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Preface

Sustainability is the key, and it needs to be practiced. Infrastructure which is a
major drive for the growth of nation’s economy is dependent on the sustainable
practices. Concrete found to be a key material of infrastructure development. Over
the years, it is found that an enormous amount of research is being carried out to
produce sustainable concrete and construction materials. Even though there is a
substantial amount of research being carried out on alternative materials which
makes the concrete more green and sustainable, dissemination of knowledge is
required to share the concepts and principles. Keeping all these in mind, an
International Conference on Recent Developments in Sustainable Infrastructure
(ICRDSI-2019) was organised during 11–13 July 2019 at School of Civil
Engineering, KIIT Deemed to be University, Bhubaneswar. This book includes
selected papers from this conference dealing with several topics, including sus-
tainable materials, computational, analytical and numerical modelling, construction
planning and management, corrosion of steel reinforcement and protection mea-
sures, life cycle assessment, green construction materials and technologies, smart
cities, sustainability and geo-environmental engineering, structural health moni-
toring system, nanomaterials, and rainwater harvesting analysis and design.

I thank Springer Nature team, co-editors, reviewers, student volunteers, KIIT
Management and Staff for their full support and cooperation at all the stages of this
event. I do hope that this book will be beneficial to students, researchers and
professionals working in the field of Recent Developments in the Sustainable
Infrastructure (Materials and Management).

Surathkal, India Dr. Bibhuti Bhusan Das
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Different Techniques Used for Well
Foundation Construction Focused
on Pneumatic Cassion Technique:
A Review

Rudrani Das, Amit Ganguly, and Purnachandra Saha

Abstract Well foundation is a kind of deep foundation that is conventionally allo-
cated beneath the water plane for bridges. Different techniques that are used for the
construction of well foundation and well sinking are horizontal drilling by divers,
grabbing method, jet air method, jet water method, jack-down technique, vertical
cutting edge method, pneumatic caisson technique, etc. The objective of the present
study is to review different types of well foundation construction techniques with a
case study of pneumatic caisson technique. Pneumatic caisson techniques are mainly
used in hilly and rocky areas. Pneumatic caisson is a kind of caisson which is shut at
the top and revealed at the bottom when in construction. The water is ceased from
the caisson cell or chamber by dint of consolidated air. Pneumatic caisson mainly
holds control over the work and preparation of the foundation in the rocky area for
the sinking of caisson. Only with an absolute attentive observation, the caisson can
be imperiled in a supine position. The bottom of the cell should be closed adequately
with concrete as it may have chances to be placed on dry bottom. The excavation
takes place, under the very high pressure and worker can go inside for inspection
of work, and some kind of health hazard may occur for this method. There are
many advantages as well as disadvantages for all the above techniques used for well
foundation.

Keywords Well foundation · Air jet ·Water jet · Jack down · Pneumatic caisson
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1 Introduction

The wells or as we call it the “caissons” basically dole out a huge section modulus
with the modest transverse surface, and hence are competent in taking large vertical
and parallel loads even when the unsupported length is immense. They distribute
a firm and hefty foundation for overweight loads to deep strata at river or seabed
[1]. The existence of wells previously and during 1863 was exceedingly crude. They
seemed to have imperiled by people who were completely unskilled of even the
elementary principles of putting down the vertical shaft. A lot of methods came
into existence since then. In the diving method, the divers went underwater and
abdicated the big rocks for making the foundation by the use of drilling machines.
In the grabbing method, big pick-up machines like cranes were introduced, and they
were used for removing the big rock strata from the ground surface since it was very
difficult for humans to go underwater and do the drilling [2]. In the jet air method, the
air was bloated from combats through the pipes. As a result, the air barges through
the soil mass and the concrete shoal degrading the frictional resistance on the shoal
surrounding the boundary [3]. In the jet water method, the hard soil was excavated
from the caisson to eliminate the soil around the curb and cutting edge portion [4].
The very next method that was introduced after this was the jack-down method. Soil
crutches were alternatively made at the prognosticated locations according to the
requirement along the boundary, and the load was capable of being put to use by
jacks through fabricated steel girders that are positioned on the peak of staining [3,
5]. In spite of the variable techniques that were used, the well foundation technique
still faced many problems especially in the rocky hilly areas where the current of
the river was very strong, that is, when the pneumatic caisson technique came into
the limelight [6–8]. Lots of literature are available on individual well foundation
construction technique. Hence, there is a necessity to organize these data in one place
and compare between the techniques. In this context, the main factual reason behind
this present study is to review different well foundation construction techniques with
a case study of pneumatic caisson technique.

2 Different Techniques Used for Well Foundation

2.1 Jet Air Method

Air jetting is a normalmethod forminimizing the friction of soil at the outer boundary
of the well for enhancing the sinking. Air jetting system was adopted in a very
different and effective manner so as to work around the caisson periphery at the
same time. It also provided scope for extension and depletion of area in befitting
the site fulfillment. When consolidated, air was bloated from combats through the
pipes where the air barges through the soil mass and the concrete shoal degrading the
frictional resistance on the shoal surrounding the boundary. The fervency of jetting
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air could be kept on hold bymaneuvering single or multiple rows of pipes. Generally,
four parallel rows on the inferior half of the caisson are enough to loosen the soil
around and above the ambit portion that gives maximum resistance of soil at the time
of sinking [3]. The major advantages of jet air method are that it yields smoothly
on cohesive soils. Without any adversity, this particular technique can be adopted
on all site construction. Cost is minimal, and it does not involve any special effort.
The major disadvantages are that air leakage is more and it is not suitable for higher
capacities.

2.2 Jet Water Method

The jet water technique is adopted for excavating the hard soil from the caisson
to eliminate the soil around the curb and cutting edge portion. When digging the
soil surrounding, the cutting edge and ambit cannot be eliminated specifically for
cohesive soils and hard strata. As a result, the ambit and the cutting edge get freed
allowing the well to sink. The liquid jets producing high velocity are adopted in
multiple construction methods such as jet grouting, sand draining, and jet piling [9].
The jet water technique yields smoothly on clayey or hard strata. These construction
methods are effectively used because they are high in digging efficiency, provide
high energy-density rates, and require but a relatively small and simple device for
producing high-velocity liquid jet. It is usually in the strata with subterranean water
or at the seafloor that high-velocity liquid jets are used for piercing and crushing.
The water encountered in such locations rapidly decelerates the liquid jet velocity
and minimizes the working adequacy of the jet [3]. The advantages of water jet
method are that it is a versatile and cost-effective cutting process. Minimal fixturing
is required. It perforates most materials without starting holes. It does not have any
heat-affected zone. The major disadvantage of water jet method is that the well may
have a chance of tilting. The mechanism enforcing this particular hypothesis has
successfully increased the distance traveled by high-velocity liquid jets in water.
Even though there was such a high-velocity jet liquid, an impairment appeared in
which there were fluctuations in the distance traveled by jet liquid which gave rise
to irregular casualties in watertight wall construction.

2.3 Jack-Down Technique

Jack-down technique on a very general level means driving the caisson into the bed
surface by appertaining the load from the peak of the steining by the help of jacks
from soil crutches [10]. Soil crutches were alternatively made at the prognosticated
locations according to the requirement along the boundary and the load was capable
of being put to use by jacks through fabricated steel girders that are positioned on
the peak of steining. The loads that are applicable to the jacks depend on the size,
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shape, and depth of caisson and the subsoil strata. The jacks are operated discretely
or comprehensively, and load on each jack can also be assorted to control the tilts
or slope of caisson during sinking. The soil crutches are fundamentally friction piles
and are drafted to take reaction of jacks. However, friction is contemplated only
in the length of anchors underneath final founding level of caisson. Soil friction
circling caisson is decreased by air jetting and soil beneath cutting edge and curb
is excavated by water jetting as and when necessary. System is very tidy, swift,
and efficacious, and sinks the caisson in true vertical position with administered
and guided tilts, shifts, and rotation [3]. The supremacy of jack-down method lies
in elementary mechanization of sinking process and can be adopted on projects,
especially with higher profundity of foundations and huge size of caisson in all types
of strata. With mechanized system and controlled operations of sinking, speed of
construction and tilts and shifts of caisson are productively controlled which are
the two major factors in construction of caisson foundations. Provisions in Indian
codes for steining thickness are mostly based on the supposition that thickness of
steining should be adequate for self-sinking of caisson to lower sinking efforts and to
avoid extravagant loadingduring sinking.Therefore, substantial reduction in concrete
and thereby in cost can be made by lowering thickness of steining with jack-down
method of sinking. The rapid completion of the project due to swift advancement
of sinking and construction of foundation shall significantly affect the benefit–cost
ratio. Economics of jack-down method is of course a point for study but it is only the
initial investment in acquisition of jack-down equipment, while the operational cost
is very emblematic. Though the soil crutches are non-recoverable, then overall effect
on the total cost of the project by using these mechanized methods after economizing
the designs and with greater speed of construction shall be very nominal. Jack-down
method is more useful and efficient in controlling the tilts and shifts in sinking of
caissons and could be tried on crucial projects [5]. The major disadvantage is that it
is a tough process and the labor cost is high.

2.4 Pneumatic Caisson Technique with a Case Study

Pneumatic caisson technique is generally done in the hilly and rocky areas. Places
like Arunachal Pradesh, Himachal Pradesh, and parts of North Bengal are famous
for pneumatic caisson technique [3]. When the depth of the water is very high and
there is huge current in the water, the divers or the grabbing methods are not able
to abdicate the big rocks for making the foundation, and that time the pneumatic
caisson technique was introduced. The pneumatic caisson technique consists of on-
ground construction of a reinforced concrete caisson having a working chamber for
the workers to work freely as shown in Figs. 1, 2, and 3.

In this case study, the location of the bridge was in Arunachal Pradesh in River
Dalai which is connecting Brahmaputra river. That particular location of the bridge
pier was totally on rocky area and that is why pneumatic caisson technique was used
there.
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Fig. 2 Section of the well with airlock and muck chamber
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Fig. 3 Schematic diagram of the well foundation

The flowchart of activities that are typically involved in the construction and
sinking of pneumatic caisson technique for bridge construction has been illustrated
below:
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Fabrication of well caisson by cutting edge ( by steel plates )

Placing of caisson in the river ( by the help of burge or lounge)

Concreting of the caisson

It should be properly placed by means of Theodolite.

Shuttering and Reinforcement fixing for well steining

Arrangement for fitting of Air Lock 

Positioning of Air Compressor

Generating the air pipeline to supply air from compressor to 
air lock chamber. ( Electrification for all the system )

The outer diameter of the well was 12 m and inner diameter was 9 m, and the
steiningwidth of thewellwas 1.5mas shown inFig. 1 and through the inside diameter
of the well, the working shaft fitted with airlock chamber had been temporarily fitted
(Fig. 2).

The workers enter the airlock chamber 1 through door 1 because the air pressure
in chamber 1 is normal pressure and is equal to the nature’s pressure but in chamber
2, the air pressure is very high. So there is a door 2 situated in between the two
chambers which are closed due to the high air pressure. After entering into chamber
1, the workers sit there for sometime. There is also a looking glass on chamber 1
so that the other workers who are outside can help by keeping a watch if any of the
workers who are inside fall sick. After sometime, the intermediate valve connecting
both the chambers is opened so that the high pressure in chamber 2 is passed to
chamber 1 through the valve. The pressure generated from chamber 2 comes in a
very slow manner to chamber 1 because the workers won’t be able to take the high
pressure suddenly. After sometime, the pressures in both the chambers become equal.
Only when both the pressures become equal, the door 2 opens. Now, the workers
from chamber 1 enter the chamber 2 and go down through a staircase fitted with a
temporary working shaft (made of steel). Now, after the workers have come down,
they will start the manual excavation by use of jackhammer, spade, shovel, etc.

Again, by the same air pressure method with intermediate door connecting in
chamber 2, there is also an arrangement to remove the muck by means of muck
bucket and electrical winch. The workers who are working down fill the bucket with
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muck and pieces of boulders or stones and send the bucket upward to the workers
who are standing up so they can abdicate the bucket out of the chamber. Now, there
will be a lot of cases where the boulders are really huge in size which can’t be broken
manually or by jackhammers. For this case, jack drill machine is introduced for
creating holes in the rocks. After creating the holes, ED (Electrical Detonator) and
gelatin are used for controlled blast. Blasting will only be done when all the workers
will come out of the chamber and will stand at a safe distance from the blasting
area and also the well chamber should be properly decompressed of air. As a result,
the well penetrates the rocks and will go down. After it goes down, again steining
with RCC will be done to increase the height of the well. The same method will be
followed unless the cutting edge penetrates the design strata. The well will now be
in a stable condition. Then bottom plugging and intermediate plugging will be done
for more stability. After that, an RCC well cap will be located above the well. Then,
an RCC pier and a pier cap will be constructed above the well cap so as to carry out
the load from the superstructure (i.e., the bridge slab) through substructure (i.e., the
pier, pier cap, and the well cap) and foundation (i.e., well foundation) to the ground.

A clear diagram of the above statement is briefly explained (see Fig. 3).
The main difficulty which was noticed in this case study was that sometimes due

to rapid decompression or compression, air bubbles were formed inside the body of
the workers which caused tremendous body ache or other fatal injuries. The remedy
provided to this particular difficulty was that there was a provision of a medical
chamber where sick workers were taken care and by means of air pressure, the air
bubbles from the body were removed. Also, regular medical test was carried out for
each of the workers. After coming out of the chamber, each of the workmen was pro-
vided with war milk. Majorly, for the safety and welfare of workmen, the following
precautions should be taken, i.e., accurate control of pressure, sufficient air circula-
tion, slow decompression and duplicate and spare equipments (Teng). Apart from
the safety and welfare of workmen, the main advantage that the pneumatic caisson
technique hold is allocating dryworking conditions that is good for locating concrete.
This technique is suitable for heavy bridges. This technique is also well suited for
foundations for which other methods might cause settlement of adjacent structures.
The major disadvantages of pneumatic caisson technique are that the construction of
pneumatic caissons is much expensive than open caissons. During working on the
various constructional activities, a proper care has to be taken; otherwise, it may lead
to fatal accidents and lastly, the labor cost is very high for this technique.

3 Discussion and Conclusion

In this study, divingmethod, grabbingmethod, jet air method, jet water method, jack-
down method, and pneumatic caisson technique have been presented. The diving
method is the simplest among this but due to shortage of workers and high life risk,
this method is not applicable everywhere. The biggest advantage of grabbing method
is that thewhole process is donemechanically by the use of cranes but even then it had
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a disadvantage. Sometimes, the crane could not hold the big strata rocks because the
rockswere totallywet and stuck to the ground. Toprevent this difficulty, air jetmethod
was used. Air jet method is an organized and effectual turnpike for minimizing the
friction of soil surrounding caisson. Air jet technique works well in cohesive soil but
in this method air leakages were more. This method was not suitable for working
in places which had high pressure capacity. Because of this major drawback of air
jet method, water jet method was introduced. The jet water technique is adopted for
excavating the hard soil from the caisson to eliminate the soil around the curb and
cutting edge portion. Even with such a high-velocity liquid jet, an impairment had
been noted, i.e., there were fluctuations in the distance traversed by the liquid jet
which lead to tilting of the well steining. Soil crutches were alternatively made at
the prognosticated locations according to the requirement along the boundary, and
the load was capable of being put to use by jacks through fabricated steel girders
that were positioned on the peak of steining. Hence, the caisson shifting and tilting
and also sinking operations were adequately kept in control in a mechanized way
by the jack-down method. This particular method was a very effective method but
this particular method was not really suitable for hilly and rocky areas having high
depth of water and huge water current. That was when pneumatic caisson technique
was introduced. In this method, the water was excluded from the caisson chamber
by means of compressed air as a result of which the well became totally dry. The
workers were able to work freely because of the dry condition. Because of the airlock
chamber, the workers were also able to adapt and work in high pressure capacity. If
the workers were not able to break the hard rock strata, ED and gelatin were used
for controlled blasting. This technique is suitable for heavy bridges and is also well
suited for foundations for which other methods might cause settlement of adjacent
structures. The pneumatic caisson technique was a very effective technique for well
foundation construction but it had some disadvantages too. The labor cost is very
high for this technique, and since the workers have to work in high pressure capacity,
sometimes they can have serious health hazards if they don’t take proper precautions.
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Strengthening of Soil Subgrade Using
Bio-Enzyme

T. Shil, R. Pradhan, Satyajeet Nanda, and Benu Gopal Mohapatra

Abstract Soil stabilization is frequently used in construction. In recent years, bio-
enzyme base soil stabilization has been promoted by various enzyme manufacturers.
These manufacturers are claiming the high increase in soil shear strength, reduction
in soil liquid limits, and swelling properties. In this paper, a review as well as exper-
imental study was carried out on the use of bio-enzyme in soil stabilization. Various
studies suggest the use of bio-enzyme and indeed increase the soil shear strength
properties up to 35% for clay. The strength gaining of bio-enzyme treated soil is very
slow. Few other studies suggest that bio-enzyme not increases enough shear strength
and it may not be useable to all kind of clay minerals.

Keywords Bio-enzyme · UCS · Soil stabilization

1 Introduction

In the construction industry, a cost-effective and environmentally friendly construc-
tion practice is an important challenge for engineers. Soil stabilization is a method of
improving the strength and durability of soils. Soil stabilization has been frequently
employed in the construction of roads and airfield pavement. In chemical soil sta-
bilization, chemical additives to the soil alter the geotechnical properties of soil
by physically combining with soil particles. Soils stabilized with lime and cement
show a large increase in the peak strength and stiffness; however, this strength incre-
ment comes with shrinkage and cracks in the stabilized soil and sometimes possesses
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unfavorable resiliencemodulus. In recent years, many different kinds of bio-enzyme-
based soil stabilizer have been introduced by various private agencies. Conflicting
reports on its strength gaining and enhancement of other soil properties have been
reported in the literature. In general, the bio-enzyme is noncorrosive, nontoxic, and
inflammable liquid which extracted from the vegetable and fruit extract, which can
be easily mixed with the water and subsequently with the soil. The manufactures
of bio-enzyme claim, soil, stabilized with bio-enzyme improves the strength of soil,
increases the life of structures, increases the CBR value, and reduces the consistency
limits. Bio-enzyme treated soil producesmore stable andpermanent structures,which
can resist wear and tear, infiltration, and weathering of soil particles. Contrary to the
above, studies like Khan and Taha [6] and Rauch et al. (1993) found no significant
enhancement in soil properties by stabilizing the soil with the bio-enzyme. This paper
reviews the change in soils’ index and engineering properties of bio-enzyme treated
stabilized soils. The comparison is made between the conventional soil stabilizers
(like cement) with the bio-enzyme.

2 Soil Stabilization

Soil stabilization can basically a protein which ways like bring particles more closer
to each other, by changing the composition of soil grains, facilitating the soil parti-
cles to devolve strong bond with each other. The soil stabilization can be categorized
into two parts: Mechanical stabilizer and stabilization by mixing various admixtures.
Based on the type of admixtures, the soil stabilization can be named inmany different
ways as lime stabilization, cement stabilization, fly ash stabilization, rice husk ash
stabilization, bituminous stabilization, thermal stabilization, electrical stabilization,
stabilization by geo-textile and fabrics, recycled and waste products, and thermal
stabilization. The selection of the method depends on the modification of properties
sought in shear strength, compatibility, and permeability of the soil and on the depth
and thickness of compressible layer, type of structure, allowable, total and differential
settlements, available time and equipment, local experience, environmental factors,
and their costs. Because of the large variety of soils, no one method is ever successful
in more than a limited number of soils. Many of the times, mechanical stabilization
does not induce enough strength enhancements; in these scenarios, chemical soil
stabilization may be taken into consideration. Chemical stabilization is an effective
method for soil stabilization for a wide range of soils; however, it comes with dis-
advantages like swelling, shrinkage, cracks, and difficulty to mix admixture with
the soil. Table 1 shows the disadvantage of various stabilization methods commonly
used in practice.

Fine-grained soil with a high percentage of clay content possesses low shear
strength and high compressibility. The nature and type of bonding between soil
particles andwatermolecules influencemuch of the clay behavior. The soil contented
a high amount of Smectite group of clay mineral (montmorillonite) possesses small
particle size (10A0 to 10 µ), high cation exchange capacity (80 to 100 meq/100 g),
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Table 1 Disadvantages of different stabilization methods

Method of stabilization Disadvantage

Addition or removal of soil particles In the case of longest roadway, replacement of soil is
not adequate

Organic chemical Eco-friendly, low cost with higher bearing capacity

Lime Dust problem, slurry application

Cement Uneconomical as requirement of cement quantity is
higher

Membrane stabilization Costly in nature as well as careful laying needs to be
done

large specific surface area (50 to 120 m2/g), and very common in occurrence (Avsar
et al. 2009; Fityus and Buzzi 2009; Nowamooz and Masrouri 2008; Huang and Wu
2007; Sabtan 2005; Mitchell 2003). The above characteristics of Smectite group of
claymineral facilitate the clay particles to hold a very high amount of water molecule
which subsequently induces a high amount of swelling in the soil. Swelling in soil
can produce very detrimental effects on the geotechnical structures like shallow
foundation, road subgrade, and railways (Hasan et al. 2016). A significant amount
of clay content in soil produces compressibility or volume change. Smectite group
of clay mineral shows high compressibility characteristics. High volume change in
soil mass can produce large differential settlement which may lead to the extensive
damage to the structures (Assadi and Shahaboddin 2009;Avsar et al. 2009;Chen et al.
2007; Ferber et al. 2009; Huang and Wu 2007). Soil stabilization in fine-grained soil
must address the issue of volume change, low shear strength, and swelling. Usually,
chemical stabilization and preloading with a quick drainage system employed to
stabilize the fine-grained soil. Table 2 shows the results of Trivedi et al. [4] and
Haralambos [9] where fine-grained soil was stabilized. About 20 to 30% in UCS and
5% in CBR value were increased after the stabilization.

Loose granular soil sometime needs stabilization. Both mechanical and chemical
stabilizations are employed for stabilization of loose granular soil. The main aim of
this stabilization is to increase the shear strength properties of soil. Table 2 shows the
results of Phummiphan et al. [5] where shear strength from the UCS test increased by
128%. The state of stabilizing coarse-grained soil is unsaturated; therefore, studying
these materials in terms of unsaturated soil mechanics is now getting momentum
(Wheeler and Sivakumar 1995).
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Table 2 Percentage change in soil properties with admixture

Author name Type of soil Methodology Dosage
(%)

Index
properties
of treated
soil

Strength
properties of
treated soil

Jyoti S. Trivedi
et al. [4]

Fine-grained
organic soil
(OH)

Using Fly Ash
in subgrade
stabilization.

10 1.9% (LL),
7.89%
(OMC),
–2.13%
(MDD)

4.87% (CBR)

20 5.04%
(LL),
3.86%
(OMC),
–2.13%
(MDD)

4.93% (CBR)

Phummiphan
et al. (2015)

Lateritic Soil Using high
calcium fly ash

– UCS (after 7
to 90 days of
curing) +
128.8%

Haralambos
[9]

CL, ML, SM,
GP-GM, GC

Portland
cement

3 – USC
increased
from 21 to
100%,
increases
more in
coarse-grained
soil

7 – USC
increased
from 21 to
51%

3 Bio-Enzyme

The enzyme is basically a protein which acts as a catalyst that speeds up a chemical
reaction without becoming part of the end product. The bio-enzyme being used in
commercial applications in the agriculture industry and was found to have stabiliza-
tion qualities in certain soil types. Bio-enzyme is nontoxic, nonflammable, noncor-
rosive liquid enzyme formulation fermented from vegetable extracts that improve
the engineering properties of the soil. Enzymes cause the water typically held on the
exterior of a clay particle to be shed and in turn blanket the clay particle causing the
particle to become neutral in charge, which pulls the particle closer together. This not
only reduces the water that can be absorbed in the clay structure but it strengthens
the soil and bonds the structures together. Enzymes are environmentally friendly,
and organic products that when used properly can provide great soil stabilization
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qualities for road construction, roadbeds, airstrips, storage yards, access roads, and
military applications. The bio-enzyme is applied to the soil in the liquid form.

The surface of clay particles usually possesses negatively charge. The dipolar
water molecule attracts toward the negatively charged clay surface and produces
water double layer around the clay particles. The bigger the double layer, the more
would be the swelling in the soil. The bio-enzyme replaces the absorbed double-layer
water with the organic cations; consequently, the thickness of double layer reduced
and soil tendency to swelling reduced extensively. Furthermore, the presence of
organic cations reduces the ability of clay particle to react with water, which makes
the soil particles more stable and intact the mechanical compaction effort applied to
the clay particle during the construction.

The effect of bio-enzyme on the clay particle is categorized as follows.

Clay water effect Enzyme reduces the size of double layer of clayey,
thereby reducing swells in clayey in the soil.

Cation exchange Thickness of double layer is reduced permanently,
which reduces the water absorption by clay, which
in turn reduces plasticity in clay and increases the
molecular structure of clay.

Enzyme stabilization effects Organic cations have large flat structures approaching
the size of clay particles, which then neutralizes the
negative charge of clay by covering it.

Other effects It facilitates the removal of pore water leading to
higher densities and reduced void percentages, lead-
ing to a realignment of particles, thereby reducing the
permeability of the soil.

Table 3: Summarized results of various studies on bio-enzyme treated soil. Vari-
ous studies and manufactures of bio-enzyme for soil stabilization have claimed the
following enhancement and economic benefit:

1. Cuts cost by 10–20%.
2. Higher CBR value/higher road strength: TerraZyme base structures have a much

higher CBR value.
3. Lower the maintenance cost by 30–50%.
4. Save construction time by 50%.
5. Pavement thickness is reduced by 5–10% in the phase of trials.
6. Environment-friendly and bio-degradable product.
7. The product has been accredited by IRC.
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4 Experimental Investigation

(a) General

In this present study, an attemptwasmade to present bio-enzyme an eco-soil stabilizer
mixed with soil to increase its index and strength properties. The specific objectives
of the present study are as below:

• To carry out literature review for understanding soil stabilized with bio-enzyme
and in particular to improve the soil subgrade.

• To determine the optimum dosage of bio-enzyme based on index and strength
parameters using laboratory experiments.

Soil used in this experiment was collected from Nayagarh, Odisha (20.1654 °N,
85.0233 °E). Soil was dark black in color. Soil was transported to Laboratory of
School of Civil Engineering, KIIT University and kept in for drying. Sieve analysis
was conducted for the natural soil using wet method of sieving. It is found that the
soil has a fine content (more than 60%). The physical properties of the soil tests are
conducted as per relevant IS codes as shown in Table 4.

(b) Sample methodology

In this experiment (UCS), water was accurately measured with measuring jar, which
is obtained from optimum moisture content of natural soil tested earlier and thor-
oughly mixed with calculated soil mass and kept the mixed soil in a tightly wrapped
polythene bag for 24 h, and then sample specimen was molded. In case of dilution
of bio-enzyme, it is mixed with distilled water with a hypodermic needle in a plastic
bottle; then required amount of mix was taken out to mix with soil mass; and kept the
mixed bio-enzyme mixed soil in a tightly wrapped polythene bag for 24 h, and then
sample specimen was molded. For natural soil, initially volume of UCS specimen

Table 4 Summary of index properties of natural soil

Sl.no. Physical property Natural soil IS code

1 Specific gravity 2.58 IS 2720-3-1 (1980)

2 Soil classification CI IS 1498 (1970)

3 Consistency limits

Liquid limit 35.5% IS 2720-5 (1985)

Plastic limit 19% IS 2720-5 (1985)

Shrinkage limit 16.5% IS 2720-6 (1972)

4 Free swell index 21% IS 2720-40 (1977)

5 Optimum moisture content 15.78% IS 2720-8 (1983)

6 Maximum dry density 18.10 kN/m3 IS 2720-8 (1983)

7 Unconfined compressive strength 270 kN/m2 IS 2720-10 (1991)

8 California bearing ratio (Soaked) 2.48 IS 2720-16 (1987)
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Fig. 1 UCS sample
preparation

was calculated and according to that mass of soil was calculated; mass of soil then
thoroughly mixed with OMC of soil; by using hydraulic pressing tool, soil specimen
was then compressed in three consecutive layers and wrapped with plastic wrapper
in order to avoid entry and exit of moisture into the soil specimen. After that, imme-
diately soil specimens were kept in curing tank, majorly immersed in for curing of
7 and 28 days (Fig. 1).

(c) Mix proportion

Avijeet Agencies Pvt. Ltd companymix design was adopted in this study for improv-
ing engineering properties of soil. Though several trial mixes were conducted refer-
ring to different authors’ mix designs, it was finalized with company mix designs as
it was having different dilution proportions as compared to different authors’ mix
design. The mix design proportions are given in Table 5.

Table 5 Mix proportion of diluted bio-enzyme mixed with soil

Mix design Dosage Dilution ratio Amount of
raw
bio-enzyme
(ml)

Amount of
diluted
bio-enzyme
(ml)

Added water
to soil (ml)

Dosage 1 5 m3/lt 1:1000 0.109 109.23 OMC-109.23

Dosage 2 7.5 m3/lt 1:1000 0.073 72.82 OMC-72.82

Dosage 3 10 m3/lt 1:1000 0.055 54.61 OMC-54.61

Dosage 4 12.5 m3/lt 1:1000 0.044 43.69 OMC-43.69
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Table 6 UCS of natural soil after 7 and 28 days

Type of soil Curing in days Unconfined
compressive strength
(qu), kN/m2

Undrained shear
strength or cohesion
(cu), kN/m2

Strain, %

Natural soil 7 270.89 135.44 1.26

Natural soil 28 278.59 139.29 1.27

Table 7 UCS of treated soil after 7 days of curing

Type of soil Dosage, m3/lit Unconfined
compressive strength
(qu), kN/m2

Undrained shear
strength or cohesion
(cu), kN/m2

Strain, %

Sample 1 5.0 322.91 161.45 1.47

Sample 2 7.5 338.70 169.35 1.54

Sample 3 10.0 325.33 162.66 1.48

Sample 4 12.5 310.94 155.47 1.42

Table 8 UCS of treated soil after 28 days of curing

Type of soil Dosage, m3/lit Unconfined
compressive strength
(qu), kN/m2

Undrained shear
strength or cohesion
(cu), kN/m2

Strain, %

Sample 1 5.0 341.52 170.76 1.58

Sample 2 7.5 361.08 180.54 1.64

Sample 3 10.0 347.73 173.86 1.58

Sample 4 12.5 334.77 167.38 1.52

(d) Results

Unconfined Compressive Strength (UCS) Test- The UCS value with a dosage
of 5 m3/lit, 7.5 m3/lit, and 10 m3/lit has been determined and presented in Tables 7
and 8.

Variation of compressive strength of natural soil and bio-enzyme treated soil with
different dosages are shown as follows (Figs. 2 and 3).

From Tables 6 and 7, it is found that the UCS is increased up to 7.5 m3/lit of
dosage, and further increase in dosage has reduced the UCS value (Fig. 4).

5 Discussion

Tables 2 and 3 showed the percentage change in soil index and engineering properties
when soil stabilized with commonly used admixture and bio-enzyme. From these
tables, it can be seen that soil properties change with both commonly used admixture
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Fig. 2 UCS at 7 days of
curing

Fig. 3 UCS at 28 days of
curing

and bio-enzyme. Saini and Vaishnava [12] observed in bio-enzyme treated soil that
CBR value increases after a curing period of 2 weeks. The result exhibited that the
dosage of 2 m3/200 ml was optimum because the consistency limits were reduced
and the soaked CBR increased after curing. Amount of clay plays a major role in the
variation of consistency limits. Marginal change in MDD exhibited which is 1.486
gm/cm3 to 1.633 gm/cm3. OMCwas observed to be decreased from 23.00 to 20.40%
but OMC and Liquid Limit, and plastic limit decrease. UCSwas observed to increase
from 3.53KN/m2 to 8.86KN/m2. CBR value increases with increased curing period.
Initially, CBR value was 1.19% but with enzyme stabilization CBR value was 5.80%
after 4 weeks, which shows an increase of 387% from the original soil. Eujine [15]
investigated the use of bio-enzyme in subgrade soil using the optimum dosage of
200ml/m3 LL increases in the first 2weeks and later decreases and enhances theUCS
up to 12 times the untreated soil. Dosage suggested in between 210 and 230 ml/m3.
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Fig. 4 Comparison of UCS
results at 7 and 28 days

Agarwal and Kaur [8] investigated the effect of bio-enzyme on compressive strength
of black cotton soil. The result demonstrated that unconfined compressive strength
of soil increases to 200% with a dosage of 1 ml/5 kg. The result also demonstrated
that in stabilized soil UCS of soil got higher in the curing period of 7 days. Nair and
Joseph (2016) investigated the effects of bio-enzymatic stabilization on clayey sand.
The result demonstrated that using a dosage of 400 ml/m3 of TerraZyme Atterberg
limits was reduced to 11% as compared to original soil. The result also demonstrated
that using an optimum dosage of 400 ml/m3 unconfined compressive strength of
soil gets increased to 180 kN/m2, whereas original soil was having 140 kN/m2. The
result also demonstrated that the CBR value of stabilized soil to 5% as compared to
original soil. Interestingly, Shankar et al. [1] found a large increase in USC using
bio-enzyme in coarse-grained soil. Khan and Taha [6] and Rauch et al. (1993) use
bio-enzyme in fine-grained soil. This emphasized that bio-enzyme may not react
equally with all types of clay, and its cation exchange capacity need to be evaluated
for each and every soil before use in practice. In both these studies, no significant
change in soil properties has been observed. Compared to the other commonly used
chemical stabilizers like cement or lime, the process of strength gain is very slow.

6 Conclusions

In the present study, experimental study has been conducted to investigate the effect
of bio-enzyme as a soil-stabilizing agent. Index and shear strength properties were
studied at a well-controlled laboratory condition. UCS tests were conducted on large
diameter.
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Following conclusions can be drawn from the above research:

• As bio-enzyme is available in liquid form, it is easy to mix with the soil. The
strength gaining of bio-enzyme treated soil is very slow, and it may need at least 7
to 28 days to observe any appreciable changes in the soil properties. Bio-enzyme
may not react with all types of clay; therefore, it is very essential to conduct a
detailed investigation before any practical uses.

• It is essential to determine the optimum dosage, while using bio-enzyme as a soil
stabilizer, as it was found in this research that at higher dosage the shear strength
may decrease.

• The shear strength from UCS test has been increased in the range of 20 to 35%
at optimum dosage of 7.5 m3/lit.

• It was found that bio-enzyme indeed brings positive changes to the soil properties;
however, extensive laboratory investigation must be conducted to determine the
optimum dosage, effect of curing, efficiency of mixing, type of soil, and water
quality. The same should be verified in field condition before implementation.
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Analysis of Seepage from a Triangular
Furrow with Negligible Freeboard
Considering Soil Capillarity Using
Inverse Hodograph and Conformal
Mapping Technique

Kshyana Prava Samal, G. C. Mishra, and Nayan Sharma

Abstract Furrow irrigation is a conventional method of irrigation. It has lower
application efficiency in comparison to drip irrigation. The obvious reasons for lower
efficiency are (i) excess seepage losses and (ii) inappropriate furrow spacing. Close
spacing of the furrows leads to unwise use of land resources, whereas wide spacing
leads to non-availability of irrigation water to crops grown in the central part of
the furrow ridge. In furrow irrigation method, generally a freeboard is provided to
prevent overtopping of water during irrigation water supply. Overtopping for a small
period is not harmful to plants. But a freeboard of considerable height would lead to
loss of cropping area. In this study, the seepage analysis is carried out for a furrow
which has negligible freeboard or ridge height considering uniform soil capillarity.
For such a section, the stream line originating at the water surface level in the furrow
moves close to the horizontal ground surface before becoming a parabolic surface.
The locus of the phreatic line is found for different side slopes of the furrow section.
There is a need to find the seepage loss and the loci of the phreatic lines, and hence
appropriate spacing of the furrows was found out. The analysis has been carried out
considering the symmetry of the flow domain while solving using inverse hodograph
method. In this study, seepage analysis is carried out for a triangular furrow which
has negligible freeboard considering uniform soil capillarity. It was found that the
seepage loss and the lateral spreading vary quasi-linearly with capillary suction head
and due to capillary action, first water moves in horizontal direction and then after
moving certain distance follows a parabolic path.
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1 Introduction

Furrow irrigation is the method of water application in which water moves in the
furrows and the crops are grown on ridges. Hence, it is a conventional method of
irrigation practiced in tropical region in India to grow vegetable crops, which has
lower application efficiency in comparison to drip irrigation [4, 5]. It is observed that
about half of the water delivered in a furrow gets lost as seepage and other losses [1].
Generally a freeboard is provided in a furrow to prevent overtopping of water during
irrigation water supply. Seepage from a triangular furrow with sufficient freeboard,
which does not restrict capillary rise in the furrow ridge, has been analyzed by Samal
and Mishra [2]. Overtopping for a small period is not harmful to plants. But a free-
board of considerable height would lead to loss of cropping area. Risenkampf (vide.
[3] studied the case of seepage from a very shallow ditch having negligible freeboard
considering capillarity. His study reveals that capillarity influences the water to move
in lateral direction which otherwise would have gone vertically downward under the
action of gravity as the depth of water in the ditch is very small. The capillarity also
increases the flow rate.

2 Statement of the Problem

The inverse hodograph, complex potential pertaining to half of the flow domain, and
the mapping onto auxiliary t-plane are depicted in Fig. 1a through f.
Mapping of the Inverse Hodograph (dz/dw) Plane onto the Auxiliary t-plane
According to the Schwarz–Christoffel transformation, the conformal mapping of the
inverse hodograph domain onto the lower half of the auxiliary t-plane, the vertices
A, B, P, C, S, D having been mapped onto −∞, 0, λ, 1, γ,∞, respectively, on the
real axis of the t-plane, is given by

dz

dw
= M3

t∫

0

dτ

τ 1−α(τ − λ)1−2(1 − τ)1−(1/2−α)(τ − γ )
+ N3 (1)

Parameters λ, γ, M3, and N3 are unknown. The integration constant N3 is gov-
erned by the lower limit of integration. Since for vertex B, t = 0, and dz

dw = 0, the
constant N3 = 0. Equation (1) is rewritten as

dz

dw
= M3

t∫

0

{(τ − γ ) + (γ − λ)}
τ 1−α(1 − τ)(1/2)+α(τ − γ )

dτ

= M3

⎡
⎣

t∫

0

τα−1(1 − τ)(
1
2 −α)−1dτ − (γ − λ)

γ

t∫

0

(1 − τ/γ )−1

τ 1−α(1 − τ)(1/2)+α
dτ

⎤
⎦ (2)
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Fig. 1 Steps of conformal mapping
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Expanding the term (1 − τ/γ )−1 binomially and integrating

dz

dw
= M3

{
βt (α,

1

2
− α) − (γ − λ)

γ

∞∑
n=1

(γ )1−nβt (n + α − 1,
1

2
− α)

}
; 0 ≤ t ≤ 1

(3)

For vertexC, t= 1, and dz
dw = 0. Incorporating this condition in (3) and simplifying

{
B(α,

1

2
− α)

}
−
{

(γ − λ)

γ
Iγ

}
= 0 (4)

where

Iγ =
{ ∞∑

n=1

γ 1−n B

{
(n + α − 1), (

1

2
− α)

}}

Equation (4) yields

λ = γ

[
1 − B(α, 1

2 − α)

Iγ

]
(5)

Evaluation of M3
Going around vertex S in t-plane, there is a jump equal to (−i/k) in inverse hodograph
plane. Putting τ − γ = reiθ ; dτ = reiθ i dθ

− i

k
= M3 lim

r→0

π∫

0

{
(γ + reiθ − λ)

}
(
γ + reiθ

)1−α
(1 − γ − reiθ )(1/2)+α(reiθ )

reiθ idθ

= M3

π∫

0

(γ − λ)

γ 1−α(1 − γ )(1/2)+α
idθ = M3

(γ − λ)

γ 1−α(1 − γ )(1/2)+α
iπ

= M3
(γ − λ)π

γ 1−α(γ − 1)(1/2)+α(−1)(1/2)+α
i

Solving for M3

M3 = γ 1−α{γ − 1} 1
2 +α

kπ(γ − λ)

{
eiπ( 1

2 − α)
}

(6)
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3 Mapping of the Complex Potential Plane onto t-Plane

The Schwarz–Christoffel transformation of the w-plane onto t-plane is given by

dw

dt
= M4

t1/2(1 − t)1/2
(7)

Integrating

w = 2M4 sin
−1

√
t + N4 (8)

At vertexB, t= 0, andw= 0; hence,N4 = 0. For vertexC,w = −i Q/2 and t = 1;
hence,

M4 = −i Q/(2π) (9)

Incorporating N4 and M4 in (8)

w =
(−i Q

π

)
sin−1

√
t (10)

or
(

wiπ

Q

)
= sin−1

√
t (10a)

For t ≥ 1

wiπ

Q
= π

2
+ 1

i
ln
(
t ±
√
t2 − 1

)
(11)

At t = γ, w = ϕ + iψ = khc − i Q
2

Incorporating this condition in (11)

(
khc − i Q

2

)
iπ

Q
= π

2
+ 1

i
ln
(
γ ±
√

γ 2 − 1
)

(12)

Solving for hc and dividing by H

hc
H

= 1

π

Q

kH

{
− ln
(
γ −
√

γ 2 − 1
)}

(13)

As selection of ln
(
γ +√γ 2 − 1

)
would yield a negative value of hc, this term is

not considered.
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4 Relationship Between z- and t-Plane for 0 ≤ t ≤ 1

dz

dt
= dz

dw
.
dw

dt

For 0 ≤ t′ ≤ 1

dz
dt

= M3

⎧⎨
⎩βt (α,

1

2
− α) − (γ − λ)

γ

∞∑
n=1

(γ )1−nβt (n + α − 1,
1

2
− α)

⎫⎬
⎭
{(−i Q

2π

)
1

t1/2(1 − t)1/2

}
(14)

Integrating

t ′∫

0

dz = M3

(−i Q

2π

) t ′∫

0

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

βt (α,
1

2
− α)

− (γ − λ)

γ

∞∑
n=1

γ 1−nβt (n + α − 1,
1

2
− α)

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

dt

t1/2(1 − t)1/2
+ zB (15)

or

z(t ′) = − iM3Q

2π

t ′∫

0

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

βt (α, 1
2 − α) − (γ−λ)

γ

∞∑
n=1

γ 1−nβt (n + α − 1, 1
2 − α)

t1/2(1 − t)1/2

⎫⎪⎪⎪⎬
⎪⎪⎪⎭
dt + zB (16)

At t′ = 1, z = zc

zc =
(

− iM3Q

2π

) 1∫

0

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

βt (α, 1
2 − α) − (γ−λ)

γ

∞∑
n=1

γ 1−nβt (n + α − 1, 1
2 − α)

t1/2(1 − t)1/2

⎫⎪⎪⎪⎬
⎪⎪⎪⎭
dt + zB (17)

zc − zB = H cot(απ) − i H =
(

− i Q

2π

){
γ 1−α{γ − 1} 1

2 +α

kπ(γ − λ)
eiπ( 1

2 −α)

}
I1 (18)

or

H cot(απ) − i H =
(

Q

2π

){
γ 1−α{γ − 1} 1

2 +α

kπ(γ − λ)

}
I1[cos(απ) − i sin(απ)] (19)

where
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I1 =
1∫

0

⎧⎪⎪⎨
⎪⎪⎩

βt (α, 1
2 − α) − (γ−λ)

γ

∞∑
n=1

γ 1−nβt (n + α − 1, 1
2 − α)

t1/2(1 − t)1/2

⎫⎪⎪⎬
⎪⎪⎭
dt

I1 has been evaluated in Appendix 1.
Equating the real parts on either sides in (19)

H cot(απ) =
(

Q

2π

)
γ 1−α{γ − 1} 1

2 +α

kπ(γ − λ)
I9 cos(απ) (20)

Solving for Q/(kH)

Q

kH
= 2π2(γ − λ)

sin(απ)
{
γ 1−α{γ − 1} 1

2 +α I9
} (20a)

The same relation is obtained equating imaginary parts on either sides of Eq. (19).

5 Relation Between z- and t-Plane for 1 ≤ t ≤ γ

dz

dw
= M3

t∫

1

(τ − λ)

τ1−α(1 − τ)
1
2+α

(τ − γ )

dτ = M3

(−1)
1
2+α

(−1)

t∫

1

(τ − λ)

τ1−α(τ − 1)
1
2+α

(γ − τ)

dτ

dz

dt
= dz

dw
.
dw

dt

=
⎧⎨
⎩

M3

(−1)(−1)
1
2 +α

t∫

1

(τ − λ)

τ 1−α(τ − 1)
1
2 +α(γ − τ)

dτ

⎫⎬
⎭
[(−i Q

2π

)
1

t1/2(1 − t)1/2

]

(21)

Integrating

z(t ′) = i QM3

2π(−1)
1
2+α

(−1)1/2

t ′∫

1

⎡
⎣
⎧⎨
⎩

t∫

1

(τ − λ)dτ

τ1−α(τ − 1)
1
2+α

(γ − τ)

⎫⎬
⎭

1

t1/2(t − 1)1/2

⎤
⎦dt + zc (22)
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Incorporating M3

z(t ′) =

⎧⎪⎪⎨
⎪⎪⎩

(
eiπ/2

)
e
iπ
(
1
2−α

)

(e−iπ )
1
2+α(e−iπ

)1/2

⎫⎪⎪⎬
⎪⎪⎭
{

Q

2π

}⎧⎨
⎩

γ 1−α{γ − 1} 12+α

kπ(γ − λ)

⎫⎬
⎭

t ′∫

1

⎡
⎣
⎧⎨
⎩

t∫

1

(τ − λ)dτ

τ1−α(τ − 1)
1
2+α

(γ − τ)

⎫⎬
⎭

1

t1/2(t − 1)1/2

⎤
⎦dt + zc

=
{

Q

2π

}⎧⎨
⎩

γ 1−α{γ − 1} 12+α

kπ(γ − λ)

⎫⎬
⎭

t ′∫

1

⎡
⎣
⎧⎨
⎩

t∫

1

(τ − λ)dτ

τ1−α(τ − 1)
1
2+α

(γ − τ)

⎫⎬
⎭

1

t1/2(t − 1)1/2

⎤
⎦dt + zc (23)

At t = γ

zS =
{

Q

2π

}⎧⎨
⎩

γ 1−α{γ − 1} 12+α

kπ(γ − λ)

⎫⎬
⎭

γ∫

1

⎡
⎣
⎧⎨
⎩

t∫

1

(τ − λ)dτ

τ1−α(τ − 1)
1
2+α

(γ − τ)

⎫⎬
⎭

1

t1/2(t − 1)1/2

⎤
⎦dt + zc

=
{

Q

2π

}⎧⎨
⎩

γ 1−α{γ − 1} 12+α

kπ(γ − λ)

⎫⎬
⎭I2 + zc (24)

where I2 =
γ∫
1

[{
t∫
1

(τ−λ)dτ

τ 1−α(τ−1)
1
2 +α

(γ−τ)

}
1

t1/2(t−1)1/2

]
dt

I2 has been evaluated in Appendix 2.
The length (zS − zc)/H is given by

(zS − zc)/H = l/H =
{

Q

2π2kH

}{
γ 1−α{γ − 1} 1

2 +α

(γ − λ)

}
I2 (25)

6 Locus of the Phreatic Line

dz

dw
= M3

(−1)
1
2 +α

t∫

∞

(τ − λ)

τ 1−α(τ − 1)
1
2 +α(τ − γ )

dτ + N4 (26)
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At point ∞, dz
dw = i

k ; hence, N4 = i
k .

dz
dw

= M3

(−1)
1
2+α

t∫

∞

{(τ − γ ) + (γ − λ}
τ1−α(τ − 1)

1
2+α

(τ − γ )

dτ + i

k

= M3

(−1)
1
2+α

t∫

∞
τα−1(τ − 1)

(
1
2−α
)
−1

dτ + M3

(−1)
1
2+α

t∫

∞

(γ − λ)

(τ)1−α(τ − 1)
1
2+α

τ
(
1 − γ

τ

) dτ+ i

k

= M3

(−1)
1
2+α

t∫

∞
τα−1(τ − 1)

(
1
2−α
)
−1

dτ + M3(γ − λ)

(−1)
1
2+α

t∫

∞

(
1 − γ

τ

)−1

(τ )2−α(τ − 1)
1
2+α

dτ + i

k
(27)

Expanding the term
(
1 − γ

τ

)−1
binomially

dz

dw
= M3

(−1)
1
2+α

t∫

∞
τα−1(τ − 1)

(
1
2−α
)
−1

dτ + M3(γ − λ)

(−1)
1
2+α

t∫

∞

∞∑
n=1

( γ
τ

)n−1

τ2−α(τ − 1)
1
2+α

dτ + i

k
(28)

To convert the improper integral (as the lower limit of integration is ∞) a
substitution τ = 1

ξ
is made. Accordingly, (28) reduces to

dz

dw
= M3

(−1)
1
2+α

1/t∫

o

(
1

ξ

)α−1(1 − ξ

ξ

)( 1
2 −α)−1(−dξ

ξ 2

)
+ M3(γ − λ)

(−1)
1
2+α

1/t∫

0

∞∑
n=1

(γ )n−1ξ n−1

(
1
ξ

)2−α(
1−ξ

ξ

)1
2+α

(−dξ

ξ 2

)
+ i

k

= −M3

(−1)
1
2+α

1/t∫

o

ξ
1
2−1(1 − ξ)(

1
2 −α)−1dξ − M3(γ − λ)

(−1)
1
2+α

1/t∫

0

∞∑
n=1

(γ )n−1(ξ)(n+ 1
2 )−1(1−ξ)(

1
2 −α)−1dξ + i

k

= −M3

(−1)
1
2+α

{
β 1

t

(
1

2
,
1

2
− α

)
+ (γ − λ)

∞∑
n=1

(γ )n−1β 1
t

(
n + 1

2
,
1

2
− α

)}
+ i

k

(29)

For

γ < t ≤ ∞,

dw

dt
=
(−i Q

2π

)
1

t
1
2(1 − t)

1
2
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dw

dt
being real and positive.

dw

dt
= Q

2π

1

t
1
2(t − 1)

1
2

(30)

and

dz

dt
= −M3

(−1)
1
2+α

(
Q

2π

)β 1
t

(
1
2 ,

1
2 − α

)+ (γ − λ)
∞∑
n=1

(γ )n−1β 1
t

(
n + 1

2 ,
1
2 − α

)
√
t (t − 1)

+ i

(
Q

2πk

)
dt√

t (t − 1)
(31)

Incorporating M3

M3 = γ 1−α{γ − 1} 1
2 +α

kπ(γ − λ)

{
eiπ( 1

2 −α)
}

dz
dt

=

⎛
⎝ −1

(−1)
1
2+α

⎞
⎠
⎧⎨
⎩

γ 1−α(1 − γ )
1
2+α

kπ(γ − λ)

⎫⎬
⎭
{
e
iπ
(
1
2−α

)}(
Q

2π

) β 1
t

(
1
2 , 1

2 − α
)

+ (γ − λ)
∞∑
n=1

(γ )n−1β 1
t

(
n + 1

2 , 1
2 − α

)
√
t (t − 1)

+ i

(
Q

2πk

)
dt√

t (t − 1)
(32)

dz

dt
= dx

dt
+ i

dy

dt

Considering the real parts in (34)

dx
dt

=
⎧⎨
⎩

γ 1−α(1 − γ )
1
2+α

kπ(γ − λ)

⎫⎬
⎭
(

Q

2π

) β 1
t

(
1
2 , 1

2 − α
)

+ (γ − λ)
∞∑
k=1

(γ )n−1β 1
t

(
n + 1

2 , 1
2 − α

)
√
t (t − 1)

(33)

Integrating

x(t ′) =
t ′∫

∞

⎧⎨
⎩

γ 1−α(1 − γ )
1
2+α

kπ(γ − λ)

⎫⎬
⎭
(

Q

2π

) β 1
t

(
1
2 , 1

2 − α
)

+ (γ − λ)
∞∑
k=1

(γ )n−1β 1
t

(
n + 1

2 , 1
2 − α

)
√
t (t − 1)

dt + x |t=∞

(34)

As x |t=∞ = Q
2k ,



Analysis of Seepage from a Triangular Furrow … 37

x(t ′) =
t ′∫

∞

⎧⎨
⎩

γ 1−α(1 − γ )
1
2+α

kπ(γ − λ)

⎫⎬
⎭
(

Q

2π

) β 1
t

(
1
2 , 1

2 − α
)

+ (γ − λ)
∞∑
k=1

(γ )n−1β 1
t

(
n + 1

2 , 1
2 − α

)
√
t (t − 1)

dt + Q

2k

(34a)

Dividing by H,

x(t ′)
H

=
t ′∫

∞

⎧⎨
⎩

γ 1−α(1 − γ )
1
2+α

kπ(γ − λ)

⎫⎬
⎭
(

Q

2π

) β 1
t

(
1
2 , 1

2 − α
)

+ (γ − λ)
∞∑
k=1

(γ )n−1β 1
t

(
n + 1

2 , 1
2 − α

)
√
t (t − 1)

dt + Q

2kH

Substituting

t = 1

ξ 2
,
√
t (t − 1) =

√
1

ξ 2

(
1

ξ 2
− 1

)
=
√
1 − ξ 2

ξ 4
, dt = −dξ

ξ 3

x(t ′)
H

= −
⎧⎨
⎩

γ 1−α(1 − γ )
1
2+αQ

2π2kH

⎫⎬
⎭

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

√
1/t ′∫

0

B
ξ2

(
1
2 , 1

2 − α
)

√
1
ξ2

(
1
ξ2

− 1

) dξ

ξ3

+

√
1/t ′∫

0

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(γ − λ)

∞∑
n=1

γ n−1
B

ξ2

(
n + 1

2 , 1
2 − α

)
√

1
ξ2

(
1
ξ2

− 1

) dξ

ξ3

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ Q

2kH
(35)

x(t ′)
H

= −
⎧⎨
⎩

γ 1−α(1 − γ )
1
2+αQ

2π2kH

⎫⎬
⎭

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

√
1/t ′∫

0

B
ξ2

(
1
2 , 1

2 − α
)

ξ
√
1 − ξ2

dξ

+

√
1/t ′∫

0

⎧⎨
⎩(γ − λ)

∞∑
n=1

γ n−1
B

ξ2

(
n + 1

2 , 1
2 − α

)

ξ
√
1 − ξ2

dξ

⎫⎬
⎭

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ Q

2kH
(36)

Expanding in complete beta function in hypergeometric series of second kind to
remove the singularity at ξ = 0, in (36)

x
(
t ′)
H

= −
⎧⎨
⎩

γ 1−α(1 − γ )
1
2+αQ

2π2kH

⎫⎬
⎭

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

√
1/t ′∫

0

(ξ2)
1/2
2 F1

(
1
2 , 1

2 + α, 3
2 , ξ2

)

ξ
√
1 − ξ2

dξ

+

√
1/t ′∫

0

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(γ − λ)
∞∑
n=1

γ n−1
(
ξ2
)n+ 1

2

2
F1
(
n + 1

2 , 1
2 + α, n + 3

2 , ξ2
)

ξ
√
1 − ξ2

dξ

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ Q

2kH



38 K. P. Samal et al.

x
(
t ′)
H

= −
⎧⎨
⎩

γ 1−α(1 − γ )
1
2+αQ

2π2kH

⎫⎬
⎭

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

√
1/t ′∫

0

2F1
(
1
2 , 1

2 + α, 3
2 , ξ2

)
√
1 − ξ2

dξ

+

√
1/t ′∫

0

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(γ − λ)
∞∑
n=1

γ n−1ξ2n2 F1
(
n + 1

2 , 1
2 + α, n + 3

2 , ξ2
)

√
1 − ξ2

dξ

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ Q

2kH

(37)

Further substituting 1
2

√
1/t ′[1 + η] = ξ, dξ = 1

2

√
1/t ′ dη in (37)

x(t ′)
H

= −
⎧⎨
⎩

γ 1−α(1 − γ )
1
2+αQ

2π2kH

⎫⎬
⎭

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1

2

√
1/t ′

1∫

−1

2F1
(
1
2 , 1

2 + α, 3
2 , ξ2

)
√
1 − ξ2

dη

+ 1

2

√
1/t ′

1∫

−1

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(γ − λ)
∞∑
n=1

γ n−1ξ2n2 F1
(
n + 1

2 , 1
2 + α, n + 3

2 , ξ2
)

√
1 − ξ2

dη

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ Q

2kH
(38)

Computation of y(t′ )/H

dy

dt
= Q

2πk

1

t1/2(t − 1)1/2

y
(
t ′
) = Q

2πk

t ′∫

γ

dt

t1/2(t − 1)1/2

y(t ′)
H

=
(

Q

2πkH

) t ′∫

γ

dt

(t)1/2(t − 1)1/2
(39)

Substituting t = cosh2ξ ; dt = 2coshξ sinh ξ dξ and incorporating the limit
at t = γ ; ξ = cosh−1 √

γ ; at t = t′, ξ = cosh−1
√
t ′

y(t ′)
H

=
(

Q

kH

)[
cosh−1

√
t ′ − cosh−1 √

γ
]

=
(

Q

kH)

)
1

π

[
ln
{√

t ′ + √
t ′ − 1

}
− ln
{√

γ +√γ − 1
}]

(40)
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7 Results and Discussion

The following steps are followed for computing results:

Step 1: Assuming γ , λ is obtained from (5).
Step 2: Using the values of γ and λ the corresponding Q/kH is obtained from
(20a).
Step 3: hc/H is obtained from (13) using the value of γ and the corresponding
Q/kH is obtained from steps 1 and 2.
Step 4: l/H is obtained from (25) using the computed values of γ , λ, and Q/kH.
Step 5: Finally loci of the phreatic line is obtained from (38) and (40).

8 Variation of Seepage Losses, Q/KH with Capillary
Suction Head, hc/H, for Different Side Slopes
of the Furrow

The variations of Q
kH with hc

H for different values of m (i.e., m = 0.5, 1, 1.5 and 2)
are shown in Fig. 2. As seen from the figure, Q

kH varies quasi-linearly with hc
H .

9 Variation of L/H with Capillary Suction Head, hc/H,
for Different Side Slopes of the Furrow

Variations of l
H with suction head hc

H for different values of m (i.e., m = 0.5, 1, 1.5,
and 2) are presented in Fig. 3. l

H is quasi-linearly proportional to the capillary suction
head, hcH . l/H is more in case of steeper slope, i.e., m = 0.5 and less in case of flatter
slope, i.e., m = 2.

10 Loci of the Phreatic Lines for Different hc
H andM

The loci of phreatic lines are presented in Figs. 4 and 5 for m (i.e.,m= 0.5 and 1) and
suction head, hc/H. As seen from the figures, with increase in capillary suction head,
the phreatic lines widen in lateral direction. A phreatic line joins asymptotically with
the vertical at x

H = 0.5 Q
kH .



40 K. P. Samal et al.
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11 Conclusions

1. The seepage Q
kH varies quasi-linearly with capillary suction head hc

H .
2. The lateral spreading, lH , is also quasi-linearly proportional to the capillary

suction head hc
H .

3. Due to capillary action, first water moves in horizontal direction and then after
moving certain distance follows a parabolic path.
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Appendix 1

Evaluation of I9

I9 =
1∫

0

⎧⎪⎪⎨
⎪⎪⎩

βt (α, 1/2 − α) − (γ−λ)

γ

∞∑
k=1

(γ )1−nβt (n + α − 1, 1
2 − α)

t1/2(1 − t)1/2

⎫⎪⎪⎬
⎪⎪⎭
dt

=
1/2∫

0

⎧⎪⎪⎨
⎪⎪⎩

βt (α, 1/2 − α) − (γ−λ)

γ

∞∑
k=1

(γ )1−nβt (n + α − 1, 1
2 − α)

t1/2(1 − t)1/2

⎫⎪⎪⎬
⎪⎪⎭
dt

+
1∫

1/2

⎧⎪⎪⎨
⎪⎪⎩

βt (α, 1/2 − α) − (γ−λ)

γ

∞∑
k=1

(γ )1−nβt (n + α − 1, 1
2 − α)

t1/2(1 − t)1/2

⎫⎪⎪⎬
⎪⎪⎭
dt

= I9a + I9B
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In the integrand of I9a, t = 0 is a singular point. For removing this singularity,
substituting t = ξ 2, dt = 2ξdξ and accordingly incorporating the limits at t =
0, ξ = 0; and at t = 1/2 , ξ = 1√

2
,

I9a = 2
1
/√

2∫
o

⎧⎨
⎩

βξ2 (α, 12 −α)− (γ−λ)

γ

∞∑
n=1

(γ )1−nβξ2 (n+α−1, 12 −α)

√
(1−ξ 2

⎫⎬
⎭dξ

Further making a substitution ξ = 1
2
√
2
(1 + η), dξ = 1

2
√
2
dη

I9a = 1√
2

−1∫

−1

⎧⎪⎪⎨
⎪⎪⎩

βξ 2(α, 1
2 − α) − (γ−λ)

γ

∞∑
k=1

(γ )1−nβξ 2(n + α − 1, 1
2 − α)

√
(1 − ξ 2

⎫⎪⎪⎬
⎪⎪⎭
dη

I9b =
1∫

1/2

⎧⎪⎪⎨
⎪⎪⎩

βt (α, 1/2 − α) − (γ−λ)

γ

∞∑
k=1

γ 1−nβt (n + α − 1, 1/2 − α)

t1/2(1 − t)1/2

⎫⎪⎪⎬
⎪⎪⎭
dt

In the integrand of I9b t = 1 is a singular point. Substituting
1 − t = ξ 2, dt = −2ξ dξ and changing the limits I9b =⎡
⎢⎣

1
/√

2∫
o

⎧⎨
⎩

β1−ξ2 (α, 12 −α)− (γ−λ)

γ

∞∑
n=1

γ 1−nβ1−ξ2 (n+α−1, 12 −α)

√
(1−ξ 2)

⎫⎬
⎭2dξ

Further making a substitution ξ = 1
2
√
2
(1 + η), dξ = 1

2
√
2
dη

I9b = 1√
2

⎡
⎢⎢⎣

1∫

−1

⎧⎪⎪⎨
⎪⎪⎩

β1−ξ 2(α, 1
2 − α) − (γ−λ)

γ

∞∑
n=1

γ 1−nβ1−ξ 2(n + α − 1, 1
2 − α)

√
(1 − ξ 2)

⎫⎪⎪⎬
⎪⎪⎭
dη

I9b can be evaluated using Gaussian weights and abscissa.

I9 = I9a + I9b
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Appendix 2

Evaluation of I10

I10 =
γ∫

1

⎡
⎣

t∫

1

(τ − λ)

τ 1−α(τ − 1)
1
2 +α(γ − τ)

dτ

⎤
⎦ dt

t1/2(t − 1)1/2

τ = 1 is a singular point. Making a substitution

τ − 1 = ξm, τ = 1 + ξm, dτ = mξm−1 dξ

I10 =
γ∫

1

⎡
⎢⎣

(t−1)1/m∫

0

(1 − λ + ξm)mξm−1

(1 + ξm)1−αξm( 1
2 +α)(γ − 1 − ξm)

dξ

⎤
⎥⎦ dt

t1/2(t − 1)1/2

Assuming m = 2
1−2α

I10 = m

γ∫

1

⎡
⎢⎣

(t−1)1/m∫

0

(1 − λ + ξm)

(1 + ξm)1−α(γ − 1 − ξm)
dξ

⎤
⎥⎦ dt

t1/2(t − 1)1/2

For removing the singularity at t = 1, substituting t − 1 = η2, t = 1+η2, dt =
2η dη

I10 = m

√
γ−1∫

0

⎡
⎢⎣

η1−2α∫

0

(1 − λ + ξm)

(1 + ξm)1−α(γ − 1 − ξm)
dξ

⎤
⎥⎦ 2 dη√

1 + η2

making a substitution

η = 0.5
√

γ − 1(1 + Y );

dη = 0.5
√

γ − 1 dY

I10 = m
√

γ − 1

1∫

−1

⎡
⎢⎣

η1−2α∫

0

(1 − λ + ξm)

(1 + ξm)1−α(γ − 1 − ξm)
dξ

⎤
⎥⎦ dY√

1 + η2

Assuming

ξ = 0.5η1−2α(1 + X)
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dξ = 0.5η1−2α dX

I10 = m
√

γ − 1

1∫

−1

⎡
⎣

1∫

−1

(1 − λ + ξm)0.5η1−2α

(1 + ξm)1−α(γ − 1 − ξm)
dX

⎤
⎦ dY√

1 + η2

= m
√

γ − 1
N∑
i=1

W (i)
N∑
j=1

W ( j)F{ξ(Y (i), X ( j)), η(Y (i))}

The integration is carried out using 96 Gaussian weights and 96 abscissas, i.e., N
= 96.
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Bearing Capacity Analysis Based
on Optimization of Single Layer Depth
of Reinforcement Below Rectangular
Footing

Bandita Paikaray, Sarat Kumar Das, Benu Gopal Mohapatra,
Sahil Pritam Swain, and Sabyasachi Swain

Abstract This paper presents a study based on laboratory model tests conducted
with rectangular footing on unreinforced and geosynthetics reinforced crusher dust.
The test was conducted at loose (RD= 29%) andmedium dense (RD= 64%) state of
crusher dust taking the variation of single layer depth of geosynthetic placed below
foundation to find the maximum ultimate bearing capacity. The single layer depth
was varied at a depth of 0.2, 0.25, 0.3 and 0.35B for loose state of crusher dust and
for medium dense state, it was varied with 0.3, 0.4 and 0.5B (where B is the width
of the footing). Also geogrid along with geosynthetic (stagged one above another)
was used below footing at the optimum depth to find their combined effect. It has
been observed that the inclusion of reinforcement at various depths provided below
footing gives higher ultimate bearing capacity compared to unreinforced condition
at both relative density states. For loose state, the optimum single layer depth of
geosynthetic was found out to be 0.3B and for medium dense state, it was found to
be 0.4B. The percentage variation of ultimate bearing capacity of reinforced crusher
dust with respect to unreinforced at loose state (0.3B) was 112.56% and for medium
dense state (0.4B) was 71.15%. Increase in relative density along with addition of
reinforcement layer to the crusher dust has great impact on the bearing capacity of
footing. At both the reinforced and unreinforced conditions, higher density produced
higher result than the loose dense state of the material. Combination of geosynthetic
and geogrid used as a single layer below footing at optimum depth for RD 29%
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and RD 64% resulted in higher ultimate bearing capacity compared to the single
reinforcement and the percentage variation with respect to unreinforced condition,
it is found out to be 121.85% at RD 29% and 74.46% at RD 64%.

Keywords Model test · Crusher dust · Rectangular footing · Geosynthetic ·
Relative density · Ultimate bearing capacity

1 Introduction

For the last two decades in Civil Engineering, application of synthetic material such
as geogrid, geonet, geomembrane and geotextile has been known as a common tech-
nique to increase the ultimate bearing capacity of soils. Reinforcing soil for increasing
the load-carrying capacity has been a common practice and used widely since nine-
teenth century. Many researchers have used reinforcement as synthetics material
in different forms like geosynthetic, geogrid and geonet and in many other forms
to study its effect on bearing capacity by model testing or by analytical/numerical
method. It can be observed that most of the researches have studied on behaviour
of strip and circular footing in reinforced case to find the effect of reinforcement on
bearing capacity [1–6] but square and rectangular footings are most common in prac-
tice [7–12]. All model testing have been conducted on different shapes of footings
to find their best effect on bearing capacity. The effect of reinforcement, effect of
ring footing, effect of shape of footing and effect of contamination have been studied
by different researchers. In above tests, the effect of optimization of reinforcement
layer has not been conducted. Also using an industrial waste like crusher dust in huge
amount has not been reported except sand. In present study, crusher dust has been
taken as foundation material. Present study involves utilisation of crusher dust as a
foundation material in bulk. The annual production of quarry dust is roughly about
1.48 billion tonnes (2016 statics). It can be used in road pavements, filling pits and
abundant mines and in foundations based upon its suitability and ease of availability
in nearby areas. In present study, isolated rectangular (15 cm × 30 cm) footing for
model testing on unreinforced and reinforced (geosynthetic and geogrid) condition
at both loose and dense states of RD 29% and RD 64% has been taken and the effect
of reinforcement depth below footing at both density conditions has been optimised.
The objective of study is to determine the optimum depth of placing reinforcement
and also the combined effect of geosynthetic and geogrid on bearing capacity at the
same optimum depth of placement.



Bearing Capacity Analysis Based on Optimization … 49

Fig. 1 Grain size distribution of crusher dust

2 Materials and Methods

2.1 Material

2.1.1 Crusher Dust

For the complete experimental work, crusher dust was used in the foundation. It was
collected from Khurda, Odisha, India. The gradation of the curve was found to be
poorly graded soil showing the property of sand (SP). From the grain size distribu-
tion (Fig. 1), the coefficient of uniformity (Cu) and coefficient of curvature (Cc) were
found to be 20.6 and 0.519, respectively. The maximum (emax) and minimum (emin)
void ratios were found out to be 0.591 and 0.323, respectively, by dynamic com-
paction test. Sand rain technique was adopted based on the relative density finalised
for falling the material from a fixed height from the bottom of the tank. Each time a
10 cm depth of fill was maintained to obtain a uniform density throughout the tank.

2.1.2 Geosynthetics

In the present study, a nonwoven geosynthetic which is black in colour was used as
a reinforcement. It improves the ground stabilisation, good in tension and enhances
the tensile property of the soil. It also distributes the load across the large area. Sim-
ilarly, biaxial geogrid was also used as a reinforcement in present study. The tensile
strengths of geosynthetic geogrid were found to be 8.4 and 4.3 kN/m, respectively,
and the thicknesses of sheets were measured to be 1.15 mm and 0.48 mm, respec-
tively. Geosynthetic was extensively used in the experiment at different depths (as a
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Fig. 2 Geosynthetic and geogrid

first layer) to find out its optimum depth of giving maximum bearing capacity. The
schematic view of reinforcements is shown in Fig. 2.

2.2 Methodology

2.2.1 Footing Model

Footing of rectangular shape with length, width and height of 30 cm, 15 cm and
2.5 cm, respectively, having polished base was used in all the tests. It was used as a
surface footing in the present study. The ball bearing was paced at the centre of the
groove to transfer the load, Fig. 3.

Fig. 3 Model footing used for model test
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2.2.2 Test Programme

Experimental test was conducted on a test tank of size 1.6 m (L) × 1.0 m (B) ×
1.2 m (H). The boundary effect was minimised based upon the size of the tank and
the test plate. Concentric vertical load was applied through the load cell which was
connected to the hydraulic jack from the top and to the attachment rod in the bottom
setting to the ball bearing placed over the test plate for transferring the load during
test. Two LVDTs were connected to the diagonal side of the plate placed vertically
for measuring the settlement.

3 Experimental Procedure

The waste material ‘crusher dust’ was poured by sand rain technique from a desired
height to maintain the relative densities of 29 and 64% inside the tank. Uniformity
was maintained by filling with a mass of 269 and 294 kg for loose and medium
dense states with a uniform layer of 10 cm each time till the top of the reinforcement
layer reached. In case of combination of both geosynthetic and geogrid, one was
placed above another after reaching the required depth. The top layer spacing of
reinforcement from the surface of the material was taken as ‘u’. The load was applied
with a seating load of 0.3 kN to make the surface levelled and then load was applied
gradually till the material failed in shear, Fig. 4.

Getting the load and settlement data from the experiment till the failure, the load
settlement curve was drawn and the ultimate load-carrying capacity was determined.

Fig. 4 Load-bearing test on rectangular footing
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4 Result and Discussion

4.1 Effect of First Layer of Reinforcement

Model testing was conducted varying the first layer depth ‘u’ of reinforcement below
footing and the corresponding bearing pressure versus settlement was noted plotted
to graph, Fig. 5, at RD 29%. The depth of first layer reinforcement was varied as
0.2, 0.25, 0.3 and 0.35B from the bottom of the base of footing. When compared to
the unreinforced condition, it can be clearly seen that the inclusion of geosynthetic
reinforcement is showing higher ultimate bearing capacity. As the depth of placement
of single layer reinforcement below footing increases, the UBC (ultimate bearing
capacity) value also increases, but there is no significant increase in the UBC value
for increase in the ‘u’ value from 0.3 to 0.35B. It can be terminated that the provision
of reinforcement layer beyond u/B = 0.35 will not contribute to any significant
increase in bearing capacity of the footing. For unreinforced condition of crusher
dust of RD = 29%, the failure is similar to the punching shear failure with loose
state ofmaterial without provision of any reinforcement to resist the failure. Butwhen
the reinforcement is included the failure surface is showing a local shear failure with
little surface heave around the footing (RD 29%).

Similarly, bearing pressure is changing with changing the depth of first layer
reinforcement for relative density of 64% which is compared with the unreinforced
condition, Fig. 6. The first layer depth of reinforcement was varied as 0.3, 0.4 and
0.5B, from the base of the footing.

From the figure, it can be seen that there is a decrease in the UBC value after
u/B = 0.4 implying the higher ultimate obtained at 0.4B. This phenomenon can
be visualised, as the u/B exceeds a particular depth [13], and the major soil failure

Fig. 5 Bearing pressure versus settlement at RD29%
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Fig. 6 Bearing pressure versus settlement at RD29%

zone lies above the reinforcement layer and the reinforcement laid below it has no
significant contribution towards increase in UBC hence decreasing. It is reaching to
the conclusion that the reinforcement layer beyond u/B= 0.4 is not contributing any
significant increase in bearing capacity of the footing for RD = 64%. In this case,
the failure observed is general shear failure with sufficient surface heave around the
footing which can be easily visible with naked eye, Fig. 7.

The failure zone depth below footing depends upon the type of footing, shape of
footing, relative density and also the type of reinforcement along with the tensile
strength of the same.

Fig. 7 Nature of failure surface below footing
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Fig. 8 Density variation at optimum depth

4.2 Effect of Density on Bearing Capacity of Footing

The comparison between unreinforced crusher dust at both the density state and with
reinforcement at optimum depth is presented in Fig. 8.

The medium dense condition shows a higher UBC as compared to the loose con-
dition. It is more densely packed due to high frictional coefficient, so imparting more
bearing capacity. RD 64% shows an increase of 53% in ultimate bearing capacity
when compared to the RD 29% in unreinforced condition. From the graph, it can be
clearly seen that a great increase in the bearing capacity of the soil after inclusion of
reinforcement is obtained. The optimum depths were found out to be u/B = 0.3 for
loose condition and u/B = 0.4 for medium dense condition.

4.3 Effect of Combination of Reinforcement

Based on the result obtained at optimum depth, another layer of geogrid reinforce-
ment was added to the single layer reinforcement to find their combined effect. The
result obtained at both the density is tabulated below, Table 1. It shows the variation
of ultimate bearing capacity (UBC) on crusher dust for two relative densities RD =
29% and RD = 64% and it is compared with the unreinforced condition. For RD =
29%, the reinforcements are provided at u/B= 0.3 and for RD= 64% the reinforce-
ments are provided at u/B= 0.4 keeping no spacing (staged one above another). It is
clear from the table that the medium dense condition is giving higher UBC compared
to the loose dense condition by 19.45% at the optimum depth. It is due to the denser
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Table 1 Bearing capacity variation with variation of RD and reinforcement

Type N RD = 29% RD = 64% Percentage variation for density (%)

UBC (kN/m2) UBC (kN/m2)

– 0 183 278 51.9

GS 1 389 445 14.4

GG + GS 2 406 485 19.45

packing of crusher dust compared to the loose dense condition. The geogrid layer
is provided over the geosynthetic layer to provide better confinement of the crusher
dust as it has large apertures so as to limit the lateral movement of the soil. But on
the same time it has been observed that the increase in UBC due to geogrid is not
showing much higher value compared to single layer of geosynthetic at the optimum
depth.

5 Conclusions

The bearing capacity of rectangular footing placed on unreinforced and reinforced
crusher dust with different relative densities by varying the first layer depth of rein-
forcement was studied. Based on the experimental studies, following conclusions
are drawn:

• Addition of reinforcement giving higher ultimate bearing capacity to rectangular
footing when it is compared with the condition without addition of the same.

• As the density increases from low to medium dense, there is an increase in UBC
value by 42%.

• For RD= 29%, the optimum depth of first layer of geosynthetic reinforcement at
which the UBC value is found to bemaximum is 0.3 times width (B) of the footing
and for RD = 64%, it is found to be 0.4B. There was an increase of 112.5% in
RD = 29% and 71.15% in RD = 64% in UBC when compared to unreinforced
condition.

• For reinforced case, RD = 64% is showing higher UBC as compared to RD =
29% by 15%.

• Combination of geosynthetic with geogrid at the optimum depth is increasing the
UBC (not appreciable change) by 4.4% at RD 29%, whereas for RD 64% it is
increasing by 9%.

• The provision of both geogrid and geosynthetic reinforcement in one layer shows
a very little improvement in UBC and settlement when compared to the reinforced
condition when reinforcement was placed at optimum depths for both loose and
medium dense states.
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Decolorization of Congo Red Using
Synthesized Titanate Nanotubes (TNTs)

Saismrutiranjan Mohanty, Sanjib Moulick, and Sanjoy Maji

Abstract Congo red (CR, λmax = 497 nm, C32H22N6Na2O6S2) removal efficiency
from aqueous media was evaluated on synthesized titanate nanotubes (TNTs). TNTs
were synthesized hydrothermally and characterized by SEM/EDX andXRD. The as-
prepared TNTs were applied on Congo red to adsorb and/or photodegrade. Adsorp-
tion, in the absence of light, followed by photodegradation usingUV irradiation (UV-
C, 360 nm) was conducted. The results of the adsorption experiments suggested that
a dose of 4 g/L TNTs could adsorb ~86% CR with a shaking speed of 520–540 rpm
within 45 min at room temperature and pH ~6.8 ± 0.2 (pH of de-ionized water),
when the initial CR concentration was kept at 6 mg/L. Under the same experimental
conditions, the UV light was allowed to irradiate the same experimental suspension
for another 5 h to achieve the maximum CR removal efficiency ~98%. The adsorp-
tive behavior of TNTs was evaluated using Langmuir isotherm and was found to be
12.04 mg/g. The feasibility of adsorption was understood by D–R isotherm. Adsorp-
tion is followed Langmuir and Freundlich isotherms in a close proximity. Positive
free energy change value, �G0, suggests the process to be non-spontaneous and RL

(dimensionless equilibrium parameter) value implies the favorability of adsorption
process.

Keywords Titanate nanotubes · Congo red · Adsorption/photodegradation ·
Isotherms
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1 Introduction

Dyes are basically coloring materials and are responsible for the pollution of envi-
ronment. About 20% of dyes are lost as effluent from textile industries and in dying
processes [1–11]. Different types of industries like food, paper, cosmetics, plastic,
and textile utilize dyes for coloring the produced products. Dyes are very hard to
degrade due to their synthetic origin and complex aromatic molecular structure.
Congo red, a diazo dye, blue in acid solution and red in alkaline solution, is used as
a biological stain or as an indicator. It is carcinogenic and needs to be removed from
aqueous media for human consumption.

Commonly used treatment techniques include adsorption, flocculation, biologi-
cal treatment, reverse osmosis, ultra- as well as nano-filtration, and photocatalysis
[3]. Commonly used photocatalysts are TiO2 (anatase, P25), SnO2, ZnO, etc. The
bandgaps for TiO2, SnO2, and ZnO are 3.2 eV, 3.6 eV, and 3.37 eV respectively.
Among all the photocatalysts, TiO2 is used more frequently as it transfers electron
to molecular oxygen faster than the other available photocatalysts due to its low
bandgap. Furthermore, it is readily available, cheap, and eco-friendly in nature. In
the present study, synthesized titanate nanotube (TNT) has been employed to remove
Congo red (CR) from aqueous media.

2 Materials and Methods

Congo red (1000 mg/L) was prepared using C32H22N6Na2O6S2 (SRL Chemicals)
and diluted as per the requirement. Titanium dioxide (TiO2) powder was procured
from Loba chemicals. The concentrations of CR were recorded at 497 nm (λmax).

All apparatus were washed properly with tap water followed by double distilled
water (bio-agewater purification) followed by dilute acid treatment. Remi (R-24)was
used for the centrifugation of the samples. The pH measurements were done using
a digital pH meter (Wensar, WPH-10). Sartorius electronic balance, BSA224S-CW,
was used for measurement of mass. Shimadzu, UV-1800, was employed to record
spectra. For powder XRD analysis, X-ray diffractometer (Shimadzu XRD 6100) was
used with a Cu Kα radiation. For SEM/EDX studies, FEI-SEM (Apreo LoVac) was
utilized.

TiO2 powder (anatase, P-25, 25 g) was mixed with 100 mL of 10 M aqueous
NaOH solution and taken into a stainless steel hydrothermal unit and placed in a hot
air oven for 14 h at 150 °C. The positive charge Na+ gets encapsulated in between
the edge-shared TiO6 and octahedral layers of Na2Ti3O7. In this critical situation,
a positive strong generated static attractive force holds Na+ and TiO6 units tightly
together prohibiting the rolling of these layers into the nanotubes. In hydrothermal
treatment over a period of time, Na+ is gradually un-encapsulated with intercalated
H2O molecules into the interlayer space of TiO6 sheets.
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Fig. 1 Schematic presentation of the formation of TNT

Larger size of H2Omolecule than Na+ helps in enlargement of interlayer distance
during Na+ un-encapsulation, leading to weakening of attractive static interaction
force existing between TiO6 and octahedral layers. Finally, layered Na2Ti3O7 par-
ticle gradually exfoliates to form numerous sheet-shaped products and finally gets
rolled to nanotubes. The nanotube formation mechanism is shown in Fig. 1 [11, 12].
The titanate nanotubes, formed by alkaline hydrothermal treatment, are generally
crystalline in nature. However, there are several controversial issues regarding the
exact structure of these materials [11, 13]. The produced material was washed prop-
erly and repeatedly with double distilled water to attain pH ~ 7 and then dried up in
a hot air oven at 100 °C for duration of 6 h to generate TNT in solid powder form.
This was reserved in a black container in dry condition for further use.

The prepared TNTwas again treated with 0.01MHCl (3 g TNT in 10mL, 6 times
in an hour), to replace Na+ by H+. The suspension was repetitively washed in double
distilled water after each time of acid treatment to achieve pH ~ 7 and dried at 100 °C
for 6 h in a hot air oven. The resulting material is known as HTNT. Both TNT and
HTNT were characterized by SEM/EDX and XRD [13]. It is worth to mention here
that in the optimal conditions, efficiency of HTNT is comparable with TNT; hence,
the entire study was carried out using TNT only.

The evaluation of phase and structure of the synthesized samples was carried
out using an X-ray diffractometer (Shimadzu XRD 6100) with Cu Kα radiation
(wavelength λ = 0.15406 nm) in the scan range 2θ = 20–80° with a data acquisition
rate of 0.033° per step.

Experimental suspensions (50mL)with varying concentrations of CR (1–8mg/L)
were taken in a 500 mL beaker (surface area 55.44 cm2). TNTs of different doses
(1–6 g/L) were mixed in the CR suspension. The pH of the solution was fixed at 6.8
± 0.2. Beaker with suspension was then put on an electrically operated magnetic
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Fig. 2 Experimental set up

stirrer with an rpm of 520 ± 20 for around 45 min to achieve the maximum removal
of solute on TNT surfaces under dark conditions and around 5 h under UV light
(UV-C, 360 nm) for photodegradation in the presence of adequate amount of oxygen
at room temperature of 25 ± 2 °C. The distance between the CR suspension level in
the beaker to the UV light was kept at 13.2 cm. The experimental setup used in this
study was covered with a black cloth to prevent the irradiation of the hazardous UV
radiation to the surrounding (Fig. 2).

3 Results and Discussions

During the formation of nanotube structures, wrapping along a definite crystallo-
graphic axis results in the widening of peaks along this direction and therefore
assigning Miller indices to those peaks are difficult. In addition to that, the titanate
nanotubes easily undergo phase transformation during the physical or chemical treat-
ments (viz., heating, acid treatment, etc.) [11, 13]. The X-ray Diffraction (XRD)
patterns of TNT sample (Sample 1) and HTNT sample (Sample 2) were measured
in order to determine the crystalline phases present in the nanostructures (Fig. 3). It
can be noted from the figure that the samples do not contain any rutile or anatase
phase of TiO2. Further, diffraction peaks are present in both the samples except a
little change in intensity. The diffraction peaks of the sample can be linked with
A2TinO2n+1 crystallographic series with n= 5 and A=H, Na [13]. In case of HTNT,
no additional peaks in theXRDpattern appeared except a little change in intensity for
all the peaks as compared to that of TNT sample. It can be noted from Fig. 3 that the
XRD pattern of HTNT sample (Sample-2) matches fairly well with the monoclinic
(C2/m) H2Ti5O11, H2O structure (JCPDF-00-044-0131). These results suggest that
HTNT sample originates from sodium titanate phase. A comparison of the observed
2θ values (in degree) and interplanar spacing (dhkl) along with the standard values
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Fig. 3 X-ray diffraction
(XRD) pattern of Sample-1
(TNT) and Sample-2
(HTNT). The (red) solid dots
represent the peak positions
corresponding to monoclinic
H2Ti5O11, H2O
(JCPDF-00-044-0131)

is summarized in Table 1. SEM/EDX study was conducted using FEI-SEM (Apreo
LoVac) for both TNT and HTNT. However, with some impurities, the main compo-
sition of the synthesized precursors was found to be the titanium, as P-25 is ~99%
pure experiments were conducted at different concentrations of CR (1–8 mg/L) with
different doses of TNT (1–6 g/L) to determine the optimum conditions for removal
of CR from suspension. The optimum removal percentage of CR from synthetic
sample was found at the CR concentration of 6 mg/L with a TNT dose of 4 g/L.
The maximum adsorption and photodegradation were achieved at 45 min and 5 h,
respectively, with maximum removal efficiency of CR at ~98%. In a similar way, the
decrease in percentage of removal with respect to increase in concentration for CR
beyond 6 mg/L was caused due to the fixed precursor sites with respect to chemical

Table 1 Comparison of the observed 2θ values (in degree) and interplanar spacing (dhkl)

Sl. no. Lattice
planes

2θ value (in degree) Interplanar spacing (dhkl) in Å

Standard Experimentally
measured

Standard Experimentally
measured

Sample 1
(TNT)

Sample 2
(HTNT)

Sample 1
(TNT)

Sample 2
(HTNT)

1 (401) 26.197 26.87 26.92 3.399 3.315 3.310

2 (−511) 33.640 33.80 33.67 2.662 2.649 2.659

3 (−315) 38.525 38.87 38.96 2.335 2.315 2.310

4 (800) 43.627 43.76 43.87 2.073 2.067 2.062

5 (206) 51.008 51.70 51.50 1.789 1.766 1.773

6 (−11 15) 56.253 56.59 56.60 1.634 1.625 1.625
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moiety. The residual dye concentration was measuered by drawing a standard cali-
bration curve (Abs =0.051x concentration + 0.089, R2 = 0.9993) of Congo red in
the concentration range of 0–20 mg/L.

Contact time (solute and solvent) plays an important role on removal efficiency.
To know the maximum uptake of solute on sorbent surface with time, two types of
studies—(i) adsorption and photodegradation and (ii) simultaneous adsorption and
photodegradation—were performed at optimum conditions (TNT dose: 4 g/L and
CR concentration: 6 mg/L).

In the first case, themaximumadsorptionwas found to occurwithin 45min (~86%
removal) under dark conditions and the maximum removal of ~98% was achieved
through photodegradation of same suspension within 5 h (Fig. 4) of shaking time
under UV irradiation. It may be due to the presence of fresh and active surface sites in
the beginning which were exhausted gradually with time causing the suppression of
removal efficiency during the photodegradation. Photodegradation of dye is caused
due to transfer of electron(s) from conduction band to valence band of semiconductor
photocatalyst in the presence of adequate amount of oxygen in the suspension.

In the second case, removal efficiency of CR was high in the beginning and then
suppressed (Fig. 4). The obtained results may be due to the presence of fresh TNT
photocatalyst surfaces and may be due to the simultaneous occurrence of adsorption
and photodegradation of the solute molecules. Slowly decreasing activity of precur-
sors’ sites may have suppressed the removal of CR as it reflects in photodegradation
also.

Langmuir as well as Freundlich isotherm studies were performed (Fig. 5) in order
to evaluate themaximum adsorption capacity of TNT onto Congo red. The linearized
forms of Langmuir isotherm (Eq. 1) and Freundlich isotherm (Eq. 2) are presented
as follows:

(1/qe) = (1/Qmax) + (1/bQmax) × (1/Ce) (1)

Fig. 4 Kinetics of
adsorption and
photodegradation
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Fig. 5 Isotherms a Langmuir, b Freundlich, c D–R

ln(qe) = ln(kf) + (1/n) [ln(Ce)] (2)

where qe = quantity of CR adsorbed on TNT surface, Qmax = maximum adsorption
capacity, b = adsorption constant associated with the enthalpy of adsorption, Ce =
equilibrium CR concentration,

n and kf are adsorption intensity and adsorption capacity, respectively.
The linear Langmuir isotherm was obtained as 1/qe = 0.5256(1/Ce) + 0.0830

(R2 = 0.9830) with maximum adsorption capacity (Qmax) of 12.04 mg/g. The Fre-
undlich isotherm was drawn as ln qe = 0.8418(ln Ce) + 0.4941 (R2 = 0.9810).
The calculated value of n (1.1879 > 1) shows (Table 2) the higher CR adsorption
capacity toward TNT. The calculated dimensionless equilibrium parameter using the
following equation (RL = 0.5135) suggested the favorable adsorption [14].

RL = 1

(1 + bC0)
(3)

The Gibbs free energy change (�G0) value was estimated using the following
equation:
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Table 2 Isotherm constant values

Langmuir isotherm Freundlich
isotherm

D–R isotherm

Congo red synthetic
sample (6 mg/L) at

Qmax (mg/g) 12.04 n 1.1879 E (kJ/mol) 0.7692

Temperature b (L/mg) 0.1579 kf 1.6390 Q (mg/g) 1.6357

(298 ± 2 K) R2 0.9830 R2 0.9801 R2 0.9820

�G0 (kJ/mol) 1.641

ln

(
1

b

)
= �G0

RT
(4)

�G0 was found to be 1.641 kJ/mol suggesting the non-spontaneity of the
adsorption process.

Feasibility of adsorption was understood by Dubinin–Radushkevich (D–R)
isotherm [14, 15] and was expressed as (Fig. 5) follows:

lnQ = lnQm − kε2 (5)

where ε represents the Polanyi constant and expressed as ε = RT [ln(1+ (1/Ce)],Q is
the amount ofCRadsorbed (mg/g) on the unitmass of TNT,Qm is adsorption capacity
(~11.00 mg/g), k is a constant associated to adsorption energy, R = universal gas
constant, and T = absolute temperature (K). The mean free energy of adsorption (E
=~3.829 kJ/mol) indicates the adsorption of CR onto TNT is of physical adsorption
as the obtained result is lower than 8 kJ/mol and was estimated using the following
equation [16]:

E = −(2k)−0.5 (6)

Under UV irradiation, the activated CR molecules (dye) were converted into
short-lived active transient free radicals species on contacting with TNT surfaces
transferring the produced negative charged electron(s) on it. This produced elec-
tron(s) were injected into the conduction band of TNT linked through the nanotube
sheets. This process could also be conducted by radical dye molecules. The injected
electrons were detained by the surface adsorbed O2 molecules yielding O•−

2 and
HO• radical. The dye molecules were rapidly mineralized by the radicals. The water
quality parameters prior to and after the treatment are presented in Table 3. It can
be noted that except slight decrease in dissolved oxygen, other water quality param-
eters remained approximately same. The probable photodegradation mechanism of
the dye in the presence of UV light with TNT as the photocatalyst is presented as
follows [11, 17]:

Dye + hν → Dye∗ (7)
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Table 3 Water quality pre-
and post-treatment

Parameter Pre-treatment Post-treatment [CR]
= 6 mg/L

pH 8.2 8.4

EC (μs/cm) 288 290

Fetot (mg/L) 0.67 0.66

Cl− (mg/L) 230 230

DO (mg/L) 6.1 5.8

TDS (mg/L) 47 47

Tem (°C) 27 28

ORP (mV) 98 102

Alk (mg/L) 2.7 2.8

Hardness as CaCO3
(mg/L)

78 78.2

Salinity (PSU) 0.15 0.2

F− (mg/L) 5.8 5.8

HCO3
− (mg/L) 109 109

NO3
− (mg/L) 22.2 22.2

SO3
− (mg/L) 4.6 4.6

Na+ (mg/L) 16.6 16.6

K+ (mg/L) 3.4 3.4

Ca++ (mg/L) 28.3 28.4

Mg++ (mg/L) 11.8 11.7

Dye∗ + TNT → Dye· + TNT (e) (8)

TNT (e) + O2 → TNT + O·−
2 (9)

O·−
2 + TNT (e) + 2H+ → H2O2 (10)

H2O2 + TNT (e) → OH· + OH− (11)

Dye· + O2
(
or O·−

2 or ·OH
) → Degraded mineralized products (12)
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4 Conclusion

Efficiency of TNT in removal of CR from aqueous media through adsorption and
photodegradation at room temperature was studied. Both adsorption and photodegra-
dation (UV-C, 360 nm) contributed to remove CR ~ 98% within 5.75 h at a TNT
dose of 4 g/L and CR concentration of 6 mg/L at a pH ~ 6.8 ± 0.2 (pH of de-ionized
water). The adsorptive capacity of TNT using Langmuir isotherm was found to be
12.04mg/g.Adsorption followedLangmuir andFreundlich isotherms in a close prox-
imity. Positive free energy change values and dimensionless equilibrium parameter
suggest the process to be non-spontaneous, favoring the adsorption process.
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A Case Study of Geotechnical
Investigations for Soft Lateritic Soil Site
in South Goa

Priyanka Bhadke and Purnanand P. Savoikar

Abstract All civil engineering structures require foundation to rest on sufficiently
strong soil or rock strata. Lateritic soils have been encountered in abundance in most
of the parts of Goa and are considered to be one of the problematic soils. These
soils are highly porous, permeable and slightly acidic with low pH values. In the
present study, a site for G+3 RCC structure located at the village Cacora Curchorem
in South Goa is selected where the construction was in progress for Part A and B of
the building which was resting on the rock/hard soil. However, during the excavation
work for the part C, a very soft lateritic soil was encountered for the depths exceeding
10m. The present paper discusses the geotechnical investigations and plate load tests
conducted on the site to ascertain the safe bearing capacity of the soil and the suitable
ground improvement technique for the ongoing construction work at the site.

Keywords Lateritic soil, plate load tests, south goa · Ground improvement

1 Introduction

Laterites are very important building materials and are normally found in the world
in between the tropical and subtropical regions. They are observed in the regions of
high rainfall and high temperature and are formed due to weathering action of these
agencies. They contain various minerals like iron, aluminium, quarts and others
in varying percentages. The term Laterites was coined by Buchanan [4] wherein
he referred to them as soft rock which can be cut with knife (Later means bricks
in Latin). Buchanan [4] used this terminology “laterites” first while dealing with
soft rock from Peninsular region of India. According to him, this rock can be cut
into bricks which can be air-dried to produce harder material and can be used for
construction of buildings. Figure 1 shows a typical lateritic soil profile in Goa.
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Fig. 1 Soil profile at Balli, Goa resting on weathered phyllites [5]

Laterite is developed by intensive and prolonged chemical weathering of the
underlying parent rock which is termed as laterization. Laterites and lateritic soils
are found in the world in hot and wet tropical areas in countries like Cambodia,
Thailand, Kenya, Vietnam, Malawi, India, etc. Laterites exist both in soil and rock
forms and are rich sources of iron and aluminium. Figure 2 shows the distribution of
different soil types over the world.

Fig. 2 Distribution of different types of soils all over the world (www.nzdl.org)

http://www.nzdl.org
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2 Laterites in Goa

Laterites are extensively encountered in theWestern Coastal region includingMaha-
rashtra, Goa, Karnataka and Kerala. Any construction activity like roads, railways
or mining requires placement of soil without official support. Also, the rainfall is
very heavy along the Western Ghats, thus the stability of lateritic slopes has become
a major problem. Some of the districts like Ratnagiri and Sindhudurg in Maharash-
tra are considered as landslide prone zones. Various geologists in Goa has worked
extensively on soils and rocks in Goa. Prominent among them were Fernandes [6],
Mascarenhas [8], Kalavampara [7], Widdowson [10] and their works are extensively
covered byMascarenhas and Kalavampara [9]. The extensive research work on geol-
ogy ofGoa is presented byDesai [5] and the other researchers. Figure 3 shows various
laterite capped plateaux regions of Goa [10].

Amu et al. [2] reported that the sugarcane straw ash improved the geotechnical
properties like moisture content and unconfined compressive strength of the soil
sample. Amadi et al. [1] worked on lateritic soils in selected sites in Minna and
reported that the lateritic soils have higher values of maximum dry density and
California bearing ratio while liquid limit, plasticity index and optimum moisture
content is lower. It is suitable for subgrade, sub-base and base material. In the present

Fig. 3 The various laterite capped plateaux regions of Goa [10]
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study, the geotechnical properties of typical lateritic strata at a site located at Cacora
village of Quepem Taluka in South Goa are studied.

3 Geotechnical Properties of Lateritic Soil in Cacora Goa

In the present study of lateritic soils, a typical site is selected in Cacora village of
Quepem Taluka in South Goa district where G+3 RCC structure was proposed. The
schematic layout of the building is shown in Fig. 4. In the Phase I and II, hard
lateritic rock was found, while in Phase III-A and B, hard soil was observed. While
excavating foundations for the Phase III-C, a very soft reddish-yellowish soil was
observed. Hence, it was decided to do boreholes at the site to ascertain the extent
of soft soil and design the foundations accordingly. Three locations were chosen for
the boreholes and two locations for the plate load tests as shown in Fig. 4a. Borehole
depth of 10 m was chosen depending upon the height of the proposed structure. The
borehole data indicated the presence of Kaolinite and Gibbsite with less amount of
Limonite clay up to 1.5 m depth. Thereafter, Limonite and Gibbsite were available
for depth up to 4.5 m. Higher content of Gibbsite and Kaolinite was observed for
depth of up to 6mwhile Limonitic argillaceous clay/silt was observed from 6 to 10m
depth. Soil colour was observed to be reddish to yellowish with very fine texture.
The details of the geotechnical properties of the soil are shown in Table 1.

Fig. 4 a Building layout with location of boreholes and plate load test and b soft lateritic soil at
the site
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Fig. 5 a Particle size distribution curve and b load-settlement curve

3.1 Grain Size Analysis Tests

The grain size analysis tests were conducted as per IS:2720 (Part 4)–1985 Methods
of Test for Soils Part 4 Grain Size Analysis. The particle size curve for wet sieve
analysis is shown below in Fig. 5a. The Uniformity Coefficient (Cu) and Coefficient
of Curvature (Cc) values cannot be calculated sinceD60 andD30 data is not available
from the graph. Based on the results soil can be classified as silty clay.

3.2 Atterberg Limits and Strength Properties

Tests for determining the liquid limit and plastic limit of the three soil samples were
conducted as per IS:2720 (Part V)–1985 Tests for Soils—Determination of Liquid
and Plastic Limit. Specific gravity test of the sample was conducted as per IS:2720
(Part. III) Sect/2-1980 of Fine, Medium & Coarse-Grained Soil. Free swell index
tests were conducted on all the three soil samples as per IS:2720 (Part 40)–1977—
Methods of test for soils: Determination of free swell index of soils. Direct shear tests
were conducted on all the three soil samples as per IS:2720 (Part 13)-1986—Direct
shear test. The observed values of various geotechnical properties are tabulated below
for each borehole in Table 1.

3.3 Plate Load Test Results and Safe Bearing Capacity of Soil

Two plate load tests were conducted at the locations marked in Fig. 4. The full
set-up of facilities of loading platform along with loading arrangement, hydraulic
jack, pressure gauges and settlement gauges were arranged as per the provisions of
IS:1888-1982. A circular plate of 40 cm diameter and 2.5 cm thick was used. The
pressure was applied in the increments of 8.75 t/m2 and average settlement readings
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were recorded. The final readings of each test were recorded and plotted in Fig. 5b.
The ultimate load for the first test was observed to be 27.5 t/m2 and that for second
test was 28.12 t/m2. The safe bearing capacity was then calculated for a factor of
safety of 3.5. The safe bearing capacity at location 1 was 7.86 t/m2 and at location
2 was 8.04 t/m2. The settlement at ultimate load was observed to be 9.7 mm (max).
The estimated settlement of foundation based on plate size of 400 mm and for raft
width of 17.59 m was observed to be 28.70 mm. The settlement of raft computed as
per IS:8009-Part 1 (1976) from the assumed values of Young’s Modulus of soft soil
= 1× 104 kN/m2, µ= 0.4 [3] and I = 1.53 was observed to 23.87 mm which is less
than the permissible value of 75 mm for raft.

4 Foundation Recommendations in the Site

The safe bearing capacity from plate load tests at a depth of 0.5 m below the exist-
ing level was 75 kN/m2 while from direct shear tests conducted on soil samples
from same site, the lowest value of SBC at same depth is 79.58 kN/m2 (at Borehole
No. 1). For calculation of settlement of foundation raft, the E value of soil assumed
is 10000 kN/m2 (based on E = 1000c, National Research Council of Canada (1975)
and lowest value of c = 1 kN/m2). Considering the significant depth of 5 m, the set-
tlement of footing of 2.5 m width will be PL/AE= (98264.4× 5)/(930.73× 10000)
= 52.79 mm. Since this settlement is high for isolated footings and that the SBC of
soil is low, isolated footings are not recommended as they will cover more than 50%
of area and also settlements are high. Hence, in the present case, the raft foundation
is recommended. It is also recommended to replace the existing soft soil with better
quality soil to improve the load-settlement characteristics. A raft foundation was
recommended at a depth of 1.5 m below the present ground level at the site. This
raft shall be placed on a 1 m thick compacted layer consisting of well-graded and
well-compactedmurrum. For this, soil may be excavated from a depth of 2.5m below
existing ground level and may be replaced with well-graded murrum compacted in
three layers (total thickness of 1 m) and raft shall be constructed on this compacted
murrum layer.

5 Problems Associated with Laterite Soil

Lateritic soils are softer whenwet and harder when dried. It has low-bearing capacity.
The major issues with lateritic soils in Goa are landslides and settlement problems.
Landslides occur mainly due to human intervention, rains and also due to soft nature
of lateritic soils. Soft lateritic soils are also prone to settlements. Figure 6 shows
some of the typical landslides that have occurred in Goa in the recent past.
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Fig. 6 Landslides at aKhandepar Goa (2018), bMardol Goa (2016), cVasco-da-gama Goa (2014)
and d Porvorim—Goa (2014)

6 Solutions for Soft Lateritic Soil

Laterite soils have been encountered in abundance in most of the parts of Goa and are
considered to be one of the problematic soils. It is highly permeable, slightly acidic
with low pH values. Based on type of soil, suitable ground improvement techniques
will be suggested. Some of the ground improvement techniques are listed below.

Compaction: Compaction is the oldest mode of ground improvement in which
densification of soil is done by expulsion of air from voids using dynamic loading. It
is useful for shallow depth and mostly used for improvement of highway foundation.

Mechanical stabilization: When soil of shallow depth is required to improve,
this method may be useful. In this method some inert material (aggregate, gravel) is
mixed with soil and compacted to required density.

Wooden piles: There may be need of ground treatment to improve the bearing
capacity of the soil. Timber piles can be useful for the structure to stand on soft
clayey soil with little or negligible distress over the years.

