastes in
producing quality concrete. Haneef and Harish [2] indicated that utilizing aluminium
dross upto 5% in conventional concrete could improve prolonged concrete/mortar
stength. Pereira et al. [3] shown that utilization of industrial by-product materials like
Aluminium dross is a must, which otherwise causes environmental degradation since
it lead to a toxic and hazardous waste product. Dai [4] have indicated that Aluminium
dross can be successfully used as an engineering material in the concrete industry.
If it is not utilized, it would create environmental issues. Ewais et al. [5] shown
that consumption of aluminium dross in generating calcium aluminate cement based
concrete has shown a promising response-which will lead to improved performance
of concrete. Mailar et al. [6] from their experimental results Noted that the initial
set-up period of the recycled Aluminium dross concrete extended to 20% by around
30 min. This property of recycled Aluminium dross concrete makes it ideal for hot
climate conditions. Based on the finding, the substitution of cement with 20% of the
Al dross produces better mechanical strength and durability.

In this work, a study has been carried out to develop a shrinkage compen-
sating concrete by studying the properties and performance of aluminium dross
with concrete. Aluminium is found in the dross mainly as metal Aluminium—
31.5%, Aluminium nitride—9.5% and Aluminium oxide—49%. Aluminium dross
reacts with water to liberate Methane, Ammonia and Hydrogen. It contains some
Aluminium, but consists principally of byproducts obtained during the refinement
of Aluminium. Cubes of size 10 cm × 10 cm × 10 cm were cast and compressive
strength tests are taken on cast cubes of concrete an average of 3 cubes for single result
of test. The tests are taken after 7 days and 28 days to check compressive strength of
Aluminium dross mixed concrete. 6 beams of size 10 cm× 10 cm× 50 cm used for
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flexural strength and shrinkage measurement. Flexural strength measured at 28 days
and shrinkage measured using length comparator for 120 days.

2 Experimental Methodology

2.1 Materials

In the current study, the cement used for research is ordinary portland cement (OPC)
43 grade manufactured by Ultratech cement, obtained from local supplier. The
specific gravity of which was about 3.12. Silica fumes used for the present study
is obtained from A N metals Belgaum was used. The specific gravity of the Silica
fume used is 2.24 and its colour is greyish black. Aluminium dross is a byproduct
obtained during smelting of aluminium. For this particular project, the waste dross
was collected from AA metals Belgaum. It has a specific gravity of 2.85 and its
colour is dark grey. A fine powder passing 90 µm seive is used.

The superplasticiser employed was Conplast SP430G8 complying with
IS:9103:1999. Conplast SP430G8 is developed on sulfonated napthalene polymers
and is readily diffusible in water as a brown liquid. Conplast SP430G8 was primarily
developed for high-water reductions by up to 25% without loss of workability to
manufacture quality concretewith decreased permeability. Thiswas a specific gravity
of 1.23, Zero content of chloride. And air entrainment were less than 1%. A portable
water was used in the investigation in compliance with IS 456 [7].

Locally available crushed stone aggregate of 20 mm maximum size was used
as coarse aggregate. The coarse aggregate passing through 20 mm and retaining
4.75 mm was used for experimental work. This was collected from a quarry at
Parapady. The material had specific gravity of 2.74 and water absorption was 1%.
The locally available normal river sand, passing through 4.75 mm and retained on
0.15mm and Zone 3 sand as per IS:383 [8] was used in this experimental work which
was collected from Gurupura river bed. The material had specific gravity of 2.65 and
water absorption was 1.5%.

2.2 Mix Design

The mix design has been developed based on Indian Standard method of mix design
IS:10262–2009 [9] for a strength of 50MPa. The various ingredients used to produce
concrete with and without the usage of Aluminium dross is indicated in Table 1. All
the quantities are in kg per cubic metre of concrete. The 0% mix indicates the initial
basic mix which can be used for the comparison. Further, the variation of mix with
0.0, 0.5, 1.0, 2.5, 5.0 and 10.0% dosage of Aluminium dross was made.
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Table 1 Mix proportion details in kilogram per cubic metre

% of aluminium dross 0 0.5 1.0 2.5 5 10

Mix ID C-1 C-2 C-3 C-3 C-5 C-6

OPC kg/m3 407 405 402 396 363 396

Silica fume kg/m3 33 33 33 33 33 33

Aluminium dross kg/m3 0 2.2 4.4 11 22 44

Fine aggregate kg/m3 645 636 630

Coarse aggregate kg/m3 1175 1160 1150

Water kg/m3 174.4

SP kg/m3 2.64

2.3 Preparation of Specimens

Using Table 1, dry mixing of Cement, silica fumes, Aluminium dross and aggregates
are done in mixer. Water and superplastisizer are added uniformly to the mix and wet
mixing of concrete is done. Workability of concrete is found-out using slump cone
test and Cubes of size 10 cm × 10 cm × 10 cm were cast and compressive strength
tests are taken on cast cubes of concrete an average of 3 cubes for single result of test.
The tests are taken after 7 and 28 days to check compressive strength of Aluminium
dross mixed concrete. Prisms (7.5 cm× 7.5 cm× 28.5 cm), conforming to ASTMC
157, were cast to find out free shrinkage. After 24 h, the prisms were demolded and
stored thereafter at 20 °C and 50%RH. Dimension change measurements were made
on a weekly basis. 3 beams of size 100 mm × 100 mm × 500 mm used for flexural
strength test. Flexural strength measured at 28 days and for carrying out shrinkage
test, beams of size 10 cm x 10 cm x 50 cm were cast and kept in a dry condition in
absence of moisture. Shrinkage measured using length comparator for 120 days. For
carrying out shrinkage test, beams of size 10 cm × 10 cm × 50 cm were cast and
kept in a dry condition in absence of moisture. Cast cubes are shown in Fig. 1 from
which a measurable amount of swell can be visually noticed.

Aftermixing concrete is poured in themoulds and vibrated. After 24 h demoulded,
the test specimens are put in water bath for curing. The top surface of these specimen
should be made even and smooth. The cube specimens were tested for their compres-
sive strength using standard compression testingmachine after 7 and 28 days ofwater
curing. The procedure suggested by Indian Standard method of testing suggested in
IS:516 was adopted [10].

SEM is performed for microstructure studies. In QA of concrete, SEM provides
vital evidence about degree of hydration of cement, development and dispersal of
hydration products, bond to aggregates and homogeneity of cement paste. The SEM
was preferred as the observing apparatus for the reason that of its separate advan-
tages to straight observe the development and/or propagation of micro cracks. These
micro cracks will exists in concrete even prior to the application of load in the
form of shrinkage micro cracks (initial bond micro cracks). As the compressive load
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Fig. 1 Cube specimens with aluminium dross (noticable swelling at 10% can be observed)

increases, these micro cracks widen and propagate until failure occurs [11]. In the
present work, the hardened concrete specimens subjected to SEM analysis at the
facility available at NITK Surathkal, and the results were analyzed.

3 Results and Discussions

The workability of fresh concrete was done using slump test, which was conducted
as per Indian Standards [12]. The test results have shown in Table 2. The results
indicates that as the slump value decreases as the percentage of Aluminium dross
dosage. Initial design mix was having slump value of 70 mm, which further reduced
to about 45 mm for 2.5% addition of dross again it was increased to 105 mm due to
air liberation started during the slump test, which lead to the shear slump.

Compressive strength results on the concrete cube specimens were also indicated
in Table 2. From the results, it can be seen that the use of Aluminium dross has
negative effect on compressive strength. The 28 day compressive strength reduced
to about 30.3 MPa due for 10%Aluminium dross. Marginal reduction observed upto
1% aluminium dross addition when compared with conventional high-performance
concrete with silica fume.
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Table 2 Compressive strength test results of various mixes

Mix ID Slump (mm) Compressive strength (MPa)

7 days 28 days

C-1 70 40.9 62.1

C-2 60 38.6 59.3

C-3 55 36.1 56.4

C-4 45 33.9 50.7

C-5 60 25.3 37.9

C-6 95 19.6 30.3

Fig. 2 Flexural strength test
at 28 day

The results of flexural strength tests presented in Fig. 2 on various mixes, also
showed similar trend as that of compressive strength. Increase in Aluminium dross
decreased the flexural strength which further reduced greater extent for 5 and 10%
dross. This is becausemore the quantity of dross more andmore gas liberated leading
to increased air entrainment at higher amount and also more micro cracks appeared
because of the further development in expansion after hardening of concrete. Which
can be evidenced from the SEM images and from the Figs. 3 and 4.

Drying Shrinkage and expansion test are conducted using length comparator
instrument and change in length of specimen is obtained from which percentage
change in dimension is calculated. The test results were depicted in Figs. 3 and 4.
The results show that as the percentage of Aluminium dross increases upto 1%, there
is a decrease in shrinkage percentage. It was also observed that 1.0% aluminiumdross
performed better for shrinkage reduction, the air entrainment due to reaction with
dross increased the volume of concrete which compensated the shrinkage. Which
could make 1.0% as the optimum dosage of the Aluminium dross for the optimum
performance of concrete. Beyond 1.0% aluminium dross made the concrete very
much expand to around 2.2% for 10% dross.

From Figs. 5, 6, 7, 8, 9, 10, 11 and 12 Aluminium dross increment shows
more number of air entrainments reflected as voids when compared to 0.5 and 1%
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Fig. 3 Drying shrinkage of
HPC with/without
alumimium dross (ASTM C
157, l-day water cured)

Fig. 4 Expansion of HPC
with dosage of
2.5%,5%and10%alumimium
dross content

Fig. 5 SEM for 0.5%
replacement of aluminium
dross specimen (C-2)
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Fig. 6 SEM for 0.5%
replacement of aluminium
dross
specimen showing nearly
spherical air
voids formation (C-2)

Fig. 7 SEM for 1%
replacement of aluminium
dross specimen (C-3)

Fig. 8 SEM for 1%
replacement of Aluminium
dross specimen with clear air
voids formation (C-3)
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Fig. 9 SEM for 2.5% air
entrainment or air voids for
the aluminium dross
specimen (C-4)

Fig. 10 SEM for 5%
replacement of aluminium
dross specimen showing
micro cracks formed due to
expansion (C-5)

Fig. 11 SEM voids for 5%
replacement of aluminium
dross specimen showing
increased air voids size (C-5)
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Fig. 12 SEM for 10%
replacement of aluminium
dross specimen (C-6)

Aluminium dross replaced concrete specimen. Fig. 10 shows micro cracks devel-
opment as the dosage of aluminium dross increases. The white patches around the
dark products represents unhydrated products and dark spots represents hydrated
products, nearly round ball like particles are air entrainment.

Further, the cost of high-performance concrete remains the same, whereas the
cost of Shrinkage reducing admixture can be saved by using Aluminium dross as the
latter is an industrial waste.

4 Conclusions and Future Scope

From the experimental investigations and the analysis of the results, following key
conclusions can be drawn:

• The workability of aluminium dross concrete decreased up to 2.5% later show
marginally incremental changes as compared to 0% dross. This is due to more
immediate air release of dross admixed concrete at high dosages. But these
changes are very much marginal. Hence, one can say that the workability were
almost similar to the standard concrete

• The addition of aluminium dross to concrete in smaller dosage upto 1% increases
the shrinkage resistance of concrete.

• By increasing the dosage of dross more than 2.5% in concrete showed severe
expansion, swelling and concrete becomes more porous and compressive strength
decreases.

• The microstructure study showed increase in air entrainment and micro cracks as
the dosage of aluminium dross is increased.
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Morphological Characteristics
of the Kanakapura Watershed,
Arkavathi River Basin, Karnataka,
India—Using GIS and DEM

H. C. Hema , S. Govindaiah, K. J. Suresha, and Arunkumar Yadav

Abstract This research article is attempted on the study of morphological char-
acteristics in Kanakapura watershed, located in Karnataka state, India. Kanakapura
watershed is demarcated at the southern end of the Arkavathi River Basin. Morpho-
logical characteristics like flow accumulation, flow direction, stream network, and
stream link have been extracted based on the digital elevation module (DEM), and
results were interpreted and analyzed. Geographic Information System (GIS)-based
approach with the use of DEM facilitates the understanding of different morpho-
logical characteristics that were represented in thematic raster data maps, and the
correlation between the flow accumulations, flow direction, upstream, downstream
pattern, stream order, and stream network was explored well. The study represents
the morphological features extracted by using DEM in Arc Hydrology tools effective
in understanding the spatial distribution of the stream network and identifying the
groundwater potential locations.