Vibro-replacement: Vibro-replacement with stone columns is a subsoil improve-
mentmethod. In this method, large-sized column of coarse backfill materials (stones)
is installed in the soil by using special depth vibrators. The stone columns are used
in the cases of soft and saturated clays to improve the bearing capacity of the soil
underlain by sufficiently hard stratum at reasonable depths. Vibro-replacement with
stone columns technique can also be used for different types of soils, from soft clays
to lose sands, by forming reinforcing elements of low compressibility and high shear
strength.

7 Conclusions

Laterites and lateritic soils are observedwithin the tropics and are formed by intensive
and prolonged chemical weathering of the underlying parent rock which is termed as
lateritization. Laterites are observed in Peninsular India, Karnataka, Kerala and Goa.
Lateritic soils become soft whenwet and they become strong after drying and forms a
good foundation/buildingmaterial. InGoa region, the lateritic soilwas observed at the
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chosen site at Cacora Goawhichwas found to be very soft and having low liquid limit
and plasticity index. Since for depth up to 10 m no strong strata was observed, deep
foundations like piles or ground improvement techniques like stone columns cannot
be adopted. Hence, the raft foundation is recommended after replacing the existing
soft soil with better quality soil to improve the load-settlement characteristics.
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Geotechnical Properties of Lateritic
Rocks in North Goa

Mrudula Ingale and Purnanand P. Savoikar

Abstract Laterite rock is rich in iron and aluminium and is thought to have formed
in tropical warm and humid regions like Goa. Generally, all laterites are of rusty-red
colouration due to high content of iron oxide. Owing to difficulties in construction of
foundations on the lateritic strata, geotechnical investigations of such areas has drawn
considerable attention. In the present study, samples of laterite rock were obtained
from boreholes at Dona Paula and Porvorim Goa sites. All these sites are closer to
the coastal belt in North Goa. Various tests were conducted on these rock samples to
study the geotechnical properties of the lateritic rocks in Goa and also the geology
of laterites in Goa. These tests include, UCS, unit weight, water absorption test, etc.
were also studied. Correlation is obtained about variation of UCS with L/D ratio for
the sites under consideration.

Keywords Geotechnical · Lateritic rock · UCS · L/D ratio

1 Introduction

The landforms of Goa exhibit a polycyclic landscape that has evolved largely during
Cenozoic under humid tropical climatic conditions. The State of Goa is largely
categorised as follows:

• The coastal tract
• Sub-Ghat region and
• The high ranges of the Western Ghats.

Laterites are deposits that aremore recent. Laterite covers themajor portion ofGoa
and typically occurs as plateau landforms. In Goa, only the laterite and the younger
sand, soil and alluvium deposits are of era comparable to the advent of human beings.
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Over the past few million years, the laterite, sand and soil seen today have developed
[15]. Laterite, alluvium and sand cover most of the geological formations in Goa, as
one expect in the wet tropical climate (Fig. 1).

The study of geotechnical properties of laterites is important because of its uncer-
tain behaviour. Laterite may be considered as a soft rock as compared to other rocks.
Geotechnical properties of laterites in Goa are not yet studied by the researchers.
The study of characterization and evolution of primary and secondary laterites in
north-western Bengal basin was studied by Ghosh and Gucchait [6]. Kasthurba et al.
[9] determined the in situ features of laterite such as colour, texture, composition and
hardness by field research of laterite in Kerala for construction purposes. Meshram
and Randive [10] reported on the geochemical study of laterites of the Jamnagar dis-
trict.Widdowson [14] studied the evolution of laterites inGoa. Thework summarised
the incidence of laterites inGoa, distribution and development. Goan laterite develop-
ment is positioned within the geomorphological and geological (i.e. morphotectonic)
development of India’s western continental margin.

Fig. 1 Geological sketch map of Goa revised after Geological Survey of India, 1996 (modified
after Dessai [4])
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Turk and Dearman [13] proposed an equation for correlation of UCS test results
to L/D ratio of 2. An equation was given for normalisation of test results to a length-
to-diameter ratio of two and 50 mm diameter. Within the range of 1–4 of L/D ratio
error was found to be less than 10%.

Agustawijaya [1] conducted UCS on the number of samples of soft rock consid-
ering dry and saturated conditions. From the results, it was observed that the strength
reduced remarkably on saturation. One of the causes of strength reduction is weath-
ering. Distinctly weathered rock gives less strength than partially weathered rock.
UCS values for the soft rock were found to be lesser than 20 MPa, while for some
samples value approached as low as 1 MPa, which is very low for rock material. An
equation relating UCS and L/d ratio was also proposed. It was also reported that L/D
ratio has no significant influence on UCS values. As regards, influence of dry density
on UCS, it was reported that UCS increases with dry density.

Ergun and Nilsun [5] investigated the effect of L/D ration and shape on UCS for
the dry cores of seven rocks with L/d ratios of 1–2.5. For the tested rocks, correlation
formula was obtained. UCS values obtained for lesser loading time did not show
significant difference as compared to loading time of 8–10 min. Derived equation
for conversion of UCS values obtained on different L/d ratios to standard value of
2.5 was applicable to the nine rock types such as basalt, pink andesite, grey andesite,
limestone, marble, siltstone, dubham dolomite, westerly granite andmizuho trachyte
which were tested during the study.

2 Occurrence and Distribution of Laterites

In 1807, Buchanan [3] first defined and named in Southern India a laterite formation.
He named it from the Latin term Later laterite, meaning bricks. Laterites are iron
and aluminium rich residues of chemical decomposition and leaching of parent rocks
in situ under warm, humid tropical climate. Alternatively, they could be described
as low temperature and pressure alteration products of weathering of rocks under
warm, monsoon climate. The process of prolonged chemical weathering of rock is
called as lateralisation.

Figure 2a shows distribution of laterites in Goa in the various plateaux as shown
below:

Pernem taluka: Harmal—Keri and Mandre—Morji Plateaux
Bardez taluka: Mapusa—Assagao, Saligao, Porvorim, Vernem and Aguada
Plateux
Tiswadi taluka: Dona Paula—Taleigao, Bambolim, Kadamba and Merces
Plateaux
Ponda taluka: Ponda area Plateaux
Mormugao taluka: Vasco de Gama headland, Dabolim and Mormugao plateaux
Quepem taluka: Quepem area Plateaux
Canacona taluka: Cabo de Rama and Canacona area Plateaux.
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Fig. 2 a Map of distribution of key laterite-capped plateaux of Goa and b Idealised profile of an
‘in-situ’ laterite [14]

3 Geology of Laterites in Goa

3.1 Laterite Profile

A laterite profile is a typical field-section of a laterite (Fig. 2b), from surface to the
parent rock. The term ‘profile’ refers to an ‘outline’ and not a ‘cross-section’ of an
outcrop. The upper part of the section is generally red, hard and massive, which
is referred to as ‘lateritic crust’. It consists of a fretwork of oxides and hydroxides
of iron and aluminium. The lower part of it is vermiform in nature and grades into
a tubular, semi-indurated laterite. Below this there is a prominent thick horizon of
variegated colours and is dominated by clay minerals is called as ‘lithomarge’. It is
generally nodular concretionary at the top and mottled below. The mottled portion
consists of kaolinite along with patches and accumulations of iron oxyhydroxides.
The saprolite beneath the mottled zone is relatively impermeable and corresponds to
‘plasmic zone’ of the profile. A significant portion of the saprolite shows bleaching
and constitutes the ‘pallid zone’.
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3.2 Geotechnical Properties of Laterites in North Goa

In the present study, four lateritic rock sites were selected from North Goa district
which is along or near to the coastal belt of Goa. Undisturbed lateritic rock sam-
ples were collected from the boreholes driven for soil investigations at two sites in
Donapaula Goa and two sites in Porvorim Goa. All the four sites are located along
the coastal belts of Goa (200–1500 m from the coast). Unconfined compression test
(IS:9143), bulk density and water absorption test (IS:1124-1974) were conducted on
the rock samples collected.

3.3 Borehole Details

Boreholes were driven up to the depth of 12.5 m. The rock samples collected from
all the four sites were analysed for mineral content. It was observed that for depth up
to 6 m, the laterite rock with mineral composition of Limonite (Fe2O3•nH2O) fol-
lowed by brown/red coloured laterite with high iron content (gibbsite/kaolinite) and
very less hematite content (brownish red/yellow in colour) was observed up to 6 m
depth. The structure of rock was porous/concretionary. For the depth of 6–12.5 m,
the mineral composition varied from Goethite and Limonite (brown/red colour) for
depth up to 7.5 m followed by laterite rich in limonite (brownish yellow) with gibb-
site/kaolinite was also observed. Goethite/haematite was not present in appreciable
quantities.More or less same profile was observed at all the four boreholes. The Rock
Quality Designation (RQD) value varied from 7 to 26% for top 6 m and up to 7%
for remaining half depth was observed. Table 1 shows the geotechnical properties
of rock such as UCS, bulk density and water absorption at the Porvorim sites for
different L/D ratios while Table 2 shows the corresponding properties at Dona Paula
sites. The variation of UCS with L/D ratio is plotted in Fig. 3 while variation of
UCS with bulk density is shown in Fig. 4. The all lateritic rocks exhibited the water
absorption of 5–10%.

4 Results and Discussions

4.1 Influence of L/D Ratio on UCS

Figure 3 shows variation of UCS with L/D ratio for rock specimens with different
L/D ratios. It can be seen that the scatter of UCS values is large indicating that there
is no significant influence of L/D ratio on UCS of rock samples collected from all
four sites. Similar conclusions were also drawn by Agustawijaya [1].
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Table 1 Geotechnical
properties of Porvorim sites 1
and 2

L/D ratio UCS (kN/m2) Density
(kN/m3)

Water
absorption (%)

1.15 3156 20.3 4.92

1.15 883 19.7 6.08

1.8 2777 20.3 5.58

2.1 3871 21.6 5.93

2.5 1370 17.4 11.26

3 2447 19 6.82

3 1388 21.7 4.59

3.2 3038 20.3 6.32

3.3 3903 21.3 5.21

3.5 2300 20.9 6.62

1.8 5238 20.3 5.36

1.9 295 18.4 6.3

1.9 3143 20.4 7.82

2 1262 17.9 7.77

2.2 4698 20.5 6.88

2.3 1742 10.5 4.99

2.6 2313 18.9 6.65

2.6 5481 20.2 7.61

3.4 2104 20.2 5.82

Table 2 Geotechnical
properties of Dona Paula sites
1 and 2

L/D ratio UCS (kN/m2) Density
(kN/m3)

Water
absorption (%)

1.06 1270 20.7 4.92

1.11 6375 22.8 3.2

1.29 2542 22 4.83

1.57 2919 22.8 4.73

1.6 4193 23.9 5.43

1.66 2644 21.4 3.63

1.11 1235 21.1 3.43

1.2 1335 20.7 2.92

1.26 3599 23.2 4.72

1.6 1890 22.1 6.31

1.73 5779 24 4.29
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Fig. 4 Influence of bulk density on UCS for all four sites

4.2 Influence of Dry Density on UCS

Figure 4 shows variation of UCS with dry density. It can be seen that as dry density
increases, UCS also increases. The values of UCS may be seen clustered around the
value of density in the range 16–25 kN/m3 since for lateritic rock sites, the density
varies from 16 to 25 kN/m3.

4.3 Comments on UCS Values

It is evident from plot of UCS with L/D ratio that there is wide scatter of values.
Also, for the same site and for same L/D ratio, the value of UCS may be different.
In general, L/D ratio of 2 is assumed to be the standard ratio for testing the rock
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Table 3 Correlation
equations for non-standard
L/D ratios

Equation Applicability References

σc
σm

= 1
0.848+0.304 D

L

Coal measures rocks in
UK

[7, 12]

σc
σm

= 1
0.88+0.24 D

L

For non-standard L/D
ratios other than 2

[2]

σc
σm

= 1
0.875+0.25 D

L

For non-standard L/D
ratios other than 2

[11]

specimens. Very few number of samples of L/D ratio of 2 were available in the
present case to comment on influence of L/D ratio.

Change in L/D ratio gives different values of UCS which may sometimes be
misleading. The factors on which UCS may depend are shape and size of specimen,
rate of loading, degree of saturation, etc. which are termed as external factors while
defects, porosity, mineralogy, degree of weathering are termed as internal factors
[13]. According to ISRM [8] the test specimen shall not be less than 54 mm in
diameter and L/D ratio of 2.5–3, while ASTM (D2938-79) specifies test specimen
of diameter not less than 48 mm and L/D ratio of 2–2.5.

Various co-relation equations have been suggested for correction in UCS values
in the case of non-standard L/D ratios (other than 2) as shown in Table 3, where σ c is
the corrected UCS value and σm is measured UCS value for non-standard L/D ratios.

5 Conclusions

In the present study, water absorption, unconfined compressive strength and unit
weight of the rock samples collected from different sites of Goa was obtained. The
mineral composition of all rocks indicated the presence of Limonite in higher quan-
tities followed by Gibsite and Kaolinite. Hematite and Goethite were observed in
very less quantities. It can be concluded that the unconfined compressive strength
of the laterite rock not necessarily increases with the increasing depth, sometimes it
reduces for the intermediate layer of soil and again increases. This reduction in UCS
values may be due to the porous and concretionary structure of the laterites found at
different depths, varying mineral contents and degree of lateritization/alteration. It
is required to develop standard correlation equation for UCS for non-standard L/D
ratios as many times UCS is used in determining safe bearing pressures on rocks.
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Monitoring, Control and Mapping
of Landslides in Goa

Mandira Faldesai and Purnanand P. Savoikar

Abstract Natural disasters like earthquakes, landslips, avalanches, floods, cyclones,
droughts and volcanic eruptions have been distressing mankind since the com-
mencement of civilization which credit up to 4% of total yearly deaths. Worldwide,
landslides are assessed to cause about 1000 deaths annually apart from destructing
resources worth millions of dollars. Landslides are one of the many natural disasters
causing immense destruction and loss of lives civil structure, communication routes,
agricultural and forestland across the earth. Approximately 15% of the land area of
India is susceptible to landslide out of which 0.09million sq. km come underWestern
Ghats and Konkan hills including Goa. Goa contains hilly mountainous terrain, in
combination with sandy coastal plains. Being one of the most beautiful places, it is
now facing serious scarcity of land to be used for residential purpose. Construction
activity on hilly areas has been exploiting the scenic view which has also led to a
number of landslides during rains. Slopes have been cut for many recent develop-
ments in the state which can pose a great threat to inhabitants living there due to lack
of stability checks of the slopes. Landslide countermeasure is a strong issue hence
there is crucial need for enhanced and modern techniques for steadying slopes and
to avert landslides which serve the drive for this study. In the present study, various
slopes in the state are being examined. Literature have been reviewed on various
landslide related topics. In the present work, the stability of landslide-prone sites in
Goa is studied. The work presents mapping of various landslides that occurred in
Goa which is not mentioned in the Geological survey of India.
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1 Introduction

The Indian State Goa lies within the shore region called Konkan in Western India.
It is encircled by Karnataka to east and south and Maharashtra to the north, with
extended narrow strips of the Arabian Sea starting its Western coast. Goa is located
between 14°53′54′′N and 15°40′00′′N and 73°40′33′′E and 74°20′13′′E. Two-thirds
of Goa is enclosed by laterite having a thickness of 2–25 m. The annual rainfall in
Goa is 995mm, July being the wettest month. Every year duringmonsoon, landslides
occur in the breakable hill slopes of the mountain ranges which causes direct loss
to life and property, and indirect loss by blocking transportation routes and commu-
nication routes. In order to decrease the risk of mass movements, it is necessary to
tackle landslides effectively. Awareness of landslides among people is an important
phenomenon. Most of the development is now taking place on hill slopes and in
areas which have gradient which increases the risk of landslides. There is a need to
preserve delicate ecosystem areas which includes mountain slopes, low-lying area,
khajans, private forests, conservation zones. Earlier Goa was considered stable as
far as slopes and landslides are concerned but due to unplanned development it has
become susceptible to landslides. Slopes have been cut for many recent develop-
ments in the state of Goa which can pose a great threat to inhabitants living there
due to lack of checking the stability of the slopes hence causing landslides. Land-
slides are also triggered due to earthquake shock. Earthquake of magnitude 4.8 on
Richter scale at Koyana dam sent mild tremors across Goa. The tremors were felt at
Porvorim, Old Goa and Margao indicating that the reservoirs can induce earthquake
and earthquakes induce landslides.

Many development projects such as extension of roads, highways, bridges con-
struction are been taken care by the Goa government. Recently Goa has observed
many landslides, mainly due to heavy rains during monsoons causing damage to life
and property. Hence landslide monitoring and control measures are essential.

2 Literature Review

An extensive literature review is done to classify the research work conducted on
landslide stability analysis and slope steadiness methods.

Chowdhury et al. [1] conducted studies on the issues which are of critical impor-
tance to landslide hazard risk assessment and management and concluded that the
landslide research should include rational and comprehensivemethods for the assess-
ment of hazard and risk.Yang li andHuangFu [2]worked on the effect of nonlinearity
and dilation on slope stability and reported that the nonlinear failure criteria dila-
tion has important effects on the slope stability. Hence, these parameters should be
properly evaluated. Prashant and Mukherjee [3] conducted studies on soil nailing
for slope stabilization near railway tracks. Functioning and monitoring of nails were
described with numerous parameters to be monitored and proper instrumentation
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process to be used. Dutta and Sarma [4] carried out landslide susceptibility zoning of
a potential landslide-prone area located in Guwahati city in the state of Assam using
empirical method. Landslide incidencemapwas compared to landslide susceptibility
map and the collective percentages of the witnessed landslide values versus ranked
LSI values were calculated and plotted.

Shiny and Satyam [5] carried out stability analysis of Malbasey landslide during
2011, India–Nepal earthquake. It was reported that the Malbasey slope is highly
prone to landslides during earthquakes. Elayaraja and Chandrasekharan [6] investi-
gated landslides at Chinnabikatty at Nilgiris along NH67 in the state of Tamilnadu.
It was concluded that the Chinnabikatty is a site of repeated failure due to land-
slides. Choudhury et al. [7] conducted a field case study of recent landslide disaster
site at Pune—India using PLAXIS software and concluded that the heavy rainfall
in the area is one of the major factors in movement of soil mass. It was found
that the topsoil overlying basalt rock is clay soil of medium plasticity. Transitional
failure occurred due to slipping of soil mass from basalt rock. Singh and Som [8]
conducted analysis on earthquake caused landslides in India, claiming hundreds of
lives in the Himalayan lands of India. Expansion of regression equations showed
that in Himalayan atmosphere, landslide may trigger even with unseen earthquakes
distressing longer distances having earthquake magnitude more than 8 M.

3 Review of Landslides in Goa

About 0.42 million sq. km or 12.6% of land area, is prone to landslides in India, of
which about 1/5th lies in Konkan,Western Ghats including the Nilgiris (Tamil Nadu,
Karnataka, Kerala, Maharashtra and Goa). The Geological Survey of India (GSI)
[9], is a Government of India Ministry of Mines society, for conducting geological
surveys and studies of India. It gives detailed information about the various landslides
that have occurred in India. Figure 1 shows some of the typical landslides that have
occurred in Goa.

(a) (b) (c)

Fig. 1 Landslides at a Ambaji Fatorda [10], b Chorla Ghat and c Khandepar Goa
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Fig. 2 Inventory map of landslides in India (source GSI)

An inventory map of landslides shows the position, three-dimensional extent and
type of landslides in a region. 12 landslides which are not mentioned in the landslide
inventory map of Goa are studied and mapped using ArcGIS software. Figure 2
shows the inventory map of landslide in India while Fig. 3 shows the inventory map
of landslides for Goa.

4 Mapping of the New Landslides in Goa

Damaging effects of landslides relative to life and economy in the world are very
harsh.Mapping of landslides that have occurred in the past, helps the riskmanagers in
assessment and reduction of landslide related hazards using the remote sensing data
and GIS. Various kinds of maps are used to portray hazard from landslides. These
maps can be used to identify potential instability, or probabilities based on factors
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Fig. 3 Inventory map of landslides in Goa (source GSI)

such as rainfall, slope angle, soil type and stages of earthquake shaking. Landslide
inventory maps show landslide locations, slope features, extent and the cause/type
of landslide which are helpful in predicting the hazard for an area. Landslide vulner-
ability maps describe the relative probability of future land sliding based exclusively
on the inherent properties of a site. Landslide hazard maps show the possible areas
prone to landslides in a given area. It also shows the chances of itinerant downslope
in a given distance.

In the present study, the various landslides that have occurred in last 4–5 years
are studied and their geotechnical properties are evaluated. ArcGIS software is used
for mapping these landslides that have occurred in Goa in recent years on to the
landslide map of Goa. ArcGIS is a geographic information system for operating
with maps and managing geographic information. Various landslides which took
place recently and which were not mentioned in the landslide inventory map of
Goa in the Geological Survey of India site are studied and mapped using ArcGIS
software. Twelve landslides were studied and data was collected. Each site was
visited and their coordinates were noticed using Google maps. Using the coordinates
different landslide locations were marked on the Goa geological map in the ArcGIS
software. All the data of the respective landslides were created in Excel sheet and
then transferred to ArcGIS software. Hence when snapped on a specific landslide all
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the data conforming to that will appear in a tabular format. In the present study, the
various landslides that have occurred in Goa were at the following places and year:
Borim (2018), Khandepar (2018), Chorla (2017), Narvem (2015), Aquem (2017),
Arpora (2015), Neura (2016), Ponda (2016), Mardol (2016), Nagarcem (2014), Raia
(2014), Ambaji (2014).

Table 1 gives the details of typical landslides in Goa. Figure 4 shows the procedure
of marking new landslides on the Goa map using ArcGIS Software (Fig. 5).

Table 1 Details of typical landslides at Goa

Parameters Ambaji—Goa Chorla Ghat—Goa Khandepar—Goa

District South Goa North Goa North Goa

NH SH location Ambaji, Margao Chorla ghat, SH31
between
Goa–Karnataka

Khandepar

Latitude 15.2954828 15.6325631 15.4201855

Longitude 73.9579137 74.1182475 74.0406736

Activity Inactive Active Stabilized

Geology In situ soil In situ soil In situ soil

Height 13.8 m 18 m 20 m

Inclination of slope 71.60° 16.5 –

Material type Debris Debris Debris

Moment type Slide Slide Slide

Moment rate Rapid Rapid Rapid

Failure mechanism Shallow translational Shallow translational Shallow translational

Geomorphology Moderately dissected
hills

Highly dissected hills Highly dissected hills

Hydrological
condition

Damp Damp Damp

Land use/land cover Sparse vegetation Good vegetation Good vegetation

Triggering Rainfall Rainfall and
anthropogenic

Rainfall and
anthropogenic

Geoscientific cause Cutting of slope Road cut leading to
destabilization and
modification of slope

Road cut leading to
destabilization and
modification of slope

Remedial measure
suggested

Soil nail wall,
gabion-reinforced
wall

Soil nail wall,
vegetation, gabion
reinforced wall.

Soil nail wall,
vegetation, benching
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Fig. 4 Marking various landslides using ArcGIS software

Fig. 5 Latest landslides in Goa mapped on Goa map using ArcGIS Software
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5 Landslide Monitoring Techniques

Landslidemonitoring is vital to forecast the performance of landslides and estimating
which outbursts can trigger great numbers of landslides. Monitoring of landslide
parameters is an influential weapon of geologists and engineers for the measurement
and control of stability conditions of a slope and to predict its future growth. The
choice of instruments and methods of quantity to follow hangs on the types of bend
which affect themethodof constancy analysis and accordingly thewhole deformation
monitoring operation.

5.1 Remote Sensing Techniques

Remote sensing utilizes satellite or aerial sensors to gather data about the object or
area. It is in the form of the photographs. The inspecting and administering system
is the most suitable method of recording present ground situations, and evaluating
the results on environment. Satellite images of high decree are used for mapping the
landslide inventory with factors like surface morphology, structural and lithological
features, land cover, temporal changes, etc. Digital elevation data from space are
also of interest for landslide characterization, where the accurateness of the present
satellite systems is adequate, though enhancements are desirable for small-scale
landslides.

5.2 Photogrammetric Techniques

Photogrammetricmethods are broadly used in confirming ground activities in ground
settling discoveries in mining areas, and mainland photogrammetry is used in moni-
toring engineering structures. Diminished time of investigation, rapid 3D coordinates
and monitoring of unlimited points are the main compensations of using photograph
techniques. Aerial photographs offer an overall viewpoint of a large area and limits
of present slides and are outlined on aerial photographs. Surface and near surface
drainage channels can be outlined. Important associations in drainage, topography
and other natural components which are hardly connected on the ground turn out to
be clear on photographs. Current photographs can be diverged with previous ones to
inspect the continuing development of slides. Photographs can be reviewed at any
time, in any place and by anyone. The Global Positioning System (GPS) can act
as substitute for surveying to support geotechnical assessments of sharp slopes by
offering 3D coordinate time series of movements at distinct points on the slipping
surface.
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5.3 Geotechnical Techniques

Geotechnical instruments are used widely in the monitoring of constructions.
Extensometers: It is used for determining stress–strain in tensile tests. Several

devices are used to calculate change in distance to determine compaction or upheaval
of soil, strain in rocks, and ripping of rock layers around driven tunnels and slope
stability. Extensometer processes the axial movement between a number of reference
points in the same axis which can be connected within a borehole or on slope.

Inclinometers: Inclinometers are instruments that are fitted in boreholes pierced
into the landslide mass. It measures the curving of originally straight boreholes, thus
classifying any adjustment in inclination of the borehole casing. It determines slip
surfaces and zones of movement and also reveals the depth of the failure planes. This
is classically achieved with gravity-operated tilt sensor.

Geophones: These are devices that can measure vibration associated with move-
ment. A geophone operates by converting the ground movement (velocity) into volt-
age and hence are useful as early warning systems. They can detect landslides on the
basis of frequency composition, amplitude and duration of the vibration signal.

Piezometers: Lots of landslides are activated by slope saturation through heavy
rainfall. Magnitude of pore water pressures and piezometric levels form a significant
part of slope stability analysis. Threshold levels are defined to provide early warning
of circumstances that may lead to catastrophic failure. Piezometer evaluates the
pore pressure of groundwater within a geological structure and offers an indication
of the build-up stresses and strains within the rock mass. Usual types of borehole
piezometers are vibrating wire, pneumatic and faucet piezometers.

Tiltmeters: Tiltmeter kinds of various liquid, electrolytic, vibrating wire and
pendulum types are used in engineering surveys. They are more sensitive and are
useful on extremely gradual moving rotational failures. Tiltmeters can also influence
the direction of movement, to delimit the areas of deformation and to determine the
mechanism of movement. They also provide warnings of impended slide movement.

Crack meter: A crack meter is a convenient tool in the early detection of dis-
torting mass movements. The device measures the displacement between two points
which display symbols of split. Crack meters are also used to inspect movement
across surface cracks and joints in concrete, rock and soil. It is a lined displacement
transducer with anchors and joints. When the crack opens, the movements will be
transformed into electrical signals that can be read with a data logger.

Figures 6 and 7 show some of the instruments used in monitoring the soil mass
movement. Presently no much instrumentation has been done to monitor the land-
slides in Goa. However, some of the above techniques can be effectively used to
monitor such soil mass movements.
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Fig. 6 Landslide monitoring techniques a Remote sensing b Extensometers (source Google)

(a)                           (b) (c) (d)

Fig. 7 Geotechnical landslidemonitoring techniquesa Inclinometer sensor,bGeophone c vibrating
wire piezometer and d tiltmeter (source Google)

6 Control Measures for Landslides

Retaining walls: Retaining walls, such as gravity, cantilever, counterfort, sheet pile
walls, are normally used for retaining earth, depending upon type and height of earth
to be reserved. Soil type, slope angle, groundwater physiognomies and other specifics
are considered before deciding on the proper solution.

Gabion wall: A gabions are steel wire netted boxes which are filled with stones
or concrete and are used for retaining the soil and embankments for various civil
engineering and military uses. It is a wall made of stacked stone-filled gabions tied
together with wire, laid at an angle to the slope or stepped back into the slope for
better stability. The life of gabions walls generally depend upon the life of the wire
and not on the fillings of the basket. Some gabion producers guarantee a structural
consistency of 50 years.

Soil nailing: Soil nailing is a technique used to support soils which are susceptible
to collapse. In this technique, soil is reinforced with steel rods which are inserted
into pre-drilled holes and then grouted. This technique is generally used where other
stabilization techniques cannot be implemented due to space restraint.

Groundanchors: Stabilization of slopes can be done by the applying active forces
to the unstable ground. These forces raise the normal stress and resist friction along
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the creeping surface. Anchors are used to connect the face to each other by a beam
frame, which is generally made of reinforced concrete.

Geosynthetic strengthening: Geosynthetics are porous, flexible, man made
cloths which act to reinforce and escalate the stability of structures such as earth
fills, and thereby permit steeper cut slopes and less grading in hillside terrain. Geo-
textiles, Geogrids, Geomembranes, geocells, geocomposites are some of the geosyn-
thetic domestic products which are comprehensively used in retaining structures. Tie
back retaining wall, reinforced earth wall, retaining wall using EPS geofoam, can-
tilever retaining wall with relieving shelves are some of the other recent progresses
in retaining structures. The lateral pressure coming on the structures is reduced by
using EPS geofoam in place of the backfill soil. This will result in lesser pressure
on stem and hence the design of stem will be economical. In Goa, reinforced earth
walls, gabions, soil nailing and gabions with soil nailing have been commonly used
to retain the earth.

7 Conclusions

Landslides are major cause of concern in developing countries. The triggering factor
like rainfall, high level of development activities, cutting of vegetation, etc. are the
major reasons for landslides. Various slope protection measures like RCC retaining
walls, reinforced earth walls, soil nailed walls, gabion walls, tie back wall, etc. need
to be implemented considering the various factors like height of the slope, type of the
soil, availability of space for construction, cost, long-term durability, etc. New tech-
niques like cantilever retaining walls with relieving platform and controlled yielding
techniques using EPS geofoam are also being explored as retaining measures. The
present study of recent landslides in Goa has been used in mapping the landslide
spots in Goa onto the landslide inventory map of Goa and will be helpful for design-
ers, builders and engineers to assess the landslide susceptibility of the various areas
in Goa, before undertaking any construction activity.
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State of Art on Load-Carrying Capacity
and Settlements of Stone Columns

Manita Das and Ashim Kanti Dey

Abstract Construction of structures over a soft clay deposit is probably the most
challenging task for a geotechnical engineer. Structures built over the soft soil expe-
rience a huge settlement, which may become the main cause of failure. Thus, for any
construction, improvement of the soft clay properties is necessary. Stone columns
are frequently used to improve the soft soil nowadays. Stone columns speed up the
rate of consolidation of the soft soil and thereby increase the load-carrying capacity
and lower the settlement value. A lot of studies have been reported on the behavior of
soft clay reinforced with stone columns; many theories have also been developed. An
Indian Standard is also available to determine the bearing capacity and the settlement
behavior of stone columns. However, the theories are not well accepted because of
wide variations of results. The present study includes a review of published theories
and a comparison of results based on a typical problem.

Keywords Stone column · Bearing capacity · Settlement · Ground improvement ·
Soft clay

1 Introduction

Construction of stone columns is a widely used technique for the improvement of
soft clayey soil. Basically, the stone columns improve the stiffness of the soft clay,
thereby improve the load-carrying capacity of the soft clay and also act as a drain
for a speedy drainage of entrapped water, and thereby accelerate the consolidation
settlement. Stone columns were first introduced by Moreau et al. in 1830 [1]. They
used the stone column of diameter 0.2 m and length 2 m for the foundation of iron-
works for the military purpose in Bayonne, France. Moreau declared a huge amount
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of improvement in soft soil with the use of stone columns in form of a reduction in
settlement and increase in load-carrying capacity. Steuermann introduced the vibro-
compaction technique of stone column construction for the first time in 1939. The use
of the vibroflotation technique was introduced in USA and Germany in the 1940s.
The depth of treatment of soft soil by using stone column was introduced to 20 m at
the end of the 1950s. In 1955, the use of stone column spread to Japan, and later, this
technique of ground improvement was widely used in China and other countries. In
India, the use of stone columns started in the 1970s.

It is reported that the stone columns are able to support any structure constructed
on very soft to firm clayey soils and loose silty sands with fines more than 15% [2, 3].
Stone columns are being applied to support many structures like embankments, raft
foundations, liquid storage tanks and other low-rise structures. As per IS 15284-1
(2003), the stone columns work most effectively in clayey soils with undrained shear
strength ranging from 7 to 50 kPa [4]. Depending upon the method of installation
and the installation equipment, the stone columns can be formed up to a depth of
30 m [5]. However, as per IS 15284-1 (2003), the optimal value of length of a stone
column is four times its diameter.

Maheshwari and Khatri discussed the nonlinearity of stone column-reinforced
soil [6]. Saroglou et al. also discussed the properties of stone column-reinforced soft
soil [7]. Rajesh and Jain (2015) studied the influence of permeability affecting stone
column-reinforced ground [8]. As per the available records, the use of stone columns
started in 1830. However, the first theory on the determination of the capacity of a
stone column and the extent of improvement of properties of soft clay was published
in 1983 [2]. Most of the studies were conducted in the laboratory, and a few studies
were conducted in the field. The present paper discusses a state of art on determination
of load-carrying capacity [4, 9–11] and estimationof settlement [12–14] for structures
resting on stone columns. At the end, a comparison of results obtained from different
theories is also presented.

2 Installation Techniques

There are two types of installation techniques for construction of stone columns,
namely vibroflotation technique and rammed technique [15]. In both the techniques,
bore holes are first made in the soft soil and are filled with well-graded stones in
layers. The size of stones varies from 25 to 40 mm, and spacing of holes varies
from 2 to 3 times the column diameter. In the vibroflotation technique, a vibroflot is
used to compact the stone, and in rammed technique, a rammer is used to compact
the stone. The insertion and compaction of stones are carried out simultaneously in
layers. The column installation effect decreases with the increase in radial distance
[16]. During compaction, the diameter of the hole increases by 33.33%of the original
diameter [17].
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3 Failure Mechanism

Up to 1974, researchers only studied on field experiments. After that the researchers
started for laboratory model tests on stone column. In 1974, Hughes and Withers
obtained the bulging effect up to a depth four times the column diameter [1]. They
also obtained the bulging failure in case of a group column like a unit cell. As per
unit cell concept, every single column in a group acts individually, and no interaction
effects are considered. Therefore, the capacity of a group column is considered as
the summation of the capacity of individual columns. But later it was found that
there must be some interaction effect in between two adjacent columns. Therefore,
the concept of unit cell was proved partially wrong [18]. In 1995, Hu conducted
the study on laboratory model tests of group stone columns and concluded that the
general shear failure occurs in case of a group stone column [19]. In 1997, Rao et al.
conducted the laboratory model tests in single and group columns and observed the
characteristics of spacing between the stone columns [20]. They reported that as the
column comes closer to the bulging zone, the bearing capacity of a group column
increases due to confinements. In 2002, Bae et al. conducted both laboratory model
test and numerical analysis with FEM method and found the general shear failure in
a conical shape in case of a group stone column [21]. In a group stone column, the
failuremodewas obtained as the combination of lateral deflection and bulging failure
of stone columns [22]. From the previous studies of the failure of a stone column, we
cannot conclude anything with full confirmation because of much confusion related
to the failure in case of a group of stone columns. Therefore, elaborated studies are
needed to know about the details of failure as per soil conditions and stone column
pattern whether single or group pattern and in case of a group column, the different
type of arrangements, i.e. triangular, rectangular, etc.

4 Bearing Capacity Determination

When stone columns are loaded, they deform by bulging near the surface. The adjoin-
ing soil imparts a confining effect which helps the stone column to take the vertical
load. Moreover, a stone column is not a uniform composition of concrete but an
assemblage of stone aggregates. Thus, the accepted formula of load-carrying capacity
of a pile cannot be applied to a stone column.

There are various methods for the determination of the bearing capacity of a stone
column. The methods are briefly discussed below.

As per IS code [4], the load-carrying capacity of the ground treated with stone
columns is obtained by adding the contribution of three components:

(a) the resultant capacity obtained from the resistance provided by the surrounding
soft soil against the lateral deformation, i.e. bulging under the axial load, Q1 as
expressed in Eq. (1),
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(b) capacity resulting from an increase in the resistance provided by the surrounding
soft soil because of the surcharge over it, Q2 as expressed in Eq. (2) and

(c) the bearing support, which the intervening soil provides between the columns,
Q3 as expressed in Eq. (3).

Q1 = σvπD2/4

FOS
(1)

where

FOS factor of safety = 2,
σ v limiting axial stress = σr L K pcol ,
σr L limiting radial stress = σr0 + 4cu ,
cu undrained shear strength (undisturbed) of the soft clay surrounding the

column,
σr0 initial effective radial stress,
Kpcol coefficient of passive earth pressure = tan2

(
45◦ + ϕc

2

)
,

D column diameter and
ϕc shearing resistance angle of stone.

Q2 = Kpcol�σro As

2
(2)

where

�σro increase in mean radial stress of the soil and
As area of the stone column.

Q3 = qsafeAg (3)

where

Ag Intervening soil area for each column = 0.866S2 − πD2

4 for triangular
arrangement and

qsafe the safe bearing pressure of soil.

Thus, safe load on each column,

Q = Q1 + Q2 + Q3. (4)

Afshar and Ghazavi (2012) used an imaginary retaining wall such that it stretches
vertically from the stone column edge and presented a theoretical expression as
presented in Eq. (5) to find the bearing capacity of the column [10]. The bearing
capacity of the column is expressed as
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qult = CcNcqNq + 1

2
WγcNc (5)

where, Nc = 2
cos ϕc

2
cos ϕs

2

√
Kpcc

Kas
, Nq = Kpc

Kas

cos ϕc
2

cos ϕs
2
and Nγ = tan ηa

(
Kpc

Kas

cos ϕc
2

cos ϕs
2

− γs
γc

)

where Kpc = lateral passive earth pressure coefficient,Kas = lateral active earth pres-
sure coefficient, γ c = unit weight of the stone material, γ c = unit weight of soft soil,
ϕs and ϕc are the friction angles of soft soil and stone column material, respectively,
q = surcharge pressure on passive region surface, ηa = angle between active wedge
and horizontal direction and Kas = lateral active earth pressure coefficient.

Kas = cos2 ϕs

cos(δ1)
[
1 +

√
sin(ϕs + δ1) sin(ϕs)

cos(δ1)

]2

Kpc = cos2 ϕc

cos(−δ2)
[
1 −

√
sin(ϕc + δ2) sin(ϕc)

cos(−δ2)

]2

Kpcc = Kpc

(
1 + cw

cc

)

δ1 = ϕs

2
and δ2 = ϕc

2

where
cw is the wall–soil interface cohesion whose value varies between 0.3cc for stiff

soil and cc for soft soil. In the absence of experimental data, the recommended cw
value is 0.45cc.

W = width of continuous strips for each row of the stone columns = As
S

where As is the horizontal cross-sectional area of the column and S is the center to
center distance between two subsequent stone columns.

ηa = ϕs + tan−1

(− tan ϕs + C1

C2

)

where

C1 = √
tan ϕS(tan ϕs + cot ϕs)(1 + tan δ1 cot ϕs)

and

C2 = 1 + (tan δ1[tan ϕs + cot ϕs])

Etezad et al. (2015) investigated the bearing capacity of stone columns (group) in
soft soil [11]. They presented an analytical model for the prediction of the bearing
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capacity of the stone column-reinforced soft soil under rigid raft foundation consid-
ering general shear failure mechanism. The authors presented the forces which act
on the soft soil section and composite soil section with the failure a mechanism as
shown in Figs. 4 and 5. They expressed an equation for the ultimate bearing capac-
ity of the stone column as shown in Eq. (6). They also presented the expression of
bearing capacity factors (Nc, Nq and Nγ ) as shown in Eqs. (7), (8) and (9).

qult = CcompNc + qNq + 1

2
BγcompNγ (6)

where

Nγ = 2 cos(ψ − ϕ)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

F
γcompB2

cos δ

[
(a − 1) · (tanψ − cot θ1) +

(
a·eθ1 tan ϕcomp

sin θ1

)]

1
3 cos

(
ψ − ϕcomp

) + sin
(
ψ − ϕcomp

)( 1
3 tanψ − tanψ−cot θ1

2

)

−
1

12 sin3 θ1

(
9 tan2 ϕcomp+1

)
[
eθ1 tan ϕcomp − (

3 tan ϕcomp sin θ1 + cos θ1
)] − tanψ−cot θ1

24

1
3 cos

(
ψ − ϕcomp

) + sin
(
ψ − ϕcomp

)( 1
3 tanψ − tanψ−cot θ1

2

)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

− tanψ

2
, (7)

F

B2
= γc

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

H12 sin θ∗ tan
(
90−θ∗)

cosϕc
3B2 sin2 θ2

[
− cos

(
θ∗ + θ2

) + cos θ∗eθ2 tan ϕc
]2 ·

[
1
2 cos

(
θ∗ + θ2

) + cos θ∗eθ2 tan ϕc
]

cos δ
[
a · sin θ2 + sin θ∗ cos(θ∗ + θ2)

] − sin δ cos θ∗ cos(θ∗ + θ2)

+
ξ ·H12 cos3 θ∗

3B2 sin2 θ2

(
9 tan2 ϕc+1

) − H12 cos2 θ∗ cos2
(
θ∗+θ2

)

3B2 sin θ2

cos δ
[
a · sin θ2 + sin θ∗ cos(θ∗ + θ2)

] − sin δ cos θ∗ cos(θ∗ + θ2)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

,

Nq = cos
(
ψ − ϕcomp

) A
B · cos δ

[ 2H1·m
B − (tanψ − cot θ1)

]

[
1
4 cos

(
ψ − ϕcomp

) + 1
2 sin

(
ψ − ϕcomp

)(− tanψ

2 + cot θ1
)]

(8)

and

Nc = tanψ + cos
(
ψ − ϕcomp

)

D · Cc

B · Ccomp
· cos δ

[
2H1 · m

B
− (tanψ − cot θ1)

]

+ 1

4 sin2 θ1 tan ϕcomp

(
e2θ1 tan ϕcomp − 1

)
− Ccomp

[
1
4 cos

(
ψ − ϕcomp

) + 1
2 sin

(
ψ − ϕcomp

)(− tanψ
2 + cot θ1

)] (9)

By using all these equations, the bearing capacity of a stone column can be found
out. The researchers also developed some design charts for Nc, Nq and Nγ against
the friction angle of stone column materials. The values of these charts are converted
into tabular form and presented in Tables 1, 2 and 3.

The angles θ1, θ2, θ*, ϕc, ϕcomp and δ can be better understood from Figs. 3 and
4 of reference [11].
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where ccomp = Ascs + (1 − As)cc,
γcomp = Asγs + (1 − As)γc,

and As = replacement ratio

= Acol

s2

for a square column pattern.

ϕcomp = tan−1[Asμs tan ϕs + (1 − As)μc tan ϕc],

where

Acol cross section area of the column,
s spacing between the columns,
cs cohesion of stone column’s material,
cc cohesion of clay,

μs = n

1 + (n − 1)As

and

μc = 1

1 + (n − 1)As
,

where n = stress ratio

= vertical stress in the granular material

vertical stress in cohesive soil.

The authors presented the following charts for the solution:

(a) Nγ versus shearing resistance angles for the reinforced soil for γcomp

γc
= 1, γcomp

γc
=

1.2, γcomp

γc
= 1.4, γcomp

γc
= 1.6, γcomp

γc
= 1.8 and γcomp

γc
= 2.

(b) Nq versus shearing resistance angles for the reinforced soil.
(c) Nc versus shearing resistance angles for the column-reinforced soil for

ccomp/cc = 0.2, ccomp/cc = 0.4,ccomp/cc = 0.6 and ccomp/cc = 0.8.

The charts for the determination of Nq were converted into tabular form which is
presented in Table 4.

The remaining charts can be obtained from reference [11].
Byusing these charts, the bearing capacity factors and thereby the bearing capacity

of stone columns for different friction angles can be found out.
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Table 4 Variation ofNq with the shearing resistance angles for the reinforced ground (after Etezad
et al. [11])

φc φcomp

15 20 25 30 35 40 45

0 2.5 2.53 2.6 3.2 4.9 6.4 7.5

6 2.51 2.8 3.5 5 6.1 7.8 10

12 3.5 4.1 5 6.2 7.45 10.13 13.1

18 7.3 8.5 11.3 14.84 17.9

24 12.65 15.5 19.99 24.98

30 30 39.85

5 Settlement Calculation of Stone Columns

Various investigators conducted the theoretical study on settlement of stone columns
and developed some solutions [15, 23–26]. As per IS 15284 (part 1) 2003 [4], the
settlement of the treated ground can be calculated with the use of reduced stress
method. As per IS code, by using the expression presented in Eqs. (10), (11) and
(12), the settlement of stone columns can be calculated. This method is based on the
replacement ratio (as) and the stress concentration factor (n). The stress concentration
factor can be estimated as

n = vertical stress in the composite soil, σg

vertical stress in soft soil, σs
(10)

And, the replacement ratio is the ratio of the area of the stone column to the
equivalent area represented by a stone column, which is estimated as

as = As

As + Ag
(11)

where As represents the area of the stone column and Ag represents the plan area of
the soil for the column.

In case of a stone column, the settlement of stone column mainly occurs due to
the consolidation of the soil. IS code suggests the consolidation settlement (St) as

St = mvσgH (12)

where

mv modulus of volume decrease of soil,
σg vertical stress in surrounding soil, and
H thickness of treated soil.
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Castro (2016) conducted an analytical study and obtained the expression for the
settlement of stone columns below rigid footings [23]. He considered a horizontal
slice at a depth of ‘z’ of the unit cell as shown in Fig. 1 and investigated the settlement
over there.

He found out the settlement of each layer and obtained the total settlement of the
stone columns by summing up all these values. To find out the total settlement, he
used Eq. (13).

Sz =
i∑

1

εz,i�ti (13)

where

�ti thickness of ith slice and
εz,i vertical strain at ith slice.

For stone column,
oedometric (constrained) modulus,

Emc = Ec
(1 − ϑc)

(1 + ϑc)(1 − 2ϑc)

For soft soil, oedometric modulus,

Ems = Es
(1 − ϑs)

(1 + ϑs)(1 − 2ϑs)

where Ec and Es are Young’s modulus of stone column materials and soft soils,
respectively.

ϑs and ϑc are Poisson’s ratio of soft soil and stone column, respectively.

Fig. 1 Analytical model showing the horizontal slice (after Castro [23])
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Shear modulus of stone column materials, Gc = Es
2(1+ϑc)

.

Shear modulus of soft soil, Gs = Es
2(1+ ϑs )

.

Lame’s constant for stone column materials, λc = Emc − 2Gc.

Lame’s constant for soft soil, λs = Ems − 2Gs.
Active earth pressure coefficient
for the stone column, Kac = 1− sin ϕc

1+ sin ϕc

and for dilatancy angle, Kc = 1− sinc
1+ sinc

,
where ψ is the dilatancy angle.
Column constant, CE = 3λc + 2Gc

1+ 2KacKc + λc
Gc

(1− Kac − Kc + KacKc)
.

For each slice,
area replacement ratio, ar = Nd2

c

(D + Z
2 )

2 ,

whereN is the number of stone columns in a group pattern, dc is the stone column
diameter and Z is the depth of the slice considered.

The average vertical stress at each depth,

pa(z) = pa(0)
D2

(
D + Z

2

)2 ,

where pa(0) is the applied load and D is the diameter of footing.

F∗ = λc − λs

ar(λc + λs + Gc + Gs) + (λc + Gc − Gs)

Ee
ml = arEmc + (1 − ar)Ems + F∗ar(λs(1 − ar) − λc(1 + ar))K

∗

= Kac − 1
CE

λs

ar(λs +Gs)−Gs
CE(1+ ar)

+ KacKc

Ep
ml = (1 − ar)Ems + (1 − ar)

(1 + ar)
arλsK

∗ + ar
Kac

J ∗,

where J ∗ = λs + ar(λs +Gs)−Gs
1+ ar

K ∗.

Y =
(
K0sγ

′
s − Kacγ

′
c

)
Ee
ml

Gc[2Kac + F∗(1 + ar)] − λc(1 − Kac)[1 − F∗(1 + ar)]

py
a = Y z

If pa ≤ py
a , then εz = pa

Ee
ml
.

If pa > py
a , then εz = py

a

Ee
ml

+ pp
a

Ep
ml
.
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Zahmatkesh and Choobbasti (2010) defined a term called the settlement reduction
ratio (SRR) as SRR = settlement of the composite ground

settlement of ground without stone column for evaluating the settlement

of soft clay reinforced with stone columns [25]. SRR is also defined as SRR = Eo
Eeq

,
where

EO Young’s modulus of ground without stone column and
Eeq Young’s modulus of the composite ground.

Zhang et al. (2013) suggested the settlement of stone columns as the summation
of the total compression deformation of the stone column (Sp) and the settlement of
the underlying unreinforced layers (Ss) as shown in Eq. (14) [26]. Therefore, they
divided the unit cell into N elements and found out the settlement of each element
differently and obtained the total settlement by summing up settlements of all the
elements. The total compression deformation of the column (Sp) and the settlement
of the underlying unreinforced layers (Ss) can be obtained from Eqs. (15) and (16).
Thus, the total settlement becomes

S = Sp + Ss (14)

where

Sp =
N∑

i=1

�sp,i (15)

and

Ss=
Ns∑

i=1

qi
Esi

Hi (16)

qi = vertical stress due to the transfer of the applied stress (q) down into the ith
subjacent unreinforced soil layer,

Hi is the thickness, Esi is the compression modulus of the ith subjacent
unreinforced soil layer,

and N s represents number of the soil layers.

�sp,i = li × σzp,i

Ep
× 1 − μp − 2μ2

p(
1 − μp

) − 2μpki

where μp is Poisson’s ratio of the column and Ep is Young’s modulus of the column.

σzp,i = uniform vertical stress

= Ep

1 − μp − 2μ2
p

[(
1 − μp

) − 2μpki
]
εz,i
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εz,i is the vertical strain of the column at the ith slice.
Christian and Carrier (1978) carried out model tests with stone columns and

compared the load-settlement behavior with that obtained through commercially
available software PLAXIS [27]. In a theoretical study, they used the following set
of equations to find out the settlement ratio (SR) which is the ratio of the settlement
of the composite soil to the settlement of the soft soil without a stone column.

sE = μ0μ1
qB

E
(17)

Eeq = σ

s
(18)

ε = s

L

SR = E0

Eeq
,

where q represents the applied footing load, E represents elastic modulus of the
soil and μ1 and μ0 are the constant values which depend on the thickness between
the footing base and hard strata and the depth of the footing, respectively. σ is the
average applied stress, s is the settlement of the footing, ε is the average strain and L
is the thickness of the clay bed. E0 represents Young’s modulus of the unreinforced
ground, and Eeq is the equivalent secant modulus with the assumption the whole soil
medium is homogeneous.

Greenwood and Thompson (1984) presented one chart of area ratio versus settle-
ment ratio to find out the settlement of treated soil for a constant undrained strength
of soil [15]. The chart is shown in Fig. 2.

�H ettlement of untreated soil,

Fig. 2 Approximate
settlement reduction for
ground reinforced with stone
columns (after Greenwood
and Thompson [15])
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�H ′ Settlement of stone column treated soil,
Ac Area of stone column and
A Area supported by column.

6 Design Example Problem

Problem statement:
To obtain the bearing capacity and settlement of a footing of 1 m diameter resting on
a group of stone columns of diameter 0.5 m and length of 4 m arranged in a triangular
pattern with spacing at 2.5 times the diameter of column,

friction angle of the column, ϕ = 43°,
undrained cohesion of clay, cu = 25 kPa,
unit weight of stone column material, γs = 20kN/cu · m,

unit weight of clay, γc = 17kN
cu · m,

liquid limit, wL = 55% and
water content = 34%.

Solution:

A. Bearing Capacity Determination
Bearing capacity of untreated soil as per IS code

qu = cuNcscdcic + qNqsqdqiq = 25 × 5.14 × 1.3 × 1 × 1 + 17 × 0 = 167.05 kPa

The bearing capacity of a group of stone columns is obtained by different methods
as discussed below:

1. IS 15284 (part 1) 2003 [4]:

(a) Bearing capacity due to bulging of column:

Q1 =
(
σvπD2

)
/4

2

K0 = 0.6 for clays.
σv0 = 17 kPa.
σr0 = 20.4 kPa.
σr L = 20.4 + 4 × 25 = 120.4 kPa.
kpc0l = (tan(45 + 21.5))2 = 5.29
σv = 120.4 ×5.29 = 636.916 kPa.
Yield load = 636.916 × π×0.52

4 = 125.058 kN
Safe load on column, Q1 = 125.058

2 = 62.53 kN
(b) Capacity due to a surcharge:

Increase in mean radial stress, �σr0 = qsafe
3 (1 + 2K0).

For ϕ = 43◦,



State of Art on Load Carrying Capacity and Settlements … 117

Nc = 5.7.
So, qsafe = 25×5.14

2.5 = 51.4,

As = π × 0.52

4
= 0.1963m2,

�σr0
51.4 × (1 + 2 × 0.6)

3
= 37.7 kPa and

Q2 = kpcol�σr0As

2

= 5.29×37.7×0.1936
2 = 19.3kN .

(c) Bearing capacity provided by the intervening soil:

Q3 = qsafe · Ag

Ag = 0.866s2 − (π × d2)/4.

= 0.866 × (1.25)2 − π

4
× 0.52 = 1.157m2

Q3 = 51.4 × 1.157 = 59.47 kN

Therefore, the total bearing capacity, Q = Q1 + Q2 + Q3

= 62.53 + 19.3 + 59.47 = 141.3 kN.
Therefore, ultimate bearing capacity,

Qu = 282.6 kN = 282.6

0.866 × (1.25)2
= 208.85kPa.

2. By Etezad et al. [11]:
The ultimate bearing capacity of stone column,
qult = CcompNc + qNq + 1

2 BγcompNγ .
Replacement ratio,

As = π
4 ×(0.5)2

0.866×(1.25)2
= 0.58 for a triangular column pattern.

ccomp = 0.58 × 0 + (1 − 0.58) × 25 = 10.5 kN/m

γcomp = 0.58 × 20 + (1 − 0.58) × 17 = 22.1 kN/m

n = σs

σg
= 636.916

167.05
= 3.812
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μs = n

1 + (n − 1)As
= 3.812

1 + (3.812 − 1) × 0.58
= 1.45

μc = 1

1 + (n − 1)As
= 0.38

So,

ϕcomp = tan−1[Asμs tan ϕs + (1 − As)μc tan ϕc]

= tan−1
[
0.58 × 1.45 × tan 43◦ + (1 − 0.58) × 0.38 × tan 0

] = 38.1◦

From the design charts, they presented the bearing capacity factors are
obtained as shown below:

For γcomp

γc
= 1.3 and ϕcomp = 38.1◦, Nγ = 7.05

For Ccomp

Cc
= 10.5

25 = 0.42 and ϕcomp = 38.1◦, NC = 33
For ϕcomp = 38.1◦, Nq = 5.38
So, the ultimate bearing capacity,

qu = 10.5 × 33 + 0 + 0.5 × 22.1 × 1 × 7.05 = 424.4 kPa.

3. By Afshar and Ghazavi [10]:
The bearing capacity of stone column, qult = CcNc + q̄ Nq + 1

2WγcNγ .
Here,

δ1 = ϕs

2
= 43◦

2
= 21.5◦

and δ2 = ϕc

2 = 0◦
2 = 0◦.

cw = Cc for soft soil = 25 kPa.
Kpc = cos2 0◦

cos(−0◦)
[
1−

√
sin 0◦·sin 0◦
cos 21.5◦

] = 1.

Kpcc = 1(1 + 1) = 2.

Kas = cos2 43◦

cos(21.5◦)
[
1+

√
sin(43+21.5)◦ sin(43◦)

cos(21.5◦)

]2 = 0.1748.

So,

Nc = 2
cos 0◦

2

cos 43◦
2

√
2

0.1748
= 17.39,

Nq = 1 × 1

0.1748 × cos 21.5◦ = 6.15,

C1 = √
tan 43◦(tan 43◦ + cot 43◦)(1 + tan 21.5◦. cot 43◦) = 1.6307
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and C2 = 1 + (tan 21.5◦[tan 43◦ + cot 43◦]) = 1.8.
So, ηa = 43◦ + tan−1

(− tan 43◦+C1
1.8

) = 64.374◦ and
Nγ = tan 430

(
1

0.1748
cos0◦

cos21.5◦ − 20
17

) = 10.366.
Now, W = width of continuous strips for each row of stone columns = As

S

= 0.196
1.25 = 0.1571.

So, qult = 25 × 17.39 + 0 + 1
2 × 0.1571 × 17 × 10.366 = 448.592 kPa.

B. Settlement Determination
For untreated soil,
settlement,

S = CcH

1 + e0
log

(
σ0 + �σ

σ0

)

= 230.1mm.

For soils treated with stone column, the following methods are applied for
calculation:

i. IS 15284, PART-1, 2003 [4]:
The settlement due to consolidation is

St = mvσgH

Initial stress, σ
′
0 = 10 × 4/2 = 20 kPa and

σ
′
v = change in stress = 167.05× π

4 × 12

3× π
4 × 32 = 6.185 kPa.

Compression index, cc = 0.009(wL − 10%)

= 0.009 × (55 − 10)

= 0.405.
So, e = 0.405 × log10

5.28+20
20 = 0.0412.

Again, water content = 34%,
e0 = ws × G = 0.34 × 2.6 = 0.884 and
mv = 0.0412

(1+ 0.884)× 5.28 = 4.14 × 10−3.

Again, σg = μg,

n = 3.812,
as = 0.58,

μg = 1

1 + (n − 1)As
= 1

1 + (3.812 − 1) × 0.58
= 0.38 and

Settlement of stone column, St = 4.14× 10−3 × 6.185× 4 = 0.08744m =
102.43mm..

(ii) By Castro [23]:
Let us consider, Young’s modulus for soft soil, Es = 25, 000kPa,



120 M. Das and A. K. Dey

Young’s modulus for column materials, Ec = 55, 000kPa,
Poisson’s ratio for soft soil, ϑs = 0.35 and
Poisson’s ratio for stone column material, ϑc = 0.33.
Since vertical stress in surrounding soil, σg = 167.05kPa,
applied load, pa(0) = (

167.05 × 1.157
3

)
kN = 64.43 kN.

For stone column,
oedometric (constrained) modulus, Emc = 55000×(1−0.33)

(1+0.33)(1−2×0.33) =
81490.49 kPa.

For soft soil, oedometric modulus, Ems = 25000×(1−0.35)
(1+0.35)(1−2×0.35) =

40123.456 kPa,
where Ec and Es are Young’s modulus of stone column materials and soft

soils.
Shear modulus of the column materials, Gc = 55000

2(1+0.33) = 20676.69.

Shear modulus of soft soil, Gs = 25000
2(1+0.35) = 9259.26.

Lame’s constant for stone column materials,

λc = 81490.49 − 2 × 20676.69 = 40137.11.

Lame’s constant for soft soil,

λs = 40123.456 − 2 × 9259.26 = 21604.94

Coefficient of active earth pressure
for stone column, Kac = 1− sin 43◦

1+ sin 43◦ = 0.189
and for dilatancy angle, Kc = 1− sin 0◦

1+ sin 0◦ = 1.
Column constant, CE = 45335.5.
The whole soil profile is divided into 4 slices of 1 m thickness.
For the slice whose distance from top of the stone column, z = 2 m,
area replacement ratio, ar = 0.0625.
The average vertical stress at each depth, pa(z) = 64.43 × 12

(1+ 2
2 )

2 =
16.106 kPa.

F∗ = 0.328.

Ee
ml = 16666.82 kPa.

K ∗ = 0.76.

E p
ml = 7874.60 kPa.

J ∗ = 2060.95 kPa.

Y = 34.14.
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Table 5 Settlement value for stone column

Depth
in m

pa in
kPa

ar in % Ee
ml in

kPa
E p
ml in kPa pya in

kPa
εz in % SZ in

mm

0–1 64.43 0.25 4835.077 5867.3 0 3.59 35.9

1–2 28.64 0.111 4391.2 4839.76 32.375 1.998 19.98

2–3 16.1 0.0625 86666.82 16666.82 68.28 3.16 ×
10−1 %

3.16

3–4 10.3 0.04 46355.51 18178.7 20.36 1.83 ×
10−1

1.83

Yielding load, py
a = 34.14 × 2 = 68.28 kPa.

Here, pa < py
a .

So, strain at this layer, εz = 3.16 × 10−3%,

�ti = thickness of ith slice = 1 m and εz,i = vertical strain at ith slice
= 3.16 × 10−3%.

Settlement, Sz = 3.16 × 10−3 × 1m = 3.16 × 10−3 m = 3.16mm.
Similarly, for other slices, the settlement values are listed in Table 5.

The total footing settlement becomes Sz =
i∑

1
εz,i ti .

So, the total settlement is 60.87 mm.
iii By Zhang et al. [26]:

Total settlement,
S = total compression deformation of the stone column + settlement of the

underlying unreinforced layers = sp + ss.
For the first layer, σzp,i = 64.43 kPa.

σzp,i = 64.43 = Ep

1 − μp − 2μ2
p

[(
1 − μp

) − 2μpki
]
εz,i

= 25000

1 − 0.35 − 2 × 0.352
[(1 − 0.35) − 2 × 0.35 × ki ]εz,i

ki = 0.922
Now, �s(p,i) = 1 × 49.6

55000 × (1−0.33−2×0.332)
(1−0.33)−2×0.33×ki )

= 0.00173
(0.67−0.66ki )

= 0.00173
0.05752 =

0.00735.
So, sp = 29.5 mm

Again, Ss =
Ns∑

i=1

qi
Esi

Hi

For the first layer, q1 = 64.43 kPa.
So, settlement of the first layer, s1 = 64.43

25000 × 1 = 2.58 × 10−3 m.
For the second layer, q2 = q2i + q2,
overburden pressure, q2i = γ z2 = 19 × 1 = 19 kPa,
pressure due to external load, q2 = 64.43

(0.5+1×tan 30◦)2 = 55.51 kPa and
q2 = 19 + 55.51 = 74.51 kPa.
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Settlement of the second layer, s2 = 74.51
25000 × 1 = 2.98 × 10−3 m.

For the third layer, q3 = q3i + q3,
overburden pressure, q3i = γ z3 = 19 × 2 = 38 kPa,
pressure due to external load, q3 = 64.43

(0.5+2×tan 30◦)2 = 23.53 kPa and
q2 = 38 + 23.53 = 61.53 kPa.
Settlement of the third layer, s3 = 61.53

25000 × 1 = 2.46 × 10−3 m.
For the fourth layer, q4 = q4i + q4,
overburden pressure, q4i = γ z3 = 19 × 3 = 57 kPa,
pressure due to external load, q4 = 64.43

(0.5+3×tan 30◦)2 = 12.932 kPa and
q4 = 57 + 12.932 = 69.932 kPa.
Settlement of the fourth layer, s4 = 69.932

25000 × 1 = 2.8 × 10−3 m.

ss = s1 + s2 + s3 + s4 =
(
2.58 × 10−3 + 2.98 × 10−3 + 2.46 × 10−3 + 2.8 × 10−3

)
m = 0.00938 m = 9.38 mm

So, the total settlement becomes s = sp + ss = 29.5+ 10.82 = 40.32 mm.
(iv) By Greenwood and Thompson [15]:

Area of stone column, Ac = π
4 × 0.52 = 0.1963 m2.

Area supported by column, A = 0.866 × (1.25)2 = 1.353 − π
4 × 0.52 =

1.157.
Undrained cohesion of clay, cu = 25 kPa.
A
Ac

= 1.157
0.1963 = 5.85.

By using Bowel’s chart for cu = 25kPa, �H
�H ′ = R = 1.95

Considering settlement of untreated soil, �H = 230.1mm,
settlement of stone column treated soil, �H ′ = 230.1

1.95 = 118mm.
The summary of all the results is presented in Table 6.

Table 6 Summary of all results

Method Bearing capacity in kPa Settlement in mm

For untreated soil

167.05 230.1

For soil treated with stone column

IS 15284, PART-1, 2003 208.85 102.43

Etezad et al. [11] 424.4

Afshar and Ghazavi [10] 448.592

Castro [23] 60.87

Zhang et al. [26] 40.32

Greenwood and Thompson [15] 118
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7 Conclusions

Out of many published research papers, only a few papers have been referred to in
this review paper. Selection of the referred papers was based on the availability of
bearing capacity and settlement formulae. It is noticed from the present study that
there is a wide variation in the results of bearing capacity and settlement suggested by
different researchers. The following conclusions are drawn from this review paper:

(i) Bearing capacity of the untreated soil is improved by 1.5–3 times with instal-
lation of the stone column in a triangular pattern at a spacing of 2.5 times its
diameter.

(ii) The Indian Standard code [4] gives a conservative result on the improvement of
bearing capacity, hence a detailed study and upgradation of the codal provision
are required.

(iii) The expected consolidation settlement of untreated soil is reduced by 2–4 times
with installation of stone columns.

(iv) The most conservative result was obtained by Greenwood and Thompson [15].
(v) The codal provision in IS code [4] suggests a possible reduction of 0.4–0.5

times the expected settlement of untreated column.
(vi) The overall settlement is to be reduced to an effective use of stone column

below building foundation.
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Performance Study of Single Helix
Embedded in Cohesionless Soil Under
Pull-Out Load

Neha Nasreen, Ashok Kumar Khan, and Sitam Suvam Jena

Abstract In this investigation, an endeavour is made to understand the pull-out
behaviour of single helix anchor embedded in cohesion less deposit. Physical tests
were conductedusing a laboratory-scalemodel tests tankof size 800mm×800mm×
800 mm. A total of 18 tests were conducted in laboratory in which helix anchor was
installed in loose and medium dense dry sand. A single model helix anchor made
of steel was subjected to vertical pull-out load in a test tank with dry sand. Various
parameters like diameter of helix were varied as 75 mm, 100 mm and 125 mm,
embedment ratio was varied as 2, 4, 6 and relative density of sand was varied as 30
and 60% to understand their influence on the pull-out behaviour. A series of load
uplift curves were drawn to understand the pull-out behaviour. It was observed that
the pull-out capacity significantly variedwith embedment ratio aswell as the diameter
of helix. But the increase in uplift capacity of helix anchor is less affected by increase
in relative density in comparison to diameter of helix as well as embedment ratio.
The results of the experimental investigation were validated using a numerical study
based on PLAXIS 2D software. When the uplift load was varied with displacement
from the PLAXIS examinations demonstrated commonly great concurrence with the
physical modelling acquired from the exploratory outcomes.
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1 Introduction

Due to rapid urbanisation, all over the world there is a necessity to construct high rise
structures like transmission towers, radar towers, street lamps which are subjected to
high lateral forces coming from wind load. Such lateral forces cause an overturning
moment on the foundation of the structure which causes instability to the structures.
Earlier massive foundations are being used to provide stability to the structure which
is quite heavy, expensive and time taking to construct. Now a new construction
method is increasing its popularity by the use of ground anchors. Helix anchor is a
ground anchor consists of one or more helix blade welded to the central shaft and
is used to resists uplift forces coming over the structures. Anchors are driven in the
ground by applying a rotating torque on it in which it is screwed into the ground.
Helix anchor has a number of advantages over other construction method such as it
is easy to instal, can be used immediately after the installation, produces minimum
noise and vibrations while installation, and can be installed at any angle. Helix
anchors are very much useful for offshore structures like submerged pipelines and
submerged tunnels. These are subjected to high buoyant forces coming over it and
hence large uplift forces act on such structures. Hence helix anchor is used to resists
these high uplift forces. Helix anchor is used as a tieback in retaining wall, used as
underpinning for failed foundation. These applications of helix anchor necessitate
the development of theories and in depth understanding of it. Despite the increase in
its use, its behaviour has not been understood properly over the last 20 years.

In this investigation, the ultimate capacity of the single helix anchor is surveyed
subsequent to playing out a progression of laboratory-scale model pull-out tests on
helix anchors in sand. The tests have been conducted to determine the effect of the
embedment ratio, helix diameter and sand density against the uplift capacity of helix
anchor. The research facility tests were led in medium loose and medium dense
dry sand and load uplift curves are obtained. The experimental results have been
validated using 2D finite element analysis based on PLAXIS 2D. The deformation
of sand medium around the helix is observed on PLAXIS 2D. A series of parametric
comparative graphs are plotted to understand the contribution of each parameter to
the axial pull-out capacity of the helix anchor.

Alexander Mitchell was the first person to use helix anchor in 1836. He used
helix anchor to build Maplin lighthouse near Thames River in England. In 1980s
more than 100 lighthouses were constructed using helix anchor. Many researchers
have worked on helix anchor. Ghally et al. [1] carried tests on single helix anchor
in three different states, i.e. dense, medium and loose state in sand. The outcome of
the study is the pull-out capacity of helix anchor is a function of diameter of helix,
embedment ratio and sand density. He gave two modes of failure, namely, shallow
and deep mode of failure. Also gave analytical equation to determine the pull-out
capacity of single helix anchor. Ilamparuthi and Shreni [2] studied the response of
anchor in two-phase materials under uplift. He studied the effect of suction and
upward seepage. Depths of embedment, relative compactness of sand and seepage
velocity are the variables. He concluded that suction contributes marginal in sand;
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upward seepage reduces the uplift capacity of anchor. He used PLAXIS to validate
the experimental results and has shown good agreement. Niroumand and Kassim [3]
conducted tests on uplift capacity of square anchor plate in dense sand. He has done
experimental tests and validated using PLAXIS 2D using soil hardening model and a
relatively good agreement found between the two results. Nazir et al. [4] studied the
execution of single vertical helix anchor embedded in dry sand. He concluded that
embedment ratio and density of sand affects the uplift capacity but the shaft diameter
ratio does not influence the uplift capacity. He gave empirical equations to determine
the uplift capacity in loose as well as dense sand. He observed failure mechanism
in loose and dense state of sand. Local failure surface was observed for loose state
while for dense sand, the failure surface was of truncated cone.Mukherjee andMittal
[5] performed tests on uplift capacity of group of helix anchors in sand. He observed
that the pull-out capacity of anchor increases with number of helix anchor, increase
in embedment ratio, as well as the number of helix blade in an anchor. He used
PLAXIS 3D to validate the results. Demir and Ok [6] present the uplift response
of multi helix anchor in cohesive soil. Used PLAXIS 2D to better understand the
behaviour. He concluded that the uplift resistance of multi helix anchor depends on
embedment ratio and anchor spacing ratio. He demarcates the difference between
shallow and deep mode of failure in PLAXIS 2D. Ghosh and Samal [7] performed
numerical investigation on the pull-out capacity of single helix anchor embedded in
homogeneous soil deposit using finite element analysis ABACUS. They varied the
number of helix plates, ratio of spacing between the helix; plate to the diameter of
the plate, as well as the depth of upper and lower helix plate. Ghaly and Hanna [8]
carried out Ultimate pullout resistance of single vertical anchor. He concluded that
embedment ratio and density of sand affects the uplift capacity. The compression and
uplift bearing capacities of helical piles in cohesion less soil has been carried out by
Abdel et al. [9]. He summarised that the compression and uplift loads are increased
with increasing of the embedment ratios D/d and helix diameter d. Ilamparuthi et al.
[10] described the two modes of failure develop within the soil mass depending on
the anchor embedment ratio shallow anchor behaviour & deep anchor behavior was
the outcome of this paper. Nazir et al. [11] analysed that the uplift capacity increases
with the increase of embedment ratio and sand density however the shaft diameter
ratio is not significantly influent to the uplift capacity. Mittal & Mukharjee [12]
observed that the ultimate pullout capacity of helical screw anchor increases with
increase in the embedment depth, number of anchors & number of screw blades in
the anchor.
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2 Materials and Methodology

2.1 Experimental Study

The experimental study involves a series of laboratory-scale pull-out tests on model
helix anchors embedded in dry cohesionless deposit. In this study, the behaviour of
single screw helix anchor under the influence of vertical uplift load was studied. The
testing programmewas conducted on three differentmodel helix anchors having three
different helix diameters, the helix anchors were embedded in sand in three different
embedment ratios. Pull-out tests were conducted in two different sand densities.

2.1.1 Test Materials

The following materials were used in the study:

(a) Cohesionless deposit: River sand from Kharkai River was used as cohesionless
deposit. The sand was collected from river banks and air-dried under sunlight.
The dried sand was sieved through 4.75 mm sieve to remove any gravel-sized
pebbles (Tables 1 and 2).

(b) Model helix anchor: Model helix anchors used in the study made up of mild
steel. Helix bearing plates were fabricated using 3 mm thick mild steel plate.
Circular steel plate equal to the diameter of the helix bearing plate was cut and
formed into a helix. The helix was welded to solid steel shaft with uniform
diameter of 25 mm. The shaft was sharpened on the bottom end to form the
pilot point. A thread arrangement was done on the upper end of the shaft to
which a square pile cap was attached (Fig. 1).

Table 1 Index properties of
sand

Property Value

Specific gravity, Gs (at 27 °C) 2.67

Effective size, D10 0.40 mm

Effective size, D30 0.58 mm

Effective size, D60 0.90 mm

Coefficient of uniformity, Cu 2.25

Coefficient of uniformity, Cc 0.93

Maximum dry density, γ d-max (kN/m3) 16.56

Minimum dry density, γ d-min (kN/m3) 14.16

φ (loose) (°) 31

φ (medium dense) (°) 33
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Table 2 Engineering
properties of sand

Property Medium loose
sand

Medium dense
sand

Height of pour
(cm)

60 100

Dry density ‘γ d’
(kN/m3)

14.94 15.48

Relative density
(%)

30 60

Friction angle φ

(°)
31 33

Cohesion ‘c’
(kN/m2)

0 0

Elastic modulus
‘E’ (kN/m2)

8500 9000

Poisson’s ration
‘μ’

0.3 0.3

Fig. 1 Helix anchors

2.1.2 Test Variables

The diameter of the helix bearing plate (D), embedment of the helix bearing plate
(B) and density of the fill (γ ) are varied in this investigation. 18 different tests were
carried out by varying the above parameters. The variable parameters used to depict
the tests were expressed in a non-dimensional form called embedment ratio, B/D.

The nomenclature of the test number in test series is defined X–Y–Z, where X is
diameter of the helix in mm, Y is the embedment ratio, and Z is the relative density of
the sand. For example, test number 100-4-60 represents the pull-out test of 100 mm
diameter helix anchor embedded in an embedment ratio 4 in the sand with relative
density of 60%.
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2.1.3 Test Setup

Test bed-loading frame consists of testing tank and loading system. Test tank was
made of wood of the following dimensions: 0.80 m× 0.80 min plan and 0.80m high.
The inner surface of the tank was lined with smooth polyethylene sheet to reduce
friction between sand and wooden walls. The loading frame consists of two heavy
steel columns and a horizontal crosshead that supports two frictionless pulleys. The
test bed of known density was prepared by rainfall technique from a predetermined
height. Depending on the diameter of helix and the embedment ratio, the position of
bearing plate as well as the position of pile cap was marked on the inner face of the
tank. The sand was then rained into the tank from the prescribed height. Sand was
rained into the tank in layers of 20 cm thick. The uniformity of placement density was
checked at every layer by a dynamic penetrometer. After topping the tank off to the
ideal stature, the sand surface was levelled with a ruler attached to a spirit level. The
dial gauges pointers were rested on the pile cap. Care was taken to maintain perfect
verticality of the dial gauge pointer. A normal uplift load was applied in increments
of 0.005 kN to the model helix. The uplift was measured by averaging two dial gauge
readings (Fig. 2).

Fig. 2 Test setup
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3 Numerical Analysis

Finite element analysis is a robust mathematical tool that is used to resolve many
engineering problems. In finite element method, continuous media is divided into
number of finite elements. PLAXIS is finite element method based software which
is used to solve many geotechnical engineering problems. In this study, PLAXIS has
been used to validate the experimental results. Axisymmetric model has been used
for the creation of the model. Soil has been modelled usingMohr-Coulomb model in
which five input parameters are required, namely, Elastic modulus (E) and Poisson’s
ratio (μ) for soil elasticity; Angle of internal friction (φ) and cohesion (c) for soil
plasticity, and (ψ) as an angle of dilatancy. The elastic modulus, angle of internal
friction has been calculated by performing triaxial test of sand. The bearing plate of
the helix anchor is modelled as plate element. Hence, the pitch of the helix bearing
plate is ignored and the helix bearing plate is modelled as circular plate element.
PLAXIS divides the entire media into finite elements. Elements can be either 6
noded or 15 noded. 15 noded triangular elements have been used in comparison to
6 noded to provide greater accuracy in the calculation of stress and deformations
of every point. The material properties and model parameters for the soil clusters
are entered in material data sets tab. Fully automatic mesh generation is possible
through PLAXIS. Mesh densities of five different types are available ranging from
very coarse, coarse, medium, fine and very fine. In this study, mediummesh has been
used which provides good results with better accuracy. The soil structure interface
properties are input by using stiffness reduction factor, i.e. Ri given as 0.67 in this
study.

4 Results and Discussions

The uplift capacity of helix anchor has been determined experimentally and the
experimental results have been validated using numerical approach PLAXIS.Various
graphs were plotted to determine the effects of diameter of helix, embedment ratio
of helix as well as the density of helix. Pull-out load versus uplift curves has been
plotted.

Figures 3 and 4 show the variation of pull-out load with uplift of a helix anchor
by varying embedment ratio by keeping the diameter of helix as well as the relative
density of sand as constant. It can be inferred from the above graphs that as the
embedment ratio of anchor is increased from 2 to 4 and then to 6 pull-out loads
of the helix anchor are increasing. This is due to the fact that overburden stress
increases above the helix. The deeper the embedment of the helix the higher will be
the overburden stress thus it requires a higher uplift load to pull-out the anchor.

Figures 5 and 6 show the variation of pull-out load with uplift of a helix anchor
in which diameter of helix anchor has been varied by keeping the embedment ratio
as well as the relative density of sand as constant. The graph shown above is for
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Fig. 3 Load versus uplift curve with varying embedment ratio

Fig. 4 Load versus uplift curve with varying embedment ratio

embedment ratio of 2 similarly graphs have been plotted for embedment ratio of
4 and 6. It can be concluded that as the diameter of helix plate is increasing the
ultimate uplift load is increasing, which is due to the increase in the soil mass above
the helix bearing plate which ultimately increases the pull-out load of the anchor. The
variation of pull-out load with density of sand has been indicated in Fig. 7 by keeping
the embedment ratio as well as the diameter of helix as constant. The above figures
are for diameter of 75 mm similar graphs has been plotted for diameter of 100 mm
as well as 125 mm. From the graphs, we can conclude as the density is increased
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Fig. 5 Load versus uplift curve with varying diameter of helix

Fig. 6 Load versus uplift curve with varying diameter of helix

from 30% to medium dense state 60% the pull-out capacity of helix anchor tends
to increase. However, the increase in uplift capacity ranges from 5 to 32% for the
figure mentioned above. This is due to the fact that the friction angle of sand will
increase with an increment in sand density. A higher friction angle will produce
higher frictional resistances which will then increase its uplift capacity.
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Fig. 7 Pull-out load versus uplift curves with varying density

The comparison curves between the experimental as well as the PLAXIS results
have been plotted as shown in Figs. 8 and 9 for diameter of 75 mm. similar graphs
have been plotted for other diameters. From the graph, it can be concluded that
the PLAXIS is showing a fairly good agreement with the experimental results. The

Fig. 8 Pull-out load uplift curves variation for experimental & Finite element for D = 75 mm &
RD = 60%
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Fig. 9 Pull-out load uplift curves variation for experimental & Finite element for D = 75 mm &
RD = 30%

values of pull-out capacity of the helix anchors obtained from the laboratory have
been tabulated in Table 3. The pull-out load of helix anchors has been calculated by
double tangentmethod. To validate the results acquired from the lab tests, comparison
of its resultswas donewith PLAXIS2D results. PLAXIS results have also been shown
in the same table.

Table 3 shows the comparison between the results, it is clear that the percentage
difference between experimental results and PLAXIS result is not more than20%.
In PLAXIS, we get output as load uplift curve, displacement contours illustrating
the failure mode of anchor, stress contours and many others. Load uplift curve as
well as the displacement contours have been analysed in PLAXIS. Figures 10, 11,
and 12 below show the displacement contours of helix anchor of diameter 75 mm
with different embedment ratios likewise it has been analysed for another diameter
of helix anchor also. From the figure, we can say that for an anchor at embedment
ratio of 2 and 4 the displacement contours are reaching the ground surface and for
an embedment ratio of 6, it is within the soil medium and not affecting the surface
of soil (Table 4).

5 Conclusions

An attempt has been made to comprehend the behaviour of model helix anchor
in cohesionless deposit. Different parameters have been studied to understand the
influence on pull-out capacity of helix anchor. Experimental investigations were
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Table 3 Summary of test variables

Test name Dia of helix
(mm)

Depth of
helix (mm)

Embedment
ratio ‘B/D’

Height of
pour (cm)

Relative
density (%)

75-2-30 75 150 2 60 30

75-4-30 75 300 4 60 30

75-6-30 75 450 6 60 30

75-2-60 75 150 2 100 60

75-4-60 75 300 4 100 60

75-6-60 75 450 6 100 60

100-2-30 100 200 2 60 30

100-4-30 100 400 4 60 30

100-6-30 100 600 6 60 30

100-2-60 100 200 2 100 60

100-4-60 100 400 4 100 60

100-6-60 100 600 6 100 60

125-2-30 125 250 2 60 30

125-4-30 125 500 4 60 30

125-6-30 125 750 6 60 30

125-2-60 125 250 2 100 60

125-4-60 125 500 4 100 60

125-6-60 125 750 6 100 60

carried out on model helix anchor in dry cohesionless deposit and numerical analysis
has been done to better understand. The following conclusions can be drawn

(1) The embedment ratio plays an important role on the uplift capacity of helix
anchor. Uplift capacity of helix anchor increases with an increase in embedment
ratio.

(2) Pull-out capacity of helix anchor increases with increase in diameter of helix
for same relative density as well as the embedment ratio.

(3) Uplift capacity of helix anchor in loose sand will always be lower than in dense
sand. Hence it increases with increase in sand density.

(4) Numerical analysis has been studied using PLAXIS and it shows a fairly good
agreement with experimental results.

(5) Displacement contours have been Plotted using PLAXIS. From the contours,
it can be concluded that the embedment of 2 and 4 shows a shallow mode of
failure in which the displacement is extending up to the ground while for an
embedment of 6 contours lies within the soil media indicating deep mode of
failure.
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Fig. 10 Displacement
contours of 75-2-30

Fig. 11 Displacement
contours of 75-4-30
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Fig. 12 Displacement
contours of 75-6-30

Table 4 Comparison between experimental and PLAXIS

Test data Experimental Finite element analysis % Difference

Qu (N) Uplift (mm) Qu (N) Uplift (mm)

75-2-30 110.5 0.68 132.5 0.28 19.91

75-2-60 140 0.76 152.5 0.3 8.92

75-4-30 478 1.65 510 1.54 6.69

75-4-60 600 2.3 590 1.76 −1.66

75-6-30 750 3.2 790 3.2 5.33

75-6-60 820 2.4 860 2.8 4.87

100-2-30 235 0.55 274 0.5 16.59

100-2-60 254 0.64 287 0.36 12.99

100-4-30 1040 3.5 1080 4 3.84

100-4-60 1100 2.65 1096 3 −0.36

100-6-30 1530 6.2 1550 5.6 1.30

100-6-60 1590 5.3 1858 7.58 16.85

125-2-30 385 0.79 461 0.48 19.74

125-2-60 435 0.68 485 0.45 11.49

125-4-30 1630 3.75 1760 4.45 7.97

125-4-60 1870 4.1 2060 4.4 10.16

125-6-30 2540 6.95 2880 7.7 13.38

125-6-60 3350 7.676 3380 7.52 0.89
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Soft Clay Stabilization with Steel Slag

Ankit Kumar, Sumon Saha, and Rana Chattaraj

Abstract Steel slag is a waste material generated from steel industry. Millions of
tonnes of steel slag are generated in each year throughout the world. Substantial por-
tions of steel slag are accumulated each year due to un-utilization. The accumulation
of steel slag not only occupies a huge area of land, but it also pollutes the surface
water as well as groundwater. Bulk utilization of steel slag is the need of the hour. Soil
stabilization is an area where bulk utilization of steel slag is possible. In this paper, an
attempt has been made to utilize the steel slag in improving the geotechnical strength
characteristics of soft clayey soil. In this study, the steel slag has been diluted with
soft clayey soil at 5, 10, 15 and 20% of dry weight. Sieve analysis, Atterberg’s limits,
free swell index (SI), specific gravity, compaction, unconfined compressive strength
and triaxial test were conducted on the virgin soil as well as on blended soil. UCS
tests were performed at 0, 7, 14 and 28 days of curing. The strength characteristic of
the blended soil was found to be improved with the increase in percentage of steel
slag and curing period.

Keywords Fly ash · Steel slag · Soil stabilization · Atterberg’s limit ·
Compaction · UCS and triaxial test

1 Introduction

In India expansive soils spread about 0.8×103 million km2 regions which are roughly
20% of surface area. The swelled soil may apply enough strain to split sideways,
carports, storm cellar floors, pipelines and even establishments; making it harmful
for structures if not sufficiently treated. Hence to improve the expensive soil steel
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slag is used as additives. The worldwide steel creation was 1360 million tonnes as
per the report of World Steel Association (WSA-2017) producing around 170 to
250 million tonnes of steel slag annually as a waste. India is the third-most elevated
maker of rough steel in Asia, as per the WSA report 2014. Huge number of steel
making plants produces around 29 million metric tonne of waste material every year.
Disposal of steel slag to the natural environment is becoming more and more difficult
for reasons like confined assets, ecological impacts, costs and so on. Because of the
cementitious property of steel slag by dissecting, its mineral creation, physical and
chemical properties, a thought of utilizing steel slag fines to improve the bearing
capacity of weak ground has been put forward.

Shalabi [1] performed experimental analysis to find out the effect of varying
percentage of steel slag on clayey soil. The tests showed that there is a continuous
decrease from 50 to 30% in the liquid limit (LL) with increase in basic oxygen steel
slag (BOS) content. There is a decrease in plastic limit (PL) from 21 to 11% with
increase in slag content up to 30%. Biradar [2] investigated the effect of F grade
fly ash and steel slag to stabilize clay soils. Various tests were conducted on the
modified soil by mixing fly ash and steel slag at different percentages, i.e. 0, 5, 10,
15 and 20% by the weight of the soil. It is reported that if clayey soil stabilized by
steel slag then this amended soil attains higher CBR value than fly ash. Akinwumi
[3] suggested that the optimum % of steel slag was found to be 8%, addition of
which increased its unsoaked CBR values by 40% and its UCS by 66.7% while the
LL, PL and plasticity index reduced by 6.3, 4.0 and 2.3%. Zha et al. [4] studied
how the expansive soil would behave when it is stabilized with fly ash. The test
results showed that the fly ash and lime-fly ash treatment in expansive soil decreased
the swell potential and shrinkage of the soils. Free swelling and swell pressure are
reduced with different types fly ash content in soil. Free swelling and swell pressure
of fly ash stabilized soil also depend on days of curing. Ashango and Patra [5] studied
that steel slag, rice husk ash and quick lime can be used as a additives to stabilize
the expansive soil. The optimum mix was found to be 65% expansive soil+20% steel
slag+5% lime+10% rice husk ash based on UCS value. Poh et al. [6] studied the
effects of BOS on stabilization of English China clay (ECC) and Mercia mudstone
(MM). The stabilization of ECC and MM is carried out by the use of three BOS
slag, namely, BOS A, B and C collected from three several steel manufacturing
sites in the United Kingdom. Two different activators that are quicklime and sodium
metasilicate were also used in this investigation along with mixture of BOS slag.
Peter et al. [7] conducted lab experiment for enhancement of subgrade behaviour
of expansive soil with coir waste. They have found that dry density is constantly
decreasing with increase in coir pith and coir fibre content. However, addition of
0.5% coir pith did not have any influence on dry density but decreases optimum
moisture content (OMC). The OMC of amended soil suddenly reduced at 0.2% of
coir fibre content but after that the value of OMC increases with coir fibre content in
amended soil. Dang et al. [8] used agricultural waste bagasse ash for remediation of
expansive soils. The test results showed that the free swell ratio decreases as % of
bagasse increases. Durotoye et al. [9] studied the change in the engineering properties
of expansive soil by the use of varying percentage of common salt. The results show
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that swelling parameters such as PL, LL, SL, specific gravity, OMC, free swell index
drastically decreases with increase in % of NaCl. However, strength parameters such
as MDD, unsoaked and soaked CBR, compressive strength increases with increase
in NaCl content.

2 Materials

Soil used in the research work has been collected from Cuttack district near Chaud-
war. A total of 150 kg of clayey soil was collected from a depth of 20ft during
the excavation of soil for the purpose of construction of a water tank. The soil was
packed in 10 gunny bags. Some amounts of soil were also packed in polythene to
avoid moisture loss of the soil so that we could further determine its moisture content.
The physical properties of untreated clayey soil have been shown in Table 1. Steel
slag was collected from the dump yard of Rourkela steel plant where the slags were
disposed after the production of steel material. A total of 45 kg of steel slag were
collected and packed in 3 gunny bags which was then transported to the geotechni-
cal lab of Civil engineering Department, KIIT University. It was then oven-dried as
it was exposed to natural weather for about two months. The samples which were
collected had sizes ranging from 50 to 100 mm which was then crushed to particle
size below 425 μ in the material testing lab. The physical properties of the soil are
given in Table 1.

In this study, various types of test were carried out such as sieve analysis, hydrom-
eter analysis, pycnometer test, swelling index test, standard proctor test, UCS, triaxial
test. Sieve and hydrometer analysis are carried out to evaluate the grain size of the
particle. Grain size analysis was done in the lab as indicated by [10]. The particle size
distribution curve is represented in Fig. 1. In this research, liquid limit and plastic
limit for untreated and treated clay with increasing %steel slag are determined. The
liquid limit and plastic limit were resolved according to methods indicated in [11].
Liquid limit was obtained using Cassagrande’s apparatus. [12] is followed to evalu-
ate specific gravity of amended and non-amended soil. In this research, pycnometer

Table 1 Physical properties
of untreated soil

Silt+Clay (%) 52

Sand (%) 48

Liquid limit (%) 47.2

Plastic limit (%) 15.45

Shrinkage limit (%) 8.65

Plasticity index (%) 31.75

G 2.47

SI (%) 47

Soil type CI
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Fig. 1 Grain size
distribution curve
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test has been conducted three times for each sample and the average had been taken.
Specific gravity of untreated soil as well as steel slag has been found out individu-
ally as well as specific gravity of mixture of untreated soil + increasing % of steel
slag was also determined. Free swell index is done as per [13]. On submergence in
water, free SI is the percentage enhance in volume of the soil. The standard proctor
tests were conducted on untreated clayey soil and on clayey soil mixed with basic
oxygen steel slag (BOS) according to Indian standards [14]. The test was conducted
by placing sample in a metallic mould having an inner diameter of 100 mm and a
height of 120 mm. placing of each sample was done in three layers. 2.5 kg of load
was subjected to each layer and 25 blows of tamping were provided to each layer.
Variation in MDD and OMC is observed by varying the amount of steel slag in the
clayey soil. The unconfined compressive strength test is conducted to measure the
strength of a material. It is a type of triaxial test in which the confining stress is
zero. This test is applicable for cohesive soil. UCS tests were performed as per [15].
These tests were conducted on 7.5 cm × 15 cm size specimen samples. UCS tests
were conducted for non-amended and amended soil samples with addition of 0, 5,
10, 15 and 20% BOS at their OMC and MDD values obtained from compaction
tests. Samples were cured for duration of 7, 14 and 28 days for UCS test. Triaxial
compression test is conducted as per [16]. In this test, the sample is subjected by
constant confining stress (σ3) whereas deviator stress (σ3) is increased till the soil
sample fails in shear. In this research, the test is repeated with identical samples using
three different values of confining pressure, namely, 100, 150 and 200 kPa.
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Fig. 2 Variation of LL of
treated soil with BOS content
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3 Results and Discussion

3.1 Grain Size Analysis

In this research, the soil is classified based on Indian Standard Soil Classification
System. Sieve analysis and hydrometer analysis were carried out for grain size anal-
ysis. A graph is plotted showing % finer versus grain size curve as in Fig. 1. From the
figure, it is known that 48 percent of particles are retained over 75 μ sieve and 52%
of particles pass through 75 μ sieve. By the use of A-line chart and A-line equation:
Ip = 0.73(WL%−20), the soil is classified as intermediate plastic clay (CI). From the
grain size distribution curve, the amount of clay is found to be 22% and silt to be
30%.

3.2 Atterberg Limit

With 0, 5, 10, 15 and 20% steel slag additive, liquid limit (LL) and plastic limit (PL)
were conducted on each sample. The LL signifies compressibility. Higher the LL
higher will be the compressibility. Figure 2 represents that the LL has decreased with
increase in %BOS from 47.2% for 0% BOS additive to 38% for 20% BOS additive.
The plasticity index (PI) also decreases continuously with increase in %BOS from
31.75% for 0% steel slag to 19.88%.

3.3 Specific Gravity

The specific gravity was found out for the untreated soil sample and with soil samples
treated with different % of steel slag. Average value of specific gravity is taken by
testing three times on each sample. Specific gravity of the steel slag, i.e. 3.02 is
found to be higher than the specific gravity of untreated soil, i.e. 2.45. The variation
of specific gravity is shown in Table 2.
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Table 2 Physical properties and plasticity index of amended and non-amended soil

Mixture proportion OMC % MDD gm/cc Specific gravity PI

S 1.57 20.4 2.47 31.75

S+5 BOS 1.592 20 2.54 26.04

S+10 BOS 1.604 19.7 2.57 24.3

S+15 BOS 1.683 19.4 2.65 20.98

S+20 BOS 1.726 18.2 2.72 19.88

Fig. 3 variation moisture
content with dry density of
treated soil
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3.4 Compaction Characteristics

Table 2 represents the variation of OMC and MDD on the basis of BOS content in
soil. It has been shown that OMC reduced linearly with percentage of BOS content in
modified soil. In Fig. 3, it is found that the dry density of mixture reaches maximum
at 20% of marble dust after that dry density was observed to be reduced.

3.5 Unconfined Compressive Strength (UCS)

Figure 3 shows the changes of UCS with BOS content at 0, 7, 14 and 28 days of
curing. It is shown that UCS value enhances up to 15% addition of BOS in amended
soil. Addition of further BOS resulting decreases of UCS value. With increase in no
of curing days, the UCS value is found to be increased. The increase in UCS up to
15% addition of BOS may be attributed to the fact of cation exchange mechanism
between steel slag and soil particles (Fig. 4).

3.6 Triaxial Compression Test

The relationship of axial stress difference and BOS with varying curing days at
confining pressures of 100, 150 and 200 kPa, respectively, is represented by Figs. 5,
6 and 7. It shows that with increase in confining pressure the axial strength increases
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Fig. 4 Relationship between UCS and %BOS at varying curing days
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100 kPa

Fig. 6 Relationship between
maximum stress difference
and %BOS at confining
pressure of 150 kPa
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Fig. 8 Relationship between Secant modulus(E50) and %BOS at different confining pressures and
different curing days

which shows hydration reaction is getting accelerated with higher confining pressure.
With increase in %BOS, the maximum stress difference is also increasing up to 15%
BOS addition and decreases at 20% BOS addition. There is increase in maximum
stress difference with increase in curing days. Figure 7 shows the relationship between
Secant modulus E50 and %BOS at varying curing days. E50 is a measure of stiffness
of the soil. From Fig. 7, it is observed that E50 value increases with increase in amount
of BOS up to 15%, then it is found to decrease at 20% BOS (Fig. 8).

4 Conclusion

The LL and PI decrease with the addition of steel slag in virgin soil. The specific
gravity of black cotton soil increases from 2.47 to 2.72 with percentage increase in
steel slag. SI decreases from 47% for virgin soil to 11.11% for 20% steel slag addition
(4 times decrease). MDD increases from 1.57 to 1.72 g/cc with steel slag addition
up to 20% and the OMC decreases from 20.4 to 18.2%. The optimum % of steel
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slag was obtained to be 15% based on both UCS tests and triaxial compression tests.
The UCS value is found to be maximum at 15% steel slag addition and the secant
modulus is also larger for 15% steel slag addition which indicates higher stiffness.
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Review on Study of Soil Stabilization
by Application of Microorganisms

Sourya Snigdha Mohapatra and P. K. Pradhan

Abstract In recent years when there is a scarcity of desired land sites to satisfy
the rapid development of infrastructures in metro cities, the engineers are facing
great challenge of improving the properties of the soil which are going to carry the
transferred load from the superstructure, ex: different types of buildings, bridges
and roadways. The soil improvement techniques nowadays are emerging by the
implementation of various significant ways to enhance the mechanical engineering
properties of different soil types, like different types of expansive soils and minerally
active soils. The soil treatment methods with chemical and cement grout are used
increasingly by the engineers. The chemicals and cement used as a soil stabilizing
material affect the natural environmental properties of the soil, hence, hindering
the groundwater flow. To overcome their ill effect on soil and underground water,
more sustainable method is the need of the time. Hence, engineers now are using
the most readily available microorganisms and biochemical processes which are
naturally active in subgrade soils to enhance the mechanical parameters of earth in
survivable and cost-effective way. The main purpose of this kind of implementation
is to improve both physical and engineering parameters of soil to use and reuse the
soil when needed. The most important uses bio-clogging and bio-cementation are
introduced. Bio-clogging is the process which produces the void clogging materials
throughbiological activitywhich affects the pore spaces andpermeability of soil.Bio-
cementation, the process in which particle linking materials are generated because of
the biological methods in situ for which the resisting capacity of the earth increases
significantly. Bacteria which can grow in absence of oxygen and microaerophilic are
the most eligible bacteria for the bioremediation of the soil.
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1 Introduction

Nowadays, construction of any structure on such soils which do not offer favourable
characteristics is a greater challenge for the engineers. Availability of weak soil or
geotechnical properties is making the civil engineers to avoid such type of sites.
Generally, stabilization of the soil is a method of improving the in situ soil quality
and enhancing the soil strength. Materials like lime, cement, fibres and geosynthet-
ics can be used for the soil stabilization. Few techniques adopted for stabilization
harm the soil environment, make them toxic and cause underground water contam-
ination. Microbial soil remediation has come into focus for strengthening the soil
properties with an effective environmental impact. The process of microbial appli-
cation to the soil is more eco-friendly in comparison to other conventional treatment
methods. There are two approaches in microbial geotechnology: (bio-clogging and
bio-cementation) [2, 4]. Bio-clogging is the process in which void clogging materi-
als are produced due to biological activity so that the void ratio and permeability of
soil can be decreased. Bio-binding is the microbial process in which soil particles
are allowed to bind with each other with effect of microbial activity present in situ.
Every process implemented results in changing different geotechnical properties of
soil [4, 9]. This paper has concentrated on different microbes, the process of their
growth and mechanism, their different geotechnical applications to improve the soil
properties and briefly explains the geotechnical survivability using bioremediation
for soil remediation.

2 Soil Earth with Effect of Microbes

Naturally, present soil includes some microorganisms which are precisely adoptable
for different environmental effects, as they exist for over 3.5 billion years. However,
the microbes which are present in soil may not be sufficient for the effective improve-
ment of the soil properties. Hence, it is in need to addmore amount of microbes to the
soil for the stabilization so that it will make the eco-friendly as well as for avoiding
the use of toxic chemicals on soil. The table given below shows different microor-
ganisms followed by the environmental researchers to study their effect on different
soil properties.

The anaerobic bacteria Sporosarcina pasteurii (S. pasteurii) [7, 10] causes Calcite
precipitation through microbial activity in porous soil to enhance urea hydrolysis
through the enzyme urease. The surface of the soil particles as well as void spaces
is clogged by the calcium carbonate deposition precipitated by the microbes which
in turn reduces the porosity and permeability of the soil [14, 15].
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3 Mechanism of Microbes to Geotechnical Engineering

The theory of microbial geotechnology comprises two methods: bio-clogging and
bio-cementation. Bio-clogging helps in producing void fillingmaterialswhich reduce
the volume of voids in the soil making the soil denser (Tables 1, 2 and 3).

Bio-cementation helps in enhancing the potency and hardness properties of the
soil by implementing microorganisms and binding matters into the soil [4].

In the process of bio-clogging, impervious layer of algae and Ciano bac-
terial biomass is formed [1]. Bacteria with and without oxygen, oligotrophic
microaerophilic bacteria and bacteria inducing nitrification cause the generation of

Table 1 Different microorganisms followed by the environmental researchers for studying their
effect on different soil properties [2]

Serial no. Microorganism Biological process Influence of the
microorganisms

1 Bacillus pasteurii Cementation process Increment in axial
strength, high elasticity,
pore space decreases to
90%

2 Sporosarcina pasteurii Urease activity Pore space decreases by
90%, strength
significantly increases

3 Urease enzyme-driven
mineralization

Enzyme to hydrolyze
urea

Increment in unconfined
compression strength and
reduction in permeability

4 Bacillus pasteurii The performance is
influenced by the
effective size of the sand

5 Sporosarcina pasteurii CaCo3 precipitation Visible improvements in
unconfined compressive
strength and stiffness,
and reduction in
permeability of the
treated sands

6 Tryptic Soy Broth was
used for the cultivation of
fastidious and
non-fastidious
microorganisms

Use of Tryptic Soy Broth Decrease in plasticity,
improvement in
shrinkage and swelling
characteristics

7 Bacillus pasteurii,
Sporosarcina pasteurii,
Spoloacto bacilus,
Clostridium and
Desulfotomaculum

Urea hydrolysis Shear strength
improvement, unconfined
compressive strength,
improvement in stiffness
and liquefaction of the
soil
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Table 2 Microbial processes involved in bio-clogging [2]

Microorganisms
grouped
Physiologically

Activities of
bio-clogging

Essential conditions
for bio-clogging

Useful geotechnical
applications

Algae and
cyanobacteria

Impermeable layer of
biomass Formation

UV light penetration
and supply of
nutrient

Reduction of water
infiltration into
slopes and control of
seepage

Slime producing
bacteria in presence
and absence of
oxygen

Production of slime
in soil

Presence of oxygen
and medium with
ratio of C:N > 20

Provide cover for soil
erosion control and
slope protection

Oligotrophic
microaerophilic
bacteria

Slime production in
soil

Low concentration
oxygen and medium
with low
concentration of
carbon source

Reduce drain channel
erosion and control
seepage

Bacteria involved in
nitrification

Slime production in
soil

Ammonium and
oxygen present in
soil

Reduction in erosion
of canal channel

Bacteria reducing
sulphate content.

Undissolved
sulphides of metals
production

Oxygen free
conditions: soil
including sulphate
and carbon sources

Grout curtains are
formed to minimize
the mitigation of
heavy particle
minerals and living
dirt

Bacterium increasing
ammonification

Due to increased pH
and release of CO2
Insoluble carbonates
of metals formed in
soil

NH4 and soluble
mineral salt present
in soil

Prevention of
screeching of soil
dams

Bacteria reducing
iron in soil and water

Insoluble ferrous and
ferric salts generation
and precipitation in
soil

Oxygen free ailments
changes to presence
of oxygen conditions.

Prevention of
liquefaction of soil
made dams and
dykes

slime in earth. Bacteria which reduces sulphate causes generation of insoluble sul-
phides of metals and bacteria with effect of ammonification causes formation of
insoluble carbonates of metals. Bacteria those help in iron reduction causes forma-
tion of ferrous solution and precipitation of insoluble ferrous and ferric salts and
hydroxides in soil.