Keywords Cartosat-1 DEM · Flow accumulation · Flow direction · Stream
network · Stream link

1 Introduction

The drainage basin study is vital in hydrological examinations. Understanding the
hydrological establishment of rivers is key elementary fact for decision making in
several areas typically environmental planning and the utilization of water resources
in the basin of the river. The essential geographic boundaries of watersheds, sub-
watersheds, and stream network support in evaluating data for the activities of water-
shedmanagement.Morphological plays amajor role in understanding the controls on
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the variability of the river process. Assessing the morphological parameters includes
upstream and downstream, stream order, flow direction, flow accumulation, stream
link, and stream network canwell be interpreted using digital elevationmodel (DEM)
[1, 2]. In the earlier days, topographical maps were the key sources of information for
the origin of the catchment characteristics in hydrological models; currently, DEM is
highly significant in hydrological studies, topography characterization as it delivers
fast, economic, and consistent information.

The automatic extraction data fromDEM has replaced the manual demarcation of
stream networks and watershed boundary from topographic maps widely [3]. A few
research works suggested that stream networks that are present in the toposheets and
also in the satellite images are matching with delineated stream network DEM data
[4]. To analyze the spatial morphometric parameters, it is essential to delineate the
stream network [5]. DEM derivatives have a wide range of applications in the field of
engineering aspects like elevation extraction, cut and fill analysis, land reclamation,
and slope determination to understand the geomorphology of the area [6]. Remote
sensing (RS) and GIS delivered essential results in delineating the geography and
landforms [7–9]. In recent days, RS andGIS are commanding toolswith an advantage
over digital analysis with no laborious and provide the required output in less time
[10, 11]. No research work has been carried out in the Kanakapura area in this
aspect by using the DEM data. Hence, the study is expected to be useful for future
researchers in the aspects of water resources, geology, and geomorphology, etc.

2 Material and Methodology

Kanakapura town is situated at Kanakapura taluk of Ramanagara district, Karnataka
State, India. Kanakapura watershed covers the geographically 815.5 km2 area, and
it is located between the coordinates 12° 16′ 0′′N to 12° 34′ 0′′N and 77° 17′ 30′′E to
77° 38′ 0′′E. The location map (3D perspective representation) of the present study
is represented in Fig. 1.

Extracting the morphological aspects by using geospatial technology is the key
objective of this study. Morphological analysis interpreted using Carosat-1 DEM as
the data source in the Arc GIS tool Cartosat-1 DEM data is downloaded from the
Bhuvan ISRO Web site, which is having a pixel 30 m * 30 m grid cell size. The
spatial reference of the study area is the World Geographic Coordinate System of
1984 and UTM 43N. Using Arc Hydrology tools, basic parameters for the water-
shed are derived. About the Arc GIS manual of the “Arc Hydrology environment,”
the methodology flowchart is prepared. The results derived using Cartosat DEM are
flow direction, flow accumulation, and stream network using GIS software. Figure 2
flowchart depicts themethodology used in this work.Watershed is named as Kanaka-
pura watershed since Kanakapura town is a headquarters of Kanakapura taluk. Sub-
watershed boundaries are delineated using the DEM and named to the prominent
village in that particular zone deriving the hydraulic functions based on the DEM
involves the following steps of works. The pour point algorithm eight direction flow
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Fig. 1 Location map

Fig. 2 Flowchart methodology

code (D-8) which assigns, for each, the cells in flow direction represents the steepest
downhill slope as demarcated based on the input of DEM.

Eight neighbor cells flow toward the water flows. If the cells have the terrain
depression, it is not possible to derive flow direction, so that DEM has to fill in to
arrive in the flow direction. Toward the trend of the steepest, descent water flows to
one of its nearby grid. The flow route takes one out of eight probable values. The
defined threshold value for all the grid cells forms a part of the stream network. The
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two connective successive junctions segments of a stream channel, a junction, and
an outlet present the stream links.

3 Result and Discussion

Morphological infer of the present study is as follows:

A. Upstream and Downstream: These are vital morphological parameters used for
understanding the behavior of the streams in various directions on the surface.
Upstream and downstream help interpret the groundwater recharge, ground-
water infiltration, and flood directions [2]. The river morphology aspects are
indicated in upstream and downstream maps. Upstream and downstream are
the key factors in controlling groundwater potentiality [12, 13]. High upstream
(Fig. 3) and low downstream (Fig. 4) values indicate that northern and eastern
parts were good for potential groundwater zone. The center and southern
portions of the Arkavathi River near the Sangam region indicate the high
upstream values, the slope is toward the south, and drainage flows from the

Fig. 3 Upstream of Kanakapura watershed
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Fig. 4 Downstream of Kanakapura watershed

north to the south direction which is shown in the downstream direction map.
Deep observation indicates that the flow trend of the groundwater is in NE, NW
to the south, and joins river Cauvery at Sangam.

B. Flow direction and Flow accumulation: In a hydrological assessment is to
compute the flow direction factor, it is essential to arrive at the flow direction
of streams from every grid. The maximum flow accumulation drop of values
from each cell and the direction of steepest descent indicate the direction of
streamflow. The eight directions output, relating to the eight neighboring cells
where the flow might move, is called as an D8-eight direction flow model [10].
The accumulated flow of the accumulated weight of all neighboring cells in the
raster, which are rolling into respective downslope cells, generates a final raster
of flow accumulation. It represents the valley fills which are the depositional
landforms and acts as good aquifers for tapping groundwater at Horalagallu
sub-watershed.

The quantity of upslope cells that move into each downslope cell is known as flow
accumulation. Stream networks are delineated by providing the threshold values of
100 to the flow accumulation. Flow accumulation depends on the flow direction,
which in turn is used to determine the stream network by giving a certain threshold.
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Fig. 5 Flow direction of Kanakapura watershed

Flow direction and flow accumulation are effective tools of GIS in giving the output
of morphological characters of the stream network.

The flow direction in this study was derived using the sinks free DEM. The
greater rates flow direction of the stream was observed in the Sangam region on
the southern side, represented in Figs. 5 and 6 Flow direction and accumulation
represent the spatial pattern in the watershed. Another important step is to pour point
placement in the delineation of the watershed boundary. A pour point must present
inside an area of greater flow accumulation to compute the total contributing water
flow to that given point. Sub-watershed boundaries are delineated and named about
the prominent village of that particular zone, which is represented in Fig. 7. Sub-
watershed boundaries were delineated using GIS software where in every grid the
point in a DEM is assigned with input flow direction and upstream points count [14,
15].

The flow direction generated the lowest cell value in the neighborhood, and the
corresponding output grid receives the flow direction value. Further, this creates the
network between streams with the cell centroids. High values specify confluences of
streams, whereas values of zero represent the delineation of watershed boundaries.
Based on this flow of methodology, it further created the stream link and stream
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Fig. 6 Flow accumulation of Kanakapura watershed

Fig. 7 Sub-watershed boundary and stream network of Kanakapura watershed



998 H. C. Hema et al.

network. The characteristics of longer slopes and finer textures of the area were
represented by relatively smaller values of streams [4, 13, 16].

C. Stream Network and Stream Link: These hydrological parameters revealed the
characteristics of surface runoff.
Stream network was derived from the output of flow accumulation function
by applying a threshold. Stream links are the successive drainage junctions
where two stream channels connect. Longer values represent flatter gradients,
and variation from its normal performance specifies that the surface is having
dissimilarity in rock types and also in surface topography. The network of
streams is formed by connecting all individual streams as shown in Fig. [17].
The linear morphometric parameters are derived as represented in Table 1.

D. Drainage Lineament Density: Lineaments indicate linear structures which are
important in detecting appropriate locations for groundwater recharge [11, 17].
According to [18], lineaments are linear structures that are formed due to the
tectonic action which replicates overall external appearance of underground
fractures. Lineament density is calculated on the basis of lineaments cumulative
length of per unit area [15], as represented in Fig. 8. It is noted in the field
observation that in the Maralabekkupe sub-watershed, the Horobele dam is
constructed in the high lineament density region.

4 Conclusions

The study indicates that the Cartosat-1 DEM data GIS-based application useful
in analyzing the morphological characteristics, which facilitate the understanding
of different morphological characteristics and the relationship between flow accu-
mulation, flow direction, stream order, stream network, upstream and downstream
arrangement, are explored well. The study specifies that efficient analysis of morpho-
logical features by the integration of GIS and DEM used to know the spatial distri-
bution of stream network characteristics and which are used in deriving details of
linear morphometric parameters indicated the maximum stream order of 6 having
the length of 13.7 km. Manual calculation of these features from the topographic
maps or 2D satellite images is a time-consuming process. Lineament density map
which is derived using the DEM indicates the high groundwater recharge locations
in the Kanakapura watershed.
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Fig. 8 Lineament density map of Kanakapura watershed
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Automatizing the Khasra Maps
Generation Process Using Open Source
Software: QGIS and Python Coding
Language

Rohit Sharma, M. K. Beg, B. E. Bhojaraja, and U. Pruthviraj

Abstract Humans are trying to acquire a piece of land from the time they have come
into existence. In modern era, the management of land and its ownership is taken
up by the Land and Revenue Department of the State. In order to do that, they need
maps with specific objectives, so that even a laymen can understand and use it. The
process explained in this paper automate the process of map making after getting
the digitized shapefile of the khasra (property identification number), as a single
village is divided into numerous grids and it is a tedious work and can have lots of
errors while doing it manually. So in order to do the process in swift manner and
without having any errors, the process was developed using theQuantumGeographic
Information System (QGIS) and Python. The proposed method involves making the
use of models built in QGIS along with the Python console. It helps to run the whole
process on its own with taking the required input parameters and storing the outputs
in a specific folder designed for them. The requirement of the project was to do the
same operations on a village file and to get the final khasra map from the village
polygon file. Depending upon the village area and its dimensions, the numbers of
grids for a particular village is decided and the same GIS tools need to be run on
each grid files which make this process a tedious work and more prone to errors.
By making use of the method suggested in the paper, all the work can be done error
proof with the use of Python. The use of Python code helps to do work in just couple
of seconds which would have taken days to complete.

Keywords PyQGIS ·Mapping · Python · Open source software · Khasra ·
Property identification number
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1 Introduction

The process of making the khasra maps is completely manual even in this digital
era. The khasra maps are taken from the British period, and then, it is traced using a
tracing paper, and afterward, it is used by the Land and Revenue Department officers
for further economic activities.

The motive of the project is to make the khasra/property identification number
maps for a whole state. The projects start from the digitizing the scanned copies of
khasra maps. This digital format is then used to make the new property identification
number/ khasra maps for the Land and Revenue Department.

Process of making khasra maps before was completely done by tracing the previ-
ously available maps, and it was a very tedious job and took lots of concentration and
human effort for making a single map. After digitizing the available khasra maps,
main challenge was to make a usable map out of it using the software as previously
human were trained to trace the map in a specific manner, so that it can be used on
field. But training the same process to the software was a challenge.

The process of making the data useful for map is done by making use of model
builder in QGIS and also automating the models by making use of Python-embedded
environment in QGIS known as PyQGIS.

The recommended process makes the process to be done at the blink of eyes with
the desired results. The process can be further automated to make the pdf or jpeg
format outputs instead of shapefile output in this case.

2 Literature Review

The process of making the khasra maps is completely manual even in this digital
era. The khasra maps are taken from the British period, and then, it is traced using a
tracing paper, and afterward, it is used by the Land and Revenue Department officers
for further economic activities. The process of tracing a khasra maps for an entire
village takes days to finish, and it is full of human errors also called as operator error.
The use of technology helps to work fast and is error-free giving much better results.

(1) Maps: Amap is a two-dimensional representation of the features on the Earth’s
surface. In this paper, the objective is to map the land boundaries for property
identification number purpose. Maps help to consize a large area on a sheet of
paper and from that it can help in planning purposes.

(2) QGIS: QGIS stands for Quantum Geographic Information System. It is one of
the leading open source software available to do the GIS analysis. Apart from
the general tools available for GIS analysis, this platform also provides various
interface which helps in doing advance level analysis such as:

• Model builder: By using models in QGIS various tools in GIS can be placed
in series or parallel in graphical notation, and it also runs the tools depending
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on theway it is placed in the graphical builder. The one of themost important
feature of the models is that it can be converted into Python scripts, so that
it can be directly used in Python codes.

• PyQGIS: It is the Python interface of the QGIS. In this window, various
GIS tools can be altered according to the need and models can also be used
in the form of Python syntax. So it gives the freedom for the end user to
change the inputs, attributes, and storing the result. Using Python in QGIS
helps to execute long process immediately and with no errors.

3 Objectives

• To make property identification number (PIN)/khasra maps of private property
for the entire state.

• Maps are to be used by Patwari’s for the purpose of plot cutting, identification
and selling.

• Map scale should be 1:500 and to be printed on an A0 (841 * 1189 mm) size
paper.

• None of the private land should be left out and should also not get repeat.
• Maps should be easy to read and understandable, so that even an uneducated

person can easily understand it.
• The adjacent maps should be overlapping, so that it can be placed one over the

other if necessary.

4 Software’s Used

Quantum Geographic Information System (QGIS): This software was used to
perform all the basic GIS operations along with model making and using the Python
console, so that process can run automatically. The model making and PyQGIS are
the backbones of this project. The version used is QGIS Desktop 3.10.8.

Atom: This is an interactive text editor compatible with various coding language.
It was used to write the PyQGIS codes, so that the codes are easily readable and
understandable.

5 Dataset Resource

The dataset used for this studywas given by the SpaceApplicationCenter ofChhattis-
garhCouncil of Science andTechnology.Thedata is in the formof the vector shapefile
format, and it contains the geometry and attribute values like khasra number, village
name, tehsil name, and all other geometric details. But in this analysis, there is no
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such use of the attribute of the data. The geometry of the khasra number is the key
on which the whole analysis is done.

6 Methodology

The process of getting the desired maps from a vector shape file of a village involves
using of many GIS operations in a systematic way, and the same process has to be
repeated again and again to get the maps of whole state. In order to do this process
efficiently and to remove human errors while executing these, it is better to make
models of the GIS operations and then use the models in Python code to execute the
sequentially on its own. The process can be describe as follows:

• Making models of GIS operations.
• Getting the Python script of models.
• Writing the Python code using the models Python script.
• Executing the Python code.

The whole process can be understood using the flowchart (Fig. 1).

Fig. 1 Flowchart of method
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7 Process

7.1 Making Parent Grids

The village file is taken as an input, and grids were made on them with the desired
height and width. The height and width of a grid were calculated by doing the back
calculation as the paper size and scale were already defined, so the size of grid is
408 * 490 m. Now as the size of a grid is known by using the village extend and
buffering it over a distance of 500 m, an array of grid is made. Then by using the
‘create grid’ tool, the grids were created on the buffered extend. It creates a grid on
the whole extend but that is not required as grid is clipped using the “Extract by
location,” tool which helps to remove the grids which are not intersecting the village
layer. By doing the “Extract by location” tool, the default indexing of the grids is
altered, and in order to rectify that, “Field Calculator” is used to give the proper
indexing to the grids. The series of grid made by using the above tools were named
as A Series as there will be several other series in the further process, so it would be
easy to identify the correct grid with its series name and number. Finally, the array
of indexed grids in A series was split, and several individual grids were formed. All
these grids were stored in separate folder, so that it would be easy to identify the files
and map them afterward.

Themodelwhichwasmade to carry thewhole processwhichwas explained earlier
is shown below and also the result (Fig. 2) obtained after executing that model.

The village khasra polygon had been dissolved to view only the boundary of the
village.

Fig. 2 Result after merging the outputs of model for making parent grid
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Fig. 3 Model for getting within and overlay polygons in grid

7.2 Getting the Polygons Inside the Grids

As lots of A series grids were made in the previous model, and now, the polygons
which are completely inside as well as which are not completely inside need to me
identify. In order to do so, a model was build up which takes up grid and village layer
as input and give the polygons completely inside and intersecting with boundary as
separate outputs. To find the inside polygons, “Extract by location: Within” tool was
used, and a separate “Extract by Location: Overlay” was used to find the polygons
which were intersecting boundary of the grid.After that, the result was intersected
with the grid to remove the unwanted polygons lines which were outside the grid.

The same process was repeated for all the grids files which were obtained in the
making parent grids part. The model (Fig. 3) build for this process and the output
(Fig. 4) of a single grid file are shown below.

In the above figure, the solid lines represent the polygons that are inside the Grid
A18 and the dashed line represents the polygons which were not completely inside
the grid.

7.3 Merging All the Inside Polygons

Before making the next array of grids, it is required to club all the polygons which
are already been mapped or came completely inside the grids. In order to achieve
this, the Python syntax of the merging of the vector files is run with list of the vector
files which need to be merged as the input. By doing this step, it has two benefits,
firstly it helps to identify the grids which does not hold any grids inside them and
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Fig. 4 Result of executing within and overlay model for a single grid

secondly the inverse of this layer with village khasra polygon will be used as an input
for making next series of grids.

The output (Fig. 5) of merging all within polygon by dissolving it is shown below:

Fig. 5 Dissolved within A series polygon
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Fig. 6 Within A series polygon after removing useless grids

It is clearly visible from the above figure that Grid A2, Grid A28, Grid A29, and
Grid A30 do not hold any polygons inside them, so it is not required to map them.
So to omit those grids and also not altering the index of the series, the process which
was explained earlier “making parent grids” and “getting the polygons inside the
grid” needs to be performed again but taking the merged polygons file which was
obtained from previous process instead of the village file. The result (Fig. 6) of doing
the process is shown below:

As it is shown in above figure, the Grids A2, A28, A29, and A30 which were there
earlier in Fig. 5 have now been removed, and only the required number of grids are
made

7.4 Making Affinegrids

As there are polygons which have not been mapped in A series, the grids need to
adjust a bit in order to accumulate the polygons which were not able to come in A
series.

The new B series of grids are made with a little adjustment with the A series. The
grids array is translated in such a way that the origin of the B series grid coincides
with the centroid of A series grid. So the grids are translated by a distance of half
the side in X-direction (i.e., 490/2 = 245 m) and by a distance of half the length
in Y-direction (i.e., 408/2 = 204 m). The B series are created in such a way that it
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Fig. 7 Model for translating the parent grid

overlaps 25% of the area with the parent A grid. The model (Fig. 7) and the result
(Fig. 8) of executing that model are shown below:

The above figure shows the placement of B series grids w.r.t the A series.

Fig. 8 A and B series relative position
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7.5 Getting the Within Polygons in B Series

Byusing the samemodelwhichwas used earlier to getwithin and overlay polygons in
A series, the polygons inside B series are determined just giving input as village layer
which is obtained after taking the difference of original village layer and merged A
within polygons layer, so that the polygons which are mapped earlier are not mapped
again.

Now, the within polygons are merged and then used as an input layer for creating
grids and then getting final within polygons as it was done earlier in the A series.

7.6 Getting the C and D Series

In order to accumulatemost possible polygonswithout repeating anyone, two another
serieswere created, i.e., C andD series. InC series, the parentA serieswere translated
to only half of the distance in X-direction (i.e., 490/2 = 245m), and in D series, the
parent A series were translate to only half of the distance in Y-direction (i.e., 408/2
= 204 m) such that each C and D series grids overlap 50% with the A series. The C
(Fig. 9) and D (Fig. 10) series are shown.

Once the grids for C and D series are obtained, the within model was executed
with the input layer village as:

Fig. 9 A and D series relative position
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Fig. 10 A and C relative position

For C series: (Original Village)—(Merged Polygons within A series)—(Merged
polygon within B Series)

For D series: (Original Village)—(Merged Polygons within A series)—(Merged
polygon within B Series)—(Merged polygon within C series) to not form any
duplication of any polygons.

Then, to obtain the final within and overlay polygons in C and D series, the same
procedure was repeated as earlier for A series but keeping the input file as mentioned
above.

8 Running Python Console

All the above-mentioned procedure is run with the help of Python code. The code
contains all the syntax for making separate folders to store respective files in them. It
also has syntax for the models in the order to run the models on their own and taking
the required input values and files and storing the outputs in the respective folder.

By making use of the Python console, all the whole process can be completed in
a very short duration of time and the operational errors can be brought down to zero
as running the models one by one for many number of times can lead in errors and
it is also a very tedious job. By making use of the code, the duration of completing
the process of making the files required for mapping is brought down from a one day
job for a village to some couple of seconds with no errors.



1014 R. Sharma et al.

9 Result

After running the Python code, the village khasra vector file is divided into numerous
grids with the required separate files having the polygons inside the boundary of grid
and the polygons cutting the boundary of the grid. This operations let the creation of
several vector, files and the name and purpose of each file are explained below:

• Grid files: It is a simple vector file having rectangles of desired grid dimensions
on the village boundary.

• Within grid files: It contains all the polygon which are completely inside the grid
and are to be marked as the continuous lines in the map.

• Overlay grid files: It contains all the polygon which are not completely inside the
grid and has to be displayed as dashed lines in map.

The shape files obtained after executing the Python script were stored in a specific
folders, and it is necessary as the files are to be used later for making maps, and to
make a single map, it involves the involvement of many shapefiles which are related
to it. The OS module was used to manage the files and store them properly. The
directory (Fig. 11) looks like following after executing the code:

This “amlidih” folder (Fig. 12) was created by the code itself under the directory
which was provided and it had following folders inside it:

Fig. 11 Folder with village name created after running Python code

Fig. 12 Folder containing various shapefile for further mapping
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The folders suffix with “final” are the folders which contain the grids, within, and
overlay files which had to be mapped. The grids series A, B, C, and D are shown in
the figure below.

From this, the positioning of all grids series with respect to other grid series can
be examined easily. The final image gives the position of each grid with respect to
another grids, and this image (Fig. 13) will be used as a reference image in the map.

In order to map the khasra (polygons) inside the (let us say Grid A18), then all
the Grid A18 files inside the Grids_A_final, overlay_A_final, and within_A_final
folders need to put on the map canvas and the required geometry can is obtained.
The main data frame of map will look like this for the Grid A18 (Fig. 14).

Here, the polygons in solid line represents the khasra polygons inside the grid
A18 and the dashed one are those whose are not completely inside the Grid A18.
Similarly for other series of grid:

For grid B5 (Fig. 15):
Here, it is clear that only three khasra polygons are within grid, so those polygons

are counted here. Similarly, it goes for the C and D series.
From Fig. 16, it is showed that the polygons in dark red color are the polygon

which were within the grids of A series and similarly gray, red, and green for the
within B, within C, and within D series, respectively. The polygons which are in pink
color are the polygons which are not in any of the grid series, these were left out as
the dimensions of the polygons were big, mostly these are government-owned lands,
and hence, it was not an objective to cover these polygons. So there is no drawback
in leaving these polygons.

Fig. 13 A, B, C, and D series combined on village layer
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Fig. 14 Within and overlay polygons of Grid A18

Fig. 15 Within and overlay polygons of grid B5
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Fig. 16 All polygons which were covered in A, B, C, and D series

The village Amlidih is a total of 3.85577574 km2 in area. And to cover the whole
village according to the methodology proposed, a total of 79 grids files were built in
which 26, 25, 12, and 16 belongs to A, B, C, and D series, respectively. The size of
the grid was 408 * 490 m (Fig. 17).

10 Application

The codes developed for this project help to do the project in quick span of time and
with no error. So the same model can be used in other states of India to create the
khasra maps of other villages.

The process can be further automated by making the maps also using the Python
libraries to generate the PDF/JPEG copies of maps.

11 Conclusion

The use of Python in geospatial technologies leads to the advancement of technology
in domain as well makes it easier and effective to do the analysis. The use of open
source software’s makes the analysis globally accepted, so that everyone around
world can perform at no cost and also various developer’s forums and documentations
help in understanding of the software’s and working of the tools.
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Fig. 17 Final khasra map
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Shoreline Change Model: A Review

Sheetal Mutagi, Arunkumar Yadav, and Chandrashekarayya G. Hiremath

Abstract Coastal regions are complex and underrated environments with vast vari-
ability of processes, source causing erosion, accretion, and shoreline evolution every
year. To reduce the future changes in shoreline and coastal environment models are
developed by different approaches, suited timescales, and incorporation of param-
eters responsible for the change. This current paper gives an overview of different
availablemodels used alongshore, cross-shores, sandy coasts, estuaries for both long-
term and short-terms periods. Models are upgraded with the incorporation of new
modules, omitted parameters, updated equations, and a combination of 1D/2D/3D
systems to increase the potential to predict and prevent future loss.