In the process of bio-cementation, sulphate-reducing bacteria causes production
of binding of the soil particles with sulphidesmetals and helps in binding the particles
with carbonates metals produced during hydrolysis of urea.
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Table 3 Microbial processes that can potentially lead to bio-cementation [3, 13]

Microorganisms
grouped
physiologically

Activities of
bio-cementation

Essential conditions
for bio-cementation

Useful soil
applications

Bacteria involved in
sulphate reduction

Undissolved
sulphides of metals
production

Oxygen free
conditions: sulphate
and carbon sources
present in soil

Increases the stability
of slopes in canals
and dams

Bacteria involved in
ammonification

Increased pH and
released CO2
Produces insoluble
carbonates of metals
in soil

NH4 and soluble
mineral salt

Increases
liquefaction-potential
of sand, enhances
stability of retaining
walls and also
increases
load-carrying
capacity of
foundations

Bacteria involved in
iron reduction

Generation and
precipitation of
ferrous and insoluble
ferrous and ferric
salts

Oxygen free ailment
changes to oxygen
presence ailments;
presence of ferric
minerals

Earth densification,
resistance towards
liquefaction and
increase in bearing
capacity

4 Soil Engineering Properties

Engineering parameters of low strength soil may be very much poor and cause
erosion. Due to the increase in infrastructure the soil needs to be stabilized within
the time. The traditional method of synthetic injecting techniques is of big budget and
need much more injection holes for treating large number of volumes. The potential
of the MICP by providing urea and calcium in different sandy soil samples has been
evaluated by many researchers and it has been observed that consolidation of sand
by B. pasteurii reduces the pore space up-to 50% and hydraulic conductivity up-to
90% in the places where the binding/cementation takes place.

Heightening in load-carrying capacity and hardness of cylindrical samples of sand
upon microbial calcium carbonates has been supplied. Urea treatedMICP has imple-
mented for suppressing dust, reducing flow of water in granular media, improving
and enhancing soil properties, stabilizing slopes and strengthening liquefiable soils.
The implementation of biological treatment to coarse soil and expansive soil resulting
increase the soil strength, reduce the hydraulic conductivity, void space and swelling
properties [3, 11].
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5 Microbial Geotechnology in Application

The biological treatment of soil is used widely in soil remediation in several ways.
Bacteria can be injected into the soil in many processes. Also in some cases, the
bacteria can be mixed properly with the soil and placed in the required area. Some
of the fields where improvement is seriously needed are

i. Soil Reinforcement/stabilization for enhancing the Stability of slopes and
retaining walls.

ii. Increase in the load-carrying capacity of footings.
iii. Reducing liquefaction of the expansive soil.
iv. Treatment of paved surface.
v. Prevention of attrition and failure of slopes.
vi. Binding of the micro and nanoparticles on open surfaces to reduce dirt levels

in soil.
vii. Increase in parrying the offshore structures to erode the sediments within or

beneath gravity foundations and pipelines.
viii. Stabilization of contamination from soil by hog-tieing.
ix. Control in corrosion in sea and river banks.

6 Implementation on Field

Till now some of the field methods have implemented during which microorganisms
have been thoroughly utilized for both increasing the resistance and hardness of
soil and to decrease permeability of soil [1, 9, 14]. For the effective implementation
of the bacteria, the microbial suspension is prepared in the laboratory in sufficient
amount and then injected to the weak soil on field as in traditional method. Grouting
methods can be implemented for the process of bio-clogging and bio-cementation.
The process adopted for the implementation and details of the specific field project
influences the cost of microbial treatment on soil.

7 Conclusions

1. Overall, different microorganisms improve and enhance the mechanical proper-
ties of the soil in situ.

2. Microorganisms producing calcium carbonate increase the bearing capacity,
strength and stiffness of the soil as well as reduce the porosity and permeability
of soil with improving susceptibility towards liquefaction [11, 16].

3. The MICP process is very cost-effective and eco-friendly method for soil
treatment.
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4. MICP treated soil offers resistance towards liquefaction as well as prevents
damage due to seismic loading [15].

5. Facultative anaerobic andmicroaerophilic bacteria are themost suitablemicrobes
for the treatment of needy soil in most convenient environmental conditions [14].

6. The performance of the microbial stabilized soil in the field is needed to be
observed.
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Parametric Study on Foundation
Retrofitting Using Micro-piles

Vishal Singh and Benu Gopal Mohapatra

Abstract Improvement in techniques of building construction has led to the incor-
poration of new ideas to ease the lifestyle of the new generation at minimal cost.
Thus, this paper aims to determine the effect of additional floors added to the exist-
ing strucutre, which further leads to the increase in load on the building’s founda-
tion. The effect of additional superimposed load on the settlement characteristics
of foundation modified through micro-pile-based retrofitting is studied. Initially,
a three-storey building with isolated footing is considered for the analysis and a
few additional storeys are incorporated to the existing structure which increases the
superimposed load on the foundation. Commercially available FE softwares such
as STAAD Pro. and PLAXIS-3D were used for the determination of load on foun-
dation of the building and then modeling of footing, respectively. Four layers of
soils containing clay, lean clay crust, soft lean clay, and soft fat clay are considered
in the first model, whereas soil layers of soft clay and hard clay are taken for the
second model. Diameters and the number of piles are different in different footings
(designed as per superimposed load) of the building model. Results of the study
revealed that reduction in settlement by nearly about 34, 58, and 66% are obtained
for addition of fourth, fifth, and sixth-floor loading, respectively for the first model,
and for the second model, the settlement is reduced by nearly about 30, 50, 62, and
67% for the addition of third, fourth, fifth, and sixth-floor loading with micro-piles
when compared to the respective model without micro-piles.
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1 Introduction

Increase in population has led to the infrastructure needs, and thus upgradation in
building structures is found necessarywhile it has nowbecome a challenge in the civil
engineering works. Upgrading the building foundation to withstand the additional
load due to the addition of few storeys to the existing building is a difficult and
sensitive work. In most of the cases the buildings are not structurally safe to receive
the additional loads; therefore some method of strengthening is mandatory that can
enhance the strength of the foundation to bear the additional load which is getting
added to the building with increase in number of storeys. Foundation of the building
must be designed as per the soil available in the region which can be categorised
as loose, medium and dense, Bowles [1]. The method which is found very useful
in this case is “micro-pile under-pinning method”. A micro-pile is a small diameter
(<300 mm), drilled, and grouted pile that is typically reinforced, Sivakumar [2]. The
objective of underpinning work using micro-piles is to create new foundations such
that the existing load or additional load to the building can be wholly or partially
transferred to the soil without harmful movements, Thorburn and Littlejhon [3].

2 Literature Review

Under-pinning of historic/old structures has been done by some researchers like
Dahiru et al. [4], Hon andDemesak [5], Gazzarrini et al. [6] andMajdi andGiffen [7]
using micro-piles method. In this context, Dahiru et al. [4] studied the main cause
of failure of structure in Nigeria, and it was due to foundation failure. The failure of
foundation was predicated due to many reasons and in different regions, like poor
workmanship, cheapmaterial, lethargic supervision, lack of co-ordination and testing
of soil, and so on. About 81.3% people agreed for the under-pinning operation for
the building but 18.7% did not agree. Later on, physical observation and result of
interviews show that the buildings are in good condition.

Hon and Demesak [5] discussed about the construction methods of foundation of
Lehigh Valley Hospital New Medical Building. Here, due to the construction of the
basement, it was to affect the nearby one-storey General Service building and three-
storey Anderson building’s foundation. Again, like the construction mechanism as
explained by Gazzarrini et al. [6], the nearby building’s foundations were under-
pinned usingmicro-piles and jet-grouting technology. The foundation of newhospital
building was below the existing foundation of nearby buildings. Thus, the nearby
buildingswere needed to be under-pinned.Majdi andGiffen [7] have discussed about
the under-pinning operation held in the New York City of USA in the columns of
the hotel Commodore/Grand Hyatt. The Grand Central Terminal Station is close to
Grand Hyatt and three subway lines (4/5/6) are used to pass beneath the hotel. The
columns which were heavily loaded were retrofitted using under-pinning method. In
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a study by Davie and Senapathy [8], a 3000-ton stucture with high capacity mini-
piles were used to overcome the settlement of mat foundation of a power plant where
heavy equipments need to be placed. Hooda and Mittal [9] have investigated the
micro-piles experimentally to check its ability to withstand the horizontal pressure
with three types of piles, positive batter piles, negative batter piles and vertical piles.A
case study byRobinson [10] describes about the use ofmicropileswhile underpinning
a building in Vail, Colorado during a renovation project where drilling of micropiles
in the old foundation work was done.

3 Present Study

The present study aims to investigate the influence of various parameters on the
performance enhancement of the structure retrofitted by micro-piles. The scheme of
study includes:

I. Use of micro-pile under-pinning method in the isolated foundation of the
structure modeled.

II. Conducting the parametric study identifying the variable parameters which
governs the under-pinning of foundation.

III. Identifying the influence of the micro-pile diameter and numbers of micro-piles
under each footing of the building model.

IV. Identifying the effect on settlement of the footing with andwithout the inclusion
of micro-piles.

For the study, a modeling has been done in STAAD Pro. consisting of two bays
and three storeys building as a frame structure of beam-column and slab. For loading
consideration gravity loading for dead load, live load on slab, masonry load on beams
(both external and internal), and parapetwall load at the top floor is taken. The loading
combinations are tired as much as possible but mainly 1.5(D.L + L.L), 1.2(D.L +
L.L ± E.L), 1.5(D.L + L.L), 0.9(D.L ± E.L), 1.2(D.L + L.L + W.L − X), 1.2(D.L
+ L.L + W.L − Y ) and designed as per IS 875 (part-1), IS 875 (part-2), IS 875
(part-3), IS 1893 (part-1):2016, IS 456-2000, SP-16. Again, loading on each column
is calculated and their values are given in Table 1 for additional loads also, which
is to be applied to the model of foundation in PLAXIS-3D. According to the soil
layers given as per Tables 4 and 9, the bearing capacity in Case-I is 135 kN/m2 and
in Case-II it is 227 kN/m2.

The loading calculated using STAAD is given in Table 1 for different storeys.
Figures 1 and 2 represent the two models of soil used in the parametric study. The
data for footing model is given in Table 2, where unit weight of footing is 25 kN/m3

and Young’s modulus is 28 × 106 kN/m. Similarly, the data of the soil layers are
given in Table 3. Table 4 consists of the data for the embedded piles properties,
where unit weight of micro-piles is 25 kN/m3 and Young’s modulus is 28 × 106

kN/m, and Figs. 3 and 4 represent the elevation and loading frame of the building
model, respectively.
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Table 1 Surface load calculations of columns on respected footing applied during analysis

Floors
added to
building

Ultimate
central
column
load (kN)
(Wu)

Ultimate
side
middle
column
load (kN)
(Wu)

Ultimate
side
column
load (kN)
(Wu)

Applied
surface
load on
central
column
footing
(kN/m2)

Applied
surface
load on
side
middle
column
footing
(kN/m2)

Applied
surface
load on
side
column
footing
(kN/m2)

Second 1258.60 877.72 579.13 7866.25 9752.48 6434.82

Third 1606.11 1121.61 740.77 10038.18 12462.33 8230.86

Fourth 1953.66 1365.49 902.42 12210.37 15172.11 10026.92

Fifth 2301.21 1609.37 1064.07 14382.56 17881.88 11823.00

Sixth 2648.76 1853.25 1225.71 16554.75 20591.66 13619.00

Fig. 1 Four layers of soil for parametric study [Model-I]

Fig. 2 Two layers of soil for parametric study [Model-II]
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Table 2 Footing (pile cap) properties adopted in 3D finite-element modeling

Parameter Model Footing (G +
2) central
column

Footing (G +
2) side-middle
column

Footing (G +
2) side column

Unit

Material type N.A. Plate, isotropic Plate, isotropic Plate, isotropic N.A.

Depth (d) Soil Model-I 0.410 0.360 0.30 m

Soil Model-II 0.46 0.40 0.30

Poisson’s ratio
(ν)

Soil Model-I 0.15 0.15 0.15 N.A.

Soil Model-II 0.15 0.15 0.15

Sizes Model-I 3.0 × 3.0 2.5 × 2.5 2.1 × 2.1 m2

Model-II 2.1 × 2.1 1.8 × 1.8 1.5 × 1.5

3.1 Parametric Study

In these studies two building models were prepared and they were loaded in software
for analyzing the settlement of footing with the addition of each storey load as per
Table 1. Here, not just pile under footing is loaded but diameter and spacing of pile
are also maintained in each footing (by keeping the pile length of 16 m as fixed in
design) according to the load coming over footing from respective columns. The
pile length, diameter, reinforcement, and so on in a micro-pile under-pinning depend
on various parameters like the soil properties in which it is going to place, the load
coming from the super-structure, and maximum loaded part of the structure and the
footing. Hence, a parametric study is equally important to understand this behavior
under several possible conditions. This will help the practicing engineers to save the
construction time and money with safe vertical enhancement of the building after
retrofitting its foundation. The following parameters are pointed out based on the
literature review and considered to be the most appropriate in this present parametric
study (Figs. 5, 6, 7, and 8). The Hardening type and Mohr-column type soil models
represented in Table 3 are considered as per PLAXIS-3Dmanual by Brinkgreve [11].

• Soil profile and its parameter.
• Loading due to increase in building storey.
• Diameter of pile.

Micro-piles have diameter lying between 75 and 300 mm, Sivakumar [2]; thus,
this pile can be placed in existing footing without disturbing the reinforcement of
the footing while drilling as per the spacing of the footing reinforcement.

3.2 Soil Profile and Its Parameters

Soil profile and the parameters like cohesion (c), angle of internal friction (ϕ), depth
of each soil layer (h), Young’s modulus (E), and so on are very important parameters
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Table 4 Embedded pile properties adopted in finite-element modeling

Parameter Model Embedded pile
central footing

Embedded pile
side middle
footing

Embedded pile
side footing

Unit

Diameter (dia.) Model-I 0.17 0.2 0.25 m

Model-II 0.12 0.14 0.25

Skin friction
(T top, max)

Model-I 245 288 360 kN/m

Model-II 1087 1264 2260

Skin friction
(Tbottom, max)

Model-I 150 175 218 kN/m

Model-II 471.5 549 983

Resistance force
(Fmax)

Model-I 2.04 2.82 4.40 kN

Model-II 4.37 6.0 19.0

Length of pile
(L)

Model-I 16 16 16 m

Model-II 16 16 16

Fig. 3 3D model of building

which govern the strength and bearing capacity of soil. Parameters are given in
Table 3 for different cases.
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Fig. 4 Loading on G + 2 building

Fig. 5 Four layers of soil as per the parametric study consideration



Parametric Study on Foundation Retrofitting … 167

Fig. 6 Model of G + 2 building’s footing without micro-pile and surface loading

Fig. 7 Model of G + 2 building’s footing with micro-pile and surface loading

3.3 Loading Due to Addition of Storeys in Building

To study the effect of loading on footing without under-pinning and with under-
pinning due to addition of few extra storeys to the existing structure, few additional
storeys are added and the behavior of the footing is observed for both without and
with micro-pile under-pinning. Loading considered as per Table 1.
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Fig. 8 Two layers of soil as per the parametric study consideration

3.4 Diameter of Micro-pile

As the footing of existing building is supposed to be subjected to loading due to
additional storey and the footings are under-pinned using micro-pile, this micro-pile
under footing helps in resisting the settlement of the building and thus the change
in diameter of the pile affects the settlement and bending moment and shear forces
in the pile too. Different sizes of pile diameter have been selected for the analysis
based on the spacing available in the footing reinforcement of the existing three-
storey building. The use of pile diameter also varies to accumulate that number of
micro-piles obtained in design in the footing of existing structure.

4 Results and Discussion

With the application of load on all the footings of the designed three-storey building
as surface load to the columns, the settlements are recorded on building for the study
of without using micro-pile. Figure 9 represents the deformed mesh and the footing
settlement at second floor loading without micro-pile. The settlement of building
with every additional load due to additional stories is calculated and their values
are given in Table 5. Figure 10 represents the deformed mesh of settlement of the
footing model in PLAXIS-3D using micro-pile. The values of settlement are given
in Table 5, and the table shows that how the building settlement can be minimized by
using micro-piles to the existing foundation. It has been found that the settlement of
the building can be resisted with the inclusion of micro-piles in the existing footing
but the diameter to be used must be maintained with spacing while placing (Table 6).
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Fig. 9 Deformed mesh settlement of building’s footing

Table 5 Applied surface load and settlement of Model-I and Model-II

Building
with
successive
floors

Applied
surface
load on
central
column
footing
(kN/m2)

Applied
surface
load on
side
middle
column
footing
(kN/m2)

Applied
surface
load on
side
column
footing
(kN/m2)

Overall
settlement
footing of
building
without
micro-pile
(mm)

Overall
settlement
of
building
with
micro-pile
(mm)

Overall
settlement
footing of
building
without
micro-pile
(mm)

Overall
settlement
of
building
with
micro-pile
(mm)

Model-I Model-II

Second 7866.25 9752.48 6434.82 26.66 N.A. 36.28 N.A.

Third 10038.18 12462.33 8230.86 37.65 N.A. 57.10 40.16

Fourth 12210.37 15172.11 10026.92 51.75 33.93 86.29 42.92

Fifth 14382.56 17881.88 11823 70.21 29.27 122.1 45.97

Sixth 16554.75 20591.66 13619 93.14 31.42 165.2 53.90

5 Conclusion

In this present study, a three-storey building with isolated footing has been con-
sidered. The performance evaluation of this building under various loads has been
carried out. The effect of additional successive storey to the existing building has
been studied in terms of settlement of the foundation by keeping in mind the punch-
ing shear failure of column and micro-pile both in the existing footing. Thus, the
building model has been loaded to up to sixth and seventh storey load maximum in
Model-I and Model-II, respectively, such that the punching failure could be avoided.
It was observed that the addition of successive storey increases the settlement of
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Fig. 10 Deformed mesh
settlement of three-storey
building’s footing with
micro-pile

Table 6 Number of micro-piles applied under each footing

Building
with
successive
floors

No. of
piles
provided
in central
column

No. of
piles
provided
in side
middle
column

No. of
piles
provided
in side
column

No. of
piles
provided
in central
column

No. of
piles
provided
in side
middle
column

No. of
piles
provided
in side
column

Model-I Model-II

Second N.A. N.A. N.A. N.A. N.A. N.A.

Third N.A. N.A. N.A. 4 3 2

Fourth 9 5 3 6 4 2

Fifth 13 8 4 9 6 2

Sixth 17 10 6 12 7 4

Note Allowable settlement is kept 40 mm in case of isolated footing in plastic clay. Load calculated
for additional floors are given in Table 5. The existing building load up to addition of second floor
is considered where there is no requirement of under-pinning but as soon as the fourth floor load
is considered in case of Model-I settlement is beyond the permissible limit and thus micro-piles
are required. It has been observed that for fifth and sixth floors loading the required numbers of
pile to support the structure are coming as a fraction number in design. But in practical design the
number of piles is taken as a next higher whole number. This consideration reduces the settlement
in fifth and sixth floors loading consideration compared to fourth floor loading. (It can be observed
in Fig. 11.) From Table 7 it is observed that there is a settlement reduction due to the introduction
of micro-pile under each footing because the settlement of isolated footing from second to third
floors loading is within the permissible limit of 40 mm as per the allowable settlement criteria, thus
there is no requirement of providing micro-pile to the foundation for retrofitting works. However,
from addition of fourth to sixth floors, loadings have been made to settle the footings more than 40
mm and thus these were retrofitted using micro-piles and reduction in settlement is observed. But
in case of Model-II, the micro-piles are required with the addition of third floor load, so it may be
due to variation in sizes of footing as compared to Model-I. Here, the settlement varies smoothly
without any sudden hike in the graph, which can be observed from Fig. 12
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Fig. 11 Additional storeys versus settlement [Model-I]

Fig. 12 Additional storeys versus settlement [Model-II]

the building and sometimes it exceeded the permissible limit. To reduce the settle-
ment below the permissible limit (40 mm considered in this study) and to make the
foundation safe, the idea of underpinning the foundation with micro-pile has been
introduced. With and without the use of micro-pile, an extensive parametric study
on building models with addition of successive storey has been carried out. Based
on the parametric study, the following conclusion can be drawn:

i. For the soil profile of Case-I: Top soil (with ϕ = 30° and c = 25 kN/m2), lean
clay crust (with ϕ = 15° and c = 10 kN/m2), soft lean clay (with ϕ = 12° and c
= 7 kN/m2), and soft fat clay (with ϕ = 9° and c = 10 kN/m2). Settlement for
the isolated footings was observed by changing the number of floors stepwise
from second to sixth floor. The results showed that maximum settlement for the
isolated footing exceeded 40 mm from fourth floor onwards. Using the micro-
pile under-pinningmethod for such case themaximum settlement for the isolated
footing was reduced by approximately 34% for fourth floor, 58% for fifth floor,
and 66% for sixth floor.
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Table 7 Percentage reduction in settlement (without micro-pile vs. with micro-pile)

1 2 3 4 5 6

Additional
floors

Model Max.
settlement of
footing
without
micro-pile
(mm)

Max.
settlement of
footing with
micro-pile
(mm)

Net settlement
of footing
after piling:
coln•(4) – G
+ 2 settlement
coln•(3) (mm)

% Reduction
in settlement
due to
micro-pile
coln•(3)
and coln•(4)

Second I 26.66 N.A. N.A. N.A.

Third 37.65 N.A. N.A. N.A.

Fourth 51.75 33.93 7.27 34.43

Fifth 70.21 29.27 2.61 58.31

Sixth 93.14 31.42 4.76 66.26

Second II 36.28 N.A. N.A. N.A.

Third 57.10 40.16 3.88 29.66

Fourth 86.29 42.92 6.64 50.26

Fifth 122.1 45.97 9.69 62.35

Sixth 165.2 53.90 17.62 67.37

ii. For the soil profile of Case-II: Soft soil (with ϕ = 30° and C = 25 kN/m2),
stiff soil (with ϕ = 15° and C = 10 kN/m2) in Case-II. Settlement for the iso-
lated footings was observed by changing the number of floors stepwise from
second to sixth floor. The results showed that maximum settlement for the iso-
lated footing exceeded 40 mm from third floor onwards. Using the micro-pile
under-pinning method for such case the maximum settlement for the isolated
footing was reduced by approximately 30% for third floor, 50% for fourth floor,
and 62% for fifth floor and 67% for sixth floor.
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Stabilization of Clayey Soil with Marble
Dust

Arnab Debnath, Sumon Saha, and Rana Chattaraj

Abstract In this study the effectiveness of marble dust to improve the mechanical
properties of clayey soil has been studied. Marble has high lime content, which acts as
the main factor for soil stabilization. 25–30% marble dust (MD) is generated during
marble quarries and stones are cut as a block. In this study marble dust was added
in the range of 0–30% to the virgin soil by weight. Various tests like Atterberg’s
limits, compaction test, and strength tests were performed on untreated soil as well
as on treated soil. The results obtained in case of treated soil were compared with
the results obtained from the untreated soil. Unconfined compressive strength (UCS)
tests were performed at different curing intervals. It was found that the soil strength
increased with the increase in marble powder content and curing periods.

Keywords Marble dust · Clayey soil · Soil stabilization · Compaction · Curing
and UCS

1 Introduction

Owing to the presence of montmorillonite mineral in clayey type of soil, it swells
with addition of water and shrinks with evaporation of water. If any structure is
constructed on this type of soil, a lot of damage may be induced to the structure due
to the swelling and shrinkage of the underneath soil. This is why these types of soils
need to be stabilized. There are several techniques to improve the clayey soil such
as by adding different types of additives like marble dust, fly ash, rice husk, cement,
and so on. In this study, MD has been used to stabilize the soil. The MD is generated
when marble blocks are cut into small pieces. Marble dust is stored in sedimentation
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pond. Different types of industries such as construction, cement, ceramic industry,
and paint industry use very little amount of marble dust. The objective of this study
is to utilize the waste of MD for solving different environmental problems, such as
leaching, dusting and take high disposal area.

Hebhoub et al. [1] indicate that the amount of marble waste generated by extraction
process can be up to 80% of the total volume of stone extracted. Okagbue and Onyeobi
[2] evaluated the geotechnical properties of red tropical soils treated with marble dust.
It is reported that plasticity is reduced and compressive strength increased with the
addition of marble dust. Bharti et al. [3] noticed that the optimum moisture content
(OMC) of the soil is reduced due to lime, which reacts with moisture. Brooks et al. [4]
suggested that maximum dry density (MDD) of soil is decreased with limestone dust
content due to cation exchange reaction that reduces the weight volume ratio. The
CBR value of existing soil increased with limestone content due to cation exchange,
flocculation agglomeration reaction, and cementitious gel formation. Sreekumar and
Mary Rebekah Sharmila [5] performed an experiment where different percentages
of marble dust were added (3, 6, 9, 12, and 15%) at different curing periods of 3, 7,
and 14 days to the soil sample to determine the basic properties of treated soil such as
Atterberg limits, compaction characteristics, and strength characteristics. The CBR
value of the untreated and treated soil at 0 and 9% marble dust was recorded to be
5.19 and 8.83%, respectively. Addition of marble dust beyond 9% results in decrease
in strength. Saygili [6] suggested that the swelling potential of clayey soil can be
improved with the addition of marble dust. Marble dust stabilized clay soil gain more
than 48% compressive strength from the untreated clay soil. Sabat [7] evaluated that
the expensive soil can be improved by adding ceramic dust at different proportion.
As ceramic dust cohesion lessens, the cohesion of the treated soil is reduced and
angle of internal friction improved. The unconfined compressive strength of soil
increased with the addition of marble to the soil. Li et al. [8] reported that marble can
be used to replace either cement or paste. The strength and microstructure concrete
can be improved if marble dust is used as a paste in cement. Khatic [9] reported that
marble dust and rice husk ash can be used to make brick that have more strength than
burn clay brick. Okagbue and Onyeobi [2] suggested that the treated expensive soil
gains the maximum compressive strength but after that strength started to decrease as
excess amount of marble dust cannot react with soil. Saboya Jr et al. [10] suggested
that the expensive clay soil can be used to make ceramic brick by adding marble
powder. Zorluer and Demirbas [11] suggested that the mixture of marble dust and
fly ash can also be used to stabilize the base materials. In that case only fly ash is not
sufficient to improve the base materials that is why the author suggested the mixture
of MD and fly ash tobe used.

The aim of this study is to improve the strength of clayey soil by treating with
MD. To evaluate the performance of the treated soil, different types of tests such as
liquid limit, standard proctor, and UCS tests are carried out.
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Fig. 1 Grading curve of soil

2 Materials

The clay soil was collected from Cuttack area for this study. 38% clay and 56%
silt lie in this soil by weight. Figure 1 presents the particle size distribution curve.
The specific gravity and natural moisture content of this soil is 2.49 and 40.07%,
respectively.

MD was collected from marble processing factory in Bhubaneswar. In geological
terms, marble is basically a metamorphic rock which is formed when limestone
undergoes very high thermal and pressure energy, and this process is known as
metamorphosis. When marble quarries and stones are cut as blocks, 25–30% of the
total marble becomes unusable waste in the form of marble powder. Marble has very
high lime (CaO) content, which acts as the main factor for soil stabilization. Quick
lime (CaO) is the main constituent of marble dust and it is the main component that
helps in the stabilization of the soil.

3 Tests Procedures

Identification of particle was evaluated according to IS-2720 part IV. Particle size
distribution was evaluated by dry sieve and hydrometer analysis. First, the soil is
dried, then sieve analysis has been conducted. In this research pycnometer test has
been conducted three times for each sample and the average had been taken. Specific
gravity of untreated soil as well as marble dust has been found out individually as
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Table 1 Physical properties and plasticity index of untreated and treated soil

Mixture
proportion

Optimum
moisture content
(%)

Maximum dry
density (gm/cc)

Specific gravity Plastic index
(PI)

S 20.9 1.56 2.439 31.75

S + 5MD 20.16 1.644 2.484 25.95

S + 10MD 19.42 1.652 2.515 23.91

S + 15MD 18.35 1.669 2.547 22.14

S + 20MD 17.38 1.682 2.51 21.94

S + 25MD 16.55 1.685 2.527 20.25

S + 30MD 16.12 1.71 2.54 19.25

well as specific gravity of mixture of untreated soil + increasing % of marble dust
was also determined. The liquid limit and plastic limit were resolved according to
the methods indicated in IS-2720 part V (1985). Liquid limit was obtained using
Cassagrande’s apparatus. Standard proctor test had been conducted according to IS-
2720 part VII for determination of optimum moisture content and maximum dry
density of soil with different proportion marble dust. First, the mold was filled with
the soil sample in three different layers. Each layer is compacted by 25 numbers
of blows. The MDD and OMC of the soil with different percentage of marble dust
content are shown in Table 1.

3.1 UCS

UCS test is used to determine the compressive strength of the sample. Unconfined
compressive strength test had been done according to IS-2720 part I. A strain flow
at the rate of 1% per min was applied during the test. Strength of the sample was
evaluated at different curing periods. At least three samples were prepared at each
composition of soil and marble dust.

4 Experimental Design

The value of maximum compressive strength was determined by response surface
methodology (RSM) using Design-Expert software 11. Systematic error can be min-
imized by using response surface methodology. RSM minimizes the number of tests.
The relationship between response and independent variable are evaluated by RSM.
The combined effects of independent variables like percentage of MD content and
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curing interval (days) can be evaluated by experiment based on RSM. In that exper-
iment range of marble dust content and curing interval lie between 0 and 25% and 0
and 30 days, respectively.

5 Results and Discussion

5.1 Specific Gravity (G)

The specific gravity of the virgin soil and MD have been evaluated to be 2.439 and
2.837, respectively, which indicated that marble dust is heavier than the soil particles.
The values of specific gravity of treated soils at different percentage of marble dust
have been listed in Table 1. Specific gravity of the treated soil increased with marble
dust content as the marble dust was replacing the soil, which is lighter compared to
its own weight.

5.2 OMC and MDD

Standard proctor test on virgin soil shows the OMC and MDD value as 20.9% and
1.56 g/cc. It is seen that the OMC of the treated soil decreases with the increase in
marble content but the corresponding MDD increases. The graph of MDD versus
marble dust content in amended soil is shown in Fig. 2.

5.3 Atterberg Limit

The value of PI of untreated soil as well as treated soil is shown in Table 1. If marble
content is increased in the treated soil, plastic index decreases. As marble dust is
cohesionless, the value of liquid limit of treated soil decreases.

5.4 Unconfined Compressive Strength

The soil with minimum of 10–13% marble dust content gained maximum compres-
sive strength at 28 days. The maximum compressive strength of amended soil was
found to be 2.8 kg/cm2, which was obtained at 10% marble dust content by weight
and after 28 days. The compressive strength of treated soil started decreasing after
20% of marble dust content. A mathematical model was developed to determine the
compressive strength (σ ) as a function of marble dust content (MD) and curing period
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Fig. 2 Variation in maximum dry density (MDD) with marble dust content

(CP). A best fit surface (Fig. 3) was generated from the factorial analysis. Based on
the mathematical model, an empirical equation has been proposed to estimate the
strength of the treated soil at various curing period and marble dust. The proposed
equation is valid for curing period and percentage of marble dust in the range of
0–30 days and 0–25%, respectively.

σ = 0.747 + 0.0385 × CP + 0.241 × MD − 7.5 × 10−4CP × MD

− 4.337 × 10−4 × CP2 − 9.135 × 10−3 × MD2

where σ in kg/cm2, CP in days and MD in g/cc. Figure 4 presents that after 15 days,
the value of UCS of treated soils increases slightly. The graph of UCS with different
percentage of marble dust content at 0, 5, 10, 15, 20, and 28 days is shown in Fig. 5.

6 Conclusion

Grain size distribution curve and plasticity index of the virgin soil indicates that it
was a fine-grained soil with medium plasticity. It is seen that specific gravity of MD
is more than non-amended soil. It is observed that addition of marble dust decreases
plasticity index substantially; this may be due to the non-cohesive nature of the mar-
ble dust. In case of standard proctor test, it is seen that MDD of the treated soil
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Fig. 3 Predicted surface for relationship among strength, marble dust and curing periods

Fig. 4 Variation in strength with curing period for treated soils

increases continuously with the increase in marble dust content whereas the OMC
decreases. To investigate the unconfined compressive strength, a mathematical model
was developed for the design of the experimental program by using a software pack-
age called Design Expert-7. More than threefold increase in unconfined compressive
strength was observed due to the addition of marble dust. It is observed that the rate



182 A. Debnath et al.

Fig. 5 Variation in strength with percentage of marble dust content for treated soils

of strength gain is maximum at the early stages of curing. Based on the experimental
investigation, an empirical equation has been suggested to predict the strength of
the treated soil at different combination of curing period and marble dust content.
This empirical equation can be used to predict the unconfined compressive strength
of MD treated clayey soil at the preliminary stage of any project by the practicing
engineer where lab tests’ data are not available.
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Seismic Performance of Polynomial
Friction Pendulum Isolator (PFPI)
on Benchmark Cable-Stayed Bridge

Pratik Sen and Purnachandra Saha

Abstract The performance of polynomial friction pendulum isolator (PFPI) applied
to the benchmark cable-stayed bridge is explored. Seismic performance of the PFPI
is evaluated with the basic friction pendulum system (FPS) based on the evaluation
criteria stated in the phase I benchmark problem. The surface curvature of the PFPI is
varied using a polynomial function to alleviate the drawbacks of FPSwhose surface is
spherical. The energy-absorbing capacity and the horizontal flexibility during friction
are the two important parameters developed in the PFPI system. A parametric study
has been done to determine the optimum value of the PFPI key parameters. The
numerical outcome designated that the PFPI system is seismically superior to that of
the conventional FPS isolated system because of its variable curvature corresponding
to the groundmotion excitation. It is also noticed that a maximum deck displacement
along longitudinal direction has been significantly reduced by PFPI than FPS.

Keywords Seismic isolation · PFPI · FPS · Benchmark cable-stayed bridge

1 Introduction

Cable-stayed bridges (CSB) have turned out to be prevalent all through the world
and are likewise significant lifeline structures. Engaging style, enhanced stiffness
over the substructure, and full and effective usage of structural materials are the
major advantages of CSB. But this structure is vulnerable to seismic force because
of its low damping and flexibility. For straight comparison between the diverse pro-
cedures for control over a particular kind of structure, different researchers have
created benchmark problems. This helps the researchers to evaluate the different
sensors, devices, and algorithms designed through this benchmark problem. The Bill
Emerson Memorial Bridge built in Cape Girardeau, Missouri, USA is considered
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as Benchmark problem on the CSB which has been originated by Dyke et al. [1].
This benchmark problem sets out a few evaluation criteria based on the performance
of proposed control systems over the uncontrolled bridge. A huge research on the
employment of frictional isolators has been conducted, and the performance is found
to be very indifferent toward serious varieties in the frequency obtained due to exci-
tation of base. This component is the most significant bit of the friction type isolators
when contrasted with the elastomeric bearings. Advantage of friction-based isola-
tors is that it guarantees the highest transmissibility of acceleration equivalent to the
extreme constraining force of friction [2, 3].

The passive control devices which do not require any external power for its oper-
ation have been explored by different researchers in order to mitigate the response of
seismic force on civil engineering structures effectively. The isolators which develop
resisting forces by means of sliding friction are one of them. The friction pendulum
system (FPS), among the friction base isolators, is found to be most popular since it
uses gravity action as a force restoring mechanism by and very easy to install. Re-
centering mechanism and sliding mechanism are the characteristics of the FPS. The
spherical sliding surface of FPS enables its time period of vibration to be stable. Sev-
eral researchers performed numerous studies on the behavior of FPS like Tsopelas
et al. [4] performed experimental research on seismic control of bridge using sliding
isolation. Tsai [5] formulated the finite element model of the study of FPS to achieve
seismic isolation. The seismic analysis of a continuous bridge with the help of slid-
ing isolation using systematic approach is performed by Wang et al. [6]. Jangid [7]
explored the optimal friction coefficient of FPS for the least acceleration response
of a base-isolated structure under different types of earthquake ground motions, and
significant sliding displacement in the FPS for lower values of friction coefficient
is observed. The performance of FPS system for the seismic response control of
the CSB has been investigated by Soneji and Jangid [8]. For the benchmark CSB,
Saha and Jangid [9, 10] performed the comparative studies on the isolation systems
and figure out that huge device displacement for near-field earthquake (Gebze 1999
earthquake). Benicia-Martinez Bridge, California and American River Bridge, Cali-
fornia, etc. are some of the practical structures where FPS had been installed for the
seismic protection. However, from extant literature on FPS, certain disadvantages
of it have been detected owing to spherical sliding surface which requires a precise
intensity of ground excitation. Saha and Jangid [9] investigated the performance of
different types of elastomeric as well as sliding friction applied in Benchmark Cable-
Stayed Bridge and observed that sliding friction isolator like FPS performs better
than the elastomeric isolators. Saha and Jangid [10] state that hybrid seismic control
strategies consisting of isolators and VFD in Benchmark Cable-Stayed Bridge and
observed better performance of sliding friction isolators. Saha and Jangid [11] stud-
ied different types of sliding isolation systems applied to benchmark cable-stayed
bridge. VCFPS and VFPS are more robust than other sliding isolators [12]. Though
FPS has been relatively independent of the ground motion frequency contents, the
highest excitation intensity has a powerful impact on the design of FPS. Generally,
FPSmay be ineffective other than the designed particular intensity of excitation. PFPI
[13] which has variable curvature of the sliding surface may eliminate drawbacks
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Fig. 1 The benchmark cable-stayed bridge [1]

regarding FPS system. The success of PFPI in other structures leads us to study its
performance for phase I benchmark cable-stayed bridge. Saha et al. [14] investigated
the performance of PFPI on benchmark highway bridge. The deck displacement of
bridge is reduced substantially by using PFPI than conventional FPS. Saha et al. [15]
studied the hybrid system using PFPI with FV spring damper applied to benchmark
highway bridge significantly reduced the bridge responses.

The objectives of this present research paper study are (i) to examine seismic
performance of PFPI for phase I benchmark cable-stayed bridge and (ii) to conduct a
parametric study to determine the variational effect of important isolator parameters
on the responses of the CSB.

2 Benchmark Cable-Stayed Bridge

The benchmark problem onCSB is based onBill EmersonMemorial Bridge crossing
the Mississippi River near Cape Girardeau, Missouri (Fig. 1). The location of the
bridge is under the seismic zone of New Madrid and serves as the primary river
crossing. Significant seismic forces have been assumed in this bridge design.

3 Evaluation Criteria

To enable direct comparison between control systems, a set of evaluation criteria was
developed in the benchmark problem considering the following earthquake [1]: (i)
El Centro, 1940; (ii) Mexico City, September 1985; and (iii) Gebze, Turkey, 1999.
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4 The Uncontrolled Responses of Cable-Stayed Bridge

The CSB responses subjected to an earthquake in the longitudinal direction of the
deck are (i) stay cable forces, (ii) behavior of towers, and (iii) deck displacement,
which should be within the range of 0.2–0.7 times of the failure tension [1]. The two
configurations of the bridge assumed for without control analysis are (a) the deck is
fixed longitudinally to the piers and (b) the deck is free and supported only by the
stays. Restricted displacements of the deck have been shown in configuration (a) but
exhibit higher base shear and unacceptable cable tension. In configuration (b) shear
and moment are 45.6% and 58.7% of those of configuration (a), respectively, but
exhibit huge deck displacement [1].

5 Friction Pendulum System (FPS)

The FPS isolator comprises an articulated slider which moves on a stainless steel
spherical surface (Fig. 2). Restoring force for the system has been developed by
the movements of the slider over the spherical surface. The natural time period of
vibration (Tb) of a rigid mass supported on FPS is dependent on the concave surface
radius of curvature (Rc) and is determined from the pendulum equation:

Tb = 2π
√
rc
g

(1)

where ‘g’ is denoted as the acceleration due to gravity. The resisting force (f ) of the
FPS is given by Tsai [5]:

f = kbxb + Fx (2)

where kb is the stiffness of the isolator; xb and Fx denote the isolator displacement
and the frictional force, respectively.

Fig. 2 Schematic and ideal force–deformation diagram of FPS
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6 Polynomial Friction Pendulum Isolator (PFPI)

PFPI is like as FPS isolator, but unlike FPS’s spherical surface, the geometry of
the sliding surface in PFPI isolator is communicated as a polynomial function
y(x). The horizontal displacement of the slider is measured along the x-axis, and
the y-axis of the PFPI isolator is symmetrical of the sliding surface. Thus, the PFPI
has a polynomial sliding surface with variable curvature [13].

The horizontal shear force of the PFPI isolator is for y′(x) � 1:

U (x) = Wy′(x) + μWZx (3)

where “W is the vertical load,μ is the friction coefficient, and y′(x) is the second-order
derivative of the polynomial equation.”

Secant stiffness of this isolator:

Kr (x) = ur (x)

x
= Wy

′
(x)

x
(4)

The instantaneous isolation time period T (x)

T (x) = 2π
√

x

gy ′
(x)

(5)

Fifth-order polynomial equation can be chosen for defining PFPI

y′(x) = ur (x)

W
= ax5 + cx3 + ex (6)

y′′(x) = kr (x)

W
= 5ax4 + 3cx2 + e (7)

The mechanical property of PFPI depends on the three polynomial coefficients a,
c, and e.

K1 and K2 be the isolator secant stiffness at two different isolator displacements
D1 and D2.

Normalized initial stiffness (K0) at x = 0, i.e., y′′(0) = K0.
Isolator secant stiffness (K1) at x = D1, i.e., y′′(D1) = K1.
Isolator secant stiffness (K2) at x = D2, i.e., y′′(D2) = K2.
Solution of this simultaneous equation leads to

a = −k0 + k1
−5(D2

1)
(8)

c = 2(−k0 + k1)

3(D2
1)

(9)
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Fig. 3 a Force component of the slider of PFPI, b Normalized restoring stiffness [13]

e = k0 (10)

Convert the polynomial coefficients a, c, and e into the K0, K1, and D1.
Isolator stiffness,

K j = 4π2

T 2
j

(for j = 0, 1, 2) (11)

The three parameters to be determined in the PFPI design are k0, k1, and D1

(Fig. 3).

7 Governing Equations of Motion

In the structural system, the dynamic equation exposed to seismic loads when there
is a solitary part in the excitation or when the excitation is consistently connected at
all backings of the structure

MÜ + CU̇ + KU = −MΓ ẍ g + ∧ f (12)

“For multiple supports”,

MÜ + CU̇ + KU = ∧ f − MRs + MgÜg − CRs + CgU̇g (13)

“where Ü (m/s2) is the second time derivative of the displacement response vectorU
(m);M,C, andK are the mass, damping, and stiffness matrices of the structure; f (N)
is the vector of control force inputs; ẍ g (m/s2) is the ground acceleration;Γ is a vector
of zeros and ones, relating the ground acceleration to the bridge degrees of freedom
(DOF); and ∧ is a vector relating the force(s) produced by the control device(s) to
the bridge DOFs [1]”. Cg,Mg, and Kg matrices are the damping, mass matrices, and
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stiffness, respectively. “Rs = −K−1 kg is the pseudo-static influence vector which
describes the influence of support displacements on the structural displacements [1]”.

8 Numerical Study

A number of numerical simulations have been carried out in MATLAB (1997) and
SIMULINK (1997) for determining the evaluation criteria as has been mentioned in
the CSB benchmark problem. The natural time period of the bridge in the configu-
ration (a) is 3.45 s and that of configuration (b) is 6.18 s. Time history analysis has
been executed for the three specified earthquake ground motions [1] to acquire the
seismic responses of the CSB. The isolators are placed in the various locations of
the CSB as mentioned in the benchmark problem.

The parameters influencing the PFPI isolator performance are “(i) normalized
initial stiffness (k0), (ii) normalized stiffness at retroflection point 1 (k1), (iii) isolator
displacement at retroflection point 1 (D1), and (iv) coefficient of friction (μ)”.

For getting the optimal value of D1, a parametric study has been executed out
considering k0 = 7.00 N/m, k1 = 0.00 and μ = 0.05; the peak responses obtained
from the CSB corresponding to the different values of first displacement (D1) are
shown in Fig. 4.

It is examined from Fig. 4 that variation of D1 of PFPI has a significant influence
on peak responses of benchmark CSB. On the peak base shear response (J1), peak
shear at deck (J2), peak base moment (J3), peakmoments at deck (J4), and peak deck
displacement (J6) are almost independent of first displacement (D1) of the PFPI for El
Centro and Mexico earthquakes. On the other hand, J1, J2, J3, and J4 are decreasing
significantly with the increase in the D1 of the PFPI for Gebze earthquake. But J6
is increasing significantly with the increase in D1. Therefore, D1 equal to 0.25 m
has been chosen which holds good for all the considered earthquakes. As the Gebze
earthquake is a near-field earthquake with very high displacement spectra, values of
specified responses increase with increase in D1.

The variation in peak responses of the CSB for various values of normalized
initial stiffness (k0) and normalized stiffness at retroflection point 1 (k1) of the PFPI
isolator considering D1 and coefficient of friction (μ) are equal to 0.25 m and 0.05,
respectively, have been performed. k0 and k1 of the PFPI isolator have a considerable
influence on the peak responses of the CSB, and it depends on the type of ground
motion as observed from Figs. 5 and 6. Therefore, the parameters with normalized
initial stiffness (k0) = 21.5 N/m and normalized stiffness at reflection point 1 (k1) =
0 have been chosen as an optimum for all earthquakes, i.e., El Centro (1940), Mexico
(1985), and Gebze (1999).

To determine the norm seismic response and variation of peak of the benchmark
bridge, a study has been executed by varying coefficient of friction (μ) within a range
of 0.05–0.08 keeping k0 = 21.5 N/m, k1 = 0, and D1 = 0.25 m. It can be observed
from Fig. 7 that with an increment in frictional coefficient for El Centro earthquake,
peak shear at the deck, peak base shear, peak basemoment, peakmoments at the deck,
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Fig. 4 Effect of D1 of the PFPI on J1, J2, J3, J4, and J6

and peak deck displacement are nearly constant. On the other hand, increasing the
friction coefficient for Mexico and Gebze earthquake, peak base shear, peak shear at
the deck, peak base moment, peak moments at the deck, and peak deck displacement
are decreasing. The study shows that the higher the value of the frictional coefficient
(μ), the more beneficial it is for the structure but for the current study, frictional
coefficient (μ) has been taken as 0.05, as is recommended for conventional FPS
(Fig. 8).
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Fig. 5 Effect of k0 of the PFPI on J1, J2, J3, J4, and J6

Time history analysis of the CSB has been performed considering the chosen
values of FPS and PFPI, and evaluation criteria are tabulated in Table 1. From the
table, it can be observed that PFPI reduces themaximumbase shear in case of Gebzee
earthquake. The maximum deck shear for El Centro earthquake has been reduced
which is advantageous for the normal design of bridge. On the use of PFPI, the
maximum base moment for Mexico city earthquake seems to have been reduced
significantly which shows a good superiority of PFPI. The maximum deck moment
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Fig. 6 Effect of k1 of the PFPI on J1, J2, J3, J4, and J6

and maximum cable deviation show a considerable reduction for El Centro and
Mexico city earthquakes when using PFPI as an isolator. By clinical examination
of Table 1, it is found that PFPI significantly reduced the displacement of deck for
Gebze earthquake which is a major concern of the FPS system. The polynomial
curved surface of the PFPI makes it possible.
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Fig. 7 Effect of μ of the PFPI on J1, J2, J3, J4, and J6

9 Conclusions

In the present study, an endeavor has been made to exhibit benchmark CSB using
polynomial friction pendulum isolator (PFPI). Phase 1 benchmark CSB is considered
for this investigation. The execution of the CSB under FPS and PFPI is considered
using the hysteretic model, and the outcomes are classified as evaluation criteria
referenced in the benchmark CSB to determine the better one. Totally, 24 number of
isolators are put in this evaluation model. Parametric investigations have been done
by shifting the significant parameters of each isolator to determine the optimal value.
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Fig. 8 Force–deformation behavior of PFPI for a El Centro (1940), bMexico City (1985), cGebze
(1999) earthquakes

Table 1 Maximum evaluation criteria for El Centro, Mexico, and Gebzee earthquakes
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Based upon the exploration carried out on the CSB for the seismic response control,
the conclusions deduced are as follows:

i. Regardless of the structure being flexible, introducing PFPI decreases the critical
seismic reaction of the benchmark CSB.

ii. The decrease in the base shear reaction of the towers is accomplished around 42–
68% for every one of the seismic ground motions and the types of the indicated
isolator.

iii. The decrease of seismic reactions relies upon the types of ground motion and
kinds of isolator.

iv. PFPI significantly reduced the deck displacement in the case of Gebze earth-
quake which has been a major concern or the FPS system. The polynomial
curved surface of the PFPI makes it possible.

v. Contrasting the estimations of assessment criteria displayed, it tends to be con-
cluded that PFPI is increasingly vigorous and the performances of this isolator
are superior to customary FPS.
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Limit State Design and Factor of Safety:
An Overview

B. Jena

Abstract An attempt is made to look into various aspects of limit state design of
steelworks in buildings and the relevance of Indian Standards (IS: 800-1984 [14]) to
such a design. Provisions of British Code (BS: 5950-1985 [7]) are kept in view while
reviewing the other international standards. Various design provisions in IS: 800-84
are examined and discussed. The anatomy of global factor of safety consisting of
partial safety factors imposed on characteristic loads and characteristic strengths are
critically examined with statistical backgrounds (Borges and Gastanheta 1971 [5])
and compared with various international recommendations. The so-called charac-
teristic imposed and wind loads stipulated in Indian Standards (IS: 875-1987 [15])
have been comparedwith those proposed inBritishCode (CP-3-1972/BS: 6399-1984
[10]) and the American Code (ANSI: A58.1-1982 [3]). The observed discrepancies
in the loading standards, affecting the overall factor of safety of the structure, have
been highlighted.

1 Introduction

The aim of structural design is to produce a safe and economical structure fulfilling
its required purpose. Theoretical knowledge of structural analysis must be combined
with the knowledge of design principles to give a safe design. Over the years, various
methods of analysis and design have been developed to ensure the following:

(1) Under worse loading the structure is safe.
(2) Under normal working conditions, the deformation and cracking are within

limits and the structure is durable.

Despite difficulties in assessing the precise loading and the variations in strength
of material, these conditions are to be met.

There are basically three design methods to achieve safe and workable structure:

(1) Elastic design based on permissible stress method,
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(2) Plastic design/load factor method, and
(3) Limit state designs.

The elastic design, based on permissible stress method, is the traditional method
where a factor of safety is imposed on the yield stress of steel. The structures are
analyzed by elastic theory, and the sections are sized so that the permissible stresses
are not exceeded. The method has proved to be uneconomical.

The plastic theory developed takes into account the behavior of the material
beyond the yield point and then finding the load that causes the structure to col-
lapse. Then, the working load is obtained by dividing the collapse load by a suitable
load factor.

Finally, the Limit State Design has been developed to take into account all the
conditions that make the structure unfit for use. It takes into account the variability
of loads and material strength. It imposes partial safety factors on loads and material
strength. The magnitudes of these factors are varied both for ultimate and working
loads in order to achieve maximum economy. For concrete structures, the Limit State
Design has been adopted by various standards [1, 8, 13]. Similar revisions have also
been made for the design of steel structures in British Standards [7] as well as in
American Standards [2]. The revision of IS: 800-84 incorporating Limit State Design
is therefore overdue. Some of the salient features of Limit State Design in BS code
are discussed below.

2 Provisions of Limit State Design in BS: 5950-85

The BS: 449-69 has now been revised to BS: 5950-85 incorporating the provisions
of Limit State Design. The limit states considered are (i) ultimate limit states and (ii)
serviceability limit states.

The ultimate limit states includes (a) yielding, rupture, buckling, and transforma-
tion into mechanism, (b) stability against overturning and sway, and (c) fracture and
fatigue.

Serviceability limit states include mainly deflection under working loads and the
durability of the structure.

Partial safety factors “γ m” and “γ f ” are imposed on characteristic strength and
characteristic loads, respectively, to get the design strength and the design loads as
below.

Design Strength = Characteristic Strength/γ m and Design Load = γ f * Charac-
teristic Load, where γ m is taken as 1.0 for steel and γ f = 1.4 for dead load and 1.6
for imposed loads. When wind load is included, γ f = 1.2.

The characteristic strength for steel is the minimum yield strength, and the
characteristic loads are the nominal working loads specified in CP: 3-72.

Perry–Robertson’s formula [6, 16] has been extended for the design of compres-
sionmembers andmembers under bending.Under combined bending and axial loads,
linear interaction relationships have been adopted. Sectional capacity is determined
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using plastic modulus as well as elastic modulus depending on the type and class of
sections [7].

For rigid frames, elastic analysis based on sub-frames has been adopted and the
effective length factors are based on the work of Professor Wood [18].

Plastic designs based on mechanism conditions have also been recommended for
rigid frames provided (i) the frame is effectively braced against side sway, (i) the
load is predominantly static, and (iii) the stress–strain diagram has a plateau at least
six times the yield strain.

Under service conditions, deflections are checked due to unfactored loads.

3 Provisions in IS: 800-84

The design provisions are based on traditional elastic permissible stress method
with a stress factor varying from 1.5 to 1.67. It is very much in line with BS: 449-69.
Design provisions for columns under axial compression in IS: 800-62 adopted secant
formula [11, 17] and when revised in 1984, it changed over to Rankine–Merchant
formula [12]without adequate explanation.Rankine–Merchant formula has also been
extended for the design of members under bending compression. Linear interaction
relationships have been adopted for design of members under combined loading.

For rigid frames, elastic analysis based on limited framemethod has been adopted.
The effective length factors are those proposed by Wood [18].

Plastic method of analysis and design is proposed in line with Beedle [4]. A load
factor 1.7 has been proposed for dead and imposed loads. The working loads are
those given in IS: 875-64/87. These loads are in line with BS code CP-3-72 (BS:
6399-84).

Bothpermissible stress and the plastic designmethods are inadequate to predict the
true factor of safety of a structure. These design methods are now being replaced by
Limit State Design, which is based on partial safety factors imposed on characteristic
strength and characteristic loads.

The characteristic values and the partial safety factors are discussed below against
their statistical backgrounds [5].

4 Characteristic Strength

The strengths of material upon which the design is based are those strengths
below which results are unlikely to fall. The strength distribution is assumed to
be approximately normal as in Fig. 1.

The characteristic strength is then defined as that value below which it is unlikely
more than 5% of the results will fall:

Rch = (mr−1.64sr ) = mr (1−1.64vr ),
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Fig. 1 Normal distribution of strength with critical values

where vr is the coefficient of variation of resistance.
The above relationship reflects the method and control of manufacture, quality of

constituents, and the nature of the material.

5 Partial Factor of Safety for Material ‘γm’

If the design strength of thematerial is defined as that strength corresponding to 0.5%
fractile [5] as shown in Fig. 1, then γ m = characteristic strength/design strength =
R0.05/R0.005 = (1 − 1.64vr)/(1 − 2.58vr). Considering vr for concrete 0.20 and vr for
steel 0.10, we get γ mc = 1.39 as against 1.50 in IS: 456-2000 and 1.40 in BS: 8110-85
and γ ms = 1.13 as against 1.15 in IS: 456-2000 and BS: 8110-85, BS: 5950-85 takes
γ ms = 1.0.

6 Characteristic Loads

If the load distribution is assumed to be approximately normal as in Fig. 2, the
characteristic load is given by

Fch = (m f + 1.64s f ) = m f
(
1 + 1.64v f

)
,

where vf is the coefficient of variation of load. It means that the accepted probability
of 5% of the loads being larger than Fch.
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Fig. 2 Normal distribution of load with its characteristic value

7 Partial Factor of Safety for Loads ‘γ f ’

The distributions of load and the resistance are as shown in Fig. 3a. Failure takes
place when the load is greater than the resistance, i.e., F > R or when D = (R – F)
is negative. Now md = (mr – mf ), σ d = √

(σ 2
r + σ 2

f ) and vd = σ d /md . Failure will
take place when (md – βσ d)= 0 as shown in Fig. 3b. The load enhancement factor is
then given by γ f = minimum resistance/characteristic load = mr(1 − 2.58vr)/mf (1
+ 1.64vf ) = μ(1 − 2.58vr)/(1 + 1.64vf ). For probability of failure of 10−5 and for
vr = 0.15, vf = 0.20, we get β = 4.27, μ = 3.25, and γ f = 1.50.

The value of γ f = 1.50 has gone into the IS: 475-2000 for dead and imposed
loads for the design of concrete structures.

However, after a detailed review of the literature [5], it is observed that dead load
is deterministic in character and can well be represented by a normal distribution
curve, whereas live load and wind load can be better represented by Extreme Type–
I. Assuming the probability of failure of 10−5 and the coefficient of variation of
resistance 15%, the design factors of safety for dead, live, andwind loads are indicated
in Table 1 for various coefficients of variations of loads.

Further, when wind load is in combination with dead and live load, a probability
factor 0.75 is multiplied to get the combination effect. From Table 1, the following
combinations result.

(i) Dead + Live
U = 1.53Dk + 1.64Lk

(ii) Dead + Wind
U = 0.9Dk + 0.75 * 1.64Lk

(iii) Dead + Live + Wind
U = 0.75(1.53Dk + 1.64Lk + 1.64Wk),
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Fig. 3 Distribution of load and resistance at probability of failure

Table 1 Design factors of safety

Loading Distribution of
loads

vf (%) Distribution of
resistance

vr (%) Load factor γ f

Dead load Normal 10 Normal 15 1.53

Live load Extreme Type 1 20 Normal 15 1.64

Wind load Extreme Type 1 20 Normal 15 1.64

whereDk , Lk , andWk refer to characteristic loads defined as that load above which is
not more than 5% of results fall. Not much information is available on characteristic
loads as defined above. In the present limit state designs, specified loads are those
design loads used in the working stress method and designated as service loads, and
these loads are quite different from the characteristic loads defined above. As amatter
of comparison, the load factors adopted by various national and international codes
are compared in Table 2.
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Table 2 Comparison of
design load factors for
ultimate limit state

(A) Dead and live loads

(1) U = 1.4D + 1.7L
(2) U = 1.4D + 1.6L
(3) U = 1.35D + 1.5L
(4) U = 1.5D + 1.8L
(5) U = 1.5D + 1.5L

ACI: 318-77, AISC
BS: 8110-85, BS: 5950–85
CEB-FIP-78
AS: 1480-74, AS: 1280-75
IS: 456-2000

(B) Dead and wind loads

(1) U = 0.90D + 1.3W
(2) U = 0.90D + 1.4W
(3) U = 1.0D + 1.5W
(4) U = 0.90D + 1.5W
(5) U = 0.90D + 1.5W

ACI: 318-77, AISC
BS: 8110-85, BS: 5950-85
CEB-FIP-78
AS: 1480-78, AS: 1280-75
IS: 456-2000

(C) Dead, live and wind loads

(1) U = 1.0D + 1.3L + 1.3L
(2) U = 1.2(D + L + W)
(3) U = 1.2(D + L + W)
(4) U = 1.25D + 1.25L + 1.5W
(5) U = 1.2(D + L + W)

ACI: 318-77, AISC
BS: 8110-85, BS: 5950-85
CEB-FIP-78
AS: 1480-74, AS: 1250-75
IS: 456-2000

8 Loadings

8.1 Live Load

A detailed review of loading standards for live loads specified for various buildings
in ANSI-72 and CP-3 is shown in Table 3. It is observed that except items like
17, 2a, and 13a, the recommendations of ANSI are largely on the higher side. The
recommendations of IS: 875 are very much in line with CP-3.

8.2 Wind Load

As per American Code [3], the design wind pressure is given by

P = Cpq f = 0.00256Cp
(
KG f

)
V 2
30,

where P = total pressure in lb/sqft, qf = effective velocity pressure, Cp = pressure
coefficient,

Kz = velocity pressure coefficient depending on the exposure and height h,
Gf = gust factor depending on the type of exposure and dynamic characteristics

of the structure, and
V 30 = basic wind speed in miles/hour (map speed).
On the other hand, the British code [10] suggests that pressure exerted on any part

of the structure is given by
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Table 3 Comparison of live loads on buildings

Use ANSI: 72 A 58.1
(kN/m2)

CP: 3-Chp.V, (kN/m2) ANSI/CP-3

1 Armories and drill
rooms and halls

7.2 5.0 1.44

2 Assembly halls or places of assembly, public halls, theater, cinemas

(a) Fixed sittings
(b) Without fixed
sitting

2.9
4.8

4.0
5.0

0.73
0.96

3 Balconies 2.9 1.5 1.93

4 Corridors, hallways,
passageways, aisles,
public place,
footbridge between
buildings

4.8 4.0 1.20

5 Dance halls and
ballrooms

4.8 5.0 0.96

6 Dining rooms and
restaurants

4.8 2.0 2.40

7 Garages (light vehicle) 2.4 2.5 0.96

8 Gymnasiums (main
floor, balconies)

4.8 5.0 0.96

9 Hospitals

(a) Wards, private
rooms, bedrooms
(b) Operating rooms,
laboratories

1.9
2.9

2.0
2.0

0.95
1.45

10 Hotels and motels

(a) Guest rooms,
bedrooms
(b) Public rooms,
vestibules

1.9
4.8

2.0
5.0

0.95
0.96

11 Kitchen – 3.0 –

12 Libraries

(a) Reading room
(b) Stacking room

2.9
7.2

2.5
6.5

1.16
1.11

13 Manufacturing units, factories, etc.

(a) Light
(b) Heavy

6.0
12.0

7.5
10.0

0.80
1.20

14 Office buildings

(continued)
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Table 3 (continued)

Use ANSI: 72 A 58.1
(kN/m2)

CP: 3-Chp.V, (kN/m2) ANSI/CP-3

(a) Offices
(b) Filing and storage
space
(c) Offices with
computing and data
processing

2.4
6.0
–

2.5
5.0
3.5

0.96
1.20
–

15 Residential: private
apartments, boarding
houses, guest houses,
hostels, lodgings
houses, etc.

1.9 1.5 1.27

16 Reviewing stand
(grandstand)

4.8 5.0 0.96

17 Schools: classrooms 1.9 3.0 0.64

18 Stairs and exit ways 4.8 3.0 1.60

19 Storage warehouses

(a) Light
(b) Heavy

6.0
12.0

5.0
9.6

1.20
1.25

20 Stores: (departmental store)

(a) First floor
(b) Upper floor

4.8
3.6

4.0
–

1.20
–

21 Stage floor 7.2 5.0 1.44

F = Cpq = KCp(S1S2S3V10)
2,

where K = 0.613 in SI units (N/mm2 and m/s) = 0.0612 in metric units (Kgf/m2 and
m/s) = 0.00256 in imperial units (lb/ft2 and miles/hour),

Cp = pressure coefficient, q = dynamic pressure, S1 = topography factor, S2 =
factor takes into account the ground roughness, and S3 = statistical constant and is
taken as unit for a probability level of 0.63 and period of exposure of 50 years.

The effective velocity pressure qf given by ANSI and the dynamic pressure q
given by CP-3 for an exposure “open country with no obstruction” are compared in
Fig. 4 for various wind speeds and different heights of structure. It is observed that
the predictions of ANSI are almost 1.75 times of those proposed in CP: 3/IS: 875.
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Fig. 4 Comparison of wind loads specified in ANSI and CP:3

9 Conclusion

(i) The revision of IS: 800-84, incorporating the Limit State Design, is over-
due. Any change or modification of the existing design tools should be well
commented while implementing the Limit State Design.

(ii) The dead load being more deterministic in character compared to imposed
loads, the load factors should be different for dead and imposed loads. A single
load factor 1.50 imposed on dead and imposed loads as in IS: 456-2000 and
a load factor 1.70 imposed in IS: 800-84 for plastic analysis and design are
inconsistent with the nature of variability of the dead and imposed loads.

(iii) The nominal imposed andwind loads specified inBritish code, CP-3 andAmer-
ican code, and ANSI–82, being used as characteristic loads, differ widely,
thereby significantly altering the global factor of safety of structure. Clearly,
more research is necessary for the areas of characteristic loads to justify any
Limit State Design.
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Yield Behaviour of Three Edge Simply
Supported Two-Way Slab Under
Concentrated Loading

Sushree Sangeeta Panda, Subham Ghosh, and Bhagabat Jena

Abstract Failure of slab takes place forming a specific mechanism with flat facets
between linear plastic hinges at which relative rotation occurs, called yield-line ring.
The present study has made an attempt to study the behaviour of two-way RCC slab
of size 1 m × 1 m of thickness 0.1 m at failure, simply supported on three sides and
fourth side being free, under a centrally applied concentrated load. In total three-slab
specimens having compressive strength of concrete, percentage of reinforcement and
grade of reinforcement being kept constant are tested as an explorative test. Forma-
tion of yield lines is observed and collapse load has been determined. Johansen’s
yield-line theory has been adopted to predict the upper-bound collapse load of the
slabs. The theoretical prediction is compared with the experimental values. Cer-
tain discrepancy between theoretical and experimental values is observed. The load
deflection relationship has been observed till the collapse of the slab.

Keywords Johansen’s yield line · Two-way slab · Tensile membrane action ·
Compressive membrane action · Upper bound

1 Introduction

A reinforced concrete slab is a common structural element of modern buildings. In
general, we come across two types of slabs. One-way slab with length-to-breadth
ratio is greater than or equal to two, whereas in two-way slabs it is less than two.
Various design techniques aswell as analyticalmethods have been adopted to analyse
the slab and its behaviour under different boundary conditions and loading. Yield-
line method is one such technique in which the ultimate load-carrying capacity of
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slab is determined based on applying limit state method using rigid-plastic analysis
provided with different boundary conditions, shape, size and reinforcement ratio.
The method provides an upper-bound solution of collapse load of the slabs. The
method was first proposed by Ingerslev [1] and later developed by Johansen [2].
According to Johansen’s Yield Line Theory [2], under the action of load, the slab
undergoes some small deflection, and further increase in the load leads to failure of
the slab under large deflection. The slab attains a specific pattern due to the formation
of discrete plastic hinges called yield line. When the slab reaches its plastic limit it
causes flat facets due to the formation of linear plastic hinges called yield lines and
relative-rotation takes place-at-the yielding lines.

2 A Brief Literature Review

Burgess [3] provided a new analytical approach to tensile membrane action of rein-
forced concrete slabs at large deflections. Gong et al. [4] observed that equally rein-
forced slabs fail forming a fan-like mechanism satisfying yield-line theory under
loads. In case of unequally reinforced slab called orthotropic, it has the probability
to fail under negative yield-line pattern. According to Ouyang and Suaris [5], in
conventional yield-line theory by analytically approximating the strain softening of
the concrete and by plotting the load deflection curve, beyond the peak load can be
predicted. Beyond the peak, the load decreases suddenly and if the reinforcement pro-
vided is ductile and has a good bondwith the concrete then the loadwill increase again
due to the formation of tensile membrane action in the slab section. Thavalingam
et al. [6] found that by using rigid-plastic theory, the load-carrying capacity of the
slab can be estimated by yield-line method. Thakkar and Pandey [7] in their work
focused on failure analysis of an aluminium alloy plate based on progressive failure
that is similar to yield-line patterns observed in concrete slabs. Zhang and Dong
[8] conducted tests on specimens at larger displacements having boundary condition
of single edge-clamed and another single edge-supported simply. Moment-carrying
capacity of the slabs was found to be enhanced by 26.6% by implementing yield-line
theory until 1/15th of the span length reached the maximum vertical displacement.
According to Park [9], in slabs the reinforcement acts as a plastic membrane and
the developed tensile membrane action in the reinforcement zone of the slabs can
achieve ultimate flexural strength. Lim et al. [10] mentioned that during progressive
collapse analysis, tensile membrane action has very less influence on the boundary
condition, whereas the catenary action plays a vital role in the boundary condition.
Muspratt [11] the paper represents the design of slabs using elastic design methods
that do not conclude the yielding of the reinforcement complete graphical design
using distribution of bending moment contours using lower bond theorem and later
on yield-line theory was used to determine the ultimate moment-carrying capacity.

The present work is an exploratory experimental work taken to realise yield-line
pattern developed for two-way square slab simply supported on three sides, free on
fourth side and subjected to concentrated loading at its centroid. From literature, for
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such loading type and support condition, theoretically presumed yield pattern as per
Johansen’s yield line [2] has yet not experimentally been observed. Experimental for-
mation of yield lines is observed and collapse load has been determined. Johansen’s
yield-line theory [2] has been adopted to predict the upper-bound collapse load of
the slabs. The theoretical prediction is compared with the experimental values.

3 Experimental Investigation

Three two-way RCC slabs of dimensions 1 m × 1 m and depth of 100 mm were
prepared having constant concrete compressive strength, percentage and grade of
reinforcement. The bottom and side clear cover provided for reinforcement was
15 mm. Reinforcement of 8 mm diameter bars of grade Fe 500 were provided at a
spacing of 200 mm c/c both way perpendicular to each other. The slab specimens
confirm to (IS-456, 2000) design as under reinforcement. The slabs were made tor-
sionally restrained at the corners over a distance Span/5 = 200 mm by providing
corner reinforcement. Figure 1 shows the reinforcement cage prepared for casting
the slab. All test slabs were subjected to same manner of moist curing and testing
after casting. Testing was done by applying concentrated load at the centroid of the
slab and noting the corresponding deflection induced till failure. The test slabs were
simply supported on three edges as shown in Fig. 2.

Fig. 1 Reinforcement cage for slab
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Fig. 2 Test setup frame

4 Result and Discussion

The compressive strength of concrete used in casting the slabs is found to an average
of 33.7 MPa (Table 1). The applied load till failure and its corresponding deflection
at the centre of the test specimens are given in (Table 2) and its plotting is given in
Fig. 3. Figure 3 shows more or less linear response till the yield of reinforcement
and beyond yielding, it takes a non-linear path. Ultimate failure loads taken by the
specimens are 60, 57 and 60 kN, the average being 59 kNwhereas the corresponding
deflections are found to be 16.02, 12.92 and 14.5 mm, the average being 14.48 mm.

The crack pattern at failure of the slabs is shown in Fig. 4. It is observed that
the cracks is initiated from the centre and travels towards the centre of the free
edge. Further with increase in load, gradually the crack travels towards the corners
opposite to the free edge forming flat facets at failure. The nature of yield lines
formed experimentally matches more or less to Fig. 5 as the theoretical rigid-plastic
Johansen’s yield line [2], however with some discrepancy that is obtained in the
experiment. The discrepancy may be attributed to experimental error. For Fig. 5, for
a square slab, the theoretical collapse load is given by Pillai and Menon [12].

Table 1 Concrete
compressive strength, f cu, of
test specimen

Specimen no. f cu (MPa) Average f cu (MPa)

1 32.3 33.7

2 34.47

3 34.2



Yield Behavior of Three Edge Simply Supported Two-Way Slab … 217

Ta
bl
e
2

Te
st
re
su
lt
of

sl
ab

sp
ec
im

en

Sl
no
.

1
2

3
4

5
6

7
8

9
10

11

Sl
ab

1

Ja
ck

lo
ad

(k
N
)

0
7

16
24

30
35

40
45

50
55

60

D
efl

ec
tio

n
(m

m
)

0
0.
75

1.
31

1.
99

2.
44

3.
06

5.
77

7.
92

9.
52

12
.2
2

16
.0
2

Sl
ab

2

Ja
ck

lo
ad

(k
N
)

0
9

16
25

30
34

41
45

50
57

N
il

D
efl

ec
tio

n
(m

m
)

0
0.
55

0.
95

1.
56

2.
26

3.
01

4.
76

5.
91

8.
11

12
.9
2

N
il

Sl
ab

3

Ja
ck

lo
ad

(k
N
)

0
9

19
26

35
43

49
55

60
65

N
il

D
efl

ec
tio

n
(m

m
)

0
0.
5

0.
75

1.
1

3.
4

5.
1

7.
35

9.
5

14
.5

N
il

N
il



218 S. S. Panda et al.

0 4 8 12 16 202 6 10 14 18

DEFLECTION OF DIAL GAUGE (mm)

0

20

40

60

10

30

50

JA
CK

 L
O

AD
 (k

N)
SAMPLE 1 LOAD - DEFLECTION CURVE

0 4 8 12 162 6 10 14

DEFLECTION AT DIAL GAUGE (mm)

0

20

40

60

10

30

50

JA
CK

 L
O

AD
 (k

N)

SAMPLE 2 LOAD - DEFLECTION CURVE

0 4 8 12 162 6 10 14

DEFLECTION AT DIAL GAUGE (mm)

0

20

40

60

10

30

50

JA
CK

 L
O

AD
 (k

N)

SAMPLE 3 LOAD - DEFLECTION CURVE

(a) Slab Specimen -1 (b) Slab Specimen -2

(c) Slab Specimen -3

Fig. 3 Load versus centroidal deflection curve of test slabs (a, b, c)

wu = 14.14× m/ l2 (1)

where wu = collapse load per unit area,
l = size of side of square slab = 1 m for the test slab,
m = ultimate moment per unit length for isotropic slab is calculated for the test

specimen (area of steel, Ast = 452.16 mm2, Fe 500 grade reinforcement being 8 mm
diameter at 200 mm c/c, effective depth 75 mm, f cu = 33.7 MPa) as 4.777 kN m
per m length. Then, from Eq. (1), wu is found to be 67 kN/m2. The experimental
collapse concentrated load has been obtained as an average 59 kN, which can be
approximately assumed to be 59 kN/m2 which is a little less than theoretical value
of 67 kN/m2 from Eq. (1) satisfying it as an theoretical upper-bound collapse load.
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                        (a) Top Surface - Slab -1 (b) Bottom Surface - Slab -1 (c) Top Surface - Slab -2

(d) Bottom Surface - Slab -2 (e) Top Surface - Slab -3 (f) Bottom Surface - Slab -3 

Fig. 4 Failure crack pattern of test slabs (a, c, e—top surface; b, d, f—bottom surface)

Fig. 5 Theoretical yield
lines of square slab simply
supported on three sides

5 Conclusions

From the present exploratory experimental work carried out on two-way square slab
simply supported on its three sides, it may be concluded as

• Load deflection is somewhat linear till yield point and non-linear beyond.
• The ultimate collapse load for the test slabs is found to be an average 59 kN

whereas theoretical yield-line collapse load is 67 kN approximately satisfying
upper-bound solution

• Experimental failure pattern more or less matches with theoretical positive yield-
line pattern.
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Torsional Buckling Analysis of a Bar
Member

Lovely Sabat and Chinmay Kumar Kundu

Abstract During buckling of column, it is assumed that the columnwould buckle as
the cross section bends in the plane of symmetry. But in some problems of buckling
failures of column, it would be either due to twisting or due to combined effect of
bending and twisting. Such a combined effect of bending and twisting in a structure
is known as torsional buckling. In the present work, a thin-walled bar of cross section
(b × t) with the length ‘l’ is studied by applying uniform axial compression. The
differential equation for the deflection curve and the differential equation for torsional
buckling are presented. The expressions for total moment, torque and torque per unit
length are derived and finally the expressions for the critical stresses and critical load
for torsional buckling failure are derived. A numerical example is solved. The critical
stress and critical load are calculated.

Keywords Buckling · Torsional buckling · Critical stress · Critical load

1 Introduction

In general cases of buckling of columns, it is assumed that the column would buckle
as the cross section bends in the plane of symmetry. But in some problems of buckling
failures in a column it would be either due to twisting or due to combined effect of
bending and twisting. Such a combined effect of bending and twisting on a structure
is known as torsional buckling [1, 2]. Single symmetric cross-section members with
or unsymmetric cross-sectionmembersmay experience combined twisting and trans-
lation movement about the shear centre. Such type of failure occurs if the section has
very low torsional rigidity, like in case of a bar member of thin-walled open section
(e.g. angle sections, tee-shaped members, etc. made of thin-walled members). These
types of members can undergo torsional buckling before flexural buckling. In case of
columns with central loading, there are three different buckling loads out of which
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one load will correspond to combined torsional+ flexural mode in sections with two
symmetric axes [3].

Flexural buckling load about the weak axis always has the lowest value, and thus
we usually ignore the torsion buckling load in case of double symmetric sections.
In unsymmetrical sections, buckling will always occur in torsional flexural mode
irrespective of the shape and dimensions. But non-symmetric sections are rarely
used [4].

2 Formulation of Torsional Buckling

Considering a bar subjected to uniform axial compression, due to which torsional
buckling may occur. The idea of torsional buckling is the axis of the bar remaining
straight and each flange buckles by rotating about z-axis.

To find the compressive force due to which torsional buckling occurs, we have
to consider the deflection of the flange during buckling. This whole analysis can be
explained by considering a usual example of buckling of a strut with pin ends on
both sides and it is subjected to centrally applied force ‘P’.

Initially, the strut was straight, and then let us assume that the ‘P’ force reaches
its maximum value ‘Pcr’ so that the strut can have a slightly deflected form of
equilibrium.

The bending stresses will develop due to the deflection and it is added with the
initial uniformly distributed compressive force and the initial compressive stresses
will act on slightly rotated cross section (Figs. 1, 2 and 3).

Taking a section ‘m − n’ on the deflected shape of the strut with the length of the
section ‘dz’. Considering the deflected shape to be straight, the differential equation
for the deflection curve will be from the differential equation for bending of beam
columns,

E I
d4y

dx4
+ P

d2y

dx2
= q (1)

where
EI = flexural rigidity,
q = lateral load.
In this case, q = 0, so Eq. (1) will be

E I
d4y

dx4
+ P

d2y

dx2
= 0. (2)

The deflection y = v and the deflection is about z-axis, so Eq. (2) will be

E IZ
d4v

dz4
= −P

d2v

dz2
(3)
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Fig. 1 Torsional buckling of
flanges
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Fig. 2 Deflection of the
flange
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Fig. 3 A section m −
n from the deflected shape
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Now, to find the bending stresses and the deflection curve, we assume that the
strut is loaded by an imaginary lateral load, i.e. due to the compressive force, a lateral
load is generated which results in the deflection of the flange. The intensity of this
imaginary lateral load is

q = −P
d2v

dz2
(4)

Considering the torsional buckling of the bar, at the critical loading condition, the
buckled form of equilibrium is retained past the compressive stresses which acts on
the cross section of the longitudinal fibres (Fig. 4).

Taking an element m − n as a thin strip,
The thickness of the strip = t,
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Fig. 4 Torsional buckling of
the bar with section m − n
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The length of the strip = dz,
The small twist angle of the cross section = Φ,
The distance between the strip and the z-axis = s2,
The cross-sectional area of the thin strip (A) = t × ds,
The deflection in the element in y-direction due to torsional buckling (v) = s ×

Φ,
The compressive force (Pc) acting at the rotated ends m − n = σ × tds,
The initial compressive stresses at the rotated ends of m − n = σ = Pc

A ,
Now, Pc = P, so substituting the value of Pc in Eq. (4), we get

q = −(σ tds)
d2v

dz2
(5)

q = −(σ tsds)
d2Φ

dz2
(6)

Taking moment about z-axis of ‘q’ acting on the element,

M = (qdz × s) (7)

M = −(s2tds)
d2Φ

dz2
dz (8)
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Now, the torque acting on the element between the two sequential cross section
(T ) will be

T =
∫

−(σ stds)
d2Φ

dz2
dz × s (9)

T = −σ
d2Φ

dz2
dz

∫
ts2ds (10)

Now,

∫
ts2ds = I0 (11)

So,

T = −σ
d2Φ

dz2
dz × I0 (12)

where I0 = polar moment of inertia of the cross section about the shear centre which
is same as the centroid. The torque/unit length (mz) will be

mz = −σ
d2Φ

dz2
× I0 (13)

This value of mz can be used for any shape of cross section when the shear centre
and centroid coincides.

Now, for the differential equation for torsional buckling,we can use the differential
equation for non-uniform torsion of thin-walled open section, i.e.

Mt = C
dΦ

dz
− C1

d3Φ

dz3
(14)

Differentiating with respect to dz,

dMt

dz
= C

d2Φ

dz2
− C1

d4Φ

dz4
(15)

where Φ = angle of twist,
C = torsional rigidity,
C1 = warping rigidity,
J = torsion constant and
Mt = torque.
Mt and mz act along the element of the twisted bar,

mz = dMt

dz
(16)
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So, substituting Eq. (16) in Eq. (15), we get

−mz = C
d2Φ

dz2
− C1

d4Φ

dz4
(17)

mz = C1
d4Φ

dz4
− C

d2Φ

dz2
(18)

Now, substituting Eq. (13) in Eq. (18), we get

−σ
d2Φ

dz2
× I0 = C1

d4Φ

dz4
− C

d2Φ

dz2
(19)

C1
d4Φ

dz4
− (C − σ I0)

d2Φ

dz2
= 0 (20)

From Eq. (20), we can calculate the value of

1. The critical value of initial compressive stresses.
2. The value of the critical load (Pcr).

For this case, the warping rigidity is zero, i.e. C1 = 0.
So, Eq. (20) reduces to

−(C − σ I0)
d2Φ

dz2
= 0 (21)

C − σ I0 = 0 (22)

σcr = C

I0
(23)

where C = GJ,
G = shear modulus,
I0 = 1

3 tb
3 and

J = 1
3bt

3.
Therefore,

σcr = Gt2

b2
(24)

and

Pcr = σcr

A
(25)

where A = area of the cross section = b × t.
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Equation (25) shows that the initial compressive stresses (σ cr) do not depend on
the length of the bar or member because here we have neglected the flange resistance
offered because of the bending in the direction perpendicular to the flanges [5].

3 Example

Considering a bar of length 3m,with thickness of 20mmand thewidth of themember
as 40 mm. Value of E is 200 GPa, μ is 0.3. The value of yield stress is 250 MPa and
the FOS is 2.5. Thus, the critical buckling load and stress are calculated as follows
(Fig. 5):

Length of the member (l) = 3m

Thickness of the member (t) = 20mm

Width of member = 40mm

E = 200GPa

μ = 0.3

λy = 250Mpa

FOS = 2.5

Fig. 5 Bar with dimensions

y

z

x

b
t
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Now,

G = E

2(1+ μ)

= 200

2(1+ 0.3)

= 76.92GPa

Then, the initial compressive stress (σ cr),

σcr = Gt2

b2

= 76.92× 103 × 202

402

= 19230N/mm2

Then, the critical load (Pcr),

Pcr = σcr

A

= 19230

40× 20
= 24.037N.

Therefore, the critical load for the torsional buckling to occur (Pcr) = 24.037 N.

4 Conclusions

The above expressions show that the initial compressive stress (σ cr) values do not
depend on the length of the bar or member because here we have neglected the flange
resistances offered to the bending in the direction perpendicular to the flanges. But
if we wish to obtain more accurate result, then each flange has to be considered to
be uniformly compressed plate and the support conditions being simply supported
on three sides and completely fixed on one side. Then, the result obtained will be

σcr =
(
0.456+ b2

l2

)
× π2

6(1− μ)
× Gt2

b2
(26)

where b = width of flange,
l = length of flange,
μ = Poisson’s ratio,
t = thickness of flange,
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G = shear modulus.
Buckling can occur in a thin-walled open section by the action of bending or by

assemblage of bending and twisting and out of the two ways of action, whichever is
critical that will depend on the shape and dimensions of the cross section. Hence, we
should consider the torsional flexural buckling in designing such members. This can
be done by calculating an equivalent slenderness ratio and using the same column
strength curve as for flexural buckling.
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Design and Analysis of Transmission
Tower Under Wind Loading

Swabarna Roy and Chinmay Kumar Kundu

Abstract Transmission towers play an important role in power sector and in human
life. Structural design of lattice transmission tower is a crucial topic among the civil
engineers.Various researches havebeendoneon steel tower response towind loading.
Wind loads are randomly applied dynamic loads which are a major concern in case
of transmission towers which are at high altitude from the ground level. In this paper,
a 33 kV double circuit transmission tower with a height of 21 m has been modeled.
The tower is designed having a square base width of 6 m situated in wind zone—IV
having a basic wind speed of 50 m/s. The model has been analyzed manually as per
the IS code. The design of the steel structure is based on the Indian Standard Code
IS 800-2007 under limit state design which is the revised version of the code. The
design wind force on each component of the tower has been calculated according to
IS 875 (Part 3): 1987. In this paper, the analysis method used for calculation of axial
forces is considered to be linear in behavior with two-dimensional approaches and
the structure is considered to be determinate by ignoring the horizontalmembers. The
results obtained have been further validated using STAAD-Pro v8i software in order
to compute the accuracy of calculation. Temperature load is an important parameter
in the design of transmission tower which has been considered. The sag tension for
different ambient temperatures has been determined under different sag scenarios of
the conductors.

Keywords Transmission towers · Static analysis · Wind load · STAAD-Pro

1 Introduction

In structural engineering aspect, most wind damage to structures occurs due to strong
winds which are more prevalent in structures of higher altitude. Wind is not a steady
phenomenon due to natural turbulence and gustiness present in it. But when averaged

S. Roy (B) · C. K. Kundu
School of Civil Engineering, KIIT University, Bhubaneswar, India
e-mail: swabarnaroy0210@gmail.com

C. K. Kundu
e-mail: chinmay.kundufce@kiit.ac.in

© Springer Nature Singapore Pte Ltd. 2021
B. B. Das et al. (eds.), Recent Developments in Sustainable Infrastructure, Lecture Notes
in Civil Engineering 75, https://doi.org/10.1007/978-981-15-4577-1_19

231

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4577-1_19&domain=pdf
mailto:swabarnaroy0210@gmail.com
mailto:chinmay.kundufce@kiit.ac.in
https://doi.org/10.1007/978-981-15-4577-1_19


232 S. Roy and C. K. Kundu

over a long time duration produces a static load on the structures. A lattice transmis-
sion tower is a steel structure constituting of one or multiple triangular units with
straight members having their ends connected at nodes or joints. This tall structure
under this time-dependent load will experience dynamic oscillations because of the
fluctuating component and gustiness of wind.

Static analysis can be done to determine the failure occurring due to wind load [1].
Wind load analysis for design is done by using Indian Standard Code of Practice for
design load (other than earthquake) IS 875 (Part 3): 1987. The analysis and design
of structures to resist wind-induced loads are based on different wind zones [2].
Probabilistic analysis has been done by many researchers showing that the wind load
is high on the conductors than on the towers [3, 4]. In this paper, the main objective
is to study the effect of wind load on transmission tower. For this, a transmission
tower of 21 m which includes the ground clearance (h1), maximum sag of the lower
most conductors wire (h2), vertical spacing between the conductor wires (h3), and
vertical distance of the groundwire from the uppermost conductorwire (h4) has been
modeled [5, 6]. It has a square base width of 6 m and top width 1.5 m. It is located in
wind zone 4 having basic wind speed of 50 m/s. In this paper, static analysis is done
to evaluate the forces acting on the member elements. The along wind force acting at
each nodal joint alongwith the horizontal and vertical reactions at the support is found
out. The sag tension calculation for conductor at different ambient temperatures has
been determined under different sag scenarios of the conductors using the parabolic
equation. Now, the tower is modeled using STAAD [7, 8]. The lateral forces which
occur because of wind loading acting on each panel joint are obtained. Further, the
calculated results were validated with the STAAD-Pro obtained results in this paper.

2 Geometry of Transmission Tower

A transmission tower model of 21 m having a square base dimension 6 × 6 m and
top dimension 1.5 × 1.5 m located in open terrain is modeled as shown in Fig. 1.
The tower has right panels having column size ISA 130 × 130 × 10 mm, horizontal
member having section size ISA 80 × 80 × 6 mm, diagonals, and other secondaries
are of size ISA 65 × 65 × 6 mm. Tower members are designed as angle sections.

3 Analysis of Transmission Tower

3.1 Tower Specification

Transmission tower type: 33 kV double circuit
Bracing pattern: Pratt system
Conductor configuration: Vertical configuration
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6.00 m

21.00 m

Fig. 1 Model of 21-m-high lattice tower

Cross Arm: Pointed
Conductor material: ACSR
Minimum ground clearance of conductor: 0.7460 m
Ultimate tensile strength of conductor: 6734.0 kg
Factor of safety: 4
Modulus of elasticity final (E1): 80000.0 kg/m2

Modulus of elasticity initial (E2): 0.4675 kg/m2

Maximum temperature of conductor = 75 °C
Everyday temperature = 32 °C
Minimum temperature = 0 °C.
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3.2 Calculation of Wind Load

Wind load analysis on tower has been carried out considering IS code IS 875 (Part 3):
1987. The value of design wind speed has been considered for design wind pressure
calculated [8, 9].

Basic wind speed Vb = 50 m/s
Wind zone—4, Terrain category—3
Reference wind speed Vr = Vb/K0 = 50/1.375 = 36.36 m/s
Designwind speedVd =Vr *K1 *K2 = 41.24m/s (whereK1 is risk factor having

value 1.07, K2 is terrain roughness coefficient having value 1.06, K0 is conversion
factor having value 1.375)

Design wind pressure Pd = 0.6 × V 2
d = 1021 N/m2.

3.3 Wind Load and Sag Tension for Conductor

The sag tension for the conductor is calculated using Indian Standard Codes of
Practice for use of structural steel in overhead transmission line tower. As per the
specification in the Indian Standard Code of Practice IS. 5613: Part 2: Sec 1. The
maximum temperature is 75 °C for ASCR, everyday temperature is 32 °C with
design wind pressure of 0, 75, 100%, minimum temperature is 0 °C with design
wind pressure of 0 and 36% and design wind pressure of 0 and 36% [10, 11].

For 33 kV, the wind pressure applied on the conductor Fwc = 2
3 Pd · Cdc · D · Gc

= 1.25 kg/m, where Pd is design wind pressure, Cdc is drag coefficient for conductor
which is 1,D is the diameter of conductor taken as 0.0181 m, andGc is gust response
factor taken here as 2.6. The total wind pressures on conductor are found as follows:

For 100% wind, W100% = 1.25 × 1.00 × 2.6 = 3.25 kg/m,
For 36% wind, W36% = 0.36 × 1.25 × 1.00 × 2.6 = 1.17 kg/m, and
For 75% wind, W75% = 0.75 × 1.25 × 1.00 × 2.6 = 2.44 kg/m.
The sag tension is calculated using the parabolic equation as

T 2
2

{
T2 −

[
T1 − W 2 × q2

1 × L2 × Ec × A

24 × T 2
1

]}
= W 2 × q2

1 × L2 × Ec × A

24
(1)

Dividing the above equation by A and using the notation “f ” for stress and δ =
w
A , we get

f 22

{
f2 −

[
f1 − δ2 × q2

1 × L2 × Ec × A

24 × f 21

]}
= δ2 × q2

1 × L2 × Ec × A

24
(2)



Design and Analysis of Transmission Tower Under Wind Loading 235

Now the temperature factor is given by (t ×α × Ec) where t = t2 − t1. Therefore,
the values of temperature factor for different temperatures, i.e., 5 °C, 75 °C, 32 °C,
and 50 °C are found to be 38.448, 61.232, 0, and 25.632, respectively [12].

The tension factor is calculated for different conditionswith varyingwind pressure
applied on the conductor [13, 14]. Firstly, considering still condition, i.e., no wind
pressure is applied, the tension factor “Z” is given by

Z = δ2 × q2
1 × L2 × Ec

24
(3)

For this, the value of loading factor (q1) is 1, we get the value of tension factor as
3568312.33. At 36% wind pressure on conductor (loading factor q2 is 2.068), it is
15260330.14. At 100% wind pressure on conductor (loading factor q3 is 5.127), the
value of tension factor is 93797118.2. The sag tensions considering different cases
are found out and tabulated in Table 1.

Table 1 Sag tension table for different cases

Case no. Description of
cases

Tension at mid
span of conductor
(kN)

Deflected sag (SD)
(m)

Vertical sag (SV )
(m)

I Conductor
temperature of 5
°C and 100% wind
pressure applied

1631.27 kg
= 16.31 kN

1.62 1.45

II Conductor
temperature of 5
°C and 36% wind
pressure applied

1624.34 kg
= 16.24 kN

0.66 0.65

III Conductor
temperature of 75
°C and no wind
pressure applied

1587.4 kg
= 15.87 kN

0.32 0.00

IV Conductor
temperature of 32
°C and 100% wind
pressure applied

1683.49 kg
= 16.83 kN

1.57 1.40

V Conductor
temperature of 5
°C and no wind
pressure applied

1743.93 kg
= 17.43 kN

0.29 0.00
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Table 2 Wind load acting at
each panel joint

Panel joint Height (m) Wind load (kN)

B 6 5.6535

C 12 3.7965

D 14 1.9785

E 16 3.021

F 18 3.3496

G 20 3.3496

H 21 4.3306

3.4 Wind Load on Tower Panels

The lateral force due to wind loading on each of the panel joint is determined by
the product of the wind intensity and the area exposed to windward direction. Only
normal operating condition and no broken condition of the wires are considered.
Taking column size ISA 130 × 130 × 10 single angle, horizontal member having
section size ISA 80 × 80 × 6 single angle, diagonals, and other secondaries of size
ISA 65 × 65 × 6 single angle, the wind load at each panel joint is calculated as
shown in Table 2.

3.5 Stresses in the Members of the Tower

The stresses in the different members are determined by using approximate method.
For this, the horizontal and secondary members of the tower are ignored, hence
converting the tower to a determinate plane frame. Horizontal reaction at the base
of tower is found to be 12.7465 kN, max., bending moment is calculated as 405.699
kNm, and vertical reaction at the support is found to be 73.7636 kN. The member
forces for each vertical and diagonal member due to wind load at each joint are
calculated manually and shown in Table 3.

Table 3 Member forces in
various members

Members Forces (kN)

FAB 68.254

FBC 44.6147

FCD 18.104

FDE 54.741

FEF 30.064

FFG 30.064

FHG 3.115
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3.6 Deflection

The horizontal and secondary members of the structure have been ignored, thus
reducing it to a plane frame. In order to determine the deflection at any point, the
externally applied loads are removed and a unit load is applied at the particular joint
in the vertical direction. Figure 2 shows the unit load is applied at joint B, for finding
the vertical and horizontal deflections. The deflections both horizontal and vertical
at different panel joints are shown in Table 4.

Fig. 2 Unit load is applied at joint B to find the vertical and horizontal deflections
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Table 4 Deflections both horizontal and vertical at different panel joints

Panel joint Maximum deflection

Horizontal (mm) Vertical (mm)

B 0.60 −0.3907

B′ 0.60 0.3907

C 1.0508 −0.508

C′ 1.0508 0.508

D 2.1016 −1.012

D′ 2.1016 1.012

E 2.127 −1.254

E′ 2.127 1.254

F 4.1524 −1.464

F′ 4.1524 1.464

G 6.1778 −1.686

G′ 6.1778 1.686

H 9.6728 0

4 Results and Discussion

The analysis has been performed using STAAD-Pro and the steps for the analysis
have been shown in Fig. 3. The results obtained are validated with the STAAD-Pro
v8i. The compressive and tensile forces acting on the leg member and the bracings
of the tower obtained from the software are shown in Table 5. The stresses in various
leg members and bracings members of the tower are shown in Table 6. The results
obtained by the STAAD-Pro are found to be consistent with the manually calculated
results.

5 Conclusion

Steel transmission tower is highly indeterminant structure and manual calculation of
it is very complex and software results needed to be carried out in order to validate
the results. The tower is found to be effective in resisting the wind load which is
acting directly on the tower. Based on above study, the following conclusions are
drawn:

1. The wind loading is predominant in tall towers playing an important role in its
analysis and design.

2. The member in the vertical plane predominantly receives maximum number of
loads as compared to the horizontal and inclined members.
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Fig. 3 Steps of analysis using STAAD-Pro

3. The vertical members of the tower remain in tension or carry the tensile force.
The horizontal and the diagonal bracings of the lattice steel tower undergo
compression under the action of wind load on the tower.

4. Apart from wind load, the temperature load is an important parameter in the
design of transmission tower. Sagging of the conductor plays an important role
at different temperature variants.
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Table 6 Stresses in the various members

Leg member Bracings

Beam L/C Axial N/mm2 Beam L/C Axial N/mm2

15 1 1.904593 69 1 0.2377

14 1 1.40668 84 1 −0.07022

13 1 0.994886 83 1 0.072043

1 1 0.436852 70 1 0.37932

31 1 0.39903 71 1 0.1971

30 1 0.297757 82 1 −0.110226

29 1 0.163288 81 1 0.35821

5 1 0.062018 72 1 0.66559
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Structural Optimization of Microwave
Antenna Tower Subjected to Wind Load

Swabarna Roy and Chinmay Kumar Kundu

Abstract The microwave antenna towers are important in the telecom industry as
they are used to broadcast microwave transmission from one location to another.
These open-latticed steel towers are highly indeterminate structure. In this paper,
a 50 m microwave antenna tower mounted with a hollow hemispherical dome of
2 m diameter is considered. It is subjected to a multiple combination of wind, dead
loads, and the self-weight of microwave antenna. The tower is designed optimally
for least weight. It is having a base width of 6 m and is located in Bhubaneswar
City having a basic wind speed of 50 m/s. The various sections chosen are angle,
pipe, and tube section with tower having X-type bracing. Weight is considered as an
objective parameter which is function of independent variables (base width, number
of panel, and panel height ratio). The designwind force on each panel of the tower has
been calculated according to IS 875 (Part 3): 1987. It has been seen that with angle
section X bracing there is a reduction in weight of about 14% than the weight before
optimization. The results show that angle sections are best suited for the design of
microwave antenna as compared to pipe and tube sections.

Keywords Microwave antenna tower · Optimization ·Wind load

1 Introduction

In every developing country, there is a high requirement of electricity consumption.
The transmission towers are being used to fulfill the need of transmitting electric
power to various regions. While in communication industry, tall towers are required
for transmitting information signals through antennae. These are being used by dif-
ferent agencies such as radio, telecommunication, television, and defense for com-
municating signals from one place to the other. This tall structure is generally made
of standard steel of angle, pipe, or tube section having a square base. These are of
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lattice type consisting of leg, primary, secondary bracings, and carrying a microwave
antenna attached to it. Various researchers have contributed on analysis and design
of tower using different configurations and bracing patterns. Static and dynamic
analysis has been done on transmission tower under different load conditions and
K-type bracing compared with X-type bracing which showed lesser deflection and
least weight of tower [1]. Analysis is done on transmission line tower and reduc-
tion in weight is obtained by angle section of thickness ranging from 5 to 6 mm
[2]. Various analytical studies have been done by many researchers on the transmis-
sion tower using optimization technique [3]. Also, the X-type bracing pattern with
angle section shows maximum weight reduction after optimization [4]. Non-linear
structural analysis has been done by many researchers on guyed antenna tower and
showed maximum weight reduction [5, 6].

Structural design optimization is amathematical approach that concerns in finding
the maxima and minima function subject to some constraints [7, 8]. This involves
various optimization techniques to find the best possible design in terms of weight,
reliability, and thus the overall cost. In this paper, a 50 m microwave antenna tower
mounted with a hollow hemispherical dome of 2 m diameter is considered. It is
subjected to a multiple combination of wind, dead loads, and the self-weight of
microwave antenna. The model is created in FEAST software. The tower is designed
having a square base width of 6 m and located in Bhubaneswar City which lies in
wind zone—IV, having a basic wind speed of 50 m/s. The various sections chosen
for the design of the members are angle, pipe, and tube section each having X-type
bracing system. The designwind force on each panel of the tower has been calculated
according to IS 875 (Part 3): 1987 [9, 10]. The calculated wind loads are assigned at
each node from top to bottom of the tower and analysis is done in STAAD-Pro v8i
software.

In this paper, the optimum design of the antenna tower subjected to wind load and
self-weight is considered as an objective parameter which is function of independent
variables (base width, number of panel, and panel height ratio). The tower with
angle section and X-type bracing system shows a maximum reduction in weight as
compared to pipe and tube sections. Hence, it is designed optimally for least weight.

2 Modeling of Tower

An attempt has been made in analysis and modeling of microwave antenna tower
using STAAD-Pro and finite-element-based FEAST software. The modeling of 50m
microwave antenna tower is done as a steel structure. For the analysis, the loads
considered here are the dead load of the tower, self-weight of a hollow hemispherical
dome of 2 m diameter mounted on top, and the wind load. Three section properties
considered for design are angle section, pipe section, and tube section. A comparative
study has been made to find the most effective section which gives the least weight.
The total view of the tower in both 3D and front is shown in Fig. 1.
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Fig. 1 View of the
microwave antenna, (a)
3D view, (b) front view

The X-type of bracing system is kept constant and the total weight of the tower is
calculated. The bracing pattern of the lower two panels is different than the rest of
the panels and is shown in Fig. 2.

3 Load Calculation on Microwave Antenna Tower

Tower of 50 m height and having 20 number of panels is considered for analysis.
The tower is having base width of 6 m and top width of 2 m. Calculation of wind
load on the tower by static method is done as per IS 875 (Part 3): 1987 [10]. It is
located in Bhubaneswar City having a basic wind speed of 50 m/s. The design wind
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Fig. 2 Configuration of the X bracing at, a lower two panel, b third panel, c topmost panel

speed is obtained from various parameters which include the risk factor coefficient
(k1) which is 1.06, terrain, height, and structure size factor (k2) for category 3 and
class B is assumed and taken as 1.09, and topography factor (k3) is assumed as 1.2.
The design wind pressure at 50 m above is found to be 2.883 kN/m2. A hollow
hemispherical dome of 2 m diameter having a self-weight of 10 kN is considered
in the present study. It is assumed to be mounted at a height of 50 m, i.e., at the
top panel of the tower. The wind load acting on the hemispherical dish on the front
face and rear face is found from bowl wind coefficients (cf ) as per the code. The
values of cf are 1.4 and 0.4 for front face and rear face, respectively. The solidity
ratio for different panel, terrain factor, and design wind pressure at various heights
of the tower are calculated and shown in Table 1.

The wind forces are computed and analysis is completed by applying the forces
at each node [11, 12]. The structure is reduced to a plane frame and the displacement
is found in post-processing mode in FEAST. The maximum displacement at the
top 50 m level due to wind load is found out to be 53.66 mm. Figure 3 shows the
maximum and minimum displacements of the tower after the application of the wind

Table 1 Design wind pressure at various heights of the tower and solidity ratio for different panels

Panel no.
from top

Height (m) Terrain
factor
coeff. k2

Design
wind
pressure
Pz (N/m2)

Solidity
ratio

Overall
force
coeff. cf

Pz. cf
(N/m2)

1–5 10 1.075 3332.2 0.245 3.075 10246.5

6–10 20 1.045 3148.8 0.245 3.075 9682.7

11–15 30 1.005 2912.4 0.245 3.075 8955.6

16 34 0.964 2679.6 0.204 3.28 8789

17 38 0.926 2472.5 0.165 3.475 8592.05

18 42 0.88 2232.9 0.165 3.475 7759.6

19 46 0.832 1996.03 0.134 3.63 7245.6

20 50 0.808 1882.5 0.101 3.795 7144.2
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Fig. 3 Displacement of the node of the tower, (a) maximum, (b) minimum

load. The wind load acting on the front face of the microwave antenna is found to
be 12.68 kN acting on the two top node of the tower. Displacements at each node in
X-direction and Y-direction are found out and shown in Table 2.

Table 2 Displacements at each node in X- and Y-directions

Node no. Displacement
in X-direction
(mm)

Displacement
in Y-direction
(mm)

Node no. Displacement
in X-direction
(mm)

Displacement
in Y-direction
(mm)

1 53.6349 1.81749 20 25.2726 1.6492

2 53.6339 −1.81164 22 22.0222 1.58672

4 50.003 −1.81069 24 18.9083 1.51069

6 50.0034 1.81619 26 15.9593 1.41983

8 46.3755 1.81201 20 25.2726 1.6492

10 42.7581 1.80353 22 22.0222 1.58672

12 39.1611 1.78938 24 18.9083 1.51069

14 35.5973 1.7682 26 15.9593 1.41983

16 32.0821 1.73865 28 13.2061 1.31293

18 28.6336 1.69942 30 10.6821 1.18879
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4 Tower Optimization

Optimization is an art of obtaining the best results or the optimal output under a given
circumstance. Design optimization deals in minimizing the design parameters like
cross-sectional area, material, height, weight, etc. [13, 14]. Optimization algorithm
executes iteratively by comparing the different results until an optimum satisfactory
result is obtained under a desired objective function. The objective function is to be
either minimized or maximized based on the desired objective [15]. According to
the problem, the tower is to be designed with three different sections, angle section,
pipe section, and tube section simultaneously. Reduction in weight is taken as an
objective function and is done using Hooke–Jeeves algorithm [6]. The independent
design variables are base width of the tower (B) and number of panel (NP). The two
variable function is written as f (B, NP) and the objective function in terms of design
variable is shown by Eq. 1 given by

W = f (B, N P) (1)

Hooke–Jeeves algorithm is a numerical method for finding the minimum or opti-
mal solution from a multivariable function. It is used for minimizing a real-valued
function f (x) for xERn. The process of solving is basically divided into two parts,
exploratory steps and pattern search. The advantage of using this method is that the
process moves from one point to the next point in the direction of the vector until the
function value stops. Then it repeats the process to find a better point. The various
steps involved in optimization process are shown in Fig. 4.