Keywords Shoreline change ·Modeling · Sediment transport morphology ·
Erosion

1 Introduction

The shoreline is unique features and complex clearly defined as a line/interface
where water and land interconnect. Waves, winds, climate change, currents, rise in
sea level, and other factors are the causes of change in the shoreline. Shorelines
vary with location depending on the surroundings of shoreline and sand supply.
Shoreline change may cause either erosion or accretion or even both in the same
area. Accretion is a gradual increase in land by deposition of alluvial material and
Erosion is the opposite described as the removal of material by action of waves or
tides that replace the old dry area with water. Using the present and past informa-
tion of a particular area the shoreline change data helps in the prediction of future
changes and reducing the loss of life and property. This needs a multidisciplined
approach of finding and the changes by incorporating varying coastal processes and
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human and natural factors causing the change into a shorelinemodelwhich is uniform
throughout and alsowith the location change.Models are the representation of reality
and are formed to solve serious problems with a set of equations or simulations to
predict future changes with available past data. Due to the dynamic environment and
varying factors and processes causing the change, it becomes difficult to model, and
knowledge to understand and model with vast variability factors remains still finite
[1]. Due to the long-term shoreline movement includes both long-term and short-
term process interactions modeling of shoreline at different timescales is difficult
[2, 3]. Modeling of coastal areas can be done for different categories of shoreline
movements like a rotation of beach, cross-shore, long shore migration based on
long-term, short-term or mid-term time scales, and different approaches to evalu-
ating various factors like change in climate, sea-level rise, currents, and other. In the
past, the potential of models was confined as information about the shoreline posi-
tions and the absence of tools required for analysis to predict the future trend gave
the results with less accuracy and reliability [4]. Modern geographic information
system (GIS) technology is useful in accessing the information about the shore-
line position change, rate and helps to visualize the erosion and accretion trends.
GIS helps in various initial stages of model formation by the collection of data, anal-
ysis, prediction, and evaluation. Shoreline change modeling has evolved from simple
physicalmodels, numericalmodels to one-line shorelinemodels,multi-line shoreline
models, conceptual or equilibrium type models (2D/ 3D process-based beach profile
models), statistical model approaches, reduced complexity models, scale aggregated
semi-empirical models, behavior-oriented models, statistical approaches were used
to calculate the change rates of shorelines to predict the changing shoreline positions.
With advance of the geographic information system (GIS), DSAS known as digital
shoreline analysis system tool was developed in the 1990s that has many statistic
methods like endpoint rate, linear regression rate, net shoreline movement which is
the best conventional method in terms of both coast and time and helps in the future
management of the coastal area [5]. Average of rate (AOR), end point rate (EPR),
and linear regression rate (LRR) models are used to predict the changes and rate of
shoreline movement using historical data and finding the change in shoreline posi-
tions. Results obtained from this model help in the comparison between the rate of
changes occurring every year and forecast future trends [6]. Any randomly selected
parameter from the representation of the model will not give the exact prediction of
shoreline change rate due to varying points and dynamic shoreline environment. To
predict the exact shoreline change or position, the model should maintain continuity
[4]. Framework in modeling should also address processes that are physical such
as shoreline recovery or constraints accordingly and should also ensure consistency
among the different coastal processes and drivers and generalization of modeling
approaches when advanced from event to multidecadal and centennial timescales
[7]. The simplified approach of models helps to solve any long-term evolution of
shoreline by simulation and each model focuses only on limited problems and only
individual problems can be studied [8]. The combination of different models helps
to address most of the problems and improve predictive capacity with fewer errors.
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This current paper gives an overview of different available models used alongshore,
cross-shores, sandy coasts, estuaries for both long-term, and short-terms periods.

2 Models

Different models for prediction of shoreline change using different approaches and
equations like numerical models, analytical models, profile models, one-line models,
equilibriummodels, process-basedmodels involving 1D, 2D, and3Dare listed below.
Uncertainty may occur due to process or source inputs carrying to the whole process.
Models are updated to include the omitted module or any parameter to eliminate the
restrictions on using the model to solve only particular related problems and build
up a good predictive capacity to known about future scenarios of change. Table 1
shows the model name, overview, and outcome resulted from the type of model.

3 Conclusions

We observe that with the evolution of time, changes in landforms and also the evolu-
tion of coastal area is seen and prediction and calibration of model for shoreline
are complex because of its dynamic nature and less knowledge to understand the
variability of source and process and this paper presents the review of many different
models based on a different variation of time scales. Models stated in this paper
have their different approaches or combination of the idea of approaches/processes
with certain timescales in the end to stimulate and predict the evolution of beaches
in short-, long-term periods including cross-shores, long shores, sandy coast, tidal
basins. Most main important parameters other than physical were omitted, but incor-
porated in other models to upgrade the simulation of processes causing evolution,
predict future trends, and prevent shoreline change.
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Assessment of Groundwater Quality
Using WQI and GIS in Nacharam
and Mallapur Industrial Development
Areas, Hyderabad, India

Durgasrilakshmi Hari, V. Navya, and V. Sai Nikhil

Abstract Groundwater is the key source which satisfies the major water demands.
Groundwater is under great stress concerning quality and quantity due to uncontrolled
withdrawal and improper management, especially in urban agglomerations. Ground-
water quality in Nacharam and Mallapur Industrial Development Areas (IDAs)
which comes underMedchal-Malkajgiri District of Telangana State, India has special
importance and requires significant care of all concerned. To conserve groundwater
resources for domestic, drinking and irrigation uses, therefore it is important to
determine and monitor the quality of groundwater. The current study is undertaken
to analyse the key parameters of groundwater quality such as Colour, Turbidity,
Hydrogen ion concentration (pH), Electrical conductivity (EC), Total Dissolved
Solids (TDS), Total Hardness (TH), Total Alkalinity (TA), Dissolved Oxygen (DO),
Chloride (Cl‾), Phosphate (PO4

3−),Nitrate (NO3−), Fluoride (F−), Sulphate (SO4
2−)

and Lead (Pb) for 45 borewell locations in the study area.Water Quality Index (WQI)
for each samplewas calculated using the parameters obtained from the physicochem-
ical analysis.WaterQuality Index values are very high in and surrounding areas of the
study area range from 81.6 to 671.57. Using the Inverse Distance Weighted (IDW)
interpolation method in ArcGIS, the results of the physicochemical parameters and
Water Quality Index of all sampling points are spatially interpolated. The spatial
distribution map of Water Quality Index indicated that groundwater quality in and
surrounded 1 km area of Nacharam and Mallapur Industrial Development Areas
is very poor and unfit for drinking and other purposes as groundwater are highly
polluted.

Keywords Groundwater · Water Quality Index (WQI) · Assessment · GIS

1 Introduction

Groundwater is a vital key component of life-supporting ecosystem system hence
it should be carefully used and conserved. Groundwater used for various purposes
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like for drinking, domestic, agriculture, industrial, geothermal generation and many
more. Pollutants may enter through natural processes and human activities due to
which groundwater aquifers get contaminated. The groundwater used for various
purposes should be free from physical, chemical and biological pollutants. And
it may have potential health hazards using it without proper treatment. Therefore,
continuous assessment and monitoring of groundwater quality are essential to the
management of groundwater resources. Geographical Information System (GIS) is
an advanced technology used in various real-world applications. GIS techniques are
widely applied in surface and groundwater quality monitoring and spatial assess-
ment of pollution spread. The study aims to explore the groundwater quality status
through water quality spatial analysis. This study will also use geostatistical methods
to derive the Water Quality Index. To prepare the groundwater Quality parameters
and WQI spatial distribution maps, the ArcGIS Inverse Distance Weighting (IDW)
interpolation tool is used. The Groundwater Quality Index map is useful to visu-
alize and understand the relationship among the measured points and areal extent of
Groundwater contamination in the study area.

2 Study Area Portrayal

The present study area considered isNacharam andMallapur Industrial Areas located
in Medchal-Malkajgiri district of the state Telangana in India. Study area is situated
at 17° 25′ 24.34′′N latitude and 78° 32′ 47.18′′E longitude and at the mean sea
level of 494 m. It covers an area of 3.72 Sq. Km. Average annual rainfall is about
763.2 cm and annual average temperature of 26.7 °C. The study area is identified as
a Multi-Industrial Cluster. The Study Area map is shown in Fig. 1.

2.1 Statement of the Problem

The study area Nacharam and Mallapur Industrial Area surrounded by small scale
manufacturing industrial units of clothing exports, fabrication, rubbermaterial, tyres,
and furniture. It is famous for its shoe factories. The industrial area comprises of
various types of industries like pharmaceutical industries, food industries, electronic
workshops, chemical and plastic industries, etc. Over 10,000 people live within a
2–3 km radius of the IDAs. Mallaiah Colony, Vasavi Nagar colony, Gayathri Hills,
Jyothi Nagar Colony and Tirmala Meadows Colony residents are the most affected.
Nacharam, Mallapur industrial development areas residents have complained an
alarmover the foul smell andgroundwater pollutionoriginating fromadjoining indus-
tries, which they claim has aggravated during monsoon. Residents are complaining
of health issues such as asthma and bronchitis. Residents nearby IDAs raised concern
about disposing of untreated industrial wastes through the resident’s drainage system.
This may seriously affect the nearby water bodies as well as the groundwater. The
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Fig. 1 Study area map

bore well depth in the study area ranges from 100 to 500 ft. The colour of water in
some regions of the study area was found reddish-brown to yellow. In addition to this
industrial effluent from IDANacharam andMallapur contain appreciable amounts of
inorganic andorganic chemicals as their by-products also contaminatinggroundwater
in the study area. Drinking water is a primary concern and is delivered on alternative
days or once in three days in the study area, Even the quantity of water supplied is
meagre and is insufficient for daily domestic uses. Therefore, people living in nearby
colonies in study area are hardest-hit with the problem of unsafe groundwater. As
per 2019 pollution index scores out of 75 industries in Nacharam area 55 in Red, 14
in Orange and 6 in green category. And out of 94 industries in Mallapur 66 in Red,
19 in orange and 9 in green category. Many of the resident colonies near industrial
development areas are on the edge of pollution and have raised issues related to
water and air quality. In the study area, the majority of individuals depend on and
use groundwater for drinking and domestic purposes. Therefore, to protect human
health and safeguard groundwater resources, periodic water quality assessment in
the study area is necessary.

2.2 Scope of the Study

• The scope of the research is to assess the quality of the groundwater in and around
the Nacharam and Mallapur industrial areas and to evaluate the feasibility of the
groundwater for specific applications.
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• This study creates public awareness of the study area’s groundwater quality status
and assists administrators and policy makers in the preparation of groundwater
management plans.

2.3 Objectives of the Study

• To analyse the intensity of the groundwater contamination by assessing its
physicochemical characteristics and Water Quality Index.

• To prepare spatial maps on distribution of groundwater quality index and all other
parameters in study area using GIS techniques.

• To distinguish the boundaries of the affected areas and suitability of groundwater
quality status in and around Nacharam and Mallapur Industrial areas.

3 Methodology

To achieve the study objectives, the following methodological steps are taken. The
methodology considered for the study is shown in Fig. 2.

Fig. 2 Methodology flow chart
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Fig. 3 Location of groundwater samples

3.1 Data Collection

The sample locations for groundwater quality were chosen so that they reflect the
prevailing influence of the study area’s water quality. Throughout the study area,
collected about 45 groundwater samples from various bore wells. The bore wells
sample locations are plotted on the map as given below in Fig. 3.

3.2 Laboratory Testing Procedure for Physicochemical
Analysis

The 45 samples of groundwater acquired were carried to the laboratory and 14
different physicochemical parameters were analysed. Physicochemical analysis
performed following standard testing methods and procedures.
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3.3 Calculation of Water Quality Index (WQI)

WQI is a ranking reflecting the cumulative effect on the total quality of water of
various water quality parameters. Water quality information can be shown in a single
value using WQI. WQI is generally used for identification and assessment of water
pollution. In this study the Water Quality Index was calculated for parameters viz.:
Colour, pH, Conductivity, Turbidity, Total dissolved solids, Total hardness, Alka-
linity, Dissolved oxygen, Chlorides, Phosphates, Nitrates, Sulphates, Fluorides and
Lead.

The estimation of WQI was carried out by Horton’s method in this work. Using
the following expression, the WQI is calculated.