Fig. 4 Steps in optimization
process

Input /
Physical Problem

Mathematical Modelling

Mathematical Formulation

Output / Optimal solution

Optimization algorithm

Choose Design variables

Objective function formulation
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5 Result and Discussions

Optimization algorithm follows a number of steps or iterations in finding out the
optimal value. The geometric parameters such as the base width of the tower (B)
and the number of panel (NP) are treated effectively as design variables. Objective
function was finding out the least weight (W ) among the three cross-sectional shapes.
X-type bracing pattern was used for the diagonal members which mostly carries the
compressive force. A total of five iterations have been done in the numerical process.

Optimization process for tower while having angle section gives an optimal value
of 60.47 kN in the third iteration for specific values of the design variables. The
values obtained for each number of iterations are shown in Table 3. Tower with pipe
section gives minimumweight of 51.2 kN in the fourth iteration as shown in Table 4.
In case of tube section, the tower gives minimum weight in the second iteration. The
weight is found to be 76.76 kN which is more than that of angle and pipe section.
Table 5 shows the iteration results for tube section.

The optimization process gives the value of minimal weight of the tower for
each cross-sectional shape. A comparative study has been made to find out the most
effective section. A graph has been plotted for number of iterations performed in the
process and the weight of the tower as shown in Fig. 5.

The results of the optimization process for microwave antenna tower show a
maximum reduction in weight for different sections. The tower with pipe section has
an optimal weight smaller than that of angle and tube section. The optimal weight is
about 44% smaller than the other two sections. The tower with angle section gives
the maximum reduction in weight after optimization. It has been seen that with angle
section X bracing there is a reduction in weight of about 14% than the weight before
optimization. While in case of pipe section and tube section the percentage reduction

Table 3 Iteration results of optimization process for tower with angle section

Design variables Iteration number

1 2 3 4 5

Base width B (m) 6 5.7 5.4 5 4.7

Number of panel NP 20 21 22 23 24

Weight W (kN) 65.22 62.76 60.47 (optimal) 60.65 61.2

Table 4 Iteration results of optimization process for tower with pipe section

Design variables Iteration number

1 2 3 4 5

Base width B (m) 6 5.7 5.4 5 4.7

Number of panel NP 20 21 22 23 24

Weight W (kN) 65.02 51.84 51.42 51.2 (optimal) 52.93
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Table 5 Iteration results of optimization process for tower with tube section

Design variables Iteration number

1 2 3 4 5

Base width B (m) 6 5.7 5.4 5 4.7

Number of panel NP 20 21 22 23 24

Weight W (kN) 79.8 76.76 (optimal) 76.8 80.04 81.6
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Fig. 5 Variation of weight using angle, pipe, and tube section

Table 6 Percentage weight
reduction after optimization
process

Section type Weight
before
optimization

Weight after
optimization

% Reduction
in weight

Angle
section

69.89 60.47 13.48

Pipe section 56.83 51.2 9.91

Tube section 84.11 80.04 4.84

in weight is about 10% and 5%, respectively. The percentage reduction in weight
after optimization using three different sections is shown in Table 6.

6 Conclusion

In this study, an attempt is made to design and analyze a microwave antenna tower
using STAAD-Pro and finite element software FEAST. In the analysis, wind load is
taken as the main load and wind forces are computed by applying the forces at each
node. The results are tabulated under wind load. Optimization is done for weight
reduction considering three different sections for direct comparison. Based on the
investigations performed, the following conclusions are drawn:

1. The nodal displacement for each node due to wind load is found out and the value
of maximum displacement obtained is found to be 53.66 mm.
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2. The tower with pipe section has an optimal weight smaller about 44% than that
of angle section and tube section.

3. The pipe section and tube section show the percentage reduction in weight by
about 10% and 5%, respectively.

4. It has been seen that with angle section X bracing there is a reduction in weight
of about 14% than the weight before optimization.

5. Therefore, results obtained show that tower can optimally be designed using
angle section.
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Seismic Analysis of a Concrete Gravity
Dam Using ABAQUS

Sourav Sarkhel, Jyotiprakash Padhi, and Anil Kumar Dash

Abstract The safety against seismic loads of the dams existing at present and the
design of new earthquake-resistant dams is under rigorous research. The designs of
the earthquake-resistant dams along with the evaluation for safety of the existing
dams depend upon the reliable analytical procedure that can determine the stresses
and deformations induced by the earthquake. Therefore, this study is carried out to
perform the modal analysis, study the influence of hydrostatic forces, and also to
determine the effect of dynamic loads on the dam with rigid and flexible foundation
by using ABAQUS. In this study, modal, static, and dynamic analysis of Koyna dam
located in Maharastra, India was performed by using ABAQUS. Dynamic analysis
of the dam is done under two conditions: dam with a rigid base and dam with a
flexible base.North–SouthComponent of theElCentro datawas used for the dynamic
analysis of theKoynaDam.The crest of the damundergoes a displacement of 0.016m
in case of flexible foundation which is higher compared to the displacement of the
crest without the dam with rigid foundation, which is 0.0107 m. Major principal
stress and shear stress value is found to be higher in case of flexible foundation
as compared to rigid foundation of the dam. In case of rigid foundation, maximum
displacement is foundwithin the crest of the dam for all the time steps due to dynamic
load, whereas Maximum displacement observed within the center part of the dam
for the time steps of 0.6 and 0.8 s and at the base of the dam for the 1 s time step due
to dynamic load in case of flexible foundation. The major principal stress of the dam
is found to be lower (1.04E+09 N/m2) in case of flexible foundation as compared
to the rigid foundation (1.55E+09 N/m2). The shear stress of the dam is found to
be higher in case of flexible foundation (6.95E+09 N/m2) as compared to the rigid
(5.28E+08 N/m2) foundation.
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1 Introduction

A dam is an obstruction constructed across a stream or river to restrain water and
increases the level of thewater behind the barrier allowing the formation of a reservoir
used for the electricity generation, irrigation, flood control, and water supply, etc.
The failure of these structures may result in the property loss along with damage
to the environment. The probability of failure increases due to any seismic activity,
which may develop cracks within the structure. Therefore it is necessary to check
the stability of the dams against all the forces that the structure has to resist such as
the hydrodynamic forces and earthquakes. The first proposed method for the study
of rigid concrete gravity dams under seismic activity is by Westergaard [1]. Similar
type of analysis was also done by Chopra [2] by considering the upstream face to be
inclined to get a better representation of the actual dam. The safety against seismic
loads of the dams existing at present and the design of new earthquake-resistant dams
is under rigorous research in the past few decades [3, 4]. Lot of researches has been
done to determine the behavior of the dam under the seismic load [5, 6]. Later on
the finite element method (FEM) was introduced because of its advantages over the
established method, since FEM produces more accurate results [7]. The effect of
the hydrodynamic forces on dams is determined by the assumption that the water is
incompressible [8–10]. But later on, it is found that compressibility of the water has
an important role in the seismic analysis [2]. Chopra and Chakrabarti [11], Fenves
and Chopra [12, 13], and Hall and Chopra [14] studied the finite element analysis
using frequency domain. Later on, Sharan [15] and Sommerfeld [16] developed the
simplest boundary conditions while Maity and Bhattacharya [17] and Tsai and Lee
[18] developed more complex boundary conditions. The response of a dam is largely
affected by considering the type of soil in which the dam is constructed [19]. Pal [20]
became the first to perform nonlinear analysis on the Koyna dam. He neglected the
effect of the reservoir and assumed the foundation to be rigid. Khosravi and Heydari
[21] analyzed the dam under four different conditions by assuming the reservoir to
be empty and full along with the foundation to be flexible and rigid. Burman et al. [6]
studied the effect of the flexibility and nonlinearity of the foundation on the seismic
response of a dam by using SAP 2000. Reddy et al. [22] carried similar studies to
analyze the effect of the flexible foundation. In the present paper, a dam structure is
analyzed neglecting the effect due to the reservoir water but considering the effect
of soil condition.
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Table 1 Material properties
of the dam and foundation

Material Young’s
modulus
(N/m2)

Density
(Kg/m3)

Poisson’s
ratio

Concrete 3.15 × 1010 2430 0.235

Foundation
soil

6.8923 ×
1010

981 0.3333

2 Methodology

2.1 Description of Dam

In this study,modal, static and dynamic analysis ofKoyna dam located inMaharastra,
India was performed by using ABAQUS for the rigid and flexible foundation. Koyna
dam has a height of 103 m with a crest width of 14.8 m, length of 807.2 m, and 70 m
wide at its base. The capacity of the dam is 2797.4 Mm3. The material properties
of the dam as well as the soil utilized for the analysis are summarized in Table 1.
In order to model the soil–structure interaction, a soil domain of depth 310 m is
considered. The North–South Component of the El Centro earthquake data used for
the evaluation of the results in the present study. The magnitude of the earthquake
was 6.9 in Richter scale and had an extreme intensity of X in Mercalli’s intensity
scale.

2.2 Static and Dynamic Analysis in ABAQUS

In the analysis of the structure using ABAQUS, the geometric model is prepared
first according to the dimension of the Koyna dam used in this study. The geometric
model of the Koyna Dam is presented in Fig. 1. After making the model, the mate-
rial properties are provided (Table 1). The structures are then assembled from the
assembly module and the required type of analysis is chosen from the step module.
The mesh is generated by selecting the type of mesh properties and suitable element
type. In this study, four-node bilinear plane strain type element is chosen and the
shape of the elements is considered to be quadrilateral. In order to carry out the
modal and hydrostatic analysis of only the dam structure, the base of the dam is
considered to be rigid or flexible. For the dynamic analysis, Displacement/Rotation
type of boundary condition is applied. The rotation and the translational movement
in the vertical direction are considered to be zero, since the dam is analyzed only for
the horizontal acceleration of the earthquake. For the dam–foundation interaction
model, the dam is tied to the modeled soil domain and the Displacement/Rotation
boundary condition is applied to the soil domain. The dam–foundation interaction is
created among the soil and the dam and the edges of the soil domain except on the
edge in which the interaction takes place are made fixed. The surface to surface type
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Fig. 1 Geometric model of
dam

of interaction between the soil and the dam is created for the interaction problem of
the soil and the structure. The sliding is restricted to finite limit and the tangential
behavior of the contact is kept to be rough.

3 Results and Discussions

3.1 Modal Analysis of Dam with Rigid Foundation Using
ABAQUS

The modal analysis is carried out and the first ten natural frequencies along with
the mode shapes are obtained by using ABAQUS. The dam mesh is generated using
four-node bilinear plane strain quadrilateral elements. The total number of elements
generated is 85 with 105 numbers of nodes. The first ten frequencies corresponding
to the mode numbers 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 are 2.9161, 7.8182, 11.9132,
15.8829, 24.1343, 25.2690, 33.7364, 37.5544, 40.8527, 40.8527, and 41.1362 Hz,
respectively.

The first 10 mode shapes are obtained through the modal analysis of the dam
with empty reservoir and rigid foundation. Mode shapes 1 and 2 of the empty dam
with rigid base from ABAQUS are shown in Fig. 2. The maximum displacement
is observed at the crest for the mode shapes 1–6. As the frequency increases, the
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Fig. 2 Mode shape 1 and 2 of empty dam with rigid base from ABAQUS

Table 2 Comparison of the
first four natural frequencies
obtained from ABAQUS with
literature without considering
the interaction

Mode number Frequency

Sarkar et al. [23] ABAQUS

1 3.002 2.9161

2 7.953 7.953

3 10.848 11.9132

4 15.640 15.8829

maximum displacement gradually shifts from crest to the base of the dam. Uni-
form displacement is observed for lower frequencies, whereas with increase in nat-
ural frequency nonuniform displacement was found throughout the dam. Maximum
displacement was found towards the toe of the dam in the mode shapes 8 and 10.

3.2 Comparison of First Four Natural Frequencies of Dam
with Rigid Foundation

Table 2 compares the results of first four natural frequencies obtained fromABAQUS
with the results from the reported literature [23]. It can be observed that good con-
formity has been achieved between the results of the present study with the reported
literature.

3.3 Modal Analysis of Dam with Flexible Foundation Using
ABAQUS

Themodal analysis of the damwith empty reservoir and flexible foundation is carried
out and thefirst tennatural frequencies obtained are recorded.Thefirst ten frequencies
corresponding to the mode numbers 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 are 2.8693, 7.1284,
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Fig. 3 Mode shape 1 and 2 of dam with flexible foundation

9.9294, 13.9756, 20.8041, 21.7313, 29.6948, 33.9417, 36.3918, and 37.6962 Hz,
respectively.

The first tenmode shapes corresponding to the natural frequencies are obtained by
the modal analysis of the dam with empty reservoir and flexible foundation (Fig. 3).
The deflections in each of the mode shapes are different from each other. The deflec-
tion observed from mode shape four to six varies throughout the dam with less
deflection of the soil. As the natural frequency increases, larger deflection of the dam
along with the foundation soil is noticed. The mode shapes obtained from the modal
analysis for the flexible foundation were compared with that of the rigid foundation.
Mode shapes of flexible base were found to be more distorted as compared to rigid
base. In case of rigid foundation, the displacement is uniform frommode shapes 1–6
whereas in case of flexible foundation except mode 1, all other mode shapes have
nonuniform displacement.

The first natural frequency obtained through the analysis of ABAQUS and the
reported literature (Chopra 1980) is compared. The natural frequency estimated from
ABAQUS analysis is 2.8415 Hz which matches well with the natural frequency of
the reported literature, i.e., 2.9325 Hz.

3.4 Hydrostatic Analysis of a Dam with Rigid Foundation
Using ABAQUS

Hydrostatic analysis is performed and the results of different stresses and deforma-
tions are obtained by using ABAQUS. The type of element and number of modes
are similar to modal analysis. The maximum and minimum total deformation of the
dam was found to be 0.107 m and 0.0 m, respectively. The contour map of total
deformation due to hydrostatic pressure is presented in Fig. 4.

The equivalent (vonMises), major principal stress and shear stress of the dam due
to the effect of the hydrostatic pressure is given in Table 3 and contour maps of shear
and major principal stresses are shown in Fig. 5. Major principal stress varied from
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Fig. 4 Contour map of total
deformation due to
hydrostatic pressure

Table 3 Equivalent, major principal and shear stress value on the dam due to hydrostatic pressure

Parameters Equivalent (von-Mises)
stress (N/m2)

Major principal stress
(N/m2)

Shear stress (N/m2)

Minimum 4.838E+02 −1.651E+0.4 −9.510E+02

Maximum 3.033E+06 2.566E+06 1.334E+06

Fig. 5 Contour map of shear stress and major principal stress due to hydrostatic pressure

−1.651E+0.4 to 2.566E+06 N/m2 whereas shear stress varied from −9.510E+02 to
1.334E+06 N/m2. It can be observed from Fig. 5 that, maximum shear and major
principal stress is detected in the heel of the dam whereas minimum stress is found
within the crest in both cases. The variation of both shear stress and major principal
stress within the entire body of the dam is similar.
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3.5 Hydrostatic Analysis of a Dam with Flexible Foundation

The hydrostatic analysis of the dam with flexible foundation for displacement is
presented in Fig. 6. The crest of the dam undergoes a displacement of 0.016 m in
case of flexible foundation which is higher compared to the displacement of the crest
with rigid foundation, which is 0.0107 m. Maximum displacement is detected at the
crest of the dam.Major principal stress and shear stress obtained from the hydrostatic
analysis of a dam with flexible foundation is shown in Fig. 7. The maximum value
of major principal stress and shear stress is 2.782E+06 N/m2 and 1.538E+06 N/m2

respectively. It can be also detected from Fig. 7 that, the maximum major principal
stress as well as shear stress is observed at the heel of the dam. Minimum stress
value is observed within the crest of the dam which is similar to the dam with rigid
foundation.

Fig. 6 Contour map of total
displacement of the dam
with flexible foundation due
to hydrostatic pressure

Fig. 7 Contour map of shear stress and major principal stress of dam with flexible foundation
under hydrostatic force
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Table 4 Maximum values of displacement, vonMises stress, major principal stress and shear stress
at time step 1 s

Case no. Foundation
condition

Maximum
displacement (m)

Major principle
stress (N/m2)

Shear stress

1 Rigid 7.026E−02 3.143E+0.6 1.660E+07

2 Flexible 6.412E−02 9.669E+0.6 4.656E+06

3.6 Dynamic Analysis

The dynamic analysis of the modeled dam is analyzed by using El Centro earthquake
data and different responses of the dam such as the displacement, von Mises stress,
major principal stress and the Shear stress are found out using ABAQUS. Dynamic
analysis of the dam is done under two conditions: dam with a rigid base and dam
with a flexible base. The rigidity of the dam is obtained by fixing the base. Table 4
represents the data of various responses of the dam for rigid and flexible condition at
time step 1 s. Higher values of displacement and stresses are found in case of rigid
foundation as compared to flexible foundation of dam (Table 4).

The total displacement of the dam with rigid and flexible foundation at 1.0 s is
presented in Fig. 8, due to the dynamic load. The maximum displacement value is
observed at the crest for rigid as well as flexible foundation for the time steps of 0.2
and 0.4 s. In case of rigid foundation,maximumdisplacement is foundwithin the crest
of the dam for all the time steps. For flexible foundation, maximum displacement is
observed in the center part of the dam for the time steps of 0.6 and 0.8 s and at the
base of the dam for 1 s time step.

The major principal stress developed within the body of the dam due to dynamic
load is computedbyusing the earthquakedata ofEl-Centrowith an equal time spacing
of 0.2 s. The contour map of major principal stress of rigid and flexible foundation
for time step of 1.0 s is presented in Fig. 9. The pattern of major principal stress is
changing for each time step for both rigid as well as flexible foundation. Contourmap
of themajor principal stress for rigid foundation is different from flexible foundation.

Fig. 8 Contour map of displacement of a dam with rigid and flexible foundation at 1 s
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Fig. 9 Contour map of major principal stress of a dam with rigid and flexible foundation at 1 s

Major principal stress observed at the heel of the dam in case of rigid foundation
whereas within the center part of the dam for flexible foundation of 1 s time step.

Maximum shear stress is found within a small area of the dam for 0.2 s time step
whereas the stress was observed within a large portion of the dam in case of 0.4 s
time step for rigid foundation. The shear stress distribution within the body of the
dam at 0.2 s time step is entirely different at 0.4 s time step for flexible foundation.
Maximum shear stress is found at the base of the dam with rigid foundation for 0.8 s
time step whereas at the heel in case of flexible foundation for 0.6 s time step.

4 Conclusion

In this present study, an effort has been made to determine the response of a con-
crete gravity dam with rigid and flexible foundation by using ABAQUS. The results
obtained from the modal analysis are compared with the reported literature to check
the accuracy of the work. Finally, the interaction is modeled and dynamic analysis
is done using ABAQUS. As the frequency increases, the maximum displacement
gradually shifts from crest to the base of the dam. Uniform displacement is observed
for lower frequencies whereas with increase in natural frequency nonuniform dis-
placement was found throughout the dam. Due to the hydrostatic effect, the crest of
the dam undergoes a displacement of 0.016 m in case of flexible foundation which is
higher compared to the displacement of the crest of the dam with rigid foundation,
which is 0.0107 m.Major principal stress and shear stress value is found to be higher
in case of flexible foundation as compared to rigid foundation of the dam. The major
principal stress of the dam is found to be lower (1.04E+09 N/m2), in case of flexible
foundation, as compared to the rigid foundation (1.55E+09 N/m2). The shear stress
of the dam is found to be higher in case of flexible foundation (6.95E+09 N/m2) as
compared to the rigid (5.28E+08 N/m2) foundation.
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Seismic Analysis of RC Framed Tall
Structures with Plan Irregularity

Saurav Kar and Tapas Sadhu

Abstract For the last few decades, architects, designers and structural engineers
have focused on various advanced architectural aspects of reinforced concrete and
steel structures. Regular plan buildings are quite commonly existent in India, while
irregular plan buildings are in practice. These asymmetrical plan buildings, which are
constructed in seismic prone areas, aremost vulnerable and prone to subsequent dam-
age during earthquakes. Seismic excitations generate the most destructive forces on
structures. In accordance with newly revised Indian Code for Earthquake Provisons
i.e. IS 1893:2016. In this present paper, high rise RC buildings have been modelled
using a software package like STAAD.Pro V8i. Various models of irregular plans
(e.g. U-, L-, T- and X-shaped) each of 25 storeyed (75 m each) have been taken into
account. All the building models are located in high intensity seismic zone IV. As
per IS 1893:2016, equivalent static analysis and dynamic response spectrum method
have been conducted on all the building models. Even though various irregularities
(such as torsional irregularity, stiffness irregularity) affect the seismic behaviour,
this paper primarily concentrates on the effect of geometric irregularity on various
RC structures. The paper also highlights both on which irregular shape of building
plan gives the severe most response towards ground motion and also the accuracy of
dynamic analysis conducted on high rise RC structures compared to static analysis.
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1 Introduction

Earthquake excitations pose vulnerable effects on the existing structures. There is
a prime concern for design of buildings for seismic vulnerability as there is an
involvement of socioeconomic loss. Seismic behaviour on structures is quite different
from wind loading patterns, which results in elastic deformations of structures.

Perfect regularity in structures is considered to be an idealization which rarely
occurs. Major national and international codes suggest that irregularity in plan and
elevations are different perspectives but in actual they are the combination of these
two. The differential study between irregular and regular buildings is itself a paradigm
shift. As far as plan irregularity is concerned, past earthquakes suggest that this
type of asymmetric behaviour is due to nonuniform mass, stiffness and strength
distribution throughout the structure, resulting in severe floor rotations (torsional
response) and floor displacements. In the past few decades, numerous developments
have been described [1]. Overall geometry and configurations are considered to be
most critical during the seismic performance of the structure. The seismic oscillatory
motions which are transmitted to the foundation primarily depends on factors such
as (a) geometric plan configurations, (b) plan aspect ratio and (c) slenderness ratio
of the building.

1.1 Asymmetric Building Plan

It is observed that seismic performance of buildings basically depends on the funda-
mental configurations of convexity and concavity of lenses. Buildings with concave-
shaped plans have load paths directly transferring the seismic forces to its base, while
the latter ones create an indirect load paths generating stress concentrations at the
location of bending. Concave type buildings are more preferable compared to convex
types. Coupling of torsion effects in asymmetrical building structures are extensively
investigated by simple one-storeymodel easily whilemulti-storeyed buildingmodels
are quite difficult to analyse and are more complex. Inelastic behaviour of structures
is of high interest because of its ability of structures predominantly depends on the
resistance offered by the ductile members and energy dissipation.

Numerous researches have been conducted for the past decade to inspect the seis-
mic behaviour of unsymmetrical structures. A comparison of static and dynamic
seismic analysis on a multistorey building is conducted. Linear seismic analysis
is conducted on the building by static method (Seismic Coefficient Method) and
dynamic method (Response Spectrum Method) using STAAD-Pro as per the IS-
1893-2002-Part-1 [2]. Similarly, another dynamic analysis is conducted on a 30-
storeyed building located in zones II and III as per codal provision [3]. Previous
works focussed on the performance of in-plane bending of irregular structures and
the pivotal parameters on which the seismic response depends [4–6]. Furthermore,
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Fig. 1 Mass eccentric model and stiffness eccentric model [8]

some interesting research shows the plastic coupling on torsional response in compar-
ison to elastic deformations [7, 8]. Major conclusions of parametric study primarily
performed on torsionally stiffened mass eccentric systems as shown in Fig. 1.

2 Selection and Design of Building Type

In this particular study, as earlier mentioned, variously shaped Reinforced Concrete
tall structures have been taken into consideration for study. Irregular shapes like U-,
T- X- and L-shaped RC structures (plan) have been taken into account.

All these buildings are residential buildings which are located in zone IV, hard
soil. All the buildings are 25-storeyed each. M25 concrete grade is used with yield
strength of steel taken as 415 N/mm2. Thickness of infill walls has been taken as
0.25 m, clear height of infill wall as 2.45 m. Burnt clay brick walls are considered
with a unit weight of 20 kN/m3 and opening in walls are taken as 20%. Dead load
acting on beams transferred from infill walls is taken as 10 kN/m2. Imposed load on
the structures is taken as 3 kN/m2. The basic building model is shown in Fig. 2. As
far as structural elements are concerned, all the beams sections are taken as 300 mm
× 400 mm, columns as 400 mm × 400 mm and slab thickness as 150 mm thick. A
typical elevation of the five-storeyed building structure is shown in Fig. 3.

3 Various Seismic Analyses Adopted

In this present study, two types of seismic analyses have been conducted on all the
buildingmodels. Initially, equivalent static analysis in accordance with IS 1893:2002
and 2016 have been conducted and then response spectra method has been adopted.
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Fig. 2 Typical elevation of
five-storeyed RC
structure considered in this
study

Fig. 3 Geometric configurations of U-shaped structure

The fundamental equation for single degree-of-freedom structure is based on the
Eq. (1)

mẍ(t) + cẋ(t) = kx(t) = −mẍg(t). (1)

3.1 Equivalent Static Analysis Adopted (IS 1893, 2002, IS
1893, 2016)

For equivalent static analysis, based on the natural time period of the structure will
be calculated as per Eq. (2)

Ta = 0.09h√
d

, (2)
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where Ta = Natural time period of the structure and d = Base dimension of the
building at the plinth level.

Similarly, the design horizontal seismic coefficientmaybe calculated as perEq. (3)

Ah = Z I Sa
2Rg

, (3)

where Z = seismic zone factor, I = importance factor, Sa/g = average response
acceleration coefficient and R = response reduction factor.

The total design lateral force or design seismic base shear (Vb) along any principal
direction will be calculated by the Eq. (4) and the distribution of lateral forces along
all the floors can be calculated by Eq. (5).

Vb = AhW, (4)

where W = total seismic weight of the building.

Qi = Wih2i∑n
j=1 Wjh2j

, (5)

where Qi = design lateral forces, Wi = Seismic weight at ith floor, hi = height of
the ith floor measured from the base, n = number of storeys.

It is known to all that according to IS 1893:2016, response spectra method should
be conducted for irregular buildings based on modal analysis.

3.2 Dynamic Analysis Adopted Based on Response Spectrum
(IS 1893, 2002, IS 1893, 2016)

The equation of MDOF system is given by the following:

[m]{ẍ(t)} + [c]{ẋ(t)} + [k]x(t) = −[m]{r}ẍg(t). (6)

Modal mass Mk of mode k can be calculated as per Eq. (7)

Mk =
[∑n

i=1 Wiφik
]2

g
∑n

i=1 Wi (φik)2
, (7)

where φik = mode shape coefficient at floor i of mode
Similarly, modal participation factor needs to be calculated as per Eq. (8) and

design lateral force as per Eq. (9) and storey shear force as per Eq. (10)



270 S. Kar and T. Sadhu

Pk =
∑n

i=1 Wiφik
∑n

i=1 Wi (φik)2
, (8)

Qik=Akφik Pk ; (9)

Vik =
n∑

j=(i+1)

Qik (10)

where Ak = design horizontal acceleration spectrum using natural time period of
oscillation Tk of mode k obtained from dynamic analysis.

4 Seismic Behaviour of Variously Shaped RC Structures

4.1 Various Irregular Plan Structures

For all the irregular plan structures, respective plan and elevations are given below.
The plan and elevation U-shaped structure are shown in Fig. 3. Similarly, the plan
and elevations for X-shaped, L-shaped and T-shaped structures are shown in Figs. 4,
5 and 6, respectively.

Fig. 4 Geometric configurations of X-shaped structure
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Fig. 5 Geometric configurations of L-shaped structure

Fig. 6 Geometric configurations of T-shaped structure

4.2 Results Based on Equivalent Static Analysis

The variation of maximum floor or storey displacement versus floor height is shown
in Fig. 7 for U-shaped structure, Fig. 8 for C-shaped structures and subsequently
Figs. 9 and 10 for L- and T-shaped structures. All the graphs shown for various
unsymmetrical plan structures have been represented based on the worst condition
effects considered along X-direction and Z- direction.
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Fig. 7 Max floor
displacement versus floor
height (for U-shaped
structure)
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Fig. 8 Max floor
displacement versus floor
height (for X-shaped
structure)
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Fig. 9 Max floor
displacement versus floor
height (for L-shaped
structure)
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Fig. 10 Max floor
displacement versus floor
height (for T-shaped
structure)
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4.3 Results Based on Dynamic Analysis

4.3.1 Modes of Oscillations

The first sixmodes include undesirable oscillations like diagonal, translation, torsion,
opening–closing and dog-tail wagging for complex shapes as shown in Figs. 11, 12,
13 and 14.

Results show that structures with plan complexity with long end projected portion
and interior corners are observed to undergo translational and torsional behaviour

Fig. 11 Various oscillatory modes for building with L-shaped plan

Fig. 12 Various oscillatory modes for building with T-shaped plan
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Fig. 13 Various oscillatory modes for building with U-shaped plan

Fig. 14 Various oscillatory modes for building with X-shaped plan
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Fig. 15 High-intensity stress concentration in L-shaped and T-shaped plan buildings

of oscillation. Dog-tail wagging mode of oscillation is exhibited by T-shaped plan
in which a long slender projection oscillates while the remaining portion remains
stationary. On the other hand, re-entrant corners in L-shaped and T-shaped structures
posses a high-intensity damages and subsequently increases the vulnerability of the
structure as shown in Fig. 15.

5 Results and Discussions

5.1 Comparative Results Among All the Irregularly Shaped
Structures

The maximum displacements of building in different storeys along both +X and +
Z direction for all four types of irregular plan structures have been compared and
shown in figures. Also, the natural time periods and the base shear values of all types
of structures (U, X, L, inverted-T) are given below in the Table 1.

From the results obtained, it is observed that the values of base shear decrease
with increase in storey height with maximum value at the base and minimum value
at the top floor in both X and Z directions for a fixed number of storey as expected. It
is also observed that floor displacements go on increasing with the increase in storey
height with maximum value at the top. It is also significant enough to mention that
the maximum rooftop displacements (�max) for U-shaped and X-shaped structures
are well within the range of 16–22 mm, but for L-shaped and T-shaped structures
the rooftop displacements (�max) reached higher values of about 600–630 mm. In
case of L-shaped and T-shaped RC structures, chances of vulnerability is very high.
The reason behind such abnormality can be predicted due to plan properties in those
storeys where the location of centre of mass is changed in +X and +Z directions.
It is clear that higher values for maximum displacement (�max) of the storeys in
both X and Z direction irrespective of the plan shape is obtained. Table 1 also shows
that among all the four irregularly shaped plan building structures, L-shaped and T-
shaped plan structures imparts more damage and severity to the structural stability.
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Table 1 Comparative study between various Irregularly shaped structures

Plan shape Base shear (kN) Natural time period Max storey
displacement (mm)

Vb (+X) = 692.97
kN
Vb (+Z) = 585.36
kN

Tx = 1.300 s
Tz = 1.539 s

�x = 16.99 mm
�z = 13.755 mm

Vb (+X) = 610.32
kN
Vb (+Z) = 515.54
kN

Tx = 1.310 s
Tz = 1.539 s

�z = 20.11 mm
�x = 21.83 mm

Vb (+X) = 793.412
kN
Vb (+X) = 793.412
kN

Tx = 1.911 s
Tz = 1.914 s

�x = 694.4 mm
�z = 639.89 mm

Vb (+X) = 1103.83
kN
Vb (+X) = 1101.82
kN

Tx = 1.30 s
Tz = 1.432 s

�x = 123.99 mm
�z = 118.23 mm

Even the peculiar mode of oscillation and higher stress concentration in L-shaped
and T-shaped plan structures, they are most vulnerable to seismic excitations.

6 Conclusions

The current study on seismic behaviour of various irregular plan structures is con-
ducted, some of the major observations have been pointed out. Symmetric R.C.C
buildings like the U, X and inverted-T shaped ones generated lesser magnitudes of
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base shear in both+Xand+Z directionswhen compared to unsymmetrical L-shaped
R.C.C building and L-shaped building generated at least 15% higher magnitude of
base shear in both +X and +Z directions due to its irregularity.

Base shear values were a cumulative addition of the lateral loads experienced at
each storey level with minimum base shear at the top storey andmaximum base shear
at the bottom storey.

Lateral loads magnitudes increased at a steady rate as one moved higher from a
lower storey to upper storey, reachingmaximumat the topmost floor level. Irregularly
shaped buildings undergo more deformation and hence regular shape building must
be preferred. From the analytical studies conducted, it can be stated that even if
unsymmetrical plan buildings are constructed, thenprovision of reinforcement details
is a big concern. Results show that there are maximum probabilities for generation of
high intensity stresses at interior junction and corners. Well confined reinforcement
should be provided in accordance with Indian code for ductile reinforcement for
earthquake resistant structures. Well graded steel like Fe 500 and Fe 550 D should
be considered as the minimum permissible grade of steel reinforcement to be used
for construction purposes.
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Behaviour of RC Deep Beams
Strengthened with Externally Bonded
GFRP Fabrics: An Experimental Study

A. Kumari and A. N. Nayak

Abstract This paper aims to study on shear behaviour of reinforced concrete (RC)
deep beams strengthened with externally bonded GFRP (Glass fibre reinforced poly-
mer) fabrics. Six numbers of RCdeep beamswere constructed. Three beamswere left
as it is to count as the reference beams and the rest three beams were retrofitted with
GFRP sheets in various patterns. Two of these beams were wrapped with single layer
and one beam was wrapped with double layers of GFRP and tested under single-
point loading. The load at initial crack, peak load and contribution due to GFRP
were recorded. A key discussion has been made on the enhancement of shear capac-
ity of strengthened beams with respect to the un-strengthened beams. A comparison
has also been made between the obtained experimental strength and predicted shear
strength evaluated from available design guidelines.

Keywords Cracking · GFRP · Reinforced concrete deep beams · Shear failure ·
Strengthening

1 Introduction

A deep beammainly defined as a beam with depth comparable to span. These beams
have a wide application in high-rise building, transfer floor, offshore, foundation and
pile cap, etc. Because of its geometrical configuration deep beammostly failed under
shear rather than flexure. Thus shear strengthening of deep beam is of a challeng-
ing task. In the recent years, fibre reinforced polymer (FRP) composite has been
considered as an important material for retrofitting of RC structures because of its
advantageous characteristics, such as high tensile strength, lightweight and corrosion
resistance [1, 2]. Numerous scientists and industry professionals across the world has
been examined the viability of FRP as a substitute for reinforcement bars [1–4]. Sev-
eral research works have already focused on retrofitting of regular RC beams using
FRP (CFRP/GFRP/AFRP) composites in order to study their effectiveness [5–10].
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Though, extensive research works have been documented on behaviour and perfor-
mance of RC deep beams [11–16] only few works have been reported [17–20] on
FRP strengthened RC deep beams. Zhang et al. [17] investigated the enhancement
in shear capacity of the externally bonded CFRP strengthened deep beams. Islam
et al. [18] carried out an experimental study on deep beam strengthened with CFRP
sheets and has been proved a strength enhancement of about 40%. Lee et al. [19]
studied on behaviour of T-section deep beams externally bonded with CFRP fab-
rics and showed a remarkable strength gain attributed to CFRP strengthening. Javed
et al. [20] reported that, the development of first shear crack has been delayed due to
presence of CFRP sheets and thereby increased the shear capacity.

From the past reviews it is observed that only few works have been conducted on
shear strengthening of deep beams using externally bonded CFRP composite. In con-
trast to CFRP, GFRP is cheap, easily available and hence can also be used for exter-
nally strengthening of RC deep beams. This paper aims to explore the effectiveness
of GFRP sheets for strengthening of RC deep beams.

2 Experimental Investigation

In the current research, six deep beams were casted; three deep beams were tested
without GFRP. The rest three beams were tested after strengthening with externally
bondedGFRPsheets in different layers.All the above six specimenswere testedunder
single-point loading. Casting of deep beams, material property of GFRP, strengthen-
ing of GRFP, test setup, testing and observation, results and discussion are presented
in the next subheads.

2.1 Casting of Specimen

Six rectangular deep beams of size, 1000 mm × 500 mm × 100 mm each, were
constructed using M30 grade concrete. At the same time, three sets of concrete cubes
of standard size, i.e. 150 × 150 × 150 mm were also prepared in order to obtain
the desired compressive strength. The prepared beams and cubes were allowed for
curing in water for the required age. The reinforcement detailing of the deep beam
is shown in Fig. 1.

2.2 Testing of GFRP

The GFRP coupons were made by binding the GFRP sheets with the binder and
shown in Fig. 2. The binding materials used were Epoxy (CY230) and Hardener
(HY951). The above were mixed in the ratio (9:1) and used to bind the FRP. The
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Fig. 1 Reinforcement detailing of deep beam

Fig. 2 Dimensions and
photograph of GFRP coupon

(b) Coupons prepared from GFRP sheets for testing

All dimensions are in mm
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(a) Top view

GFRP coupons were tested after being cured properly and various parameters like
Young’s modulus, both stress and strain at 0.2% yield, load at break, and load at
peak were obtained. The average values of the parameters, i.e. load at peak and
break, strain and stress at 0.2% yield, and Young’s modulus were found to be 7.280
kN, 6.442, 1.231%, 101.40 Mpa and 9825 Mpa, respectively.

2.3 Wrapping of GFRP

In the current investigation, 0.275 mm thick GFRP sheet was used for the external
shear strengthening of deep beams. Initially, the binder was applied to the prepared
concrete surface in the ratio of Epoxy to Hardener is 9:1. Then, bonding of GFRP
fabrics was done by putting one layer upon another layer followed by the binder
coating. Then the excess binder was squeezed out using a roller to expel the air void
in between FRP and the concrete surface. Thereafter, the beams were left for air
curing for a period of one week before testing. Three deep beams were kept as it
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Fig. 3 Cross section of the GFRP wrapped deep beam

is without GFRP and were designated as RCD1, RCD2 and RCD3. Other two deep
beamswere strengthened with one layer of GFRP fabrics throughout the beam length
in U-pattern and designated as RCDF1 and RCDF2, respectively. The remaining one
beam was wrapped with two layers of GFRP fabrics and designated as RCDF3. A
detail of the wrapping scheme is presented in Fig. 3.

2.4 Test Setup and Instrumentation

The beams were tested in the 100T capacity universal testing machine (UTM) under
one point loading. The dial gauge readings at three positions were recorded in order
to check the deflections against the load increase as shown in Fig. 4. The loading
arrangement is schematically presented in Fig. 4. The final test setup is presented in
Fig. 5.

Fig. 4 Schematic diagram
of the test set

L/4 L/4 L/4 L/4

Dial gauge

Load
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Fig. 5 Complete test set up
in UTM

Fig. 6 Crushing of concrete
at left support at 370 kN

The beamRCD1 (control beam)was placed directly on the roller supports keeping
the effective span of 780 mm. A first hairpin shear crack was observed at the shear
span of RCD1 under a load of 310 kN. Further with an increase in the loading,
the crack propagated towards the support and loading point and the concrete at left
support was crushed corresponding to a load of 370 kN (Fig. 6). Subsequently, the
beam failed due to bearing failure at supports at a load of 378.5 kN. In case of beam
RCD2 (control beam) to avoid crushing of concrete, bearing plates of size 50 mm×
150 mm were provided at two supports and under the loading point. First diagonal
crack was seen at the shear zone at a load of 280 kN. Later, upon increasing the
load, bulging of concrete at the loading zone was found at 400 kN. After reaching an
ultimate load of 464.5 kN the load drop was observed. The load came to 420 kN and
the beam failed completely due to bearing failure at the loading point (Fig. 7). It is
found that the failure load of RCD2 is higher than that of RCD1 due to provision of
bearing plates at supports for eliminating bearing failure. In order to avoid bearing
failure at loading point ofRCD3 (control beam), a bearing plate of 200mm× 100mm
was provided under the loading point. First diagonal crack appeared at the shear span
under a load of 450 kN (Fig. 8). Later, the crack directed towards the support as well
as loading point. As a result, concrete was crushed under the loading point at 520
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Fig. 7 Bearing failure of
RCD2 at 464.65 kN

Fig. 8 Diagonal crack in left
shear of RCD3 at 450 kN

kN load. With further increasing the load, RCD3 failed due to bearing failure at the
loading point under the load of 555.55 kN. It is to be noted that the failure load of
RCD3 was higher than that of RCD2 due to provision of a wider bearing plate at
the loading point. RCDF1 was wrapped by 1 layer GFRP. As like the first control
beam RCD1, this beam was also tested without bearing plate under the supports.
As the load increased, the concrete at the right support started crushing inside the
GFRP sheets at a load of 380 kN. Gradually the load increased and the beam failed
due to bearing failure at the right support due to crushing of concrete. The failure
load of RCDF1 was 397.8 kN (Fig. 9). In RCDF2 (1 layer GFRP) bearing plates
were provided at both supports and load point as in RCD3. Moreover, the thickness
of the bearing plate under the loading point was increased to double. As the load
increased, the GFRP sheets started delaminating from the beam surface followed by
tearing of GFRP. At a load of 560 kN, the beam failed in shear followed by both the
GFRP delaminations and tearing of GFRP. After removing the GFRP fabrics from
the concrete surface, the shear crack was seen at the shear span as shown in Fig. 10.
It is also observed that, by providing thicker bearing plate at the loading and support
point, the bearing failure can be avoided. In the case of RCDF3, same test setup as
in RCDF2 was made. As the load increased, the GFRP sheets started delaminating

Fig. 9 Bearing failure of
RCDF1 at 397.8 kN
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Fig. 10 Shear crack in left
shear span of RCDF2

Fig. 11 Spalling of concrete
inside RCDF3

in an inclined manner at a load of 460 kN at the shear span. Later, the concrete was
observed to be bulge near the loding point under a load of 700 kN. As a result, the
GFRP sheets got delaminated completely at that region. The ultimate load taken by
the beam was 710.65 kN. The failure of the beam was due to spalling of concrete
(Fig. 11) followed by shear failure.

3 Test Results and Discussions

The obtained test data, i.e. compressive strength, cracking/delamination load and
ultimate strength, are presented in Table 1. It is observed that though RCD1, RCD2
and RCD3 are identical with respect to dimension and steel reinforcement detailing
but the collapse load for each one of them is not the same. The failure load of
RCD3 is higher than that of RCD1 and RCD2. Likewise, the failure load of RCD2
is higher than that of RCD1. It is due to the reason that, bearing plates were not
introduced at supports and loading point for RCD1. For RCD2 bearing plates were
introduced at supports only. For RCD3 the bearing plates at supports as well as

Table 1 Experimental results obtained from the test

Beam 28 days average characteristic
cube strength (N/mm2)

Cracking/delamination load
(kN)

Ultimate load (kN)

RCD3 40.29 310.00 555.55

RCDF2 39.38 560.00 584.1

RCDF3 40.17 460.00 710.65
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under the loading point were provided for eliminating the bearing failure at supports
or loading point. Hence RCD3 is taken as control beam. In case of RCDF1, though
one layer of GFRP was wrapped around the three sides of RC deep beam, but no
bearing plates were introduced at supports as well as loading points due to which
failure occurred at a lower load of 397.8 kN, followed by crushing of concrete at
right support (bearing failure). The failure load of this beam is also lower than that of
the beams without GFRP (RCD2 and RCD3). However, the beam RCDF2 wrapped
with one layer of GFRP and supported with bearing plates exhibited higher load than
that of RCDF1. Hence, it is worth mentioning that bearing area at the loading and
support point is playing an important role in failure pattern and shear strength of deep
beams. Moreover, the beam wrapped with two layers of GFRP sheets and supported
with bearing plates at both the loading and support points exhibited highest ultimate
load of 710 kN.

3.1 Load Versus Deflection

The load versus displacement curves for RCD3, RCDF2 and RCDF3 are shown
in Fig. 12. From Fig. 12, it is observed that maximum displacements are 9.2 mm,
12.1mmand10.6mmfor beamsRCD3,RCDF2 andRCDF3, respectively, indicating
not only enhancement of shear strength, but also enhancement of ductility.
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Fig. 12 Load versus deflection graph at mid-span
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4 Comparison of Measured Load to Calculated Load
from the Source Available in the Literature

4.1 ACI 318-99

The contribution due to concrete can be evaluated by using Eq. (1)

Vc =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(

3.5 − 2.5
Mu

Vud

)

×
(
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√

fc + 120ρw

Vud

7× Mu

)

bwd

less than 0.5
√

fcbwd (MPa)

Eqs. (11)−(29), ACI 318-99 Code

(1)

The contribution due to shear reinforcement can be evaluated using Eq. (2)
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[
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s

(
1 + ln

d

12

)

+ Avh

s2

(
11 − ln

d

12

)]

fy

(Eqs. (11)−(30), ACI 318-99 Code) (2)

4.2 ACI 440.2R-02 Code

TheFRPcontribution to shear strengthwas calculated usingEq. (3) ofACI 440.2R-02
code.

V f = A f v f f e(sin α + cosα)d f

s f
(3)

The comparison of the measured ultimate load with calculated ultimate load is
given in Table 2.

Table 2 Comparison of measured load to calculated load from the source available in the literature

Beam ACI 318-99 ACI
440

Total
shear
force

Total
calculated
load

Experimental
load

PEXP/PCAL

VC VS Vf V PCAL PEXP

RCD3 114.39 116.85 0 231.24 462.48 555.55 1.20

RCDF2 114.39 116.85 77.08 308.32 616.64 584.1 0.94

RCDF3 114.39 116.85 88.09 319.33 638.66 710.65 1.11
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5 Conclusion

From the experimental investigation, the following conclusions are drawn for deep
beams externally wrapped with GFRP fabrics.

1. The shear capacity of RC deep beam can be upgraded using externally bonded
GFRP sheets.

2. The ultimate strength of strengthened beams increases as compared to control
beam.

3. Initial shear cracks/tearing of GFRP/de-bonding of GFRP got delayed in case of
retrofitted beams.

4. The ultimate load of RCDF3 retrofitted with two-layer u-wraps GFRPwas found
to be higher as compared to RCDF1 and RCDF2 (retrofitted with 1 layer). The
shear strength enhancement is proportional to increase in the GFRP layer. The
findings may be verified with further testing of more number of deep beams
retrofitted with increased layer of GFRP fabrics.

5. Bearing failure in deep beams is mainly dependent on the area of bearing plate
provided at supports as well as at load point.

6. The predicted shear strength from the source available in the literature is
conservative with the test results.
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Seismic Behaviour of a Typical Rail
Bridge Using North-East India Specific
Synthetic Ground Motions Under
Multi-support Excitation

Aakash Kumar and Nirmalendu Debnath

Abstract Seismic excitations are time varying and spatially varying waveforms
depending on the seismotectonics of a region. Analysis of a long structure like
bridges, pipelines, dams using uniform seismic excitation is not a realistic approach
as the seismic excitation does not remain stationary at every support location. Thus,
multi-support seismic excitation is performed to obtain seismic responses of a struc-
ture under a realistic situation. In this paper, a replica of a five-span railway bridge
(5 spans @ 26.24 m) located in the seismically active north-east zone of India has
been studied. A finite element modelling of the total bridge has been created in the
SAP2000 software. Synthetic ground motions of moment magnitude (Mw) 8.7 with
wave velocity of 1200 m/s have been generated as per the geotechnical and geolog-
ical conditions of this region considering Oldham and Dauki faults by Stochastic
Model Simulation (SMSIM). The synthetic acceleration response has been used for
performing nonlinear time-history analysis for both uniform and multi-support seis-
mic excitation study. Nonlinear time-history analysis has been performed to obtain
the dynamic response of the total structure due to seismic excitation. The study con-
cludes that the absolute maximum displacement, shear force, bending moment at
the total deck and the piers increase in case of multi-support seismic excitation than
uniform seismic excitation. This study shows that the codal provisions should incor-
porate the effect of multi-support excitation and site-specific ground motion details
in the design of important structures to keep them operational in extreme hazardous
conditions.

Keywords Rail bridge ·Multi-support excitation · Stochastic model simulation ·
Synthetic ground motion · Nonlinear time-history analysis
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1 Introduction

The purpose of bridges is to overcome any physical obstruction without disturbing
the region underneath it. The design and protection of bridges are one of the most
important aspects of research and development. In recent years, the span length of
the bridges is increasing. Thus, as a solution to the shortcoming of consistent seismic
excitation method the adoption of multi-support seismic excitation implements the
different groundmotion input, i.e. seismic displacements, velocities, accelerations to
different bridge foundations. Multi-support excitation was first used in the analysis
of the Golden Gate bridge [2]. However, this increase in number of span and the span
length results in decrease in the structural stiffness of the multi-span bridges. The
spatial variation of the seismic excitation is prominently affected by themulti-support
excitation. The effect ofmulti-support excitation is prominent in large-span structures
with multiple number of supports. The effect of excitation is different for different
supports because uniform ground motion for all support does not represent the actual
scenario. Thus, time-history analysis must be performed considering effect of time
delay of groundmotion considering geotechnical and geological parameters thatmay
vary with the site location. Synthetic ground motion data are used in the analysis of
bridges. The synthetic ground motions of specified magnitude are generated from
the original ground motion data along with the implementation of source parameters
and site parameters [4]. The method for generating the site-specific ground motion is
called synthesizing stochastic process. The site location, geological conditions and
geotechnical specifications influence the ground motion. The main objective of this
paper is to study the response of a concrete rail bridge of the north-east India under
multi-support excitation by generating seismic ground motion from the observed
data of a past earthquake.

2 Study Area Details

The study area is mainly concerned to a five-span railway bridge located inMizoram,
India. The region is highly seismically active and is surrounded by various faults.
The Eastern Himalayan structures, the Mishmi Massif, the Indo-Myanmar arc, the
BrahmaputraValley and theShillong plateau comprise themajor tectonic background
in north-east India. The various faults in the vicinity of the structure are Dauki fault,
Kopili fault, Mat fault, Sylhet fault, thrust zone are shown in Fig. 1. The bridge
that has been studied in this paper is connecting Kawnpui and Mualkhang Station in
Bhairabi–Sairang section of north frontier railway inMizoram by a new broad-gauge
line.
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Fig. 1 Map showing different seismic faults surrounding the state of Mizoram and location of the
concerned concrete rail bridge

3 Data for Study

3.1 Bridge Details

This paper is related to a concrete beam rail bridge and the schematic diagram of the
structure is shown in Fig. 2. The figure is representing the structure on the ground
level as the seismic motion for this study is applied at the ground surface level below
the piers. The span configuration is 5 spans of 26.2 m each, foundation type is pile
foundation below both abutment and piers. Circular tapered shaped pier of diameter
4.0 m and depth 12.5 m is considered. Elastomeric bearing with steel composite
girder comprises the superstructure. M40 grade of concrete is used in the design
considering seismic zone V.
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Fig. 2 Schematic diagram of the five-span bridge (5 @ 24 m) located in Mizoram

3.2 Ground Motion Details

The synthetic groundmotion [1] is generated by stochasticmethod SMSIM (Stochas-
tic model simulation) which is a deterministic procedure where a random phase
spectrum is modified for a specified duration of time, specific range of earthquake
magnitude and also considering the distance of the site from the source. This method
is followed mainly in the cases where the earthquake data are not available. The total
system works depending on the source parameters, path parameters and site param-
eters. The combination of all the parameters gives the resultant synthetic ground
motion. Four past seismic events in the north-east region of India has been considered
and their details are provided in Table 1.

4 Methodology

4.1 Multi-support Excitation Process

The theory [2] behind this method assumes that the displacement vector of a bridge
is divided into two parts the superstructure and the substructure. The superstructure
components are denoted as t superscript and the substructure notations are denoted
with g superscript. Consider N and Ng degrees of freedom for the superstructure
and substructure, respectively. The total displacement in this case is sum of relative
displacement of the structure with respect to support and quasi-static displacement.
The notations m, C, K represent the mass, damping coefficient and stiffness, respec-
tively. The multiple support excitation equation of motion is expressed in Eq. 1. The
total structural displacement xt is a combination of the dynamic displacement x as
well as the displacement generated at the supports.

[
m mg
mT

g mgg

]{
ẍ t

ẍg

}
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[
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Table 1 Parameters used for ground motion simulation [4]

Parameter 1897 Shillong 1950 Assam 1934 Nepal–Bihar 1988 Manipur

Strike 292° N 333.5° N 100° N 284° N

Dip 40° ESE 57.5° SW 30° S 45° E

Focal depth (km) 35 35 20 100

Source/hypocenter
(Lat, Lon)

26° N, 91° E 28.38° N,
96.68° E

26.60° N, 86.80° E 26.19° N,
94.89° E

Earthquake
magnitude (Mw)

8.1 8.7 8.1 7.2

Maximum
magnitude (Mw)

8.7 8.8 8.4 8.2

Fault length (km) 330 600 312 200

Fault width (km) 150 100 80 80

Stress (bar) 159 66 275 83

Shear wave
velocity (km/s)

3.25

Crustal density
(g/cc)

2.7

Kappa 0.05

Quality factor 342f0.72

Geometrical
spreading

1/R, R < 100 km and 1/R0.5, R > 100 km

Damping 5

4.2 Generation of Synthetic Ground Motion

The synthetic ground motion [5] is generated using the basic Eq. 2. The amplitude
spectrum A(rij, f k) of the ith event that has been recorded at jth station for the kth
frequency is represented as a combination of three main functions depending on the
site SIj(f k), path propagation P(rij, f k) and spectral function SOi(f k). The parameters
are calculated depending on fault configuration that comprises strike, dip, length and
width of fault, hypocentre location, maximum earthquake magnitude, stress drop,
shear wave velocity, crustal density, site amplification, damping and shear wave
quality factor.

A
(
ri j , fk

) = SOi ( fk)xSI j ( fk)x P
(
ri j , fk

)
. (2)
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Fig. 3 Synthetic ground motion data simulated for Shillong 1897 earthquake

5 Analysis Procedure

5.1 Synthetic Ground Motion Generation

The synthetic ground motion data has been generated by using stochastic model
simulation (SMSIM) from the data mentioned in Table 1 for all the four seismic.
The peak ground acceleration of all the four synthetic earthquakes has been found
and it is observed that Shillong 1897 data gives maximum PGA of 0.06 g. Thus, this
data has been used for the analysis of the structure. The generated motion for 1897
Shillong is shown in Fig. 3.

5.2 Bridge Modelling

The bridge has been modelled in SAP2000. Modal analysis has been performed to
check if the structural orientation in the modelling is alright. The extrude view of
the bridge model is shown in Fig. 4. The fundamental time period of the structure

Fig. 4 Extrude view of the bridge modelled in SAP2000
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obtained is 1.6 s which is within the permissible range. The different mode shape
patterns clarify that the deck of the bridge is highly affected mainly in the lower
modes of 1–5 and the higher modes 6–10 majorly affects the piers of the bridge.

5.3 Application of Uniform and Multi-support Excitation

The acceleration time-history data has been used for the uniform excitation method
where it is considered that all the supports are excited with similar type of excitation
at the same time. This acceleration time-history data has been integrated twice by
Newmark’s β method to obtain the displacement time-history graph for the multi-
support excitation. The displacement time-history data has been applied to each
support of the bridge pier in a definite load pattern such that time lag of 0.025 s
obtained from Eq. 3 has been used. Shear wave velocity of 1200 m/s has been
considered till now for class A site.

Time lag = Bridge span

Wave velocity
. (3)

6 Results and Discussions

The multi-support excitation gives higher values with respect to the uniform seismic
excitation. The variations have been quantified in terms of percentage. The support
moment exceeds by 68%, intermediate span moment exceeds by 138%, shear force
exceeds by 218% at supports and 78% at spans, axial force exceeds by 127% at
supports and 84% at span and the longitudinal displacement exceeds by 78.5% for
the span. The multi-support excitation shows variation in piers also. About 110% of
difference from the results of uniform excitation has been observed in case of axial
forces and the maximum lateral displacement of each pier. The variations are clearly
observed in Figs. 5, 6, 7, 8 and 9 and Table 2. The various references can be followed
for the validation of these results. Yoon andNazmy [6] discussed a four-span concrete
bridge where variation of around 7 times in the results of uniform and multi-support
excitation has been observed. Again, Hai et al. [3] says a multi-span portal bridge has
been analysed and about 5–8 times variation in uniform and multi-support excitation
has been observed in case of shear force and bending moments of the structure.
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Fig. 5 Variation of bending moment along total span
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Fig. 9 Variation of axial force (kN) generated in each pier due tomulti support and uniform seismic
excitation with respect to depth of pier

7 Conclusion

The effect of the multi-support excitation must be incorporated in the design by laws
so that the design proceedings are modified that will cause more efficient design of
new structures and retrofitting if existing structure for preventing damage. The site
location is the guiding criteria for this analysis. If the shear wave velocity of the
site location increases, the time lag decreases such that the variation produced by
the multi-support excitation will be minutely different from the uniform excitation
process. If the analysis is performed for various velocities then the pattern of the
change of the results can be depicted. The distance of the site location from the fault
zone is also a guiding criterion as the variation of the peak ground acceleration comes
into play. The synthetic ground motion changes with the change in the distance of
the fault location from the site.
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Table 2 Summary of variation in results due to uniform and multi-support excitation methods

Parameter Position Uniform
excitation

Multi-support
excitation

Percentage
change (%)

Max. bending
moment (kN m)

At supports 1487 2500 68

Mid of end span 2033 540 −74

Mid of
inter-span

160 382 138

Maxi. shear
force (kN)

At supports 118 376 218

Mid of end span 140 190 36

Mid of
inter-span

108 193 78

Max. axial force
(kN)

At supports 1550 3529 127

Mid of end span 1035 1900 84

Mid of
inter-span

120 530 342

Max. axial force
in piers (kN)

Pier 1 3937 8330 112

Pier 2 1295 2755 113

Pier 3 1330 2782 109

Pier 4 3964 8337 110

Max. long
displacement
(mm)

Span 14 25 78.5

Max. lateral
displacement
(mm)

Piers 16 35 118
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Seismic Control of Soft Storey Buildings
Using LRB Isolation System

Soumitri Soumyarani Choudhury and Sanjaya Kumar Patro

Abstract Sustainable development not only deals with the protection of environ-
ment but also with the development that can be sustained for generations. Large
part of the world is subjected to earthquake forces, which demands that structural
engineers have to design the buildings so that it can withstand the consequence of
these earthquakes. In order to mitigate this problem, seismic base isolation technique
is used in recent years. In seismic base isolation, laminated rubber bearing (LRB)
is the most extensively used technology, because of its fruitfulness and reliability.
The principal purpose of seismic isolation is to lessen the seismic demand on struc-
ture. Isolation works on the principle of increasing structural time period. Hence
decreasing the vulnerability of earthquake demand on the structure. In urban envi-
ronment, for the purpose to provide parking facility at the ground storey of building,
the concept soft storey has taken its place. However, the buildings with soft storey
are most vulnerable to earthquake. In Bhuj earthquake (2001), most of the buildings
damaged were of soft storey type. This investigation is to find out the efficacy of
laminated rubber bearing isolation system in managing the reciprocating action of
the soft storey frame model for the installation of isolation system at the top and at
the bottom of soft storey column when subjected to El Centro, 1940 ground motion
by using state-space method and a comparison is made between structures with and
without infill wall. The response behavior in terms of absolute acceleration, inter
storey drift, and storey shear have been investigated, for example, building models.
With the use of isolation system, storey shear for all storey level is reduced. When
LRB is placed at bottom of soft storey column base shear is reduced by 31.91% and
absolute top floor acceleration is reduced by 42.23% that of soft storey building with
fixed base.
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Keywords Earthquake-resistant building · Laminated rubber bearing · Soft storey
building · Base isolation

1 Introduction

In practical world, most of the real structures have open ground space for parking and
other commercial uses. These structures have to bemodeled as soft storey building to
know their dynamic response during earthquakemotion. In soft storey buildings at the
ground storey level, there is sudden decrease in values ofmass and lateral stiffness and
this results in higher inter storey drift. Many researchers investigated on soft storey
buildings with different isolation systems. However, the attempt of analyzing the
effect of isolation system by varying its location on soft storey building is few. This
report tries to make an effort in the analysis of a soft storey building using laminated
rubber bearing isolation system by varying its location position on building. The
principal purpose of seismic isolation is to lessen the seismic demand on structure.
Isolation is an efficient mean to reduce seismic demand on structures. Isolation
works on the principle of increasing structural time period. Hence decreasing the
vulnerability of earthquake demand on the structure. During earthquake, for isolated
structure the whole structure is given a displacement which reduces the inter storey
drift in isolated structure but for fixed base structures during the earthquake motion,
inertia tends to retain the structure in its initial position and this results in a large
inter storey drift and ultimately leading to failure of the structure.

Laminated rubber bearings are composed of horizontal layers of rubber (natural
or synthetic) bondedwith steel by vulcanization. For higher vertical loads steel plates
supports loads in vertical direction and in horizontal direction, they do not restrict
movement of rubber layers. This makes rubber bearing more flexible in horizontal
direction and rigid in vertical direction. Sliding base isolator is easy to manufacture
and lengthen the time period of vibration of structure. But there are certain major
limitations, such as (a) it is prone to wear and tear due to friction, (b) after a long
period of inactivity it can settle in the dish, (c) when a small earthquake occurs it
can lead to a situation where the pendulum get stuck halfway up the bowl. Rubber
bearings are having beneficial to use as they do not break even they are pushed
past their design capacity. However, it is having a certain limitation because of its
large base displacements and excessive structural vibrations, which results due to
flexibility of rubber.

The seismic response, for example, soft storey frame building with laminated
rubber bearing when subjected to El Centro 1940 groundmotion has been considered
to evaluate the efficacy of laminated rubber bearings. State-space approach has been
adopted to solve the equation of motion of the idealized example system [1].
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2 Mathematical Formulation and Example Structure

The equation ofmotion of an idealized example systemwith laminated rubber bearing
and its solution is discussed here. The mathematical formulation is developed with
commonly used assumptions for isolated structures. The formulation is developed
based on the following assumptions:

1. Only horizontal ground motion is acted upon the structure and consequence of
vertical motion due to rising of the structure is neglected.

2. The base is assumed to have point of contact with rubber bearing.
3. The overturning effect due to uneven distribution of normal force at rubber

bearing is neglected.
4. The response behavior is elastic.

The equation of motion of the example system as shown in Fig. 1 is given by

M0 ẍ0 + C0 ẋ0 + K0x0 = −M0r0
(
ẍb + ẍg

)
(1)

Fig. 1 Model of four-storey building with a fixed base model without infill wall, b fixed base
model with infill wall, c soft storey model with fixed base, d soft storey model supported on LRB
at bottom, e soft storey model supported on LRB at top



304 S. S. Choudhury and S. K. Patro

ẍb + h(xb, ẋb) +
n∑

i=1

ai ẍi = −ẍg (2)

with the function h(xb, ẋb) depending on the base isolation system used.
For laminated rubber bearing system this function can be defined as

h(xb, ẋb) = 2ξbωb ẋb + ω2
bxb (3)

where xb is the relative displacement between the base of the structure and the ground,
xi is the displacement of the ith floor relative to the base, ẍg is the horizontal ground
acceleration,M0, C0, and K0 represents mass, damping, and stiffness matrices of the
structure, respectively, r0 is a influence vector. ωb is the natural circular frequency
of bearing, and its effective damping ratio ξb are defined as

2ξbωb = cb
m + mb

, and ω2
b =

kb
m + mb

(4)

where kb and cb are the horizontal stiffness and damping of the bearing. The mass
ratio ai is defined as the ratio of the mass of the ith floor to the total mass of the
structure.

The mass matrix [M] is given by

[M] =

⎡

⎢
⎢⎢
⎣

m1 0 · · · 0
0 m2 · · · 0
...

...
. . .

...

0 0 · · · mb

⎤

⎥
⎥⎥
⎦

where mb is the mass of base isolator.
The stiffness matrix is given by

[K ] =

⎡

⎢⎢⎢⎢⎢
⎢⎢⎢
⎣

k1 −k1 0 · · · 0
−k1 k1 + k2 −k2 · · · 0
0 −k2 k2 + k3 · · · 0
...

...
...

. . .
...

0 0 0 · · · −kn
0 0 −kn · · · kn + kb

⎤

⎥⎥⎥⎥⎥
⎥⎥⎥
⎦

.

The damping matrix taken is Rayleigh damping. It is one type of proportional
damping where the damping matrix is a linear combination of the mass and stiffness
matrix, i.e.,

[C] = α[M]+ β[K ]
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Fig. 2 Acceleration time history of El Centro 1940 ground motion

where α and β are Rayleigh damping coefficient.
Solution procedure: A wide range of dynamic problems uses state-space method

for calculating the response of the system. In this paper state-space response using
direct integration is used for the analysis of the example structure. In this method
response of the system using both the velocity and displacement as independent
variables is analyzed, and these variables are called states. The objective of the
numerical analysis using the integration method is to integrate the forcing function.
In this study, to represent the forcing function delta forcing function method is used.

3 Earthqauke Ground Record

Themain characteristic of groundmotion includes peak ground accelerations (PGA),
duration of strong motion, and its frequency content. Many studies use the NS com-
ponent of El 1940 acceleration time history which is shown in Fig. 2. Hence the
effect of 1940 El Centro ground motion (PGA = 0.348 g) on the response behavior
of example system is studied in this paper.

4 Response Evaluation of the Example Building

The four-storey reinforced concrete frame building with, (i) fixed base without infill
wall (bare frame), (ii) fixed base with infill wall (fully infill wall), (iii) soft storey
with fixed base, (iv) soft storey with LRB at bottom, and (v) soft storey with LRB at
top, has been considered in evaluating the seismic performance of laminated rubber
bearing isolator. The floor mass for bare frame case is taken as 350.2 kg, for infill
5353 kg and mass of LRB is taken as 4035.6 kg (0.75 times of LRB mass is equals
to mass of above floor), respectively. The time period of LRB is taken as 2 s and
accordingly the stiffness of LRB is calculated. The damping of the structure and LRB
is taken as 5% and 10%, respectively. The stiffness of the floors without infill is taken
as 573,600 N/m and stiffness of the floor with infill is taken as 117,861,912 N/m [2].
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4.1 Maximum Responses

The seismic responses such as inter storey drift, absolute acceleration, floor dis-
placement, and storey shear for different example systems have been evaluated. A
different example system includes bare frame model, fixed base with infill wall, soft
storey with fixed base, soft storey with LRB at bottom, and soft storey with LRB at
top. Since the prime objective of the LRB base isolation system is to minimize the
peak responses, the study of peak responses allows one to evaluate the effectiveness
of laminated rubber bearing system.

Figure 3 shows the relative displacement of different storeys with all five building
models. From the figure, it can be seen that displacement of fixed base with infill wall
is very low compared to bare frame model. This is due to the increase in stiffness of
fully infillwallmodel.When soft storeymodel is considered, its displacement ismuch
larger than the fully infill wall model because of sudden decrease of stiffness at soft
storey level. Considering laminated rubber bearing as isolation system displacement
with respect to ground floor for all floor is reduced considerably. However, for soft
storey building model with LRB at top displacement with respect to ground floor is
increased. This is due to the fact that, as LRB is placed at top of soft storey column,
displacement of LRB is more compared to ground floor (soft storey level) due to
flexibility of rubber bearing. This increases displacement of all floors above LRB
isolation system.

The inter storey drift of all building models is shown in Fig. 4. From the figure,
it can be seen that inter storey drift of bare frame model is higher for all floor levels
compared to other building models except ground floor. For fully infill wall model,
it is lesser for all floor levels because of its increased stiffness due to infill wall. In

Fig. 3 Relative displacement of different floor for different building models
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Fig. 4 Inter storey drift of different floor for different building models

case of soft storey building model, inter storey drift for ground floor is higher than
all other models and it decreases toward increase in floor level. The first floor inter
storey drift of soft storey building with laminated rubber bearing system placed at
bottom is reduced by 57.61% that of soft storey building with fixed base, and for soft
storey building with LRB at top of soft storey column, it is 55.14%. Considering infill
wall inter storey drift for all floor levels is decreased because of isolation system.

The peak absolute acceleration value of all floor levels for all building models
is shown in Fig. 5. It can be seen that absolute acceleration of bare frame model is
higher for all floor levels excluding ground floor. For ground floor, absolute acceler-
ation of soft storey with fixed base is greater. Considering isolation system absolute
acceleration for all floor level is reduced. However, there is a small difference in
value of acceleration between soft storey with LRB at top and soft storey with LRB
at bottom. Absolute top floor acceleration of soft storey structure building with lami-
nated rubber bearing with isolation system at bottom of soft storey column if reduced
by 42.23% that of soft storey building with fixed base, and for soft storey building
with LRB at top of soft storey column, it is 7.85%.

The storey shear for all floor levels for all building models is shown in Fig. 6.
From the figure, it can be seen that storey shear for fully infill wall model is higher
than bare frame model because of increase in mass of fully infill wall model. For
soft storey with fixed base, storey shear is higher compared to all building models
because of irregularity in stiffness along height of building model. With the use of
isolation system, storey shear for all storey level is reduced. Base shear of soft storey
building with laminated rubber bearing at bottom of soft storey column reduced by
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Fig. 5 Absolute acceleration of different floor for different building models

Fig. 6 Storey shear of different floor for different building models
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31.91% that of soft storey building with fixed base. This shows the effectiveness of
isolation system.

5 Conclusion

In this study research has been carried out on bare frame building, building with fully
infill wall, soft storey building with fixed base as well as laminated rubber bearing
isolation system. Time history analysis using El Centro ground motion is carried
out for all building models. The influence of infill wall and soft storey on seismic
response of the building has been investigated. The effect of placement position of
laminated rubber bearing on soft storey building is studied as well. Based on the
investigations in this paper, it is concluded that

1. The response parameters obtained from the time history analysis which is pre-
sented in the formof graph indicates that the reinforced concrete soft storey build-
ing with fixed base has undesirable seismic performance due to their insufficient
stiffness and drift capacity.

2. The use of laminated rubber bearing in soft storey building shows excellent
seismic behavior, in terms of absolute acceleration, base shear and controlled
inter storey drift considerably that of soft storey building with fixed base.

3. The position of location of LRB isolator on soft storey building has little impact
on seismic response of soft storey buildings.
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Comparison of Effectiveness of TLCBD
Over LCVA in Vibration Control
of Structure Under Non-stationary
Earthquake

Shulanki Pal, Bijan Kumar Roy, and Satyabrata Choudhury

Abstract Liquid column vibration absorber (LCVA) is verymuch useful to mitigate
the responses generated by the dynamic forces due to its cost-effectiveness dynamic
vibration absorbing property. LCVA is usually a U-shaped tube having different
cross-sectional areas in the vertical and horizontal column, normally filled up with
water. The basic working principle of LCVA is to dissipate the vibration energy by
gravitational force and the viscous force generated by thewater present in the column.
The damping force generation by the liquid movement through the orifice is very
less in case of LCVA. To overcome this aspect, a new system is introduced which is
called tuned liquid column ball damper (TLCBD)where ametal ball is installed in the
horizontal part of the tube instead of orifice present in the LCVA. In the present study,
the optimum performance of the response reduction of the structure is compared for
both these systems. The numerical study has been performed by considering a single
degree of freedom (SDOF) structure with an LCVA and TLCBD attached on the top
of it separately under non-stationary random earthquake. The stochastic structural
optimisation has been performed for both the cases and their results are compared.
The results are confirmed the disparity between the response reduction of these two
damper systems and improved response reduction is achieved for TLCBD system
over LCVA system.

Keywords Stochastic structural dynamics · Tuned liquid column ball damper ·
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1 Introduction

Rapid urbanisation and hike in growth rate of population have directed the structures
to be more flexible and less in damping properties due to their incremental height.
These kinds of vibration sensitive structures are quite susceptive to the dynamic forces
like wind and earthquake. To minimise the response generated due to this kind of
vibrational forces tuned liquid column damper (TLCD)was introduced by Sakai et al.
[1]. TLCD falls under the passive damping devices as there is no need of external
source of energy to activate its response mitigation property. The past researchers
have studied the response reduction of structures using TLCD and characteristic of
different parameters affecting the response under different kind of loadings like sinu-
soidal loading, seismic loading [2], wind loading [3] and wave motion [4] is notably
worthwhile. The optimal damping property for different orifice opening condition
of a hybrid TLCD was investigated by Hauron et al. [5]. Further, a lot of modifi-
cation has been initiated in the TLCD to improve its response mitigation property.
LCVA is one of those modifications where the ratio in between the horizontal and
the vertical part of the tube retaining the water has been improved [6]. Hitchcock
et al. [6, 7] experimented on a rectangular-based unidirectional and bidirectional
LCVA to evaluate the characteristics and the response mitigation efficiency consid-
ering the structure subjected to sinusoidal loading. In their work, it was concluded
that the damping property of the LCVA depends upon the area ratio, length ratio
and vertical column height of it. For LCVA limited studies have been performed
considering seismic excitation [8]. Different studies have been performed using time
history and white noise input. Konar and Ghosh [9] performed a case study consid-
ering both the sloshing and oscillating liquid motion of the liquid to evaluate the
proper performance of LCVA over other types of liquid column dampers. Chang and
Hsu [10] performed a comparative study of LCVA with various other dampers to
ensure the better performance of LCVA over others. In Sydney, Samali et al. [11]
conducted an experimental study on a 76-storey building subjected to wind load to
compare the effectiveness of LCVA over conventional type tuned mass damper. The
functional behaviour of LCVA primarily depends upon the three types of forces,
first one is gravitational force generated by the liquid mass present, second one is
viscous interactive force produced due to liquid interaction with the rigid container
and the transitional force developed by the liquid movement within columns. By
introducing orifice in the horizontal column part of the LCVA, the efficiency of it
can be increased as it introduces better damping property due to head loss [10]. Al-
Saif et al. [12] have introduced a ball instead of the orifice in TLCD to modify the
damping property of the damper as the ball acts as a rolling orifice. In that study,
the structure was subjected to the harmonic loading representing the wind force. In
Gur et al. [13] performed a comparative study between the conventional TLCD and
TLCBD attached on a SDOF structure subjected to random seismic vibration and
verified the efficiency with the effectiveness due to real earthquake ground motion.
Normally the gradient-based optimisation procedure is used to evaluate optimised
values of the response and other parameters which are less suitable for the nonlinear
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problems. To overcome this particle swarm optimisation (PSO) can be used to find
out the appropriate solution for this kind of nonlinear problem [14, 15].

In this study, the optimised RMS response is compared for LCVA and TLCBD
separately. An SDOF structure has been considered with the dampers attached on
it independently and the response has been evaluated for different parameters based
on properties of damper, structure and excitation. The PSO procedure has been
applied for the optimisation process. Non-stationary stochastic earthquake has been
considered to compare the effectiveness.

2 Stochastic Response Analysis of LCVA-Structure System
and LCVA with Ball-Structure System

The primary structure is considered as SDOF system with the dampers attached on
the top of it independently. Figure 1a represents the structure-LCVA system and
Fig. 1b shows the schematic diagram of structure-TLCBD system. Here, h denotes
the height of the water present in the column. Le, ρ, B represent the overall length,
density of the liquid present and horizontal span of the damper, respectively.

The equation of motion for an LCVA, LCVA-structure system under earthquake
motion can be expressed as

ÿ + 2C1

Lee
ẏ + 2g

Lee
y + p

Le

Lee
= −p

Le

Lee
ẍg (1)

(1 + μ)ẍ + 2ξ0ω0 ẋ + ω2
0x + μp

Le

Lem
ÿ = −(1 + μ)ẍg (2)

where p, Lee, Lem denotes the length ratio, total span of an equivalent liquid column
and length of an equivalent uniform liquid column of the damper.

Fig. 1 a Schematic diagram of LCVA, b schematic diagram of TLCBD
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Lee = Br + (Le − B) and Lem = (B/r) + 2h.

Here r is the area ratio and C1 represents the equivalent linearized damping
coefficient and can be expressed as σẏξr2/

√
2π . σẏ, ξ is standard deviation of liquid

velocity and head loss coefficient, respectively.
μ = ml/m0, is the mass ratio, γ = ωl/ω0, is the tuning ratio of damper and

ωl can be expressed as
√
2g/Le. ml and m0 are the mass of the liquid and mass of

the structure, respectively. ξ0, ω0 are the damping ratio and natural frequency of the
structure.

The equation ofmotion for the ball present at the horizontal portion of theTLCBD,
the liquid present in the column, structure on which TLCBD is attached can be
expressed, respectively,

(
mb + Jb

R2
b

)
ẍb + deq ẋb =

(
Jb
R2
b

)(
ẍ + ẍg

) + deq ẋl +
(
2mlgR2

bt

Le

)
y (3)

ml ÿ + (2mlξlωl)ẏ +
(
2mlg

Le

)
y = −pml

(
ẍ + ẍg

)
(4)

(
m0 + ml + Jb

R2
b

)
ẍ + 2ξ0ω0m0 ẋ + m0ω

2
0x = −

(
m0 + ml + Jb

R2
b

)
ẍg − pml ÿ +

(
Jb
R2
b

)
ẍb (5)

In this equation mb denotes the mass of the ball and Jb denotes the mass moment
of inertia of the ball (=2mbR2

b/5). deq is the viscous damping for themotion of the ball
due to the liquid present on the tube (= 6πνRb). ν represents the kinematic viscosity
of the fluid. ξl, ωl represents the damping in terms of head loss coefficient and the
natural frequency of the liquid present in TLCBD. Radius of the ball is denoted by
Rb and Rbt represents the ratio between the diameter of ball and tube.

The equation of motion for an LCVA-structure or a TLCBD-structure subjected
to a seismic excitation can be expressed in a compact form as

[M]{ü} + [C]{u̇} + [K ]{u} = −[M]{r}ẍg. (6)

For LCVA system the mass, stiffness and damping matrix can be denoted as

M =
[

1 p Le
Lee

μp Le
Lem

1 + μ

]
, K =

[
2g
Lee

0

0 ω2
0

]
,C =

[
2C1
Lee

0

0 2ξ0ω0

]
. (7)

For TLCBD system the mass, stiffness and damping matrix can be denoted as

M =
⎡
⎢⎣

1 0 −p
0 1 p Le

Lee

−μ μp Le
Lem

(1 + μ + μ)

⎤
⎥⎦, K =

⎡
⎢⎣
0 −k 0
0 2g

Le
0

0 0 ω2
0

⎤
⎥⎦,C =

⎡
⎣ c −c 0
0 2γ ξlω0 0
0 0 2ξ0ω0

⎤
⎦.

(8)
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Here p = 2
7 , μ = 8ρb RbR2

bt/15ρl Le, c̄ = 45ν/14ρb R2
b, k̄ = 15ρl g/14ρb Rb.

ρb, ρl are the density of ball and the liquid. A nonlinear stochastic structural ground
motion at the base of the primary structure has been considered to assess the response
of the structure–damper system. A stochastic excitation considering wide-ranging
practical situations, a stationary ground motion well known as Kanai–Tajimi model
[17, 18] has been used for that. By filtering through soil a white noise excitation
acting at the rock bed gives the above.

The filter produces a coloured noise output with Kanai–Tajimi power spectral
density (PSD). The equations after filtered condition are stated as

ẍ f (t) + 2ξgωg ẋ f (t) + ω2
gx f (t) = −ẅ(t)(ϕ(t))2 (9)

ẍg(t) = −2ξgωg ẋ f (t) − ω2
gx f (t) (10)

where ẅ(t)(ϕ(t))2 is the white noise intensity at the rock bed with power spectral
density S0 = 2ξgσ 2

z̈ /π
(
1 + 4ξ 2

g

)
ωg and ϕ(t) is the modulation function proposed by

Jennings et al. [19], can be expressed as (Fig. 2)

ϕ(t) =
(

t
t1

)2
t < t1

1 t1 ≤ t ≤ t2
e−β(t−t2) t > t2

(11)

Here t1 and t2 is assumed as 2 s and 12 s, respectively. β is considered as 0.4
(s−1).

ξg, ωg are the damping ratio and the frequency of the soil, respectively. x f , ẋ f , ẍ f

represents the displacement, velocity and acceleration of the ground. The stochastic
structural excitation has been introduced in the formulation by substituting ẍg from

Fig. 2 Jenninng’s
modulation function



316 S. Pal et al.

Eq. (10) and combining it with the dynamic equation of structure-damper system,
Eq. (6). This dynamic equation can be converted to stead space equation as shown
below and responses can be determined.

d{Y }
dt

= [A]{Y } + {w}. (12)

To introduce the state variables, augment state vector is used and can be
expressed as {Y } = [

y, x, x f , ẏ, ẋ, ẋ f
]T

for LCVA-structure system and {Y } =[
y, xb, x, x f , ẏ, ẋb, ẋ, ẋ f

]T
for TLCBD-structure system.

Here, [A] is an augmented matrix and can be denoted as

[A] =

⎡
⎢⎢⎢⎣

{0}(n,n) {0}(n,1) [I ](n,n) {0}(n,1)

{0}(1,n) 0 {0}(1,n) 1
[M]−1

(n,n)[K ](n,n) ω2
g{r}(n,1) [M]−1

(n,n)[C](n,n) 2ξgωg{r}(n,1)

{0}(1,n) −ω2
g {0}(1,n) −2ξgωg

⎤
⎥⎥⎥⎦ (13)

where {w} = [{0}(1,n) − ẅ
]T
.

Here n is the number of response variables. For LCVA n = 3 and for TLCBD
n = 4.

The covariance of the responses evaluation is preferable rather than the direct
responses for stochastic analysis. The response covariance matrix can be obtained
considering the stochastic structural process to be Markovian [16]

d[CYY ]

dt
= [A][CYY ]

T + [CYY ][A]
T + [Sww]. (14)

The matrix [Sww] comprises rock bed white noise excitation terms and can be
expressed as, having all the terms as zero excluding the last diagonal term represented
as 2π S0. At each iteration, the damping and the stiffness matrices terms are required
to be updated until the convergence of the response statistics as these are the functions
of the response. From the covariance response matrix, the RMSD can be obtained
by using Runge-Kutta integration method.

3 Optimisation of Different Damper Systems

The conventional stochastic structural optimization (SSO) problem under random
seismic vibration is normally formulated by searching a suitable set of design vari-
ables, to minimise the desired objective function over a possible admissible domain,
Ω . A standard nonlinear programming problem can be generated by modifying the
optimization problem for the system subject to stochastic load. For known proper-
ties of the structure and the damper like mass ratio, damping ratio and frequency, the
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design variables can be achieved. Normally the mean square responses (displace-
ment, acceleration, stress, etc.) the total life-cycle cost or the failure probability of
the structure is considered as the objective function in the SSO. In the present anal-
ysis, the objective function is the RMS displacement of the SDOF system. The SSO
problem so defined leads to a standard nonlinear programming problem [20].

The tuning ratio (γLCV A) and the head loss coefficient (ξ) are the deterministic
optimisation parameters for the LCVA-structure system. Whereas, the tuning ratio
(γT LCBD) and the ball tube diameter ratio (Rbt ) is the deterministic optimisation
parameters for the TLCBD-structure system. As the RMSD of the structure depends
upon these correspondingparameters, so to evaluate the response these parameters are
needed to be determined. So the design vectors can be described as b̄ = (γLCV A, ξ)

and b̄ = (γT LCBD, Rbt ). To search a suitable set of design variables over a possi-
ble admissible domain, Ω , the conventional SSO problem under random seismic
vibration is formulated.

Find b = (γLCV A, ξ)to minimise f = σx (15)

And Find b = (γT LCBD, Rbt ) to minimise f = σx . (16)

Here σx is the RMSD response of the primary structure which can be evaluated
by taking root mean square of the covariance matrix.

σx = √
CYY (2, 2) for LCVA (17)

σx = √
CYY (3, 3) for TLCBD. (18)

3.1 PSO Algorithm

To solve this type of nonlinear unconstrained optimisation problems, the optimization
algorithm for PSO in MATLAB has been generated. It is a process to simulate
simplified model using swarming theory. Individual improvement technique is used
for population competition and cooperation. In this process, each solution is called
a particle. A group of particle search together in parallel way to explore the best
position. By keeping the memory of all the position of each particle, PSO combines
both the local and the global search. Self-experience and neighbouring experience
is used for finding out the best solution. In this study, the investigation of RMSD for
structure using both the dampers has been performed by solving the above matrices
given Eqs. 17 and 18 using PSO.



318 S. Pal et al.

4 Numerical Study

To determine the effectiveness of the LCVA attached on the top of the structure,
a primary structure has been modelled as an SDOF system subjected to stochastic
earthquake excitation. Comparison of the response of the structure for an LCVA
attached on it, with a ball and without a ball in the horizontal part of the tube is the
main emphasis of this numerical study. For the present numerical study, the following
values are assumed unless mentioned otherwise: Time period of the structure, t0 =
1.8 s, Mass ratio, μ = 3%, Damping ratio of structure, ξ0 = 2%, Frequency of the
base filter, ωg = 5π rad/s, Duration of the earthquake, t = 20 s, Damping of the
soil, ξg = 0.6, Length ratio of LCVA, p = 0.75, Area ratio, r = 1.5, Peak ground
acceleration, PGA = 0.3 g = 3σz̈ . For this study, the earthquake considered has
been assumed to have an energy content concentrated at the range of 1–4 Hz. The
population size considered for PSO is 100 and the number of iteration is 1000.

The RMSD and the associated design variables have been plotted varying with
different LCVA parameters like mass ratio and length ratio, structural properties
and seismic excitation. In Figs. 3, 4, 5 and 6 the variation of the optimum tuning
ratio, optimum head loss coefficient of LCVA, optimum ball tube diameter ratio for
the TLCBD and corresponding RMSD has been plotted for the different mass ratio
considered. With the increase in the mass ratio the tuning ratio decreases for both
these dampers. For LCVA the rate of decrement is more than that of the TLCBD,
whereas the optimum head loss coefficient for the LCVA increases with the increase
in the mass ratio. The reduction of the ball tube diameter ratio can be noticed with the
increment in the mass ratio. Generally, the mass ratio of liquid dampers is considered
as 0.5% to 4% of the primary structure. For the tall buildings the mass of the higher
storeys are more and addition of more mass in those storeys can affect the other
parameters of the structure in a wrong way. From Fig. 6 it is visible that with the
increase in the mass ratio up to a certain limit the TLCBD performs better and the

Fig. 3 The optimum tuning
ratio with varying mass ratio
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Fig. 4 The optimum head
loss coefficient with varying
mass ratio

Fig. 5 The optimum ball
tube diameter ratio with
varying mass ratio

Fig. 6 The RMSD with
varying mass ratio
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structural displacement remains constant but for LCVA it decreases for higher mass
ratio in a less proportion.

Due to the introduction of the ball as a moving orifice, the damping property
of the LCVA gets enhanced and results in more effective response mitigation. In
Figs. 7, 8, 9 and 10, the response of the structure has been plotted considering
the various parameters for an SDOF structure. In Fig. 7 RMSD of the structure
has been plotted against the various damping ratios of the structure which shows a
decremented response with increase in the damping ratio. As the structural damping
ratio increases the maximum part of the excitation gets taken care by structures own
high-level damping. Therefore the utilisation of the dampers gets decrease resulting
to be more close response for any of the dampers attached on it. With the increase in
the length ratio damper with ball shows a better result than LCVA. But the ratio of
the response reduction for LCVA is more rigorous than TLCBD. The RMSD of the

Fig. 7 The RMSD with
varying damping ratio of
structure

Fig. 8 The RMSD with
varying length ratio
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Fig. 9 The RMSD with
varying PGA

Fig. 10 The RMSD with
varying time period of
structure

structure has been plotted against different length ratios for both dampers in Fig. 8.
For both PGA and different time periods of the structure, the responses have been
plotted as shown in Figs. 9 and 10. In these figures, it is clearly noticeable that for
the lower cases the LCVA and the TLCBD show almost same result as there is no
such effect of the ball movement due to lesser displacement but with the increase in
the both the PGA and the time period the TLCBD shows better results than normal
conventional type LCVA. From all the graphs shown below, it can be concluded
that the TLCBD performs better than the LCVA because of its enhanced damping
capacity due to the installation of the ball in place of normal conventional orifices.
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5 Conclusions

In the present study, the optimum performance of the response reduction of the
structure is compared for both the LCVA and TLCBD systems subjected under non-
stationary earthquake. A numerical study using the stochastic structural optimisation
has been considered to evaluate the efficiency of dampers subjected to random earth-
quake. For this PSO is used to evaluate the response parameters considering different
values of responsible factors. The optimum tuning ratio, optimum head loss coeffi-
cient and the optimum ball tube diameter ratio follow the conventional manner. For
TLCBD the response reduction is more than that of LCVA for all the cases con-
sidered. For mass ratio, the TLCBD shows better result for the suitable mass ratio
considered without harming the various other structural parameters. For damping
ratio and the length ratio, the rate of response mitigation is more for TLCBD than
the conventional type LCVAwith an orifice. From the results, it is clearly visible that
the TLCBD shows improved performance in the efficiency than that of the LCVA
for all the parameters considered in this regard.
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Performance-Based Design of Dual
System

Durga Mibang and Satyabrata Choudhury

Abstract In the present study, reinforced concrete dual system building have been
designed by unified performance-based design (UPBD) method for various target
performance objectives. In such buildings, lateral load is mainly taken by shear wall
and gravity load is taken by frame. Proper engineering procedure is required for
apportioning and designing shear wall and frame members. The designed building
are subjected to static and dynamic non-linear analyses. The shear wall is modeled
as a layered shell element, whereas the beams and columns are designed as frame
elements using ETABS-2016 software. In this study, frame-shear wall building of
height 12 storeys has been considered as sample building. The building has been
designed with expected strength and demand level of EC-8 spectrum at 0.45 g. The
target performance objective is considered as Life safety (LS) performance level
with 2% drift. Various performance parameters like performance point, design drift,
equivalent damping, and base shear have been found out. It has been observed that
the target performance objectives have been achieved.

Keywords Performance-based design · UPBD method · RC dual system ·
Multi-layer shell element · Plastic hinge

1 Introduction

The dual systems are in common use for multi-storied reinforced concrete buildings.
In the past result, it has been found that the dual system buildings enhanced the
structural performance of the building during earthquake. In the present study, the
frame dual-wall building of 12 storeys is considered where the dual-wall carries
70% of lateral load and frame carries 30% of lateral load. The pre-decided design
drift, target performance level and hazard level of earthquake, the selected building
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is evaluated using UPBD method and various parameters like equivalent damping,
time period, and base shear are calculated according to (Choudhury and Singh). The
shear wall is modeled as a layered shell element. The benefits of providing layered
shell shear wall are the ability to model prolonged, interconnect, and dual frame.
In modeling, the beam which is connected to shear wall is modeled to some extend
inside the shear wall shell elements as mentioned in (Fahjan et al.). The shear wall
with two layers could be modeled with different techniques (multi-layer shell and
Mid-Pier frame). The characteristics of plastic hinges of the shear wall are defined
using ASCE 41-13 recommendation or fiber-based Hinge property (Fahjan et al.).
Check is done to ensure that the length of shear wall is capable to take the assigned
lateral load. The building is designed using expected strength as per ASCE 41-13.
The column size is decided on trial basis by keeping the percentage of steel 3–4%
and to ensure the capacity design criteria as per 13920:2016. The static non-linear
analysis is used to find out the performance level of the building. Design spectrum is
considered is EC-8 for type B soil at hazard level of 0.45 g. The target performance
objectives considered are LS with 2% drift.

2 Design Method

2.1 Direct Displacement-Based Design (DDBD)
of Frame-Wall Structures

The direct displacement-based design of dual system structure is given (Sullivan
et al.). In this method, MDOF system has to be converted into an equivalent SDOF
a system. The inflection height of the building is established by assigning strength
proportion to themember. The height of inflection (hinf ) of building is achieved when
the moment of wall is zero. Equivalent single degree of freedom (ESDOF) properties
are determined by using the following relations:

Design displacement,

�d =
∑n

i=1 mi�i2
∑n

i=1 mi�i
(1)

Effective mass,

me =
∑n

i=1 mi�i

�d
(2)

Effective height,

he =
∑n

i=1 mi�ihi
∑n

i=1 mi�i
(3)
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where hi = storey height,me = effective mass of the structure, he = effective height,
mi = seismicmass of i-th floor. Frame andwall ductility demand are determined from
Eq. (6) and (7).

The yield displacement profile of wall is given by,

�i,y = φy,whihinf
2

− φy,wh2inf
6

,when hi ≥ hinf (4)

�i,y = φy,wh2i
2

− φy,wh3i
6hinf

,when hi ≤ hinf (5)

Wall ductility demand,

μw = �d

�he,y
(6)

Frame ductility,

μi, f =
(

�i − �i−1

hi − hi−1

)
1

θy F
(7)

where

θy,F = lbεy
2hb

(8)

The equivalent viscous damping for frame and walls is obtained by adding the
elastic and hysteretic component together as follows:

ξSDoF =
(
Mwallξwall + MOTframeξframe

Mwall + MOTframe

)

(9)

ξw = 95

1.3π
(1 − μ−0.5

w − 0.1.ϕ.μw)

(

1 + 1

(Tetrial + 0.85)4

)

(10)

ξ f = 120

1.3π
(1 − μ−0.5

w − 0.1.ϕ.μ f )

(

1 + 1

(Tetrial + 0.85)4

)

(11)

where Tetrial = N
6
√

μsys, ξ SDoF is equivalent viscous damping of system, Mwall is wall
moment, MOT is frame overturning moment, ξwall is equivalent damping of wall,
ξ frame is equivalent damping of frame. The effective time period of the structure can
be carried out from Fig. 1.

The effective stiffness (Ke) is determined by,

ke = 4π2me

T 2
e

(12)
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Fig. 1 Displacement spectra
for 0.45 g corresponding to
EC-8
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Here, T e is obtained from displacement spectra plot corresponding to EC-8.
The base shear (Vb) is distributed throughout the height of the structure using the

following expression:

Vb = ke�d (13)

where the Fi is the portion of base shear applied at the i-th floor.

FI = mi�i
∑n

i=1 mi�i
(14)

2.2 Unified Performance-Based Design (UPBD) Method
for Frame-Wall Buildings

ADDBDprocedure for frame buildingwas proposed by petting and priestly (Pettinga
and Priestley). At later stage, this procedure was proceed by Sullivan et al. for frame-
shear wall structure and has further by Choudhury and Singh and is presented along
with this method. In UPBD method, the beam size and length of wall are known.

hb = 0.5εylb
θd − θpb

(15)

Depth of the beam can be found from the Eq. (15). The width of beam as kept
half to two-third of beam depth.

And also for shear wall, the length of wall (LW ) is obtained as

Lw = εyhinf
θd − θpw

(16)
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where LW is horizontal length of wall, εy is yield strain of rebar, hinf is height
of inflection, θd is design drift and θpW is plastic rotation in wall. The thickness
of wall is obtained from base shear consideration and number of walls used in a
particular direction. The inflection height hinf of the dual system building is found
by the moments carried by shear wall or frame. The design of the structure is done
with expected (mean) strengths of materials, as per FEMA-356 provisions. The load
combinations are as below:

DL + LL

DL + LL ± Fx

DL + LL ± Fy

where DL, LL, FX , FY corresponds to dead load, live load, earthquake load in x and
y direction, respectively.

3 Modeling

In the present study, 12-storey reinforced concrete frame-shear wall building is con-
sidered as shown in Fig. 2, which has been designed by UPBD (Choudhury 2008)
method for target performance objective of 2%drift with life safety (LS) performance
level. Analysis and design have been done using ETABS-2016 software. Shear wall
has beenmodeled asmulti-layered shell elements. The building is designedwithM30
concrete and Fe415 grade steel with expected strength as per FEMA-356. Height of
each floor is kept same over the entire height. 3–4% of steel should be maintained for
column along with capacity design. A building considered is designed for life safety
(LS) performance level. The capacity design of strong-columns and weak-beam was

Fig. 2 Plan, elevation, and 3D model of 12-storey building with dual-wall
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Table 1 Building and design consideration

Building
name

Column sizes Beam size
depth width
(mm)

Shear wall
thickness
(mm)

Target
performance

Dual-wall
building

Inner column Outer
column

750 750

700 700

12 LS 650 650 650 650 950 450 250 LS

satisfied as per IS Code 13920:2016. The design consideration of the building is
shown in Table 1 and Fig. 3 shows the inflection height of the building considered
and multiple layered shell element has been shown in Fig. 4.

Capacity design is the best approach toward ductile design criteria. In capacity
design, the certain structural members are allowed to fail in some intended way,
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Fig. 3 Inflection height of the considered building

Fig. 4 Multi-layered shell element [7]
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whereas some other members are to remain undamaged. This concept applies to
beam-column joint where the column is of higher capacity so that the beam fails
earlier tomake the failure a ductile one. IS code 13920:2016 suggests that the capacity
design has to be carried out for ductile and on ductile members. According to IS code
mentioned the design should be such that

∑
MCOLUMN ≥ 1.4

∑
MBEAM

The column sizes were taken by trial keeping the steel 3–4% of the cross-sectional
area of column.

4 Analysis

Non-linear analysis is the procedure to obtain earthquake demands on the building.
The analysis includes a capacity spectrummethod that intersection the capacity curve
and reduced demand curve to determine the performance point. From Fig. 5 it can
be seen that the performance of the structural member, i.e., beam and column which
reached to the target performance level and can be recognized by the formation

Fig. 5 Formation of plastic
hinges
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of plastic rotation as displayed in Fig. 5. The non-linear behavior of layered shell
element for dual system modeling can be rectified by examining by the stresses
in concrete and reinforcement layers which are shown in Fig. 7. Also, since, shell
element does not show any hinge formation as its a lumped plasticity element. The
behavior of the shell element is understood from the stress diagrams as shown in
Fig. 7.

5 Results and Discussion

Non-linear analysis or push over analysis is the procedure to obtaining earthquake
demands on building. In Fig. 2 plan, elevation and 3D modeling of the structure
considered is shown. For performance-based design of structures, flexural RC mem-
bers of shear wall in terms of plastic rotations are mentioned in ASCE 41-13. The
inflection height for frame-shear wall building is shown in Fig. 3.

(Otani) had put forward a common procedure for analysis of layered shell element
shear wall in the past, i.e., non-linear finite element but the design needs some further
investigations and to resolve this problem, (Fahjan et al.) has further proposed the
rigid-beam which is connected to shear wall and properly placed inside the multi-
layer shell elements. These shell elements give a proper bond between rigid beams
and it also gives proper connection with other elements, i.e., beams and columns. The
beam (rigid) elements which are provided in between the shell elements are generally
of highly elastic materials may be 10 times the modulus of elasticity. Modeling of a
shell element section is shown in Fig. 4.

Themainwork of the rigid beams is tominimize themesh sensitivity effect caused
by the inadequacy of the drilling degree of freedom formulation (Fahjan et al.). By
using the method (fahjan) has found the moment and other internal forces of shear
wall as well as connecting beams. In shell element, the steel bar is provided either
one layer or two layers. The main motive of the rigid beams is to reduce the mesh
sensitivity formulation by fahjan et al.; by using the method, fahjan has found that
the moment and other internal forces shear wall as well as connecting beams give
better results. In shell element, the steel bars are provided with either one layer or
more and should satisfy the code 13920:2016 criteria.

The performance level attained by the building and the performance point (PP)
is shown in Fig. 5, which will indicate its attained performance against its design
criterion. Figure 6 also shows the pushover curves carried out for frame-wall building
and satisfied the target performance considered. The hinge locations in the building
design for several performance stages are shown in Fig. 5. It has been observed
from Fig. 5 that the performance of elements, i.e., beam and column has reached the
needed performance level, which were recognized by the plastic hinge rotations.

From Fig. 7, it can be observed that its maximum stress is present at the bottom
storey of shear wall. To inspect the performance of the shear walls, hinge formation
is produce in terms of plastic rotations that could be checked in ACI 40, and ASCE
41-13 acceptance criteria recommendations.
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Fig. 6 Performance level for
dual system building
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Five earthquakes data are considered to find out the non-linear time history analy-
sis (NLTHA). The inter-storey displacement histories can be found out by non-linear
time history analysis. The inter-storey drift diagrams for typical buildings considered
have been shown in Fig. 8 and it satisfies the target drift.
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Fig. 8 Inter-storey drift
diagram for building
considered
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6 Conclusions

The UPBD method of seismic design was proposed only for IO buildings without
the presence of infill, the design is done for dual frame building that is designed for
LS performance level (PL) for 2%. Using UPBD method has attained desired PL in
terms of plastic hinges, thus validating the use of this method for the design of frame-
wall building. With push over analysis, it has been found that the building designed
is performed better and it can be seen that it has also achieved its target performance
level. Here performance point (PP) lies between IO and LS and It indicates that the
method is valid for LS performance level for 12-storey building considered. In this
paper, we have also discussed the RC shear wall modeled. The outcome of the work
done clearly indicates that the shell element provides indirect way to understand
the formation of hinges in shear wall which had to be understood. To identify the
performance of shear walls, fiber hinge models produce plastic rotations that could
be checked with ASCE 41-13 acceptance criteria recommendations. Here we can
see that inter-storey drift of structure considered has also satisfied the target drift.
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Study on Optimum Location
of Outrigger for High-Rise Building

B. Venkat Rao, T. Manasa Lakshmi, Mallika Alapati, and G. K. Viswanath

Abstract Due to rapid population growth and constraint on land availability, con-
struction sector spread its wings in vertical dimension. As high-rise buildings are
stretching toward sky, challenges with structural behavior govern the choice and
design of structural system. Lateral load resisting systems popularly in use are
moment resisting frames, load bearing structural walls, dual systems, tube system,
and moment-resisting frames with outrigger. The intent of the work in this paper is to
investigate the performance of outrigger, location optimization, and their efficiency
when used in multiple numbers placed at various heights (2/3rd, 1/2th, 1/3rd times
the height of building). Models of 30 storey buildings with outrigger and belt truss
systems are analyzed for earthquake and wind loads and the lateral drift responses
are compared to find the optimum location of outrigger and belt truss systems. The
results are interpreted and found that outrigger system can effectively reduce the
lateral drift of the building and optimum location of outriggers is found to be at
mid-height of building considered along with cap truss.

Keywords Outrigger-belt truss system · Optimization · Tall building · Outrigger
location · Lateral drift

1 Introduction

As there is expansion of cities and value of land continues to high, buildings are
rising tall and slim.More investment on land and the need to protect farming area has
contributed to navigate residential buildings toward higher levels. To make possible
for slimmer structures, various structural systems for high-rise building have been
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widely used. The lateral load resisting systems in common in high-rise structures are
framed system, structural walls, dual systems, outriggers, and tube systems. Among
them frames with braced-outriggers proved to be one of the efficient procedures to
increase the lateral stiffness of tall building, reducing the storey drifts.

The outrigger member is a cantilever-shape horizontal member and is connected
to the outer column and inner core of the structure. Under the action of lateral loads,
core undergoes rotation and the outrigger connecting core and the outer column
induces tension and compression alternatively in the same members. Besides the
outer columns, it is common to locate other outer columns to serve in restricting
the rotation of outriggers. Introduction of a deep spandrel girder at the levels of
the outrigger around the structure shows the control of tilting of outrigger. Some
examples of outrigger system used are US Bank Center (Milwaukee), New York
Times Tower (NewYork), ChinaWorld Tower (Beijing, China), Taipei 101 (Taiwan),
Water Front Place (Brisbane), and Exchange Square (Hong Kong).