WQI =
∑

qn Wn

/∑
Wn (1)

where

qn nth water quality parameter quality rating
Wn nth water quality parameter unit weight.

Quality rating (qn).
The rating of quality is calculated using the expression provided by

qn = (Vn − Vio)/(Sn − Vio) × 100 (2)

V io = ideal value (for pH = 7 and for other values it is zero and for DO it is 14.6).
Sn = permissible limit as given in BIS 2012 standards.
Where Vn = estimated chemical value of sample
Unit Weight (Wn)

• In the first step, weights are assigned from 1 to 5 for the designated water param-
eters (pH, turbidity, hardness, conductivity, DO, nitrates, etc.), depending on
parameters relative value in terms of overall water quality for drinking purposes.

In the next step, calculate the Unit weight (Wn) for each chemical parameter using
the below equation

Wn = wi/
∑

wi (3)

where Wn is unit weight of parameter
The following Table 1 shows the Weight and Unit Weight of physicochemical

Parameters considered for this study.
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Table 1 Weight and unit weight of physicochemical parameters

S.No. Parameter BIS standards (IS
10500: 2012)
permissible limits

Weight (wi) Unit Weight Wn =
wi/�wi

1 Colour (pt/co) 5 2 0.04

2 pH 8.5 5 0.1

3 Conductivity
(µs/cm)

3000 3 0.06

4 Turbidity (N T U) 5 2 0.04

5 TDS (ppm) 2000 5 0.1

6 Hardness(ppm) 600 4 0.08

7 Alkalinity(ppm) 600 3 0.06

8 Dissolved oxygen
(ppm)

No Relaxation 5 0.1

9 Chloride (ppm) 1000 4 0.08

10 Phosphates (ppm) 0.1 2 0.04

11 Nitrate (ppm) No Relaxation 4 0.08

12 Fluoride(ppm) 1.5 4 0.08

13 Sulphate (ppm) 400 3 0.06

14 Lead (ppm) No Relaxation 4 0.08

�wi = 50 �Wn = 1

3.4 Creation of Spatial Map on Distribution of Water Quality
Index (WQI) in ArcGIS Using IDW Interpolation Method

Geographic Information System (GIS) deals with the analysis and modelling of
geographic data and information. GIS is an advanced technology which provides
spatial decision making for water quality studies. GIS allows the interpolation to
create unknown location water quality from known sample point values to get total
area water quality based on different water quality parameters.

In the present study, Water Quality Index is calculated from the results of the
physicochemical analysis of 45 groundwater samples. Spatial distribution maps
of groundwater quality index are created using Inverse Distance Weighted (IDW)
interpolation method in ArcGIS.
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4 Result and Discussion

4.1 Physicochemical Analysis of Groundwater Samples

The collected 45 water samples of the study area Nacharam and Mallapur Industrial
Development Areas were analysed in the laboratory for 14 water quality parameters
such as Colour, pH, Conductivity, Turbidity, Total dissolved solids, Total hardness,
Alkalinity, Dissolved oxygen, Chlorides, Phosphates, Nitrates, Sulphates, Fluorides
and Lead using various specific analytical instruments and standard procedures. The
physicochemical analysis results are presented in Table 2.

The results obtained are compared with the BIS 2012 standards and the study area
ranges are noted as below in Table. 3

The analysed physicochemical parameters were compared with the BIS 10500
limits (2012). The results indicating that all 14 parameters analysed are not within the
permissible limits of drinking water. The water quality assessment at all the sampling
points in and around Nacharam and Mallapur Industrial Development Areas showed
that groundwater quality is very poor. The values of TDS, Total Hardness, Alkalinity,
Chlorides, Phosphates, Nitrates, Fluorides, Sulphates, and Lead are very high. This
may lead to potential health hazards in and around study area.

4.2 Water Quality Index (WQI) Calculation

The drinking water quality requirements specified by the Bureau of Indian Stan-
dards—2012 were considered in this analysis for the calculation of theWater Quality
Index. Weight and Unit Weight considered for Water Quality Index calculation of all
the physicochemical Parameters are shown in Table.1. The weightages are assigned
and quality rating for parameters is calculated by using estimated values of parame-
ters and their permissible limits using Vn and Sn value and the qn is calculated from
Eq. 2. Then the Water Quality Index is calculated using formula mentioned in Eq. 1
for all the parameters.

4.3 Water Quality Index (WQI) and Status Groundwater
Quality

WQI-based classification of groundwater quality status of Nacharam and Mallapur
Industrial Development Areas is presented in Table 4.

Water Quality Index values are very high in and surrounding areas of study area
which ranges from 81.6 to 671.57. According to the groundwater quality status,
Classification of Nacharam and Mallapur Industrial Development Areas based on
WQI no sample is there in excellent category. Around 2.2% of groundwater samples
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Table 3 Comparative statistical summary of the physicochemical parameters analysed with BIS—
2012 standards

S. No. Water quality parameter BIS standards (IS 10500: 2012)
Desirable–Permissible

Study area ranges
Min–Max

1 Colour (HU) 5–15 34–215

2 pH 6.5–8.5—No relaxation 6.19–7.71

3 Electrical Conductivity (µs/cm) 700–3000 557–4210

4 Turbidity (N T U) 1–5 2.9–49.9

5 TDS (ppm) 500–2000 267–5000

6 Total Hardness (ppm) 200–600 468–3564

7 Alkalinity (ppm) 200–600 130–6020

8 Dissolved Oxygen (ppm) 5 (ICMR)—Not defined 2.30–8.30

9 Chloride (ppm) 250–1000 112–1384

10 Phosphates (ppm) 0.08–0.1 0.3–34.5

11 Nitrate (ppm) 45—No relaxation 3–408

12 Fluoride (ppm) 1–1.5 0.17–1.61

13 Sulphate (ppm) 200–400 7–384

14 Lead (ppm) 0.01—Not defined 0–1.40

could be useful for domestic, industrial and irrigation uses under the Good Water
Quality Status. The 20% of samples are in poor state of water quality and can be used
for irrigation but not for other applications. As 37.7% of samples are in very poor
water quality status and these are restricted to use for irrigation also. 40% of samples
are Unfit for drinking and cannot be used for either for irrigation or industrial purpose
appropriate treatment is needed prior to use.

4.4 Spatial Distribution of Groundwater Quality

Geostatistical methods and GIS for Groundwater studies provide a detailed synthesis
of water quality and quantity-related issues. Spatial interpolation methods are gener-
ally used to calculate the values of physicochemical parameters andWQI of ground-
water in unknown locations wherever they are not calculated. A total of 45 samples
of 14 physicochemical parameters were analysed in this analysis and the analysed
parameters were compared to the BIS specifications. The physicochemical param-
eters results and Water Quality Index of all groundwater samples are used as input
for spatial interpolation. The spatial distribution of all the analysed samples for the
14 water quality parameters and Water Quality Index were mapped using ArcGIS,
based on the Inverse Distance Weighted (IDW) process and the results are presented
in Figs. 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17 and 18.
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Table 4 WQI-based classification of groundwater quality status of Nacharam and Mallapur
Industrial Development Areas

S. No. Lat Long Location WQI Groundwater quality
status

1 17.444282 78.56149 Old meerpet 570.0627 Unfit for drinking

2 17.439428 78.564345 Narsimha nagar 430.23 Unfit for drinking

3 17.431718 78.569699 Nacharam 508.61 Unfit for drinking

4 17.433503 78.572554 Industrial area
Mallapur

524.70 Unfit for drinking

5 17.431362 78.574482 Industrial area
Mallapur

164.59 Poor

6 17.430434 78.576338 Ambedkar Nagar 260.56 Very poor

7 17.427935 78.574767 Ambedkar Nagar 354.60 Unfit for drinking

8 17.429648 78.572126 Industrial area
Mallapur

545.81 Unfit for drinking

9 17.428506 78.568985 Tirumala colony 585.32 Unfit for drinking

10 17.425936 78.569342 Tirumala colony 204.82 Very poor

11 17.423581 78.569985 Hema Nagar 174.74 Poor

12 17.423295 78.573126 Boddupal 218.765 Very poor

13 17.42201 78.573982 Mallaiah Nagar 167.32 Poor

14 17.421439 78.571983 Ambedkar Nagar 386.31 Unfit for drinking

15 17.423795 78.567914 Tirumala Nagar 351.20 Unfit for drinking

16 17.423509 78.564916 Hema nagar 214.58 Very poor

17 17.435073 78.557849 Ravindra Nagar 671.57 Unfit for drinking

18 17.438143 78.560919 Nacharam Industrial
Estate

349.99 Unfit for drinking

19 17.434788 78.563489 Industrial area
Nacharam

234.62 Very poor

20 17.43079 78.565844 Industrial area
Nacharam

415.62 Unfit for drinking

21 17.427578 78.56663 Hema Nagar 283.19 Very poor

22 17.452134 78.555993 Musi nagar 258.82 Very poor

23 17.45449 78.566201 HB Colony 518.88 Unfit for drinking

24 17.446424 78.566201 Shanthi nagar Colony 285.67 Very poor

25 17.449636 78.571555 Krishna Nagar 665 Unfit for drinking

26 17.442569 78.568557 Annapurna Colony 341.58 Unfit for drinking

27 17.444496 78.57284 Berappa hills 168 Poor

28 17.438643 78.570127 K.L Reddy Nagar 419.51 Unfit for drinking

29 17.440856 78.575338 Venkatramana colony 174.79 Poor

30 17.437857 78.580621 Industrial area 205.43 Very poor

(continued)
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Table 4 (continued)

S. No. Lat Long Location WQI Groundwater quality
status

31 17.42872 78.582334 RNS Colony 81.6 Good

32 17.422296 78.580621 Veera reddy Nagar 254.04 Very poor

33 17.42508 78.57748 Annapurna Colony 232.06 Very poor

34 17.417485 78.577746 Sai Bhavani Nagar 434.20 Unfit for drinking

35 17.413773 78.573177 East Balaji Hill
Colony

175.57 Poor

36 17.41444 78.567752 Anand Nagar Colony 356.24 Unfit for drinking

37 17.414915 78.562136 Kalyanpuri 125.39 Poor

38 17.418913 78.558139 North Kalyanpuri 179.25 Poor

39 17.424719 78.554808 Raghavendra Nagar 169.34 Poor

40 17.429478 78.550049 Veera reddy Nagar 277.6 Very poor

41 17.419199 78.566229 Hema Nagar 255.53 Very poor

42 17.43595 78.551286 Baba Nagar 285.62 Very poor

43 17.439472 78.550715 Durganagar 296.25 Very poor

44 17.444802 78.544433 Siripuri Colony 204.29 Very poor

45 17.44985 78.54776 Sanjay Gandhi Nagar 243.45 Very poor

Fig. 4 Spatial distribution map of colour
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Fig. 5 Spatial distribution map of turbidity

Fig. 6 Spatial distribution map of pH
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Fig.7 Spatial distribution map of EC

Fig. 8 Spatial distribution map of TDS
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Fig. 9 Spatial distribution map of total hardness

Fig. 10 Spatial distribution map of alkalinity
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Fig. 11 Spatial distribution map of DO

Fig. 12 Spatial distribution map of chloride
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Fig. 13 Spatial distribution map of phosphate

Fig. 14 Spatial distribution map of nitrate
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Fig. 15 Spatial distribution map of fluoride

Fig.16 Spatial distribution map of sulphate
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Fig.17 Spatial distribution map of lead

Fig.18 Spatial distribution of Water Quality Index and status of groundwater quality in and around
Nacharam and Mallapur Industrial Development Areas
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WQI map was created showing the spatial variability of groundwater quality
Status of the Nacharam and Mallapur Industrial Development Areas.

The groundwater quality index spatial distribution assessment around 1 km buffer
area and in study area showed that groundwater quality is mostly very poor and unfit
for drinking.

5 Conclusions

The current study is carried out for Groundwater Quality Assessment Using Water
Quality Index (WQI) and GIS Technologies in Nacharam and Mallapur Industrial
Development Areas. GIS and WQI methods were applied in this research to visu-
alize the spatial distribution of the quality of groundwater in the study area. A total
of 45 bore well samples are collected in the study area and physicochemical anal-
ysis was performed for 14 parameters such as Colour, pH, Conductivity, Turbidity,
Total dissolved solids, Total hardness,Alkalinity,Dissolvedoxygen,Chlorides, Phos-
phates, Nitrates, Sulphates, Fluorides and Lead. The physicochemical parameters
analysedwere compared to the limits ofBIS 10500 (2012). It is inferred from the find-
ings that all the 14 parameters analysed are not within the permissible drinking water
standards. The concentrations of TDS, Total Hardness, Alkalinity, Chlorides, Phos-
phates,Nitrates, Fluorides, Sulphates, andLead are very high. Thismay lead to poten-
tial health hazards in and around the study area. Water Quality Index values are very
high in and surrounding areas of the study area range from 81.6 to 671.57. According
to the groundwater quality status, Classification ofNacharam andMallapur Industrial
Development Areas based on the WQI sample categories as follows 1—Good water
quality status. The other categories include 9—poor, 17—very poor, and 18—Unfit
for drinking and no sample is there in Excellent category. The analysis indicated
that most of the groundwater in and surrounding buffer of 1 km of the study area is
Unfit for drinking, domestic purposes and cannot be used for either for irrigation or
industrial Application. The groundwater is highly contaminated in the study area and
suitable treatment is required prior to use. This research shows that Water Quality
Index and GIS methods combined can provide useful insights for the assessment
of groundwater quality. This study illustrated that industrial effluents and human
impacts are adversely affecting the groundwater of the study area and require an
effective plan to manage further degradation and contamination of the groundwater.
The conclusions drawn in this study made it possible to bring awareness of the crisis
of degraded quality of groundwater in the study area among the citizens, munic-
ipal authorities and the government. The state and central Governments should take
necessary actions to control the degradation of groundwater quality in the study area
through frequent monitoring of groundwater quality and indorsing appropriate laws
and implementing them strictly.
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A Case Study on Estimation
and Composition of Construction
and Demolition Waste in Bengaluru

M. Abhishek and Ashwin M. Joshi

Abstract Quantification of construction and demolition waste (CDW) is vital for
building up an effective waste management system as it helps in developing prac-
tical approaches, establishing waste collection centres, arranging labour and trans-
port facilities. The present work focuses on the estimation of CDW generated during
the time of demolition, construction, renovation of small-scale residential structures
and identifying the disposal site for dumping of CDW. Data regarding total CDW
disposed at the dumpsite and information related to the challenges faced by demo-
lition contractors were collected. Based on the collected data, correlation analysis,
regression analysis, forecasting and energy calculations were performed. The total
CDW generated at the generation sites, dumpsites and their Waste Generation Index
(WGI) was calculated. About 84% of CDW was contributed by demolition works
withWGI of 57.55 kg/m2, where brick masonry and concrete are the major contribu-
tors of CDWwith 31% and 21%, respectively. There was not much variation between
the observed and predicted CDW generation in case of construction works, but small
variation was witnessed in demolition works which was negligible. On forecasting
the CDW to be collected at a dumpsite (Rampura), it was estimated to collect about
51,680 tonnes for a year. The maximum energy consumption in transporting CDW
from site to dump yard was contributed by dump trucks compared to tractors. The
average distance between the CDW generation site and the disposal dumpsite per
trip was about 21 km.

Keywords Construction and demolition waste · Dumping · Estimation ·Waste
generation index · Forecasting

1 Introduction

Construction and demolition wastes (CDW) are produced during any construction,
repair and/or demolitionwork on structures like flyovers, subways, renovationworks,
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etc. It generally comprises of inert and non-biodegradable materials, for example,
concrete, mortar, metal, wood, blocks, and so forth. These wastes consist of generally
substantial mass and volume, and thus, consume space. Due to the unavailability of
disposal sites and stringent disposal mechanisms, they are either disposed near roads,
empty and barren sites, water bodies, etc. [1] as shown in Figs. 1 and 2.

It was not exceptional to notice massive loads of CDW dumped across streets
particularly near large-scale construction and demolition sites, causing traffic jam
and interruption. In India, the CDW generated is generally poorly managed via
illegal disposal in open space, roadsides and water bodies due to unavailability of
the recycling plant for processing [2].

Fig. 1 CDW dumped across road sides

Fig. 2 Construction and demolition waste disposed in an abandoned site
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It is assessed that the CDW generation in India was around 10–12 million tonnes
of waste yearly [1]. Nearly 55,000 million m3 of aggregates are required for the
housing sectors and an extra 750 million m3 aggregates for road sector projects.
Reusing of materials from CDW possibly will lessen the burden of supply of natural
aggregates for these sectors [3].

Materials, viz. blocks, wood, metal and tiles can be reused. Concrete andmasonry
waste along with excavated soil, representing over 50% of the CDW and the most
portion of which remain un-utilised in India [4, 5], whereas countries like the United
Kingdom, the United States of America, France, Denmark, Germany and Japan are
already well equipped with the process of reusing waste materials [6]. According to
an estimation conducted by Technology Information, Forecasting and Assessment
Council (TIFAC) in 2000, 70% of the construction industry is not aware of recycling
measures [3]. A reliable estimate of CDW generation is not available currently in
India [7].

There is enormous potential to utilise the CDW and other marginal materials
like slag in construction materials. Researchers have made efforts to utilise these
materials in the production of construction materials including masonry blocks, viz.
stabilised adobe blocks [5, 6], concrete blocks [5], stabilised mud-concrete blocks
[8], controlled low strength materials for various applications [9] and also utilised in
self-compacting concrete [10]. However, there is enough scope to further pursue the
interest in collecting data onCDWand thereby adopt best practices to dispose of these
inert materials efficiently by causing minimal impact on ecology and environment.

The current study focuses on the significance of reusing CDW, creates aware-
ness about the issue of managing such wastes and estimates the quantity of CDW
generation in localities of Bengaluru.

1.1 Generation of CDW

The construction industry has witnessed tremendous development over the past
decade, and the pace of increase of CDWgeneration was critical. In general, there are
two hotspots for generating CDW materials, to be specific, mass or bulk generators
and retail or small generators. The sectorswhich are themain sources forCDWgener-
ation are (1) infrastructure development sector and (2) real estate sectors. Construc-
tion and repairing of streets, spans, flyovers, etc. are grouped under the infrastructure
development sector. The land part of the real estate sector comprises lodging, indus-
trial and commercial building development, destruction of unapproved structures
and so on. Small business ventures and individual house construction groups are
considered as retail or small generators. The sources of CDW in a project are shown
in Fig. 3.

It has been recognised that appropriate evaluation of CDW is vital for building
up an effective management system. Quantification refers to the value of CDW
generation in a specific project. It can help the project managers to alter the mate-
rial purchase plan, organizing the stockpiling on-site and to decide the potential
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Fig. 3 Sources of CDW generators

Table 1 Major and minor
components of CDW

Major components Minor components

Brick masonry Conduits

Concrete Wood

Metal Pipes

Bitumen Electrical fixtures

Excavated soil Panels

waste recycling advantage and dumping cost. The data of waste generation can help
construction professionals in adapting a suitable methodology, facilitate establishing
waste collection centres, arranging labour and transport facilities [11].

The types of CDW that are generated during the construction, demolition, and/or
renovation of different types of structures are indicated in Table 1.

1.2 Objective and Scope of the Study

The scope of the current study was limited to collecting information related to the
number of dump sites located in and around Bengaluru and also estimate the total
CDW collected at the dump sites per day. Secure information regarding the waste
generated at construction sites and demolition sites. Conduct data analysis using
appropriate data analysis tools.
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2 Methodology

Questionnaires were framed based on literature survey and the requirements of
the current study. It has been circulated among different sections like demolition
contractors, construction and demolition sites, etc. The different basic data collec-
tion methods adopted were site visits, face-to-face interviews, telephonic interviews,
and online platforms such as WhatsApp messenger and emails.

The following data were collated,

• The location and number of CDW disposal sites in Bengaluru (marking their
location through appropriate tools such as Google Maps / Google Earth).

• Identify the coordinates of the location marked; information related to the number
of tractors/trucks visiting the disposal sites for dumping.

• Identify the per vehicle load capacity, estimate the waste collected/disposed of at
the dump yard per day.

• Information about the demolition and construction site such as number of storeys,
Gross Floor Area (GFA), identify the location of the waste generation site and
estimate the quantity of waste generated per square metre.

• Information such as waste generated per work, type of transport used, practices
followed during demolition, awareness of CDW disposal, etc.

The methodology adapted is indicated in Fig. 4. The images of dump sites is
shown in Fig. 5..

Using appropriate data analysis tools, the above informationwas analysed through
the following:

• Correlation analysis: Correlation test was performed to uncover the effect
between the factors/variables. Higher the correlation, the higher is the effect and
vice-versa. This analysis is done between those factors which are responsible for
the generation of CDW. In statistics, the correlation strength of variables can be

Fig. 4 Methodology followed during research
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Fig. 5 Disposing of construction and demolition wastes in dump site and GPS images of Rampura
and Kogilu

estimated using correlation coefficient (r). The following scale can be considered.
If r = ± 0.5, it is large, ± 0.3 is medium, and ± 0.1 is small.

• Regression analysis: Post the correlation test, regression analysis was carried out
to those factors which show correlation value beyond the above-mentioned scale.
It helps to predict the actual value and compare it with the obtained/ observed
values.

• Forecasting: The data obtained using the above data collection methods is then
forecasted and estimated for a set of days.

• Energy calculations: The energy consumed during the process of transporting
the CDW from the demolition site to the dump yards was also calculated.

3 Case Study

3.1 Demolition Site

The identification of demolition/renovation sites was challenging. A total of about
nine demolition sites were identified, and field visits were carried out to each iden-
tified site to collect the required data. The different types of CDW identified at the
site and their nomenclature are shown in Table 2.
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Table 2 Nomenclature for
the material composition

M Masonry

W Wood

BT Broken tiles

S Steel waste

C Concrete waste

ES Excavated soil

Table 3 Demolition waste generated per work and Waste Generation Index

Site No. Area, m2 (GFA) Total CDW generated per
work, tonnes

WGI, kg/m2 Types of CDW collected

1 672 25 37.2 M, W, S

2 929.03 30 73.39 M, BT

3 743.22 30 53.82 M, BT

4 557.42 35 37.67 S, M

5 734.31 30 40.36 C, W

6 445.93 45 61.28 M, C

7 408.77 75 134.55 M, BT, W

8 557.42 30 67.28 S, M, W

9 – * 180 – M, W, C, ES

*Still undergoing demolition

The total CDW generated per work in tonnes and the Waste Generation Index in
kg/m2 were calculated as shown in Table 3. TheWaste Generation Index is calculated
using Eq. (1),

Waste Generation Index = Total C&D waste generated per work in kg

Gross Floor Area
(1)

Tables 4, 5 and6 show the correlation analysis between the factors that are involved
in calculating the total CDW generated during demolition and construction. The R-
values (correlation coefficient) shown in the table depict the correlation strength
between the given factors.

3.2 Construction Site

Similar to identifying demolition sites, it was also difficult to identify suitable
construction sites. A target of five construction sites were set, and field visits were
carried out to each site and the required data was collected.
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Table 4 Correlation analysis (demolition waste)

GFA Total trips per
work

Per trip capacity Total CDW
generated per
work

WGI

GFA 1

Total trips per
work

0.70914 1

Per trip
capacity

−0.5851 −0.8321 1

Total CDW
generated per
work

−0.0243 0.0456 0.4932 1

Waste
generation
index

−0.4927 −0.2835 0.70003 0.87549 1

Table 5 Construction waste generated per work and waste generation index

Site No. Area, m2

(GFA)
Total CDW generated per
work, tonnes

WGI, kg/m2 Types of CDW collected

1 5574 3 1.08 C. ES

2 468.23 2 4.27 C, M, ES

3 278.7 2 7.18 M, ES

4 222.96 4 8.97 C, M

5 499.16 2 6.01 ES

TheWaste Generation Index was calculated using the same formula as mentioned
in the previous section. The result and the waste materials identified at the sites are
also shown in Table 5.

Table 6 Correlation analysis (construction waste)

GFA Total trips per
work

Per trip capacity Total CDW
generated per
work

WGI

GFA 1

Total trips per work −0.2843 1

Per trip capacity 0.99871 −0.25 1

Total C&D waste
generated per work

0.21508 0.875 0.25 1

WGI -0.8464 0.64478 -0.8223 0.23364 1
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3.3 CDW Dump Yard

Bengaluru had about eightC&Dwaste disposal sites in 2016.Out ofwhich, only three
were active, i.e. Mallasandra, Anjanapura, Srinivaspura and Kogilu [12]. However,
interaction with Bruhat Bengaluru Mahanagara Palike (BBMP), indicated that the
CDW dumping have been stopped at these sites and used only for dumping other
solid wastes (temporarily). It was also witnessed during site visits that there were
a number of private lands which were used for disposing CDW and one among
them was identified and visited at Rampura. Required data was collected this site for
four days.