2 Literature Review

Parametric study of tall building structures braced with outriggers is carried out by
some authors [1] considering the flexibility of the outriggers. Mathematical expres-
sions for optimum location of the outriggers, moments in the core and the storey
drift were developed. Some researchers, Kamath, and others [2] studied the behav-
ior and response of the frames with outriggers for high-rise structures for static and
dynamic loads. In their study, the 3D structural models with flexural rigidity ratio
range of (0.25–2.0) EI0/EI optimum outrigger location are obtained from the range
of 0.975–0.40 (Hs/H), from the top of the building. Studies on different number for
steel frame outrigger-belt truss systemswere conducted on structures with 20, 30, 40,
and 50 storeys to propose the optimal number and location of the outrigger. Babaei
[3] studied optimal solutions in the design domain for storey drift and weight of the
structure. The degree of stiffening and the level of drift control on the number of the
outrigger trusse are studied by Gerasimidis et al. [4].

Location optimization of outrigger for high-rise RCC structure was investigated
by Krunal Z Mistry and others. In their study tall building with ten different arrange-
ments of outriggers was considered. Best outrigger location and the performance
efficiency of each outrigger were arrived at when pair of outriggers were used [5].
Hoenderkamp presented a preliminary design for outrigger braced high-rise shear
walls subjected to lateral forces. One of the outrigger locations is fixed, while the
second one location is investigated for optimum position [7]. Shivacharan and oth-
ers [10] studied the optimum position of outriggers for tall structures with vertical
irregularity. Authors concluded that there is 12.78 and 11.5% reduction of lateral dis-
placement and storey drift [10]. Some researchers analyzed tall buildings and found
the optimum location of outriggers system for lateral loads and concluded that the
topmost deflection was at the top storey when flat slab with core was engaged and is
625.7 mm, which was reduced up to 411.18 mmwhen first outrigger was provided at



Study on Optimum Location of Outrigger for High Rise Building 339

mid-height of structure and 335.15 mmwhen provided with second outrigger at 3/4th

height of the structure [11]. Alex and Otto conducted the study on structures braced
with multiple outriggers based on the continuum approach. Authors concluded that
continuum analysis yields good results for any number of outriggers. Design curves
were established by some researchers for estimating the structural responses for any
kind of structural configuration [13]. However, in the present work, authors tried to
arrive at the optimum location of the braced outrigger in a two-outrigger system with
one fixed outrigger location (at top storey).

3 Numerical Study

In the present study, moment resisting building frames with belt trusses in multiple
numbers and at different locations are considered for analysis. Linear static and
response spectrum analysis are performed. Analysis is done using ETABS and as per
the latest codal provisions. Locations of outriggers are taken according to CTBUH
guidelines. The selected topology is with two outriggers, one is fixed at top storey,
and the location of the second outrigger is optimized for least lateral displacements
and storey drifts.

Figure 1 shows the plan area and dimensions of the models as 6 m as bay length
with 5× 5 grid and with central core as opening. Figs. 2 and 3 show the position of
outrigger with central core, one outrigger fixed at top storey, and other at mid-height
along with top storey, respectively. The height of each storey is 3.5 m. Moment
Resisting Frames (MRF) are considered as base structural systems.

Structural steel with yield strength of 250 N/mm2 is used for all columns, beams,
and belt trusses. A value of 2 × 105 N/mm2 is considered as Young’s modulus. A
dead weight of 5 kN/m2 and imposed load of 3 kN/m2 were considered. Based on IS
1893:2016 earthquake loads are calculated and using the ETABS software options.
The seismic zone is considered as Vijayawada city. Basic wind speed is considered
as 50 m/sec and the wind pressure is determined according to IS 875:1987 part-3.

4 Results and Discussions

Table 1 displays the results of earthquake and wind analysis of maximum displace-
ment for various outrigger positions.

It is observed fromTable 1, for the case of cap truss+1/2nd case the displacements
are less showing maximum reduction of 39.44 and 36.68% for seismic and wind
effects, respectively. This is because of increase in the lateral stiffness of the structure.

Table 2 shows the result of maximum storey drift for different position of
outriggers.

It is observed fromTable 2, for the case of cap truss+1/2nd case the displacements
are less showing maximum reduction of 29.46 and 33.90% for seismic and wind
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Fig. 1 Plan of the model

effects, respectively. From the above results, themaximum reduction of displacement
as well as storey drift is seen when the outrigger is placed at middle of the storey
height along the cap truss.

From Fig. 4, maximum percentage reduction in displacement is 36.10% which is
at when the outrigger is placed at 0.5 times the height of the building along with cap
truss.

Figure 5 shows the reduction of storey drift of 29.46% when the outrigger is
placed at a height of 0.5 times height of the building along with cap truss.

5 Conclusions

As discussed in Sect. 4, the following conclusions are drawn
The structural system with two outriggers considered, yielded better structural

responses. The results show maximum reduction of 39.44% in lateral displacements
when the outriggers are placed at top storey and at 0.5 times the height of the build-
ing. Maximum reduction of 33.96% is found in the case of storey drift reduction for
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Fig. 2 Outrigger at top
storey

the same case. However, from the present study, it can be concluded that the outrig-
ger structural system proves to be an efficient way to reduce inter-storey drifts and
controls top displacements when compared with the frame with only central core.
Inverted “V” shape bracing shows good results in all cases considered.
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Fig. 3 Outrigger at top
storey and mid-height

Table 1 Maximum displacements (mm) at top storey

Model Earthquake analysis Reduction (%) Wind analysis Reduction (%)

Core only 261.950 – 3156.220 –

Cap truss only 229.198 12.50 2840.365 10

Cap truss +2/3rd 171.436 34.55 2214.700 29.83

Cap truss +1/2nd 158.616 39.44 1998.268 36.68

Cap truss +1/3rd 167.377 36.10 2011.012 36.28
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Table 2 Maximum storey drifts (mm)

Model Earthquake analysis Reduction (%) Wind analysis Reduction (%)

Core only 0.003282 – 0.040688 –

Cap truss only 0.003162 3.65 0.039927 1.87

Cap truss +2/3rd 0.002748 16.27 0.036287 10.81

Cap truss +1/2th 0.002315 29.46 0.026892 33.90

Cap truss +1/3rd 0.002400 26.87 0.027405 32.64

Fig. 4 Maximum displacement of response spectrum analysis

Fig. 5 Maximum storey drifts
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Seismic Control of Benchmark Highway
Bridge Using Fiber-Reinforced
Elastomeric Isolator

Jyoti Ranjan Barik and Purnachandra Saha

Abstract In this study, the seismic response of a benchmark highway bridge is scru-
tinized with a passive control system named Fiber-Reinforced Elastomeric Isolator
(FREI). Bearing with fiber reinforcement and elastomeric damping material is called
fiber-reinforced elastomeric isolator bearing. Advancement of fibermaterials is strik-
ing nowadays whose stiffnesses are practically identical to steel. So as per efficient
and innovative point of view, this isolator is supposed for seismic analysis. The Phase
I problem of the benchmark highway bridge is considered for this study. The ground
acceleration is applied at all supports of the bridge. A comparative study on the basis
of displacement amplitudes has been encountered under six real ground motions.
Evaluation criteria are also established under different boundary conditions which
highlight that substantial reduction of seismic response can be achieved by using
higher displacement amplitude values of FREI. It is observed that peak responses
of base shear and displacement at mid-span are effectively reduced by employing
certain range of displacement amplitude values.

Keywords Benchmark highway bridge · Seismic response · Displacement
amplitude · Fiber-Reinforced elastomeric isolator

1 Introduction

A highway bridge is imminent whenever an obstruction arises and overcomes the
barrier by adding roads in the highway system. Prominently, it should be workable
before an earthquake as well as after an earthquake. Different control strategies have
been introduced to acquire good seismic resistance. Base isolation plays a crucial
role in mitigation of earthquake effects as it increases the horizontal flexibility and
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shifts the fundamental period of the structure in the lower spectral acceleration of the
structure which ultimately causes reduction of the earthquake-induced force into the
structure. However, the relative displacement between ground and structure has been
increasing due to enhancement of horizontal flexibility of the system. Researchers
have enumerated different control devices and algorithms. Control devices consist of
passive, active, hybrid and semi-active strategies for the decrement seismic reaction
of the highway bridge.

Recently, research is ongoing in the fields related to the development of new
devices and depending on their performance, obsolete technology is being replaced
by the new devices. Seismic isolation codes have been growing continually. The pres-
ence of this new standard for designing earthquake protective structure, the designer
has to take into account these types of new earthquake resistance approach for the
safety of the structures.

Fiber-reinforced elastomeric isolator (FREI) is a revolutionary control device that
is adopted nowadays in many structures as it gives substantial outputs as compared to
the uncontrolled structures. FREI can be a better substitute of HDRB as well as SREI
in terms of utilization of fiber polymer rather than steel layers. SomehowFREI can be
malleable as it is economical and less sophisticated than other elastomeric isolators.
For this benchmark study is 91/5 highway overcrossing structure is considered which
is situated in southern California.

2 Fiber-Reinforced Elastomeric Isolator

Bearing with fiber reinforcement and elastomeric damping material sandwiched
together is called fiber-reinforced elastomeric isolator bearing. Advancement of fiber
materials is striking nowadayswhose stiffnesses are practically identical to steel. Fun-
damentally seismic gadgets can bemade utilizing elastic layers sandwiched with thin
bidirectional fiber texture layers. Already if there should arise an occurrence of fiber
layers, steel plates are utilized to restrict the protruding in the elastomer layers of the
isolator. The framework containing such layers, which shows high vertical stiffness
to get to the weight of the structure is known as a steel-reinforced elastomeric iso-
lator. Fiber is extraordinary compared to other substitutes of steel and is beneficial
while making lesser weight isolators.

2.1 Classification of FREI

Routinely base confinement frameworks are intended to be isotropic and base isola-
tors are constantly thought to be symmetric. The isolators being made as of now are
either round or square fit as a fiddle. Fiber-reinforced isolators can be effortlessly
sliced to required configuration which isn’t conceivable with steel fortified isolators.
FREI has been grouped by two viewpoints as specified in Fig. 1 underneath.



Seismic Control of Benchmark Highway Bridge … 347

Fig. 1 Classification of FREI. Source Das et al. [3]

2.1.1 Bonded FREI

Bonded FREIs have inflexible steel end plates situated at the extreme end surfaces of
the isolator as appeared in Fig. 2a, which are utilized to attach it to the superstructure
and the substructure. B-FREIs are invaluable overU-FREIs as there is no doubt of slip
along these lines no danger of perpetual removals. B-FREIs are proficient to oppose
surprising tensile forces. In a laterally deformed B-FREIs, the fiber support layers
experience twisting distortion at their finishes because of the internal moments and
shear that create in the isolator. Figure 3a synthesizes the shear resistance phenomena
of B-FREIs under the action of ground motion.
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Fig. 2 Bonded and unbonded FREIs. Source Osgooei et al. [13]

Fig. 3 Lateral deformation phenomena of FREIs. Source Osgooei et al. [13]

Fig. 4 Force-deformation loop of FREI. Source Nezhad et al. [11]

2.1.2 Unbonded FREI

At the point when FREIs are introduced without affixing to the upper and lower bol-
sters, at that point it is named as unbonded FREIs. Shear forces are passed on from
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the isolator to the superstructure and substructure through friction along the help sur-
faces. Because of the nonappearance of the thick end plates and adaptability of fiber
support layers, unbonded fiber fortified elastomeric isolator displays a one of a kind
rollover distortion under shear as appeared in Fig. 2b. This rollover lifts the seismic
productivity by diminishing the successful parallel stiffness of the isolators. There
are a few downsides of unbonded application as correlation with bonded isolators.
U-FREIs are lacking to oppose the ductile powers and wasteful in circumstances like
expansive vertical ground increasing velocities. Figure 3b highlights the possible
shear deformation of U-FREIs.

2.1.3 Models of FREI

FREI has several models as listed in Fig. 5. In the present study, Backbone Curve
model of fifth-order polynomial is taken into consideration which comprises the
simulation of nonlinear elastic spring with a dashpot. The control force of this model
is characterized by

fb = fsb + fdb (1)

where fsb is the force due to stiffness and fdb is the damping force. Force fsb is a
fifth-order polynomial of displacement ‘u’. Hence,

fsb = a1.u + a2.u
3 + a3.u

5 (2)

fdb = C
•
u (3)

where a1, a2, a3 are constant parameters that are obtained from the curve fitting
methods on experimental lateral load-displacement hysteresis loops. The displace-

ment velocity components are denoted as u and
•
u , respectively. ‘C’ is the damping

coefficient which relies on the effective stiffness (keff) and effective damping ratio
(βeff) and defined as (Fig. 4)

C = 2 βeff
√
(mkeff) (4)

3 Benchmark Highway Bridge

For this benchmark study is 91/5 highway overcrossing structure is considered which
is situated in southern California as shown in Fig. 7. The bridge is vulnerable because
twomain seismic faults are near the location of the bridge. It is a box girder bridge that
has two continuous clamps. Figure 6 highlights the elevation view and the top view.
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Fig. 5 Classification of FREI models. Source Osgooei et al. [13]

Each span is 58.5 m long. It is a four-lane highway bridge with two pillars distorted
at 33°. The width of the deck along East-span and along West span is 12.95 m or
15 m. Deck cross section consists of three cells. A prestressed outrigger supports the
deck. The length of the outrigger is 31.4 m and height is 6.9 m. The height of the
columns is nearly 6.9 m. The mass of the deck and the whole bridge are 3,278,404 kg
and 4,237,544 kg, respectively. Deck end and the abutment are isolated with eight
fluid dampers and four elastomeric pads are used to minimize the seismic reactions
of the bridge as illustrated in Fig. 8.
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Fig. 6 Side and top view of the benchmark highway bridge. Source Agrawal et al. [1]

Fig. 7 91/5 Highway Overcrossing. Source Agrawal et al. [1]

3.1 Evaluation Criteria

The structural performance of a system under a seismic excitation is idealized by
evaluation criteria. A cluster of 21 evaluation criteria emphasize the efficiency of
various seismic devices and algorithms that have been established. These criteria
are classified into three categories. 1. Peak responses, 2. Normed responses and 3.
Control strategies.

Six earthquakes are selected for the analysis, which are shown in Table 1.
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Fig. 8 Control device location on the bridge. Source Agrawal et al. [1]

Table 1 List of earthquakes

No. Earthquakes Year

1 North palm spring earthquake 1986

2 Chi-Chi earthquake (TUC084 component) 1999

3 Imperial Valley earthquake (El Centro component) 1940

4 Northridge earthquake (Rinaldi component) 1984

5 Duzce earthquake (Bolu component), Turkey 1999

6 Kobe earthquake (Nishi Akashi component) 1995

4 Numerical Study

To inculcate the effectiveness of FREI for the benchmark highway bridge a numerical
simulation is done in MATLAB for specified six earthquakes. In this present inves-
tigation, several force-deformation behaviors are observed on the basis of selected
ground excitation for different displacement amplitudes. The performance of FREI
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is dependent on its two parameters; damping coefficient and displacement amplitude
and velocity component.

It is noticed that while increasing the displacement amplitude values, we are get-
ting the analogous contour of force-displacement diagram essentially at an amplitude
of 1.5. Moreover, at displacement amplitude of 2.00, the shape of loop-changed sig-
nificantly. So it can be concluded that the optimum value of amplitude ratio for this
study is 1.5 and the different curvature patterns are observed in Fig. 9.

-1500
-1000

-500
0

500
1000

-0.1 -0.05 0 0.05 0.1

Fo
rc

e 
in

 K
N

Displacement in m

NORTH PALM

-2000
-1000

0
1000
2000
3000

-0.2 -0.1 0 0.1 0.2

Fo
rc

e 
in

 K
N

Displacement in m

CHI CHI

-1000

-500

0

500

1000

-0.1 -0.05 0 0.05 0.1

Fo
rc

e 
in

 K
N

Displacement in m

EL CENTRO

-6000

-4000

-2000

0

2000

4000

-0.3 -0.2 -0.1 0 0.1 0.2

Fo
rc

e 
in

 K
N

Displacement in m

RINALDI

-4000
-3000
-2000
-1000

0
1000
2000
3000

-0.2 -0.1 0 0.1 0.2

Fo
rc

e 
in

 K
N

Displacement in m

TURK BOLU

-3000

-2000

-1000

0

1000

2000

3000

-0.2 -0.1 0 0.1 0.2

Fo
rc

e 
in

 K
N

Displacement in m

KOBE

Fig. 9 Force-deformation behavior under different earthquakes of displacement amplitude 1.50
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Base shear values of the different earthquakes of different displacement ampli-
tudes are obtained from Fig. 10. Numerically, it is observed that the increment of
displacement amplitude values for a particular earthquake, more or less instigated
the decrement in the base shear value of the controlled structure accordingly and
the variations corresponding to different displacement amplitudes are more or less
negligible.
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Fig. 10 Comparison of base shear values of different displacement amplitudes of different
earthquakes
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Fig. 10 (continued)

Figure 11 represents the variation of control force values according to the displace-
ment amplitudes of different earthquakes. Fundamentally, it is noticed that for each
earthquake, as the displacement amplitude values are increased, there is a marginal
decrease in device control force. The control force value attained a maximum at an
amplitude of 0.25.

Figure 12 illustrates the comparison of evaluation criteria of different displace-
ment amplitudes on the basis of earthquakes and Fig. 13 enables the comparison of
evaluation criteria of different earthquakes on the basis of displacement amplitudes.
Peak base shear and overturning moment values are found to be minimum for North
palm earthquake for all displacement amplitude values whereas peak displacement
at mid-span responses is minimum for Turk Bolu earthquake.

5 Conclusion

Seismic response of highway benchmark bridge with fiber-reinforced elastomeric
isolator is scrutinized in this study. To furnish seismic isolation, devices are placed
in both the abutments. Total 16 numbers of isolators are implanted in this evaluation
model, 8 isolators in each abutment.

The following conclusions can be drawn from the study:
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Fig. 11 (continued)

(1) Peak base shear and peak overturning responses are adequately shortened by
employing intermediate displacement amplitude of 1.00, whereas peak accel-
eration at mid-span response factor can be effectively reduced at displacement
amplitude of 0.25.

(2) Peak displacement at mid-span response can be effectively reduced by employ-
ing higher displacement amplitudes of 1.50 and 2.00.

(3) Among all the investigations, it is witnessed that FREI system of displacement
amplitude 1.50 gave optimum performance than other trials.
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Fig. 12 Comparison of evaluation criteria on the basis of earthquakes
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Optimal Design of Hysteretic Nonlinear
Energy Sink for Suppression of Limit
Cycle Oscillations of a Flapping Airfoil

Omkar Ghosh and Sourav Das

Abstract The aim of this study is to address the suppression of limit cycle oscil-
lations (LCOs) of a flapping airfoil using hysteretic nonlinear energy sink (HNES).
A flexible flapping wing with span-wise bending and twisting degrees of freedom
incorporated through translation and torsional springs with nonlinear stiffness in
heave and pitch is considered in this study. HNES is comprised of a mass connected
with primary structure by a purely hysteretic and a linear elastic spring connected in
parallel. The nonlinear hysteresis behaviour is characterized by Bouc–Wen model.
The performance of HNES with negative stiffness is investigated. Numerical results
presented in this paper clearly elucidated the enhanced performance of the proposed
HNESwith negative stiffness compared with conventional NES andHNESwith pos-
itive stiffness. An optimization is carried out to find the optimal design parameters of
HNES in a deterministic approach by considering uncertainties in initial conditions
with the objective of minimizing peak and root mean square response of LCOs. The
theoretical study in this paper clearly demonstrated the concept and efficiency of
the proposed passive control strategy which can be easily adopted for existing and
up-coming wings.

Keywords Passive control · Nonlinear energy sink · Negative stiffness ·
Bouc–wen model · Optimization

1 Introduction

Passive vibration absorb device has gained attention among researchers because of
the simplicity in installation and low maintenance cost. Several passive vibration
absorbers consisting of linear mass-spring-dashpot system has been proposed [1]
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and widely used in civil, mechanical and aerospace engineering. Natural frequency
of the linear vibration absorber is designed close to natural frequency of the main
structure so that the energy is partly transferred to oscillator from primary structure
by resonance mechanism and dissipated by damping of the oscillator. Tuned mass
damper (TMD) is one of the well-established vibration absorbers used to mitigate
vibration due to dynamic external excitation for flexible structures. Several inves-
tigations have been carried out to investigate the effectiveness of linear TMD to
control vibrations of the linear structures [2]. Because this kind of passive vibration
absorber has narrow bandwidth, there is a possibility of detuning by degradation
of stiffness of the primary structure. Due to development of technology, nonlinear
vibration absorbers are used as passive device whose bandwidth is much broader
than linear absorber and able to show nonlinearity of restoring force of the oscillator
to reduce the dynamic force-induced vibration.

Nonlinear energy sink (NES) has grown popular among the researchers due to
wider bandwidth of the absorber. An NES consists of a mass attached with nonlinear
stiffness, such that energy transfer takes place passively from vibrating structure to
NES [3]. However, unlike TMD, due to broader frequency range, NES can absorb
the energy due to external excitation and less prone to detune which may occur due
to degradation of stiffness property. Various types of NES have been proposed. The
main difference between proposed NES is the arrangement of the nonlinear restoring
force.

Limit cycle oscillations (LCO) are the sustained oscillations, occurred due to
the interaction between aerodynamic and structural forces in the presence of the
nonlinearities. For airfoil LCO, themain aspects are the sub-critical and super-critical
oscillations because super-critical oscillation affects the fatigue damage whereas
due to discontinuity behaviour of sub-critical LCO, the airfoil may experience the
unexpected dynamic behaviour. Therefore, to ensure safety during its operation,
control and health monitoring are the essential components to protect them against
structural damages induced by vibration. Several researchers studied the LCOcontrol
of airfoil using the passive devices in the latter past. Lee et al. [4, 5] have proposed
NES to control the flutter instability.

With this view, the present study aims to address the performance of a novel
kind of vibration absorber, hysteretic nonlinear energy sink (HNES) which is the
combination of a hysteretic spring and a linear elastic spring, connected in parallel.
In this study, the following issues are addressed:

• A reduced-order airfoil model is proposed to be used to study the performance of
HNES.

• Demonstrate the performance of this passive control strategy with negative
stiffness compared with cubic NES and HNES with positive stiffness.

• An optimization is carried out to study the performance envelope of the proposed
control strategy using Monte Carlo simulation.
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2 Dynamics of Two Degrees of Freedom Airfoil

In this study, a two degrees of freedom airfoil model is used for the investigation. The
degrees of freedom are considered as pitch and plunge to describe the airfoil motions
which are defined by the heave h and the angle of attack α, respectively, as shown in
Fig. 1. The geometrical properties of airfoil are described by the chord length c, the
semi-chord length b and the lifting surface S. Elastic, gravity and aerodynamic centre
of the airfoil are represented by EC, GC and AC, respectively, as shown in Fig. 1.
The aerodynamic centre is the point where pitching moment coefficient of the airfoil
does not vary with angle of attack. The mass and inertia moment of the airfoil is
denoted byM and Iα , respectively. The static moment of the airfoil is represented by
Sα (=MxCG), where xCG is the distance between elastic and gravity centre. The linear
stiffness and damping in pitch and plunge modes are represented by kα , cα and kh,
ch, respectively. Due to geometric or localized nonlinearity, the aero-elastic system
has shown nonlinear behaviour. To introduce nonlinearity in aero-elastic system,
cubic stiffness is considered in plunge and pitch directions, which are represented
by kh3 and kα3 , respectively. The governing equations of motion for the two degrees
of freedom airfoil model can be formulated as

Mḧ + Sαα̈ + chḣ + khh + kh3h
3 + Lw = 0 (1)

Iαα̈ + Sα ḧ + cαα̇ + kαα + kα3α
3 − Mw = 0 (2)

where Lw and Mw represent the lift force and aerodynamic moment, respectively,
occurred due towindvelocityU. In this study,windflow is assumed to be quasi-steady
flow, where the aerodynamic forces and moments depend only on the instantaneous
motion of the body surface. Here, the prior history of the flowmotion or the influence

Fig. 1 Schematic diagram of two degrees of freedom airfoil system with the absorber
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of the wake is neglected. The lift force and aerodynamic moment acting on the airfoil
can be expressed as

Lw = 1

2
ρSU 2 ∂CL

∂α

(
α + ḣ

U

)
(3)

Mw = Lwe = 1

2
ρSU 2e

∂CL

∂α

(
α + ḣ

U

)
(4)

where ρ is the air density,CL is the lift coefficient and e is the distance between aero-
dynamic and elastic centre of the airfoil. To reduce the number of system parameters
of the airfoil, the dimensionless quantities are introduced which are

y = h

b
; rα =

√
Iα

Mb2
; xα = Sα

Mb
; τ = ωαt;ωα =

√
kα

Iα
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√
kh
M
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ωh
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ξh = kh3b
2

Mω2
α

; ξα = kα3

Mb2ω2
α

; ζh = ch
Mωα

; ζα = cα

Mb2ωα

(6)

The dimensionless aerodynamic parameters are

Ū = U

bωα

;β = Lwb

M
; ν = Mw

M
(7)

After substituting the non-dimensional quantities into the Eqs. (1) and (2), yields

[
1 xα

xα r2α

][
ÿ
α̈

]
+

[
ζh + βŪ 0

−νŪ ζα

][
ẏ
α̇

]
+

[
Ω2 βŪ 2

0 r2α − νŪ 2

][
y
α

]
+

[
ξh y3

ξαα3

]
=

[
0
0

]

(8)

In this study, the two kinds of nonlinear vibration absorber are used to reduce the
limit cycle oscillation of the airfoil. The absorber is placed along the mid-chord of
the airfoil at a distance ‘l’ from EC. The governing equations of motion of combined
airfoil and vibration absorber can be written as

Mḧ + Sαα̈ + chḣ + khh + kh3h
3 + Lw − FC = 0 (9)

Iαα̈ + Sα ḧ + cαα̇ + kαα + kα3α
3 − Mw + FCl = 0 (10)

mẍ + FC = 0 (11)

where m represents the mass of the absorber and FC is the control force by the
absorber.
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3 Nonlinear Energy Sink

In recent decades, the nonlinear energy sink (NES) has grown popular among the
researchers due to wider frequency bandwidth of the absorber. An NES consists
of a mass attached with nonlinear stiffness and viscous damper, such that energy
transfers from vibrating structure to NES and dissipate through the viscous damper
[6–9]. However, unlike tuned mass damper, due to broader frequency range, NES
can absorb more energy due to external excitation and less prone to detune which
may occur due to degradation of stiffness properties of the primary structure. In this
study, an NES ofmassm consisting of a spring of linear stiffness k and cubic stiffness
k3, a viscous damping c is considered. The control force by NES can be written as

FNES = c(ẋ + lα̇ − ḣ) + k(x + lα − h) + k3(x + lα − h)3 (12)

The dimensionless NES parameters are considered as follows

x̃ = x

b
; ∈= m

M
;ω =

√
k

m
; γ = ω2

ω2
α

; λ = l

b
; ζ = c

mωα

; ξ = k3b2

mω2
α

(13)

After substituting Eqs. (12) and (13) into Eqs. (9), (10) and (11) yields,

M̄ Q̈ + C̄ Q̇ + K Q + F̄c(t) = 0 (14)

where

Q =
⎡
⎣ y

α

x̃

⎤
⎦; M̄ =

⎡
⎣ 1 xα 0
xα r2α 0
0 0 1

⎤
⎦; C̄ =
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−γ γ λ γ
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⎦; F̄c =

⎡
⎣ ξh y3− ∈ ξ(x̃ + λα − y)3

ξαα3+ ∈ λξ(x̃ + λα − y)3

ξ(x̃ + λα − y)3

⎤
⎦

(15)

4 Hysteretic Nonlinear Energy Sink

HNES is the combination of a purely hysteretic spring and a linear elastic spring,
which are connected in parallel with primary structure, proposed by Tsiatas et al.
[10]. The force offered by HNES described by Bouc–Wen model [11, 12], which is
expressed as follows
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Fc(t) = Fel
c (t) + Fh

c (t) = akx(t) + (1 − a)kDz(t) (16)

where x(t) is the displacement time history for HNES, k is the initial stiffness, a is
the ratio of post- to pre -yield stiffness, D is the yield displacement. In Eq. (16), the
superscript ‘el’ and ‘h’ denote the elastic and hysteretic component of force offered
by HNES. The dimensionless hysteretic variable z(t) is written as

ż = D−1[A − {β.sgn(zẋ) + γ }|z|n]ẋ (17)

In above equation, sgn(.) represents the signum function. The dimensionless expo-
nential parameter n describes the transition from pre-yield to post-yield response.
The constants A, β and γ control the shape and size of the hysteresis loop. In this
study, for two degrees of freedom airfoil system, x(t) in Eqs. (16) and (17) is replaced
by (x + lα − h) and the governing equation of motion Eq. (14) can be rearranged as
follows

F̄c = [
ξh y3− ∈ γ F̄ ξαα3+ ∈ λγ F̄ γ F̄

]T
(18)

where F̄ = a(x̃ + λα − y) + (1 − a)Dz and other system matrices are same as
Eq. (15). The state vectors of the system are given as

Z(t) = [
y α x̃ ẏ α̇ ˙̃x ]T

(19)

The governing equations of motion in state-space form can be expressed as

Ż(t) = AZ(t) + E F̄c(t) (20)

where the system matrices are given by

A =
[

0 I
−M̄−1 K̄ −M̄−1C̄

]
; E = −

[
0

M̄−1 I

]
(21)

5 Realizing Negative Stiffness in HNES

Molyneaux et al. [13] proposed the idea of anti-spring or negative stiffness spring
for the reduction of oscillation of a vibrating system. Platus et al. [14] extended this
concept for vibration isolation system. Negative stiffness property is achieved by
using pre-compressed springs. Winterflood et al. [15], Virgin et al. [16], Liu et al.
[17] Antoniadis et al. [18] have proposed the implementation of negative stiffness
concept for nonlinear isolation system.
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Fig. 2 Typical force-displacement behaviour of HNES with (a) positive (b) negative stiffness [10]

Tsiatas et al. [10] have proposed a simple approach to obtain the negative stiffness
by considering negative values of parameter ‘a’ in Bouc–Wen model in Eq. (16)
which leads to true softening behaviour, as shown in Fig. 2. In this study, the main
objective is to investigate the performance of negative stiffness-based HNES over
the positive stiffness-based HNES and cubic NES.

6 Flutter Velocity

Flutter is a kind of structural failure of aero-elastic structure which is often lead by
dynamic instability. Due to interaction between aerodynamic and structural forces
in the presence of structural nonlinearities, the airfoil will exhibit the limit cycle
oscillations (LCO). The LCO that occurs for flow velocity larger than flutter velocity
is known as super-critical LCO and for flow velocity smaller than flutter velocity
is known as sub-critical LCO. In super-critical region, airfoil may lead to structural
fatigue problems whereas in sub-critical region, discontinuity is observed in LCO
and that may influence the sudden change in dynamic behaviour of airfoil. In this
context, it is necessary to find the flutter point of the airfoil. The linear flutter veloc-
ity is calculated by considering nonlinear term of governing equation as zero and
eigenanalysis is performed for matrix ‘A’ in Eq. (21). The eigenvalues may be real
or complex (z = pR + i.ω) in nature. The airfoil is stable when real part (pR) of ‘z’
is less than zero, whereas the airfoil encounters flutter when pR is more than zero.
Using this condition, the flutter velocity is calculated.

7 Performance Function

In order to measure the performance of the controller, performance indices are
required to quantify the reduction of the response of the system in terms of maxi-
mum response quantities. The first performance evaluation index (J1) is themaximum
displacement ratio which is defined as
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J1 = max

[
t

i∈η

∣∣yp,c∣∣∣∣yp,uc∣∣
]

(22)

where subscript ‘p’ denotes the peak. Also, the numerator indicates the controller
represented by subscript ‘c’, whereas the denominator indicates the uncontrolled
response quantity of the airfoil represented by subscript ‘uc’. The second criterion
given in terms of the root mean square (rms) of the response of the airfoil is defined
as

J2 =
∣∣yrms,c

∣∣∣∣yrms,uc

∣∣ ; yrms =

√√√√√ 1

Tend

Tend∫
0

y2(t)dt (23)

where T end is the total time duration. To realize the effectiveness of proposed
HNES which can able to reduce the limit cycle oscillation of airfoil to the lowest
level, numerical optimization is performed. In this study, the minimization objective
function is considered as

J = min[J1 + J2]

s.t.

{
γmin ≤ γ ≤ γmax
ζmin ≤ ζ ≤ ζmax

(24)

The optimization formulation is considered as constraint optimization in which
random variable γ is the stiffness and ζ is the damping of HNES, respectively. The
random variables γ and ζ are bounded with the lower bounds γmin and ζmin and
upper bounds γmax and ζmax, respectively.

8 Numerical Results

In this section, numerical analysis of proposed control strategy to reduce the limit
cycle oscillation of the airfoil is presented. The mass and the coefficients of damping
and stiffness of the airfoil are tabulated in Table 1. The fourth-order Runge–Kutta
method is adopted here to solve the differential equations of motion for the airfoil.
In this study, linear flutter velocity for airfoil is calculated for steady and quasi-
steady wind flow when it is uncoupled with NES. From Fig. 3, it is observed that
flutter velocity Ū (QS)

F for quasi-steady state becomes 0.87 whereas for steady state it

Table 1 Dimensionless aero-elastic parameters [19]

xα rα β ν Ω ζα ζ h

0.2 0.5 0.2 0.08 0.5 0.01 0.01
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Fig. 3 Frequency and damping of aero-elastic modes for steady and quasi-steady state aerodynam-
ics; (a) without aerodynamic damping; (b) with aerodynamic damping

(Ū (S)
F ) becomes 1.03, when aerodynamic damping is not considered into the model.

The flutter velocities for steady and quasi-steady state become 1.01 and 0.94, when
aerodynamic damping is taken into the model. All these values are normalized as
discussed in Eqs. (5), (6), and (7), (13).

For this present study, themass ratio, i.e. mass of the absorber tomass of the airfoil
is taken as 5%. It is evident that larger mass of absorber will able to reduce the limit
cycle oscillation of airfoil. But, in reality, it is not feasible to provide a largermass into
the airfoil. The absorber should be a negligible mass of the airfoil. Here, the vibration
absorber is placed at the leading edge of the profile, i.e. λ = 1. The first objective is
to investigate the effectiveness of HNES with positive stiffness compared to cubic
NES to reduce LCO of the airfoil. The normalized stiffness and damping coefficients
for the NES and HNES are taken as 0.06 and 0.11. The parameters in Bouc–Wen
model are taken as: a = 0.5, d = 0.01, n = 1, β = 0.5 and γ = 0.5. Figure 4a is
depicted the displacement time histories for uncontrolled, with NES and HNES in
heave direction. It is seen that the controlled displacement by NES is approximately

Fig. 4 Sub-critical LCO for quasi-steady wind with initial conditions [0 0 0 0.1]; (a) heave
displacement time histories; (b) heave displacement and heave velocity phase diagram
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0.04 whereas the controlled displacement by HNES is 0.02. It is observed that the
performance of HNES with positive stiffness is more effective than cubic NES. The
Heave displacement and heave velocity phase diagram for with NES and HNES is
shown in Fig. 4b. Also the angle of attack LCO and corresponding phase diagram
are shown in Fig. 5.

In this study, the performance of HNES with negative stiffness is investigated.
The negative stiffness approach is employed here by considering negative values of
parameter ‘a’ in Eq. (16) which depicts the true softening behaviour. The force–
displacement hysteresis diagram for HNES with positive and negative stiffness is
shown in Fig. 6. To investigate the effectiveness of HNES with negative stiffness,
a sensitivity analysis is carried out by considering different values of parameter ‘a’
ranging from (−0.5) to (0.5). The objective function is considered to quantify the
effectiveness of HNES, which is mentioned in Eq. (24). To achieve more reduction,
the considered performance index should beminimized. FromFig. 7, it is seen that the
performance of HNES is more effective by considering negative stiffness compared
to positive stiffness. From Fig. 7, it is concluded that the optimum value of ‘a’ is

Fig. 5 Sub-critical LCO for quasi-steady wind with initial conditions [0 0 0 0.1]; (a) angle of attack
displacement time histories; (b) pitch displacement and velocity phase diagram

Fig. 6 Force–displacement behaviour ofHNES for (a) positive stiffness (a>0) (b) negative stiffness
(a < 0)
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Fig. 7 Performance of HNES for various values of Bouc–Wen parameter ‘a’

(−0.5). As a designer’s point of view, it is verymuch needed to find the optimal values
of the absorber. To do that, Monte Carlo simulation-based optimization is carried out
for optimal parameters of HNES. For the optimization, the design vectors with lower
and upper bounds are considered as γ = [0.01, 60] and ζ = [0, 0.5] of the HNES
with negative stiffness, respectively. The different initial conditions are taken into this
study to consider the uncertainty in operating conditions. The performance envelope
of the HNES for different values of initial conditions and design parameters of HNES
is depicted in Fig. 8.

Fig. 8 (a) Performance of HNES with varying initial conditions; (b) optimal values of stiffness
(γ ) and damping values (ζ ) of HNES
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9 Conclusions

The dynamic analysis of benchmark two degrees of freedom airfoil is carried out
in this study. The heave and pitch motions for the airfoil are considered for the
analysis. Mathematical modelling of the reduced order airfoil model illustrated. The
hysteretic nonlinear energy sink is proposed to suppress the limit cycle oscillations
of the airfoil. The performance of HNES has been compared with the conventional
cubic NES. It is observed that the peak and RMS displacement of the airfoil in
the heave and pitch directions significantly reduced using HNES compared to cubic
NES. Moreover, sensitivity analysis shows that performance of HNES is better when
considering negative stiffness. The advantage of the proposed control strategy is
that it can able to reduce LCOs of airfoil significantly in both directions with no
significant mass added to the airfoil. HNES is a passive device whose stiffness and
damping can’t be changed after installing into airfoil. So, as a designer’s point of
view, optimal design parameters of the device are required considering uncertainty
in initial conditions and design vectors. To do that, Monte Carlo simulation is carried
out. From the numerical results, it can be elucidated that the promising response
reduction is achieved considering optimal parameters (stiffness and damping) of
HNES with negative stiffness.
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Remaining Life Assessment (RLA) Study
and Retrofitting Old and Dilapidated
Buildings

T. Sarat Kumar Shroff and Kalpataru Rout

Abstract The building and the structures are basically considered for a particular
design life and functionality to meet its purpose. However, due to various factors like
designdeficiency in the conceptual stage, poor quality ofmaterial andmethodology in
construction stage, lack of maintenance, exposure to aggressive environment, unex-
pected over loading, external impact, etc., the structures have reduced its strength
in due course of time and sometimes causing mishaps endangering life of occu-
pants, surrounding habitats including major financial losses. Periodical examination
of health condition with proper diagnosis is thus very important step for ascertaining
residual life of the building to enable to take corrective action for improvement of its
strength and restoration process. Application of proper methodology by conducting
semi-destructive/non-destructive tests with scientific instruments for investigation
of structural members as per standard operation and codal provision to be carried
out and the interpretation of results to be made to find out residual strength of var-
ious members of the building. The analysis will suggest appropriate measures to
be undertaken for repair and retrofitting of the members so that the buildings and
structures perform better and achieve the prolonged life of building. In this case, two
industrial buildings, one from M/s J K Paper Mills, Rayagada, Odisha, and another
fromM/s Neelachal Ispat NigamLimited (NINL), Jajpur, Odisha, have been selected
as examples. The building selected from J K Paper Mills, Rayagada, Odisha, is an
old RCC-framed structure of 24-m height, constructed almost 40 years back. After
investigation, it was decided to abandon it and dismantle up to certain height for its
safety and stability. In the second case, it is the Ammonium Sulphate Plant (ASP)
building of Coke Oven and by-product plant of NINL which was constructed only
10 years back but having signs of distress such as spalling, disintegration and dete-
rioration of concrete, exposure of corroded rebar, spillage of chemicals, dampness
in RC members and in-filled walls, etc., because of sulphate and ammonia attack.
After investigation, the affected members were identified and restoration measures
were undertaken for structural deficient members. After restoration, the tests were
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re-conducted to check the improvement in the strength of members. This paper will
be helpful to all the owner/occupier and engineers looking after the old and dilapi-
dated buildings and industrial buildings having exposure to corrosive environment
like steel, power and chemical plants, and housing societies requiring structural audit
as per various regulatory and legal provisions of safety and stability.

Keywords Old and dilapidated buildings · Corroded structures · Structural
evaluation and rehabilitation

1 Introduction

Abuilding or structure during its service lifewhenquestionable of its remaining life to
meet its functional requirement and structural stability need to undergo its condition
assessment for suitable repair and upgrading work. The option of demolishing an
existing structure and rebuilding is a lengthy process and is often not practicable
because of space vis-à-vis huge cost involvement, whereas the time and cost of
refurbishing the existing one is too less in general in comparison to a new structure.
Also when a building or structure is required to be upgraded to withstand the level
of increasing the loading criteria, strengthening of its elements is necessarily carried
out based on the report of condition assessment. Condition assessment is also a
prerequisite for the suitable insurance coverage for remaining service life of the
building. Figure 1 shows indicative deterioration of the structure with reference to
its designed performance.

First building was an old building of M/s J K Paper Mills, Rayagada, Odisha,
constructed in the year 1962. After serving a life of more than 50 years, the building
was abandoned for use. The building is an RCC portal-framed structure of 21-M
height where various processing equipments were installed. Condition monitoring
was carried out and found that few of the structures are unsafe; accordingly the
building was dismantled from 21 to 12 M to decrease its load on distressed members
for its stability and safety.

Fig. 1 Indicative
performance over time
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The second building which is explained herein is the ‘Ammonium Sulphate Plant’
building located in the premises of CokeOven and by-product plant ofM/s Neelachal
Ispat NigamLimited (NINL)whichwas reported to be distressed and its stability is in
doubtful. Various distress features such as severe spalling, disintegration and deteri-
oration of concrete, exposure of corroded reinforcement steel, spillage of chemicals,
dampness in RC members and in-filled walls, etc., were observed in the building,
therefore called for a detail investigation for overall condition survey of the building
and diagnosis of the causes of distress and suggest appropriate remedial measures to
increase its life on long-run sustainable basis. The building was constructed in the
year 2005–06, an RCC-framed structure with in filled walls and since then in ser-
vice. The building consists of ammonium sulphatemanufacturing unit and a godown.
The manufacturing unit comprises of G + 3 upper floors with light weight roofing,
whereas godown consists of structural steel roofing trusses supported onRCcolumns.

2 Methodology

Condition assessment and evaluation is generally carried out in two levels, i.e., pre-
liminary and detailed. Adequate first-hand information is obtained to assess the phys-
ical condition of the building at the preliminary investigation level. This includes a
walkover survey and collection of basic and design engineering details, construction
and maintenance data. Based on the observation made during preliminary survey,
detailed investigation is carried out by selecting suitable non-destructive and semi-
destructive tests. Figures 2 and 3 innumerate the distressed sample components of
the building at various locations and its various tests conducted for diagnosis.

2.1 Physical Inspection

Detail observations made consequence to the field inspection of the building at
different levels are mentioned below:

Ground Floor (Ceiling at 4.32-m level)—Severe spalling and deterioration of con-
crete, snapping of re-bars and exposure of corroded re-bars in RC columns, beams,
ceiling slabs and staircase at various locations. Corrosion in structural steel members
supporting equipment.

First floor (Ceiling at 8.21-m level)—Severe deterioration of cover concrete, snap-
ping of re-bars and exposure of corroded re-bars in RC columns, beams and ceiling
slabs at various locations. Separation cracks betweenRCmembers and in-filledwalls.
Corrosion of structural steel members supporting pipes, hand rails and cable tray at
most locations.

Second floor (Ceiling at 14.65-m level)—Same as above with cracks and exposure
of corroded re-bars in RC columns, beams and ceiling slabs at a few locations.
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Dampness and damp patches in in-filled 
walls 

Deterioration of concrete and exposure of 
corroded re-bars in RCC column 

Ammonium Sulphate Plant at NINL Separation cracks between RC members and 
in-filled wall(Typical views) 

Ultrasonic Pulse Velocity test on RCC 
members 

Rebound Hammer test on RCC slab  

Cover meter studies on RC column Carbonation test  

Fig. 2 Overview NINL ammonium sulphate plant dilapidated building, structures and testing
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Fig. 3 Layout of ASP building

Dampness and damp patches in in-filled walls at a few locations. Separation cracks
between RC members and in-filled walls. Erosion/deterioration of bricks at bottom
regions of in-filled walls at a few locations. Corrosion of structural steel members
supporting pipes, equipments, staircase and handrails at most locations.

Third floor (Ceiling at 16.90-m level): Same as above.

Godown—Cracks, deterioration of concrete and corrosion of re-bars in RC columns
at a few locations. Corrosion stains and peeling of paint in roof trusses, wind bracings
and purlins at most of the locations. Erosion/deterioration of bricks at bottom regions
of in-filled walls, debonding of plaster in in-filled walls. Deterioration of flagging
concrete/foundation protection around the building.

3 Evaluation Tests and Analysis

Considering the observations made as mentioned above, following in situ and labo-
ratory tests are considered to be necessary and carried out for satisfying the overall
objective:

Dimensional measurements of structural members—The physical dimension
measurement were taken at site, in order to measure and record the observations
made as mentioned the same for the various members.

Tests on soil to verify the characteristics and chemical concentra-
tion/absorption—Disturbed soil samples were collected for laboratory test selected
at random. From the results, it is inferred that the sulphate and pH value of soil within
the permissible limits at unaffected regions. However, at affected region the sulphate
and pH values are not within the permissible limits. Refer Table 1.
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Semi-destructive test to estimate strength of existing RC members—In order to
accomplish this core test was conducted. The core samples were taken from the RC
columns and slabs selected at random for laboratory experiment. The representative
cores were tested for its compressive strength as per procedure of IS 516-1959 (latest
2013).

The outcome of the tests in Table 2 indicates that the actual strength of in situ con-
crete in tested cores is 11.7 N/sq.mm to 36.8 N/sq.mm as against required designed
strength of 20 N/sq.mm.

Following are the test results:

RC Columns—Compressive strength 12.1–26.1 N/sq.mm
RC Slabs—Compressive strength 11.7–36.8 N/sq.mm

From above test results, it is evident that the in situ compressive strength of
concrete in the tested cores extracted from RCC columns and slabs are varying with
respect to designed grade of concrete M20.

Non-destructive tests to determine the quality of in situ concrete in RCC
members:

a. Ultrasonic Pulse Velocity (UPV) Test—UPV measurement has done on RCC
members at random at all approachable regions of the plant building. The test was
conducted using ‘PUNDITLAB’ (Portable Ultrasonic Non-destructive Digital
Indicating Tester) equipment fromM/s. Proceq, Switzerland, as per the procedure
of IS:13311-(Part-I)-1992-(Reaff 2013). The UPV test results in Table 3 implies
the strength of concrete in the tested RCC members in unaffected regions falls
under the category of ‘Medium to Good Concrete’ according to given Table 2
of respective std 13311 (Part-I)-1992 (Reaff 2013). However, low-pulse velocity
readings were also obtained at a few locations indicating the presence of cracks
in interior concrete or debonding of concrete.

b. ReboundHammerTest on slabs—The examination was performed on the RCC
slabs at arbitrarily to assess the surface hardness/quality and strength of in situ
concrete. The test was conducted using Schmidt Rebound Hammer from M/s.
Proceq, Switzerland, as per the guidelines in Indian Standards IS: 13311-(Part-
II)-1992-(Reaffirmed in 2013).

The results given in Table 4 indicate that the strength of in situ concrete in
tested region falls in the range of 20–24 N/sq.mm at unaffected regions, whereas
at affected regions it is less than 15 N/sq.mm.

Cover Meter Studies—It was performed on various RCC members to find out
the thickness of cover concrete, disposition and probable diameter of peripheral
embedded re-bars. It is performed by Profometer-5 from M/s. Proceq, Switzer-
land, as per the guidelines furnished by the manufacturer’s manual. The results
of the test given in Table 5, revealed cover concrete provided to the re-bars is
adequate in most of the tested RC members.

Half-Cell Potential Difference Measurement test (HCPDMT)—This was car-
ried out on various RC members using Copper–Copper Sulphate Half-Cell to
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Table 3 Results of ultrasonic pulse velocity test

Sl . Identification Grid location Avg pulse
velocity(Km/sec)

Comments

1 2 3 4 5

0-m lvl–4.32-m lvl

1 RC columns A-4 3.4 Quality grading of
in situ
Concrete. Below 3:
Doubtful, 3.1–3.5:
Medium,
3.6– 4.5:Good,
Above4.5: Excellent
as per IS: 13311
(P-1) 1992 Table 2.

2 A-7 3.6

3 C-10 3.4

4 D-01 3.7

5 D-3 3.6

6 D-4 3.6

7 D-6 3.8

8 D-8 3.5

0-m lvl–4.32-m lvl

9 RC columns E-6 4.3

10 E-7 3.9

11 RC beams D01-E01 3.9

12 D5-D6 3.8

13 E6-E7 4.2

14 B/wD6-D7E6-E7 3.5

4.32-m lvl–8.21-m
lvl

15 RC columns D-4 4.0

16 D-7 3.4

17 E-4 3.5

18 E-6 3.5

19 RC beams B/w
D3–D4
E3–E4

4.0

20 D6–E6 3.9

21 B/w
D6–D7
E6–E7

3.7

22 E4–E5 3.4

8.21-m lvl–14.65-m
lvl

23 RC columns D-4 3.3

24 D-6 3.2

25 D-7 3.2

26 RC beams D4–E4 3.5

27 D5–E5 3.4
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Table 4 Rebound hammer test reports

Srl. No. Identification Test location Average rebound
number

Comp strength range
(N/sq.mm)

1 2 3 4 5

At 4.32-m lvl

1 D1–D2
E1–E2

Location – 1 36 22–26

2 Location – 2 34 18–22

3 Location – 3 34 18–22

4 D6–D7
E6–E7

Location – 1 30 14–18

5 Location – 2 32 18–22

6 Location – 3 36 22–26

At 8.21mt lvl

7 D3–D4
E3–E4

Location – 1 36 22–26

8 Location – 2 32 18–22

9 Location – 3 32 18–22

10 D4–D5
E4–E5

Location – 1 34 18–22

11 Location – 2 34 18–22

12 Location – 3 36 22–26

At 8.21mt lvl

13 D5–D6
E5–D6

Location – 1 32 18–22

14 Location – 2 34 18–22

15 Location – 3 36 22–26

At 14.65mt lvl

16 D4–D5
E4–E5

Location – 1 32 18–22

17 Location – 2 32 18–22

18 Location – 3 34 18–22

19 D5–D6
E5–E6

Location – 1 36 22–26

20 Location – 2 32 18–22

21 Location – 3 34 18–22

find out the proneness of corrosion in reinforcement steel. The test was conducted
usingCANINequipment fromM/s. Proceq, Switzerland as per the standard proce-
dure. The results are tabulated in Table 6. Repercussion indicate the reinforcement
steel in the tested RCC members are in ‘Uncertainty to High probability of corro-
sion’. (Moderate to advanced stage of corrosion-as ASTM C876-91, reaff 1999))
resulting in depletion of diameter of embedded re-bars.
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Table 5 Results of cover meter studies

Sl. No. Member Location Grid marked Range of concrete cover (mm)

1 2 3 4

0-m lvl–4.32-m lvl

1 RC columns A-3 45–50

2 A-8 50–60

3 D-3 50–55

4 D-6 45–55

5 E-5 40–50

6 E-7 45–50

7 RC beams D5–D6 40–45

8 D7–D8 40–50

9 RC slabs D1–D2
E1–E2

15–25

10 D6–D7
E6–E7

20–30

4.32-m lvl–8.21-m lvl

11 RC columns E-4 45–55

12 E-6 45–50

13 D3 40–45

14 D6 45–50

15 RC beams B/w
D5–D6
E5–E6

30–40

16 D5–E5 35–40

17 E4–E5 30–45

18 RC slabs D3–D4
E3–E4

20–25

19 D4–D5
E4–E5

25–30

20 RC columns E-3 45–50

21 E-5 50–55

22 D-4 45–50

23 D-6 40–45

24 RC beams D4–E4 30–35

25 B/w
D3–D4
E3–E4

35–40

26 RC slabs D4–D5
E4–E5

20–25

27 D5–D6
E5–E6

20–30
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Table 6 Readings of HCPDMT

Sl. no. Floor/member
identification

Grid identification Half-cell
measurements

Probability of
corrosion

0-m lvl–4.32-m lvl

1 RC columns D6 −365 to −390 High

2 D4 −385 to −410

3 RC beams D3–D4 −390 to −415

4 D5–E5 −410 to −430

5 RC slab D5–D6
E5–E6

−400 to −410

4.32 m lvl–8.21-m lvl

6 RC column E4 −380 to −395 High

7 RC beam D4–E4 −370 to −390

8 RC slab D4–D5
E4–E5

−390 to −410

8.21- tlvl–14.65-m lvl

9 RC column E4 −250 to −350 Uncertainty of
corrosion10 RC beam D5–E5 −320 to −370

11 RC slab D4–D5
E4–E5

−310 to −360

Test for determination of Carbonation content of RC members—The test
undertaken on RCC members using phenolphthalein indicator in dilute methyl
alcohol to evaluate the extent of carbonation content in existing concrete. The
results of the test are tabulated in Table 7. Outcome of analysis reveals that the
cover concrete in most of the tested RC members has carbonated up to reinforce-
ment steel and the cover concrete is failing to protect the reinforcement steel from
corrosion.

Chemical composition on concrete samples was carried out for determination
of chloride content, sulphate and pH. Representative specimen from the RCC
members was taken to laboratory for analysis:

a. Chloride: Experiment performed on concrete to determine the chloride con-
tent in the concrete. The presence of chloride beyond its permissible limit in
the concrete around the embedded reinforcement will result in corrosion. The
quantity of chlorides in concrete is determined by chemical analysis and is
expressed in terms of chlorides by weight of concrete. The results of the test
are tabulated in Table 8. The content of chloride in RC members is falling in
the extent of 0.07–1.34 kg/Cu.m as against the permissible limit of 0.6 kg/m
cube as per standards.

b. Determination of Sulphate content on concrete samples: The presence of
sulphates in concrete beyond its permissible limit will result the reaction of
calcium present in cement with sulphates, which causes deterioration. The
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Table 7 Contents of carbonation

S/No. Location Identification mark Extent of carbonation
(mm)

Stipulation

0-m lvl–4.32-m lvl Carbonation should
not reach up to the
reinforcement steel
during its life time

1 RC columns D6 Cover carbonated

2 D4 Cover carbonated

3 RC beams D3–D4 Cover carbonated

4 D5–E5 Cover carbonated

5 RC slab D5–D6
E5–E6

Cover carbonated

4.32-m lvl–8.21-m lvl

6 RC column E4 Cover carbonated

7 RC beam D4–E4 Cover carbonated

8 RC slab D4–D5
E4–E5

Cover carbonated

8.21-m lvl–14.65-m lvl

9 RC column E4 Cover carbonated

10 RC beam D5–E5 Cover carbonated

11 RC slab D4–D5
E4–E5

Cover carbonated

procedure for evaluating concentration of sulphates in concrete is generally
done by chemical analysis. It is expressed as percentage of sulphates byweight
of cement content in concrete. The values are tabulated in Table 8 appended.
The sulphate content (SO3) on RC member, indicate that it is in the cover
region of RCC and found to be in the range 15.82%–44.25% as against the
permissible limit of 4% as per standards.

c. Evaluation of pH in concrete: The pH value in fresh concrete is generally
in the range of 12–14. But due to carbonation, the pH value will be reduced
significantly. Besides, when the pH value falls below about 10, the alkalinity
of the concrete will be inadequate for protection of re-bars against corrosion.
The findings are appended in Table 8.
The pH of concrete in the tested RCmembers is in the range of 6.4–8.26which
is lower than the acceptable safe pH value.

Test on water samples—The water samples (washed water stagnated on floor)
were collected and tested for chlorides, sulphate and pHvalue as per the guidelines
in IS: 456-2000 (Reaff in 2005) and IS: 3025-1983 (part-24 and 32). The test
results are appended in Table 9.
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Table 8 Chemical analysis report on hardened concrete

Sl. no. Sample
identification

Chloride
content
(Kg/Cum)

Sulphate
content SO3
per cent by
mass of
cement in
concrete mix

pH value Requirements

1 2 3 4 5 6

1 Beam-D3–D4
(4.32-m Lvl)

0.14 43.81 7.30 IS:456-2000 Cl:
8.2.5.2, mentions
limits of
acid-soluble
chloride content in
RC containing
embedded metal
should not exceed
0.6 kg/Cu.m and
the Clause: 8.2.5.3
mentions the total
water-soluble
sulphate content of
the concrete mix
expressed as SO3
should not exceed
4% by mass of the
cement in the mix
pH value
preferable <10 as
per studies

2 Col-E6
(0mt–4.32-m
Lvl)

0.12 43.15 6.40

3 Col-E1
(0mt–4.32-m
Lvl)

1.34 15.82 8.26

4 Beam-B/w
D–E/3-4
(8.21-m Lvl)

0.19 42.71 7.62

5 Col-E1
(4.32mt–8.21-m
Lvl)

1.09 41.22 7.74

6 Mortars
Sample-D6–E6
(0mt–4.32-m
Lvl)

0.07 43.22 6.97

7 Mortars
Sample-D9–D10
(0mt–4.32-m
Lvl)

0.34 44.25 7.65

8 Mortars
Sample-D6–E6
(0mt–4.32-m
Lvl)

0.31 42.37 7.10

Table 9 Results of water sample

Sl. no. Particulars Results Stipulation of IS 456-2000

1 Chlorides as Cl 70.91 mg/l 500 mg/l max. for RCC

2 Sulphate as SO3 1630.90 mg/l 400 mg/l max.

3 pH value 3.23 Shall not be less than 6



Remaining Life Assessment (RLA) Study … 391

3.1 Theoretical Analysis and Design Verification

In addition to the above investigative tests, a detailed theoretical structural analysis
was carried out for the existing structure. The building was analysed using STAAD
PRO V8i software. The structure was modelled for ground, three upper floors and
lightweight roofing. The building was analysed as per the existing structural systems
and data collected at site. Based on the physical observation, non-destructive test
results, the grade of steel and concrete considered are as follows:

Grade of concrete—RC Columns-M15, RC Beams-M20, RC Slabs-M20
Grade of steel—Fe-415
Loadings—Following are the loadings considered in the structural analysis.

Dead load as per IS: 875 (Part I)-1987.

(i) Self-weight of slab(150-mm thick)—3.75 kN/m22
(ii) Loading due to Floor Finishes(Other Area)—3.0 kN/m2

(iii) Loading due to Floor Finishes(Machinery Area)—1.50 kN/m2

(iv) Loading due to Roof Finishes—2.00 kN/m2

(v) Machinery Load (Assumed medium duty)—7.00 kN/m2

(vi) Truss load—1.5 kN/m2

(vii) Wall loads

(a) 0.4 × (4.32 − 0.6) × 20 − 29.76 KN/m
(b) 0.23 × (4.32 − 0.6) × 20 − 17.11 KN/m
(c) 0.4 × (3.9 − 0.6) × 20 − 26.4 KN/m
(d) 0.23 × (3.9 − 0.6) × 20 − 15.18 KN/m
(e) 0.4 × (6.4 − 0.6) × 20 − 46.4 KN/m
(f) 0.23 × (6.4 − 0.6) × 20 − 26.68 KN/m

Live load as per IS: 875 (Part-II)-1987

(i) Live load aroundmachinery area—2.0 kN/m2i); Live load on floors—5.0 kN/m2

ii) Live load on roof (accessible)—1.5 KN/m2

iii) Live load on roof (inaccessible)—0.75 KN/m2

Earthquake Load: (Ref: IS 1893:2002)

Zone factor 0.16 (Zone III) Importance factor 1.75
Response reduction factor 3 Damping ratio ‘DM’ 5%

Wind Load: (Ref: IS: 875 (Part 1)-1987) (Reaff 1997)

Basic wind speed 50 m/sec, K1 factor 1.0 K2 factor 1.09 K3 factor 1.0
Design wind speed (Vz) = 54.65 m/sec
Wind pressure = 0.6* Vz2 = 0.6 *472
Wind pressure = 1.792 kN/sq.m
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Load cases considered are:
1: Earthquake Load (EQX) 2: Earthquake Load (EQZ)
3: Dead Load (DL) 4: Live Load (LL)

Load combinations:

5: 1.5 (DL + LL) 18: 1.2 (DL + LL +WX)

6: 1.2 (DL + LL + EQX) 19: 1.2 (DL + LL +WZ)

7: 1.2 (DL + LL + EQZ) 20: 1.2 (DL + LL −WX)

8: 1.2 (DL + LL − EQX) 21: 1.2 (DL + LL W)

9: 1.2 (DL + LL − EQZ) 22: 1.5 (DL + WX)

10: 1.5 (DL + EQX) 23: 1.5 (DL + WZ)

11. 1.5 (DL + EQZ) 24: 1.5 (DL − WX)

12: 1.5 (DL − EQX) 25: 1.5 (DL -WZ)

13: 1.5 (DL − EQZ) 26: (0.9 DL + 1.5 WX)

14: (0.9 DL + 1.5 EQX) 27: (0.9 DL + 1.5 WZ)

15: (0.9 DL + 1.5 EQZ) 28: (0.9 DL − 1.5 WX)

16: (0.9 DL − 1.5 EQX) 29: (0.9 DL − 1.5 WZ)

17: (0.9 DL − 1.5 EQZ)

The intensities from the critical combination of load case are appraised for the
design check as per the guidelines in IS: 456-2000 IS: 875 (Parts I and II)-1987.

4 Isometric View and Discussions

Discussions on Structural Analysis andDesign Check for Columns, Beams and Slabs
were performed based on the critical forces. The outcome of proof check indicates
the existing sections of columns, beams and slabs and area of steel is adequate for
the present level of loading. However considering the reduction in diameter of re-
bars due to corrosion the sectional dimension of RCC columns, beams and slabs are
inadequate, hence calls for restoration (Fig. 4).

5 Inferences

1. The results of soil test infer that the sulphate and pH value of soils within
the permissible limits at unaffected regions. However, at affected region the
sulphate and pHvalues are notwithin the permissible limits, resulting aggressive
environment.
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Fig. 4 Isometric view of the building

2. It is evident from semi-destructive tests, the in situ compressive strength of
concrete in the tested cores extracted from RCC columns and slabs are varying
with respect to designed grade of concrete indicating deterioration of concrete
on account of chemical environment.

3. The non-destructive test implies the quality and hardiness of concrete in the
tested members are found to be satisfactory at unaffected regions. However, at
affected region, the quality of concrete is deteriorated and not satisfactory.

4. The half-cell potential measurement test indicates the reinforcement in most
of the tested members are in the range of ‘Uncertainty to High probability of
corrosion’ (moderate to advanced stage of corrosion) resulting in depletion of
diameter of re-bars.

5. The cover of RCC members has been fully carbonated up to the reinforcement,
so concrete has failed to protect the reinforcement steel from corrosion.

6. Findings of chemical analysis on concrete samples states that: (i) chloride con-
tent of concrete is more than the permissible limit, (ii) value of pH of concrete
is lower than the acceptable pH value, (iii) sulphate content in cover concrete
region is more than the permissible limit.

7. The observed distress in RCCmembers is mainly due to corrosion of reinforce-
ment. Corrosion of rebar is due to carbonation of cover, continuous exposure
to the harmful chemical environment and spillage of chemicals over the RC
members and improper maintenance over a period of time.

8. Erosion, dampness and deterioration of plaster in infilled walls are due to con-
tinuous leakage of chemicals/water on the walls and inadequate maintenance
over a period of time.

9. Water stagnation observed over the floor slab and roof slab is mainly due to
inadequate slope provided over slab and improper drainage system provided in
the building.

10. Separations cracks are essentially due to differential thermal movement of two
different materials. (i.e. b/w columns/beams and masonry walls).
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11. Examining and verification of the design analysis, it is found that original sec-
tions and reinforcement provided in the RC members are adequate to resist
the present level of loadings. However, considering chemical analysis results,
deterioration in concrete corrosion in reinforcement and extent of distress,
strengthening measures are recommended for distressed RC members.

6 Conclusion

The observed distress/deterioration in RC members of ‘ammonium sulphate manu-
facturing unit’ is extensive and severe in nature. Further, these distresses (i.e. b/w grid
D-E/2-7) in the building calls for immediate restoration measures to ensure safety
of the building temporarily for few years. However, considering the present level
of distress in RC Beams and ceiling slabs(i.e. b/w grid D-E/2-7), it is advisable to
remove and recast distress RC beams and ceiling slabs with all necessary protective
measures to ensure a durable structure, otherwise go for some advanced method of
repair of concrete.

7 Future Work

Restoration methodology to be used for old, distressed and dilapidated buildings.
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History of Finite Element Method: A
Review

Lovely Sabat and Chinmay Kumar Kundu

Abstract Finite element method (FEM) is a numerical technique to obtain an
approximate solution for problems involving elliptical partial differential equation
by dividing the domain into n no of parts of smaller size and applying the boundary
conditions to them. In more advance way, it is the analysis of any structure by divid-
ing the whole body into number of small elements and applying the constraints and
loads on them and finding the unknowns as per our analysis and the whole analy-
sis are done by the software itself. Initially, the FEM concept was used for solving
mathematical formulations in easier way but the development of the FEM concepts
and various FEM software, like NASTRAN, ANSYS, etc., made its applications to
reach into fields of statistical analysis of structures, linear and non-linear analysis,
heat transfer problems and also in bio engineering, nuclear engineering, metallur-
gical and much more, and this is possible due to the advance types of element in
the FEM software. So in the research, the origin and the history of FEM is been
studied and the contribution of various researchers has been shown which gives a
very clear development idea of FEM and applications of FEM in daily engineering
applications from past date till today. The idea of discretization is very old, the math-
ematical papers on FEA by Schelbach and Courant show the same approach. Earlier,
before 1922, also Courant used the finite element ideas in Dirchlet’s principle. The
FEM we use today involves the contribution of many researchers, namely Turner,
Clough, Martin and Topp, Argyris, Bubuska, Aziz, Irons, Melosh and many more,
like M. J. Turner at being perfected the direct stiffness method, clough coined the
term ‘Finite Elements’, contribution of B. M. Irons towards FEA was the introduc-
tion of shape functions, patch test, text books by Huges and Bathe, Zienkiewicz laid
the foundation for further advancement of FEM, and thus the period of 1962–1972
is known as the golden age of FEM and so on.
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1 Introduction

Finite element method (FEM) is a numerical technique used to obtain an approxi-
mate solution for the problems involving elliptical partial differential equation with
boundary conditions by dividing the whole domain into number of finite elements as
per the problem. FEM is used to simulate a given problem by adopting the technique
of numerical analysis. For computers to solve these PDEs, which can be considered
as one of the mostly used numerical technique has been developed known as finite
element analysis uses various types of elements like beam element, plate and shell
element, solid element, etc. Mathematics is the necessary technique to understand
any problem comprehensively and quantify stresses, strains, displacements of any
physical phenomena of a structure and these are described by using partial differ-
ential equations. With various softwares of FEM like NASTRAN, ANSYS, FEAST
which can be written in any computer language like C, C++, the analysis of any type
of engineering problem are possible easily in less time. This technique is adopted
by engineers to decrease the number of physical examples, experiments and modify
the components in the design procedure for better products in a quicker way.

2 Origin of Finite Element Method

The concept of geometrical division can be seen from the Archimedes time, who for
computing the area of a unusual shape, divided the whole shape into equal triangles
and quadrilaterals whose areas can be easily worked out and the addition of all areas
is the total area of the unusual shape. The whole generalized idea was formulated
after much research and it is the result of contribution of many researchers [1, 2].
From the studies, it can be said the name of finite element was coined before few
years, but this concept is been adopted from a long time back like to find the cir-
cumference of a circle the mathematicians approximated the perimeter of a polygon
and calculated the circumference. The FEM technique can be used to analyse three
major boundary value problems, namely equilibriumproblems, eigen value problems
and transient problems. The applications of FEM is not only limited to the aircraft
structures analysis, civil engineering structures and mechanical designs but its appli-
cations has into the field of heat conduction, geo-mechanics, nuclear engineering,
biomedical engineering, electrical machines and electromagnetic, hydrodynamics
and water resource engineering and much more [3, 4].

3 History of Finite Element Method

Mathematically, most of the field problems are represented by using differential
equations or by an integral expression and such representation may be utilized to



History of Finite Element Method: A Review 397

formulate the finite element formulations [5, 6]. These formulations are like ready-
to-use formulas and are contained in the general FEA programs.

In 1851, Schellbach also implemented the concepts of FEA for deriving the dif-
ferential equation of the surface of an area enclosed by a closed curve in space. He
divided the whole surface into right-angled triangles and, after discretizing the area,
he wrote a finite difference expression for the whole area. Figure 1 represents the
discretization of a whole body into finite elements.

At this time, Schellbach did not propose any other application or generalization of
this idea. But nowfinite element analysis is regarded as themost adoptedway to avoid
calculations involving differential equations as in FEA the differential equations are
substituted by a set of approximate polynomial equations.

In 1906, researchers noted that the framework having number of bars in a regular
pattern which acts as an isotropic elastic body where the concepts of finite element
analysis can be applied to solve such type of problems, so this framework method
can be treated as the precursor to FEA approach [7].

In 1941, the application of FEA to the problems of plane elasticity and plate
bending was seen and reported. The FEM we use today for analysis is likely to have
an origin from a German-American mathematician Richard Courant’s work publish
in his 1943 paper, in which he analysed the torsional capacity of a hollow shaft by
discretizing the whole cross section into equal triangles and after discretization, a
suitable stress function ‘F’ is chosen and from the nodal values these stress function
is linearly interpolated over each triangle. Some of the researchers consider this work
of Courant’s to be the source of the present FEM technique.

But the practical application of FEA method bloomed up when the aeronautical
engineers further developed the method, apparently without knowing the Courant’s
work on variational and minimization techniques and the statements for the solu-
tion of physical problems. Engineers working in the boeing and aeronautical indus-
try applied the FEM technique for the modelling of the wing skin and swept-back
wing [8, 9]. These works and implementations of FEA made a remarkable progress
in FEM during the mid-1950s but not many papers were published due to company
policies and, during this time, the conventional analysis methods, which were solved
on small computers, were replaced by the FEMs.

Fig. 1 Triangular elements
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During the mid-1950s, engineers were working on processing approximate meth-
ods for calculation of stresses induced in aircraft wings. During the period of 1950–
1962, all the aerospace companies were working with the usual force method, while
M. J. Turner generalized and perfected the direct stiffness method [10]. The direct
stiffnessmethod fit for the automatic computer analysis of unusual structures and also
for statically indeterminate structures. The forces, stiffness and the displacements are
related in form of equation. The member stiffness relation can be represented in the
general form,

Qm = Kmqm + Qom (1)

where m = Number of members.

Qm = Vector of members characteristic forces.
qm = Vector of members characteristic displacements.
Km = member stiffness matrix.
Qom = Vector of members characteristic forces when qm = 0.

Like in case of a simple bar element, each node has 1 degree of freedom, so the
equation seem like

{
Fx1
Fx2

}
=

[
K11 K12
K21 K22

]
×

{
u1
u2

}
. (2)

where Fx1 and Fx2 are the forces.
K11 is the stiffness coefficient.
u1 and u2 are the unknown displacements.
During 1952–1953, Turner developed the first continuum based on finite element.

Four academicians who were largely responsible for the development of the technol-
ogy and its applications beyond aerospace industry to various engineering problems
during 1950s and 1960s were J. H. Argyris, R. W. Clough, H. C. Martin and O. C.
Zienkiewicz.

In 1956, the major names were Turner, Clough, Martin and Topp in the USA
who devised a three-noded triangular element to model the wing skin, similar type
of work was carried out by Taig in England and by Argyris and Kelsey in Germany
and presented several papers of matrix procedure that contained the finite element
ideas which can be adopted for solving structural analysis problems [11]. The work
by Clough and Wilson introduced the analysis of linear and non-linear portion of
a structure at the same time by forming matrix of stiffness coefficients and then
merging it with non-linear elements and solving it by stepwise method, so there will
be no need to modify all the properties which results in easier analysis. From the
papers of Argyris, it shows that his work contributed towars the analysis of thick
and thin anisotropic plate and complex shell structures by adopting natural mode
FEM. The combined work of Argyris and Kacianauskas shows their contribution
to the development of semi-analytical finite element which makes approximation of
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3-D fields of stresses developed and displacements occurred in a problem and also
showed its applications in analysing the thin-walled beam sections and also showed
the use of isoparametric, sub-parametric or super parametric elements [12].

Argyris alone with Tenek contributed towards the FEM development by working
on problems of non-linear steady-state heat transfer and also thermoelastic problems
with non-linear geometry [13, 14].

Argyris, Clough andMartin learnedFEMfromTurner.Argyriswas a forcemethod
expert andwas a consultant to boeing in 1950s.He used the conclusions fromTurner’s
group and used the material into his influential 1954 work. Argyris takes the credit of
being the first in constructing a displacement assumed continuum element. Clough
andmartin joined the Turner’s group in 1952 and 1953. Clough further developed the
method in 1960 andworked to propel this concept into civil engineering applications.
Working with Argyris, they named the first generation which extends from 1950 to
1962 [15].

In 1960s, papers by Argyris and Turner show that the FEMwas transformed from
a physically based procedure with limited mathematical foundation into its present
day method utilizing the variational principles and its applications in the aeroelastic
problems and even beyond that [16]. Using the variational principle, the stiffness
matrix of a structural element can be obtained,

So, strain energy equation is given by

U = 1

2
×

Ω̊

Ω

[[[B]{d}]T [D]]{B}{d}dΩ (3)

Then applying the variational principle force can be stated as,

{F} = ∂U

∂{d} =
˚

[B]T [D][B]dΩ{d}. (4)

Now, the strain and the displacement displacement can be related as,

{ε} = [B] × {d} (5)

The constituent relationship matrix can be stated as,

{σ } = [D] × {ε} (6)

where [D] = Constituent relationship matrix
[B] = Strain displacement matrix
{d} = displacement vector
So, from the relation {F} = [K] × {d}, the elemental stiffness matrix will be,

[K ] =
˚

[B]T [D][B]dΩ (7)
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Clough coined the name ‘Finite Element’ in 1960 and thereafter many elements
were developed for stress analysis. In 1963, FEA method was widely accepted and
used in academia, especiallywhen it was accepted as a formofRayleigh–Ritzmethod
which is a technique of classical approximation and once the mathematical formulas
of the method is constituted, new elements were developed for various problems and
this method gained much popularity and started growing exponentially.

In 1964, Zinkiewicz and expert in FDMs worked with Clough to develop FEM
further and he wrote the first text book on the subject. The period of 1962–1972 is
knownas the golden age of FEM.The applications of FEMtonon-structural problems
had started in 1965 and the first book devoted to FEM appears in 1967. In 1965,
Courant has applied finite element analysis concepts to solve the axis-symmetric
solids for the heat conduction and transfer analysis and radial and axial displacements
for stress analysis [16]. It was founded that the finite element formulation of axis-
symmetric problem can be written as,

n

u (r, z) =
∑

i=1

Ni (r, z)u. (8)

n

w (r, z) =
∑

i=1

Ni (r, z)w. (9)

where ui and wi are the radial and axial displacements, respectively, at the nodes.
Ni is the interpolation function.
Later the finite element concepts were applied to induction motor problems for

magnetostatic analysis for finding the nodal unknowns as magnetic potential and
also in the field related to seepage flow. But Courant did not mention Schellbach’s
work in his paper but he suggested a wide generalization which can be applicable
to many fields. Zienkiewicz and Cheung presented a broader interpretation of FEM
and its applications to general problems and the book by Przemieniecki presented
the FEM applied to the problems of stress analysis [17].

During this period, many developments were invented:

1. Melosh worked on conforming elements with Rayleigh–Ritz method based on
minimum potential energy principle.

2. Turner worked on ideas of inter-element compatibility for error bounding and
convergence.

3. Papers about heat conduction and seepage flow using FEA appeared in 1970s.
4. Computer programs of FEA emerged in late 1960s and early 1970s.
5. During this period, the element approximate continuummodels were developed.
6. The displacement formulations dominated the method of analysis, invention

of isoparametric formulations, numerical integration, fitted natural coordinates,
shape functions, patch test concepts were developed by Irons and co-workers.
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Table 1 Development of various softwares

Sl no. Year Developments

1 1959 “DAC-1” was developed by General motors and IBM to assist the car designing

2 1960 William Fetter coined the term “Computer Graphic” for his human factors
cockpit drawings

3 1965 NASA developed “NASTRAN” as a structural analysis solver tool

4 1970 John Swanson developed ANSYS

4 1977 The first professional FEM P-version code “FIESTA” was initiated by Alberto
Peano from ISME

5 1982 The first industrial implementation of FEA “PROBE” was developed by Barna
Szabo and Kent Myers for research and aerospace applications

6 1987 RASNA Corp. Developed “MECHANICA”

7 2001 A. Duster proved that the P-version of FEM is the most efficient for plasticity

8 2006 ASME guide was released for verification and validation in computational
solid mechanics

9 2008 The actual standard for development of models and simulations were released
by NASA

10 2012 “Simulation Governance” a technical requirement in computational solid
mechanics software was introduced by BarnaAzabo and Ricardo Actis

11 2013 ‘SimScale” the 1st cloud-based 3D simulation platform was developed

4 Software Development of Finite Element Method

In late 1960s and early 1970s, the general purpose computer programs for FEA
was developed and also the finite element software was incorporated with computer
graphics which made FEA more attractive to be used for design purpose as in earlier
times, FEAwas mainly used to verify the already made or studied structures that had
failed. Table 1 shows the development of softwares of FEM over the period of time.

5 Basic Procedure and Applications of FEM

The application of FEMhas implemented into static structural problems, steady-state
thermal, hydrodynamic problems, magnetostatic analysis, eigen values problems,
fluid flow problems, etc. In solving of any types of problem, there are few basic steps
that are followed in every analysis of FEM.
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Finite element analysis can use more than one material within a single structure
such as isotropic, orthotropic and anisotropic. The equilibrium equations for various
cases are

1. Linear static:

Ku = F (10)

2. Linear dynamic:

Mu′(t) + Cu′(t) + Ku(t) = F(t) (11)

3. Non-linear static:

Ku + FNL = F (12)

4. Non-linear dynamics:

Mu′(t) + Cu′(t) + Ku(t) + FNL(t) = F(t) (13)

where M = mass of the structure
C = damping of the structure
K = stiffness of the structure
F = force of the structure
U = displacement of the structure.
In general, the FEM we use today for analysis involves steps of:

1. Discretization of thewhole continuum into subdivisions known as finite elements
and these elements are interconnected by the nodes.

2. At first, the element type is chosen like beam element, plate element, shell ele-
ment, solid element and according to it the degree of freedom is considered at
each node.

3. Identifying the variables (displacements, stress, temperature, pressure, etc.) on
the nodal points.

4. As we do not know the variation of the variable field inside the whole body,
it is assumed that this variation is approximated by using a function known as
approximating function (F).

{u} = 1 + x + y + x2 + xy + y2 (14)

A displacement function is chosen that shows the displacement variation
inside the element and then it is approximated in form of a linear function.

u = N1u1 + N2u2 + . . . (15)
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v = N1v1 + N2v2 + . . . (16)

5. Formation of the elemental and global stiffness matrix for the elements by
considering the number and the degree of freedom of the nodal points.

The total number of degrees of freedom = number Of nodes × DOF of one
node

The size of elemental stiffness matrix= total number of DOF, which is always
a square matrix.

Then the global stiffnessmatrix is formedby combining all the small elemental
stiffness matrices.

Ke = te AeB
T DB (17)

6. Formation of the elemental and global loadmatrix for the elements by considering
the problem.

{Fe} =
⎡
⎣ F1
F2
F3

⎤
⎦. (18)

Then the global load matrix is formed by assembling the elemental load
matrices.

7. Then by incorporating the boundary conditions to the problem the stiffnessmatrix
are reduced and by applying the simultaneous equation finally the variables and
stress resultants are calculated.

[K ] = {δ} × {F} (19)

The stress in the member is calculated by,

{σ } = [D] × [B] × [δ] (20)

The reactions at the supports are calculated as,

{R} = [K ] × {δ}−{F} (21)

6 Conclusions

By 1995, Mackerle estimated that about 3800 journal papers about FEA were being
published annually and there are about 380 books, 56,000 papers and 400 conferences
proceedings and 310 general purpose FE computer programs. The FEM is been used
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from more than 50 years in analysis of structures and now it is the basic requirement
for any type of engineering analysis in all industrial sectors. The leading software
CAD and CAE software covers FEM and CFD applications due to which it has
been much easier to analyse composite structures, perform multiphysics modelling,
fractures and cracks and lot more.
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Yield Behaviour of Two-Way Reinforced
Concrete Flyash Brick Slab

Sushree Sangeeta Panda and Bhagabat Jena

Abstract The present exploratory experimental work has been attempted to study
the yield behaviour of two-way square reinforced flyash brick slab (RBC) compared
with that of RCC slab. The RBC slab has been prepared using flyash bricks partially
replacing concrete in RCC slab. The bricks are bonded using concrete of same com-
pressive strength as that of control RCC slab. Reinforcement is provided embedded
within the concrete bond between the brick units. Thus, it reduces the weight of
slab and achieves economy. All the slab specimens with edges discontinuous and
simply supported are tested under concentrated load applied at its centroid. Load-
carrying capacity at onset of crack and till failure, Load–deflection characteristics,
crack pattern, and failure mechanism of the slabs have been studied.

Keywords Yield line · Two-Way slab · Reinforced brick slab · RCC slab

1 Introduction

Concrete has been used as a predominant construction material. Due to environmen-
tal concern, the need of the hour is to reduce consumption of cement. These days,
flyash bricks have almost replaced the conventional bricks for an eco-friendly sus-
tainable construction practices. In a concrete slab, as concrete is structurally meant
for resisting the flexural compressive stress, near and below the neutral axis of slab,
concrete strength is not fully utilized but occupies good amount of volume in the
slab that can be replaced by cheaper construction material like flyash bricks. Thus, it
can reduce the mass and cost of construction. The present work aims at studying the
yield behaviour of two-way square reinforced flyash brick slab under concentrated
loading.
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2 Literature Review

Relevant literature review pertaining to the present work has been appreciated and
briefed below [1] introduced semi-fabricated two-layered slab system connected
by continuous truss-type shear connector. The first layer was a precast ferro-cement
layer consisting of wiremesh and steel reinforcement. It initially acted as a formwork
and resisted the tensile stresses in the slab. The second layer consisted of bricks and
mortar. Continuous shear connectors were provided to connect the two layers and
between the shear connectors, brick units are accommodated. The slab specimens
were tested flexurally under two-line loads simply supported at four corners. They
studied load–deflection, crack pattern, strain distribution and failure loads of their
test slabs. They found that experimental ultimate failure load was comparable to
design load as per BS8110. The cracking load was observed to be about 30% of
ultimate failure load and the crack pattern was found similar to that observed in RCC
one-way slab.

Chahar and Patel [2] experimentally studied reinforced slabs replacing concrete
by normal bricks. They observed the load–deflection behavior of reinforced brick
slab and compared with that of RCC slab under 4-point loading and two sides simply
supported. Large deflection was observed for reinforced brick slabs as compared to
RCC slab with little less failure load found compared to RCC slabs. However, they
found that the cracking strength of reinforced brick slabs was more than that of RCC
slabs with nonlinear load displacement after first crack.

Rabbani [3] studied the performance of masonry slab with no reinforcement, of
various dimensions and thickness comparing with RCC slab. Bricks were laid in
different pattern: simple bond, English garden bond, herring bone bond. The testing
was of 2-point line loading with two sides simply supported. Combined failure both
in joint and brick module was found with Herring bone bond masonry slab capable
of resisting maximum load.

Based on literature, the current exploratory work has been an attempt to revisit
experimentally the behavior of reinforced flyash brick slab under loading. However,
in literature, experimental study of two-way brick slab simply supported on four
sides and subjected to concentrated load has not been done. Similarly, in literature,
flyash brick is not used in making slab for conducting test. At present time, flyash
bricks have almost replaced conventional bricks in construction; the present work
has adopted flyash bricks in making reinforced brick slab and comparing its behavior
with RCC slab. Typically, the load-carrying capacity at onset of crack and till failure,
load–deflection characteristics, crack pattern, and failure mechanism of the slabs
have been studied.
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3 Experimental Investigation

As an exploratory test, three numbers of reinforced flyash brick slabs (RBC) are
prepared of size 1.22 × 1.22 m and of thickness 70 mm. One control RCC slab is
prepared of the same dimension as that of RBC slab. The compressive strength of
concrete, grade of reinforcement, and percentage of reinforcement used for all the
test slabs are kept constant. Figure 1 shows the layout diagram for casting the rein-
forcement brick concrete slabs, made of 8 mm diameter Fe500 grade reinforcement
cage as in Fig. 2 with placement of flyash bricks. Figure 3 shows arrangement of
RBC slab specimen prior to casting and “Fig. 4” shows the RBC slab after casting
in concrete. Finally, top and bottom surfaces of RBC slab are plastered as in Fig. 5
with cement mortar of nominal mix proportion 1:4. The flyash brick size is 25 ×
12 × 7 cm and number of bricks accommodated in RBC square slab are 5 numbers
length wise in a row with 3 numbers of rows as in Fig. 1. All the slab specimens are
subjected to same manner of curing and testing after 28 days of casting. Figure 6 is
the test frame with rollers meant for supporting slab for testing under concentrated
load acting at the centroid of the slab as in Fig. 7 of which corresponding centroidal
deflection is measured as in Fig. 8.

Fig. 1 Layout diagram for casting of RBC slab
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Fig. 2 Reinforcement cage

Fig. 3 Arrangement of RBC
slab prior to casting

4 Result and Discussion

The average compressive strength of concrete used in casting the control RCC slab
and the reinforced brick slab is found at the time of testing to be 38 MPa.

Table 1 shows the test results of the slab specimens. In Table 1, highlighted yellow
and green marks indicate load and deflection of the test slabs corresponding to first
crack and ultimate failure, respectively. The cracking load for the RBC slab is found
to be an average of 29.4 kN, almost half the value of that of RCC slab which is found
to be 57.57 kN. This may be attributed to cracks forming due to gradual bond failure
around the brick units. The ultimate failure load of RBC slabs is observed to be an
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Fig. 4 RBC slab after
casting

Fig. 5 RBC slab after
surface plaster

average of 97.7 kN and that of RCC slab is 138.57 kN which is about 30%more than
that of RBC slab in an average. In case of RBC Slab-1, the bearing plate used is 150
× 150 mm for transferring applied load to the test slab and the failure of the slab has
occurred due to punching Fig. 9a. Hence, the bearing plate size is increased to 300
× 300 mm during testing of rest of the slab specimen. It has resulted into increased
failure loads for the rest of the specimens (Table 1) than that of RBC Slab-1. From
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Fig. 6 Test frame with
rollers surface plaster

Fig. 7 Test setup with slab

Fig. 9, the failure pattern of the test slabs is observed to be a combination of yield
line pattern assumed as per [4] along with bond failure around the brick units.

From Fig. 10, it is observed that except for the RBC Slab-1 which has failed due
to punching, corresponding to load, the centroidal deflection for RBC Slab-2 and
RBC Slab-3 is found to be almost same. Figure 10 also reveals that for a constant
load P0, deflection for RCC slab, δRCC is lesser than that for RBC slab, δRBC. This
indicates that modulus of elasticity for reinforced flyash brick slab is found to be less
than that of normal RCC slab.

For concentrated load, P acting on a simply supported rectangular plate, according
to Navier’s method (Timoshenko and Woinowsky-Krieger), centroidal deflection of
the plate, δ is given as,

δ = αa2P/D (1)
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Fig. 8 Under slab dial gauge

Table 1 Test result of load versus deflection
RBC Slab-1 RBC Slab-2 RBC Slab-3 RCC Slab 

Load Deflection Load Deflection Load Deflection Load Deflection
kN mm kN mm kN mm kN mm 
0 0 0 0 0 0 0 0 

7.42 1.7 8.28 0.63 7.14 0.71 3.705 0.37 
13.14 3.1 14 1.01 14.82 0.93 

18 4.74 18.85 1.46 18.571 1.76 27.93 1.45 
24.57 6.4 24 2.11 25.14 2.58 39.045 2.03 

30 7.55 30 3.21 29.71 3.55 45.88 2.65 
34.57 8.53 40.28 4.65 33.714 4.34 52.155 3.26 
39.42 9.52 52 5.96 47.714 5.84 57.57 3.98 
45.71 10.83 62.57 8.25 57.71 7.04 68.97 5.63 
50.85 11.97 73.42 9.62 63.42 8.7 79.8 7.2 
55.42 13.02 84.85 11.18 70 9.48 90.06 9.08 
60.28 14.52 94.85 12.44 78.571 11.4 101.46 10.7 

104.85 13.79 84.285 12.17 111.72 12.97 
115.71 16.47 94.57 13.86 121.695 15.45 
123.42 17.93 99.42 15.45 130.53 20.5 
125.14 18.9 107.42 17.2 135.375 25.08 
125.42 32.63139.81 25.9 

137.085 28 
138.57 28.9 



412 S. S. Panda and B. Jena

(a) RBC Slab-1 (b) RBC Slab-2

(c) RBC Slab-3 (d) RCC Slab

Fig. 9 Bottom surface failure crack pattern of RBC slabs (a, b, c), RCC slab (d)
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Fig. 10 Load vesus deflection curves of test slabs

where D = (
Eh3

)
/ 12

(
1 − ϑ2

)

E = modulus of elasticity of plate element
h, ϑ = overall depth and Poisson’s ratio of plate element resp.
α = 0.0116 for b/a = 1
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Table 2 Modulus of elasticity of test slabs using Navier’s method

Specimen P/δ in kN/mm E in kN/mm2 Average E in kN/mm2

RBC Slab-1 4.285 1.7 3.875

RBC Slab-2 10 3.97

RBC Slab-3 15 5.955

RBC Slab 17.5 6.95 6.95

b, a = support to support distance of two-way slab in Y and X directions,
respectively

Assuming ϑ = 0.15 for both RCC and RBC slab material and h = 70 mm for the
test slabs, from Eq. (1),

E = 0.397P/δ in kN/mm2 (2)

Experimental P/δ is obtained by taking initial tangent to load vs deflection curve
of test slabs. Using experimental data for P/δ and using Eq. (2), E value is obtained
(Table 2). E value obtained for RCC slab using (IS:456, 2000) is found to be 30.8
kN/mm2 (=5000

√
f cu, and f cu = 38MPa) which is much greater value than that

for RCC slab by Navier’s method which is an elastic analysis. Hence, it requires
extensive experimental data to derive something conclusive about the modulus of
elasticity of RBC slab.

5 Conclusions

As an exploratory test, three numbers of two-way reinforced flyash brick slab was
tested and compared with a control RCC slab under concentrated loading applied at
the centroid of the slab. The following conclusions can be made in the experimental
investigation,

• The first cracking load for reinforced flyash brick (RBC) slab was found to be
almost half of an RCC slab, whereas the ultimate load capacity of the former was
about 30% of the normal RCC slab.

• Modulus of elasticity for reinforced flyash brick slab is found to be lesser than
that of normal RCC slab as the central deflection is found more than that of RCC
slab.

• The failure pattern was found to be a combination of yield line pattern of two-way
slab along with bond failure around the brick units.
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Mechanical Properties of Fly Ash
and Ferrochrome Ash-Based Geopolymer
Concrete Using Recycled Aggregate

Srishti Saha, Tribikram Mohanty, and Purnachandra Saha

Abstract Recycled aggregate (RCA) is a term which is used to describe crushed
concrete or asphalt from construction debris, which is also used to make other
building projects. This method of construction is generally used for making road
base or other different infrastructure-based projects. The source of RCA is nothing
but the local construction and demolition waste in KIIT Deemed to be University,
Bhubaneswar, Odisha. This paper suggests the experimental results and analysis to
study the behaviour and feasibility of the use of RCA in concrete form as a replace-
ment of natural coarse aggregate. In this research work, fly ash and ferrochrome
ash-based geopolymer concrete are used, and 13 M concentration of caustic soda
(NaOH) and sodium silicate (Na2SiO3) alkali activators are utilized to synthesize the
fly ash and ferrochrome-based geopolymer concrete. Alkali activators to fly ash ratio
are constant for all series. Experimental result shows that the strength of geopolymer
concrete decrease with an increase in RCA contents up to 50%. Though recycled
aggregates, fly ash and ferrochrome ash arewastematerials used formaking geopoly-
mer concrete, experimental results revealed that up to 20%of replacement of recycled
aggregate can achieve the strength and it can be the recommended percentage of RCA
in concrete industry.
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1 Introduction

The sustainable construction concept was introduced due to the growing concern
about the future of our planet because construction industry is a huge consumer of
natural resources and simultaneously, waste producer. Conservation, rehabilitation
and strengthening of construction industry may be termed as sustainable develop-
ment [1]. Concrete is one of themost widely used constructionmaterials in theworld,
mainly due to its favourable features such as durability, versatility, satisfactory com-
pressive strength, cost-effectiveness and availability [2]. Malhotra et al. [3] observed
that by using conventional concrete, it was not eco-friendly and causes some negative
concerns, for example, the reduction of natural resources, high energy consumption
and disposal issues. Lamond et al. [4] reported that in concrete industry coarse and
fine aggregates consist of about 60–75% of the total volume of concrete, it can reduce
natural aggregateswhichwill have significant impacts in the environment.Davidovits
[5] reported that geopolymer concrete is produced by the total replacement of cement.
It consists of geopolymeric filler and alkaline liquid. Alkaline solution reacts with
Al and Si in a geologically originated material or materials like ferrochrome ash and
fly ash for the production of binders. The chemical reactions occurring during this
process are known as geopolymerization; hence, the binders produced are known as
geopolymers. Duxson et al. [6] observed that that geopolymer concrete produces 5–6
times less energy and 80% less CO2 emissions than cement. The cement production
generated CO2, which pollutes the atmosphere. The industry produces wastes like fly
ash, and slag which is without a doubt dumped on the planet occupies larger areas.
The water comes from the chemical industries and discharged through the ground; it
contaminates more underwater. Geopolymer concrete does not use any cement; the
manufacturing of cement shall be reduced and for this reason the pollutants of atmo-
sphere by means of the emission of CO2 shall also be minimized. Various types of
recycling methods are developed for C &Dwastes in the last two decades, and it has
been explored and well developed. For instance, recycled concrete aggregate (RCA)
has been used to replace natural aggregate (NCA) after being treated [7, 8]. Ceramic
wastes obtained from broken roof tiles, blocks, bricks, electrical insulators, etc. are
used as aggregates in concrete [9]. Nowadays, prestressed precast concrete is very
popular. Since high grade of concrete is used, aggregate from these demolitionwastes
would have high strength [10]. Several researchers investigated the performance of
these wastes as recycled aggregate separately; hence, there is a need to compile and
analyse the performance of recycling wastes used in fly ash and ferrochrome-based
geopolymer concrete in a single platform. The objective of this paper is to study
the effects of different proportions of RCA on mechanical behaviour of geopolymer
concrete and compared to that of 0% recycled aggregate.
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2 Materials

Source materials used for manufacturing geopolymer concrete using recycled aggre-
gate in this study are fly ash and ferrochrome ash. Ferrochrome ash is the dust which
is obtained from gas cleaning process of the industrial manufacturing units of fer-
rochrome, and it was taken from Balasore Alloys Ltd, Odisha. Fly ash is collected
from Sai Ram Fly ash Brick, Bhubaneswar, Odisha. Due to the adding up of those
waste materials, the water demand is increased and the workability is reduced. Sim-
ilarly, cement was replaced by fly ash and ferrochrome ash caused low workability.
Maintaining the w/c proportion constant for all mixes, a naphthalene-based super-
plasticizer is added in order to improve the workability. ‘Table 1’ gives the chemical
composition of source material. The recycled aggregate (RCA) in this research work
is taken from old structures, waste sample, which can be dumped outside the lab-
oratory from the Region of KIIT Deemed to be University. The recycled aggregate
had been cured properly with a maximum aggregate size of 40 mm. Coarse natural
aggregate has maximum size of 10 mm and 20 mm, which are utilized in the exper-
imental work. ‘Table 2’ denotes the physical properties of C&D waste and natural
coarse aggregate (Fig. 1).

Table 1 Chemical
composition of industrial
waste

Sl no. Constituent Ferrochrome ash (FA) Fly ash

1 SiO2 27.5 55

2 Al2O3 24.7 26

3 CaO 9.06 18.10

4 Fe2O3 4.02 19.48

5 MgO 22.5 3.30

6 SO3 1.92 1.5

7 Na2O 1.3 –

8 K2O 0.46 1.79

9 P2O5 0.313 –

10 TiO2 2.196 1.02

Table 2 Properties of RCA
& NCA

Property Recycled coarse
aggregate

Natural coarse
aggregate

Specific gravity 2.48 2.77

Bulk density
(kg/m3)

1.409 1.781

Loose bulk density
(kg/m3)

1.24 1.33

Water absorption
(%)

4.47 0.66
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 (a) Ferrochrome ash                (b) Fly ash                     (c) C&D waste               (d) Recycled aggregate 

Fig. 1 a–d Waste materials which are used in this research work

3 Methodology

In this study, to make geopolymer concrete by using recycled aggregate, sodium-
based alkaline activators are worn. As the attention of caustic soda solution rises in
terms ofmolarity (M), the concrete becomes fragile with rising compressive strength.
As well as achieving the desired workability, extra water is necessary to inferior
the concentration of the NaOH solution. The caustic soda concentration is kept at
13 M, but the concentration of the Na2SiO3 solution was 16.37% Na2O3, 34.35%
SiO2 and 49.72% H2O as alkaline solutions. NaOH pellet is dissolved in H2O and
geared up with sodium silicate solution. Under the mix design condition, sodium
hydroxide quantity was 89.75 kg/m3 at 13 M, and sodium silicate was 224.3 kg/m3

at 13.3 M. Clear drinking water was used to make the final solution. A mixing of
solution Na2SiO3 and NaOH, sodium hydroxide of 97% in pure flaking form and
sodium silicate were used for the preparation of activator. Chemical compositions
of activator were Na2O = 77.75%, SiO2 = 77.75% and water 33.765% by mass.
Solution molarity was maintained at 13 M during the entire work. The solution was
prepared for at least 24 h before being used to prepare geopolymer concrete.

4 Preparation of Specimen

In this research, six types of mixtures are taken into consideration. ‘Table 3’ gives
the idea of mix proportion and detailed analysis of experimental results of all six
types. In the first series which is known as control series, where 100% of natural
coarse aggregate geopolymer with fly ash and ferrochrome ash is utilized, it was
denoted as GFF0%mixture. Other types of mixtures which contain 10%, 20%, 30%,
40% and 50% (% by wt) of recycled aggregate are denoted as GFF10%, GFF20%,
GFF30%, GFF40% and GFF50%, respectively. The ratio of activator to fly ash ratio
is kept unchanged for all concrete mixes. The colour of fly ash and ferrochrome ash-
based geopolymer concrete is light black. The total quantity of water holds the most
significant role in the mix. If mixing of concrete is carried out for a long time, the
content bleeds out when the water is high during themixing period, and the aggregate
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segregates to give a paste. For compression test, split tensile strength and flexural
strength test concrete cubes were having side of 150 mm; the cylindrical specimens
were having a diameter of 0.15 m and height of 0.3 m, and prisms were having
breadth and height of 100 mm and length of 500 mm as prepared. First RCA and
fine aggregate were mixed in a 200 L volume laboratory inclined mixer for about 4–
5 min; then fly ash and ferrochrome ash are added according to the specified amount,
and mixing was continued for about 3 min. After dry blending, the alkaline solution
was added to the dry material along with the superplasticizer and again mixed for
another 5 min. After completion of mixing, mixed concrete was poured in a mould.
All specimens were cast properly and horizontally in three layers. Each layer was
tamped properly and for proper placing of concrete used needle vibrator. The test
piece was allowed to stand for 3 days in a mould at room temperature to cure. All
specimens were placed in a hot air curing chamber to cure the cubes, cylinders and
beams at temperatures between 60 and 70 °C, for up to 24 h. The specimens are then
demoulded and cured and kept in open air in the laboratory till the date of testing.

5 Results and Discussion

Different percentages of reused aggregate have direct effect onmechanical properties
of geopolymer concrete which was obtained at 7, 28, and 56 days as it was shown in
Figs. 2, 3, and 4.

5.1 Effect of RCA on Geopolymer Concrete on Compressive
Strength

The effect of geopolymer concrete on compressive strength by using different per-
centages of recycled aggregate is shown in ‘Fig. 2’. The suitabilities of replacement

GFF0% RCA GFF10% RCA GFF20% RCA GFF30% RCA GFF40%  RCA GFF50%  RCA
7 days 20.93 19.39 17.74 16.52 15.28 13.63
28 days 29.92 27.42 26.89 23.84 21.28 19.29
56 days 32.78 29.25 28.29 24.38 23.36 21.25
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Fig. 2 Compressive strength of RCA at different curing ages



Mechanical Properties of Fly Ash … 423

GFF0% RCA GFF10% RCA GFF20% RCA GFF30% RCA GFF40%  RCA GFF50%  RCA
7 days 3.81 3.72 3.65 3.32 3.21 3.13
28 days 4.71 4.52 4.48 4.28 3.85 3.63
56 days 4.92 4.68 4.55 4.35 4.13 4.06
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Fig. 3 Tensile strength at different ages of various percentages of RCA

GFF0% RCA GFF10% RCA GFF20% RCA GFF30% RCA GFF40% RCA GFF50% RCA
7 days 3.62 3.34 3.28 2.96 2.82 2.76
28 days 4.55 4.35 4.39 4.06 3.94 3.81
56 days 4.85 4.68 4.52 4.31 4.12 4.09
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Fig. 4 Flexural strength at different ages of various percentages of RCA

of reused aggregate by natural coarse aggregate on geopolymer concrete were stud-
ied. The compressive strength of 150 mm cubes containing 0, 10, 20, 30, 40, and
50% of recycled aggregate, on the part substitution of natural coarse aggregate, was
examined. The strength of fly ash and ferrochrome ash-based geopolymer concrete
containing 0% recycled aggregate was increased by about 8.99% from 7 to 28 days.
At 28–56 days, strength was gradually increased by about 3%.

Experimental results show that by increasing the recycled aggregate contents 10–
50%, respectively, the compressive strengths decrease by 1.54%, 3.19%, 4.41%,
5.41% and 7.30% at the age of 7 days as compared to 0% recycled aggregate. Simi-
larly, at 28 days and 56 days, curing the strength gradually decreases to 2.5%, 3.54%,
6.08%, 8.64% and 10.63%, respectively.

It was also noticeable to observe that the highest decrease in strength from 7
to 28 days is nearly 8% if the concrete contains 50% RCA. Test results revealed
that strength slightly increases from 28 to 56 days. The source of recycled coarse
aggregate was normally compacted concrete structures; for that reason, old mortars
always adhered to the RCA. As a result, recycled aggregate causes microcracks
throughout the crushing and grinding process, and also RCA are more porous than
that ofNCA.Moreover, the interfacial transition zone (ITZ) among the oldmortar and
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aggregate is also porous and weak. These factors unfavourably distress the strength
of recycled coarse aggregate. Porosity and cracks are detrimental effects on the
properties of RCA. Though recycled aggregates, fly ash and ferrochrome ash are
waste materials used for making geopolymer concrete, experimental results revealed
that up to 20% of replacement of recycled aggregate can achieve strength and it can
be the recommended percentage of RCA in concrete industry.

5.2 Effect of RCA of Geopolymer Concrete on Tensile
Strength

The tensile strengths of 150 mm × 300 mm cylinders containing 0%, 10%, 20%,
30%, 40%and 50%of reused aggregate on the part substitution ofNCAare examined
at 7 days, 28 days and 56 days, respectively, as shown in ‘Fig. 3’.

The suitability of RCA as replacement of NCA in geopolymer concrete was
investigated. It was observed that fly ash and ferrochrome ash-based geopolymer
concrete containing 50% recycled aggregate gives a maximum decrease in tensile
strength which is about 50% at curing age from 7 to 28 days. Similarly, at curing
age from 28 to 56 days, the strength was decreased up to 43%. The effect of longer
curing age from 28 to 56 days gives higher strength and is about 10–28%. Strength
of concrete gradually decreases by increasing the percentages of recycled aggregate
up to 50%, by using recycled aggregate from 10 to 50% of enhanced strengths 3.72,
3.65, 3.32, 3.21 and 3.13 MPa at 7 days, 4.71, 4.52, 4.48, 4.28, 3.85 and 3.63 MPa
at 28 days and 4.92, 4.68, 4.55, 4.35, 4.13 and 4.06 MPa at curing age of 56 days.

5.3 Effect of RCA of Geopolymer Concrete on Flexural
Strength

The flexural strengths of 500 mm × 100 mm × 100 mm beams containing 0%,
10%, 20%, 30%, 40% and 50% of reused aggregate, on the part substitution of
natural coarse aggregate, are shown in ‘Fig. 4’. It was observed that fly ash and
ferrochrome ash-based geopolymer concrete containing 0% recycled aggregate
maximum increase in flexural strength is about 30%.

Experimental result shows thatGFFwith 50%RAChasminimumflexural strength
of 2.76, 3.81 and 4.09MPa at curing age of 7 days, 28 days and 56 days, respectively,
while other samples are GFF with 10–40% RAC having strengths of 3.34 MPa,
3.28 MPa, 2.96 MPa, 2.82 MPa and 2.76 MPa, respectively, at curing age of 7 days
and 4.35, 4.39, 4.06, 3.94 and 3.85 MPa at 28 days curing. Longer curing age gives
higher strength; however, from 28 to 56 days, curing strength increases by about
18–30%.
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6 Conclusion

A series of experiments were conducted sequentially for the determination of
mechanical properties, whereas obtained in the present work, the following con-
clusions can be made.

• By the additionofRCAalongwithflyash, ferrochromeashgives inferiormechani-
cal properties in comparison to fly ash and ferrochrome ash-basedNCA.However,
the addition of RCA has marginal effects above properties over control concrete.
So all mineral admixtures and recycled aggregate considered in this study are
useful in the preparation of sustainable concrete.

• Experimental results show that fly ash and ferrochrome ash-based geopolymer
concrete containing50%recycled aggregatemaximumdecrease in tensile strength
is about 50% at curing age from 7 to 28 days. Similarly, at curing age from 28 to
56 days, the strength was decreased up to 43%.

• It was noticeable to see that concrete containing 50%RCA andmaximum strength
decreases nearly 8% at curing age from 7 to 28 days. From 7 to 56 days, strength
would be decreased by about 8.5% for 0%RCA. Test results revealed that strength
slightly increases from 28 to 56 days. Though recycled aggregates, fly ash and
ferrochrome ash are wastematerials used formaking geopolymer concrete, exper-
imental results revealed that up to 20% of replacement of reused aggregate can
achieve strength. Generally, in the case of RCA, old adhered mortars are present
and interfacial bond between old mortar and aggregate is porous and weak. With
the presence of old adhered mortars in recycled aggregate, more porous and also
the interfacial bond between the old mortar and the old aggregate is also porous
and weak. These factors unfavourably affect the strength of RCA.

• Partial replacement of recycling waste aggregate by natural coarse aggregates up
to 20% has resulted in a slight decrease of strength in compression, split and
flexural, and higher than that and it decreases considerably.
Test results show that tensile strength and flexural strength of RCA progressively
decrease by increasing the percentage ofRCAup to 50%.The research also depicts
that RCA is a partial replacement of NCA up to 20%, which is to be considered
in the sustainable concrete.

• The chemical composition of fly ash, as well as ferrochrome ash, is compensating
each other, because fly ash was rich in silicon dioxide (SiO2), but the percentages
of ferric oxide (Fe2O3) and aluminium oxide (Al2O3) were more for ferrochrome
ash; thus their combination in 1:1 ratio has been established as a good alternative
binding material for geopolymer concrete by using recycled aggregate.
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Individual and Combined Effect of Nano-
and Microsilica on Cement-Based
Product

Wubshet Gebru, Ashoke Kumar Rath, and Dillip Kumar Bera

Abstract In the cement concrete industry, everybody is concerned about high-
strength and high-performance behavior of concrete. These propertieswere improved
using micro- and nano-sized pozzolanic mineral admixtures as stated by various
authors. In this paper, author has emphasized mostly on using micro- and nanosil-
ica materials with cement. Literature survey revealed that the most suited mineral
admixtures for getting highest behaviors are micro- and nanosilica. Nanotechnol-
ogy is nowadays a buzzword in everyone’s tips. Nanotechnology in concrete means
the addition of nano-sized materials in the range of 1 and 100 nm to improve the
behavior of cement and concrete. Micro- and nano-sized silica particles improve the
porous behavior of concrete and also produce more calcium silicate hydrate resulting
from chemical reaction of nanoparticles and calcium hydroxide. On the other hand,
it makes concrete more compact in microstructure point of view, which improves
density, strength, and also durability. This paper also discusses the synergic behav-
ior of nanosilica and microsilica on the property of concrete in comparison with
traditionally produced concrete.
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1 Introduction

Currently, concrete is the most abundantly used material in the world. Cement is a
basic raw material for making concrete; its production consumes more amount of
energy and generates high CO2 emission to the atmosphere. To protect the envi-
ronment from pollution and to improve the mechanical and durability property of
concrete, researchers and scientists adapted nanotechnology.

Nanotechnology is using constituent material in the nanoscale either through top-
down by milling bulk materials into small size or through bottom-up by combining
atoms and molecules to form bulk materials, which is called molecular nanotechnol-
ogy. From this concept, concrete technology has started using constituent materials
in nanoscale to produce strong and durable concrete by partially or fully replace-
ment of cement. Carbon nanotubes, silica fume, aluminum oxide, zinc oxide, carbon
nanofibers, and micro- and nanosilica particles are the most recently used materi-
als in the construction industry. However, in this review paper, we would discuss
specifically influence of micro- and nanosilica particles on the property of concrete.

2 Nanotechnology in Construction Industry

Nanotechnology is one of the recently fasted growing technologies, which has a key
role in the different fields of study including civil engineering in the construction
sectors.

In the building sector starting from the early civilization period, cement was the
most utilized constituent material for the fabrication of cementitious products. As per
previously done research, approximately 1.6 tons of rawmaterials would be required
for each ton of cement. As a result in the last two and half decades, researchers
have introduced blending materials in the nanoscale for the construction industry.
Nowadays, the most alarming problems in the construction industry are atmospheric
pollution due to carbon dioxide emission from cement industry, secondly, the more
amount of energy consumption for the production of cement, and thirdly the lack
of non-renewable component materials for manufacturing process of cement. To
reduce this problem, partial substitution of cement by some other supplemental raw
materials in nanoscale and microlevel would be the promising techniques.

3 Nanosilica

Among nanomaterials, nanosilica is widely used in the construction industry. It has
high pozzolanic property and surface area which help to react with different mate-
rials actively. It is known that cement product is composed of nanoscale pore, cap-
illary pore, and some other microscale porous structures. Nanoscale pore would get
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filled up by nanosize materials to fill the pore and produce denser concrete. Addition
of nanosilica to the concrete mix would produce additional calcium silicate hydrate
form, where nanosilica interacts with calcium hydroxide which is liberated from the
hydration process. To some extent, this extra calcium silicate hydrate form would
improve strength and also would decrease the permeability of concrete by filling the
pore part of the hardened concrete paste.

3.1 Mechanical Property

3.1.1 Compressive Strength

Themechanical property of high-strength self-compacting concrete was investigated
where cement was replaced with nanosilica (NS) in the range of (1, 2, 3, 4, 5%) [2, 3].
Figure 1 shows that 4% addition of nanoparticleswas the ideal replacement for binder
material of cement. At the early age of reaction process, compressive strength was
increased more rapidly as a result of more amount of calcium hydroxide present in
the hydration process which reacts quickly with nanosilica and produced additional
C-S-H gel to form more denser concrete.

Improvement for microstructures, durability properties, and mechanical perfor-
mances of ultra-lightweight cement composites (ULCC)byusing colloidal nanosilica
(CNS) was studied by [4]. The test result indicated that 2% of CNS gives optimum
strength in 28 days with both 0.34 and 0.24 w/c ratios, due to compaction of weak
zone of a concrete which is found at the contact place of cement paste and aggregate
along good pore filing and pozzolanic activity.

Combined effect of various nanosilica particles of size (Fifteen and eighty
nanometer) on mechanical property of concrete was stated [5]. In this case, 0.5,
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Fig. 2 Compressive strength with different sizes of nanosilica [5]

1.0, 1.5, and 2.0 wt% of NS were used as replacement of cement. From Fig. 2, we
can notice that compressive strength was increased till 2% of 15 nm and 1.5% of
80 nm and start decreasing this limit. In general, by curing a concrete in a lime
solution, we would achieve high-strength concrete, due to the availability of more
amount of calcium hydroxide, which helps nanosilica to react with it and would form
extra calcium silicate hydrate. In Figure 2 ENS denotes 80 nm nanosilica and FNS
denotes 15 nm nanosilica.

3.1.2 Split Tensile Strength

The consequence of nanoparticles with the addition of different fibers together on
the property of cement concrete was investigated [1], where steel fibers in the range
of 0.2, 0.3, and 0.5%, polypropylene (0.1, 0.15, and 0.2%), and glass fiber (0.15,
0.2, and 0.3%) in terms of volume replacement. Figure 3 represents tensile strength
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Fig. 3 Influence of nanoparticles in the split tensile strength of self-consolidating concrete [1]
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increased up to 4% of NS with the combination of different fibers. The reason for
increment of strength was due to the addition of nanosilica which gives more space
for mortar and fibers to interact with each other and form a strong concrete product.

The consequence of nanoparticles on the property of concrete andmortar onwhich
40% of fly ash was replaced with cement constantly was studied [8]. Tensile strength
was increased with increasing of nanosilica particles and with the age of concrete.
Specifically in the case of 0.5 and 2% nanosilica replacement in 28 days, there
would be 10 and 23% strength change, respectively, due to increasing of secondary
C-S-H gel which was formed from the reaction of nanosilica particles with calcium
hydroxide.

The behavior of high-performance concrete was studied [7] where cement was
constantly replaced by 40% copper slag and partially by colloidal nanosilica (0.5 to
3% with 0.5 variation). Due to strong bonding between paste and aggregate, every
addition of nanosilica gives more strength than control specimen. However, apart
from 2% replacement of nanosilica strength decreased, due to availability of more
nanosilica than free lime contents. As a result, extra nano-colloidal silica would act
as a filler instead of acting part of hydration process.

3.1.3 Flexural Strength

The consequence of nanoparticles with the addition of different fibers together on
the property of cement concrete was investigated [1], where steel fibers in the range
of 0.2, 0.3, and 0.5%, polypropylene (0.1, 0.15, and 0.2%), and glass fiber (0.15, 0.2,
and 0.3%) in terms of volume replacement. Figure 4 shows that strength increased up
to 4% NS with 0.3% steel, 0.2% polypropylene, and 0.2% glass fibers, respectively.
In this study, the effect of nano addition was in terms of its pozzolanic and filler
effect on the concrete.

The consequence of fly ash and nanoparticles on the property of concrete and
mortar was stated [8], where 40% fly ash was constantly added and 0.5, 1, 1.5,
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Fig. 4 Effect of nanosilica on flexural strength of concrete [1]
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2, and 3% of NS by a limited substitution of cement powder at 0.23, 0.25, and
3.0 water/binder ratio. Result shows that 2% was optimum replacement for better
strength caused by the development of additional calcium silicate hydrate gel which
is resulted from the combination reaction of nanoparticles and lime liberated from
the main hydration process.

3.2 Durability Property

3.2.1 Water Absorption

Individual and combinedoutcomeof nanoparticle size of alumina, silica, and titanium
on the property of self-compacting concrete which contains fly ash constantly in 25%
by weight of cement was investigated [6]. Due to its finer particle size, 3% of NS
helps to fill up the voids of the microstructure and formed more compacted and
denser concrete with less amount of water absorption.

Mechanical and durability property of self-compacting concrete by limited sub-
stitution of cement powder with nanosilica (1, 2, 3, 4, 5%) was analyzed [2]. Figure 5
shows thatwater absorption decreased up to the addition of 4%nanosilica and beyond
that started increasing. In general, amount of replacement nanosilica particles, and
curing period and age would result in lowering permeability of the concrete.

The consequenceof nanosilica particles on theproperties of concretewhere copper
was constantly substituted as a fine aggregate at a level of 40% has been discussed
[7], where 1, 2, 3, 4, and 5% of NS are used as a replacement of cement and give
decreased water absorption in the range of 0–2% nano-insertion in terms of weight
and water absorption started increasing for 3% addition at 28 days curing.

The consequence of fly ash and nanoparticles on the property of concrete and
mortar was stated [8] where 40% fly ash was constantly added and 0.5, 1, 1.5, 2,
and 3% of NS by a limited substitution of cement powder at 0.23, 0.25, and 3.0
water/binder ratio. Conventional specimens and specimens with 0.5% NS addition
show more absorption due to less hydration process and more pore availability.
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However, later on, 2% NS addition shows less water absorption due to less capillary
pore and denser concrete.

3.2.2 Rapid Chloride Permeability Test (RCPT)

The impact of nanosilica particles is on the self-consolidating concrete with a combi-
nation of different fibers’ addition [1] with 2, 4, and 6% of NS replacement. Nanosil-
ica with the combination of fiber shows a better resistance for chloride penetration
into the hardened concrete production of calcium silicate hydrate gel by reacting
with calcium hydroxide.

The consequenceof nanosilica particles on theproperties of concretewhere copper
was constantly substituted as a fine aggregate at a level of 40% has been discussed
[7]. Figure 6 shows that chloride penetration into the hardened concrete decreased
up to 2% replacement of colloidal nanosilica, due to spherical shape of nano and
copper slag particles which help to give denser microstructure of the concrete.

4 Microsilica

Microsilica is a by-product of the silicon and ferrosilicon fusion production with
an average size of 150 nm. It is one of the non-crystalline types of materials which
is more finer and approximately 100 times finer than the cement particles. As per
previously published research paper, they have stated that approximately 100,000
of silica particles available for each of the cement particles within a cement matrix,
when 8% of silica fume was a substituent of cement, used as a partial replacement
of cement, which help to protect bleeding and improve weak transition zone of
normal concrete. It has a high pore filling effect, and as a result, it can improve the
permeability of concrete.
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4.1 Mechanical Property

4.1.1 Compressive Strength

The influence of microsilica particles on the acoustic and mechanical property of
cementitious paste by replacing cement [9] with a range of 1, 2, 3, 4, 5, 7.5, and 10%
by weight of binder has been investigated due to the formation of additional C-S-H
gel by pozzolanic reaction, and its pore filling ability of 5% is optimum to formmore
denser concrete.

The influence of microsilica on the property of M40 grade of cement concrete
by replacing cement was studied [11]. Figure 7 shows that due to the fast reaction
between silica fume and fly ash and making of calcium silicate hydrate gel by the
inclusion of microsilica and filling ability of 12% MS would produce more packing
and denser hardened concrete.

The influence of microsilica on the conventional concrete by replacing cement
with 6, 7, and 8% for M25 grade of concrete was studied [12], where 0.7% super-
plasticizer, water/cement ratio of 0.40, and workability range of 75–100 mm were
used. By the help of pozzolanic activity and its gap filing ability, 8% of MS addition
was the optimum replacement of cement.

4.1.2 Split Tensile Strength

To overcome the carbon dioxide emission from the production of cement [11],
replacement of cement by microsilica in the range of 5, 10, and 15% has been
studied, specifically for self-compacting concrete. Addition of microsilica gives bet-
ter strength up to level of 10% replacement due to extra C-S-H gel formation by
pozzolanic reaction. However, beyond 10% replacement of microsilica, strength
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Fig. 8 Capillary water absorption test at different percentages of SF [11]

decreased due to the formation of weak interfacial zone between cement paste and
aggregate.

4.1.3 Flexural Strength

The influence of microsilica (MS) on the property of M40 grade of cement concrete
where cement was substituted with MS in the range of 0, 3, 6, 9, 12, and 15% has
been studied [11]. Figure 8 shows that flexural strength increase with increasing
microsilica addition and the maximum strength of 6.5 Mpa was recorded in 15%
microsilica addition as a replacement of cement by weight of cement.

4.2 Durability Property

4.2.1 Capillary Absorption Test

Improvement of fiber-reinforced concrete and cement concrete by addingmicrosilica
and titanium oxide was investigated [10], where silica fume in 4.5, 9.5, and 14.5%
and ultra-fine TiO2 with 0.5% constantly by weight of cement was used in place of
cement. Addition of 9.5%MSwas optimum replacement and shows better reduction
compared to other specimens.

Microsilica (MS) on the property of M40 grade of concrete where cement was
substituted in the limited range of 0% MS, 3% MS, 6% MS, 9% MS, 12% MS, and
15% MS has been discussed [11]. Result shows in Fig. 8 that result was decreased
when microsilica increased and 12% was the optimum replacement of cement.

4.2.2 Rapid Chloride Permeability Test (RCPT)

The influence of nano- andmicrosilica insertion as a limited substitution of slagwhich
is used in alkali-activated slag concrete was discussed [13] with 0, 0.5, 1, 3, and 5%
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of nanosilica and 10% of microsilica, respectively. Addition of microsilica sepa-
rately showed a better chloride resistance than nanosilica, but when both nanosilica
and microsilica combined with 1 and 10%, respectively, it would decrease chloride
resistivity.

5 Synergistic Effect of Micro- and Nanosilica

5.1 Mechanical Property

5.1.1 Compressive Strength

The combined effect of nanosilica and microsilica on cementitious product has been
stated [14], where 3, 5, 7, 10, 15% MS and 1, 2, 3% NS for mortar were mixed
separately, and 8%, 10% MS and 2% NS together for concrete mix was applied as
a limited substitution of cement powder, where result indicates that 8% of MS and
2% NS give the best result. It has been shown in Fig. 9 that flexural strength value
increases maximum after 9% and attains constant at 12% and 15% substitution of
MS.

Synergistic effects of MS and NS on the strength and microstructure of mortar of
high-performance concrete (HPC) were studied [2] at constant workability. Figure 9
shows that due to its pore filling capacity, 10%MSplus 2%NSwould be the optimum
addition of both particles to produce strong and denser concrete as shown in Fig. 10.

The strength ofM-60 design of cement concrete was studied [15] with the replace-
ment of nano- and microsilica. Result showed that 4–5% of NS show decreased
strength within 28 days, due to high heat of hydration. As a result of workability,
it was less and harsh concrete would be formed. In general, it is concluded that
optimum strength was attained by 1–3% NS range and 9–11% MS, respectively.
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5.1.2 Split Tensile Strength

The combined effect of micro- with nanosilica particles on the mechanical property
of ultrahigh-strength cement concrete was studied [18] with 10% constant amount
of silica fume addition and 0.5, 1, 2, and 3% of nanosilica. Result showed that tensile
strength increased with increasing nanoparticles up to 2%, with and without the
addition of silica fume. However, the combined effect of both silica particles showed
a better strength with the range of 2 and 10%, respectively.

5.2 Durability Property

5.2.1 Water Absorption

Mechanical property of ultrahigh-performance concrete has been studied [18] with
nanosilica (NS) and 10% constant amount of silica fume (SF), where 0.5, 1, 2, and
3%ofNS are at samew/b ratio. Results showed that at 2%NS+ 10%SF replacement
of cement, the concrete water absorption was shown reduced value for binder content
of 400 and 500, respectively.

Durability, microstructural, and some other mechanical properties of high-
strength self-compacting concrete with the addition of nanosilica (NS) and microsil-
ica (MS) particles have been studied [17]. Result shows in Fig. 11 that a specimen
with 10%MS and 2% NS at a binder content of 500 kg per meter cube was achieved
a better result.

5.2.2 Rapid Chloride Permeability Test (RCPT)

Tofind out the integrated influence ofmicro- and nanosilica particles on the durability
of cement concrete, the author [16] proposed a series of mortar mixes with constant
workability. Figure 12 shows that the addition of both nanosilica and microsilica
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would give better improvement in chloride resistance than those attained by the
addition of microsilica or nanosilica alone at a lower w/c ratio.

The impact of nano- and microsilica on cementitious product was discussed [14]
with 3, 5, 7, 10, 15% MS and 1, 2, 3% NS replacement of cement for mortar mix
separately, and 8%, 10%MS with 2% NS together for concrete mix. Figure 7 shows
that specimens with the addition of nano- and microsilica with less current flow
within a given time interval as a result of 2 and 10% together was the optimum
replacement.
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6 Summary

Nanosilica during the early period of reaction whereas microsilica during later age
of hydration process shows a remarkable influence on mechanical property of the
concrete, mainly by its highly reactive nature and its pore filing ability of silica par-
ticles. However, due to the dispersion problem and use of excess amount, nanosilica
more than the presence of calcium hydroxide would lead to decrease of strength.

Combining nanosilica and microsilica particles gives a better improvement of
strength of concrete in the early period by reducing the dormant period and also later
age strength. At the same time by filling pores of the microstructure of the concrete,
chloride resistance, water absorption, and some other chemical attacks would be
improved.

Even though somany papers have been published, however, none of them specifies
the optimum quantity of nano- and microsilica replacement to improve the property
of concrete. Besides, also some other health-related problems of nano- andmicropar-
ticles product should be studied for future long-term application of nanotechnology
in the construction industry.
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Self-healing Conventional Concrete
Using Bacteria

Smruti Pal, Ipsita Mohanty, and Ipsita Panda

Abstract Concrete is most widely used as an epochal building material all over the
world. However, the repercussions of its deterioration are inevitable ever since early
stage of its service life. It is followed by the fixture and repair works, which is very
labor intensive and also involve a lot of capital. This becomes uneconomic when
the design period of the concrete is considered. Thus, many conventional surface
treatments are applied, and also various alternative techniques are taken for the
improvement of its mechanical properties. Self-healing of the affected concrete can
not only be of great importance but also it uses the environment-friendly techniques.
The present study pertains to the use of bacterial-induced self-fixing concrete which
has a significant effect on its mechanical properties as well as crack healing capacity
of conventional concrete. Two different species of genus Bacillus are incorporated
to the concrete which repairs the crack by healing the microcracks occurred in the
transition zone aswell as enhance themechanical properties of the concrete. Bacterial
concentrations are varied and mixed with the concrete mix to observe the change in
mechanical properties, and results show a remarkable increase in the strength of
the bacterial concrete. Results indicated that bacteria showed an optimum result
when mixed with the concrete in the concentration of 108 cfu/ml. The present work
illustrated that the production of self-healing concrete by both the species has a
capacity to improve the strength properties of conventional concrete.
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1 Introduction

Construction materials are subjected to several environmental and biological fac-
tors. Mechanisms’ degradation of concrete depends on the potentially aggressive
substances via physical, chemical, and environmental factors, in which actions can
lead to causing damage to concrete structure. Although there are various types of
organic and inorganic products to protect the concrete from damages to make con-
crete more durable and serviceable, it is still a matter of research to find a more
compatible and environmentally friendly method for defending the cement uses and
deterioration of concrete structures. Self-healing concrete using bacteria carries the
potential to increase durability of concrete structure and reduce the propagation of
microcracks to the inner side of concrete structure and have ability to seal the cracks
(thereby, reduction of consumption of cement) through bioremediation properties of
bacteria (microbial activity of bacteria to seal the cracks up to certain width) which
is economical, as the repair and maintenance cost is reduced. One of the prime uses
of biomineralization of bacteria is the injecting absorptive media to concrete which
goes penchant toward bioremediation.

Biomineralization of bacteria has been adopted in several engineering applications
in recent researches. It is referred to as biologically induced mineral precipitation
(metabolic process of bacteria to produce sealants), in which bacterial cells allow
chemical precipitation of mineral phases by self, creating a microenvironment with
conditions that allow to perform MICP. Action of crack healing process leads to
CaCO3 precipitation through the metabolic process of bacteria (Chahal 2012; and Li
2011; Siddique and Chahal 2011). Several strategies have been proposed to improve
cementitious material’s durability and the resiliency of concrete structures through
autonomic healing systems. It has beenproved fromprevious researches that bacteria-
mediated CaCO3 is compatible with concrete and environmentally friendly among
other chemical admixtures and polymers.

Concrete is a highly alkaline material, so it is necessary that the bacteria which
have to be added in concrete that should have enough potential of surviving in alkaline
environment. MICP (Microbiologically induced calcium carbonate precipitation) of
bacteria can help to seal the microcracks in or on the surface of concrete, acceler-
ate/retard the setting process as based on its nutrient given to bacteria, and also can
act as binder materials in concrete which lead to enhance various concrete properties
[Hassan et al. 2016] referred the self-healing systems that may be broadly sorted
into several categories like chemical encapsulation, encapsulation of bacteria, the
addition of mineral admixtures or chemicals, and intrinsic self-healing with self-
controlled tight crack width [4] investigate the durability improvement of concrete
using bacteria in sulfate environment by considering two different bacterial species
in various concentrations. [Chandni et al. 2016] identified the calcium carbonate pre-
cipitation within the mortar; bacterium may be used for the development of bacterial
mortar which indicates that modified mortar can improve the strength of the mortar
sample.
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Biological environment has been applied on a concrete surface for protection and
nutrition of the bacteria, resulting in the reduction of surface permeability of the con-
crete and providing a biological environment conducive for improving strength and
the bacterial activities on the concrete [Farzaneh et al. 2016]. Durability improve-
ment of concrete samples in different environments considering different bacterial
strains of different concentrations was investigated [Farzaneh et al. 2015, and Ghosh
et al. 2005].

The concept of microcapsule (spore form of bacteria) used as healing agent which
was encapsulated and added in the concrete lead to increase in strength and various
permeation properties of concrete. To study the effects of parameters, namely, tem-
perature, agitation rate, and pH on the shell thickness, size, and morphology of the
microcapsules, various tests were performed. The effect of microencapsulated self-
healing materials was shown by experimentally evaluating modulus of elasticity of
concrete in the laboratory [Hasssan et al. 2014].

Various bacterial types and species are used in self-healing technology as healing
agents including different nutrient mediums and environmental exposures to conduct
durability, permeation, elastic modulus, mass, and volume variations tests, which
gave positive results for adopting this new emerging technology [all references given
below].

2 Research Significance

Various chemical and physical methods have been examined by researchers in recent
years to provide an environment in which bacteria used for biological treatment of
concrete prolong survival and improve bio-deposition processes on/in concrete. This
experimental study is focused to study the effects of alkaliphilic bacteria used in
concrete matrix and evaluation of mechanical properties like compressive strength,
split tensile strength, and flexural strength of standard concrete (without bacteria)
versus self-healing concrete, by incorporating twodifferent bacterial strainswith their
various concentrations into concrete. Additionally, surface treatment is provided to
the controlled crack standard concrete cubes, to show that treatment has proved
beneficial in developing the bio-deposition process in concrete technology which
can be visualized by photography.

3 Materials and Methods

3.1 Properties of Material

Standard concrete mixtures of M30 grade were designed according to IS:456-2000
and IS:10262-1989. Fineness modulus and bulk specific gravity of the fine aggregate
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Table 1 xxxx Particulars Properties

Mix proportion (C:FA:CA) (1:2.55:3.5)

Ordinary Portland cement (RAMCO) 400 kg per m3

FA (sand 4.75) 960 kg per m3

CA (20 mm/10 mm) 1480 kg per m3

Water 180 kg per m3

were 2.88 and2.65, and specificgravity of the coarse aggregatewas 2.71, respectively.
Properties of these materials are given in Table 1.

3.2 Culture Technique of Bacteria

Bacillus megaterium and bacillus subtilis, both isolated commercially available in
KIIT Biotechnology laboratory, were used in this study. Further, this bacterial strain
was tested and isolated by using an enrichment culture technique. For the enrichment
of bacterial samples, by using the serial dilution technique, bacteria were set out to
Petri plate (nutrient agar plate) and by the total plate count method on nutrient agar
plates, one colony of each bacterial strain was selected separately, and then it was
inoculated in 5 ml of nutrient broth by maintaining pH 12.0 and incubated at 37 °C
for 12 to 14 h under shaking conditions (130 rpm) up to specified growth.

When 5ml of bacterial suspensionwas prepared, then it took for the cfu count test.
Observations are taken to found how much time is required to grow in the definite
concentrations that we need in this research work. After that, required amount of
liquid bacterial suspension was prepared in a definite concentration and designed
amount.

In this paper, three different concentrations (106, 108, and 1010 cfu/mL) of two
different types of bacteria (Bacillus megaterium and Bacillus subtilis) were prepared
in a designed required amount separately for each concentration and type.

3.3 Mechanism of Incorporation of the Healing Agents
into Concrete

Summary of literature reports that bacteria as healing agent can be added in concrete
mainly in two ways: (1) Direct raw culture application (liquid suspension, each
bacterial cell has single-bonded cell) and (2) encapsulation (capsulated spores of
bacteria or solid form of bacteria, each bacterial cell has double-cell layer).

The self-healing technology by using encapsulated bacteria has the potential to
provide higher degree of self-healing properties compared with direct application
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technology. Considering crack width generally less than or equal to 1 mm, spore
form of bacteria shows fast healing reaction to cracking in concrete matrix. But the
only disadvantage is the preparation of these capsules that are difficult to produce
either in a small amount or in huge, and also this method is not cost effective; on the
other hand, though these spore of bacteria can survive in very harsh environment,
they could not break their cells easily till they are not facing any major cracking or
deterioration problems.

But in case of bacteria in the form of liquid suspension they can easily produce
in laboratory in a huge amount as per daily basis requirement and their survival in
concrete is longer, and also they start their metabolic process to heal the cracks, when
their cells get break by any additional load or microcracks.

Therefore, in this finding we used liquid suspension of bacteria to cast the self-
healing concrete.

3.4 Hydration Kinetics of Bacterial Solution in the Concrete

In concrete, the use of bacteria can either accelerated or retarded the setting time of
concrete depending on the calcium source supplied in the form of calcium lactate,
calcium nitrate, calcium glutamate, and calcium formate as nutrient of bacteria.

The use of calcium lactate as nutrient of bacteria retards the setting time of con-
crete, calcium formate, and calcium nitrate accelerate the setting time of concrete
[4].

In this present work, calcium nitrate is used as nutrient of bacteria.

3.5 Mix Design of Concrete and Testing

In this study, M30 grade design concrete mix is prepared to achieve target compres-
sive strength of 38.65 N/mm2 at 28 days according to BIS:10262:1989. The mix
proportion ratio of concrete used as water (0.4): cement (1.0): fine aggregate as sand
(2.5): coarse aggregate as gravel (3.5) as described in Table 1. First, the standard
concrete specimens were casted and taken out for normal water curing for 7 and
28 days.

Two bacterial suspensions, each having concentrations of 106, 108, and 1010

cfu/mL, were added to dry mix of concrete each separately to make bacterial con-
crete of M30 grade. At one time, only one concentration of bacterial suspension of
specified species used for casting of bacterial concrete for preventing contamination
of other bacteria, after several trials in concrete mix proportions to cast the concrete
specimens with and without bacteria in different variations.

In the case of preparation of bacterial concrete specimens, liquid suspension of
bacteria was added by replacing some quantity of the designed water for that casting
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Table 2 Detail mix design of materials used in concrete with mix identity for 1 m3 volume

Mix
identity

Cement
(Kg)

FA
(Kg)

CA
(Kg)

Water
(Kg)

Bacterial
solution
(Kg)

Cell
concentration
(Cells/ml)

Grade of
concrete

MBC0 400 960 1439 160 0 0 30

BM6 400 960 1439 144 16 106 30

BM8 400 960 1439 144 16 108 30

BM10 400 960 1439 144 16 1010 30

SBC6 400 960 1439 162 18 106 40

SBC8 400 960 1439 162 18 108 40

SBC10 400 960 1439 162 18 1010 40

for maintaining the water-to-cement ratio. Detail mix design of materials used in
concrete with mix identity for 1 m3 volume is given in Table 2.

As per IS:516-1956 (for cube and prism) and IS:5816-1999 (for cylinder), cubes
for compression test, cylinder for split tensile test, and prisms for flexural test are
crushed after a curing period of 7 days and 28 days.

4 Specimen Details

(i) Concrete cubes of size 150 mm conforming to clause 2.1(a) of IS:10086-1982
were cast for compressive strength test,

(ii) 10× 10× 50 mm size of prisms conforming to clause 2.1(a) of IS:10086-1982
was cast for flexural strength test,

(iii) 150 × 300 mm size of cylinder conforming to clause 2.1(a) of IS:10086-1982
was cast for split tensile strength test.

After casting, the specimens were allowed to dry in iron molds for first 24 h
at room temperature. After 24 h, those samples were demoulded and placed in the
curing chamber for curing room temperature. The specimens were tested after 7 and
28 days of curing period in triplicate. After 7 and 28 days of curing, the specimens
were carried out for mechanical properties tests.
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5 Results & Discussion

5.1 Compressive Strength

The average compressive strength of standard concrete without bacteria is
38.66 N/mm2 and 41.675 N/mm2 after 7 and 28 days of curing period correspond-
ingly, while compared to standard concrete, compressive strength of concrete is
higher for every time when different concentrations of bacteria incorporated with
concrete mixture to make self-healing concrete with different bacteria and their dif-
ferent cell concentrations. In maximum cases, concrete gains 95% of target strength
at the age of 7 days. Maximum 3.079 and 2.974% of compressive strength increase
for 7 days for self-healing concrete with bacillus megaterium and bacillus subtilis
of 108 cfu/mL, respectively, compared with normal concrete. Maximum 15.615 and
10.63% of compressive strength increase for 28 days for self-healing concrete with
bacillus megaterium and bacillus subtilis of 108 cfu/mL, respectively, comparedwith
normal concrete. Both of those bacteria used in the work with different concentra-
tions were increased in compressive strength than standard concrete at 28 days. But
concrete with 108 cfu/mL gives more strength as compared to standard and other
different concentrations of both bacteria, and also shows that bacillus megaterium of
108 cfu/mL concentration gavemore compressive strength results among all. Figure 1
shows the values of compressive strength of concrete at 28 days.

5.2 Flexural Strength

The flexural strength of standard concrete without bacteria is 6.56 N/mm2 after
28 days of curing period, while compared to standard concrete, flexural strength of
bacterial concrete is higher for every time when different concentrations of bacteria
incorporated with concrete mixture to make self-healing concrete with different bac-
terial species. In maximum cases, concrete gains more than 100% of target strength
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at the age of 28 days. Maximum 26 and 21.12% of flexural strength increase for
28 days for self-healing concrete with bacillus megaterium and bacillus subtilis of
108 cfu/mL, respectively, compared with normal concrete. Figure 2 shows the values
of flexural strength of concrete at 28 days. Both of those bacteria used in this work
with different concentrations have the potential to increase in flexural strength than
standard concrete at 28 days. But concrete with 108 cfu/mL gives more strength
as compared to standard and other different concentrations of both bacteria. It also
shows that bacillus megaterium of 108 cfu/mL concentration gives more flexural
strength results among all other variations. Figure 2 shows the values of flexural
strength of concrete at 28 days.

5.3 Split Tensile Strength

The split tensile strength of standard concrete without bacteria is found to be
4.22 N/mm2 after 28 days of curing period, while compared to standard concrete,
split tensile strength of bacterial concrete is higher for every timewhen different con-
centrations of bacteria were incorporated with concrete mixture to make self-healing
concrete with different bacteria and their different cell concentrations. In maximum
cases, concrete gains more than 100% of target strength at the age of 28 days. Maxi-
mum 16.33 and 13.64% of split tensile strength increase for 28 days for self-healing
concrete with bacillus megaterium and bacillus subtilis of 108 cfu/mL, respectively,
compared with normal concrete. Figure 2 shows the values of split tensile strength of
concrete at 28 days. Both of those bacteria used in this work with different concen-
trations have the potential to increase in split tensile strength than standard concrete
at 28 days. But concrete with 108 cfu/mL gives more strength as compared to stan-
dard and other different concentrations of both bacteria. It also shows that bacillus
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megaterium of 108 cfu/mL concentration gives more split tensile strength results
among all variations. Figure 3 shows the values of split tensile strength of concrete
at 28 days.

5.4 Visualize Crack Healing

Normal concrete cubes of 150 mm size casted and cured in water tank for 7 days
and then taken out for control loading. The loads were applied on the cubes till the
crack appears on the surface of concrete cubes. Then, the cracked cubes are taken
out for surface treatment. Bacterial liquid suspension of the same concentration of
bacillus subtilis and bacillus megaterium (108 cfu/mL) were taken for giving surface
treatment by injecting the bacterial suspension on those cracked cubes for conforming
the metabolic process of bacteria to heal the crack. It was observed that the cracks
took 3 to 4 weeks for healing which can be seen by naked eye or photos. Figure 4
shows the image of cracked cues and treated crack cubes.

6 Conclusion

Present study provides the insight for a new self-healing technological method based
ondifferent bacteriawith different cell concentrations used for improving the strength
of structural concrete. It is clear thatMICP of bacteria has the potential to enhance the
resistance of concrete toward the process of degradation. The consequences of this
research provide a significant contribution toward the understanding of the effects
of bacteria on the performance of structural concrete. By observing the results of
mechanical properties of concrete matrix, it is concluded that using 108 cfu/mL



450 S. Pal et al.

Healed cracked image after 4weeks Healed cracked image after 3weeks

Fig. 4 xxx

concentration of bacillus megaterium bacteria gives higher performance among all
variations taken in research.
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Use of Autoclaved Fly-Ash Aggregates
in Concrete Mixture

Biswaroop Ghosh and Ashoke Kumar Rath

Abstract In all developing countries, coal is used in a large scale. Fly ash, which
comes out as a by-product of ignition of coal, is a very dangerous material to handle
and it makes a scowl to our mother nature, along with using it as a low-land dumping,
fly-ash bricks and replacement of fine aggregate. It also can be used as a replacement
for regular aggregate. The grade of fly ash is determined by automated spectroscopy.
The fly ash was agglomerated with cement using different proportions. Then, the
pellets are produced by using Disc Pelletiser. These pellets got hardened by auto-
clave technique. The produced aggregates were tested by different aggregate testing
procedures. This artificial aggregate will be lightweight having specific gravity less
than that of 12.5 mm gravel (3.1) though it has high impact and crushing strength
than that of normal aggregates. At the same time, it will also solve the problem of
wasting natural resources such as hills.

Keywords Autoclaved technique · Fly-ash pellets

1 Introduction

Coal is a very largely used material for industries like thermal power plant and iron
industry. There, a large quantity of coal burns every day. The fly ash got collected
around 800 million tonne in our world every year, and it becomes a threat to our
society. To solve this problem, fly ash is nowadays used for dumping in low-land,
fly-ash bricks and as a partial replacement of sand in concrete. However, fly ash may
also be used in lightweight artificial aggregate production. As fly ash has a good
pozzolanic property, it mixed with cement (used as a binder) can produce a solid
aggregate. In concept of making Green Cities, this aggregate can be used in making
buildings, road and other sectors also where aggregates are required [1].
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The reuse of fly ash in making coarse aggregate replacement is very essential
now as it is environment-friendly and economical [2]. The fly ash and cement with a
proportion of 10:1, 5:1, 5:2, 5:3, 5:4 and 5:5 are mixed and passed in disc pelletiser
to make green pellets. The green pellets are passed through autoclave to make solid
surface. Though the aggregates are formed and are circular in shape, these have
more pozzolanic properties than normal coarse aggregates and it also can be formed
in all sizes such as 4 mm – 40 mm. Due to higher initial cost, these are not widely
used in the world. However, there is also a process to make the aggregates: sintering
and cold-bonded. Cold-bonded aggregates are produced using minimum energy for
curing than sintering [3].

2 Literature Review

N.U.Kockal andT.Ozturan experimental results showed that sinteredor cold-bonded
lightweight fly-ash aggregates are giving lightweight concretes, having similar char-
acteristics with the normal aggregate concretes. The use of lightweight aggregates in
replacement of normal aggregates in concrete production lowers down the strength
and stiffness as this aggregate is highly porous but the self-weight of concrete was
much lower. However, in respect of concrete sintered, fly-ash aggregate is more per-
meable than normal aggregate but cold-bonded aggregate gives less permeability
than normal one [4].

Manikandan and Ramamurthy suggested that sintering technique aggregates give
more strength in respect of cold-bonded aggregate [5].

Priyadarshiny, Ganesh and Santhi have noticed that with the increase in cur-
ing period cold-bonded aggregates give more strength than that of other aggregates
making techniques [6].

In conventional concrete, weights of aggregates are the main factors according to
IS 9142-1979 to show if the aggregate is lightweight or not. The density of concrete
using 12.5mmregular coarse aggregate is of 2100–2800 kg/m3. This high self-weight
of the concrete using regular coarse aggregate may cause the use of high structural
members such as reinforcements which causes high economic value to structure. As
the aggregate is lightweight in nature, the self-weight of concrete comes up to 1500–
1800 kg/m3 which is much lower than normal aggregate concrete. Thus, we can
conclude that it can reduce the dead load than the original one. Hence, economy may
be achieved in the design of supporting structural elements. This paper is reviewed
on the suitability of using autoclaved fly-ash aggregate strength properties.

3 Fly-Ash Aggregates

Fly-ash aggregates are round-shaped lightweight aggregates and can replace coarse
aggregate. It can be produced by (1) sintered, (2) cold-bonded and (3) autoclaved
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Fig. 1 Green pellets

technique. In this paper, I have discussed the autoclave technique to make the fly-ash
aggregate. This aggregate can be used in all the places as a replacement of normal
aggregate (Fig. 1).

4 Materials

4.1 Cement

Portland Pozzolana Cement (P.P.C.) is used in this project according to IS: 12269-
1987 [7].

4.2 Fly Ash

Fly ash produced from the burning of sub-bituminous coal is of Class C grade. It has
good pozzolanic character. ClassCfly ashwhenmixedwithwater became harden and
over time its strength gets increased. As Class C fly ash has self-cementing property,
it gives more strength to the aggregate. It has high calcium, alkali and sulphate which
are generally higher in Class F fly ashes.

4.3 Water

Regular water, which was available in lab, was used for making fly-ash pellets,
potassium (Table 1).
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Table 1 Chemical analysis of cement and fly ash

Calcium
Oxide

Silicon
Oxide

Aluminium
Oxide

Ferric
Oxide

Sodium
Oxide

Potassium
Oxide

Magnesium
Oxide

Density
Gram

CubicCentimeter

Cement 61.45 18.35 2.52 2.12 0.62 0.5 1.54 3.03

Fly ash 1.56 52.75 30.75 8.68 1.38 2.12 1.94 2.78

5 Production Technique of Autoclaved Fly-Ash Pellets:-

5.1 Process of Making Green Pellets

The grain size of the pellets can be produced from 4 mm to 40 mm size by means of
agglomeration process as per IS 383-1970 [8]. The process is used to making green
fly-ash pellets called as palletisation process. Different pelletisers such as disc type
and drum type can be used in making green pellets. In this paper, we used disc-type
pelletiser in order to produce green pellets. The efficiency of the production of aggre-
gate depends on various factors, i.e. speed of revolution of pelletiser disc, moisture
content, angle of pelletiser disc and duration of pelletisation. The specifications of
the disc pelletiser which is used here are as follows [9]:

• Diameter of the disc—0.57 m.
• Depth of the disc—0.25 m.
• Horizontal angle of the disc—45°.
• The speed of rotation of the disc—55 rpm (Fig. 2).

Fig. 2 Pelletisation process and disc pelletiser
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5.2 Hardening of Pellets

Green pellets are passed through autoclave having 120–150° and 15–20 psi pressure
for two to three hours. The final product coming from autoclave can be used in the
field as it is stronger than green pellets (Fig. 3).

6 Comparison of Physical Properties of Aggregate

The fly-ash aggregates are porous materials, so for hardening the pellets we have
to use cement as binder material. The hardening of the pellets can be done by fol-
lowing the process: cold bonding, sintering and autoclaving. Green pellets can be
hardened by sintering, 28 days water curing and autoclaving. Among all these three
processes, autoclaving is the most effective process by which strength of the pellets
gets increased in a short time span. So, to increase the strength of the pellets after
removing them from the pelletiser, we have to pore it into autoclave machine with
120–150° and 15–20 psi pressure for 2–3 h. Study the properties of fly-ash pellets
[10].

In this experiment, aggregates of size 10–12.5mmwere used for checking strength
of the autoclaved fly-ash aggregates in comparison with regular coarse aggregate.
According to IS 2386 part 3 and part 4, different tests were organised to check the
strength of the artificial fly-ash aggregate [11] (Table 2 and Figs. 4, 5, and 6).

Fig. 3 Autoclave machine and autoclaved fly-ash pellet
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Fig. 6 Impact test of different autoclaved fly-ash pellets

7 Uses in Concrete

The produced fly-ash aggregates are used in M-10 to M-25 and M-40 concrete, and
mix design was done. In addition, we use admixtures of 0.6% along with a water–
cement ratio of 0.5. Extra 1% of water was added for absorption of fly-ash pellets
produced by autoclaved technique.

8 Workability Test of the Specimens

Workability is a property of raw or fresh concrete mixture. It means that the concrete
can be placed and can be compacted easilywithout any segregation. Itmainly depends
on the amount of water used in concrete mix designs (ACI 1990b). Slump height test
is used here to determine the workability (Table 3 and Fig. 7).

9 Comparison of Compressive Strength in Concrete Using
Fly-Ash Pellets and Normal Aggregate

See Table 4.
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Table 3 Results of slump test

Concrete mixture Workability

(Slump height in mm)

M-10 M-15 M-20 M-25 M-40

Conventional concrete 45 47.07 70 81.23 110

Fly-ash pellets concrete (10:1) 46.98 50.66 75 81.98 115

Fly-ash pellets concrete (5:1) 47.23 54.24 75.6 82.58 120

Fly-ash pellets concrete (5:2) 47.05 57.82 78 83.28 128

Fly-ash pellets concrete (5:3) 47.98 61.41 79.23 83.95 135

Fly-ash pellets concrete (5:4) 48.01 64.99 80.32 84.63 145

Fly-ash pellets concrete (5:1) 48.23 68.57 80.52 85.30 150
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Fig. 7 Slump height test of different autoclaved fly-ash pellets using different concrete mixes

9.1 Cost Efficiency Test in Respect of (0.15 m × 0.15 m ×
0.15 m) Cube

The market rate of cement, sand and coarse aggregate are discussed (Table 5 and
Fig. 8).

In the above comparison, it is clearly shown that the cost of autoclaved fly-ash
aggregate is significantly lower than that of normal aggregate which we are having.
The cost of fly-ash pellets is around 30% lower than that of normal aggregate. As
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Table 5 Table shows costing difference of conventional aggregate and fly-ash pellets

Conventional
concrete

Fly-ash pellets concrete

12 mm
Gravel

10:1 5:1 5:2 5:3 5:4 1:1

S. no Material Rate (Rs. per
kg)

Rate
(Rs.
per kg)

Rate
(Rs.
per kg)

Rate
(Rs.
per kg)

Rate
(Rs.
per kg)

Rate
(Rs.
per kg)

Rate
(Rs.
per kg)

1 Cement 17 17 17 17 17 17 17

2 Fine
aggregate

5 6 6 6 6 6 6

3 Coarse
aggregate

32 15 18 20 22 24 25

Fig. 8 Cost of different
Autoclaved Fly-ash pellets
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the aggregate is lightweight and cost-efficient so we can say it can give us a better
solution in order to replace our normal aggregate. Thus, this aggregate can be used
in larger scale construction purpose.

10 Conclusions of the Paper

According to the above experiments and tests performed, some conclusions can be
drawn. They are discussed below:

• According to regular coarse aggregate, autoclaved fly-ash pellets give good result
as per physical tests done on those aggregates according to IS-2386 part 3 and
part 4.

• The new aggregates made with fly ash are giving the great results in crushing
value test and abrasion test, by which we can conclude that the fly-ash aggregates
produced by autoclave technique has strength bearing capacity similar to that of
normal coarse aggregate in the concrete mix.
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• The fly-ash aggregates are light in weight than that of normal aggregates. We can
conclude it from the variation shown in specific gravity test performed on these
aggregates.

• The water absorption is higher than that of normal aggregate.
• In concrete mixture also, this aggregate shows a great strength in different grades

of concrete.
• The cost of Autoclaved fly-ash pellets is much lower than that of regular

aggregates.
• The source of the regular coarse aggregate is mainly rocks of hills. So with the

increasing rate of construction all over the world, the uses of coarse aggregate
are increased. The source of regular coarse aggregate is mainly the rocks of hilly
areas. In order to get the coarse aggregate the destruction of hilly areas are
growing day by day. This causes geological as well as environmental imbalance.
For this, earthfalls in hilly region are getting a common issue day by day all over
the world. In other way, we can also say that fly ash is the industrial waste having
a lot of chemical components, which may cause a lot of physical hazards if they
are exposed in open air without precaution. Fly ash of 800million tonne is coming
out in a year from different parts of the world. But only less than 30% is used in
different sectors. So this aggregate can replace the coarse aggregate and can help
to solve the environmental hazards as well.

• Among all three techniques, sintering, cold bonding and autoclaving, autoclaving
is the most efficient technique to make the fly-ash pellets as a replacement.
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Optimization of Percentage of AR Glass
Fibre Addition to Fly-Ash-Based
Self-consolidating Concrete

Asheena Sunny and Nitin Gusain

Abstract Self-consolidating concrete (SCC) is usually referred as flowable concrete
which can consolidate without having segregation of aggregates. It uses chemical
and mineral admixtures to achieve its properties. The present experimental study
investigates the influence of glass fibres with varying proportions (i.e. 0, 1, 1.5, 2
and 2.5% by weight of cement) on rheological and mechanical properties of fly-ash-
based self-consolidating concrete. The experiments were conducted by considering
water–powder ratio of 0.3656. The guidelines of EFNARC were followed for the
mix designing of SCC. Fresh properties were determined by L-Box, Slump Flow
and V-Funnel tests and hardened properties were assessed by 28th day compressive,
flexural and split tensile strength tests.

Keywords Glass fibre · Fly ash · Superplasticizer · Self-consolidating concrete

1 Introduction

Self-consolidating concrete has a tendency to possess compaction by its self-weight
and uniformly fill the entire form work even though there is an existence of con-
gestion in reinforcement. SCC was developed in 1980s by Okamura in Japan due
to shortage of labours. Better durability, environment-friendly, lower noise pollu-
tion, enhanced aesthetics and cut back in time needed for placement of concrete are
the benefits of wide usage of SCC in construction industries. The key characteris-
tics are attained with the aid of chemical admixtures such as superplasticizer and
mineral admixtures (like fly ash, rice husk ash, metakaolin, etc.). Unique properties
of self-consolidating concrete make it significant in constructability, economic and
engineering advantages.

Self-consolidating concrete contains a large amount of powder (particle size <
0.125 mm) which is required to maintain sufficient rheology of concrete which
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includes segregation resistance, filling and passing abilities of fresh concrete. As the
requirement in quantity of cement increases, it causes increased heat of hydration
and production cost. From the literature study, it was revealed that addition of fly
ash can make improvement in slump flow of SCC by reducing the cost [1]. Also, fly
ash utilization in concrete can minimize the hydration heat of cement resulting in
reduced cracking [2].

Conventional plain concrete has innumerousmicro-cracks within it, and under the
application of external load cracks propagate due to weak in tension. However, inser-
tion of fibres into the concrete matrix can enhance the flexural and tensile strengths
of concrete [3].

The fibres often gettable are steel, glass, polypropylene, coir, etc. Steel fibres
improve ductility, toughness and flexural strength. Increased weight and corrosion
damage of steel fibres are its drawbacks, and hence alkali resistant glass fibre, which
is recently developed overcomes the defects and can be effectively used in concrete.

Theprinciple aimof the current researchwork focuses onworkability andmechan-
ical properties of fly-ash-based SCC with varying dosages of glass fibre (0, 1, 1.5, 2
and 2.5%) by the weight of cement.

2 Ingredients for the Production of SCC

2.1 Cement

53 grade OPC cement was used and the properties obtained (Table 1) are within the
requirement range specified by IS 269–2015.

2.2 Mineral and Chemical Admixtures

Fly ash (Class F) with a specific gravity 2.275 procured from Lafarge RMC plant,
Bhubaneswar was used as the mineral admixture.

Superplasticizers are chemical admixtures which improves workability with
decline in water content. Superplasticizer used in the study was Cryso Fluid Optima
K913 with specific gravity 1.13(+−0.02).

2.3 Aggregates

The fine aggregates (FA) and coarse aggregates (CA) are acquired from structural
laboratory, KIIT-DU, Bhubaneswar and confirmed with the specifications provided
by IS: 383 (1983). Coarse aggregates used in the current study are of size 10 mm
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Table 1 Test results for
ordinary Portland cement 53
grade

Test Values obtained Requirement range

Setting time—Initial
Setting time—Final

165 min
240 min

30 min (minimum)
600 min (maximum)

Fineness 295 m2/kg 225 m2/kg
(minimum)

Soundness by
Lechatilier
expansion

1.0 mm 10 mm (maximum)

Soundness by
autoclave

0.074% 0.8% (maximum)

Specific gravity 3.15 –

Compressive strength

72 + 1 h 38 N/mm2 27 N/mm2

(minimum)

168 + 2 h 48 N/mm2 37 N/mm2

(minimum)

672 + 4 h 60 N/mm2 53 N/mm2

(minimum)

Table 2 Experimental
observations of coarse and
fine aggregates

Particulars Coarse
aggregates(CA)

Fine
aggregates(FA)

Fineness modulus 6.18 2.46

Specific gravity 2.68 2.63

Water absorption
(percentage)

0.4 0.85

(retaining), combination of 12.5 and 16 mm (passing). The experimental results are
stated in Table 2.

2.4 Glass Fibres

AR (alkali resistant) glass fibres of length 12 mm are taken for the experimental
study. The property index of glass fibres used is specified in Table 3.

Table 3 AR glass fibre properties

Density Tensile strength Elastic modulus Elongation at break Water absorption

2.53 g/cm3 1950–2050 MPa 43–50 GPa 7–9% <0.1%
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Fig. 1 Mould after filling
the SCC

3 SCC Mix Design

Many test trials were conducted for regulating dosages of superplasticizer and per-
centage of fly ash replacement. The guidelines of EFNARC were followed for the
mix designing of SCC. The self-compactibility was achieved at 15% replacement
of cement with fly ash by keeping superplasticizer dosage of 1.44% of cementitious
materials and water–powder ratio of 0.3656. In the present study, coarse and fine
aggregate quantities were taken as 897 and 847 kg/m3, respectively.

4 Casting of Moulds

Fly ash and cement were thoroughly blended in separate containers and then the
cementations powder, fine and coarse aggregates poured in concrete mixer as per
calculated quantity and dry mixing was done till uniform mix was ensured. Finally,
superplasticizerwasmixedwithwater (as per calculation) and addedwith drymixture
in a mixer. After the proper mixing, slump flow test, V-funnel and L-box test were
conducted immediately. And then SCC mix was placed in cube, cylinder and prism
moulds. Figure 1 shows the cube mould after filling SCC.

5 Tests Conducted on Fresh SCC

The slump flow, V-funnel and L-box test are the three experimental programmes
conducted for obtaining rheological properties of SCC.
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Table 4 EFNARC guidelines
for fresh properties of
concrete

Tests Minimum–maximum range

Slump flow 650–800 mm

L-box 0.8–1.0

V-funnel 6–12 s

Fig. 2 a Slump cone test b L-box test

5.1 Slump Flow

Test requires a truncated cone-shaped mould having height of 300 mm and internal
dimensions of 200 mm and 100 mm at base and top, respectively. Place a 700 mm
square base plate on flat ground and align cone at centre. Pour concrete with the
use of trowel and strike out extra concrete without tamping. Lift the cone in upright
direction and let the concrete freely flow. Minimum and maximum diameters flowed
by the SCC mix were measured and compared with EFNARC guidelines (Table 4).
The flow diameter is a direct indication of filling capacity of fresh SCC. Figure 2a
shows the flow diameter obtained after the test.

5.2 L-Box

This experiment assesses the passing and filling potential of SCC. Vertical part of
L-box is filled with the concrete immediately after the mixing. There is a sliding gate
between vertical and horizontal portions, keep it locked until the vertical portion is
filled completely. Then uplift the gate and permit SCC to pass through horizontal
surface. Tamping rod is used tomeasure the heights. The ratio of heights is calculated
and comparedwith EFNARC guidelines (Table 4). Test figure is illustrated in Fig. 2b.
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5.3 V-Funnel

This experiment programme is conducted to calculate flow time, i.e. flowing capa-
bility to ensure workability of SCC. The test requires a V-shaped funnel. Then the
funnel is filled with concrete and made to flow under gravity. Time required for the
flow was calculated. Time calculated should satisfy EFNARC guidelines given in
Table 4.

6 Tests Conducted for Mechanical Properties of SCC

SCC was tested for modulus of rupture, compressive and split tensile strength
according to IS 516(1959).

7 Test Result and Discussion

7.1 Rheological Properties

Slump flow, V-funnel and L-box test were performed in the laboratory on workable
SCC. The results obtained are within the prescribed limits of EFNARC guidelines.
The workability properties of SCC are shown in Table 5.

Slump flow of fly-ash-based SCC was found to be 708 mm and it was decreased
with addition of glass fibre. The peak in L-box ratio was observed in SCC without
glass fibres (0.985). It was found that with the addition of glass fibres, the L-box
ratio was decreased and V-funnel time was increased.

It was noticed that there was no obstruction found because of addition of glass
fibres to the SCC and all the mixes tested have adequate workability. Addition of
fibres decreases the rheological property even though the test results werewell within
the range specified by EFNARC.

Table 5 Test result of fresh SCC

Mix
designation

Fly ash % Glass fibre % Slump flow
value
(millimetre)

V-funnel value
(second)

L-box value

GFRSCC0 15 0 708 9.1 0.985

GFRSCC1 15 1 695 9.8 0.980

GFRSCC2 15 1.5 693 10.1 0.978

GFRSCC3 15 2.0 690 10.2 0.921

GFRSCC4 15 2.5 685 10.5 0.892
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Fig. 3 28th day compressive strength results

7.2 Hard Properties of SCC

Hardened strength properties specifically flexural, splitting tensile and compressive
strength of SCC with varying dosages of glass fibres were tested.

7.2.1 Compressive Strength

28th day test results are represented in Fig. 3. It was found that incorporation of
glass fibres with 1, 1.5, 2 and 2.5% improves compressive strength by 6.8, 10.5, 9
and 7.76%, respectively.

Bridging action of fibres was observed during the time of appearance of tensile
cracks. From the experiment, maximum compressive strength was obtained with the
addition of 1.5% glass fibre content.

7.2.2 Split Tensile Strength

The 28th day test results of different SCC mixtures are represented in Fig. 4. It was
observed that inclusion of 1, 1.5, 2 and 2.5% of glass fibre increases splitting tensile
strength by 11.7, 23.5, 29.4 and 33.3%, respectively.

The Split tensile test results of SCC notably increase with incorporation of glass
fibre. It has been observed that the noticeable improvement was obtained up to the
addition of 1.5% of glass fibre.
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Fig. 4 Splitting tensile strength results

7.2.3 Flexural Strength

The 28th day result self-consolidating concrete with varying percentage of fibres is
represented in Fig. 5. It was noted that incorporation of 1, 1.5, 2 and 2.5% of glass
fibre increases the modulus of rupture by 22.8, 27.5, 24.6 and 20.22%, respectively.

The flexural strength of SCC was enhanced with incorporation of glass fibre but
there is a decline in strength beyond 1.5% of fibres. Thus, 1.5% of glass fibre gives
the peak flexural strength of SCC.
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8 Conclusions

Based on the obtained test results, salient features are concluded as follows:

(1) The self-compactibility was achieved at 15% replacement of cement with fly
ash by keeping superplasticizer dosage of 1.44% of cementitious material and
water–powder ratio of 0.3656.

(2) The workability of SCC with glass fibre reduces with increase in fibre con-
tent. However, test results obtained for entire mixes are well within the range
recommended by EFNARC.

(3) Incorporation of fibres to SCC improves the 28th day compressive strength
by 6.8 to 10.5% and the peak strength was achieved with 1.5% of glass fibre
content.

(4) Inclusion of fibres to SCC enhances the split tensile strength by 11.7 to 33.3%,
even though noticeable improvement was obtained up to 1.5% of glass fibres.

(5) Flexural strength of SCC was increased from 20.2 to 27.5% by inclusion of
glass fibres. However, peak value was noticed at 1.5% glass fibres.

(6) Most enhanced hardened properties followed by inclusion of glass fibre were
splitting tensile thereafter flexural and compressive strength.

(7) Therefore, it is concluded that optimum properties are obtained with 1.5% of
glass fibre in SCC.
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Performance of Concrete with Marble
Dust as Supplementary Material:
A Review

Srishti Saha, Tribikram Mohanty, and Purnachandra Saha

Abstract Waste marble powder is an inert material obtained from the sawing, shap-
ing and polishing of marble. Those marble dusts are hazardous to the health and
atmosphere if it is not disposed properly. The main objective of the paper is to use
those powders in construction work as a supplementary material and to observe the
performance in concrete. Presently, in this paper, physical, chemical, mechanical
properties such as workability, compressive strength, tensile strength and durability
such as water absorption by immersion, carbonation properties of concrete with mar-
ble dust are studied. The review indicates that in concrete industry marble dust can
be used as replacement of sand and it generally improves the mechanical properties
of concrete with lower water–cement ratio. In hydration process, marble dust does
not play any role but it shows filler effect in concrete and also it shows better perfor-
mance. Hence, marble dust can be used as an appropriate fine aggregate material for
sustainable concrete.
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1 Introduction

The natural mineral resources produced in India are widely used in construction
purposes. Among those minerals very high qualities of marbles are used extensively
for building purpose in India [1, 2]. Pure limestone is converted to metamorphic rock
after chemical reactions which is known as marble. During the processing operations
of marble, huge amount of waste is generated which again causes environmental
problems. The waste materials are dumped as landfill which not only reduces the
fertility and porosity of the soil but also increases the alkalinity of the soil [3].
Moreover, marble powder is extensively used as a mineral for the production of
concrete also which can be used as a direct replacement of cement because of its
filter effect [4]. The impact of expansion of marble powder as substitution of cement
or fine aggregates at substitution proportions of 15, 10, 7.5 and 5% is given [5].
Nowadays, marble powder is very popular. Sincemarble powder used as replacement
of cement or saturated fine aggregates [6], the objective is to review the mechanical
and durability properties of concrete using marble dust.

2 Physical and Chemical Properties of Marble Dust

Waste marble powder is an inert material acquired from the sawing and procession
operations of marble stone.The physical properties of marble dust rely upon both
adhered mortar quality and the amount of followed mortar [5, 7]. Marble waste
contains large amounts of calciumoxide (Cao)within the percentage of up to 28.63%,
and little bits of ferric oxide (Fe2O3) and silicon dioxide (SiO2) [8]. Research on
marble waste demonstrates that the surface area and percentage of fines are high,
Which can help in the replacement of cement within certain limit. It was observed
that within the hydration process this material could not help to form the calcium
silicate gel [9, 10]. A few scientists contemplated that the real density, loose bulk
density, specific gravity and fineness of waste marble are accordingly 2.68 g/cm3,
1.67 g/cm3, 2.67 and 350 m2/kg, respectively. It was also observed by the thermal
analysis of marble dust that Caco3 is the important organic component. Marble
powder shows an endothermic reaction, this generally occurs at temp 740–800 degree
centigrade. Within the range of this temperature, there is a sudden loss in weight
because of decomposition of calcite ions [11, 12]. Scanning electron magnifying
lens with energy-dispersive X-ray spectroscopy expansion was performed on marble
waste indicating essentially Cao is the fundamental constituent of the powder. In this
way, the physical and chemical behaviours of waste marble are essential parts of the
investigation (Fig. 1).
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(a) Marble waste pile                    (b) Marble waste dumped 
on the site

(c) Coarse aggregate from  
marble waste

Fig. 1 a, b and c shows different forms of marbles

3 Property of Fresh Concrete

3.1 Workability

Workability, in general, ismeasured by slump test. It can be described as a consistency
measure [13]. The water absorption and w/c ratio affect the workability of marble
waste deeply. Depending upon the shape and size of the fine aggregate, grading of
aggregate also affects workability.

As compared to round aggregate, annular shape aggregate has higher contact area
and this behaviour also shows the granite waste, basalt concrete. As the contact area
is high, the absorption of water is also high, and therefore the water–cement ratio
will become higher in order to obtain similar workability [14, 15]. It was observed
that fine aggregate as a marble sand has lowest water absorption. So, it can be said
that with the addition of fine aggregate (marble sand) workability of marble would
be improved [16].

It was found that with the addition of marble sand to the concrete it causes cohe-
siveness due to the behaviour of higher surface area, and as a result workability
decreases [14, 16]. With the addition of water to the conventional concrete, satu-
rated marble aggregate is produced and similar workability is found as compared to
conventional concrete aggregate, and also with the presence of extra water marble
particles, the behaviour of high shape index and smooth surface is shown [17, 18].

It was observed that angular and elongated shape of aggregates shows higher
slump value, as well as w/c ratio was an efficient property to achieve the workability.
Marble waste as a basalt and granite sand concrete, river sand has directly affected
by this property [15, 16].

It was ascertained that due to the addition of water content, accurate proportion of
fine and coarse aggregates workability of marble waste should be improved [19]. It
was also certified that with the addition of silica fume and marble waste, workability
of concrete should be reduced. To overcome this effect, superplasticizers can be used.
Using water-reducing agent as a superplasticizer, workability ability of marble waste
can be solved from an economic point of view [20, 21].
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Fig. 2 Workability of marble waste for different percentages of aggregate replacement [14, 15, 22]

Figure 2 shows the workability of marble waste for different percentages of aggre-
gate replacement. It was observed from the figure that basalt concrete and river sand
concrete produced better slump when replacement is 50%.

4 Mechanical Properties

4.1 Compressive Strength

Strength durability and structural performance of marble dust are affected by com-
pressive strength of aggregates, therefore becoming one of the most effective prop-
erties of hardening of concrete. Properties of marble dust rely on few factors such as
use of superplasticizer, mineral dust content, water absorption and curing conditions
[14, 22, 23]. Shape and sizes of aggregate affect the compressive performance ofmar-
ble wastes. As compared to smaller aggregate, bigger size aggregate contains higher
amount of adhered mortar. As the amount of adhered mortar is high, the compactness
is also high, therefore to achieve better quality of cement matrix [22, 23].

It was seen that at curing age of 7 and 28 days, strength of basalt concrete reduces
by the expansion of marble dust. With the increase of water–cement proportion level,
strength of a marble dust decreases [23, 24]. With the inclusion of additional water
during hydration process, workability increases, yet prompts lesser porosity and a
resulting failure of compressive strength [22].

When surface moisture is high, the saturated aggregate shows little decrease in
strength as the interfacial bond among the cement paste and reused aggregates is
weak. It was found that with the expansion of additional water the reused aggregates
immerse, which, therefore, demonstrates the lower compressive strength [14, 22].
With the inclusion of marble dust, the basalt concrete and granite concrete show
lower compressive strength for different curing days at 7, 28 and 56 days. It was
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Fig. 3 The compressive strength ofmarblewaste for different percentages of aggregate replacement
[22, 23, 25]

seen that the water absorption value of river sand and marble sand is almost the
same [24]. Rather than the different types of marble aggregates, basalt concrete has
a higher compressive strength. As compared to basalt and sandstone, river sand has
a higher strength [14, 22].

Figure 3 represents the compressive strength of marble waste for different per-
centages of concrete replacement. It was noticed that with increase in the percentages
of replacement, strength gradually reduces.

5 Split Tensile Strength

For determining the performance of concrete under tensile stress, the split tensile
test is one of the most popular methods for evaluation of tensile strength. Water–
cement ratio, chemical mixing method, shape and sizes of coarse aggregates are
some factors on which tensile strength of marble dust depends [26, 27]. With the
expansion in substitution ratio of various sorts of marble dust, the tensile strength
has been observed to be decreasing. In case of compressive strength test, this similar
behaviour also occurs. When saturated coarse aggregates were replaced in river sand
concrete and granite concrete the split tensile tends to decrease. As compared to
granite concrete and river sand concrete, the basalt concrete has a higher tensile
strength [26–29].

It was seen that the basalt particles have lamellar geometry shape, which makes
weaker zones and prompts a tensile rupture [29]. This condition may have been
enhanced because of the substandard productive intermolecular bond among the
cement and basalt particles. Chemical response among basalt and concrete glue
brought about a decrease of bond quality. Tensile bond strength among basalt and
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concrete glue was lesser when contrasted with limestone and quartzite; however,
cleavage strength was higher for limestone than that of basalt concrete [14, 28, 29].

Carbonate content, permeable structure and curing age are few factors on which
tensile strength depends. The essential reason behind the low concrete glue bond
quality is the manufactured breakdown of feldspars due to their major interaction
with the hydrating bond to make soil particles, which swell on retaining water [24,
28]. On the other hand, the substance breakdown of feldspars and other mineral
grains on the basalt surface in contact with the solid paste may lessen the surface
disagreeableness and weakens the mechanical interlocking effect between the stone
surface and the hydration, achieving a weaker bond [14, 25, 26].

Figure 4 represents the tensile strength ofmarblewaste for different percentages of
aggregate replacement. It was noticed that strength gradually reduces by increasing
the substitution proportion.

6 Durability Properties

6.1 Water Absorption

Water absorption is one of the essential factors which impacts the durability proper-
ties ofmarble aggregates.When there is the replacement ofmarble sand by basalt and
granite sand concrete, it can be observed that basalt and granite sand concrete has a
lower absorption of 3.1 and 17.8%, respectively. It was observed that for replacement
up to 100% the water absorption of river sand increases by 11.2%. But water absorp-
tion of river sand decreases when replacement ratio is 20 and 50%. This deviation
occurs due to the behaviours of marble waste [19, 30]. It was observed that nominal
aggregate shows better durability properties when it absorbs more water. Air content
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Fig. 5 Water absorption of different types of marble dust [19, 30]

and pore structures are most important properties which affect the water absorption
of marble dust [31].

The air content in the blend is vital for water assimilation by immersion accord-
ingly to override extents of over 50% with marble sand, and the concentration of
blend is imperilled by the aggregate’s harshness. Accordingly, better in aggregate
pressing and high air maintenance [19]. The retained air creates an open permeable
system, and marble sand demonstrates bring down water retention and by immersion
concrete with higher water assimilation is produced [30, 31].

Figure 5 shows the water absorption of marble waste of different percentages of
aggregate replacement at 28 days. It was observed from the figure that marble waste
as granite concrete produced better water absorption when replacement is 50%.

7 Carbonation Depth

Carbonation is another factor influencing the auxiliary execution of cement. Porosity,
water absorption, shape and sizes of aggregate affect the depth of carbonation. It
was seen that by incorporation of fine aggregates in granite aggregate, carbonation
resistance increases. The carbonation resistance of river sand decreases inside the
expansion of fine aggregates [32, 33].

With the expansion of coarse marble aggregates, carbonation resistance of river
sand likewise diminishes as it relies upon the porosity. This component is an indi-
rect approach to control the water ingestion by immersion test. Another feature that
agrees with this causing is the effect of aggregate measure on the strength of con-
crete exhibited to carbonation, since the physical and geometrical characteristics of
aggregates unequivocally impact the squeezing of the mix and porous structure [31,
33-35].
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[30, 32]

Figure 6 shows the carbonation depth of marble waste of different percentages
of aggregate replacement at 7 days, 28 days, 56 days and 91 days. It was observed
that with the increase of curing days, carbonation depth of marble waste dust also
increases. Marble waste as granite concrete produced better carbonation depth when
replacement is 50%.

8 Conclusion

Performance of concrete with marble dust as supplementary materials are analysed
in this study. It is observed from the study that

1. Performance of various types of marble dust such as basalt concrete, river sand
and granite concretewhich is compiled in this study is suitable substitution of fine
aggregates or cements. However, marble debris needs suitable treatment before
its use.

2. When replacement is 50%, basalt and river sand concrete produce better slump
value.

3. Themechanical properties ofmarble dust, for example, compressive strength and
tensile strength, affect the replacement of fine aggregates. Strength ofmarble dust
specimens reduces with the increase in percentage of fine aggregates.

4. The durability properties such as water absorption and carbonation depth affect
the performance according to the substitution of fine aggregates.
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Mechanical Properties
of Self-compacting Concrete Made
of Glass Fibre

Debarshree, Biswajit Jena, Kaliprasanna Sethy, Asish Kumar Pani,
and Kirti Kanta Sahoo

Abstract Self-compacting concrete (SCC) which is an extremely floatable, non-
segregated concrete can reach easily at the congested formwork and covers the brace
without any vibration. This present research work is focused on comparison of the
mechanical properties of glass-fibre-reinforced SCC of grade M30. The mechanical
properties of SSC like compressive strength, flexural strength, split tensile strength
with different ages at 7 and 28 days are evaluated. During the experimental work, the
workability is measured by slump flow test, T50 flow test, L-box test and V-funnel
test. In this current experiment, long chopped glass fibres of size 12 mm are used
to reinforce SCC. Replacement percentages such as 0.05, 0.10, 0.15, 0.20, 0.25 and
0.30% are adopted throughout the research programme. It is observed that at 0.20%
replacement,mechanical properties show the better results than controlmix and other
replacement percentage. Load deflection curve of SCC beam reinforced with glass
fibre shows better ductility.
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1 Introduction

Self-compacting concrete (SCC) is a highly fluid and stable concrete that can flow
consistently under its own weight, pass between the bars and fill in the formwork
without the need of compaction. The self-compact ability is achieved by adding a
superplasticizer to the mixture and by increasing the amount of fine materials. From
different types of studies, it has been shown that fibre reinforcement materials are
proved to be efficient as compared to other materials. These types of fibre component
are used to improve cracking and fracture toughness of the structure. The local
structure has deboning, pullingout and slidingof thefibreswhichprovide thebridging
action. The fibres reduce the starting of macrocracking and avoid opening as well as
growth of cracks in the structure. Due to these types of components, high demand
of energy is required for remarkable crack propagation. Use of low volumetric fibre
demand does not affect the elastic performance of the structure.

The glass fibres are two types: (1) continues, (2) discontinues or chopped fibres.
Principal choices are below cost, huge capacity, easy and safely functioning and
rapid and orderly diffusion expedite comparable mixes [ShahanaSheril, P.T, 2013].

In the current work, SCC having 12 mm chopped glass fibre added in various
proportions like 0.05, 0.1, 0.15, 0.20, 0.25 and 0.39%, respectively, have been used.

2 Experimental Programme

2.1 Materials

In this project, Portland slag cement is used according to IS 455:1989. The physical
properties are referred from IS 12089:1987 presented in Table 1. In this experiment,
10 mm size of coarse aggregates are used. The required physical properties are
referred from IS: 383-1970 (Table 2). Zone III sand is used according to IS: 383-
1970 and the properties are in Table 2. Alkali-resistant glass fibre (ARGF) of Young’s
modulus of 72GPAand 12mm long is utilized and the physical properties are given in
Table 3.Advantages of this type of glass fibres are little price, better strength, easy and
safe behaviour, and then quick and unchanging dispersion simplifying same mixes
which in word produce durable concrete. In this research, the SIKA VISCOCRETE
2004 NS superplasticizer is used.

2.2 Mixture Proportion

The experiment of the ordinary concrete and GFRC mix concrete, M30 grade of
concrete mix for SCC using subsequent EFNARC code 2005 is prepared. Table 4
shows themix proportion for bothmix. SikaViscocrete 2004NSwas used to improve
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Table 1 Physical properties of Portland slag cement

Sl. no Particulars Test results Requirement of
IS:12089:1987

1 Fineness obtained (in M2/Kg) 389 225 (min)

2 Setting time (minutes)

Initial setting time 98 30 (min)

Final setting time 198 600 (max)

3 Soundness

Lechatilier expansion
(mm)

1.00 10 (max)

Autoclave (%) 0.12 0.8 (max)

4 Compressive strength (MPa)

72 + 1 h 27.60 16.00

168 + 2 h 39.50 22.00

672 + 4 h 56.7 23.00

5 Consistency 31.5%

6 Fineness 100%

7 Specific gravity 3.00

Table 2 Physical properties
of coarse aggregate

Sl. no Coarse aggregate Fine aggregate

Specific gravity 2.53 2.67

Fineness modulus 6.2 2.28

Water absorption 0.4 (%) 0.85 (%)

Table 3 Physical properties
of glass fibre

Type of fibres CT2024

Length of the fibre (mm) 12

Density of fibre (g/cm3) 2.53

Elastic modulus of fibre (GPa) 43–50

Tensile strength of fibre (MPa) 1950–2050

Elongation at break (%) 7–9

Water absorption <0.1

Table 4 Approve mix proportion of SCC

Cement in
(kg/m3)

Water in
(kg/m3)

Fine aggregate
in (kg/m3)

Coarse
aggregate in
(kg/m3)

Superplasticizer
in (kg/m3)

585.42 234.168 910.889 575.424 2.342

1 0.4 1.56 0.98 0.004
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Table 5 Result of fresh
concrete

Test Time (SEC) Measurement

T500 test 3.8 697 mm

V-funnel test 8 8 s

L-box test 6 7.25/7.4 = 0.98

the workability. To satisfy SCC, the workability was measured by T500 test, L-box
test and V-funnel test. Glass fibre percentages of 0.05, 0.10, 0.15, 0.20, 0.25 and
0.30% are added to concrete to make composite concrete.

2.3 Testing of Fresh Concrete

T500 and L-box test were conducted to measure the degree of workability. If the
concrete can flow above 500 to 700 mm then the slump test value satisfies SCC. Like
flow value, in L-box test, concrete can flow in between 8 s. To control the flow ability
of self-compacting concrete, V-funnel test is analysed. The test result of workability
is shown in Table 5.

2.4 Preparation of Test Specimens

Cube of size 150 × 150 × 150 mm, cylinder of size 150 × 300 mm and prisms of
size 100 × 100 × 500 mm were taken for conducting mechanical properties. After
demoulding, all the samples are cured for 28 days in normal tap water.

2.5 Sorptivity Test

Sorptivity test measure for capillary force which utilizes the outlet structure produces
liquids to be peaked into the body of the structure.Here, the capillary rice is calculated
in concrete cube by putting the cube inwater to a depth of 2 to 5mmdeep. The relation
among absorption and sorptivity is

K = W

A
√
t

where K = sorptivity,
W/A = water absorption per unit area cumulatively,
t = time elapsed.
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Table 6 Characterization of
mixes

Classification Fibre content (%) Description

PSC 0.0 Plain SCC

GFC–0.5 0.05 0.05% GFRSCC

GFC–1 0.1 0.1% GFRSCC

GFC–1.5 0.15 0.15% GFRSCC

GFC–2 0.2 0.2% GFRSCC

GFC–2.5 0.25 0.25% GFRSCC

GFC–3 0.3 0.3% GFRSCC

This was accompanied in laboratory. The time interval selected is 30 min, 1, 2,
6, 24 and 48 h and then remove the sample from the water and weigh it. Weigh the
cube till the weight increased, when the weight stays constant and the cube is not
gaining the weight at that time, then stop the check.

3 Result and Discussion

3.1 Workability

Different mix proportions are made by adding glass fibre at different percentages.
The name of the mixes is described in Table 6. All the mixes are tested through
slump flow, T50 flow, L-box and V-funnel to satisfy the SCC criteria. Respective
values are presented in Table 7. Figures 1, 2, 3 and 4 show the graphical presentation
of workability in different forms.

4 Mechanical Properties

After successive curing, all the samples at 7 days and 28 days are tested to quantify
the difference between SCC and fibre SCC. Table 8 shows all the values at different
days, respectively.

In control mix, 7 days value was 34.25MPa and the FRSCC value was 36.39MPa.
There is an increase in between them around 5.88% which shows no significant
improvement. The peak value of FRSCC shows 0.20% of glass fibre. At 28 days,
control mix shows 40.78 MPa and the FRSCC shows 48.95 MPa. Here the glass
fibre shows 16.69% of increase at 0.20% of glass fibre. Deviation in the compressive
strength in both types of SCC is presented in Figs. 5 and 6.

The percentage improvement of flexural strength for glass fibre over control mix
is 5.91% when 0.20% of glass fibre is added in concrete. In control mix, it shows
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Table 7 Test result of workability

Sample Slump flow
test
(600–750)
mm

T50 flow test
(2–5) sec

L-box test
(H2/H1)
0.8–1.0

V-funnel test
(6–12) sec

Remarks

PSC 697 3.8 0.98 7 Result
fulfilled

GFC–0.5 690 6.0 0.96 6 High
viscosity

GFC–1 680 4.2 0.92 7.2 Result
fulfilled

GFC–1.5 655 5.0 0.88 7.9 Result
fulfilled

GFC–2 640 3.9 0.85 8.3 Result
fulfilled

GFC–2.5 625 4.3 0.82 8.5 Result
fulfilled

GFC–3 520 6.4 0.65 12 High
viscosity
blockage

Fig. 1 Slump test
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Fig. 2 T50 flow test
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Fig. 3 L-box test
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Fig. 4 V-funnel test
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Table 8 Test results at 7 and 28 days

Mixes Compressive
strength test at
7 days in (MPa)

Compressive
strength test at
28 days in (MPa)

Flexural strength
test at 28 days in
(MPa)

Split tensile
strength test at
28 days in (MPa)

PSC 34.25 40.78 9.06 4.15

GFC–0.5 27.18 36.67 7.6 3.9

GFC–1 25.27 35.29 7.46 3.72

GFC–1.5 28.33 44.96 8.33 4.26

GFC–2 36.39 48.95 9.63 4.35

GFC–2.5 25.17 36.41 8.27 3.57

GFC–3 20.67 32.21 7.8 3.2

Fig. 5 Deviation of 7 days
compressive strength
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Fig. 6 Deviation of 28 days
compressive strength
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9.06MPa and in 0.20%of glass fibre, it shows 9.63MPa. Figure 7 shows the deviation
in the flexural strength for PSC and different fibre SCCs.

Experimental investigation shows control mix having 4.15 MPa and 0.20% of
glass fibre shows 4.35 MPa. The glass fibre mixed SCC shows 4.59% of increase at
0.20% of glass fibre. Figure 8 describes about the deviation of split tensile strength.

Fig. 7 Deviation of 28 days
flexural strength
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Fig. 8 Deviation of 28 days
split tensile strength
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Fig. 9 Sorptivity at different time intervals

Table 9 Sorptivity test results

Sample Initial dry weight
in (gm)

Weight in (gm)

At 30 min At 1 h At 2 h At 6 h At 24 h At 48 h

PSC 2685 2685 2686 2688 2689 2693 2695

GFC 2450 2452 2454 2455 2457 2459 2461

5 Sorptivity

Figure 9 shows the capillary absorption of water at different time intervals. Here
the water absorption through capillary in GFC sample is higher than PSC samples,
which indicates the fibres absorbed the water for which the weight of the sample is
higher than PSC sample. Figure 9 and Table 9 shows the trend of capillary action for
both concretes.

6 Conclusion

1. As glass fibre absorbed more water, it shows the value of slump.
2. Addition of glass fibre in self-compacted concrete enhances the mechanical

properties.
3. 0.20% of glass fibre was recognized as optimum doses to increase all the

mechanical properties of SSC.
4. At 0.20% of glass fibre, it was observed that compressive strength increased

by 5.88% (7 days), and 16.69% (28 days), flexure strength increased by 5.91%
(28 days), split tensile strength increased by 4.59% (days), respectively.
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5. The GFR concrete is in the state of increased mechanical properties with higher
quantity fraction. In fresh state, it showed good performance.

6. In case of sorptivity test, the capillary water absorption of GFC is more than PSC
because GFC observed more water due to the glass fibre.
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Study on Mechanical Properties of Steel
Fibre Concrete

Asish Kumar Pani and Kirti Kanta Sahoo

Abstract Nowadays, in most of the important constructions, high-strength concrete
is very much essential. Achievement of high-strength concrete alone with cement is
difficult rather than addition of admixtures. Utilization of fibres in concrete, effective
development of flexural rigidity, imperviousness to splitting, resistance to porous-
ness and thawing are incredible. Fibre has strengthening character which is useful
for producing high-strength concrete. Therefore, fibre-reinforced concrete (FRC) is
accepted world wide rapidly. In this present research, concrete grade of M60 is pre-
pared incorporated with steel fibre. The percentage of steel fibre is maintained from
0.5 to 2% of the weight of binding material. Mechanical properties like compressive
strength, flexural strength and split tensile strength are checked to quantify the solo
effect of steel fibre on the concrete. It has been reported that all three mechanical
properties are increased in comparison to control mix for a steel percentage of 2.
Throughout the experimental work ordinary Portland cement is used.

Keywords Steel fibre · Compressive strength · Flexural strength · Split tensile
strength

1 Introduction

In the modern construction industry, Ordinary Portland Cement (OPC) is nowadays
obsolete. Achievement of high-strength concrete with OPC is not possible. So differ-
ent admixtures like silica fume, fly ash, nanomaterials, etc. are required to enhance
the strength of the concrete. Steel fibre is one material which shows compatibility
with concrete. So after long observation, Fibre-Reinforced Concrete (FRC) plays a
key role in the construction industry. In the FRC, fibres are distributed arbitrarily
which helps in proper blending and enhancing mechanical properties. Due to com-
patible nature, FRC is called as cement-based composite structures. Most important
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Table 1 Property of cement Sl. No. Property Experimental
values

Standard value

1 Fineness (%) 1.72 ≤10

2 Specific gravity 3.13 –

3 Consistency
(%)

33 –

4 Setting time
(Initial) min.

88 >30

5 Setting time
(Final) min.

176 <600

Compressive strength (N/mm2)

1 3 days 31.76 >27

2 7 days 48.47 >37

3 28 days 56.98 >53

favourable parameters of FRC are flexural rigidity, impenetrability to spitting, and
superb porousness and ice resistance. Such properties of FRCmake it structural trust
goodness. Many fibres are used in the concrete such as steel, glass, carbon, steel
and natural. In this present research work, steel fibre is taken into consideration for
enhancement of concrete properties. M60 grade of concrete is prepared along with
different doses of steel fibre such as 0.5, 1, 1.5 and 2%. At 28 days, the mechanical
properties are examined to account the effect of steel fibre.

2 Materials

2.1 Binder

Ordinary Portland Cement (OPC) is used as binder in the current researchwork. OPC
having grade 53 made by RAMCO confirming to IS 4031-1988 is used for the whole
experimental work. The physical and mechanical properties of cement are presented
in Table 1.

2.2 Fine Aggregate

Sand as fine aggregate having fineness modulus 2.50 to 3.50 and silt content not
greater than 4% is taken in the present work. The fine aggregate in this present work
is a mix of coarse sand as well as fine sand.
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2.3 Coarse Aggregate

Hard, dense, durable and clean coarse aggregates are used. It is ensured that it is
free from disintegrated pieces and other vegetable matter. The used aggregates are
roughly cubical in shape and there is a very less amount of flaky pieces.

2.4 Steel Fibre

The steel fibre used is flat crimped stainless steel fibre. The physical characteristics
are presented in Table 2.

3 Experimental Methodology

M60 grade of concrete is prepared according to IS 456-2000 and IS 10262-2009,
respectively. After designmix, 1:1.82:2.74 is taken asmix proportion.Moulds of size
150 × 150 × 150 mm for compressive strength, 100 × 100 × 500 mm for flexural
strength and 150 × 300 mm for split tensile strength are used. Different percentages
of steel fibres such as 0.5, 1, 1.5 and 2 are mixed in the concrete. Observation of
mechanical properties is recorded after successive 28 days of curing. Curing is done
in the normal tapwater and kept in the openwater tank. The temperature and humidity
are about 30 °C and 60%. Mechanical properties are conducted as per IS 516-1959.

4 Results and Discussion

After completion of 28 days curing, specimens are tested as per Bureau of Indian
Standards to give the mechanical properties of the concrete.

Table 2 Property of steel
fibre

No. Properties Description

1 Length 35–45 mm

2 Density 7900 kg/m3

3 Modulus of elasticity 2.1 × 105 N/mm2

4 Alkali resistant Good

5 Acid resistant Poor

6 Heat resistant Good

7 Elongation 5–35%
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Table 3 Compressive
strength of control mix

Compressive strength (MPa) Average

68.5 68.02

66.6

69.1

Table 4 Compressive strength steel fibre concrete

Steel fibre % Sample 1 Sample 2 Sample 3 Average strength (MPa)

0.5 71.70 71 72.2 71.6

1 72.6 72.1 73.1 72.6

1.5 73.42 73.8 73 73.4

2 75.59 74.4 75.9 75.3

Fig. 1 Relation between
compressive strength and
steel fibre
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4.1 Compressive Strength Test

Tables 3 and 4 show different compressive strength values for different mixes of
concrete. In Fig. 1, the copulation between compressive strength and doses of fibres
is shown. It is observed that at 2% steel fibres compressive strength shows significant
increment. But up to 1% of addition of steel fibre, increment in compressive strength
is not so much significant.

4.2 Flexural Strength Test

Tables 5 and 6 show the flexural strength value for both control and steel fibre
concrete. Like compressive strength, same trend is observed. At 2% of steel fibre, it
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Table 5 Flexural strength of
control mix

Flexural strength (MPa) Average

7.61 7.46

7.20

7.58

Table 6 Flexural strength of steel fibre concrete

Steel fibre % Sample 1 Sample2 Sample 3 Average strength (MPa)

0.5 7.9 7.6 8.1 7.87

1 8.12 8.4 8.62 8.38

1.5 9.1 8.9 8.42 8.81

2 8.5 9.5 9.12 9.04

Fig. 2 Relation between
flexural strength and steel
fibre
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is noticed that maximum flexural strength is achieved. But at 0.5% of steel fibre, it
is noticed that increment percentage is not significant.

Figure 2 shows the trend between flexural strength and doses of steel fibre.

4.3 Split Tensile Strength Test

Tables 7 and 8 show the tensile splitting strength value for both control and steel fibre
concrete. Like compressive strength and flexural strength, same trend is observed.
At 2% of steel fibre, it is noticed that maximum split tensile strength is achieved.
But most important factor is that at minimum level of addition of steel fibre (0.5%)
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Table 7 Split tensile strength
of control mix

Split tensile strength (MPa) Average split tensile strength
(MPa)

5.1 4.57

4.11

4.66

Table 8 Split tensile strength of steel fibre concrete

Steel fibre % Sample 1 Sample 2 Sample 3 Average strength (MPa)

0.5 7.92 7.5 7.8 7.4

1 7.1 7.94 7.9 7.64

1.5 8.1 7.7 7.9 7.9

2 8.2 8 7.95 8.05

significant increment is achieved. Also, it was noticed that there is no so much
evidential increase in split tensile strength after 1% addition of steel fibre. Figure 3
shows the trend of split tensile strength for both concretes.

It was noticed that after addition of steel fibre, mechanical properties were
increased gradually. For compressive strength, 10.7% increase; for flexural strength,
21.17% increase and for split tensile strength, 76% increase were achieved. It was
observed that for the steel percentages ranging from 0.5 to 2 there was a gradatory
increase in every strength test. The mechanical properties are minimum for 0.5% and
maximum for 2% steel fibre volume.

Fig. 3 Relation between
split tensile strength and
steel fibre
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5 Conclusion

The succeeding conclusions were taken from the research.

1. It is found that mechanical properties are gaining its highest value at 2% steel.
2. It is noticed that compressive strength increases up to 10.7%.
3. It is noticed that flexural strength increases up to 21.17%
4. It is found that increment about 76%was observed in case of split tensile strength.
5. Steel fibres can be utilized in all construction types due to water-repelling

properties.
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Sustainable Infrastructures (Materials
and Management)—High-Strength
Nanoconcrete with the Replacement
of Nanoflyash

Abhijeet Prasad Dash and Kirtikanta Sahoo

Abstract Using nanolevel adjustments in the development of advanced materials is
the new trend now, and this nanotechnology can help in enhancing the properties of
construction materials. The nanomodification of materials has wide areas of applica-
tions in changing and improvising the strength and durability of concrete. An effort
was taken to explore the new areas of concrete using nanoflyash. Class-F flyash was
crushed to nanoform in the high-energy planetary ball mill to produce nanoflyash. A
high-strength concrete of M70 grade was prepared with normally available materials
(NCC), and then the cement was replaced with 10, 15 and 20% of bulk flyash to
produce flyash high-strength concrete (FAC). Then 2, 4, 6 and 8% of nanoflyash was
applied to the FAC to get even stronger concrete or to compensate the strength loss
due to addition of flyash to this high-strength concrete. The compressive strength and
workability of this nanoconcrete were figured out and there was increase in strength
in the range of 10 to 24% for various percentages of addition of nanoflyash to flyash
high-strength concrete (FAC) after the comparison with NCC and FACs.

Keywords Nanoflyash · M70 · Nanoconcrete · Compressive strength ·
Workability

1 Introduction

Nanotechnology has changed our perception and will be continuously changing our
insight, prospects and abilities to control thematerials in a deeper level. These growth
and improvements will certainly affect the construction world and civil engineer-
ing materials. Nanobinding materials or nanomodified engineering materials with a
nanosized cementitious component or other nanolevel particles may be the next rev-
olutionary evolution. Flyash replacement to the cement is also in the surge in order
to develop durable, green and cost-effective concrete but with some compromise in
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its strength. An experimental effort was made to create nanoflyash and then made
concrete by putting nanoflyash to replace the cement. Class-F flyash was crushed to
nanolevel in the planetary ball mill to produce nanoflyash. The surface of the flyash
was made to rough and more reactive from smooth, glassy and inert. A high-strength
concrete of M70 grade was casted, and then 10, 15 and 20% of cement was replaced
with bulk flyash. Then the 10% bulk flyash in concrete was again replaced with 2,
4, 6 and 8% nanoflyash. The workability in terms of slump value and compressive
strength of concrete with nanoflyash were figured out and there was an increase in
the compressive strength of concrete. The workability of nanoflyash concrete found
to be significantly more than that of NCC and some of FACs.

2 Experimental

2.1 Materials

A by-product of coal-fired power generating plants flyash or flue ash generally
arrested in electrostatic precipitators. Design experts often specify strict necessi-
ties, such as quantities of Class-F flyash, slag, low-alkali cement, the use of a non-
reactive aggregates, etc.; to avoid alkali–silicate reaction (ASR)-related distress in
structures. Using class-F flyash and high-energy ball milling, we have tried to achieve
the particles at nanolevel called nanoflyash or nFlyash. Ordinary Portland cement 53
grade with specific gravity 3.14 was procured from local dealer. Naphthalene-based
superplasticizer Fosroc Conplast SP-430 was used.

2.2 Methodology

2.2.1 Preparation of Nanoflyash

The details of flyash sample used for the preparation of nanoflyash were given in
Table 1. Flyash sample was then oven dried in 100 °C for 3 h to make it free from
moistures present in it. Then it has been sieved for 15 min using IS sieve 75 micron
and the sieved sample was taken for dry ball milling. A high-energy planetary ball
mill (Model: Retsch, PM 100, Germany) was being used for the grinding process. In
a stainless steel chamber, tungsten carbide and zirconia balls of 10mmdiameter sizes
were being used for achieving nanosized particles. Themilling durationwas 10 h. The

Table 1 Chemical composition of flyash, weight in %

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO Na2O K2O

60.31 28.5 5.4 1.87 0.93 0.63 0.57 0.80
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Fig. 1 SEM image after 8 h of dry ball milled flyash

rotation speed of the planet carrier was 300 rpm. The BPR (ball-to-powder weight
ratio) of 10:1 was loaded to the mill. It was a dry milling to avoid agglomeration;
no Toluene was being used as the medium with an anionic surface active. The ball
mill was to be stopped at every hour for 15–25 min to avoid agglomeration and then
rubbing the surface, and then again loaded for another 1 h. Then the powdered sample
was collected in every 2 h of milling. Figure 1 represents SEM image of sample and
Fig. 2 shows the XRD pattern of the respective sample.

In the period of only 10 h of ball milling, the size of flyash reduced to nanolevel
frommicrolevel. The crystallite size of flyash drastically reduced and the percentage
of crystallinity was reduced to 38 from 63% and it became more amorphous.

2.2.2 Preparation of High-Strength Concrete M70 Grade

Ordinary Portland cement 53 grade with specific gravity 3.14 was procured from
local dealer. Naphthalene-based superplasticizer ‘FosrocConplast SP-430’was used.
Sand zone III and coarse aggregate 10 mm down were used. Trials have been taken
to get to the appropriate proportion and mix. The first trial mix did look under sanded
and higher quantity of admixture making it set slower. Strength result was not at all
good at just about 62.76 MPa. It is necessary to increase the water–cement ratio and
reduction of admixture percentage. The second trial mix looked cohesive but still
there was need of the reduction in admixture. The second trial had given us some
improved but not sufficient result of 66.03 MPa. So we have taken the third trial
which proved to be appropriate mix as well as giving the good result in the strength
of 77 MPa. From various trials taken, trial-3 has been taken for its good result which
is provide in Tables 2 and 3 respevctively.
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Fig. 2 XRD patterns of 10-h dry ball milled flyash

Table 2 28 days strength of
normal cement concrete
(NCC)

Cube no. Slump value in mm Avg. 28 days
compressive strength in
MPa

1 75 76.97 ≈ 77

2 75

3 75

Table 3 28 days strength of
flyash concrete (FAC) at 10,
15, 20% replacement

Mix designation Slump value in mm Avg. 28 days
compressive
strength in MPa

FAC10 50 72.60

FAC15 70 63.85

FAC20 80 55.65

2.2.3 Preparation of Nanoflyash Concrete

The strength in higher percentages of flyash replacement in high-strength concrete
(NCC) showed us that the strength is decreasing partly as compared to the NCC.
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Table 4 Strength of
nanoconcrete with different
percentages of nanoflyash

Mix designation
(%)

Slump value in
mm

Avg. 28 days
compressive
strength
in MPa

10nF2 60 72.87

10nF4 60 78.61

10nF6 70 85.17

10nF8 80 76.97

This opened the way to apply the flyash at nanolevel at certain replacement to the
cement and flyash as well. The nanoflyash was applied at different percentages of 2,
4, 6 and 8% with bulk flyash in 10% FAC. Meaning of 10nF2% is 10% flyash with
2% nanoflyash replacement which is provide in the Table 4.

3 Results and Discussion

The replacement of flyash to the high-strength concrete as shown in the Graph 1
indicates a decrement in the strength of concrete gradually from a level of 77 MPa
to a level of 55 MPa of about 30% and to compensate this 30% loss in strength it
encourages the nanoflyash replacement to the cement. Graph 2 indicates increase
in workability (as slump value) as there is increase in the percentage of flyash.
There is 40–130% increase in workability with addition of up to 20% of flyash.
The variation of the 28 days compressive strength of nanoconcrete with different
percentage nanoflyash replacement of cement is shown in Graph 3, which shows
that there is a healthy percentage of increase in strength. For 10% flyash replacement
to the cement, the strength of M70 grade high-strength concrete is lowered by 6–8%

Graph 1 28 days
compressive strength
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Graph 3 28 days compressive strength of nanoflyash concrete (nFAC)

up to 72 MPa, which has been compensated by replacing 2, 4, 6 and 8% nanoflyash.
The percentage of increase in strength shown in Graph 3 indicates an increase of
10% of strength up to 85MPa from 77MPa of NCC and an increase of 18% strength
from 72.60 MPa of 10% FAC.

The strengthof concretewasdecreasingwith the additionofflyash and the addition
of nanoflyash to concrete increases the workability, where some strength gain was
also there with addition of nanoflyash. Up to 40–100% increase in workability of
nanoflyash concrete as compared to NCC of M70 grade and 10% FAC is shown in
Graph 4.

From Graph 5, it can be observed that the strength as well as workability is
procured in the mix with 6% nanoflyash+ 4% flyash. The strength gain is up to 10%
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Graph 5 Strength and workability relationships of various mixes

as compared to NCC and there is more than 100% gain in the value of workability
compared to NCC.
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4 Conclusion

Due to the addition of nanolevel materials to the concrete which are obviously more
effective and active, the nanoconcretewith nanoflyash replacementwas giving higher
result than that of high-strength concrete of M70 which was prepared with normally
available materials (NCC) and flyash concrete (FAC). The 28 days strength of M70
grade concrete with nanoflyash was found to be 03 to 10% higher than that of NCC
and 09 to 18% higher than that of 10% flyash-based concrete of same grade (10%
FAC) and up to 50% more in case of 20% flyash-based concrete (20% FAC). The
28 days strength of (6% nanoflyash + 4% flyash) combination in high-strength
concrete were found to be giving the highest result for all variable proportions taken.
There is also up to 40 to 100% increase in workability of nanoflyash concrete as
compared to normal cement concrete (NCC) of M70 grade. Addition of nanoflyash
to high-strength flyash concrete leads to increase in both strength and workability
as well. When the percentage of addition of nanoflyash (here 8%) increases, the
strength graph decreases, making the cube weight lesser which is leading us to a
conclusion of more structural expansion and volume as well. This study is just an
attempt to prepare nanoflyash and to improve the strength of concrete with minimal
cost and efforts, but there are lots of tasks left to do. The nanoflyash can also prepared
with some other easier methods in coming days as today’s method of preparation
is very time-consuming and the quantity we are getting is very less. Taking the
strength characteristics, there are other factors like study of durability characteristics
of nanoconcrete which can also be the next leap.
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Light Weight Concrete Using Light
Weight Expanded Clay Aggregate
and Dry Saw Dust

Honey Mishra and Ankit Jena

Abstract The dynamic nature of concrete to be shaped into an assortment of struc-
tures along with its ability to withstand tremendous compressive loads has made
it the most widely used construction material of this era. Light weight concrete is
characterized with a lower density than normal concrete viz two-third of normal con-
crete.Hence, it allows a greater degree of freedomwhile considering slender sections
at some places leading to creation of increased workable space. In this paper, the
properties (physical and mechanical) of LWC using LECA and DSD have been dis-
cussed. Going through literature review it was noticed that the features of LECA
and DSD include lightweight, thermal insulation, superior acoustic insulation, earth-
quake resistance, and higher compressive strength. Specimen cubes of dimension
150 × 150 × 150 mm were tested for various proportions of LECA and DSD. With
the replacement combination of 7.5% LECA as coarse aggregate and 10% DSD as
fine aggregate (byweight), it has been observed that the desired compressive strength
was achieved with a weight reduction of approximately 100 kg/m3. However, further
successive increment in percentage of LECA and DSD shows a decreasing trend
in compressive strength. Thus, to choose between LWC and NC, a careful analysis
should be done keeping in mind the higher cost and skill required to achieve the
perfect proportioning of the above-said materials.

Keywords Light weight expanded clay aggregate (LECA) · Dry saw dust (DSD) ·
Light weight concrete (LWC) · Light weight concrete aggregate (LWCA) · Normal
concrete (NC) · Compressive strength

1 Introduction

Majority of the research emphasize on higher performance of concrete, which means
a cost-efficient material is needed which fulfills the performance criteria along with
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durability. LWC may be categorized as the concrete that contains expanded agents,
which results in an increase in the volume of the mixture while providing other
characteristics such as lowering the dead load. The advantage of lightweight concrete
includesmaintaining large voids so as not to form laitance layer or cement filmswhen
placed on walls. Light weight concrete is preferred over normal concrete for its lower
overall cost, faster building rates, lower transportation and handling costs, and low
density. Light weight concrete has considerably lower strength than normal concrete
made up of coarse aggregates. Its significance is emphasized where light weight gets
preference over strength of the concrete. These are favorable for elevated structures,
curved members where the dead weight of the concrete plays a vital role, and hence
the ratio of strength to weight is crucial than the strength. Another efficiency of light
weight concrete is its low thermal conductivity,which canbe attributed to its high void
percentage. As the strength is fundamentally influenced by the coarse aggregates, the
workability depends mostly on the fine aggregates, and hence concrete is sometimes
madewith conventional fine aggregates and coarse aggregates which are lightweight.
Normally, the LWCA is immersed in water for 24 h prior to its use.