(1) Transportation energy

Transportation energy is defined as “the energy required for transporting CDW
from the demolition or construction site to the dump yard or disposal site”. Various
steps involved in computing the transportation energy were,

• Estimating the per load capacity of the vehicle used to transport.
• Number of trips done for the transportation of demolition waste to the dumpsite

(Table 7).
• Based on the site visits, for the sites undergoing/undergone demolition and the

designated CDW disposal sites, the average transportation distance was found
to be about 21 km per round trip, and it was considered for the calculation of
transportation energy. Tractors of capacity 5 tonnes and dumpers of capacity 15
tonnes were used for transporting the demolition waste to the dumpsite. The fuel
efficiency of the vehicles used viz., the tractor and the dumper were fixed based
on the information provided by operators at 6 kmpl and 3 kmpl respectively.

• Fuel consumed per trip and total fuel consumed for transporting the demolition
waste to disposal site were calculated.

• Transportation energy was computed by multiplying the total volume of fuel
consumed with the energy density of diesel, i.e. 38.7 MJ/litre [2] (Table 8). The
details of per day CDW collected at Rampura site is presented in Table 9.

3.4 Demolition Contractors

As per the survey, the following observation was noted:

• Depending on the site conditions, approximate 15–40 tonnes of waste were
generated per work.

• An average of eight trips were carried out to transport the CDW per site.
• Maximum distance covered between the loading and unloading point varies from

10 to 20 km.
• Tractors, 6 wheeler truck and 10 wheeler trucks were used. The type of vehicle

used to collect the waste was dependent on the site conditions; the 10 wheeler
truck was commonly used.
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Table 7 Information collected at dump site

Location Area,
acres

Land
ownership

Type of
vehicle

Total
trips
per
day

Per trip
capacity,
tonnes

Total
CDW
generated
per day,
tonnes

Used
for

Remarks

Kogilu
(co-ordinates
=
13.1043270,
77.6457292)

15 Unauthorised
site

Tractor 50 5 250 Land
filling

Data
collected
was only
collected
for one
day

Dump
truck

Nil Nil Nil No dump
trucks
were
allowed

Rampura
(co-ordinates
=
13.0488580,
77.6786429)

190 Private site Tractor 96 5 478 Land
filling

Average
of 4 days
data
collected

Dump
truck

6 15 90 6 trips
were
done
only
once as
per the
data
collected

Table 8 Summary of total transportation energy of seven building wastes transported till the dump
yard

Description Notation tractor Dump truck

B1 B2 B3 B4 B5 B6 B7

Total energy
consumed for
transportation
of demolition
debris to
CDW dump
yard

TE 1354.5 1896.3 1354.5 1625.4 2515.5 1006.2 6037.2

TE in GJ 1.35 1.90 1.35 1.63 2.52 1.01 6.04

• 28.6% of respondents claimed that they segregate the waste and 57.1% claimed
that they segregated the waste at the demolition site. Due to the lack of equipment
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Table 9 Per day CDW
collected for four days at
Rampura

Days Trips per day
(tractor)

CDW per day in
tonnes

Date of visit

1 100 500 29/2/2020

2 90 450 28/2/2020

3 95 475 27/2/2020

4 97 485 26/2/2020

for segregation, the only waste material that was separated was steel. Post demo-
lition, the broken steel reinforcements and other metals were separated from the
debris and sent to the scrap buyers.

• 42.9% of respondents indicated that they do not record the waste generated during
demolition and 71.4% said they do not have any previous year record of waste
collected. It was because, during the time of demolition, the data was not recorded
and maintained.

• Only 28.6% of the demolition contractors claimed that they have received training
on demolitionwastemanagement. Hence, few demolition contracts follow awaste
management strategy.

• Most of the demolition contractors were aware of the utilization of CDW in
concrete and other construction material, but only 28.6% were aware of the
methodology of processing and reusing.

• Land clearance, machine maintenance, etc. were amongst the major challenges
faced.

4 Result

4.1 Total CDW Generated Per Work and Waste Generation
Index

Table 10 provides the contribution of various activities contributing to CDW gener-
ation. Demolition contributes nearly 84% of the total CDW generated from the data
collected as indicated in Fig. 6. Construction and renovation activities contribute
10% and 6%, respectively. The average WGI for demolition activities was found to

Table 10 Total waste generated per work and waste generation index

Type Number of sites Total waste generated per work in tonnes Average WGI, kg/m2

Demolition 9 480 57.55

Construction 4 150 5.72

Renovation 2 4 2.99
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Fig. 6 Overall CDW
generated at demolition and
construction sites

be 57.55 kg/m2. And the average WGI for construction and renovation activities are
5.72 kg/m2 and 2.99 kg/m2, respectively.

Figure 7 shows a mere 8% of the waste is recycled and the material sent for
recycling was reinforcing steel, window bars, and steel gates because of its scrap
value. The extracted steel was sent to the scrap vendors, and the remaining CDW
materials were directly disposed of at the dumpsites.

Fig. 7 Percentage of
dumping and recycling of
CDW
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4.2 Demolition Works

Table 11 and Fig. 8 show the observed and predicted values of demolition waste
generated per work. The predicted values are generated by performing regression
analysis between total CDW generated per work and total trips per work because the
correlation coefficient value between these two factors is more than the mentioned
scale.

Table 11 Observed and predicted demolition waste generated per work

Observed demolition waste
generated per work, tonnes

Predicted demolition waste
generated per work, tonnes

Total trips per work

25 36.84 5

35 35.79 7

30 36.32 6

30 36.32 6

45 37.89 3

30 38.42 2

30 38.42 2

75 36.84 5

30 33.16 12

Fig. 8 Observed and predicted demolition waste generated per work
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Table 12 Observed and predicted construction waste generation per work

Observed construction waste
generated per work, tonnes

Predicted construction waste
generated per work, tonnes

Total trips per work

3 2.25 1

2 2.25 1

2 2.25 1

4 4.00 2

2 2.25 1

Fig. 9 Observed and predicted construction waste generated per work

4.3 Construction Work

Similar to demolition waste data, the observed and predicted values were generated
by carrying out the regression analysis for the total CDW generated per work and the
total number of trips per work to verify the correctness of observed and estimated
values, and the results are shown in Table 12. The estimated values showed good
correlation with the actual values of construction waste which was generated.

Figure 9, shows the bar graph of actual and predicted values of construction waste
generated per work.

4.4 Construction and Demolition Waste Composition

Figure 10, indicates the average composition of CDW (%) observed in various
construction and demolition sites. Demolished brick masonry constituted about 31%
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Fig. 10 Composition of construction and demolition waste during current study

of the overall composition followed by concrete debris and excavated soil. Joshi et al
[4–6] and Sequeria et al [9] also indicated a similar trend in the composition of CDW.

Figure 11 shows the comparison of the typical composition ofCDWobtained from
different studies and the present study. Figure 12 shows the typical composition of

Fig. 11 Percentage of CDWcomposition generated during demolition, construction and renovation
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Fig. 12 Typical composition of CDW comparison with other studies

CDW as indicated by various studies along with the values observed in the current
study. The soil/sand and gravel proportions are high as compared to the current study
and the percentage of masonry is not available with other surveys.

4.5 CDW Disposal Site/Dump Site

(1) Data forecasting

Figure 13 shows the data forecasting on CDW collected at Rampura for a duration
of up to 320 days. The value stands at about 9230 tonnes for 20 days and 51,680
tonnes for about 320 days, which can be considered as the approximate volume of
waste disposed over a year after deducting for days with lean supply.

(2) Energy consumption

Figure 14, indicates that amongst the seven cases, B6 consumes the highest energy
of about 6.04 GJ due to a higher number of trips as compared to other cases. When
the number of trips increases, the total volume of fuel consumed also increases.
Figure 15, shows the share of energy consumed by tractor and dump truck used to
dispose of the CDW.
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Fig. 13 Data forecasting on CDW collected at Rampura for 10, 20, 50, 100 and 320 days

Fig. 14 Energy consumption by vehicles for transporting CDW from seven building sites to dump
yard in GJ (Giga Joules)

4.6 Demolition Contractor

From the results of the regression analysis, the graph is plotted between the total trips
andmaximum distance and showing the comparison between observed and predicted
total trips per work as shown in Fig. 16. The variation between one of actual and
predicted values were attributed to the error in data secured from the demolition
contractor. All other values indicate less deviation.
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Fig. 15 Percentage energy
consumed by tractor and
dump truck

Fig. 16 Comparison between observed and predicted total trips per work

5 Conclusion

From the results obtained, conclusions are summerised as follows,

• The absence of precise knowledge of CDWhas led to ineffective policies and poor
management in handling CDW across many Indian cities. Thus, there is a need
to adopt an effective methodology to estimate the CDW generation. The current
study is one small step in this direction.

• The average WGI for demolition, construction and renovation debris was found
to be 57.55 kg/m2, 5.72 kg/m2 and 2.99 kg/m2, respectively.

• As per the survey of demolition contractors, demolition debris of about 15–40
tonnes were generated per site based on size of the structure.
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• CDW disposal sites need to be designated by the government agencies, as it is
difficult to locate CDW collection centre in Bengaluru. With the absence of a
designated location, most of the CDWwas disposed of near the vicinity of roads,
water bodies, abandoned sites, etc. As per the results obtained from forecasting
data at Rampura dumpsite alone, the CDW debris was expected to reach 51,680
tonnes/year.

• Masonry debris, concrete debris and excavated natural soil consisted of a major
proportion of waste collected at dumpsite. The trend was similar in other major
cities of India.

• In the absence of an established market for consumption and recycling facili-
ties, these materials were dumped in landfills or in abandoned sites. There is an
immediate requirement to set up CDW crushing or recycling facilities in every
zones of Bengaluru and thereby reduce the impact on the environment to promote
sustainability.

• Theenergy consumed in transportingCDWfrom thedemolition site to the disposal
site was substantial and was led by dump trucks. Effective recycling facilities in
designated locations of Bengaluru may also help in the reduction of energy and
fuel consumption for CDW disposal.

• Currently barring steel, wood and similarmaterialswith residual scrap value, other
materials, viz.masonry and excavated soil debris remains unused or recycled. This
can be a valuable resource which can be effectively utilized in the preparation of
construction materials, viz. masonry blocks, mortars, low strength concrete and
controlled low strength materials [4–6, 8–10].
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Effect of Buckling Due to Wind Load
on Analysis of Natural Draught Cooling
Tower

C. L. Mahesh Kumar, K. G. Shwetha, B. C. Shanthappa,
and K. Manjunatha

Abstract This paper presents the study of buckling effect on natural draught cooling
towers. Natural draft cooling tower(NDCT) is the describing milestones of intensity
stations and are utilized as heat exchangers in Thermal power plants. Two cooling
towers i.e. Cooling Tower 1 (100.0 m), Cooling Tower 2 (200.0 m) with variation
in elevation and thickness of shell are considered for the analysis. Using ANSYS
Software, which is a FEA-based, the Eigen value buckling analysis is carried out for
two cooling towers. Natural draught cooling towers have been modelled considering
top end to be free and bottom end to be fixed. The study has been done in detail
about the finite shell element. Here three various cases have been considered for the
study of the effect of buckling on analysis of the natural draught cooling tower. Case
1—Height is kept constant and thickness of shell is varied from 400 to 800 mm. Case
2—Height is varied and thickness of shell is kept constant. Case 3—Both height and
cooling tower thickness of shell is varied. The behavioural changes of considered
cooling towers are examined usingANSYS,withVariation of its height and thickness
for initial 6 buckling modes. Maximum Deformation, Maximum Principal Stresses
are obtained and compared.

Keywords Cooling tower ·Maximum principal stress · Deformation · Thickness ·
Height
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1 Introduction

The most effective and economical way for the cooling of the thermal power plant
by using very less water and by reducing the thermal pollution of the natural water
resources, the natural draught hyperbolic cooling tower is the common measure for
the same.Bydoing this they balance the investment and cost of operation and environ-
mental factors and energy supply. This natural draught cooling tower contributes to
the energy output and the careful balance of environment. Due to the good strength
and stability the shape of the hyperbolic tower is considered [1]. Due to the high
demand for the modern construction technology the design and the construction
practices and technology towers with minimum thickness is preferred [2].