2 Experimental Program

Materials Used

2.1 LECA

LECA is round compressed coarse aggregate-like structurewhich ismanufactured by
burning natural clay at 1200 °C. It is hard and is full of voidswhich are interconnected
to form a honeycomb-like structure within the aggregates. The aggregate size varies
from 0 to 30 mm and depending on the final use these aggregates are processed and
graded. Lighter weight, durability, and heat resistance are the chief characteristics of
LECA. These aggregates absorb approximately 5–10%water when immersed for 1 h
and 50–100% absorption occurs for longer immersion periods (Table 1 and Fig. 1).

Table 1 Physical properties
of LECA

Sl no. Property Value

1 Specific gravity 0.56

2 Water absorption 18%

3 Impact value 49.68
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Fig. 1 Figure showing
LECA

2.2 Dry Saw Dust

Saw dust is a by-product of wood and timber industry. It consists of powdered residue
from various soft woods and hard woods after sawing and related activities (Fig. 2).

From Table 2, the specific gravity of dry saw dust (DSD) 0.37 places it in the
category of lighter weight aggregates, while the specific gravity of sand and coarse
aggregates is categorized as common rock group whose specific gravity ranges from
2.62 to 3.

Fig. 2 Figure showing dry
saw dust

Table 2 Physical properties
of dry saw dust

Sl no. Property Value

1 Loose bulk density Mg/m3 0.08

2 Compacted bulk density Mg/m3 0.12

3 Water absorption (%) 20%
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Table 3 Physical properties
of cement

Sl no. Property Value

1 Normal consistency 30%

2 Initial setting time 30 min

3 Final setting time 8 h

4 Specific gravity 3.15

5 Fineness of cement 3%

Table 4 Physical properties
of sand

Sl no. Property Value

1 Specific gravity 2.62

2 Water absorption 1%

3 Bulking of sand 11.9%

4 Fineness of sand 2.57

2.3 Cement

In this experiment, OPC 53 grade cement confirming to IS 12269-1987 is used
(Table 3).

2.4 Fine Aggregate

Sands which confirm to zone II and passing through 4.75 mm IS sieve are taken
(Table 4).

2.5 Coarse Aggregate

The granites which are locally available and retained on 20 and 10 mm IS sieves are
used (Table 5).

3 Methodology

In this study,M35 concrete is used, the concretemix design for standard conventional
concrete is prepared by referring IS 10262:2009 (Table 6).

The mix design is done using the lighter weight aggregates such as LECA and
DSD. These are partially substituted for conventional coarse aggregate and fine
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Table 5 Physical properties
of coarse aggregates

Sl no. Property Value

1 Specific gravity 2.67

2 Water absorption 0.5%

3 Fineness modulus 3.44

4 Crushing value 12.40%

5 Impact value 12.50%

6 Abrasion value 14.5%

7 Flakiness index 35.85%

8 Elongation index 45.45%

Table 6 Mix proportion Material Quantity

Cement 400 kg/m3

Water 172 lit/m3

Fine aggregates 642 kg/m3

Coarse aggregate 1165 kg/m3

Water–cement ratio 0.43

aggregate with various percentages varying from 0 to 10% in various combinations
(Table 7).

The specimens were exposed to standard curing which was carried out at room
temperature for 28 days. After curing was done, the specimens were then subjected
to compressive strength testing machine to determine the values of corresponding
strengths.

Table 7 Replacement
combinations

Mix Percentage of LECA Percentage of saw dust

M0 0 0

M1 5 5

M2 5 7.5

M3 5 10

M4 7.5 5

M5 7.5 7.5

M6 7.5 10

M7 10 7.5
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Table 8 Fineness of cement Sieve size Sample taken
(g)

Passing of
sample (g)

Percentage
passing (%)

90 micron 100 90 90

Table 9 Consistency of
cement

Sl no. Weight of
sample (g)

Percentage of
water added
(%)

Penetration
value (mm)

1 300 26 32

2 300 28 20

3 300 30 7

Standard consistency of cement = 30

4 Results and Discussions

4.1 Cement Fineness

The fineness of cement is determined by dry sieving process, confirming to IS: 4031
(Part 1)—1996 (Table 8).

4.2 Cement Consistency

The consistency of cement iswhen theVicat’s plunger penetrates to a point of 5–7mm
from the bottom of the Vicat’s mold when it is tested (Table 9).

4.3 Slump Test

Workability of concrete is determined by doing slump cone test either at laboratory
or at construction site. This test is done to check the homogeneity as well as quality
of the concrete (Table 10).

It can be seen from the above table that with the increase in the percentage of
DSD for a particular percentage of LECA, the slump value reduces which indicates
that addition of DSD reduces the workability, whereas with increase in percentage
of LECA the workability increases. Values of 60, 70, and 115 mm were obtained for
5, 7.5, and 10% replacement of LECA, but were reduced to 57 and 55 mm in M2
and M3. The slump values got reduced for 7.5 and 10% replacement of saw dust to
67 and 63 mm for mixes M5 and M6. The reason for reduction in slump values can
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Table 10 Slump value Mix % of LECA Percentage of saw
dust

Slump value (mm)

M0 0 0 45

M1 5 5 60

M2 5 7.5 57

M3 5 10 55

M4 7.5 5 70

M5 7.5 7.5 67

M6 7.5 10 63

M7 10 7.5 115

Fig. 3 Graph showing slump values for different mix proportions

be attributed to the fact that the increase in amount of DSD resulted in absorption of
water from the mix thereby reducing the workability (Fig. 3).

4.4 Compressive Test of Concrete Cube

Compressive testing machine is used to find the compressive strength of cube and
cylindrical specimens. For each set of tests, average of three specimens is taken into
consideration.

The control mix M0 exhibited 30.32 and 40.44 N/mm2 strength at 7 days and
28 days of curing. But as the fraction of LECA and DSD was increased, the strength
started to decrease (Fig. 4).

FormTables 11 and12of compressive strength andweight value, it can be seen that
with the simultaneous increase of percentage of LECA and DSD, the compressive
strength and weight at 7 days and 28 days goes on decreasing. It can be inferred
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Fig. 4 Graph showing compressive strength for 7 days and 28 days of conventional and light weight
concrete (LWA)

Table 11 Compressive strength value

Mix Percentage of
LECA

Percentage of saw
dust

Average C.S at
7 days (N/mm2)

Average C.S at
28 days in (N/mm2)

M0 0 0 30.32 40.44

M1 5 5 24.62 37.88

M2 5 7.5 24.32 37.42

M3 5 10 23.96 36.87

M4 7.5 5 23.54 36.23

M5 7.5 7.5 22.75 35.03

M6 7.5 10 22.58 34.75

M7 10 7.5 21.74 33.46

Table 12 Weight value

Mix LECA (%) Percentage of sawdust
(%)

Average weight at
7 days (kg)

Average weight at
28 days (kg)

M0 0 0 8.58 8.75

M1 5 5 6.97 7.21

M2 5 7.50 6.76 7.06

M3 5 10 6.53 6.84

M4 7.50 5 6.42 6.63

M5 7.50 7.50 6.24 6.42

M6 7.50 10 6.12 6.34

M7 10 7.50 5.87 6.28
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Fig. 5 Graph showing variation of weight for 7 days and 28 days of conventional and light weight
concrete (LWC)

that the reduction in strength is a result of decrease in density. Also the presence of
saw dust elicits lignocellulolytic decomposition which results in overall reduction
of strength of the concrete. Hence, the saw dust should be tested for proportional
presence of these materials and some pre-treatment of the saw dust may be done to
reduce the effect (Fig. 5).

5 Conclusion

It can be observed from the graph of slump value that for M6 mix the slump value
is 63 mm, this concrete is generally used in all concrete constructions with light
reinforcement. Hence, it can be a feasible replacement of conventional concrete in
construction of residential buildings. When compressive strengths of conventional
concrete and light weight concrete are compared, it can be noticed that the strength
of light weight concrete for both 7 days and 28 days is close to that of conventional
concrete. This indicates that with LECA and saw dust substituted partially, satisfac-
tory strength of concrete can be achieved with the optimum mix of M6. From the
graph of average weight of light weight concrete and conventional concrete, it can
be inferred that the criteria for light weight is also achieved.
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A Study on Properties of Concrete Using
Silica Fume and Brick Aggregate

Srishti Saha and Joyanta Pal

Abstract An extensive investigation was carried out for recycling of demolished
brick aggregate concrete as coarse aggregate. This paper explains behaviour of brick
aggregate concrete with addition of SF while partial replacement of OPC. Natural
coarse aggregate was replaced by brick aggregate and OPC was replaced by SF in
various substitutions, i.e. 5, 6, 7, 8, 9, 10, 12 and 14% (by weight), respectively.
The objective of the paper is to improve strength and also make durable concrete by
using brick aggregate and SF. An experimental investigation has been carried out for
concrete samples having silica fume at a constant slump. Effect of brick aggregate
with silica fume on workability, compressive strength, dynamic Young’s modulus of
elasticity and UPV was investigated. It was found that strength of concrete increases
with an increase in SF contents up to 10%, and beyond this limit the strength will
be gradually decreasing. It was concluded that the use of SF up to 14% of brick
aggregate concrete can be effectively utilized in performance of concrete.

Keywords Brick aggregate · Silica fume · Compressive strength · Dynamic
young’s modulus of elasticity · Ultrasonic pulse velocity

1 Introduction

Concrete is used extensively for construction purpose because of its structural stabil-
ity, strength, durability, easy availability of its constituent materials, formability to
any shape, etc. While producing the cement huge amount of carbon dioxide is emit-
ted which is responsible to create imbalance in the atmosphere and as a result of that
global warming occurs [1–3]. Akhtaruzzaman et al. [4] observed that when natural
coarse aggregate was replaced by well-burned brick and crushed bricks, the crushed
brick exhibits higher strength as compared to well-burned brick. J Dang et al. [5]
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reported that when 50% replacement of crushed concrete brick was done the com-
pressive strength for 7 days and 28 days reduces by 14% and 20%, respectively.
Debieb et al. [6] also show that due to the degree of substitution, strength decreases
from 20 to 30% when CA and FA were replaced in concrete by coarse and fine
crushed bricks. Khatib [7] and Poon et al. [8] also suggested that for replacement of
fine aggregate by crushed brick as fine aggregate, it requires similar characteristics.
Fly ash, GGBFS, RHA and SF are some industrial by-products which can be used in
concrete industry as a partial replacement of cement [9, 10]. Silica fume is known as
a by-product which is being made with the combination of silicon metal and ferrosil-
icon alloy. The usage of SF in the industry has been provided as waste production
in concrete technology [11, 12]. Tasdemir et al. [13] reported that SF has to be used
in concrete as a compulsory product. This conclusion was made because of drastic
improvement in the characteristics of cement-paste aggregate which is nothing but
the weakest zone of concrete matrix. Mitchell et al. [14] demonstrated the pattern
of XRD for SF also changed a bit till 7 days after mixing with calcium hydroxide
solution which was saturated and extensive C-S-H formation occured after 91 days.
Larbi et al. [15] also show the consumption percentage of SF was only 75% after
continuous hydration of 90 days. The drastic improvements happen in the properties
of concrete since silica fume has become most valuable by-product and it was used
in industry in an extensive manner between the pozzolanic materials in concrete and
cement technologies. The replacement of SF percentage to obtain the strength of
concrete for a duration of 28 days ranges from 10 to 20 percent. The objective is to
study the performance of concrete used in brick aggregate and silica fume.

2 Materials and Methodology

2.1 Cement, Brick Aggregate, Water, Superplasticizer

The cementitiousmaterials used have beenOPC, 43Grade as per IS: 8112-1989 [16].
Ordinary sand hasmaximumsize of 4.5mmaccording to the Indian code IS 383-1970
[17]. According to the IS 456: 2000 [18], clean water can be utilized which was free
from impurities and chemical compounds. Consequently, Master Rheobuild 1125-
high range retarding superplasticizer, which was basically sulphonated naphthalene
polymer based superplasticizer was used. Keeping the water–cement ratio constant
for all mixes, a naphthalene-based superplasticizer is added in order to maintain the
workability.
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Fig. 1 Brick aggregate

2.2 Brick Aggregate

The bricks were crushed by jaw crusher which produces flaky and elongated bricks.
The production of breaking of bricks was done by hammer which produces angular
aggregate and bricks having optimum size of 10mm are used in this research purpose
and waste bricks were collected fromNIT Agartala, Barjala, Jirania. The mechanical
and physical qualities were tested according to the IS standard 2386-1963. The
specific gravity of the aggregate was found 1.95 after rigorous testing (Fig. 1).

2.3 Silica Fume

Silica fume as shown in Fig. 2 is one type of mineral admixture, popularly well
known as micro-silica; it is a consequence of the by-product formation of metallic
silicon or iron–silicon alloys. SF can be utilized in a wide range of procedures
for enhancement of the characteristics of concrete. A dry powder of SF is readily
available in the market; moreover, silica fume is a very improvident pozzolan when
it is worn in concrete owing to its finer particle size, larger available surface area and

Fig. 2 Silica fume
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Table 1 Chemical
composition of OPC and SF
(% by weight)

Sl. no. CConstituent OPC Silica fume

1 Silicon oxide (SiO2) 22.03 96

2 Aluminium oxide (Al2O3) 3.03 0.1

3 Iron oxide (Fe2O3) 4.45 0.7

4 Calcium oxide (CaO) 66.02 0.09

5 Magnesium oxide (MgO) 0.77 0.15

6 Sulphur trioxide (SO3) 3.97 –

7 Sodium oxide (Na2O) 1.09 0.05

8 Potassium oxide (K2O) 1.2 0.39

9 Loss of ignition 0.88 0.7

higher composition of silicon dioxide. Silica fume for this study has been collected
from Elcom Company, Navi Mumbai, Maharashtra, India. Table 1 shows chemical
composition of OPC and SF.

2.4 Preparation of Concrete Samples

A nominal mix proportion of 1:2.04:2.32, 1 component cement, 2.04 element fine
aggregate, 2.32 element brick aggregate with w/c proportion of 0.5 is utilized in
this work. OPC was replaced by SF at different percentages, i.e. 5%, 6%, 7%, 8%,
9%, 10%, 12% and 14%, respectively. Details of mix proportion for brick aggregate
concrete containing different percentages of SF are given in Table 2. Based on the
mix proportion, cubes of 150 mm are cast for the purpose of compressive strength,
ultrasonic pulse velocity test and dynamic modulus of elasticity. Moulds were kept
ready and the inner side was properly oiled. Concrete was poured inside the moulds.
Every specimen be cast up to three layers and packed down on a vibrating table
until the elimination of air bubbles on or after the concrete. All specimens should
be enclosed by means of plastic sheets and held in reserve for 24 h at room warmth.
Subsequent to 24 h the specimen was opened and kept in curing chamber with
sprinkling water for 28 days of casting uninterrupted.

2.5 Test Procedure

For obtaining the workability of concrete, slump test was done as per IS: 7320-1974
and IS: 1199-1959 [19, 20]. In this work, slump value was taken as 50 ± 75 mm.
According to IS: 516-1959, compressive strength test of the samples was prepared
[21]. The UPV test is the most frequently used practice among all the non-destructive
tests of concrete samples which were performed as per IS 13311 (1992) part- [22].
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3 Experimental Result and Discussion

3.1 Fresh Property

Workability of concrete using brick aggregate and OPC blended with silica fume
in various percentages on replacement of cement was studied by means of slump
tests. An experimental study was carried out of brick aggregate concrete samples
having silica fume at a constant slump. Workability of concrete made with brick
aggregates and blended silica fume in various percentages was monitored by various
trials through slump tests. Plasticizers are added by keeping a constant slump value
50–75 mm. and slump standards for different mixes are revealed in Fig. 3.

3.1.1 Effect of Brick Aggregate on Workability of Concrete by Using
Different Percentages of Silica Fume

The measurement of workability was done after 15–20 min of mixing with respect
to slump. Initially, slump value was 110 mm by using natural aggregate with 0%
silica fume, and it was observed that when coarse natural aggregate was replaced
by brick aggregate the slump value decreases from 110 mm to 70 mm. When we
use brick aggregate with silica fume (5% cementitious material), then it was found
that the slump value decreases from 70 mm to 63 mm. As amount of silica fume
increases by 6, 7, 8, 9, 10, 12 and 14% of cementitious material, it was observed
that slump value decreases up to 45 mm. Workability of waste clay brick depends
on the water absorption, porosity and pore size of aggregate and also increase of
frictional resistance contributed by the effective surface area of silica fume is the
main reason behind the reduction of slump value of waste aggregate comparison to
normal concrete.
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Fig. 3 Workability of concrete by using brick aggregate with different percentages of silica fume
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4 Mechanical Properties

The effects of brick aggregate and SF on different properties of concrete are reported
below.

4.1 Compressive Strength of Concrete

Determining the strength of concrete compressive strength is an important charac-
teristic which was an essential criteria in structural design and detailing prospect.
Figure 4 represents the strength development of concrete cubes at curing age of
28 days for different proportions.

4.1.1 Effect of Brick Aggregate on Compressive Strength of Concrete
by Using Different Percentages of SF

The suitability of brick aggregate and SF of concrete was investigated. The strength
of 0.15 m cubes containing NA 0% silica fume is having strength 27.4 MPa at
28 days. Experimental result shows that the strength of brick aggregate containing 0%
silica fume was 12.71 MPa. But when 100% replacement of crushed concrete brick
was done, the compressive strength for 28 days reduces by 20%, respectively. This
indifferent behaviour may be due to the higher absorption capacity and good control
of brick aggregate grading to a larger content. Due to this property, recycled clay brick
aggregate can absorb large quantity of water which may obstruct the hydration of
cement at early age. It was found that strength of brick aggregate gradually increases
with the addition of SF content up to 10% to a maximum value of 17.79 MPa,
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Fig. 4 Compressive strength of concrete by using brick aggregate with different percentages of
silica fume
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which is 40% more than the initial value. It can also be found that by increasing the
SF contents by 12% and 14%, respectively, the compressive strength decreases to
16.83 MPa and 15.88 MPa, respectively, at the age of 28 days, which was 10 and
19% less than BF 0% SF. By incorporating brick aggregate with 10% SF, strength
increases about 20% at curing age of 28 days.

The strength development in brick aggregate mixes which contains SF is possible
because of the presence of more amount of silica which releases hydrogen after
chemical reaction, and with calcium hydroxide extra calcium silicate hydrate gel is
made, which is directly responsible for the development of mechanical property of
concrete.

4.2 Ultrasonic Pulse Velocity Test

For determining the quality of concrete, the most important non-destructive testing
method is a UPVmethod. It measures the time duration taken by the ultrasonic pulse
to pass through the concrete to be examined. The time of travel of pulse between
initial on set and the reception is measured electronically. The average speed of wave
propagation is measured by dividing the path length among the transducer by the
time of travel. Results of UPV test are shown in Fig. 5.

4.2.1 Effect of Brick Aggregate on UPV Test of Concrete by Using
Different Percentages of Silica Fume

Inclusion of brick aggregate decreases the UPV for every mix compared to NA0%
silica fume. At 28 days of curing, the UPV of NCA with 0% silica fume mix was
recorded 5184m/s.When brick aggregatewas replaced to natural concrete aggregate,
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Fig. 5 UPV value of concrete by using brick aggregate various percentages of silica fume
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Fig. 6 Modulus of elasticity of concrete by using brick aggregate with different percentages of
silica fume

15% less UPV value was recorded as compared to that of natural aggregate. Adhered
mortar and low adhesiveness are some property on which strength depends. The
strength gain of concrete containing brick aggregate is less as compared to natural
aggregate because an industrial brickwaste old adheredmortar is present and bonding
between the mortar and aggregate is weak and porous.

With the addition of brick aggregate with silica fume content of 5 to 14%, the
increase in UPV value by concrete mixes was observed 2.48, 3.24, 5.18, 5.96, 6.65,
7.52 and 8.58%, respectively, and the probable reason for increase in UPV value
may be the increase in density of concrete due to the presence of silica fume which
is finer material. Experimental values revealed that UPV values for brick aggregate
mixes exceeded3400m/s. Therefore, eachmix can be stratified under superior quality
concrete in accordance to IS 13311 (part 1)-1992. It is established that brick aggregate
can be more durable up to 14% replacement of SF.

4.3 Dynamic Young’s Modulus of Elasticity

The measured elastic modulus of natural coarse aggregate and brick aggregate con-
crete containing different percentages of SF is also found at 28 days curing age and
it was shown in Fig. 6.

5 Conclusion

A series of experiments were conducted sequentially for the determination of
mechanical properties where natural coarse aggregate has been replaced by brick
aggregate and cement has been replaced partially with industrial waste material as
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mineral admixture like silica fume. The observations of experimental investigations
are discussed below:

• It was observed that when waste brick was replaced by natural coarse aggregate
20% less strength was recorded. This indifferent behaviour may be, when they
are pre-saturated they act as self-curing agents with in the concrete, due to this
property by which brick aggregate can absorb large quantity of water for which
it may obstruct the hydration of cement at early age.

• The slump value decreases with addition of SF content up to 14% as partial
replacement of cement.

• The compressive strength increases till the silica fume content reaches 10% to
maximum value of 17.79MPawhich is 40%more than brick aggregate containing
0% silica fume.

• Maximum gain in strength was observed in brick aggregate containing 14% silica
fume.

• Inclusion of SF content from 0 to 14% ultrasonic pulse velocity (UPV) value got
increased by 25%.

• Further, by increasing the SF content 0 to 14%, modulus of elasticity value got
increased from 24320 MPa to 37900 MPa which makes concrete more elastic.

• The properties like compressive strength, UPV value, and modulus of elasticity
of brick aggregate are improved with the addition of silica fume, because of
the presence of more amount of silica which releases hydrogen after chemical
reaction, with calcium hydrooxide that makes extra calcium silicate hydrate gel.
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Comparison of Performance
of Admixtures on Workability

Alima Fernandes and K. G. Guptha

Abstract Conventional concrete differs from the modern concrete with the use of
fifth additive known as admixtures. These admixtures change the desired properties
in an unimaginable manner. In the present study, effect of low, medium and high
end admixtures is considered to evaluate their performance with varying dosages.
Marsh cone studies followed by setting time were studied following IS procedures.
This study finds the range of dosages of admixtures for better performance and
taking workability into consideration. Water–cement ratios ranging from 0.2 to 0.6
and dosage varying from 0.3 to 1.5% by weight of cement including a control were
considered in the study. Results are comparable with their performances for suitable
recommendations for the field studies.

Keywords Admixture · Dosage ·Workability · Performance

1 Introduction

Admixtures are the fifth additives used in concrete other than cement, sand, aggregate
and water. These chemicals improve different properties of concrete based on the
type of admixture used in the concrete. Accelerators, retarders, air entraining, water
reducing, plasticizers and super-plasticizers are some types of admixtures. Some
admixtures may change one or more properties of concrete.

Super-plasticizers are classified into four families, namely, lignosulphonates,
sulphonated melamine formaldehyde, sulphonated naphthalene formaldehyde and
polycarboxylic ether. Studies have shown that negative electrostatic dispersion occurs
between the cement particles in polycarboxylic ether polymers containing long lat-
eral chain, and hence these admixtures greatly improve cement dispersion, reducing
water demand to high extent compared to naphthalene-based admixtures.
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The present study was done by using six different chemicals classified under
three types, namely, low end, mid end and high end admixtures. Conplast SP 430
ES2 and Conplast SP 600 are low end admixtures based on sulphonated naphthalene
and organic polymers, respectively. Auramix 201 and Auramix 300 plus are mid end
admixtures while Auramix 402 and Auramix 450 are high end admixtures all based
on polycarboxylic ethers.

Workability of concrete is defined as the flowability of concrete. With the use of
super-plasticizers, flowable concrete can be produced by keepingwater–cement (w/c)
ratio as low as 0.3. The factors affecting workability are mainly water–cement ratio,
type of admixtures and dosage of admixture subjected to compatibility of cement.

Generally, marsh cone studies are carried out to optimize the dosage to fix the
workability of mixes. The present study aims at determining the minimum required
water–cement ratio for the type of admixture being selected for it to perform. Study
reveals clear differentiation of water–cement ratio to that of flow value corresponding
to the cement used. These studies were carried out under the control environment as
referred in the relevant codes. Other physical and chemical data of the admixtures
were pre-assumed as per data sheets supplied by respective firm.

The results obtained were checked for their consistent repeatability of results. All
tests were carried out as per relevant IS codes.

2 Materials

Laboratory experiments were carried out on cement admixtures selected and Marsh
cone test was carried out for interpretation of results. Detailed description of each of
the materials used is listed as follows.

2.1 Cement

Cement is the binder material in the concrete. It is chemically active constituent and
its reactivity is effective upon the addition of water. All tests were carried out on OPC
43 grade Ultratech cement having produced in 38 week. It was reconfirmed that it is
following the stipulations as per IS 8112: 2013 (43 grade). Care was taken to remove
any lumps if found due to surface moisture by sieving through IS test sieve having
aperture size 90 microns.

2.2 Admixtures

Admixtures are selected from Fosroc constructive solutions in such a way that the
selected combination comprising of low, medium and high end to evaluate their
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Table 1 Properties of admixtures

Properties
Admixtures

Conplast 
SP 430 ES2

Conplast 
SP 600

Auramix 
201

Auramix 
300 plus

Auramix 
402

Auramix 
450

Appearance Brown 
liquid

Brown 
liquid

Light brown 
liquid

Light-
yellow-
coloured 

liquid

Light-
yellow-
coloured 

liquid

Light-
yellow-
coloured 

liquid
Specific 
gravity

1.238 to 
1.240

1.175 to 
1.240 - - - -

Chloride 
content

Nil to BS 
5075

Nil as per 
IS:456 

and
BS:5075

Nil to IS:456 Nil to 
BS:5075

Nil as per 
BS:5075 

part I

Nil to 
IS:456

Normal 
dosage
range

0.6–1.5
litres per 
100 kg of 

cementitious 
material

0.5%–1% 
by weight 
of cement

0.3%–1.5% 
by weight of 
total cement 

or binder 
content

0.3–2.0
litres per 
100 kg of 

cementitious 
material

0.3–1.5 per 
100 kg of 

cementitious 
material

0.5–3.0
litres per 
100 kg of 

cementitious 
material

Alkali 
content

Typically 
less than 

72.0g Na2O
equivalent 
per litre of 
admixture

- -

Typically 
less than 

1.5g Na2O
equivalent 
per litre of 
admixture

- -

Volumetric 
mass - -

1.05 ± 0.02 
kg/litre @ 

20ºC

1.08 ± 0.02 
kg/litre @ 

20ºC
- 1.09 to 1.11 

@ 20ºC

performances. Table 1 shows certain important test results extracted from data sheet
which are in good agreement with the test carried out at the laboratory as per IS 9103.

2.3 Water

Tapwater supplied by themunicipalitywas used for all analysis in the present study. It
was also noted that thewater usedwas satisfying the requirements as per IS 456:2000.

2.4 Marsh Cone

Marsh cone, a conical brass vessel held on a wooden stand with top diameter 155mm
covered with 1.5 mm IS test sieve, cone height 290 mm having 10 mm aperture
diameter satisfying the requirements, was used in all the analysis.
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3 Methodology

The methodology adopted for the experimental study included water–cement ratio
varying from 0.2 to 0.6 and admixture dosage varying from 0.3 to 1.5% by weight of
cement. Flow chart showing the proposed methodology of the analysis is depicted
in Fig. 1 for super-plasticizers, ultra-plasticizers and hyper-plasticizers.

Typical test procedure adopted had the following steps:

1. Cement paste was prepared with water–cement ratio varying from 0.2 to 0.6.
2. Care was taken to see that there are no lumps during the entire process of

mechanical mixing.
3. Prepared sample was used to find flow time with marsh cone having 10 mm

diameter.
4. Corresponding flow time was measured.
5. Experiment was repeated for consistent reproducible values.
6. Tests were also conducted for dosage varying from 0.3 to 1.5% by weight of

cement for repeatability.
7. Similar procedure was adopted for mid end and high end admixtures.
8. All readings are recorded for reference.

Admixtures

Low End 

Conplast 
SP 430 

ES2

W/C ratio 
varying 
from 0.2 

- 0.6

Admixture 
dosage 
varying 

from 0 - 1.5 
% by 

weight of 
cement

Conplast 
SP 600

W/C ratio 
varying 

from 0.2 -
0.6

Admixture 
dosage 
varying 

from 0 - 1.5 
% by 

weight of 
cement

Mid End

Auramix 
201

W/C ratio 
varying 

from 0.2 -
0.6

Admixture 
dosage 
varying 
from 0 -
1.5 % by 
weight of 
cement

Auramix 
300 Plus

W/C ratio 
varying 

from 0.2 -
0.6

Admixture 
dosage 
varying 

from 0 - 1.5 
% by 

weight of 
cement

High End

Auramix 
402

W/C ratio 
varying 

from 0.2 -
0.6

Admixture 
dosage 
varying 
from 0 -
1.5 % by 
weight of 
cement

Auramix 
450

W/C ratio 
varying 

from 0.2 -
0.6

Admixture 
dosage 
varying 

from 0 - 1.5 
% by 

weight of 
cement

Super-plasticizers Ultra-plasticizers Hyper-plasticizers

Fig. 1 Flow chart of methodology proposed
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4 Results and Discussions

Based on the experiments conducted for parameters chosen, it is depicted in Fig. 1
and results are summarized and discussed as follows.

General observations are drawn based on the data collected from the experi-
ments. Behaviour of admixtures based on water–cement ratios and corresponding
flow values is represented in figures in the subsequent articles. General comparison
of behaviour of admixtures with that of control is discussed as follows.

4.1 Controls

Referring to Table 2 and Fig. 1, it was observed that the general trend was linear and
with the increasing water–cement ratio, flow values also improved. It appears only
if minimum water–cement ratio of 0.5 and above the flow values tends to improve.
Further increase in water–cement ratio improved flow values with a phenomenal
increase of 50% in comparison with a water–cement ratio of 0.5 over 0.6. IS 456:
2000 does not permit for any exposure condition a water–cement ratio of 0.6. Beyond
this ratio the strength drastically reduces and hence code does not permit. In the
present study, water–cement ratios are limited to only 0.6 and not beyond.

Referring to Table 3 and Fig. 2, it is observed that up to a water–cement ratio of

Table 2 Flow time for sample without admixture

Admixture dosage     
( In % by weight of cement )

W/C
ratio

Flow time 
( in secs )

0

0.2 -
0.3 -
0.4 -
0.5 24.55
0.6 14.15

Table 3 Flow time for 0.3% admixture dosage

Admixture dosage     
( In % by weight 

of cement ) 

W/C
Ratio

Flow time ( In Secs )
Conplast 
SP 430 

ES2

Conplast 
SP 600

Auramix 
201

Auramix 
300 Plus

Auramix 
402

Auramix 
450

0.3
0.2 - - - - - -
0.3 - - - - - -
0.4 277.23 149.35 33.95 85.87 29.84 40.95
0.5 23.26 23.93 15.92 24.41 14.64 14.23
0.6 13.67 13.53 13.31 13.39 10.70 10.24
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Fig. 2 Behaviour of flows: w/c ratio versus flow time for 0.3% admixture dosage

0.4 none of the admixtures responds to the flow time. With the increase in the water–
cement ratio by 0.1 from 0.4, flow values improved to a record range of 80–90%.
This was observed for low end admixtures. With further increase in water–cement
ratio from 0.5 to 0.6, only marginal improvement was observed. Hence, low end
admixtures are active only with higher water–cement ratios. In case of mid end
admixtures and high end admixtures with the improvement in water–cement ratios,
flow values have improved. However, the improvement beyond 0.5 water–cement
ratio did not show any appreciable improvement. From the figure, it is also observed
that, what low end admixtures able to achieve the flow time at higher water–cement
ratios the mid end and high end admixtures are able to achieve similar targets with
water–cement ratio as low as 0.4. With a specific reference to higher mid end and
higher high end, admixtures did not perform the way in which lower end in the
respective category behaved. However, marginal lower values of flow were recorded
in all the trials executed. Hence, it can be concluded that Auramix 300 plus and
Auramix 450 have under performed in comparison to Auramix 201 and Auramix
402. From Fig. 2, the optimum water–cement ratio for getting better flow values for
all the admixtures containing 0.3% admixture dosage by weight of cement used is
0.49.

Referring to Table 4 and Fig. 3, it is observed that high end admixtures respond
to lower water–cement ratios of 0.3 at this dosage. However, other admixtures will
respond to a water–cement ratio of 0.4 only. It was also observed that the trend of
the curves was similar to each other. Further, with the increase in the water–cement

Table 4 Flow time for 0.6% admixture dosage

Admixture dosage     
( In %  by weight 

of cement)

W/C
Ratio

Flow time ( In Secs )
Conplast 
SP 430 

ES2

Conplast 
SP 600

Auramix 
201

Auramix 
300 Plus

Auramix 
402

Auramix 
450

0.6

0.2 - - - - - -
0.3 - - - - 364.84 925.1
0.4 125.23 85.51 23.24 55.52 23.23 27.94
0.5 22.47 23.34 12.41 20.41 12.66 10.83
0.6 13.12 12.93 10.35 12.66 9.13 9.54
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Fig. 3 Behaviour of flows: w/c ratio versus flow time for 0.6% admixture dosage

ratio by 0.1 from 0.3, flow values improved for a record range of 90–95% in case
of high end admixtures. However, water–cement ratios beyond 0.5 showed marginal
improvement in flow value for these admixtures. In case of low end admixtures with
the increase in the water–cement ratio by 0.1 from 0.4, flow values improved for a
range of 70–80% and further increase in the water–cement ratio showed marginal
improvement, while mid end admixtures showed marginal improvements in flow
values for water–cement ratios beyond 0.4.

From Fig. 3, the optimum water–cement ratio for better flow values for high end
admixtures is 0.42 and for mid and low end admixtures is 0.51 for 0.6% admixture
dosage by weight of cement used.

Referring to Table 5 and Fig. 4, it is observed that high end admixtures and
Auramix 201 showed drastical improvement in the flow value for a record range of
90–97% by increasing water–cement ratio by 0.1 from 0.3. However, only marginal
improvements are observed for awater–cement ratio beyond0.4 for these admixtures.

Table 5 Flow time for 0.9% admixture dosage

Admixture dosage     
( In % by weight 

of cement )

W/C
Ratio

Flow time ( In Secs )
Conplast 
SP 430 

ES2

Conplast 
SP 600

Auramix 
201

Auramix 
300 Plus

Auramix 
402

Auramix 
450

0.9

0.2 - - - - - -
0.3 - - 812.29 - 199.57 333.64
0.4 101.09 77.28 19.65 45.29 16.63 19.32
0.5 21.84 22.91 11.62 18.86 10.70 9.79
0.6 12.75 12.43 10.20 12.05 8.81 8.81
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Fig. 4 Behaviour of flows: w/c ratio versus flow time for 0.9% admixture dosage

About 70% improvement is achieved by low end admixtures for a water–cement ratio
ranging from0.4 to 0.5.Auramix 300 plus did not show any appreciable improvement
for lower as well as higher water–cement ratios in comparison to Auramix 201.

The optimum water–cement ratio resulting better flow for high end admixtures
and Auramix 201 is 0.42 while that of low end admixtures and Auramix 300 plus is
0.5 for 0.9% dosage by weight of cement used, respectively.

Referring to Table 6 and Fig. 5, it is observed that increase in water–cement
ratio by 0.1 from 0.3 drastically improved flow value for a range of 90–95% and
further increase in the water–cement ratio showed marginal improvements for high
end admixtures. Auramix 201 also shows similar improvements in the flow value.
However, flow values recorded by Auramix 450 for water–cement ratios beyond
0.3 are similar in comparison to Auramix 402 concluding that no improvement is
achieved by adding 1.2% dosage of Auramix 450 over Auramix 402. Similarly,
Conplast SP 600 also shows no improvement in comparison to Conplast SP 430 ES2

Table 6 Flow time for 1.2% admixture dosage

Admixture dosage   
( In % by weight 

of cement )

W/C
ratio

Flow time ( in secs )
Conplast 
SP 430 

ES2

Conplast 
SP 600

Auramix 
201

Auramix 
300 Plus

Auramix 
402

Auramix 
450

1.2

0.2 - - - - - -
0.3 - - 420.45 - 160.96 155.5
0.4 90.08 52.97 16.99 40.93 14.37 15.08
0.5 21.67 21.28 10.64 18.06 10.00 9.60
0.6 12.60 12.20 9.93 11.71 8.81 8.78
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Fig. 5 Behaviour of flows: w/c ratio versus flow time for 1.2% admixture dosage

Table 7 Flow time for 1.5% admixture dosage

Admixture dosage   
( In %  by weight 

of cement)

W/C
Ratio

Flow time ( In Secs )
Conplast 
SP 430 

ES2

Conplast 
SP 600

Auramix 
201

Auramix 
300 Plus

Auramix 
402

Auramix 
450

1.5

0.2 - - - - - -
0.3 - - 272.6 - 142.02 130.98
0.4 60.74 50.86 16.51 35.96 13.01 12.79
0.5 18.66 20.36 10.01 17.95 9.60 9.21
0.6 10.84 10.38 9.79 10.08 8.78 8.63

beyond 0.5 water–cement ratios. However, the trends in the flow remain same for all
the admixtures.

From Fig. 5, the optimum water–cement ratio for high end and Auramix 201 is
0.42 and that of low end and Auramix 300 plus is 0.5 for 1.2% dosage by weight of
cement used.

Referring to Tables 6 and 7, it is observed that no appreciable improvement is
obtained by adding 1.5% dosage compared to 1.2% dosage for all the admixtures.
Hence, it can be concluded that optimum dispersion of cement particles is reached
beyond 1.2% admixture dosage irrespective of the type of admixture used. From
Fig. 6, the optimum water–cement ratio for high end and Auramix 201 is 0.41 and
that of low end and Auramix 300 plus is 0.5 for 1.5% dosage by weight of cement
used.
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Fig. 6 Behaviour of flows:
w/c ratio versus flow time for
1.5% admixture dosage

5 Conclusions

Conclusions drawn from the experimental study are comparable and are listed as
follows:

1. Flow value linearly improves for higher water–cement ratios requiring at least
0.5 water–cement ratio when no admixture is used.

2. In case of 0.3% admixture dosage, minimum water–cement ratio required drops
down by 0.1 from 0.5. The improvement in low end admixtures ranges from 80
to 90% when water–cement ratio is increased by 0.1 from 0.4 while the other
admixtures show marginal improvement.

3. In case of 0.6% admixture dosage, high end admixtures are active with as low as
0.3 water–cement ratio. However, none of the other admixture responds to the
flow time corresponding to 0.3 water–cement ratio. Improvement ranging from
70 to 80% in mid end admixtures and a record range of 90–95% in high end
admixtures is achieved for optimal water–cement ratios.

4. In case of 0.9% admixture dosage, high end admixtures and Auramix 201 result
90–97% improvement in the flow value from 0.3 to 0.4 water–cement ratio.
Appreciable improvement in the flow is achieved by low end admixtures at this
dosage.

5. In case of 1.2 and 1.5% admixture dosages, the samples achieve similar flow
time concluding optimal dispersion has occurred in the cement particles.

6. It can also be concluded that low end admixtures are active with higher water–
cement ratios, whereas high end admixtures are highly active at low water–
cement ratios.

7. The reduction in the flowvalue is parabolic in case of admixtures used and similar
trend is achieved irrespective of type and dosage used unlike the linear reduction
in the flow value as compared to controls.
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Study of Heat of Hydration in Mass
Concrete

K. G. Guptha, T. Mohan, Guptha Tejas, Khan Bahadur, Chari Sanmit,
Peixoto Cosyma, and Raut Manasi

Abstract Heat of hydration generated by cementitious materials is one of the major
setbacks in case of mass concreting. Controlling heat and managing with ambient
temperature is a herculean task while working with them. The differential potential
if not maintained leads to cracks. Hence, it is essential to control this heat especially
in the core. As per IS 456-2000 and ACI specifications, the temperature in the core
shall not exceed 70 °C. However, there is no technical or literature support available
on this matter barring experience. This study focuses on tracking of after effects of
release of heat of hydration to a greater extent in mass concreting. Study also focuses
on relationships between various ingredients of concrete and their contributions of
heat. Understanding the heat of hydration in core is carried out using a special device
called SMARTROCK2—awireless sensor placed on rebars before the concrete pour.
This measures the temperature development at regular intervals. Delivering high-
accuracy data that can be accessed from any device through Android or iOS app.
Study compiles heat of hydration data on the prototype.

Keywords Smartrock · Pile cap · Heat of hydration

1 Introduction

Cement is a fine grounded material used for binding the matrix of cement concrete.
It is hydrophilic material in its fresh form. This hydrophilic property ensures bind-
ing and further as it becomes hard and makes concrete a homogenous material in
counteracting loads. Cement has different properties depending upon its makeup
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in view of its composition and fineness. Good quality raw materials will make the
manufacturing process of cement simple and consistent.

When water is introduced, hydration products are formulated. The principal
hydrated product is calcium silicate hydrate (C–S–H) in addition to calcium hydrox-
ide. This paste of cement is termed as ettringite. The properties of the cement can be
altered by proportioning four compounds mainly C3S, C2S, C3A, and C4AF. Its set-
ting time from flash setting can be altered by introducing gypsum. It is a well-known
fact that the reaction of cement involves the following:

2C3S + 11H → C3S2H8 (C − S − H) + 3CH (calcium hydroxide) (1)

2C2S + 9H → C3S2H8 (C − S − H) + CH (calcium hydroxide) (2)

As stated earlier, the cement reaction with water is an exothermic reaction, and
hence it liberates heat. This heat is termed as heat of hydration. The amount of heat
produced is primarily related to the proportion of C3S present in it. Controlling of
heat is an important factor for cement to achieve the strength. It is reported that
cement generally produces 89–90 cal/g in 7 days and 90 to 100 cal/g in 28 days [15].
Further, this depends on the fineness of the cement. This heat of hydration if not
controlled will introduce cracks in the material. For thin members, this may not be
that prominent but matters in mass concrete.

Mass concrete is defined by the American Concrete Institute as “any volume
of concrete in which a combination of dimensions of the member being cast, the
boundary conditions, the characteristics of the concrete mixture, and the ambient
conditions can lead to undesirable thermal stresses, cracking, deleterious chemical
reactions, or reduction in the long-term strength as a result of elevated concrete
temperature due to heat from hydration.” In other words, mass concrete can defined
as “any volume of concrete with dimensions large enough, requires measures to
be taken to cope with generation of heat from hydration of the cement and attend
volume change to minimize cracking.” This has been historically associated with
large structures such as dams, bridge foundations, and other large volumeplacements.
The study deals with compiling data regularly collected from the Smartrock2 for the
period of 28 days from the day of casting and analyzing for attainment of strength
and maturity with time. All the studies are conducted on a prototype pile cap of a
major project in Goa having 26.3 × 27 × 4 m.

2 Components of the System

Following material components were used in the study.
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2.1 Pile Cap

Systemof load transfer on to a group of piles is through a pile cap. It is a thick concrete
mat that rests on concrete or timber piles driven into soft or unstable ground to provide
a suitable stable foundation. It usually forms part of the foundation of a multi-story
building, bridge structure, or support base for heavy equipment mobilization. The
structure under consideration has two pile caps in themarine section each comprising
three parts, viz., behavior of pile cap in emitting heat with very large sizewith cooling
system, smaller size mass concrete with similar mix design as that of prototype
without cooling system, and smaller size mass concrete without GGBS and cooling
system. The present study focuses on part 1 of pile cap (Fig. 1). Details of the pile
cap are presented in Table 1. Mix proportions used per cubic meter are shown in
Table 2 and corresponding quantities used are listed in Table 3.

Fig. 1 Pile cap

Table 1 General
specifications of pile cap

Sr. no Parameter Measurement

1. Dimensions 26.3 × 27 × 4 m

2. Grade of concrete M55

3. GI pipes for cooling
system in pile cap

32NB (nominal bore)

4 Date of casting August 12, 2018

5 Minimum temperature 27.90 °C

6 Maximum temperature 30.80 °C



554 G. K. Guptha et al.

Table 2 Mix proportions (SSD condition) per cubic meter

Sr. no Material Quantity in kg

1 Cement 225

2 GGBS 275

3 Coarse aggregate 20 mm 661

4 Coarse aggregate 10 mm 520

5 Crushed sand 730

6 Water 145

7 Admixture (0.50% by weight of cement) high end 2.50

8 Corrosion inhibitor 3.0

Total mass 2561.5

Table 3 Quantity of materials in the pile cap

Sr. no Material Quantity in kg Remarks

1 Cement 6,39,000 Aggregates are in SSD condition

2 GGBS 7,81,000

3 Coarse aggregate 20 mm 18,77,836

4 Coarse aggregate 10 mm 14,75,437

5 Crushed sand 20,72,774

6 Water 4,11,800

7 Admixture(0.5% by weight of
cement)

7,100

8 Corrosion inhibitor 8,520

9 Total mass 72,73,467

Fig. 2 Cooling pipes system
of Part 1
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Fig. 3 Layout of cooling
system

2.2 Cooling Pipe System

The pile cap needs an additional system of cooling to control heat of hydration. This
was planned based on the theoretical calculation of likely temperature rise during the
pour of concrete. The system has four layers with eight inlets and outlets. Typical
system is represented in Fig. 3 as layout. The prototype is also shown in Fig. 2 such
that the proposed piping system is embedded into form work and tied as a sacrificing
cooling system. This is an interconnected pipe network systemwhose design depends
upon material type, diameter, spacing between pipes, and the temperature of the inlet
water and the flow rate of the water.

Four layers of GI pipe 32NB have been used in a grid of 1m x 1mhorizontally and
at a distance of 0.75m vertically. Temperature at the inlet wasmaintained as 30 °C (to
avoid cracking in concrete due to sudden temperature change due to introduction of
coldwater)while the final temperaturewas recorded as 58 °C. Inletwater temperature
of 30 °C was maintained for 4 days by recycling the same water using ice in cooling
tower. 5HP motors were used to maintain the velocity and pressure in the system.

2.3 Smartrock2

It is mobile app-based wireless sensor for monitoring the temperature of concrete
from fresh to hardened stage. It estimates strength of concrete based on the concept
of maturity. It has a long battery life of 3–4 months. The device gives a real-time
data display, photos, and blueprint of temperature and strength. It allows easy data
sharing between devices with the facility of generating reports in PDF.
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Fig. 4 SmartRock2 sensor
G-285

Smartrock2 sensorG-285 has been used in the pile cap. Thismeasures temperature
development at regular intervals to deliver high-accuracy data and enable contractors
to make appropriate decision regarding temperature control during the curing stages.
The sensors were placed on the rebars before the concrete pour and it commences its
work of generation of data from the moment the concrete is poured till completion
of the project. It is totally free from wires and can be accessed from a smartphone
device or tablet through Android or iOS app unlike many other sensors in the market.

The sensor is added to a section like floor, column, wall, footings, etc., as shown
in Fig. 4. These are scanned using Bluetooth in the smartphone. Sensors are tagged
15 min prior to their activation. The insulation tape is wrapped around the bars to
avoid the electrostatic current from the electrical equipments used at the sites before
their installation. The two activation wires are twisted firmly and tightly around the
reinforced bars to ensure secured installation of the sensor. In order to maximize the
wireless range, the distance is restricted to 1” (2.5 cm) from the concrete surface.

The information obtained fromSmartrock2 is used for optimization of curing con-
ditions, quality control in the field, estimation of strength (ASTMC1074), formwork
removal timing, post-tensioning, opening road to traffic, and monitoring temperature
gradients on mass concrete.

2.4 Retrieving Data

Smartrock2 device as stated earlier is a wireless system that can transmit data up to 8
meters (26 feet) when embeddedwithin 5 cm from the concrete surface. It shares real-
time temperature, maturity, and strength data and graphs to a smartphone. Several
factors will affect the operating range of the sensors to the type of smartphone used.
Curing state of the concrete, physical installation location, depth and surrounding
obstacles to name a few. The user only needs to enter the pouring time and select
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the appropriate concrete mix proportion with the smartphone. Once the pouring
date and time are set and the application is connected to the sensor, data will be
transmitted from the sensor. The real-time temperature value will be transmitted to
the smartphone and displayed on the screen.

3 Results

Data retrieved from the sensor is focussing mainly on the core temperature. This is
depending on the following:

a. effectiveness of the grid of the cooling system;
b. inlet water temperature;
c. velocity of flow in the pipe;
d. maturity, strength gain as the time elapses by the process of hydration, and heat

dissipation
e. within and around the core;
f. effectiveness of external cooling system;
g. ambient temperature and humidity present;
h. ingredients of the mix.

4 Conclusions

The retrieved data is graphically represented in Fig. 5a, b, c, and d. The relations are
analyzed and concluded as follows:

(i) The relation between strength gain and temperature is not a smooth parabolic
curve rather a stepped curve. This indicates that ingredients responsible for
gain in strength are released in batches but not continuously. This is confirmed
from Fig. 5. The temperature drops down and remains more or less uniform for
a given instantaneous release of the ingredients. Once the strength is gained,
further release is observed. Step width reduces with gain in strength from step
to step.

(ii) Figure 5b exhibits maturity of concrete with time. Delayed or slow maturity
was seen initially but rate of gain improves after 48 h of pour of concrete.
Exponential rise in maturity is seen only after a week’s time after the pour of
concrete.

(iii) Behavior of gain of strength of concrete at the core is different from that of the
surface. Core shows a trend similar to that of strength gain as shown in Fig. 5a.
This effect is reconfirmed and appears in good agreement with Fig. 5c.

(iv) Rise in the temperature at the core improved continuously and reached to a peak
value of 76.05 °C at the end of 52 h. of pouring of concrete. With the better
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a: Relation between Temperature and St rength                b: Relation of Maturity and Time

c: Relation  of Strength and Time d: Relation of Temperature and Time

Fig. 5 Relationships among the ingredients

judgement and theoretical calculations, provision of cooling system is very
well justified. In absence of this arrangement of cooling system, the structure
would have shown cracks, which makes the structure week.
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Study on Specific Compressive Strength
of Concrete with Fly Ash Cenosphere

S. K. Patel and A. N. Nayak

Abstract The properties of concrete, such as compressive strength and density,
are the key properties that control the size and self-weight of any structure. Hence,
concrete with high strength-to-density ratio (specific strength) can reduce the vulner-
ability of a structure against earthquake and also can reduce the operational energy
consumption. Therefore, this investigation is focused on the study of the variations
in specific compressive strength (SCS) of concrete incorporating fly ash cenosphere
(FAC) as an alternative of natural fine aggregate (NFA). By doing so, the pollu-
tion of soil, water and air due to disposal of FAC can also be solved. To fulfil the
above objectives, concrete mixes are prepared by replacing various fractions of NFA
with FAC. The compressive strength and oven dried density of these concrete mixes
are evaluated. Thereafter, the SCS of all these concrete mixes are calculated. The
outcomes of the above study reveal that both density and compressive strength of
FAC-based concrete are less than those of normal concrete. The decrease in density
is due to the lightweight nature of the FAC and reduction in strength is due to the
inferior bonding between FAC and cement paste. It is also found that the rate of
reduction in compressive strength is higher than that of density. As a consequence,
the SCS also gradually decreases with increase in the replacement of NFAwith FAC.
Therefore, it needs further investigation to enhance the SCS of concrete by increasing
the compressive strength with minimum variation of density.
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1 Introduction

Concrete is considered as the most preferred construction material over the world as
compared to other materials due to the easy availability of its ingredients. The ingre-
dients required for preparing concrete are cement, natural coarse aggregate (NCA),
natural fine aggregate (NFA) and water. Out of the above ingredients, in a concrete
mix, the NCA and NFA together occupy about 70% of its total volume. Again, out
of this aggregate volume, the NFA used is approximately 30%. Hence, to fulfil this
demand of NFA, the construction industry extracts sand from the natural sources
which causes the environmental disorders like riverbanks’ erosion and sliding, alter-
ation of riverbed, lowering of groundwater, erosion of engineering structures, etc.
[1, 2]. Hence, an appropriate substitute of this NFA can save the environment from
these natural disorders caused by the construction industry. In this regard, the hollow
spherical fly ash cenosphere (FAC), whose diameter varies within 5 to 500 µm with
shell thickness 5–10% of diameter [3], can be considered as a sustainable alterna-
tive. The FAC is a by-product obtained from the burning of coal in thermal power
plants. Being a waste product, these FACs along with fly ash are dumped into the
ash ponds. In India itself, only 67.13% of the total produced fly ash (196.44 million
tonnes) could be utilised in the year 2017–18 and rest were left into the ash pond
[4]. In these ash ponds, the FAC floats on the surface of water due to its low density
(400–800 kg/m3) and gets carried away by air. Further, if it goes into the respiratory
track of humans and animals through the air, it causes cardiovascular and respiratory
illness [5]. Along with this, the fly ash and FAC also contaminate the soil, water and
disturb the ecological balance of the environment.

On the other hand, the lightweight nature of the FAC as compared to NFA can
be helpful for reducing the density of concrete. The concrete with reduced density
can decrease the size of the elements of a structure, thereby the self-weight of the
total structure. This makes the structure less vulnerable against earthquake. Further,
the high specific strength; low cost of construction; superior thermal, acoustic and
fire resistance property of lightweight concrete (LWC) [6–8] are also suitable for
structures like long span bridges, non-structural elements of high rise buildings and
offshore structures, etc. [9–12].

As of now, somany investigations have already been carried out on the lightweight
cement mortar containing FAC as one of its ingredients [13–15]. The above investi-
gations show that the lightweight cement mortar prepared with FAC as fine aggregate
has superior properties like low thermal expansion, heat insulation, sound absorption,
fire resistance, etc. [13–15]. But at the same time very few investigations are avail-
able in the literature, which concerned with the properties of lightweight concrete
prepared by considering FAC as one of its ingredients [16–18]. It is found from these
investigations that due to the increase in FAC content in concrete, both compressive
strength and density of concrete decrease.

Out of the above, only one investigation [16] has studied the variations of specific
compressive strength (SCS) property of concrete by using FAC as an alternative of
NFA. As the properties of concrete ingredients along with FAC vary from place to
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place, the outcome of this investigation cannot be generalised. Hence, in this research
work, it is intended to investigate the SCS property of the concrete prepared by using
FAC as a replacement of NFA in various percentages. On successful replacement of
NFA with FAC in concrete, the environmental problem caused due to sand mining
and disposal of FAC can be solved. Further, it will also be helpful for producing a
sustainable LWC by using a hazardous industrial waste.

2 Experimental Details

2.1 Materials

Cement of OPC 43 grade satisfying the requirement of IS 8112 [19] is used as binder.
The chemical composition of OPC is presented in Table 1 which reveals that that the
calcium oxide (CaO) and silicon dioxide (SiO2) are the major constituents of OPC.
Locally available 20 mm and downgraded granite aggregates and river sand are used
as NCA and NFA. The grading curve of NCA (Fig. 1) confirms the requirement of IS
383 [20] and NFA shown in (Fig. 2) confirms the requirement of zone-II sand as per

Table 1 Chemical
composition OPC and FAC
(%)

Composition OPC FAC

SiO2 23.25 56.24

Al2O3 5.743 33.4

Fe2O3 4.337 2.82

CaO 59.7 1.46

MgO 0.547 0.7

SO3 3.754 0.24

Na2O 0.339 0.02

K2O 1.329 1.64

Fig. 1 Gradation of NCA
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Fig. 2 Gradation of NFA

0

20

40

60

80

100

120

0.15 0.3 0.6 1.18 2.36 4.75

%
 P

as
si

ng

Sieve size (mm)

Min. IS: 383 (Zone II)
NFA
Max. IS: 383 (Zone II)

Fig. 3 SEM image of FAC

IS 383 [20]. FAC used is collected from the ash pond of Vedanta AluminiumLimited,
Jharsuguda. The SEM image (Fig. 3) and gradation curve of FAC (Fig. 4) confirm
the hollow spherical shape of FAC with particle size around 150 µm. Again, the
chemical composition and XRD image of FAC shown in Table 1 and Fig. 5 confirm
the SiO2 as a major constituent of FAC in the form of quartz and mullite.

The physical properties of aggregates presented in Table 2 reveal the lightweight
nature and higher water absorption capacity of FAC as compared to NFA and NCA.
Water used for mixing and curing of concrete satisfies the requirement of IS: 10500
[21].

2.2 Mix Proportions

In order to prepare the samples for the investigation, a control mix was designed by
following the guidelines of IS: 10262 [22]. The ingredients used are cement, NFA
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Fig. 4 Gradation of FAC

Fig. 5 XRD analysis of FAC

and NCA with water–cement ratio 0.5. In this mix design, the NCA and NFA are
considered to be in saturated surface dry condition. Beyond this, five more concrete
mixes were prepared by replacing 20, 40, 60, 80 and 100% of NFA by FAC. In all
thesemixes, an additional amount ofwater required to saturate the replaced amount of
FAC in concrete was added to maintain the slump within 80± 5 mm. For calculating
the additional water, the difference of water absorption between FAC and NFA is
taken into consideration. The details of mix proportion for all the concrete mixes are
given in Table 3.
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Table 2 Physical properties
of aggregates

Property NFA FAC NCA

Specific gravity 2.58 0.76 2.8

Water absorption (%) 0.7 14 0.23

Free moisture (%) Nil Nil 0.02

Bulk density (kg/m3)

Loose density 1488 454 1518

Compacted density 1600 483 1666

Impact value (%) – – 22.43

Abrasion value (%) – – 18.47

Crushing value (%) – – 19.41

Table 3 Details of mix proportion per m3 of concrete

Designation Replacement
% of NFA

Cement
(kg)

NFA
(kg)

FAC
(kg)

NCA
(kg)

Free
water
(kg)

Additional
water (kg)

C0 0 410 646 – 1162 205 9

C20 20 410 517 32.9 1162 205 13

C40 40 410 388 65.7 1162 205 18

C60 60 410 259 98.6 1162 205 22

C80 80 410 130 131.5 1162 205 27

C100 100 410 0 164.31 1162 205 31

2.3 Preparation of Specimen and Curing

The required amount of cement NFA, FAC and NCA as per Table 3 was dry mixed
for 2 min with the help of a concrete mixture in a constant rate and thereafter again
continued mixing for another 2 min by adding water. After that the concrete was
removed from the mixer and the slump of the concrete was recorded. Then the cube
specimens were casted by filling up the respective mould in required number of
layers as per standards [23, 24]. The specimens were taken out of the moulds after
24 h and immersed in water and maintained at a temperature of 27± 2 °C for curing.

2.4 Testing of Specimens

The density and compressive strength tests of concrete were conducted as per ASTM
C 642 [23] and IS: 516 [24]. After 28 days, the 100 mm cube samples were removed
from curing. Then the saturated, submersed and oven dried densities were recorded.
The oven dried densitieswere calculated based on the procedure ofASTMC642 [23].
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Similarly, the 150 mm cubes in surface dried condition were tested for compression
after 28 days of curing by applying the load through a compressive testing machine
of capacity 2000 KN at 14 N/mm2/min [24]. At last, the ratio between compressive
strength and respective oven dried density of each concrete mix was found out to
get the SCS results. Each result presented in this investigation is the average of three
such samples tested as per the above details.

3 Result and Discussion

3.1 Density of Concrete

The oven dried density of the control concrete (C0) was found to be 2421.76 kg/m3.
For all other concrete mixes, i.e. C20, C40, C60, C80 and C100 are found to be 3.8,
7.7, 11.8, 16 and 20.1% less than the density of C0. The oven dry densities of all
concrete mixes considered in this investigation are presented in Fig. 6. It is inferred
from Fig. 6 that the oven dry density continuously reduces with increase in FAC
content of concrete. The lower density of FAC as compared to the NFA is liable for
this type of reduction in density. A similar type of decreasing trend is also observed
in the investigations conducted by McBride et al. [16] and Satpathy et al. [18]. The
maximum decrease in oven dried densities of concrete due to 100% replacement of
NFA with FAC in both of these investigations is found to be 22 and 24.6% less than
their control specimen. This marginally higher reduction of oven dried density of
concrete mix as compared to the present investigation is due to the use of higher
amount of NFA in the control mix, i.e. 681 and 690 kg by McBride et al. [16] and
Satpathy et al. [18], respectively. The lowest density of C100 (1933.73 kg/m3) in this
investigation is marginally higher than the density requirement of structural LWC
(1920.00 kg/m3) as per ACI 213 [6].

Fig. 6 Oven dry density of
concrete
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3.2 Compressive Strength of Concrete

The 28 days compressive strength of control concrete (C0) is found to be 37.25 MPa
and that of the concrete mixes C20, C40, C60, C80 and C100 are found to be 8.3,
20.1, 42.6, 39.1 and 45.1% less than that of C0. The compressive strengths of all
these concrete mixes are presented in Fig. 7. This figure reveals that the compressive
strength reduces with the increase in FAC content from 0 to 60%, and thereafter
marginally increases at 80% replacement level and reduces again at 100% replace-
ment level. This reduction in compressive strength due to the increase in FAC content
in concrete is due to the weaker interfacial bond strength between FAC and cement
paste. Further, the marginal enhancement in strength at 80% replacement level may
be due to the optimum packing of FAC within the concrete mix.

Similar kind of variation in 28 days compressive strength is also reported in the
investigations conducted by McBride et al. [16] and Satpathy et al. [18] as shown in
Fig. 8. The highest reductions in strength of concrete due to 100% replacement of

Fig. 7 Compressive strength
of concrete
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NFA with FAC in both of these investigations are found to be 54.67 and 50.39% less
than the strength of control specimens. This difference in percentage reduction of
compressive strength between McBride et al. [16], Satpathy et al. [18] and present
investigation is due to the variation in material property, mix design and casting
environment.McBride et al. [16] used 389 kg of cementwith 681 kg ofNFA, Satpathy
et al. [18] used 400 kg of cement with 690 kg of NFA, whereas in the present
investigation, the quantity of cement used is 410 kgwith 646 kg ofNFA for producing
1 m3 of concrete. The compressive strength of concrete prepared by using 100%
FAC in place of NFA in this investigation (20.44 MPa) is higher than the strength
requirement of structural LWC (17 MPa) as per ACI 213 [6].

3.3 Specific Compressive Strength

The SCS of control concrete is 15.4 Nm/kg, which reduces by 4.8, 13.4, 34.9, 27.6
and 31.3% for C20, C40, C60, C80 and C100, respectively. The SCS of all the above
concrete mixes considered in this investigation is presented in Fig. 9. It is inferred
from this figure that the variation of the SCS of concrete due to increase in FAC
percentage is almost similar to the variation of compressive but the rate of reduction
is less than that of the compressive strength (Fig. 10).

Similarly, out of the three variations shown in Fig. 10, the rate of reduction of
compressive strength is higher than that of the dry density due to which the rate of
reduction of specific strength lies within the remaining two.

The correlation between SCS and replacement percentage of FAC (FAC%) in
concrete is shown in Fig. 11. The formula obtained from the regression analysis with
R2 value 0.81 is as shown below:

SCS = 0.0542× (FAC%)+ 15.227 (1)

Fig. 9 Specific compressive
strength of concrete
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Fig. 10 Percent reduction in
strength and density of
concrete
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Fig. 11 Relation between
SCS and FAC% SCS = -0.0542(FAC%) + 15.227

R² = 0.81
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4 Conclusion

In this investigation, the oven dried density and compressive strength of different
concrete mixes prepared with various fraction of FAC were found out. Further, the
SCS of these concrete mixes was calculated, analysed and following conclusion are
drawn:

1. Concrete prepared by using 100% FAC in place of NFA satisfies the strength
requirement of structural LWC as per ACI 213 [6] and the density of this mix is
also very much nearer to the density requirement of structural LWC as per ACI
213 [6]. Hence, concrete with 100% FAC may be considered as structural LWC.

2. The rate of reduction in compressive strength due to the increase in FAC content
in concrete mix is higher than that of the oven dried density and less than that
of compressive strength. Hence, the obtained rate of reduction for SCS is found
to be higher than that of oven dried density and less than that of compressive
strength.

3. The derived relation between the SCS and FAC percentage shown in Eq. 1 can
be used for predicting the SCS of any concrete mix by using the percentage
replacement of NFA with FAC.
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This investigation may further be extended to study all the physical and mechanical
properties along with the microstructural and durability properties of concrete pre-
pared by using various percentages of FAC in place of NFA. Moreover, additional
supplementary cementitious materials may also be used to enhance the above-said
properties of concrete.
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Sustainability of Copper Slag
as a Building Material Under Elevated
Temperature

Binaya Patnaik, Chandrasekhar Bhojaraju, and T. Seshadri Sekhar

Abstract River sand is the standard practice of fine aggregate used for the concrete
production. In this present era of rapid urbanisation, to meet the increasing demand
for natural sand by the construction industry, massive scale depletion of the river
bed is being carried out which is causing a considerable negative impact on our
environment. Hence, it is highly imperative to find sustainable fine aggregates to
meet the global demand without disturbing our ecosystem. Copper slag is one such
sustainable material which has a promising future to be used as an alternative to river
sand. This paper presents a study on finding the optimum dosage of copper slag (CS)
for partial replacement of sand in concrete. Further, as part of durability study, the
impact of elevated temperature of 200, 400 and 600 °C for 12 h exposure period on
strength characteristics of copper slag blended concrete has been presented and been
compared with that of normal concrete. The results indicate that copper slag concrete
has excellent resistance to weight and strength loss at an elevated temperature of 200,
400 °C compared to normal concrete; however, at 600 °C copper slag concrete shows
similar trends like normal concrete. In the present experimental study, M20 & M30
concrete grades were used.
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1 Introduction

Copper slag (CS) is a waste product, which is generated during the copper extraction
from its ore [1]. According to ICSG (International Copper Study Group), worldwide
copper production is valued to be 20 million tonnes in 2017 [2]. For producing every
tonne of copper about 2.2 ton of CS is generated [1], which creates a waste disposal
issue for the copper manufacturing industries. Huge piles of CS can be seen around
the industries, which is a major concern as it also creates environmental pollution.
CS has been used as a landfilling material, and also the preliminary strength studies
have indicated that CS can be used as a partial replacement of sand in preparation of
concrete. The durability of the concrete is a significantworry these days due to several
types of deteriorations. Concrete is expected to perform satisfactorily in the working
environment during its designed life span. The concrete constituent materials, water–
cement ratio and exposed environment, etc. majorly affects the durability of concrete.
Curing, cover to reinforcement and compaction, etc. are also few factors which affect
the durability of concrete. This research paper presents the preliminary experimental
investigation results for finding the optimum percentage of CS to be used in concrete
as a replacement of sand. Further, the impact of elevated temperature on CS concrete
(with an optimum percentage of copper slag) has been presented and been compared
with that of normal concrete.

2 Literature Review

Balendran et al. [3] considered mainly durability and strength parameters of HPC
having pulverised fuel ash, metakaolin and silica fume as pozzolans and exposed
to elevated temperature. He observed that silica fume inclusion causes reduced per-
formance of concrete concerning spalling and strength at higher temperatures. The
conclusion drawn was the addition of metakaolin and pulverised fuel ash improves
the residual strength and durability. Bo et al. [4] investigated the impact of high tem-
perature varied from 100 to 900 °C on the mechanical properties of high strength
concrete (HSC). It was concluded that the elastic modulus decreases quickly at ele-
vated temperature. Chakrabarti et al. [5] carried out an experimental investigation
on concrete exposed to elevated temperature. The conclusion made was, the strength
loss and lost strength recovery when exposed to a higher temperature are mainly due
to the dehydration of concrete. Apart from that he also found that at less than 100 °C,
the compressive strength increases due to the hydration of un-hydrated concrete. At
higher temperature, the compressive strength is severely affected which also depends
on the extent of exposure. It was seen that with rehydration up to 80% of the orig-
inal strength is regained. Srinivasa Rao et al. [6] did an experimental investigation
to study the impact of high temperatures (50–250 °C) on various strength proper-
ties of HSC made with ordinary Portland cement and Portland pozzolana cement at
different ages. It was observed that Portland pozzolana cement concrete performs
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superior to ordinary Portland cement concrete by holding more residual compressive
strength. Poon et al. [7] did experiments to investigate the effect of high temperature
on ordinary concrete and high strength pozzolanic concrete. He noticed that the poz-
zolanic concrete had better performance when compared to normal concrete. Above
400 °C, both concrete loses their strength quickly. Both types of concrete had high
deformation and spalling when exposed to high temperature.

3 Material Properties

Portland cement Ultratech-53 grade (Hyderabad, India) was used for this exper-
imental investigation as classified by the BIS Specification IS:12269-1987. Table 1
presents its chemical composition. Angular crushed granite metal with a maximum
size 20 mm was used for coarse aggregate. The fineness modulus (FM), specific
gravity and water absorption were 7.1, 2.637 and 1.1%, respectively, for the quartz
sand. Quartz sand having significant size fractions 1.2, 0.6, 0.3, 0.15 each corre-
sponding to 11.5, 18.7, 26.9 and 30.2, respectively, and 4 mm aggregates was used
as filler materials in the present investigation. The fineness modulus, specific gravity
and water absorption were used 2.43, 2.601 and 1.2%, respectively, for the quartz
sand. The compacted state bulk density was found to be 1550 kg/m3 and in loose
state 1414 kg/m3. Apart from this, air-cooled, black glassy and irregular copper slag
having fineness modulus 3.3, specific gravity 3.47 and water absorption 0.24% was
used in the present investigation. The compacted state bulk density was found to be
2024 kg/m3 and in loose state 1898 kg/m3. Their chemical properties are presented
in Table 2 as per the product data sheet. The combined grading of aggregates has
been presented in Figs. 1 and 2 presents the CS grading.

Table 1 Chemical
composition of cement

S. no. Composition Contribution (in %)

1 Alkali oxides 0.6

2 Sulphuric anhydride 1.93

3 Magnesia 1.12

4 Insoluble residue 1.14

5 Alumina iron ratio 1.18

6 Lime Saturation Factor
(LSF)

0.82

7 Loss of ignition 1.39
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Table 2 Chemical
composition of copper slag

S. no. Composition Contribution (in %)

1 Silica—SiO2 33.52

2 Iron—Fe2O3 55.8

3 Aluminium—Al2O3 3.8

4 Calcium—CaO 3.14

5 Magnesium—MgO 0.72

6 Sodium—Na2O 0.4

7 Potassium—K2O 0.76

8 Titanium—TiO2 0.5

9 Copper—Cu 0.99

Fig. 1 Combined grading of
aggregates

0.1 1 10 100
Diameter of particles (mm)

0

20

40

60

80

100

%
 p

as
si

ng
 o

f a
gg

re
ga

te
s

Fig. 2 Grading of copper
slag
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Table 3 Mix ratios and quantities of constituent materials of concrete

Grade Cement
(kg/m3)

Fine
aggregate
(kg/m3)

Coarse
aggregate
(kg/m3)

Water/cement
ratio

Water
(kg/m3)

Mix ratios

M-30 350 703.6 1164 0.5 175 1:2.01:3.326

M-20 320 712 1178 0.55 176 1:2.225:3.68

4 Mix Design and Different Mixes

M30 andM20 grades of concretewere designed as per IS 10262–2009. For predicting
the optimum dosage of CS as a partial replacement of sand in concrete, six different
mixes (CS0, CS10, CS20, CS30, CS40 and CS50) were considered by partially
replacing sand from 0 to 50% with CS. After identifying the optimum dosage of CS
based on the compressive strength test, test specimens with an optimum percentage
of CS were used to investigate the effect of high temperature and been compared
with that of normal concrete. The mix proportions are presented in Table 3.

5 Casting and Testing Procedure

The essential parameters for preparing a decent concrete such as appropriate mixing,
compaction and proper curingwere taken care during the concrete test sample casting
process. Formixing, the concrete Panmixture available in the laboratorywas used and
each batch was mixed for about 3–4 min. After a day of casting the test samples were
demoulded and were adequately cured with potable water for 28, 90 and 180 days.
For studying the effect of elevated temperature, the concrete specimens were taken
out after 28 days of curing and surface dried by a dry cloth followed by putting in
an electric oven for 12 h at specified temperatures (200, 400 and 600 °C). The test
specimens were taken out of the electric oven after 12 h, and the loss of weight and
strength were measured.

6 Discussion of Results

6.1 Effect of CS in Concrete as Sand

The effect of using CS by partially replacing sand from 0 to 50% on compressive
strength at various ages have been presented in Fig. 3. The compressive strength test
setup has been shown in Fig. 4.

It can be observed that the compressive strength is increasing from OPCC (0%
replacement) to 40% replacement of CS. A further rise in replacement of sand by
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Fig. 3 Variation of strength with percentage replacement of CS

Fig. 4 Compressive strength
test setup in CTM
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CS affects the compressive strength. Similar pattern was observed for concretes of
grades M30 and M20. A similar trend of strength variation can be seen at different
ages of testing. The test results exhibited that the workability of concrete increases
significantly with increasing the CS proportion in the concrete mix because of the
coarser particles, glassy surface and lowwater absorption of CS, thereby the strength
properties are also improved. Beyond 40 percentage, the free water content increases
in the concrete which results decreasing in the compressive strength. Based on this, it
has been established that the optimum dosage of CS to be 40% as partial replacement
of sand in concrete.

6.2 Effect of Elevated Temperature on CS Concrete

The influence on weight, UPV and compressive strength of different mixes of M30
and M20 grade controlled concrete and CS concrete exposed to high temperatures
of 200, 400 and 600 °C for 12 h followed by dry cooling to room temperature are
presented in Tables 4 and 5. The concrete test specimens subjected to elevated tem-
perature have been shown in Fig. 5. The graphical representation of impact onweight,
UPV and compressive strength on copper slag concrete and normal concrete after
being exposed to high temperatures have been presented in Figs. 6, 7 and 8, respec-
tively. A copper slag concrete specimen after being subjected to high temperature of
600 °C for 12 h has been shown in Fig. 9. It is clearly depicted from the Tables 4
and 5 that, when OPCC and CSC concrete are subjected to high temperature of 200,
400 and 600 °C for 12 h followed by dry cooling to room temperature, the loss in
weight is increasing with rise in the temperature. It can be observed that the weight
loss for CS concrete is less compared to the OPCC. Similar pattern can be witnessed
for concrete grades M30 and M20.

It can be observed that, when OPCC and CS concrete are exposed to high temper-
atures of 200, 400 and 600 °C for 12 h followed by dry cooling to room temperature,
with increase in the temperature the UPV loss is increasing. It can also be observed
that at 200 and 400 °C exposure, the loss in UPV for CS concrete is lesser compared
to OPCC; however, at 600 °C the percentage of loss of UPV of CSC is higher than
that of OPCC. Similar pattern can be seen for both concrete grades (M30 and M20).

When OPCC and CS concrete are exposed to higher temperatures 200, 400 and
600 °C for 12 h followed by dry cooling to room temperature, the percentage of loss
in compressive strength is increasing with the increase in temperature. It can also
be observed that at 200 and 400 °C exposure the loss in compressive strength in CS
concrete is comparatively lesser than that of OPCC while at 600 °C the percentage
of loss of compressive strength of CSC is higher than that of OPCC. Similar pattern
can be seen for both concrete grades (M30 and M20).

Higher percentage of loss in UPV and compressive strength for CSC at 600 °C
compared to OPCC is due to the higher thermal expansion of CSC compared to
OPCC at high temperature. Therefore, thermal cracks are developed on the surface
of CSC due to higher thermal strain resulting in higher loss of UPV and compressive
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Fig. 5 Concrete specimens
subjected to elevated
temperature

Fig. 6 Effect of elevated
temperature on weight of
concrete
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Fig. 7 Effect of elevated
temperature on UPV of
concrete

Fig. 8 Effect of elevated
temperature on strength of
concrete

strength compared to OPCC. Sever spalling and deformation are found in copper
slag concrete when exposed to a temperature higher than 600 °C which is mainly
attributed to the high pore pressure generated by the internal moisture in the highly
impermeable and dense copper slag concrete.
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Fig. 9 Concrete specimens
after exposed to 600 °C
temperature

7 Conclusion

• At elevated temperature, copper slag concrete has better resistance to weight loss
as compared to controlled concrete.

• CS concrete has excellent resistance to strength loss at an elevated temperature of
200 and 400 °C compared to normal concrete. However, at 600 °C temperature
copper slag concrete shows similar trend like normal concrete due to the low
transition temperature of copper slag.

• Outside 400 °C, both normal and copper slag concrete lose their strength quickly.
• Use of the optimum percentage of copper slag (40%) gives the best results

to enhance compressive strength at room temperature because of its dense
microstructure. The highly impermeable densemicrostructure of copper slag con-
crete at elevated temperature resists the internal moisture to escape causing high
pore pressure. This results in the development of microcracks fast followed by
the occurrence of spalling and deterioration of strength.

• The higher percentage of loss in compressive strength at 600 °C temperature is
also attributed to the high thermal expansion of copper slag.
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Properties of High Density Concrete
with Mill Scale Waste as Aggregates
for the Production of Washing Machine
Ballasts

Vishnu S. Gavandi and K. G. Guptha

Abstract One of the notable environmental issues dealt by the society is the gener-
ation and management of solid waste. Steel industry is one of the major contributors
of solid waste generation all over the world. There have been many debates to mini-
mize the production of such wastes, but apart from this, enough prominence should
be given to utilize the same. One such waste generated in the steel industry is mill
scale waste. Mill scale is formed on the surface of steel plates or sheets during its
production in rolling mills. The specific production of mill scale constitutes to about
3 to 4% of the steel produced in the industry. Globally, millions of tonnes ofmill scale
are generated on annual basis. To some extent, it can be reused in steel industries and
cement plants but very rarely research is conducted to explore the possibility of its
use as aggregates in concrete. This study concentrates on the utilization of mill scale
waste for the production of ballasts used in washing machines. Ballasts act as coun-
terweights in washing machines and require a standard weight. Thus, high density
concrete is used to produce ballasts occupying lesser volume for the given weight.
Mill scale acts as a high density aggregate and is used as a complete replacement of
fine and coarse aggregates. The studies carried out show that a density of 3100 kg/m3

is achieved for the designed mix concurrently meeting the strength requirements of
the ballasts as per the industrial requirements.

Keywords High density concrete · Ballast · Aggregates ·Mill scale waste · Solid
waste management

1 Introduction

Waste management has been a persistent problem dealt by environmentalists all
over the world for decades. These wastes cause considerable amount of damage to
the ecosystem, if not correctly monitored and effective steps are taken to reduce
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its production to minimum possible extent. Over the years, there have been many
studies conducted to understand waste generation and its uses as a recyclable and
reusablematerial. Thesewastes can be classified under different categories. One such
form of waste is the solid industrial waste. One of the major contributors of solid
industrial waste is the steel industrywhich produces tonnes of waste annually.Wastes
produced in steel industry can sometimes also be hazardous in nature. Although the
solid wastes produced can be reused in the industry itself, large amounts of it are still
abundantly leftover in the process.

Concrete is a widely used material worldwide. “Today, second only to water,
concrete is the most consumed material, with three tonnes per year used for every
person in the world” [1]. It has numerous applications and depending on its uses
it constitutes different materials like cement, water and aggregates like sand and
construction metal. Generally, these constituents are naturally available materials
which are mined for its use in concrete. As it is an established fact that concrete is
very frequently used in large quantities, the natural aggregates are extracted on a
large scale. This causes depletion of valuable natural resources disturbing ecological
balance. For this reason, researches have conducted tests to incorporate wastes as
a partial or total replacement for natural aggregates. This paper concentrates on
utilization of mill scale waste generated in the steel industry in concrete to develop
a high density mix and its application in the production of ballasts used in washing
machines which acts as a counterweight to stabilize the machine when in use.

1.1 Mill Scale Waste

“Mill scale is formed on the outer surfaces of plates, sheets or profiles when they
are being produced by rolling red or hot iron steel billets in rolling mills” [2]. These
contain both iron in its elemental form and three types of iron oxides, namely, wustite
(FeO), hematite (Fe2O3) and magnetite (Fe3O4), forming the major constituents of
mill scale with iron content up to about 70% along with non-ferrous metals and
alkaline compounds [3]. Globally millions of tons of mill scale waste are produced
in iron and steel industries. The specific production of mill scale constitutes to about
3 to 4% of the steel produced in the industry. Generally, it can be reused in the
industry itself and also in cement manufacturing plants; however, mill scale which
is not reusable, ends up in landfills [4]. The chemical properties of mill scale waste
are given in Table 1 [5].

The mill scale waste sample procured is shown in Fig. 1.

Table 1 Chemical properties of mill scale waste

Element Fe (total) Fe+2 Fe+3 FeO S P Mn Si

Weight (%) 69.33 49 12.5 7.83 0.33 0.22 0.51 0.9
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Fig. 1 Mill scale waste used
in concrete

1.2 Washing Machine Ballasts

During the wash cycle of the washing machines, it experiences movement due to
the spinning drum. In order to balance this spinning a heavy block of concrete is
placed which acts as a counterweight to provide inertia to the equally heavy electric
motor which drives a very heavy gearbox which in turn drives the inner tub [6].
Since these motor components are very heavy and the forces exerted by them are
quite high, the counterweight is required to be quite heavy itself. The weight of
these ballasts depends on the type and capacity of the washing machines. As per
the typical requirement of weight for the ballasts, if standard concrete is used to
cast the same, the volume of the ballasts works out to be quite high. This causes the
washing machine to have a larger body, increasing its production cost. Thus, high
density concrete is used to produce ballasts occupying lesser volume for the given
weight. For achieving higher density of concrete, mill scale waste serves as a high
density aggregate which is a perfect replacement of the natural aggregates. “The
density of heavyweight concrete is based on the specific gravity of the aggregates
and the properties of the other components of concrete” [7]. Concrete with density
more than 2600 kg/m3 is generally termed as high density or heavy weight concrete.
As discussed, mill scale waste will be utilized in the design mix to achieve a high
density concrete, completely replacing natural aggregates.

2 Materials and Methodology

Along with cement, ground granulated blast-furnace slag (GGBS) was used as a
binding material. Different types of admixtures were tried and tested to achieve
the desired flow and strength. Fibres are also used to avoid cracks and to maintain
workability. The ballasts were required to have a density of 3100 kg/m3 ± 1%.
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Also, early strength gain was required in order to facilitate faster production and
dispatching the same to be installed in the washing machine. Thus a strength of 35
Mpa was desired at the end of 7 days of curing.

2.1 Cement

In the design mix, 43 grade ordinary Portland cement (OPC) confirming to IS 8112:
2013 was used. The specific gravity of cement as worked out in lab as per IS: 2720
(Part III/sec I)—1980 was determined as 3.14.

2.2 Ground Granulated Blast-Furnace Slag (GGBS)

GGBS was used as a binding material as well as to maintain the amount of fines in
the concrete matrix. It served as a partial replacement for cement and was used for
durability requirements. Also a proper proportioning of GGBS and cement ensured
the accuracy required in maintaining the density to 3100 kg/m3. Specific gravity of
GGBS was determined to be 2.85.

2.3 Water

Clean potable water free of any impurities was used both for casting as well as curing
the cubes.

2.4 Mill Scale Waste

Mill scale was procured from a local firm in Goa. Maximum size was found to be
10 mm. Sieve analysis was conducted on the sample as per IS: 2720 (Part 4)—
1985 passing through a set of sieves arranged in descending order starting from
4.75mmsieve.A dry sample of 2000 gramswas used for the analysis. The cumulative
percentage passing through each sieve is given inTable 2. Three trialswere conducted
on the same sample for accuracy. Figure 2 shows the particle size distribution for
mill scale waste.

The fineness modulus, effective size in mm (D10), uniformity coefficient
(D60/D10), coefficient of curvature (D2

30/D60 × D10) and average size of particles
in mm (D50) calculated from the particle size distribution curve are as shown in
Table 3 [2].
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Table 2 Sieve analysis of
mill scale waste

Sieve sizes Cumulative percentage passing

Trial 1 Trial 2 Trial 3

4.75 88.10 85.70 85.60

2.36 81.55 80.55 79.20

1.18 56.80 55.85 53.40

0.60 42.25 42.20 40.65

0.30 21.15 19.80 26.50

0.15 7.45 6.90 13.00

0.075 3.40 3.50 8.65

Pan 0.65 1.00 5.85

Fig. 2 Particle size distribution for mill scale waste

Table 3 Characteristic
properties of mill scale waste

Property Value

Fineness modulus 4.97

Effective size 0.21

Uniformity coefficient 7.00

Coefficient of curvature 1.48

Average size of particles 1.02
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Table 4 Technical data of
the fibres

Property Value

Colour Orange

Equivalent diameter (mm) 0.91 ± 5%

Density (kg/m3) 1000

Length (mm) 55 ± 5%

Shape Wavy

Specific gravity of the sample was determined to be 6.20. Dry loose bulk density
(DLBD) was found to be 2865 kg/m3 as per IS: 2386 (Part III)—1963.

2.5 Polypropylene Fibres

Mapei Mapefibre IT 39 NV type of polypropylene fibres were used in the design
mix. This type of special fibres helps in maintaining workability of concrete. They
also prevent any shrinkage cracks that may appear after drying. It has a form ratio of
60 and has a wavy shape. Technical specifications are given in Table 4.

2.6 Chemical Admixtures

Due to high cement content, water–cement ratio also increases and gives rise to
shrinkage cracks. It plays an important role in strength gain and final density of
the mix. Since an accuracy of only 1% is allowed for density variations, various
chemical admixtures are added to control the water–cement ratio and for strength
enhancements. Different types of admixtures used in different trials of casting are
briefly discussed.

2.6.1 Dynamon SP 508

It is used for a high level of workability and high compressive strength of concrete
at an early age. This chemical reduces the water requirement while maintaining the
workability and flow.

2.6.2 MYK Remicrete PC 30

It is used for similar purpose as Dynamon SP 508. It is generally used for high-
performance concrete and provides the necessary flowability and early gain of
strength.
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2.6.3 MYK Bond Latex

Known for its waterproofing and bonding applications, this chemical is used for
forming a better bondwithin the constitutingmaterials of concrete forming a compact
mix and helps in early setting of concrete.

2.6.4 Mapei Mapefluid IF 328

It is used to form a durable and high-performance mix. Mapei Mapefluid IF 328 is
used as a blister reducing agent to form a smooth and well-finished concrete. It also
accelerates the hydration of cement.

2.6.5 Epko KP 200

EPKO KP 200 is a corrosion inhibiting chemical working on a bipolar inhibition
mechanism. Since ballasts are likely to experience damp conditions, this admixture
is used to prevent excessive corrosion to it.

2.7 Methodology

In order to work out the proportions of concrete, a preliminary mix was first designed
to achieve a density of 3100 kg/m3. Keeping density as first preference, various
trials were casted with varying constituents to achieve the required density. Similarly
keeping density in check different variations in proportioning was tried to achieve
the desired strength. In order to maintain density, wet mix was filled in a DLBD
measuring vessel with a volume of 3 litres. By mass volume relation, corrections are
done to achieve the required wet density. The industry requirement of 3100 kg/m3

is for the dry set concrete; hence, during casting wet density which is slightly lower
than dry density, in this case, is kept lower in relation to the output required. Based
on experimentations, wet density works out to be about 3 to 5% less than the dry
density.

The process in sequence involves working out proportions, mixing, density
corrections, casting, demoulding, curing and testing.

3 Results and Discussions

Various trials were casted and tested for its density and compressive strength. Cubes
of 10 × 10 × 10 cm were used for casting. Fibres used throughout the trials are
considered at 1 to 5 kg/m3 of the design mix. Generally, the extent of fibres used is
made not to exceed 2 kg/m3 to avoid balling.
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Trial 1 was designed for a cement content of 780 kg/m3. Dynamon SP 508 was
used at the rate of 0.8% of cement andMapefluid IF 328 and EPKOKP 200were both
used at the rate of 0.4% of cement. The density achieved was higher but strength
was almost attained. Hence to reduce the density, mill scale content was reduced
in the next trial which apart from reducing the density produced slight decrease
in strength too. Although in the first two trials, strength and density were almost
achieved, the desired flow required to maintain the workability to fill the moulds
of the ballasts was not attained. Hence in trial 3, water–cement ratio was increased
without changes in the dosage of admixtures. This produced a mix with good density
but an ordinary strength gain at the end of 7 days. In trial 4, to maintain workability
without increasing water–cement ratio, Remicrete PC 30 was used at a dosage of
0.5% and reducing Dynamon to 0.4%. MYK Bond Latex was also introduced to
try and increase the bond of the constituting materials. This mix produced excellent
strength at 7 days curing but the density was increased by about 5%. Moving ahead
with trial 5, cementitious content was reduced and Dynamon was increased to 1%
replacing Remicrete PC 30 and Bond Latex. In this trial, both the desired dry density
and strength requirements were attained. Different proportions of different trials are
given in Table 5. The results for various trials are shown in Table 6.

Trial 5 was selected as the final design mix and its proportions in kg per one bag
of cement are given in Table 7.

Through the experiments, it is clearly seen that water–cement ratio plays a major
role in order to secure the proper balance between density and early strength of the
mix. Too high of a water–cement ratio for workability requirements causes drastic
changes in both density and strength. Also the proportioning of GGBS in the mix
was of prime importance, as it was noted that slight changes in amount of GGBS
varied the density of the mix. Since early strength was a prerequisite for the research,
GGBS content was kept as low as possible as it is known for long-term strength gain.
Thus the strength of the mix is expected to increase moderately beyond 7 days of

Table 5 Proportioning of various constituents of concrete

Sr. no. Material Mass (Kg/m3)

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5

1 Cement 780 898 898 1081 1047

2 GGBS 129.2 175.8 175.8 143.75 83.33

3 Mill scale waste 2480 1980 1980 2212.5 2141

4 Water 280 361.2 386.5 312.5 333

5 Mapefibre IT 39 NV 1.44 1.44 1.44 1.88 1.88

6 Dynamon SP 508 6.24 6.86 6.86 4.88 10.44

7 MYK Remicrete PC 30 – – – 6.00 –

8 Mapefluid IF 328 3.12 3.43 3.43 4.88 4.22

9 EPKO KP 200 3.12 3.43 3.43 4.88 4.22

10 MYK Bond Latex – – – 4.88 –
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Table 6 Density and compression strength of concrete

Trial no. Dry density (Kg/m3) Compressive strength (Mpa)

1 day 3 day 7 day

Trial 1 3370 13.00 31.88 34.50

Trial 2 3059 18.02 30.16 32.88

Trial 3 3062 10.97 21.16 24.60

Trial 4 3276 4.77 37.38 47.35

Trial 5 3095 8.18 32.02 36.35

Table 7 Proposed constituents of concrete per one bag of cement in Kg

Cement GGBS Mill scale
waste

Water Mapefibre Dynamon
SP 508

Mapefluid
IF 328

EPKO KP
200

50 3.98 102 15.92 0.09 0.50 0.20 0.20

Fig. 3 Variation of strength and density for various trials

curing. The variations of compressive strength and density for different trials are
graphically represented in Fig. 3.

4 Conclusions

Mill scale waste serves as a complete replacement for natural aggregates and hence
makes it an eco-friendly design. This helps in solid waste management by utilizing
mill scale waste and concurrently reduces the depletion of natural aggregates. A
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density of 3100 kg/m3 ± 1% is achieved with mill scale waste as heavy density
aggregateswhich is a prerequisite for the ballasts. The necessaryworkability required
for compaction is achieved with Dynamon SP 508 and Mapefluid IF 328, which also
contributes to the early gain of strength. The slump achieved in laboratory was
interpreted as a collapsed case which is ideal for the workability criteria. It has been
observed that the average of 7 days compressive strength obtained is 36.35 Mpa,
which meets the strength requirements for faster production of the ballasts. Also, no
corrosion marks were observed in the cubes despite high iron content in mill scale
waste.

References

1. Gagg CR (2014) Cement and concrete as an engineering material: an historic appraisal and
case study analysis. Eng Fail Anal 40:114–140

2. AkhineshK et al. (2015) Study of the compressive strength of concretewith various proportions
of steel mill scale as fine aggregate. IOSR J Mech Civil Eng (IOSR-JMCE) 104–109 (e-ISSN:
2278-1684, p-ISSN: 2320–334X)

3. Martín MI et al. (2012) Production of sponge iron powder by reduction of rolling mill scale.
Ironmaking Steelmaking 39(3):155–162

4. Singhal A et al. (2015) Effect of sand replacement by mill scale on the properties of concrete.
Int J Eng Technol Sci Res 2:60–67

5. Gaballah NM et al (2013) Production of iron from mill scale industrial waste via hydrogen.
Open J Inorg Non-metallic Mater 3:23–28

6. Nice K (2000) How washing machines work. HowStuffWorks, HowStuffWorks, 31 Oct 2000,
web. home.howstuffworks.com/washer2.htm

7. Ouda AS (2015) Development of high-performance heavy density concrete using different
aggregates for gamma-ray shielding. Prog Nucl Energy 79:48–55

8. IS: 8112—2013: Indian Standard Ordinary Portland cement, 43 grade—specification
9. IS: 2720 (Part 4)—1985: Grain size analysis
10. IS: 2720 (Part III/sec I)—1980: Determination of specific gravity
11. IS: 2386 (Part III)—1963: Specific gravity, density, voids, absorption and bulking



Effect of Bacillus Cohnii Bacteria
on the Properties of Concrete

S. Jena, B. Basa, and K. C. Panda

Abstract Concrete plays an important role in this era of rapid urbanization. But
concrete is quite prone to crack formation, which affects its durability. If immediate
precaution is not taken then cracks tend to expand further and require costly repair.
Due to the cracks, an easy path is developed in the structure, through which water,
oxygen and carbon dioxide, etc. from air penetrates into the concrete which leads
to the decrement in durability of concrete. To overcome this disadvantage, various
crack healing techniques have come into limelight; one of them is self-healing bac-
terial concrete. This paper is aimed at finding out the influence of Bacillus Cohnii
bacterium on the properties of concrete. Bacterial cell count, i.e. colony-forming
unit (CFU) of 105 and 1010 cells/ml were selected for the present work. Then 103

and 108 cells/cm3 bacterial concentrations have been added to concrete for 105 and
1010 cells/ml, respectively. Specimens were tested after different intervals of cur-
ing period. When compared to control mix (without the addition of bacteria), it is
noticed that concrete with Bacillus Cohnii bacteria shows increment in compressive,
flexural and split tensile strength in all curing periods for both cell concentrations
103 and 108 cells/cm3. The highest strength is achieved when 103 cells/cm3 bacterial
concentration have been added to concrete for 105 cells/ml.

Keywords Bacillus cohnii · Compressive strength · Split tensile strength ·
Flexural strength

1 Introduction

After knowing the fact that crystal formation is quite a typical behaviour in bacterial
species, it has been utilized vastly in various fields, i.e. oil industries, civil engineer-
ing, geological engineering, etc [1]. A few examples of the applications are: plugging
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of rock system for oil recovery enhancement and protection of ornamental stones
[2–8]. Bacteria species could come in use in these applications as these applications
require the use of calcium carbonate precipitate which are available in bacteria [9,
10]. Usage of bacterial concrete solves one of the most important vulnerabilities of
concrete which is crack formation [11–15]. Crack formation not only decreases the
life span of concrete, but also affects reinforcement of concrete as it results in corro-
sion. Through the cracks, water, oxygen and chloride enter into the concrete, which
results in chemical reaction causing a shortening of concrete activity life. Usage of
microbial concrete is also economic because, as the cracks remain unhealed for more
days, they require more and more money to heal which is not in the case of bacterial
concrete, since the healing process of cracks begin from the very moment they are
formed.

The saviour of infrastructure industries is the cutting-edge technology of self-
healing concrete. Self-healing concrete uses a completely new and unconventional
method of dealing with the problem of crack formation [16]. This concrete can heal
itself. Conventional concrete, to some extent is self-healing, since it can block the
formation of further cracks in concrete by the method of hydration of un-hydrated
microparticles. It can also be done by including some external agents in the concrete
which can autogenously quicken the process of healing of concrete [17]. Since self-
healing concrete is the newest and most promising solution to many concrete related
problems, we need to use economic and environment-friendly method to achieve
this. Usage of microbial concrete is hence taken into consideration. Till today, three
most important bacterial metabolism processes have been found to be very useful
for calcium carbonate precipitation. First one is hydrolysis of urea using enzymes
[18–21]. The alternate mechanism is the oxidation of organic carbon [22–25]. The
third pathway is the denitrification process under anoxic condition [26]. Out of the
three mechanisms, the hydrolysis of urea is the most effective and the easiest one to
perform.

The objective of this work is to observe the effects of bacteria and bacterial calcite
precipitation on the various properties of concrete. For this purpose, Bacillus cohnii
bacterium was chosen and its effect on compressive, flexure and split tensile strength
were observed.

2 Experimental Details

2.1 Materials

For this work Ordinary Portland Cement (OPC), Natural Fine Aggregate (NFA),
Natural Coarse Aggregate (NCA), Bacillus cohnii bacterium and potable water were
taken. OPC-43 grade was utilized which is grey in colour and acquired in fine pow-
dered form. NFA available in zone II was utilized for the current study. NCA supplied



Effect of Bacillus Cohnii Bacteria on the Properties of Concrete 599

Table 1 Physical
characteristics of NFA and
NCA

Characteristics Results (IS: 383-1970) [27]

NFA NCA

Fineness modulus 2.73 6.92

Specific gravity 2.69 2.78

Water absorption 0.85 0.24

Table 2 Characteristics of
Bacillus cohnii

NCMR accession no. MCC 2819

Taxonomic designation Bacillus Cohnii

Strain Designation LAP217

Source of isolation Lonar Lake water sample

Location Village: Lonar, Dist.:
Buldhana, State:
Maharashtra, India

Medium name and no. 34c (Alkaline Nutrient Agar)

Growth conditions
(pH/Temp. °C)

10/28–30 °C

Incubation (days/h) 24–48 h

Sub culturing period (days) 1 month

Reference Int J Syst Bacteriol (1980)
30:225

from Khurda, Odisha was used which is having size in between 10 and 20 mm. Dif-
ferent properties of fine aggregate such as specific gravity, water absorption and bulk
density results are shown in Table 1. Bacterial samples were ordered from MCC,
Pune which was in a freeze-dried condition. The detail description of pure culture
for Bacillus cohnii is given in Table 2.

2.2 Mix Proportion

M30 grade of concrete was outlined according to standard specification IS: 10262-
2009 [28]. The mix proportion was 1: 1.491: 2.69. Two kinds of concrete mixes were
prepared, first mix is concrete without bacteria, second mix is concrete added with
Bacillus cohnii bacterium. Bacterial cell count, i.e. colony-forming unit (CFU) of
105 cells/ml and 1010 cells/ml were selected for the present work and the bacterial
cell count were added with concrete by referring to Jonkers et al. [23]. Two sets of
concrete with bacteria were prepared, i.e. Bacterial cell concentration was added in
concrete as 103 and 108 cells/cm3 for 105 and 1010 cell/ml, respectively. Tables 3 and
4 show the mix identity and mix calculation of test sample, respectively.
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Table 3 Mix identity of test
sample

Mix identity Bacterial cell count Bacterial cell
concentration in
concrete
(Cell/cm3)

MSC0 0 0

MSC5 105 cells/ml 103 cells/cm3

MSC10 1010 cells/ml 108 cells/cm3

Table 4 Mix quantity per m3

of concrete
Mix identity MSC0 MSC5 MSC10

Cement (Kg) 442.85 442.85 442.85

CA (Kg) 1191 1191 1191

NFA (Kg) 660 660 660

Water required (Kg) 186 186 186

Bacteria (Kg) 0 10 10

Water added (Kg) 186 176 176

2.3 Bacterial Culture

For this experimental work, bacterial sample of Bacillus cohnii was taken and main-
tained in agar Petri plate. After that to grow the bacteria, a readymade Nutrient Hi
Veg broth (Yeast Extract of 2.0 g, Beef Extract of 1.0 g, 5.0 g of Peptone, NaCl of
5.0 g, Agar of 15.0 g) was used. It was grown at 37 °C in a shaker incubator. To
calculate the cell concentration with the help of spectrophotometer, Optical density
test was carried out. Bacterial culture concentration of 105 cells/ml and 1010 cells/ml
were maintained in the samples.

2.4 Casting and Testing of Specimen

OPC with NCA, NFA and bacteria were weighed and put in the concrete mixer and
it was altogether mixed in dry condition until the point when the mixture becomes
homogeneous. Then the requiredmeasure of water for eachmixwas included. Imme-
diately after mixing for deciding workability of fresh concrete, slump test was done.
Prior to casting of specimens in steel moulds, they were vibrated with the assistance
of table vibrator. Then concrete specimen was casted and remoulded in the following
24 h. From that point, the specimens were permitted to cure in potable water for a
time period of 7, 14 and 28 days.
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Fig. 1 Comparison of
compressive strength of
control concrete and
bacterial concrete

3 Hardened Concrete Test Results

3.1 Compressive Strength

The compressive strength of specimen is tested after 7, 14, 28 days. Figure 1 shows the
comparison of compressive strength between control concrete and bacterial concrete,
i.e. concrete added with Bacillus cohnii.

It is observed that the compressive strength of concrete mix with Bacillus cohnii
with cell concentration 103 cells/cm3, increases up to 29.81, 28.54 and 17.61% at
7, 14 and 28 days, respectively, in comparison to concrete without bacteria. While,
in concrete mixture having Bacillus cohnii cell concentration 108 cells/cm3, the
compressive strength increases up to 25.59, 23.69, 12.98% at 7, 14 and 28 days,
respectively, in comparison to concrete without bacteria. The measured compressive
strength of concretemixes containingbacteria in different concentrations gives higher
value in comparison to control specimen, i.e. concrete without bacteria. The increase
in early strength is more in comparison to 28 days strength.

3.2 Split Tensile Strength

A test is conducted to measure split tensile strength of concrete specimen after 7,
14, 28 days. Figure 2 shows the comparison of split tensile strength between control
concrete and bacterial concrete, i.e. concrete added with Bacillus cohnii.

It is noticed that the split tensile strength of concrete mix having Bacillus cohnii
cell concentration 103 cells/cm3, increases up to 26.13, 25.13 and 24.39% at 7,
14 and 28 days, respectively, in comparison to concrete without bacteria. While in
concrete mix with Bacillus cohnii cell concentration 108 cells/cm3, the split tensile
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Fig. 2 Comparison of split
tensile strength of control
concrete and bacterial
concrete

strength increases up to 19.31, 16.48, 14.39% at 7, 14 and 28 days, respectively, in
comparison to concrete without bacteria. The highest percentage change is observed
after 7 days curing period, i.e. 27.42% in case of cell concentration 103 cells/cm3.
The measured split tensile strength of almost all concrete mixes with bacteria in
different concentrations gives comparatively higher value than control specimen, i.e.
concrete without bacteria.

3.3 Flexural Strength

There is a test conducted to measure the flexural strength of specimen after 7, 14,
and 28 days. Figure 3 shows the comparison of flexural strength between control

Fig. 3 Comparison of
flexural strength of control
concrete and bacterial
concrete
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concrete and bacterial concrete, i.e. concrete added with Bacillus cohnii.
The flexural strength of concrete mix containing Bacillus cohnii with cell con-

centration 103 cells/cm3, increases up to 48.71, 26.41 and 20.31% at an interval of 7,
14 and 28 days, respectively, in comparison to concrete without bacteria. While on
the contrary, Bacillus cohnii cell concentration 108 cells/cm3, the flexural strength
increases up to 38.46, 15.09, 12.5% at 7, 14 and 28 days, respectively, in compari-
son to concrete without bacteria. The measured flexural strength of concrete mixes
containing bacteria in different concentrations gives comparatively better value than
control specimen, i.e. concrete without bacteria.