The present-day Natural draft cooling towers are exceptional structures in view
of their sheer size and complexities. It takes a shot at the rule of temperature contrast
between the air inside andoutside the peak.Hyperbolic state of cooling tower is gener-
ally favoured because of its quality and soundness and bigger accessible territory at
the base.Hyperbolic cooling towers are viably utilized for cooling enormous amounts
of water in thermal power stations, treatment facilities, nuclear power plants, steel
plants, cooling and other mechanical plants. Hyperbolic cooling tower also called
as Natural draft cooling tower (NDCT) [1] is the describing milestones of intensity
stations and are utilized as heat exchangers in Thermal power plants. They contribute
both to a good yield and to a cautious offset to site condition. These shell structures
are exposed to environmental loads, for example, Seismic and warm slopes that are
stochastic in nature.

A thorough literature survey study was done on the Analytical work carried out
on buckling analysis of cooling towers. In the analytical study conducted by Busch
et al. [3], A Discussion is done on the requirement on the necessity of the extended
durability of the tower, and the explanation of the durability design concept has
been done in detailed, and illustration has been carried out for the same. Sabouri-
Ghomi et al. [4] has discussed the importance of efficient and economical reinforced
concrete cooling towerwhich has led the engineers to design the tall and thin structure
with high slenderness aspect ratio. Stiffening rings has been added to increase the
structural buckling stability, parameters such as number and dimension, and location
of the stiffening rings has been considered while designing the cooling tower. By
using all the parameters, the structural buckling stability has been increased of the
cooling tower. Kulkarni and Kulkarni [5] has considered the different height and
different thickness of the cooling tower for the study of the effect of wind on cooling
tower, the cooling tower chosen for study was Bellary thermal power station. Staad
pro was used for the analysis of the cooling tower where bottom end is fixed and
top end is free [6]. Studies have been done on the variation of the maximum and
minimum principal stresses and the variation of displacement vs thickness has also
been considered for the study. Thematerial properties of the cooling tower are density
of RCC is 25 kN/m3, Poisson ratio is 0.15 and young’s modulus is 2.1 Mpa. Wind
load has been applied in the form of the wind pressure according to the codes IS
875 part-3 (1987). Lang and Strau [7] has done the work on the comparison of
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the cooling towers and has considered various aspects in the comparison. The two
natural draught cooling towers located in the city of lunen were used for comparison
with both having different heights and different number of columns in the cooling
tower. Comparison was done between the structural aspects of the cooling tower, like
the design and analysis and the structural systems and constructive requirements.
Construction stages of natural draught cooling tower like the erection of columns
and lower ring beam were discussed. Design and analysis method have also been
conceded for the study.

Due to the high demand for the natural draught cooling towerswhich are economic
and efficient, this has led the engineers to design the towers which are tall, thin and
high slenderness aspect ratio. By designing the economical and thin and tall cooling
towers the cost, time and the materials can also be reduced [1].

2 Modelling

This paper gives the discussion on the effect of buckling due to wind load on analysis
of the natural draught cooling tower. The prime reason for the study is to determine
the changes in the stresses and the deformation which have been calculated from the
eigen buckling analysis. The height and shell thickness of cooling tower is varied
considered for the analysis. To study the effect of buckling due to the wind load on
analysis of cooling tower, the eigen value buckling analysis is carried out for below
mentioned three cases with varying different parameters [2].

The shell thickness is varied to 400, 600 and 800 mm.

• Case 1—cooling tower height is fixed and the thickness of the shell is changed
from 400 to 600 mm.

• Case 2—cooling tower height is changed and shell thickness is fixed.
• Case3—both cooling tower height and shell thickness of cooling tower is changed.

2.1 Selection of Finite Element Tool

ANSYS software is used for the finite shell elements convergence study and analysis
to validate the shell element properly and accurately. By Using the linear static anal-
ysis of natural draught cooling tower, The Maximum principal stress, deformation
are obtained from the analysis, the optimum mesh size and finite shell element were
found by successful trials.
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2.2 Introduction to ANSYS

Manually producing a great finite element component is a long-time consuming
process with regarding money, the preparation of the huge quantity of the finite
component can be challenge with regard to the computer output. ANSYSworkbench
is a graphically based software package, model is formulated throughout the software
compared and imported to ANSYS workbench. ANSYS workbench is a computer-
aided engineering tool that generates the finite element model (pre-processor) along
with the connected results (post-processing). Using the united automatic technolo-
gies ANSYS workbench allows the design engineers to publish the change solid
products involving computer parts along with the forecasts its behaviour with design
optimization. The pre-processor software helps to predict the one for to edit model
series and it made possible for import geometric model through the solid modelling
[8].

2.3 Analysis of Buckling Behaviour

Linear buckling analysis (LBA) is typically preferred to find the critical buckling
load acting on cooling tower structure. This basic type of analysis is considered for
the obtaining of the results related to the eigen value problem and its related eigen
value associated vectors. These analyses produces the set of the load factor and the
buckling shape and mode, whereas the least value of these can be considered for the
buckling failure.

2.4 Material Properties

The differentMaterial properties used for modelling of natural draught cooling tower
for buckling analysis are (Table 1).

Table 1 Material properties
of cooling tower

Material properties Values

Young’s modulus of concrete 34,000 N/mm2

Poisson’s ratio 0.2

Compressive strength 35 N/mm2

Tension Strength 2.67 N/mm2

Young’s modulus of steel 2.1 × 105 MN/m2
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2.5 Models of Cooling Tower

The representation models of cooling tower are mentioned here of various height
and thickness of shell of the tower are shown here. 100 m cooling tower with 400
to 800 mm and 200 m cooling tower with 400 to 800 mm of shell thickness (Figs. 1
and 2).

The present cooling tower considered for the effect ofwind pressure on the cooling
tower, the wind pressure calculations are according to the IS 875 Part 3 [9].

Basic Design Wind (VB) speed is 39 m/s, considering the Mangalore region.
Considering the Category 1 class A (Exposed open terrain with no obstructions).

So, we have VZ = VB * K1 * K2 * K3
Where, K1 = 1.06, from page no 11 of IS 875 Part-3 (1987)
K2 = 1.26, from page no 8 of IS 875 Part-3 (1987)
K3 = 1, for tower under consideration
VZ = VB * K1 * K2 * K3 = 39 * 1.06 * 1.26 * 1
VZ = 52.0884 m/s
PZ = design wind pressure
PZ = 0.6 (V z)2…N/m2

PZ = 0.6 (52.0884)2

Fig. 1 Meshing details of 100 m cooling tower
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Fig. 2 Meshing details of 200 m cooling tower

PZ = 1627.9 N/m2.

Therefore, PZ is 0.001628 N/mm2 (Figs. 3 and 4).

3 Results and Conclusions

Eigen value buckling analysis gives the strength of the elastic ideal structure. It calcu-
lates the structural eigen values of the given system loading and boundary conditions.
It is called as the Euler buckling analysis. Eigen value buckling analysis Explains
the theoretical buckling strength of a Good ideal elastic structure. It calculates the
structural eigen values for the given system loading and constraints [2].

Buckling loads for certain designs are available. However, in real-life, structural
imperfections and nonlinearities prevent most live structures from reaching their
eigen-value predicted buckling strength.

Buckling analysis is a technique used to determine critical buckling loads and
buckled mode shapes (the characteristic shape associated with a structure’s buckled
response) [2].

The flow procedure of eigen-value buckling analysis is as follows.
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Fig. 3 Representation of the loading details of the cooling tower of 100 m height

Fig. 4 Representation of the loading details of the cooling tower of 200 m height
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Extraction of Outputs.

Expansion of the solution

Finding the eigen value buckling solution

Finding the static solution

Creation of Geometric Model

There are some techniques which are available in the ANSYS are Ansys Multi-
physics, ANSYS Mechanical, ANSYS Structural and ANSYS functional programs
for calculation of the buckling mode shape of a structure. Non-linear buckling anal-
ysis, and linear buckling analysis can be performed using above methods. As the
above methods can yield different results. Here The analysis used for study is
Eigen value buckling analysis. The concrete shell thickness is generally governed by
self-weight and wind loads.

3.1 Static Structural Results

The total deformation and the maximum principal stress results have been discussed
here (Figs. 5, 6, 7 and 8).

3.2 Modal Analysis

Physical structures always tend to vibrate, the modal analysis gives the results of
the frequencies at which the natural vibration occurs, and the mode shapes give the
properties of the system. The structures always resonate therefore any small forces
acting on it result in the major deformation and can possibly damage the structure.
The major purpose of the natural frequency or modal analysis is that the design
of the structures such that the resonance is reduced. Modes shapes represent the
dimensionless shape of the structure that undergoes during vibration at the particular
frequency i.e. the corresponding natural frequency of themode shape. The vibrational
characteristics i.e. natural frequencies andmode shapes of the structure is determined
by the modal analysis. This can lead to the continuation of the starting point of the
another or more detailed dynamic analysis. For the dynamic loading condition, the
natural frequencies and the mode shapes are important parameters in the design of
the structures (Figs. 9, 10, 11 and 12, 13 and 14; Tables 2, 3 and 4).
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Fig. 5 Representation of the total deformation details of the cooling tower of 100 m height and
thickness of 400 mm

4 Conculsions

The following conclusions can be drawn from the work

• The total deformation in the static structural analysis increases gradually as the
height and the thickness of the cooling tower increases. The values for the same
have been observed increase in height 100 and 200 m and thickness is from 400
to 800 mm.

• The maximum principal stress in the static structural analysis remains approx-
imately the same for the height 100 and 200 m. and the slight variation of the
stresses in observed in the thickness variation in cooling tower.

• The total deformation in the eigen value buckling analysis has the slight variation
from 1.1 to 1.8 mm considering all the cases with different height and the different
thickness of shell including the 6 modes of all cases as shown in the deformation
contour plots.

• The maximum principal stress in the eigen value buckling analysis has different
values for the different height and the shell thickness, in height of 100 and 200 m
cooling tower the stress observed is reducing as the thickness is increasing as
shown in the stress contour plots.
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Fig. 6 Representation of the total deformation details of the cooling tower of 200 m height and
thickness of 400 mm
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Fig. 7 Representation of the maximum principal stress details of the cooling tower of 100 m height
and thickness of 400 mm

Fig. 8 Representation of the maximum principal stress details of the cooling tower of 200 m height
and thickness of 400 mm
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Fig. 9 Representation of the eigen value buckling of total deformation details of cooling tower of
100 m height and thickness of 800 mm
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Fig. 10 Representation of the eigen value buckling of total deformation details of cooling tower
of 200 m height and thickness of 800 mm
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Fig. 11 Representation of the eigen value buckling of maximum principal stress of cooling tower
of 100 m height and thickness of 400 mm
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Fig. 12 Representation of the eigen value buckling of maximum principal stress of cooling tower
of 200 m height and thickness of 400 mm
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Table 2 Maximum
deformation and maximum
principal stress values for
100 m height 400 mm
thickness cooling tower

Buckling modes Maximum
deformation (mm)

Maximum principal
stress (MPa)

Mode 1 1.1297 1.0555

Mode 2 1.1377 0.71947

Mode 3 1.0087 0.71947

Mode 4 1.0216 0.71947

Mode 5 1.0614 0.71947

Mode 6 1.0212 0.71947

Table 3 Maximum
deformation and maximum
principal stress values for
200 m height 400 mm
thickness cooling tower

Buckling modes Maximum
deformation (mm)

Maximum principal
stress (MPa)

Mode 1 1.1541 0.14785

Mode 2 1.1458 0.17705

Mode 3 1.0208 0.16944

Mode 4 1.0885 0.097674

Mode 5 1.3358 0.20127

Mode 6 1.1292 0.12068
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Table 4 Maximum
deformation and maximum
principal stress values for
100 m height and 200 m
height cooling tower

Cooling towers Maximum
deformation (mm)

Maximum principal
stress (MPa)

100 m 400 mm 4.6489 20.839

100 m 600 mm 5.6156 19.937

100 m 800 mm 4.6489 20.839

200 m 400 mm 13.521 3.9327

200 m 600 mm 15.306 4.0476

200 m 800 mm 17.105 4.2996
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