4 Microscopical Study

Figure 4 shows the SEM of control concrete and Fig. 5a, b shows SEM of bacterial
concrete.

Rod-shaped bacteria of different sizes are observed in Fig. 5a and precipitation
of calcite on the surface of concrete is observed in Fig. 5b. A comparison of the
control and bacterial concrete specimens after a span of 28 days of curing has shown
that bacterial concrete is more compact and denser due to CaCO3 precipitation by
bacteria and has more compressive strength than normal concrete.

Fig. 4 Microscopical
observation of control
concrete
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Fig. 5 Microscopical observation of bacterial concrete

5 Conclusions

The above-shown results lead to the following conclusions.

• In contrast to control mix, concrete having Bacillus cohnii bacteria shows incre-
ment in compressive, flexural strength and split tensile strength in all curing period
for both cell concentration 103 and 108 cells/cm3.

• At 28 days curing period, concrete with cell concentration 103 cells/cm3 gives
highest compressive strength, i.e. 60.7 Mpa and with cell concentration 108

cells/cm3 gives 58.31 Mpa compressive strength which is lowest.
• Concrete with cell concentration 103 cells/cm3 gives highest split strength, i.e.

5.1 Mpa and with cell concentration 108 cells/cm3 gives 4.69 Mpa split tensile
strength which is the lowest.

• Concrete with cell concentration 103 cells/cm3 gives highest flexural strength, i.e.
7.7 Mpa and with cell concentration 108 cells/cm3 gives 7.2Mpa flexural strength
which is the lowest.

• The highest strength is achieved when cell concentration of 103 cells/cm3 have
been added to concrete for 105 cells/ml.

• Strength increases with addition of bacteria up to certain cell concentration but
after that level of cell concentration strength of the structure decreases.

• From SEM it is confirmed thatBacillus cohnii bacterium successfully precipitates
calcite. Due to the deposition of calcite, pores of the concrete are getting plugged,
which is the main reason for increase in strength.
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Effect of PVC Dust on the Performance
of Cement Concrete—A Sustainable
Approach

M. Manjunatha, K. Vijaya Bhaskar Raju, and P. V. Sivapullaiah

Abstract In a current scenario, about 2.7 billion tonnes of cement is produced every
year, by this lot of CO2 is emitted to the environment, to overcome the environmen-
tal problems cementatious material (PVC DUST) is used as an alternate material in
concrete. While manufacturing PVC pipes, lot of PVC dust is generated. PVC dust
is a fine powder obtained while manufacturing PVC pipes, this waste will create
landfilling and environmental problems; due to the contamination chlorinated chem-
icals in PVC dust the workers working in PVC industries are suffering from diseases
like blood cancer, lung cancer and brain tumour, if it is exposed to environment, the
people who stay in the surrounding they also get caused by these diseases. Chemical
composition of PVC dust is having silica and other compounds so that effectively
this is used in concrete as a mineral admixture to enhance the mechanical properties
of cement concrete to overcome the above-mentioned serious diseases and environ-
mental problems. Overall the main importance of proposed research is to overcome
the environmental pollution problems by using PVC dust in cement concrete, to over-
come the landfilling and disposal problems of PVC dust. As a sustainable approach,
use of waste PVC dust in concrete will give optimum results. This paper reports on
the investigation and implementation of PVC dust as a replacement of cement in
concrete mixes for all types of constructions. In concrete, with a view to reduce the
use of cement content in mortar and concrete without affecting their performance.
For this it must be assured that concrete prepared with PVC dust has good mechan-
ical strength. The characteristic properties of concrete were studied with controlled
mix. Concrete mixes with 0 to 25% replacement of PVC dust and other waste mate-
rials in concrete. As a sustainable approach, this thesis will overcome environmental
pollution, landfilling and disposal problems and economical viability.
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Keywords Concrete mix durability PVC (Poly vinyl chloride) dust · Strength and
workability

1 Introduction

Cement is the most commonly available and used as construction material all over
the world is just behind the water as planets most consumed resource. Cement causes
more environmental pollution in all the stages of process in form gas, dust, noise,
vibration, etc. During the manufacture of cement, CO2 is emitted to the environment;
about 900 kg of CO2 is emitted to environment for 1000 kg of Portland cement
produced and it counts around10%of globalmanmadeCO2 emission to environment.
Due to this, environment gets polluted day by day as cement is consumed as a building
material and the cost of the cement is also in increasing order; to overcome this an
alternate solution of replacement of cement is required as a sustainable approach
to protect environmental pollution. In this research, we used PVC dust as a partial
replacement of cement up to 20% in concrete.

PVC dust is a waste material obtained from PVC industries in form of dust
accumulated in boiler and floor; cutting powder dust PVC consumes about 40%
of total chlorine produced, approximately about 16 million tonnes of chlorine per
year worldwide. Maximum use of chlorine will cause environmental pollution. At
numerous points of PVC life cycle, very large quantities of hazardous organochlorine
byproducts are accidentally formed and this formation is hazardous to human health
and environment. The chemical mixture formed in the synthesis of manufacture of
PVC products contains extremely hazardous and long-lived pollutants such as chlo-
rinated dioxins, chlorinated furnas, polychlorinated biphenyls, hexachlorobenzene
and octachlorostyrene, in addition it consists of other chemicals also. Because of
their persistence, the PVC dust wastes are highly bioaccumulative and toxic to pub-
lic health and environment. PVC byproducts and wastes generated contain highly
toxic dioxins, phthalates, metal stabilizers, particularly led, cadmium and organotins
which are hazardous to public health and environment. If it is exposed to environ-
ment in the form of land dumping or open dumping, people will suffer from diseases
like lung cancer, brain cancer, brain tumour, etc. A small amount of PVC dust is
recycled and also used for the manufacture of slippers, shoes, etc. To overcome the
impact of PVC dust in environment and health burdening, it is a best way to use as a
small amount of replacement in cement concrete. In this paper, we replaced cement
by PVC dust from 0 to 20% in the dosage of 0, 5, 10, 15, 20% and experimentally
designated as P0, P5, P10, P15 and P20.
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2 Materials and Methods

2.1 Materials

2.1.1 Cement

In this research, we used ordinary Portland cement of 53 grade confirming to IS:
12269-1987 as a main binding material. Physical properties of OPC 53 grade are
shown in Table 1 and heavy metal presence in both PVC dust and cement is shown
in Table 2.

Table 1 Physical properties of cement and PVC dust

Property Cement PVC dust Requirements as per BIS
12269–1987

Colour Greyish Light Greyish –

Particle size 3–100µ 3–100µ –

Grade 53 – –

Type OPC – –

Specific gravity 2.90 1.86 –

Initial setting time 30 min 58 min 30 min (min)

Final setting time 420 min 1080 min 600 min (max)

Fineness 235 m2/kg 290 m2/kg 225 m2/kg (min)

Soundness (Le Chatelier) 2.5 mm 7.8 mm 10 mm (max)

Table 2 Heavy metal presence in cement and PVC dust

Parameters Cement PVC dust Test method

pH @ 24.70 C 11.65 8.54 IS 2720:PART-26:1987

Conductivity @ 250 C, µs/cm 8260 2190 IS 14767: 2000

Loss on drying at 105 °C, % (w/w) 0.3 1.5 CEN/TC W1: 2003(E)

Loss on ignition at 550 °C (Dry
Basis), % (w/w)

0.9 29.1 CEN/TC W1: 2003(E)

Total chromium as Cr, mg/kg 37.4 26.1 US-EPA 3050B: 1996

Copper as Cu, mg/kg 0.4 1.8 US-EPA 3050B: 1996

Iron as Fe, mg/kg 0.3 16.1 US-EPA 3050B: 1996

Zinc as Zn, mg/kg 7.8 7.5 US-EPA 3050B: 1996

Nickel as Ni, mg/kg 3.6 1.2 US-EPA 3050B: 1996

Lead as Pb, mg/kg 1.6 0.9 US-EPA 3050B: 1996

Cadmium as Cd, mg/kg 0.1 ≤0.5 US-EPA 3050B: 1996



610 M. Manjunatha et al.

Fig. 1 Materials

2.1.2 PVC Dust

Polyvinyl Chloride (PVC) is the most widely used thermoplastic polymer. PVC finds
a deserve applications in construction industry. Waste PVC dust is collected from the
locally available industries and used as a partial replacement of cement in concrete
in dosages of 0, 5, 10, 15 and 20%. Physical properties of PVC dust and heavy metal
presence is shown in Tables 1 and 2 (Fig. 1).

2.1.3 Fine Aggregate

Manufactured sand (M-sand) of size less than 4.75 mm is used as fine aggregate in
concrete confirming zone II of IS: 383-1970 is used. Table 3 gives the properties of
M-sand.



Effect of PVC Dust on the Performance … 611

Table 3 Properties of
M-sand

Property Result

Fineness modulus 2.66

Specific gravity 2.635

Bulk density 1698 kg/m3

Water absorption 1.45%

Table 4 Properties of coarse
aggregate

Property Result

Fineness modulus 6.03

Specific gravity 2.72

Bulk density 1466 kg/m3

Water absorption 0.35%

2.1.4 Coarse Aggregate

Coarse aggregate is granular material produced from the crushed rock of nominal
size 20 mm is used. Table 4 gives the properties of coarse aggregate.

2.1.5 Water

In general, the quality of water used for mixing and curing of concrete should be
drinking water. Water–cement ratio in concrete will control many properties in both
fresh and harden state of concrete such as workability, compressive strengths, water
tightness, durability, drying shrinkage and potential for cracking.

2.2 Methods

2.2.1 Concrete Mix Design

In this experimental investigation, M-30 grade concrete mix design is used as per
the guidelines and according to Indian standard code IS:10262-2009. Total cement
quantity of 488 kg/m3, fine aggregate 684 kg/m3 and coarse aggregate 1120 kg/m3

along with water–cement ratio 0.40 is used.

2.2.2 Casting and Curing of Concrete Specimens for Investigation

All the ingredients of concrete as per M-30 grade mix design were mixed in concrete
mixer. For each% of replacement, totally 9 concrete cubes of size 150*150*150mm,
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9 cylinders of size 150 mm diameter and 300 mm depth and 9 concrete beams of size
100*100*500 mm were casted for experimental investigation. All the ingredients of
concrete were mixed in concrete mixers and compacted by using table vibrator. For
each percentage of replacement slump test is conducted to study the workability of
concrete. Totally 45 concrete cubes, 45 concrete cylinders and 45 concrete beams
were prepared and cured in curing tank for 7, 14 and 28 days.

2.2.3 Testing of Specimen

Testing on all the prepared specimen is carried out as per Indian standards. Com-
pression strength test is done on prepared concrete cubes of size 150*150 mm as per
IS: 516-1959, split tensile test on prepared concrete cubes of size 150 mm diameter
and 300 mm depth as per IS: 5816-1979 and flexural strength test on prepared con-
crete beams of size 100*100*500 mm as per IS: 516-1959. All the tests done in the
laboratory are shown in the Fig. 2.

3 Results and Discussion

3.1 Slump Test

Slump cone test is done tomeasure the workability of fresh concrete at all the varying
replacement levels of 0–20% PVC dust. As the percentage of replacement of PVC
dust increases the slump value of concrete decreases. For 0 and 5% replacement stage
it is observed that the concretemix is cohesive and thereafter concrete becomes sticky
for 10, 15 and 20% dosage of PVC dust (Fig. 3 and Table 5).

3.2 Compressive Strength

Table 6 shows the compressive strength of all the specimens and Fig. 4 shows com-
pressive strength of the concrete with varying % of PVC dust dosage from 0–20%.
From these results, it is clearly observed that on each replacement level of PVC
dust, compressive strength of concrete decreases at curing time 7, 14 and 28 days.
Controlled concrete mix (P0) shows higher value of compression strength when com-
pared to concrete prepared with PVC dust. As the percentage of PVC dust increases,
the compression strength decreases. To overcome environment pollution and health
burdening, as a sustainable approach we can use PVC dust in concrete as a replace-
ment up to 15% dosage, thereafter compression strength of concrete decreases less
than concrete mix grade M-30. It clearly shows that PVC dust affects the strength of
concrete if the dosage of PVC dust is more than 15%.
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Fig. 2 Curing and testing of concrete specimens

Fig. 3 Slump values with
various proportions of PVC
dust
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Table 5 Slump test results Percentage of replacement Slump test results (mm)

0 95

5 75

10 62

15 54

20 40

3.3 Split Tensile Strength

Figure 5 shows tensile strength of concrete specimens with varying percentages
of PVC dust. It is clearly observed that tensile strength of the concrete is reduced
when PVC is used as partial replacement of cement. Gradually tensile strength is
decreasing.

3.4 Flexural Strength

Figure 6 gives flexural strength results of concrete specimens with varying percent-
ages of PVC dust. It is clearly observed that flexural strength of the concrete is
increased for 5 and 10% dosage of PVC dust when compared to conventional con-
crete. Thereafter for 15 and 20% dosage flexural strength decreases as per IS code
regulations 5, 10, and 15% dosage of PVC dust meets the requirements of compres-
sive, split tensile and Flexural strength. Thereafter it clearly indicates that PVC dust
affects the strength parameters of concrete if the dosage of PVC dust is more than
15%.

4 Conclusions

A. Compressive strength of concrete at all replacement levels increases as the curing
period increases.

B. Compressive strength of concrete decreases as percentage of PVC dust in
concrete increases.

C. Flexural strength of concrete at 5 and 10%of dosage is increasedwhen compared
to nominal concrete mix P0.

D. It clearly shows that PVC dust affects the strength parameters of concrete if the
percentage of usage of PVC dust is more than 15%.

E. As per IS code regulations, 5, 10 and 15% dosage of PVC dust meets the
requirements of compressive, split tensile and flexural strength.
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Fig. 4 Compressive strength of concrete with different percentages of PVC dust

Fig. 5 Split tensile strength of concrete with different percentages of PVC dust

F. Percentage of replacement of PVC dust increases the workability of concrete
decreases.

G. To overcome dumping problems of PVC dust it is a better way to use as a
replacement of cement in concrete.

H. As a sustainable approach to overcome environmental pollution, health burden-
ing of PVC dust is a good way to use as a replacement of cement in concrete up
to 15%.
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Fig. 6 Flexural strength of concrete with different percentages of PVC dust
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An Overview of Strength and Durability
Aspects of Concrete Using PET Fibres

Shruti K. Chodankar and Purnanand P. Savoikar

Abstract As a widely used construction material, concrete plays a very important
role in the construction industry. Concrete reinforced with fibrous material is called
as fibre reinforced concrete. Fibre reinforced concrete (FRC) is a new structural
material that is becoming increasingly important due to rise in concrete structural
strength and integrity.Rapid urbanisation and industrialization andoveruse of plastics
in day to day life all over the world have resulted in large accumulation of plastic
waste materials all over. Polyethylene terephthalate (PET) waste is obtained from
disposable PET bottles is the major cause of solid disposal. This research is expected
to encourage the use of waste plastics in the construction industry to regulate the
pollution of the environment and the harm caused to humans. Use of plastic fibres
into the concrete as a reinforcing material has attracted widespread attention from all
over the world due to its long-term benefits especially in the construction industry.
In the current paper, reviewing of the impact of PET fibres on properties of concrete
is undertaken.

Keywords Strength · Durability · Polyethylene terephthalate (PET) · Fibre
reinforced concrete · Polypropylene (PP)

1 Introduction

Concrete is relatively brittle and weak in tension. Strength and durability aspects of
concrete can be altered by adding cementitiousmaterial, fibres, etc. to impart strength,
durability and improving tensile properties. Concrete is good in compression while
it is has low resistance to tension, cracking and impact. By adding fibres to the
concrete, these characteristics can be enhanced. During themixing process, the fibres
are spread and mixed randomly into the concrete, improving certain characteristics
such as flexibility, tensile strength and durability. In particular, PET fibre reinforced
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concrete with PET fibre exhibits outstanding features in inhibiting crack generation
in early stages. Polypropylene, steel, glass, asbestos, jute, coir and nylon are the
prevalent kinds of fibres used by scientists.

2 Literature Review

Plastics have become an indispensable component of contemporary life and the
quantity of plastic used annually has grown tremendously and has become a severe
environmental issue. In order to solve this problem, plastic has been tried in different
forms in concrete. A thorough review of the research work on use of waste plastics
in concrete is done. Ochi et al. [1] carried out combustion test of the PET fibres
and showed that carbon dioxide was the main component of the gas liberated. Trace
amounts of carbon monoxide were produced but no toxic gas was identified during
the combustion experiment. Pereira de Oliveira and Castro-Gomes [2] investigated
the effect of 0–1.5% recycled PET fibres in mortar and carried out compressive
strength, flexure test and water absorption tests. Sung et al. [3] carried out exper-
imental study on recycled PET fibres to understand the effect on the concrete and
its behaviour. It was seen that the increase in the fibre volume fraction of recycled
PET fibres exhibited marginal decrease in compressive strength and elasticity mod-
ulus. Test findings showed that free drying shrinkage strain improved reinforced
concrete specimens for recycled PET fibres compared to specimens without fibre
reinforcement. Bagherzadeh et al. [4] evaluated various strength properties of con-
crete including water and air absorption and shrinkage cracking. It was observed that
addition of PP fibres resulted in control of microcracks. It was found that aspect ratio
plays an important role in reinforcing the concrete. Fraternali et al. [5] found that
the dosage of 1% showed remarkable improvement in thermal resistance, mechan-
ical properties and ductility of concrete. Foti [6] observed that addition of small
amount of fibres resulted in better post cracking performance of concrete. Okan and
Cengiz [7] studied the durability aspects of concrete with PP fibres and flyash and
reported reduction in drying shrinkage.

Fernando et al. [8] performed an experimental study to understand the behaviour
of PET fibres in concrete and reported that the flexural and impact strength can be
enhanced by addition of PET fibres. Ramadevi and Manju [9] carried out an inves-
tigation and reported that PET fibres reduce concrete weight. Compressive strength
enhanced with 2% replacement of the sand with PET bottles fibres while it reduced
when replaced up to 4 and 6%. Foti [10] reported that the PET fibres are more
advantageous than other types of fibres especially from the economic and ecological
point of view. Fraternali et al. [11] showed that there is remarkable improvement
in toughness and the alkali resistance of cement mortar. Borg et al. [12] carried out
an excellent investigation on waste PET bottles without processing through plastic
melting and fibres spinning. The main two aspects were studied. First, fibres were
prepared by shredding the plastic bottles and secondly, the compressive strengths
were carried out for analysing the fibres and their bond.
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Fig. 1 The various types of fibres used in concrete

Kumaran et al. [13] carried out detailed experimental study using three con-
crete grades to evaluate the properties of concrete with and without fibres. Different
experiments were conducted for compressive strength of cube and cylinder, split
tensile strength, flexural strength, water absorption, etc. Tamilarasan and Abinaya-
keerthana [14] conducted detailed investigations on plastic fibre reinforced concrete
with by partially replacing fine aggregates by M-sand with distinct proportions. It
was observed that there is enhancement in strength properties due to better bonding
with M-sand. The outcome of this research proved that river sand can be totally
substituted with produced sand and that the plastic fibres do not adversely affect the
mechanical features of concrete.

3 Materials and Methods

Figure 1 shows the commonly used fibres in reinforced concrete. Mainly used fibres
are steel, polyethylene (PE), PP and PET fibres. The post consumed PET mineral
water bottles have been also used. The length of the fibres was kept in the range of
10–50 mm and the fibre contents were from 0.5 to 6%max. Compressive, tensile and
flexural strength, workability, water absorption and flexural strength tests were con-
ducted on the specimens cast. The combustion test of the PET fibres was conducted,
carbon dioxide was seen as the main component.

4 Results and Discussions

Review of the literature stated that there is a strong potential for using PET fibres for
improved behaviour of concrete. It was reported that recycled PET fibres increases
the various strength properties of concrete as listed in Tables 1 and 2. Most of the
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Table 1 Influence of utilisation of PET fibres on mechanical properties

Property of concrete Results References

Combustion test Combustion test indicated the
release of CO2 but no toxic gas
was detected

Ochi et al. [1]

Water absorption PET possesses lower wetting
tension than PVA. Capillarity
coefficient of mortar without fibre
decreased with increase in mortar
age. There was appreciation in
porosity and water absorption
values after addition of fly ash and
fibre in concrete

Ochi et al. [1], Pereira de Oliveira
and Castro-Gomes [2], Kumaran
et al. [13], Gu and Ozbakkaloglu
[15]

Drying shrinkage Free drying shrinkage strain was
found to increase with use of PET
fibres. Marginal change in
freeze–thaw resistance of PP fibre
concrete. No cracks noticed when
long deformed fibres were used in
concrete

Sung et al. [3], Okan and
Cengiz [7], Borg et al. [12], Gu
and Ozbakkaloglu [15]

researchers have studied the different aspect ratio and carried out various tests like
compressive strength, split tensile strength, flexural tests. The review of effect of
addition of PET fibres in concrete on its various properties is presented in Tables 1
and 2.

5 Conclusions

Based on the present review of research work on utilisation of plastic/PET waste
in concrete, it can be concluded that PET/PP fibres have been effectively utilised in
concrete. Introduction of PET plastic waste fibres in concrete not only improves the
strength of concrete, but at the same time also reduces the environmental concerns
caused due to open dumping of PET bottles in surroundings. Compressive strength,
split tensile strength and flexure strength were found to be increased. Combustion
test indicated the release of carbon dioxide but carbon monoxide was in the form of
traces.
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Table 2 Influence on utilisation of PET fibres on strength properties

Property of concrete Results References

Compressive strength In most of the cases, slight to
significant increase in
compressive strength were
reported when fibre content was
1–2%. With enhancement in fibre
content, the strength was found to
decrease. Some authors reported
no significant change in mortar
compressive strength. In some
cases, decrease in strength of
concrete was also reported

Ochi et al. [1], Pereira de Oliveira
and Castro-Gomes [2], Sung et al.
[3], Fraternali et al. [5], Foti [6],
Fernando et al. [8], Ramadevi and
Manju [9], Borg et al. [12],
Kumaran et al. [13], Tamilarasan
and Abinayakeerthana [14], Gu
and Ozbakkaloglu [15]

Flexural strength Most of the researchers reported
considerable increase in flexural
strength when up to 2% PET
fibres were used. When shorter
length fibres were used, increase
in strength was lower. Some
researchers reported slight
decrease in flexure strength on
use of PET fibres

Pereira de Oliveira and
Castro-Gomes [2], Sung et al. [3],
Bagherzadeh et al. [4], Fernando
et al. [8], Borg et al. [12],
Kumaran et al. [13], Tamilarasan
and Abinayakeerthana [14],
Ramadevi and Manju [9], Gu and
Ozbakkaloglu [15]

Toughness test A modest to significant effect on
toughness of concrete with PET
fibres was reported by most of the
researchers. Fibres were reported
to act as reinforcement absorbing
large amount of energy. In few
cases reduction of toughness was
observed

Pereira de Oliveira and
Castro-Gomes [2], Bagherzadeh
et al. [4], Foti [6], Fernando et al.
[8]

Pull out test It was reported that PET fibre has
better adhesive strength

Ochi et al. [1]

Bending test Increase in strength was reported Ochi et al. [1], Pereira de
Oliveira and Castro-Gomes [2]

Split tensile strength Split tensile strength was found to
be increased for fibre content up
to 2%. In case of full replacement
with M-Sand, tensile strength
increased. In some cases, lower
split tensile strength was observed

Bagherzadeh et al. [4], Ramadevi
and Manju [9], Kumaran et al.
[13], Tamilarasan and
Abinayakeerthana [14], Gu and
Ozbakkaloglu [15]
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Strength and Sorptivity of Concrete
Using Fly Ash and Silpozz in Marine
Environment

T. Jena and K. C. Panda

Abstract This article presents the strength and sorptivity of concrete using fly
ash (FA) and silpozz exposed to seawater. Conventional concrete made with 100%
cement. First blended concrete seriesmadewith 0%FA and 10–30% silpozz replaced
with cement and second series made 10% FA and 10–30% silpozz. The studied
parameters are compressive strength for 7, 28, 90, 180 and 365 days and flexural
strength and split tensile strength for 7, 28 and 90 days of seawater curing (SWC)
and normal water curing (NWC) samples. Modulus of elasticity and strength reduc-
tion factor (SRF) in bond strength along with slip of 28 days SWC samples are also
studied. Water absorption and sorptivity were observed as durability indicator. It
reveals from the present investigation that incorporation of silpozz helps to improve
the strength and reduces sorptivity of concrete against seawater.

Keywords Compressive strength · Deterioration · Fly ash · Silpozz · Sorptivity

1 Introduction

The growth of concrete technology is completely based on its strength but not only
that should be considered but the coarseness degree of various environmental circum-
stances to which concrete is being exposed for life long as should be considered and
have given lot of importance. So, finally both compressive strength and its nature
of durability are considered clearly at different design phases and its relationship
also is taken into account. While estimating the conditions of present structures,
concrete’s durability is the most important consideration to be taken into account in
designing new structures. Construction of concrete is gradually very cost-effective
as its durability has been higher so its becoming one of the most complex things.

T. Jena (B)
Department of Civil Engineering, ITER, SOA (Deemed to be University), Bhubaneswar 751030,
Odisha, India
e-mail: trilochanjena1975@gmail.com

K. C. Panda
Department of Civil Engineering, GCEK, Bhawanipatna, Kalahandi 766002, Odisha, India
e-mail: kishoriit@gmail.com

© Springer Nature Singapore Pte Ltd. 2021
B. B. Das et al. (eds.), Recent Developments in Sustainable Infrastructure, Lecture Notes
in Civil Engineering 75, https://doi.org/10.1007/978-981-15-4577-1_54

625

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4577-1_54&domain=pdf
mailto:trilochanjena1975@gmail.com
mailto:kishoriit@gmail.com
https://doi.org/10.1007/978-981-15-4577-1_54


626 T. Jena and K. C. Panda

When one understands the concrete’s fundamental basic of durability, all starts find-
ing new methods to increase its service life of all the new and upcoming structures.
Concrete’s long-time durability potential is the key to knowledge as it consists of
uncommonmaterials such as recycled aggregate and high silica aggregates withmin-
eral admixtures. Although concrete is probably to get damaged up to some extent,
ensuring good durability of concrete and minimizing the rate of damage. A few
review papers are presented regarding seawater exposure condition such as Sunil [1]
experimented for period of one year both in freshwater and seawater curing and con-
cluded that the compressive strength of blended concrete decreases as the exposure
condition increases. Menon et al. [2] investigated the influence of high strength con-
crete incorporated with FA, ground granulated blast furnace slag (GGBS) and silica
fume (SF) with superplasticizer under severe exposure seawater tidal zone with-
out serious weakening. Wegian [3] observed that the degradation can be minimized
incorporating high volume content of cement in seawater. Anwar and Roushdi [4]
found the resistance against environmental deterioration by enhancement of prop-
erties of concrete containing OPC, SF and FA in laboratory seawater. Panda and
Prusty [5] enhanced the strength properties using silpozz as a pozzolanic material.
Jena and Panda [6–9] enhanced the mechanical and durability properties of marine
concrete and diffusion of chloride and carbonation is minimized due to incorpora-
tion of FA and silpozz. Seyed et al. [10] investigated the compressive strength and
water absorption with chloride ion penetration by using 5–25% rice husk ash (RHA)
incorporated with 10% micro silica (MS) and found 15% RHA with 10% MS gives
optimized results. Kumar et al. [11] investigated the better strength and sorptivity
of concrete by utilizing the sugarcane bagasse ash and SF in concrete. Kartini et al.
[12] observed the strength and sorptivity of blended concrete incorporating 20–30%
rice husk ash (RHA) replaced with OPC.

The main objective is to study the strength properties as well as water absorp-
tion and sorptivity of blended concrete incorporated with FA and silpozz with
superplasticizer in marine environment.

2 Methodology

2.1 Materials

The text of your paper should be formatted as follows: In this study, OPC 43 grade
cement was used. The physical properties of OPC determined as per IS code 8112-
1989 [13] such as initial setting time, final setting time, standard consistency, specific
gravity and fineness are 165 min, 360 min, 34%, 3.15 and 333 m2/kg, respectively.
Fineness modulus of coarse aggregates 7.0 and specific gravity 2.86 was used. Spe-
cific gravity of fine aggregate 2.67 and fineness modulus 3.03 (zone-III) was used.
Normalwater having pHvalue 6–8, seawater of Bay of Bengal, Puri beach andCERA
HYPERPLASTXR-W40 high-end superplasticizer (SP)was used. The experimental
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Table 1 Physical properties
of fly ash and silpozz

Physical properties FA Silpozz

Specific gravity 2.12 2.3

Bulk density (gm/cc) 1.2 0.23

Specific surface (m2/g) 33 17

Particle size (Micron) 34 25

Color Gray Gray black

Physical state – Solid non-hazardous

Table 2 Chemical
composition of cementitious
materials

Oxides (%) Cement (OPC) Silpozz FA

SiO2 20.99 88.18 58.13

Al2O3 6.05 1.61 31.00

Fe2O3 6.01 0.56 4.10

Carbon – 2.67 –

CaO 62.74 1.59 0.60

MgO 1.33 1.63 0.10

K2O 0.40 1.67 0.90

Na2O 0.04 – 0.05

SO3 1.82 – 0.12

TiO2 0.025 – 1.63

Others – 2.09 0.011

Loss on ignition (%) 1.14 0.04 0.29

value of coarse and fine aggregates is confirming to IS code 383-1970 [14]. Silpozz
contains amorphous silica which is produced from rice husk burning in a controlled
temperature about 700 °C. This ash produced is amorphous in nature. Silpozz is
a very good super pozzolan and it is used in place of SF or microsilica. Physical
properties of FA and silpozz supplied by the supplier are presented in Tables 1 and 2
which represent chemical composition of cementitious materials.

2.2 Mix Design and Identity

The design mix is prepared by confirming to IS code 10262-2009 [15] and targeted
for M30. The obtained design mix ratio was (1: 1.44: 2.91) with water to binder ratio
0.43.

The strength properties and durability observations were studied and their per-
centage decrease in strength was evaluated. Table 3 and Table 4 present details of
cementitious materials with SP and details of concrete mix quantity, respectively.
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Table 3 Details of cementitious materials with SP

Mix identity OPC (%) FA (%) Silpozz (%) SP(%)

MC100F0S0 100 0 0 –

M1C90F0S10 90 0 10 0.20

M1C80F0S20 80 0 20 0.29

M1C70F0S30 70 0 30 0.40

M1C80F10S10 80 10 10 0.22

M1C70F10S20 70 10 20 0.33

M1C60F10S30 60 10 30 0.47

Table 4 Details of mix quantity

Mix identity Cement
(kg/m3)

Fine
aggregate
(kg/m3)

Coarse
aggregate
(kg/m3)

FA
(kg/m3)

Silpozz
(kg/m3)

Water SP
(kg/m3)

MC100F0S0 434.32 624.77 1264.97 0 0 186.76 –

M1C90F0S10 390.88 624.77 1264.97 0 43.44 149.40 0.781

M1C80F0S20 347.45 624.77 1264.97 0 86.86 149.40 1.005

M1C70F0S30 304.00 624.77 1264.97 0 130.33 149.40 1.229

M1C80F10S10 347.45 624.77 1264.97 43.44 43.44 149.40 0.781

M1C70F10S20 304.00 624.77 1264.97 43.44 86.86 149.40 1.005

M1C60F10S30 260.60 624.77 1264.97 43.43 130.33 149.40 1.229

3 Results and Discussions

3.1 Fresh Concrete Properties

The slump value and compaction factors were measured to know the workability
fresh concrete. The minimum slum is 34 mm and maximum slum is 42 mm. The
minimum value of compaction factor is 86.20% and maximum 96.20% observed.

3.2 Hardened Concrete Properties

The hardened concrete properties were determined as per IS code 516-1959 [16].
The decrease in strength depends upon the time of exposure, quality of materials,
concentration of CO2, diffusion rate of chloride into concrete samples and other
harmful constituents present in the seawater.
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Fig. 1 Compressive strength versus curing time in days (NWC samples)

Fig. 2 Compressive strength versus curing time in days (SWC samples)
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3.3 Compressive Strength

Figures 1 and 2 show compressive strength versus curing time in days for both
NWC and SWC samples, respectively. For one year study, the percentage decrease
in compressive strength is limited to 8% but the minimum deterioration percentage
is 4.2% for sample up to FA 10% and silpozz 20% replaced with OPC. The control
sample shows decrease in strength at all ages of curing which is observed from Fig. 2.
The reduce in strength gain in seawater happened due to the formation of hydrochloric
acid and CaCO3 when CO2 present in seawater reacts with Ca(OH)2. The intrusion
of chloride and CO2 restricted incorporating with FA and silpozz, thus a decrease in
strength is minimizing. The compressive strength decreases for sample of 0% FA and
20% silpozz is 2% after 3 months of exposure and 4.8% after 12 months as compared
to normal concrete. From the above study, concrete works better in seawater blended
with FA and silpozz. The decrease in strength for conventional concrete is 7% at
365 days of SWC curing compared with NWC samples. It is observed that the rate of
deterioration is more in between 28 and 90 days and slowly reduces to 2% from 90 to
365 days. The silpozz-based concrete without FA is performed better in normal water
but the when blended with 10% FA and 20% silpozz performed better in seawater
in long-term basis at least for a period of one year which is experimented from this
study.

The percentage reduction in strength seems to be very small for one year but
the costal structures are vulnerable for long-term exposure conditions. Therefore,
it may be recommended that the resistance against concrete deterioration in marine
environment is significantly enhanced by using FA and microsilica present in silpozz
with proper doses of high-end SP.

3.3.1 Flexural Strength

Flexural strength versus curing time in days is shown in Fig. 3 and Fig. 4 for NWC
and SWC, respectively. After comparing between NWC and SWC samples, the
percentage decrease in flexural strength is 2% at 90 days and 1.4% at 28 days for
10% FA and 30% silpozz.

The minimum percentage decrease in flexural strength is 0.37% at 7 days, 0.67%
at 28 days and 1% at 90 days for FA 10% and 20% silpozz. The rate of decrease
in strength increases as the exposure condition elongates. The percentage decrease
in flexural strength increases up to 2% at 90 days. The combined effect of FA and
silpozz works better up to 30% replacement of OPC and more than that the DF
increases.
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Fig. 3 Flexural strength versus curing time in days (NWC samples)

Fig. 4 Flexural strength versus curing time in days (SWC samples)
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Fig. 5 Split tensile strength versus curing time in days (NWC samples)

Fig. 6 Split tensile strength versus curing time in days (SWC samples)
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3.3.2 Split Tensile Strength

The split tensile strength versus curing time in days is shown in Figs. 5 and 6 for
both SWC and NWC samples, respectively. It is observed from the Figs. 5 and 6
that some of the middle samples having almost equal split tensile strength at whole
curing period. The sample up to 10% FA and 20% silpozz represents minimum value
as compared to the normal concrete at 90 days.

The deterioration of concrete increases as the percentage of replacement of cement
increases more than 30%. The addition of SP plays an important role to decrease the
deterioration of concrete in seawater.

3.3.3 Modulus of Elasticity

The young’s modulus of elasticity is the function of concrete which reveals its elastic
nature mainly of aggregate and cement paste in proper relative ratio. It is relatively
constant with keeping its stress at a low point because it develops a crack in concrete
paste at a level of higher stress. Modulus of elasticity concrete ranges from 30 to 50
GPa. Figure 7 shows the modulus of elasticity (MPa) versus types of mix for 28 days
SWC samples from which the mix having 0% FA and 10–20% silpozz gives same
value of modulus of elasticity as compared to control sample. The 10% FA and 20%
silpozz sample gives the highest value of elasticity as compared to other samples

Fig. 7 Modulus of elasticity versus types of mix
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Fig. 8 SRF (%) versus types of mix

including control sample. Silpozz-based samples mixed with 10% FA give higher
value of modulus of elasticity than the other samples after 28 days of SWC. There is
no change up to 20% silpozz but suddenly the modulus of elasticity increases when
10% FA and 20% silpozz is incorporated.

3.3.4 Pull Out Test

The pull out test is conducted on specimens confirming to IS 2770-1(1967) [17].
The diameter of the tor bar is 12 mm with 60 mm bond length and a total length of
120 mm. The rate of loading was 0.1kN/s on the samples. The SRF is 10.35% which
is observed from Fig. 8. The SRF for control specimen is 14.11% at 28 days of curing
which shows the highest value. Figures 9 and 10 represent the slip in ‘mm’ versus
types of mix. The maximum slip is 1.40 mm for control sample and minimum slip
is 1 mm for silpozz-based sample. The slip is controlled for FA and silpozz-based
specimen as compared to the control specimen.

4 Durability Properties

Deterioration of structural components in marine climate is generally associated
with the chloride penetration into concrete causing damage. TheWSC known as free
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Fig. 9 Slip in ‘mm’ versus types of mix

Fig. 10 Slip in ‘mm’ versus types of mix
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chloride andASC known as total chloride are determined as per IS 14959-2001 (Part-
1I) [18]. Water absorption and sorptivity are done confirming to ASTM C 1585–04
[19]. The samples are tested for water absorption and sorptivity after curing 28 days
in normal water and SWC precast samples. The test procedures are described below
for both water absorption and sorptivity tests.

4.1 Water Absorption

The graphical plot between water absorption and concrete mixes is shown in Fig. 11.
It is observed from Fig. 11 that the water absorption capacity for conventional con-
crete is 2.6% and 2.08% both in NWC and SWC precast samples, respectively. It
is also observed that SWC precast blended concrete samples have less absorption
capacity as compared to NWC samples. It is clear from the observations that the
precast samples have already cured in normal water for 28 days and then they have
been cured in seawater for next 28 days. Therefore, absorption capacity decreases
for hardened matured stage. When the replacement percentage of silpozz increases,
the absorption capacity decreases. When FA is replaced, again absorption capac-
ity increases and after replacing silpozz, it counteracts the absorption capacity and

Fig. 11 Water absorption (%) versus types of mix
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reduces the rate of absorption. After replacing FA, the absorption capacity increases
for both NWC and SWC precast samples. Silpozz-based samples have higher resis-
tivity than the composite samples having FA and silpozz. The absorption capacity
depends on the porosity of concrete, particle size of FA and silpozz and their inner
structural mechanism of concrete. The dense and compact structured concrete may
give less absorption capacity.

4.2 Sorptivity

The comparison results of the sorptivity test betweenNWCandSWCprecast samples
have been shown in Fig. 12. It is observed from Fig. 12 that the conventional concrete
has the highest sorptivity value among all mixes both in NWC and SWC precast sam-
ples. The samples M1C70F10S20 and M1C60F10S30 have same sorptivity values
for both NWC and SWC. The value of sorptivity decreases by the partial replacement
of silpozz and the value increases after partial replacement of FA. The result obtained
from the silpozz-based SWC samples is less than the NWC composite samples par-
tially replaced with FA and silpozz. In normal water curing, a significant amount of
calcium hydroxide migrates from specimens’ pores into surrounding water resulted
in less dense matrix hence sorptivity is more but in precast samples the hardened

Fig. 12 Sorptivity versus types of mix
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stage provides dense matrix. Then after the precast samples were tested which gives
less sorptivity. The higher water–cement ratio with 20% silpozz replacement, upon
evaporation leaves voids spaces in concrete specimen leads to higher absorption but
in lower water–cement ratio, doses of SP result in high impermeable concrete and
less absorption capacity.

5 Conclusions

A few concluding remarks are presented:

• The concrete deterioration is not significantly changed which is observed from
the study. The SRF is found to be less than 3% and 8% for 10% FA up to 20%
silpozz at 90 and 365 days of exposure, respectively.

• Here a different trend is observed in split tensile strength. And it may be due to
90 days test. Silpozz gives high strength at early ages.

• The higher value of young’s modulus of elasticity is found to be higher for higher
compressive strength samples.

• The slip is observed 1 mm and 1.19 mm for 10% FA with 20% silpozz sample in
NWC and SWC, respectively, in 28 days.

• The SWC precast samples have better performance against water absorption.
When the replacement percentage of silpozz increases, the absorption capacity
decreases. After replacing FA the absorption capacity increases for both in NWC
and SWC precast samples.

• The SWC precast samples are showing lower sorptivity value than the NWC sam-
ples after 28 days of curing. The conventional concrete has the highest sorptivity
value among all mixes both in NWC and SWC precast samples.
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Effect of FRC Due to Saline Water
and Urea Solution

Sagar Sarangi, Anand Kumar Sinha, Birendra Kumar Singh,
and Devendra Mohan

Abstract Fibre-reinforced cement mortar is a composite material used to introduce
short fibre for enhancing some properties of the mortar matrix. Mortar cubes of 1%
hybridization by using poly-propylene (PP), coconut coir (CC) and scrap rubber (TR)
fibre were prepared and various properties were compared with a control mix spec-
imen after 28 days. Compressive strength test was conducted for determining the
changes in physical properties of the mortar due to the effect of salinity and urina-
tion. Study on interfacial bonding between matrix and reinforcement carried out by
using SEM analysis. The test result suggested that fibre-reinforced plaster was able
to achieve adequate strength if curing water contains salinity of 3.5% (35 g/L) and
crop nutrient (NPK-46-0-0) of 40% w/v dissolved form in freshwater. This type
of concrete could be used in non-structural components like warehouse flooring,
industrial floor, water tank, benches or footpath near sea beaches, etc.

Keywords Durability · Hybrid fibre-reinforced concrete · Compressive strength ·
Saline water · Urea solution

1 Introduction

Blended cement is an innovative idea for reducing industrial solid waste. By uti-
lizing cementitious material like GGBS, fly ash, Silica fume, alccofine, etc. with
the replacement of OPC is one of the emerging technologies for producing different
types of binding material. Blended GGBS with Ordinary Portland Cement known as
hydraulic cement is preferable for construction of hydraulic structures. As concrete
is a brittle material; addition of fibres into the concrete matrix results that concrete
becoming somewhat homogeneous and isotopic by virtue of this ductile material
[1]. By applying stress, microcrack present in the conventional concrete rapidly
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increased and leading the concrete to have low flexural strength and impact resis-
tance. From the ancient period to till date, various experimental works are carried out
by introducing a reinforcing agent with cement mortar and plain cement concrete.
Hybridization is the process of introducing two ormore different types of fibres inside
the single matrix. Nowadays hybrid fibre reinforced concrete of both natural fiber
and synthetic fibre is possible and the experimental investigation already published
by [2, 3].

Growth of crack developed due to plastic shrinkage on green concrete, permeabil-
ity and carbonation depth in harden concrete can be reduced by introducing limited
proportion of PP fibre as a reinforcing agent with concrete matrix reported by [4,
5]. Naturally cultivated coconut coir fibre is one of the natural fibre having impres-
sive tensile properties. By introducing as reinforcing agent can improve the tensile
properties of the matrix along with reducing the production cost of conventional one
[6].

Rubber (tyres) occupies large surface area while dumping as solid waste. By the
reuse of the waste with concrete is able to reduce the surface area and simultaneously
it reduces the environmental pollutant. Scrap rubber can be utilized as an alternative
building material. From the investigation reports of [7–9] suggested that the rubber
fibre-reinforced concrete could be used as seismic resistance material to sustain
dynamic.

The scarcity of potable drinking water is a major issue worldwide. Treated sea-
water might be fulfilling the water requirement by the construction industry for both
mixing and curing purposes. Beyond 3.5% salinity causes surface efflorescence and
dampness. So it is not recommended for plaster finish work by [10]. However, less
than 500 ppm chloride or 1000 ppm SO3 concentration could provide satisfactory
results as compared with portable drinking water reported by [11, 12].

2 Objective

It is required to make concrete somewhat ductile by introducing various reinforcing
agents. In corporation of discrete and randomly oriented coir fibre, Polypropylene
fibre and chopped scrap rubber (tyres) are used as a reinforcing agent. Cement rein-
forced plaster can be able to improve it’s ductility, in controlling the cracks resistance
to environmental effects.
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3 Working Methodology

3.1 Materials

Hydraulic blended cement confirm to BIS (IS 455:1989), UltraTech PSC cement was
consumed as a bindingmaterial in this investigation. Physical and chemical properties
of bindingmaterial are notified in Table 1. Clean grained silica particle, notmore than
4.75 mm was utilized for fine aggregate. Physical properties of sand were tested and
conformed by BIS (IS 383:1970) and the results are shown in Table 2. “Fiber guard”
white monofilamentous fibrillated Poly Propylene (PP) fiber supplied by “M/S Bajaj

Table 1 Chemical and
physical property of cement

Test Observed value Req. as per IS
455:1989 (Max)

Chemical test
MgO

5.28% 10%

SO3 1.09% 3%

S 0.65% 1.5%

Loss of ignition 1.15% 5%

Insoluble residue 1.11% 4%

Total chloride
content

0.046% 0.10%

K2O 1.48%

Na2O 0.3%

Physical test

Specific gravity 3.10

Fineness 349 m3/Kg

Soundness 1 mm

Standard
consistency (%)

32%

Initial setting time
(Min)

50 Not less than 30 min

Final setting time
(Min)

600

Table 2 Physical properties
of fine aggregates

Properties Value of fine aggregate

FM 5.17

Sp. gravity 2.67

Bulk density grm/cm3 1.890

Moisture content 8%

Zone II
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Table 3 Properties of fibre Properties Value of PP Value of coir
fibre

Value of
rubber fibre

Length (mm) 20 20 20

Diameter
(mm)

0.1 0.29–0.83 0.2

Tensile
strength
(MPa)

0.67 170 24.13

Sp. gravity 0.91 0.88 0.96

Water
absorption

Nil 10% Nil

Aspect ratio 200 68 100

Bulk density
(Kg/m3)

689 1824 700

Reinforcement LLP, Nagpur, Maharastra” were used for this study and it’s properties
are given in Table 3. Natural brown clean coconut coir (CC) fiber collected from the
nearby market of BIT Mesra, Ranchi were used. Its physical properties are shown in
Table 3. Scrap tyre (TR) pieces collected from nearby resoling centre and chopped
into a uniform length of 20 mm and its properties are also shown in Table 3. Saline
water having pH = 7.65 and salinity 3.5% collected from Bay of Bengal located at
Puri beach, Odisha, India and its chemical component is shown in Table 4. Fertilizer
urea (NH2-CO-NH2, density 1.32 g/cm3, molar mass of 60.06 g/mol) solution was
preparedwith concentration of 40 gm/lt in distilled water at room temperature having
pH of the solution 10 for carried out the urination effect of the mortar.

Table 4 Chemical
compositions of Saline water

Ion Formula wt

Cl− 35.453

Na+ 22.9898

Mg2+ 24.312

SO2−
4 96.06

Ca2+ 40.08

K+ 39.102

HCO−
3 61.01

Br− 79.91

Sr2+ 87.62

H2Br3 61.83

F− 19.00
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Fig. 1 Sample in curing

3.2 Method

There are 22 numbers of mix proportions of cement and fine aggregate mortar (1:3)
were prepared with individual and hybrid mix of different fibers with weight fraction
(wf) with respect to cement. Both natural and synthetic fibre were added individ-
ually with different in proportions. PP fibre varying from 0.1% to 0.4%, coconut
coir (CC) fibre varying from 1% to 10% whereas PBS (Poly Butadiene Styrene)
scrap rubber (TR) fibre range of 5% to 17% were mixed as mentioned above.
Hybrid mix proportion of H1(PP0.30CC0.50TR0.20), H2(PP0.25CC0.40 TR0.35),
H3(PP0.333CC0.334TR0.333) were also prepared. One control mortar sample was
also cast for comparative study of the properties among the mix proportions.

Two hundred seven mortar sample specimens were prepared with varying ratio
of cement for studying variation in reinforced plaster. From all the mix proportion
were subjected to submerge curing at room temperature for the period of 28 days.
Three samples with saline water and six samples with potable drinking water initially
submerged. After 7 day of curing three samples were shifted from potable drinking
water bucket to urea solution bucket and then, allowed for the next 28 days to study
physical changes in mortar. The sampling process is shown in Fig. 1.

3.3 Compressive Strength

After removing from curing tank and drying in air compressive strength of mortar
cubes was determined using the UTM confirmed to [13]. Average of three cubical
samples was calculated and the results are shown in Table 5 and Fig. 2.

Compressive strength (MPa) = Fracture Load/Cross sectional area of specimen
(Mpa).



646 S. Sarangi et al.

Table 5 Compressive strength of the sample

Name of the mix Sample
id

Drinking
water
(Mpa)

(S)
Sea
water
(Mpa)

%
Changes

(U) urea
Soln(MPa)

%
Changes

Plane (1:3) S0 33.23 32.72 −1.56 40.27 17.47

PP 0.10% S1 31.86 30.59 −4.17 34.45 7.53

PP 0.15% S2 33.44 34.58 3.28 37.10 9.86

PP 0.20% S3 34.66 36.81 5.84 37.83 8.39

PP 0.25% S4 32.70 38.86 15.84 30.65 −6.69

PP 0.30% S5 31.07 37.33 16.76 28.75 −8.09

PP 0.35% S6 28.82 32.71 11.88 37.47 23.09

PP 0.40% S7 28.36 32.42 12.53 34.87 18.68

CC 10% S8 36.02 28.41 −26.76 42.31 14.88

CC 7% S9 35.27 28.60 −23.33 38.95 9.44

CC 5% S10 33.73 33.70 −0.11 38.64 12.71

CC 2.5% S11 33.50 34.97 4.20 37.62 10.94

CC 1% S12 32.71 36.81 11.14 35.78 8.60

TR 5% S13 32.70 29.63 −10.38 30.65 −6.69

TR 7% S14 33.52 34.66 3.28 37.72 11.11

TR 10% S15 33.97 35.89 5.35 38.74 12.31

TR 12% S16 34.54 36.28 4.78 40.81 15.36

TR 15% S17 35.07 36.83 4.79 41.90 16.30

TR 17% S18 36.02 37.94 5.05 44.24 18.59

PP0.30CC0.50TR0.20 S19 36.81 39.88 7.71 38.86 5.28

PP0.25CC 0.40 TR 0.35 S20 35.78 28.60 −25.10 33.73 −6.08

PP0.333CC0.334TR0.333 S21 36.81 30.65 −20.07 31.87 −15.48

Fig. 2 Graphs of compressive strength of mortar sample
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Fig. 3 a HFRC control, b HFRC submersed with seawater and c SEM of HFRC submersed with
urea solution of (Sample No-19), Magnification 500

3.4 Morphology Study (SEM Analysis)

The surface morphology of hybrid fibre reinforced plaster mortar sample was carried
out according to [13] and the same things are shown in Fig. 3. It shows the porous
nature of the untreated hybrid fibre. In the hybrid of PP, CC and TR (untreated)
more number of fibre pullout along with microcracks were seen in SEM image and
it indicates that micro gaps were present between fibre and the matrix. In the case of
treated samples with seawater, due to a chemical reaction between cement and CC
fibres, it formed a gel and fills the micro-gap as was evident from the SEM image.
Urea, an aggressive Ferro material reacted with matrix which increases growth of
crystals in pores of the concrete. But, due to crystallization, it increased the bonding
between the minerals present in the composite.

4 Conclusions and Discussion

• Individual fibre-reinforced plaster canwithstand both the effect of salinity and uri-
nation. It gives good compressive strength as compared with conventional plaster.
But, coconut coir fiber reinforced plaster having higher resistant towards the effect
of urination as compared to salinity.

• By the addition of PP fibre up to 0.30% of weight fraction of cement is able
to resist the effect of salinity by increasing 32.96% whereas due to the effect of
urination it reduced 12.26% of compressive strength as compared to conventional.

• From thevariationofmixing it seems that PP0.20%weight fraction is the optimum
mixing quantity that improves the durability by resisting both the effect due to
salinity and urination.
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• Addition of scrap chopped rubber up to 17% by weight of cement is able to save
the structure from both the effects.

• By 1% hybridization of a mixture of (S19), PP0.30CC0.50TR 0.20 gives better
performance as compared to other mix proportions.

• Strong interfacial bonding between fibre and matrix are found from SEM image
due to the effect of salinity whereas weeker in the case of urination effect.

• By finding and adopting an optimum mixing proportion for both natural and
synthetic fibres in plain cement plaster are able to reduce the effect due to salinity
and urination.

Acknowledgements Weacknowledge ‘M/SBajaj Reinforcement LLPNagpur’ for supplying good
quality PP fibre, and CIF BIT Mesra, Ranchi for conducting SEM analysis of the samples.
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Effect of Lime on Mechanical Properties
of Silica Fume Modified Concrete

Gaurav Udgata, Purnajit Bhowmik, and Silpa P. Das

Abstract The sole objective of the work is aimed to examine the possibility of
replacing ordinary Portland cement with condensed silica fume. Silica fume is a
waste product from ferro-alloy silicon industry. In this research, the ordinary concrete
has been modified by 25% of micro silica fume by replacing Portland cement. Again
that samemix has beenmodified by adding free lime by replacing fine aggregate with
different percentages like 3, 5, 7 and 10% by weight with a constant water-cement
ratio 0.45 by weight. The cement and silica fume percentage was kept constant and
after that the influence of addition of active lime was studied. The cement, sand and
aggregate proportion were assumed as 1:1.5:3. Specimen was prepared for various
tests like compressive, split-tensile and flexural strength for different curing ages (7,
28 and 56 days). Silica fume modified concrete with 7% of free lime by volume gave
the best results.

Keywords Condensed silica fume · Lime ·Workability · Compressive strength ·
Flexural strength and split-tensile strength

1 Introduction

In this construction Era commonly used hazardous Portland cement having sheer
danger to ecosystem has led many a researcher to exploit other alternatives like
industrial by-products as complementary materials in making of concrete and at the
same instance ‘also to overcome certain drawbacks found in the normal concrete
mix like porosity, low permeability, low durability, low compressive, tensile and
flexural strength and less resistance against chemical attack’. To overcome all these
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drawbacks engineers and scientists around the globe are doing many researches for
a permanent feasible solution.

The pozzolana (CSF-condensed silica fume) has fascinated the interest of various
researchers. Micro silica fume is more or less somewhat a new element in the folks
of pozzolans which is introduced to have a reaction with free lime present within the
concrete matrix and thereby improving upon the performance. Silica fume has huge
concentration of silicon dioxide (85–97%) that contains fine sphere-shaped glassy
siliceous particles. Silica fume which is a by-product of silicon-metal production is
about 30–100 times finer when compared with cement.

1.1 Silica Fume

Condensed silica fume is highly reactive pozzolanic material as it is extremely fine
and highly content with amorphous silicon dioxide. As ordinary Portland cement
(OPC) present in concrete starts to have chemical reaction, it liberates calcium
hydroxide. To form supplementary binder material, the micro silica fume combines
with calcium hydroxide and that supplementary mix is known as hydrate of calcium
silicate that is alike to calcium silicate hydrate formed from (OPC). By this supple-
mentary binder, we can change the different features that of conventional concrete
(Fig. 1).

Volatized silica fume is the siliceous and aluminous material which is responsible
for reaction with CHwhich decreases the CH content in addition to forming strength
contributing cementitious products which are known as ‘pozzolanic reaction’. The

Fig. 1 Manufacture of silicon metal or ferrosilicon alloy
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existence of SF in the OPC mixes results significant decrease in the volume of large
pores at all ages. In the cement-aggregate bond SF adding up influences the depth
of evolution segment in mortars and the degree of the orientation of the Calcium
hydroxide (CH) crystals in it.

1.2 Lime

The methods through which lime is transformed to quicklime by the process of
heating, subsequently to slaked-lime bymeans of hydration. It reverts back to CaCO3
through carbonation, this process is known as the ‘Lime Cycle’. In food processing
industry, to chemically attack plant and animal substances the caustic nature of lime
is used. Lime has got many applications in various fields of application but also it has
got some limitations like Lime cement usually takes a long duration of time to cure.
Lime cement doesn’t solidify inwater rather stays soft. So, there are certain situations
where it can’t be utilised (Fig. 2).

2 Literature Review

Safwan A. Khedr et al. (1994) [1] the relative slower growth of strength linked with
introducing volatile silica fume in concrete. Pozzolanic action is very slow in nature
even though the increase in final strength is notable, it took nearly about 3–7 days for
the mix to begin exhibiting the increase. Silica Fume being very fine filler does not
demonstrate considerable chemical reaction during the growing stages and because
of the associated drop in OPC content. It is practical to anticipate that there would
certainly be a plunge in early strength improvement whereas FaseyemiVictor Ajileye
et al. (2012) [2] presented that for C30 grade of concrete substitution of cement up
to 10% with silica fume leads to a considerable enhancement in its compressive
strength. Because of the intense pozzolanic nature of the micro silica and its void

Fig. 2 Lime cycle
LIME  

STONE
CaCO3

QUIKE 
LIME
CaO

SLAKED 
LIME

Ca(OH)2
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Carbonated Heated 
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filling ability but interestingly it found there is a decline in its compressive strength
when 15% silica fume is mixed as a substitute.

N.K. Amuddhayalli et al. (2012) [3] conclude that pozzolanic materials when
added to concrete, additional calcium silicate hydrate is formed. Within the range
of 10–15% silica fume replacement level, the optimal 7 and 28 days compressive
strength as well flexural strength have been obtained whereas Vikas Srivastava et al.
(2010) [4] found that inclusion of silica fume had reduced the workability signifi-
cantly in all the mixes because they are sticky and cohesive. Thus the addition of
silica fume reducesworkability. Silica Fume enhancedworkability and also increased
compressive strength significantly (6–57%) and this increase in compressive strength
depends upon its replacement level.

Dilip Kumar Singha Roy et al. (2012) [5] acknowledged that there is a substantial
decline in rebound from (35 to 15%) by addition of silica fume that also improved
the pumpability of high workability mix that has slump value of above 250 mm
and Ashraf Ragab et al. (2015) [6] investigated that amount of hydration increment
by utilising limestone cement due to both its chemical effect and physical effect.
Replacement of limestone about 5 to 10% associated with outcome of amount of
hydration. Whereas limestone fills the voids between the cement elements due to the
creation of carbo aluminate segments.

Sri Tudjono et al. (2014) [7] reported that fly ash percentage in concrete can be
enhanced by supply of free lime to the concrete. The combined effect of both nano
lime and nano fly ash resulted in elevated compressive strength at the very early age
as compared to conventional concrete or ordinary concrete. The compressive strength
was reached up to 14.81% over controlled specimen by addition of 2.5% of nano fly
ash as well as nano lime. Olesia mikhailova et al. (2013) [8] presented that we can
use ground dolomite powder as cementitious material which can respond to produce
cement with dolomite. Limestones act as a filler able to increase the early strength
of conventional concrete. He has been presented two basic reasons for explaining
this phenomenon. The first reason was the effect limestone on hydration tricalcium
silicate and tricalcium aluminate and second reason was limestone element compose
nucleation sites of hydration. The author concludes that less than 5% and more
than 25% dolomite limestone by weight decreases the compressive strength after 14
and 28 days of curing age. Beyond 25% of limestone by weight gives the optimal
strength. Ashraf Ragab Mohamed, Mona Elsalamawy and Marwa Ragab (2015) [6]
investigated that amount of hydration increment by utilising limestone cement due
to both its chemical effect and physical effect. Replacement of limestone about 5 to
10% associated with outcome of amount of hydration. Whereas limestone fills the
voids between the cement elements due to the creation of carbo aluminate segments.
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Table 1 Physical properties
of cement used

Parameters Results Essential objectives of
IS:8112/1987

Fineness (in M2/Kg) 310 225 (min)

Setting time:

1. Initial 170 (min) 30 (min)

2. Final 235 (min) 600 (max)

Soundness test:

1. Le-chatelier
expansion (mm)

1.50 10 (max)

2. Auto-clave (%) 0.012 0.8 (max)

3 Materials Used-

3.1 Cement

43 grade OPC conforming to IS: 812/1989 was used in this experimental work. The
physical and chemical composition of cement after conducting the test conforms to
IS:269/4831 and requirement as per IS: 8112/1989. The physical properties after
conducting the test are given in Table 1.

3.2 Aggregate

Coarse aggregate (crushed granite) of size 10 mm (40%) and 20 mm (60%). After
conducting the sieve investigation for coarse and fine aggregate the results conforms
to the specification of IS:383-1970. The Specific gravity of coarse and fine aggre-
gate was found to be 2.7 and 2.65 along with fineness modulus of 6.2 and 2.47,
respectively.

3.3 Silica Fume

Light grey colour silica fume having moisture content less than 3% was used in this
study was carried out from a ferrosilicon manufacturing industry named as Krishna
Udyog at Kolkata, West Bengal, In India the pozzolanic activity index was in the
range of 100–120.
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3.4 Lime

Lime is an inorganic material containing calcium in which hydroxides, carbonates
and oxides are predominant. This is particularly driven from rocks and minerals,
typically from limestone or chalk. As because lime has an adhesive property, it has
got a key role in Masonry constructions.

3.5 Water

Filtrated portablewater was obtained from laboratory of School of Civil Engineering,
KIIT. It was hence used for combining the constituents of concrete. Later the curing
process was initiated on it.

4 Experiment Programme

An ordinary mix for normal concrete was prepared and designated as OC0%. Then
25% silica fume by weight was replaced with cement and named as SFMC 25%.
Again that same mix has been modified by adding free lime by replacing fine aggre-
gate with different percentages like 3, 5, 7 and 10% by weight with a constant
water-cement ratio 0.45 by weight. Various mix of SFMC and ordinary concrete
were taken to conduct a compressive analysis on standard moulds of sizes 150 ×
150 × 150 mm, BIS moulds having diameter = 150 mm and height = 300 mm was
taken to conduct a split-tensile test. The flexural test was conducted on standard BIS
specimen of size 100 × 100 × 500 mm. 7,28 and 56 days respectably was taken for
curing period (Table 2).

Table 2 Different proportion and water-cement ratio of silica fume modified concrete with lime
mix

Mix Cement
(kg)

Silica
fume
(kg)

Lime
(kg)

Fine
aggregate
(kg)

Coarse
aggregate
(kg)

Water
(kg)

Water-cement
ratio

OC0% 41.32 0 0 61.99 123.98 18.59 0.45

SFMC25% 30.99 10.33 0 61.99 123.98 18.59 0.45

SFMCL3% 30.99 10.33 1.85 60.13 123.98 18.59 0.45

0SFMCL5% 30.99 10.33 3.09 58.88 123.98 18.59 0.45

SFMCL7% 30.99 10.33 4.33 57.64 123.98 18.59 0.45

SFMCL10% 30.99 10.33 6.19 55.78 123.98 18.59 0.45
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5 Results and Discussion

Compressive-strength test, Flexural-strength test, and Split-tensile strength test were
done for the above mixes and the results were checked for 7 days, 28 days and
56 days curing period. The bar graph designating the results for OC and SFMC25%
are depicted in Figs. 3, 4 and 5. A comparision of hardened mix results has also been
done in Figs. 6, 7 and 8 between normal concrete mix, Silica fume modified mix and
also the effect when lime was added as replacement to fine aggregate, respectively.

Fig. 3 Compressive-
strength Test Results for OC
and SFMC25%
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test results for OC and
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Fig. 5 Flexural-strength test
results for OC and
SFMC25%
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6 Conclusion

(1) Silica fume modified concrete with 25% of cement replacement by weight gave
significant test results compared to conventional concrete. Therewas an increase
in compressive strength at 7 days, 28 days and 56 days by 61, 31 and 7%,
respectively. Similarly, an increase in split-tensile strength at 7 days, 28 days
and 56 days by 51, 2.1 and 2%, respectively, and flexural strength at 7 days,
28 days and 56 days by 58, 8.7 and 9.3%, respectively, was observed.

(2) The pozzolanic nature which leads to the formation of densely packed C-S-H
gel results in high compressive strength

(3) Compressive strength, split tensile and flexural strength of concrete was found
higher in silica fume concrete produced after replacing fine aggregate up to 7%.
There was a decrease in test results beyond 7% replacement

(4) Silica fume modified concrete with 7% fine aggregate replacement was found
to achieve a maximum percentage of increase in compressive strength up to
49.95%, increase in split-tensile strength up to 10% and flexural strength up to
21% at the age of 56 days

(5) In high rise building, high-performance concrete with silica fume can be used
effectively since high early strength is required.

References

1. Safwan AK, Abou-Zeid MN (1994) Characteristics of silica-fume concrete. ASCE Manag J
6(3), August 1

2. Ajileye FV (2012) Investigation on microsilica (Silica Fume) as patial cement replacement in
concrete. Glob J Inc (USA) 12(1), Version 1.0, January

3. Amuddhavalli NK, Mathew J, Effect of silica fume on strength and durability parameters of
concrete. Int J Eng Sci Emerg Technol 3(1):28–35

4. Srivastava V, Agarwal VC, Kumar R (2010) Effect of silica fume on mechanical properties of
concrete. Youth Edu Res Centre 1(4), ISSN:2278-5213, September

5. Kumar D, Singha Roy AS (2012) Effect of partial replacement of cement by silica fume on
hardened concrete. Int J Emerg Technol Adv Eng 2(8), August, ISSN:2250-2459

6. Mohamed AR, Elsalamawy M, Ragab M (2015) Modeling the influence of limestone addition
on cement hydration. Alexandria Eng J, 54, I-5, February

7. Tudjono S, Purwanto, Apsari KT (2014) Study the effect of adding nano fliers and nano lime to
compressive strength of mortar. Sec Int Conf Sustain Civil Eng Struct Constr Mater Proc Eng
95:426–432

8. Mikhailova O, Yakovlev G, Maeva I, Senkov S (2013) Effect of dolomite lime stone powder on
the compressive strength of concrete, 11th Int Conf Modern Build Mater Struct Techn Proc Eng
57:775–780



Polymeric Materials for Repair
of Distressed Concrete Structures

Suresh Chandra Pattanaik, Sanjaya Kumar Patro, and Bitanjaya Das

Abstract The concrete repair is not given its due the weightage in civil engineering
considering the sustainability issues and environment impact factor that it produces in
restoring and conserving the old structures. To build the similar new structure, there
is lot of embedded energy involved for demolishing and rebuilding the structure.
Unless otherwise the structure is unsafe, the building or structure should be restored
and should not be given permission for redevelopment. Before repairing any cracks
in concrete structures, it needs to be diagnosed properly. Based on the diagnosis,
compatible repair materials need to be selected for the repair. There are different
types of repair materials and methodologies available out of which suitable one
needs to be selected. The structural audit with non-destructive test (NDT) helps to
diagnose the problems. There are different kinds of repair materials and methods
available, which need to be specified based on the requirement. In most cases of
repair, the failure takes place since the issues of compatibility of repair material are
not considered during material selection. Also, during design and execution of a
repair project, the planning and surface preparation is not done properly for which
repair of same surface continues again and again. The present paper discusses the
various types of polymeric materials and methodologies used for repair of distressed
concrete structures for a durable concrete repair system.

Keywords Crack repairs · Cementitious grouts · Polymer modified cementitious
grouts · Epoxy injection and microconcrete

1 Introduction

The concrete repair is one of the most neglected topics in civil engineering subjects.
The structural consultants often show interest for design for any new structure but
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are very much reluctant for addressing the repair and strengthening issues of any
old concrete structure. This is due to less exposure to advance repair materials and
methodologies in the field of repair and rehabilitation of concrete structures. Even
there is shortage of skilled repair contractor to take up the job, only practicing engi-
neers and consultants those who are involved in repair field take the challenges. The
construction industry took a boon in India in the year 1950–60. All those buildings
and structures are more than 60 years old and have lot of damages and deteriora-
tion over the period of time which need repair and maintenance. Based on condition
assessment, these structures can be repaired and strengthened. However, the repair
industry in India is the unorganized sector of large market size and spread over all
the nooks and corners. Thus, the exact figure of repair market is not available. So
far, there is no Indian Standard available for repair of concrete structure. But one
can refer ‘Handbook on Repairs and Rehabilitation of RCC Buildings’ published by
CPWD for repair guidance. At the same time, one can also refer American Stan-
dard ACI-562 [1] or European standard EN 1504 [2] for concrete repair guidance.
ACI 562-16 give guidelines to consultants for assessment degree of damages and
recommending different suitable strategies for repair and rehabilitation, whereas EN
1504 outlays the brief procedure and characteristic of products to be used for repair,
maintain and protect concrete structures. ACI 562 is more exhaustive, whereas EN
1504 is more compressive and concise in ten parts. ACI 562 can be used for practical
applications for concrete repair, whereas EN 1504 describes only principles but not
application methods in details. To address the issue of repair material requirement,
repairmaterial properties and available repair technology, the present paper discusses
the detail repair methodology of concrete repair considering Indian practices.

2 Condition Evaluation

The concrete may develop some cracks and distresses during the service life of the
structure. The causes of cracks are due to corrosion of reinforcement, bad quality
of construction, stress due to overloading, inadequate strength not matching to the
design requirement, ageing of the structure and poor maintenance. The crack due
to corrosion of reinforcement is most commonly found in every old structure. The
corrosion depends upon severity of environment exposure conditions. Before doing
any repair to the structure, the condition assessment need to be done and accordingly
repair methodology can be established. This also helps to decide protectionmeasures
to be given to the structures based on the exposure conditions for achieving a durable
service life. Other important feature of condition evaluation is to understand the
safety and stability of the structure.

The initial assessment of current condition of structure is to check for cracking,
spalling and change of use of structure, if any. The comprehensive condition evalu-
ation should include structural and non-structural defects, original design strength,
past history of repair and strengthening and results of different non-destructive tests,
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partial destructive tests and chemical analysis of concrete samples on selected struc-
tural members and locations. The purpose of this condition evaluation should be
to establish parameters such as design life, intended use, residual service life and
required performance characteristics.

The condition evaluation of concrete structure is being carried out by following
tests.

• Concrete quality by Ultrasonic pulse velocity (UPV)
• Concrete surface hardness by Rebound Hammer
• Cover depth measurement by concrete cover meter
• Half-cell potential and rate of corrosion tests to predict the risk of corrosion and

quantify the corrosion of reinforcement, respectively
• Electrical resistivity test to check the quality of concrete for protection against

corrosion
• Carbonation test to understand the depth of carbonation
• Chemical analysis test for chlorides, sulphate and pH to ascertain the contamina-

tion
• Compressive strength of concrete by core test/Cut and Pull out (CAPO) test.

The tests are conducted to determine the extent of deterioration, establish causes
of deterioration and identify existing mass transit mechanisms. While doing condi-
tion evaluation the basic minimum tests such as rebound hammer, ultrasonic pulse
velocity, cover depth, half-cell potential, core test and chemical analysis for pH,
chloride and sulphate should be done. The other tests such as electrical resistivity,
rate of corrosion and CAPO test should be done at selected important structures or
based on the client’s requirement. The type of tests, test locations and number of
each test should be decided during initial inspection. In general, minimum 10% of
structural members should be tested andwhich can go up to 50% if the structure is old
or distressed. However, there is no such standard or specification which describes
the number of tests required for condition evaluation. But, higher the number of
tests would be better would be condition evaluation of the structure. Analysis of test
results should be done considering the original strength and quality of the structures
by establishing the co-relation between similar tests to understand the deterioration
of structures, calculating the damage rating and evaluating the condition of the struc-
ture in a predefined scale. The recommendation and protectionmeasures always form
the part of condition assessment.

3 Durability of Concrete Repair

The best repair materials andmethods to be specified for the repair project for a long-
term durability of repair of concrete structures. The factors of repair material which
needs to be considered are compatibility of repair materials with parent concrete and
concrete repair bond between old and new surfaces. To achieve a proper bonding
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between old and new surface, all loose and damage concrete need to removed and
surface should be thoroughly rubbed by means of a wire brushing, hand scrubber
or a mechanical scariffier depending on area of repair surface. While considering
type of bonding agent, one has to consider ambient temperature, moisture, exposure
conditions, thickness of repair mortar so that the failure of repair material will never
occur at the interface of old and new repair surface. The different types of bonding
agent can be considered as styrene butadiene rubber (SBR), polyvinyl acetate (PVA),
acrylics and epoxy where SBR and acrylic are mostly used in patch repair of mortars
or patch repair of concrete of smaller thickness. Similarly, PVA should not be used
for any critical structures since PVA re-emulsified with variation of moisture. Epoxy
is most suitable for any kind of structural repair; but locations having high-humid
conditions, moisture insensitive epoxy should be used.

The relative importance of repair material properties for a durable repair system
can be given in order as drying shrinkage, tensile strength, bond, modulus of elastic-
ity, thermal coefficient of expansion and contraction and compressive strength. The
properties and requirement of those repair material should in accordance with repair
material as per specification or as given in standard. The most important factor of
repair material is drying shrinkage which needs to be even tested of repair material
at 1-year period of time and satisfying the drying shrinkage requirement of concrete
repair material. The bond and tensile strength of repair material are dependent on
each other and taking care of those two properties as per codal provision ensures
a durable concrete repair system. In case of repairing old concrete structure, the
compressive strength of repair material has got least importance. The compressive
strength of concrete repair material should not be more than 20% of the old concrete
to match with the compatibility properties or else there may be reversal of stress on
old concrete surfaces when using with a very high compressive strength of repair
material.

The curing process taken during repair plays a significant role in achieving a
durable repair concrete. But the curing process is most neglected one in concrete
repair due to the lack of understanding of importance of curing in concrete repair.

4 Polymeric Concrete Repair Methods

There are various polymeric modified concrete repair methods available which can
be selected based on the requirement. The polymers can be latex- or resin-basedwhen
added to the cement concrete changes the properties of cement concrete by becoming
more flexible, reducing the shrinkage, increasing the bond strength of the concrete,
having control expansion, improving the tensile strength, becoming less impermeable
to moisture and chemical ingress, helping for rapid gain in compressive strength and
overall becomes more workable. All these properties help into achieve a durable
repair concrete. Again the cracks in concrete may be structural or non-structural
types. For non-structural crack, any flexible polymeric crack filling will be helpful
to fill the cracks. If the cracks and damages are found in structural members, then
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they should be strengthened either by injection grouts or strengthened by jacketing
with microconcrete.

Thefine hairline structural cracks are usually repaired by a lowviscous epoxy resin
by injecting into the structural members.Wider cracks up to 5mmwidth on structural
members can also be repaired by injection methods but crack along injection points
need to be sealed by epoxy putty so as to avoid any back flow of injection grouts.
Cracks on any horizontal surface of the concrete can be repaired by crack filling by
gravity if possible depending on locations of the structural members.

4.1 Concrete Repair by Grouting of Cracks

The grout consists of mixture of cement, fine aggregate, water and a polymer such
as acrylic, styrene–acrylic, styrene–butadiene rubber or a waterborne epoxy. For
easy application, the consistency of such repair material should be such that they
can be easily applied by hand for any kind of surfaces. In case of cracks in slabs
where it is required to be poured by gravity, accordingly consistency needs to be
changed; hence, the constituency varies from still to pourable depending on type of
surfaces. This type of polymer-modified repair materials provide better performance
than cementitious repair materials with respect to different properties such as bond
strength, tensile strength and flexural strength. The cracks are widened in form of
‘V’ grove and filled with polymeric repair grout (Fig. 1).

The surface is cleaned and saturated to make it suitable for saturated surface
dry (SSD) condition before doing any crack repair. Repair materials are mixed by
mechanical mixer at site as per required consistency by thoroughly mixing with a
drill and paddle mixer.

4.1.1 Crack Filling Up to 5 mm Wide in Concrete

While doing the injecting grouts, PVC nozzle of 10–12 mm or MS packers of 8 mm
diameter should be drilled at an interval of 500 mm c/c in columns and beams,

Fig. 1 Crack filling with
ready-to-use polymeric crack
filling material
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and in grid pattern in case of roof slab. The drilled holes should be at least 2–
4 mm higher than the size of nozzles/packers. The gap between holes and noz-
zles/packers need to be filled in with polymer-modified mortar/epoxy putty for set-
ting. For polymer-modified cementitious injection, grouts in 1:3 cement sand mortar
mixed with polymer need to be used for sealing of the horizontal cracks. For all
vertical cracks, a compressor should be used for injecting the polymer-modified
cementitious grouts. The injection should start from lower end and move upward for
injecting at other locations. After injection job is completed, PVC nozzles should be
cut and sealed with polymer-modified concrete, and surface should be finished with
same polymer-modified mortar.

4.1.2 Crack Filling More Than 5 mm in Concrete

In case of wider cracks more than 5 mm, the repair should be carried out with
polymer-modified concrete as explained earlier and in addition to that stitching with
galvanized steel clamping need to be done.

The clamping should be done with 3–5 mm diameter galvanized steel clamping
rod of 150-mm long.

The wire mesh on both the faces of crack needs to be clamped at each 300 mm
c/c after the removal of plaster along with cracks for 150-mm wide on each side of
the crack. The repair surface along with the clamped mesh needs to be finished with
polymer-modified cement mortar.

4.2 Repair of Non-structural Cracks

While selecting repair materials for any non-structural crack repair, a flexible poly-
meric ready-to use repair material should be selected. The crack should be wider at
surface to accommodate the repair material. But, if crack is much wider and appears
again and again, in such cases, a flexible material of polyurethane sealant is more
suitable [1, 3, 4]. Non-structural cracks are filled with flexible polymeric crack filler
material to avoid damp patches inside the rooms. The external crack filling is used
for sealing all types of shrinkage cracks and fine map pattern cracks [5].

4.3 Strengthening of Structural Members by Epoxy Injection
Grouts

Epoxy resins are injected for hairline cracks to wider cracks up to 5 mmwidth. A low
viscous epoxy should be used for hairline cracks and amedium to gel viscosity epoxy
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should be used for wider cracks. ASTM C881 ‘Standard Specification for Epoxy-
Resin-Base Bonding Systems for Concrete’, [6] should be referred to identify the
required criteria for selection of epoxies.

The pressure requirement for different surfaces such as vertical, horizontal or
overhead application varies. The highest pressure required for overhead applications
for which care should be taken while injecting in overhead applications, so that it
does not create any back pressure. The crack size also plays an important role for
application with epoxy injection grouts. Wider cracks may create open passage to
injected materials for which such wider cracks must be sealed with epoxy putty
or polymer-modified mortar between port and port prior to injection application
and get fully set. Accessibility to cracks for injection is also important. If only one
surface is available for injection accordingly the viscosity of the material should
be selected. The epoxy material exhibits very high compressive strength and bond
strength for which they are compatible for all types of concrete. In general, the epoxy
materials available in the market vary from low viscous to very low viscous resins.
One has to select suitable viscous epoxy material as per the specific requirement.
Similarly, epoxy can be either moisture-sensitive or -insensitivematerial for different
environment conditions. Under humid conditions, only moisture insensitive epoxy
should be used to avoid any failure of materials.

4.4 Strengthening of Structural Members by Jacketing
with Microconcrete

Reinforced concrete structural members which are excessively damaged both due to
corrosion of reinforcement or due to any other distress can be repaired and strength-
ened by jacketing with microconcrete. Microconcrete is a ready to use non-shrink
polymeric repair material when added with water produces a free-flowing, self-
levelling, self-compacting concrete. It is composed of good quality cement, fibres,
properly selected aggregates, additives and polymers. The water cement ratio is only
0.14–0.15 to make it a free-flow concrete. Because of rapid hardening, the concrete
can attain compressive strength of M30 Grade of concrete within 3 days of cast-
ing. The microconcrete can attain M40 to M50 Grade of concrete only at 7 days
depending on type of mixtures and polymers in it.

Before doing anymicroconcrete, the rebar should be cleaned properly bymeans of
wire brushing. The rebar needs to be exposed thoroughly beyond the reinforcement.
An acidic rust remover can be used to remove the dust particles from corroded steel.
Care should be taken to wash the surface with sufficient water so that no acidic
substance remains before the repair material is being placed. After application of
few minutes of rust remover, entire rust particles will come out easily after striking
the rebar surface. The surface should be cleaned properly with sufficient water jet
to remove any contaminant inside the concrete. The rusted steel bar need to be
passivated with a zinc reach epoxy coating. An epoxy bond coat needs to be applied
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on concrete surface before microconcrete. If additional rebars need to be provided
then those bars to be embedded in concrete by drilling the holes and fixing the rebars
in the drilled holes with polyester resin grouts for anchoring. If rebar needs to be
provided as a casing then 8 mm diameter tie bars need to be fixed at 500 mm c/c
in original concrete in drilled holes and fixed with polyester resin grouts to act tie
bars between old and new reinforcement. All these operations need to be completed
before encasing with 100% leak-proof shuttering. In case of pouring in columns,
microconcrete can be poured from top and in case of beams themicroconcrete should
be poured simultaneously at different locations arranged in funnel hopper for pouring
microconcrete. Before doing any microconcrete sufficient props and shuttering need
to be provided for beams and roof slabs to support the concrete. In case of roof
slab, holes need to be drilled at 1.5-m interval and microconcrete should be poured
from top simultaneously. Coarse aggregate of 6 mm and down can be replaced with
microconcrete and added during mixing but the flow of suchmixed concrete material
need to be checked and accordingly pouring need to be done at those intervals.
During microconcrete, small holes need to be made to release the entrapped gases
in microconcrete or else honeycombs will develop at those locations. Shuttering of
sides and soffits can be removed after 24 h and 3 days, respectively. Normal water
curing for 7 days can be made. The strengthening of a distressed column member by
jacketing with microconcrete is shown in Figs. 2 and 3, respectively.

Fig. 2 Additional
reinforcements provided for
jacketing
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Fig. 3 Strengthening of
column with microconcrete

5 Conclusion

The following conclusions are drawn:

• The concrete repair industry has lot of potential in terms of market share, sus-
tainability and environment impact factor by restoring and conserving the old
structures.

• The selection of suitable compatible repair material and methodology is prime
factor for a durable repair system.

• For any non-structural crack repair polymer-modified cementitious material is
most suitable.

• The epoxy should be used for strengthening of structural members.
• The structural members having excessive corrosion-related damages and spalling

should be repaired by jacketing with microconcrete for structural strengthening.
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Thermal Cycles and Its Behavioural
Aspects of Glass Fibre Self-compacting
Concrete

Seshadri Sekhar Tirumala

Abstract The structural elements when exposed to heat energy because of solar heat
in the day time as discussed in Sravana P, Srinivasa Rao P, Seshagiri Rao MV (2006)
Effect of thermal cycles on the strength properties of OPC and Fly ash concrete.
Indian Concrete J 49–52; Dubal N, Bairagi NK (1996) Effect of thermal cycles
on the compressive strength, modulus of rupture and dynamic modulus of concrete.
IndianConcrete J 70(8):23–26. 100%elementswill undergo decline in strengthwhen
exposed. To study the behaviour of thermal cycles on strength characteristics of glass
fibre self-compacting concrete mixes (GFSCC) (Dubal N, Bairagi NK 1996 Effect of
thermal cycles on the compressive strength,modulus of rupture anddynamicmodulus
of concrete. Indian Concrete J 70(8):23–26) using AR-glass fibres, the investigation
have been carried on various mixes.

Keywords Water–cement ratio · Thermal cycles · SCC · GFSCC ·Workability ·
Glass fibres

1 Preface

Self-compacting concrete (SCC) [3] was initially used in JAPAN for achieving
achieve long lasting concrete structures. There was unanswered problem on durabil-
ity of structures. Preparation of dense concrete and sufficient compaction is required
for conventional concrete. In heavily reinforced zone [4], it is difficult to use vibrator
and is difficult to have correct bond between steel and concrete. For all these issues,
the solution is SCC where the concrete can percolate to all corners of formwork and
settle without vibration [5]. SCC concept was used as special concrete that meets
the all the requirements of performance and uniformity requirements of ordinary
concrete [5] without vibration.
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2 Research Significance

All the structural elements [6] are open to solar energy all over their life span. The
heat will increase andwill be very high inmid-noon. At that situation, the heat energy
is high than regular. In India, some times it may go up beyond 40 °C; in such places,
the surface temperature of the exposed elements such as roof slab, external column,
beam and walls may reach somewhere between 80 and 90 °C [1]. The degree of
humidity also influences thermal gradient within the elements of structures exposed
to solar radiation [6]. Thus, all the structural elements that are exposed to solar
radiation are said to experience one thermal cycle in a day, that is, a heating period
to a peak value and then subsequent cooling period in a day [2]. All the researchers
have worked on ordinary concrete behaviour when subjected to thermal cycles, no
researcher haveworked on SCC andGFSCCmixes. So to fill the gap, we have carried
this experiment [6].

3 Experimental Programme

• To study the behavioural aspects of thermal cycles of GFSCC mixes at different
temperatures.

4 Resources Used: [7]

Bonding material: [7] Annular material passing through 12.5 mm, fineness modulus
6.1 and sand with specific gravity 2.55 was used bonding material.

Bonding powder: Powder having fineness 3200 cm2/gm and specific gravity
having 3.1 was used.

Glass fibres: Cem-FIL Anti-Crack HD with filament diameter 14 microns, aspect
ratio of 857.1 and modulus of elasticity 72 GPA was used.

Superplasticizer: The yellowcolour polycarboxylated ether having pH>6, density
1.10 ± 0.01 at 25 °C and chloride ion presence <0.2% was used. A colourless
rheodynamic concrete with specific of gravity 1.01 ± 0.01 at 25 °C, pH 8 ± 1 used
as viscosity-modifying agent.

Fly Ash: Fly ash conforming to type II was used.

5 Experimental Investigation

Various GFSCC cubes, cylinders and beams have been casted with mixes given in
Fig. 1. These specimens were exposed to different thermal cycles at temperatures
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Fig. 1 Materials versus grade of concrete

[7]. The workability behaviour is adjusted by adding admixtures keeping all flowable
properties of SCC and GFSCC mixes.

6 Analysis of Results

Behaviour of GFSCCmix at fresh state:It was found GFSCCmixes gave rich mixes.
Because of additing glass fibres, the formation of microcracks have been arrested
[6].

Behavioural aspects of Thermal Cycles on SCC and GFSCC mix [7]: Figs. 2, 3.
4, 5, 6 and 7 shows 40–60% at 50 °C and 20–30% at 100 °C changes in strength with
respect to zero thermal cycles.

Fig. 2 Strength behaviour in compression of GFSCC mix at 50 °C
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Fig. 3 Strength behaviour in compression of GFSCC mix at 100 °C

Fig. 4 Strength behaviour in splitting tension of GFSCC at 50 °C

Behavioural aspects of glass fibre on GFSCCmixes [7]: An increment of 15–20%
was found as a resultant of glass fibre addition in GFSCC mixes.



Thermal Cycles and Its Behavioural Aspects of Glass … 673

Fig. 5 Strength behaviour in splitting tension of GFSCC at 100 °C

Fig. 6 Strength behaviour in flexure of GFSCC at 50 °C

7 Findings from the Experiment

GFSCC mixes exhibit more strength than SCC to thermal cycles. The percent incre-
ment in intense strength of SCC and GFSCC is the result of drying out of calcium
silicate–hydroxide gel bond. The Sio2 present in fly ash forms bond by gelling with
lime leading to more strength variation. Glass fibre reduces the formation of microc-
racks [6]. The E value for fibres is more than concrete [7]. This property gives glass
fibres to act as strengthening parameter fresh and hardened state.
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Fig. 7 Strength behaviour in flexure of GFSCC at 100 °C
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Constraints in Journey of Graphene
from Laboratory to Life

Sanjukta Sahoo, Trupti Ranjan Mahapatra, and Hemlata Jena

Abstract Graphene extraction through exfoliationwas reported in 2001.Researches
revealed many attractive properties of graphene, such as excellent strength, good
thermal and electrical conductivities, high surface area, its potential to absorb and
store harmful gases, etc., for which graphene is being seen as a wonder material.
Though multiple benefits with graphene as a material are observed in the research
findings, still the adoption of this wonder material is not visible in common public
life. Experts opine that new materials take longer time before penetrating into the
domain of public use, citing previous instances. However, in the twenty-first-century
world, where information travels really fast, it is not unfair to expect greater spread
of graphene by this time. The associated factors responsible for the poor availability
of this excellent material and the constraints to be overcome for its implementation
in common life have been reported in this paper. Firstly, the paper attempts to assess
the use scale of graphene in laboratories and in real life. The established graphene
institutes and the different research areas are highlighted in this work. Further, the
statistical analysis of the research publications in Scopus database is presented to
assess the research progress in the field of graphene. The graphene-based products
those are commercially available so far also have been reported in this investigation
for showing its importance in common life. In the subsequent sections, the constraints
in commercialization are presented based on the published literatures and reports.
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1 Introduction

Since its discovery, graphene is being hailed as the next generation material for dis-
tinctively attractive properties that present it to be the thinnest, lightest, strongest,
best in heat conduction, best in electricity conduction among all the known materials
so far. Since this is an allotrope of carbon, the basis of all life forms, it is believed
to be an environment-friendly material. Graphene has high surface area, mechanical
strength, durability, atomic thickness, nano-sized pores, reactivity toward polar and
nonpolar water pollutants imparting high selectivity and water permeability. These
properties render a tag of ‘wonder material’ to graphene. These make graphene the
most attractive candidate material to find application in electronics, optical electron-
ics, sensors, biosensors, paints, energy storage device components, construction, and
in many other engineering domains. In spite of the lucrative properties, the market
penetration of graphene is relatively low. Past experience shows that a new mate-
rial takes an average of 20 years to make it from laboratory to life. The experience
belonged to an age where information speed, accessibility, and research quantities
were fairly limited. Considering the present-day scenario, where information tech-
nology and research facilities have improved multifold, it is not unfair to expect the
lab-to-life journey of graphene to be faster. In the context, the present paper attempts
to compile the constraints retarding journey of graphene from related research and
business articles.

The paper has broadly two sections. In the first section, existing state of graphene
in laboratory and graphene in life has been reported. The state of graphene in labo-
ratory has been discussed analyzing the trend of publications and patents relating to
graphene. The patents and market trends have been used to determine the status of
graphene in life. The second section compiles the constraints reported by researchers
and analysts.

2 Graphene in Lab: The Status

2.1 The Trend of Research Publications

Figure 1 represents the number of graphene-related technical articles indexed in the
Scopus database [1]. In Fig. 2, the top ten countries with graphene publications
and the number of publications has been furnished. Top ten affiliating institutes and
number of publications ascribed to them has been given in Table 1. The table depicts
the worldwide affiliates and Indian affiliates.

A close view at Figs. 1 and 2, and Table 1 reveal the increasing interest of scientific
community on the graphene material research and supremacy of the China research
institutions. The finance available and the policy at institutional levels prevailing
across the nations may be attributed as major controlling factors for the wide gap in
the publications so far.
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Fig. 1 Number of Scopus indexed publications with keyword “graphene” in titles/abstract
(10.10.2018)

Fig. 2 Country wise ‘graphene related publications’ as depicted from Scopus (10.10.2018)

2.2 The Trend of the Graphene-Related Patents

Patent landscape report developed by Patseer-Pro published on 20 August 2017
[2] was studied to analyze the data on patents on graphene. Figure 3 displays the
number of graphene-related patents granted through 2004–2017 period. The number
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Table 1 Affiliation-wise ‘graphene-related publications’ as depicted from Scopus (10.10.2018)

International status National status

Affiliate Publication number Affiliate Publication number

Chinese academy of science 5762 IIT, Kharagpur 53

Ministry of education,
China

4945 IISc, Bangalore 52

Tsinghua university 1513 CSIR 48

Nanyang technological
university

1378 SRM university 43

University of chinese
academy of sciences

1197 Anna university 41

Peking university 1116 VIT, Vellore 38

NUS, Sigapore 1057 IIT, Madras 38

University of science and
technology of china

1018 IIT, Delhi 37

Russian academy of
sciences

967 CERI 34

Sungkyunkwan university 966 University of Delhi 32

68 44 86 161 363 673 1319
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Fig. 3 Year-wise trend of the Patents filed on Graphene-related aspects

of patents has increased more than hundred times during these 13 years. According
to the report, number of patents published during this period is 49912 from 30963
patent families. The report presents filtered data from 30000 patents after removing
irrelevant records. More than 25% of the patents are filed in graphene being applied
to electronics sector.

Table 2 represents the patents on graphene with respect to the application areas.
Followed by electronics the composite materials, the sensors, solar cells lead the
application area where research has contributed to numerous patents. In the same
table, the number of patents on graphene production processes has been represented.
The highest number of the patents has been published using Chemical Vapor Depo-
sition (CVD) as the technique for graphene production. Exfoliation is the process,
using which Nobel laureates Geim and Novasalev obtained graphene. There are
692 patents published on the technique and subsequent improvements. In each of
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Table 2 Number of patents w.r.t. application area, production techniques, and grapheme forms

Application
area

Number of
patents

Production
techniques

Number of
patents

Graphene
forms

Number of
patents

Electronics 7970 CVD 2692 Graphene
oxides

8185

Composite
Materials

5665 Exfoliation 692 Bilayers 773

Sensors 5228 Epitaxial 653 Quantum
dots

773

Solar cells 4965 GO
reduction

463 Nano ribbons 371

Optical
Electronics

4388 Sonication 440 Monolayer
sheets

104

Li-ion
batteries

3472 Pyrolysis 228

Fuel cells 2914

Aviation 2105

the method, number of patents is significantly high, which indicates there has been a
scope of improving the effectiveness and efficiency of the technologies. Besides pris-
tine graphene, other graphene forms have also attracted significant attention from the
research organizations. Most of the patents are on grphene oxide formation followed
by quantum dots, bilayers, nanolayers, and monolayer sheets.

2.3 Graphene in Real Life

Table 3 furnishes a list of commercial products those use graphene. The list has been
drawn from information compiled in the website https://www.graphene-info.com/
graphene-products [3].

There is media news which announced several items those are expected to be
in market by 2019. Such announcements included Ford’s graphene-enhanced cars,
Log9’s (IIT Roorkey, India) graphene-based filtration products, lightest watch (A
collaboration between the University of Manchester, Richard Mille Watches and
McLaren Applied Technologies), graphene-enhanced tires (Perpetuus Advanced
Materials, UK), graphene-enhanced jackets by Vollebak. The commercialized prod-
ucts so far do not appear to match the progress in research, thus indicating a wide
gap between laboratories to life journey of graphene.

https://www.graphene-info.com/graphene-products
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Table 3 Commercial products using graphene

The product Supplier Remarks

Siren technology security
smart packaging

Vorbeck materials, US Uses graphene-based Ink

Graphene-based flexible
touch-panels for mobile
devices

Powerbooster Technology,
Sanghai

Confirmation essential

Tennis racquets (YouTek
Graphene Speed series)

HEAD (American Dutch
company dealing with sports
equipment), Netherlands

Cost: $170–$286

Skis for women 20% more expensive than
traditional skis

Quarano bicycle wheels Vittoria (Wheel producer
company)

Better heat dissipation and
increased lateral stiffness

Bike frame Dassi Bikes, UK Frame weight 750 g

Cycling helmets—Mixino
2014

Catlike, Spain Light and strong

Cycling shoes-whisper Light and durable

Fishing rods Century composites, US $469 starting price at Amazon

T-FORCE Gaming line of
products: CARDEA ZERO
M.2 PCI-E solid-state drive

Team Group Improved cooling

Graphene oxide (GO) sensor Biolin Scientific Enables interaction studies of
GO with various analytes

Sensors for real-time
detection of molecules

Nano medical Diagnostics,
San Diego

Accuracy, portability, cost
saving

Earphone diaphragm driver FIO, China $ 24.99 at Amazon

Earphones Zolo from Ankers $99

Graphene-enhanced battery
products

Huawei, Vorbeck power strap, Angstron Materials, batteries
for electrically driven vehicles (Fisker, Tesla, Graphene
Nanochem & Sync, Perpetus Carbon Group & Oxis Energy,
gRAFOID, SiNode together with AZ electronic materials, XG
Sciences

Solar cells ZNShine Solar’s G12 evolution era series, yet to come

Supercapacitors Skeleton technology, the CRRC, ZapGoCharger, Angstron
materials and Sunvault energy

Graphene ink Haydale, Vorbeck materials

2.4 Graphene Journey so Far

The report [4] by the ID Tech-Ex identifies the graphene commercialization period
to be consisting of seven phases, the current year belonging to the fifth phase. The
first phase as per the report goes back where pioneering firms were established for
small-scale production with grants received from various sources. The second phase
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saw mushroom growth in small volume high-priced sample ideas displaying numer-
ous application fields and caused a significant confusion at the end user. Third phase
was a serious and filtering phase, when several companies left the scene and others
began to focus on quality, safety, realistic expectations, and consistency. The capacity
investment continuedwhereas the demands were almost inexistent. During the fourth
phase, China appeared as a major hub and credible qualification processes advanced.
The current phase sees capacity additions, cost reductions and the qualification pro-
cesses in place. In addition, the revenue growth is also showing acceleration. In future
phases 6 and 7, the report forecasts demand acceleration, bulk production, along with
the focus on application and profits ahead.

3 Constraints in the Journey from Lab to Life

Several barriers are cited [5] during market entry. The technology challenge is one
of the most influencing parameters in market entry of a new product. In case of
grapheme, many research articles highlight the technical challenges and the present
paper will not reiterate these. In the present paper, the authors have selected a few of
the market barriers, where exploration is rather inadequate. Those are: Constraints
in production process, Competition from existing products, policies, and economics.

3.1 The Constraints in Graphene Production Process

In a review work, published during 2016 [6, 7], Bhuyan et al. have furnished a divi-
sion of graphene synthesis methods. The top-down approach consists of mechanical
exfoliation, chemical exfoliation, and chemical synthesis methods. The mechanical
exfoliation techniques can further be done through adhesive tapes, diamond wedges,
shearing fluid flow, etc. Chemical synthesis can be carried out through sonication
or through reducing graphene oxide (GO). The bottom-up approaches can be con-
ducted through epitaxial growth, pyrolysis, CVD methods. The graphene synthesis
routes vide exfoliation are getting popular recently owing to their capability to pro-
duce quality sheets. Besides graphene, GO has also attracted researchers’ attention
from many forums. The graphites serve as the material input. There are chemical
reactions during processing or purification, which depend on chemicals and may
result in hazardous wastes. Quality of the output is also a common issue. In Fig. 4,
mechanical exfoliation process and GO preparation process [8] have been furnished
by flow charts, which would make the constraint identification more clear.

Considering both the processes as displayed in the flow chart, it is evident that
the processes have certain commonalities. The graphites serve as the material input.
There are chemical reactions during processing or purification, which depend on
chemicals andmay result in hazardouswastes. Quality of the output is also a common
issue. The author will attempt to bring out the constraints [9] on these aspects.
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Procurement of Graphite 

Preoxidation / Expansion of graphite 

Oxidation of graphite 

Quenching of oxidised product in water 

Purification with HCl / Water / Solvents

Exfoliation / delamination 

Drying / Dispersion 

Distribution 

 (b) Synthesis of Graphene Oxide  

Procurement of Graphite 

Mechanical Exfoliation of 
Graphite 

Peeling off by Scoth Tape (Geim 
and Novoselov) 

Diamond wedge aided by 
oscillations (Jayasena) 

Immersion in stabilizing liquid at 
high shear rate (Keith) 

Dissolve in acetone 

Sedimentation on Silicon wafer 

 (a) Synthesis of Graphene by mechanical exfoliation  

Fig. 4 Flow chart demonstrating production of graphene by mechanical exfoliation (a) and
production of GO (b)

3.1.1 Graphite Sources

Graphites can be naturally mined or synthesized from unstructured carbon. Naturally
occurring graphites are of different types. The vein graphite is the purest graphite
ore and contains highest carbon content. However, these are produced only at two
mines of Sri Lanka in limited quantity. The flake graphites can be procured from
China, Canada, Brazil, Australia, and some other countries. China is the largest
producer of flake graphite. The price of flake graphite per tonnewas in range of 750$–
1350$ during 2014 depending on the percentage of carbon, flake size, quantity being
procured and delivery location. Price increase is expected posing another constraint
to commercial growth. Expanded graphites are the pretreated natural graphites. These
have higher specific volume, but because of intercalation and heating requirement, its
cost is higher compared to the flake graphites. The synthetic graphites are obtained
from unstructured carbon by treatment stages which include heating up to >2500
°C. The synthetic graphites are costly and less crystalline compared to the naturally
occurring graphites. The quality of the product is significantly influenced by graphite
feed, number of layers required, and defects in raw material.

3.1.2 Reactants

Most of the chemicals used for the purificationprocess are readily available.However,
there are certain issues relating to potassium permanganate as this is costly and
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hazardous. Potassium ferrate can be used as a substitute; however, it is expensive
since it is currently not produced in industrial scale. Also, it has another issue of its
thermal stability, thus making it unsuitable in case recycling is needed. Toxicity and
explosiveness of some intermediate products like nitrous oxides and heptoxide also
pose danger to the environment.

3.1.3 Product Quantity and Quality

The quality and quantity of the graphene and the related products are to be viable to
meet the customers’ demands. The Scotch tape method or graphite wedge methods
produce the best quality of graphene; however, these processes are not scalable to be
industrially viable. The shear flowmethods appear scalable and the industries are yet
to adapt. In case of GO, complete oxidation is rarely achieved. For better oxidation
efficiency, one can add pre-oxidation set-up, change graphite particle size or increase
the reaction times. All of the alternatives add to the cost.

3.1.4 Storage Issues

There are chances of contamination during storage.Also, there are specific packaging
requirement, so that the nanosheets do not warp out by the time they reach the
customers.

3.2 Competition from Existing Products

In Table 4, a list of products, where graphene is being used has been furnished.
In order to be used in a product, the new material has to displace the existing

material and this is a constraint from technical, economical, and managerial issues.
A clarification on this aspect has been illustrated here. Graphene has higher elec-
tron mobility, higher transparency, better flexibility, and higher mechanical strength
compared to the incumbent materials, in the sectors such as touch screens, LEDs,
displays, sensors, batteries, fuel cells, solar cells, etc. In case of capacitive touch
screens in smartphone, the current used material is the insulator glass, coated with
conductive indium tin oxide. However, this material is associated with the issues
such as the low transparency of about 90%, not transmissible for UV and IR, slow
electron mobility, scarcity of indium, delayed physical vapor deposition, and cracks
formed at low load [5]. Graphene, as associated with extremely high transparency,
higher electron mobility, fast CVD and higher mechanical strength, can be a better
alternative. The other available alternatives for the same purpose besides grapheme,
are the silver nanowires, conductive polymers (Clevious material), etc. For graphene
to be the substitute of the TIO, and to be used in many others beneficial purposes,
it is essential that graphene be available in larger quantity and good quality. Hence,
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Table 4 Speciality of graphene

Component Incumbent
material

Issues with
the
incumbent

Graphene Other
alternatives

References

Capacitive
touch screens
on
smartphones

Insulator
glass coated
with
conductive
indium tin
oxide

Transparency
of about
90%, UV and
IR not
transmissible,
electron
mobility,
scarcity of
indium, delay
associated
with physical
vapor
deposition,
cracks at low
load

Higher
transparency,
Higher
electron
mobility,
CVD takes
less time,
higher
mechanical
strength,
more flexible

Silver
nanowires,
conductive
polymers
(Clevious
material)

[5]

attention and emphasis must be given in the production of good quality graphene
in industrial scale for successful applications. It is also imperative that, this must
happen before other substitutes take over.

3.3 Fake Graphenes

“There can be no quality without quality control.” thus opined Peter Boggild [8].
In an article named “War against fake grapheme” published during October 2018,
a technical issue of Nature, Boggild expressed the concern over suppliers those
passing the graphite flakes as grapheme flakes. In light of the article of Kauling
et al. in the Advanced Materials, Boggild restated the findings of Kauling et al.
wherein a systematic study of grapheme from 60 suppliers was undertaken. The
results were shocking since many of the largely priced grapheme products were
found to be consisting of graphite powder mostly. Such unethical practices (known
or unknown to producers) result in loss of time and money in part of researchers
engaged in grapheme application and development. Besides, it may stand as a factor
responsible toward stalling research progress in grapheme technology and its entry
from laboratory to life.
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4 Concluding Remarks

Graphene is viewed as a wonder material for its lucrative properties. However, there
are numerous challenges to be addressed by the time, it reaches main stream of
the society. Though there are multiple application areas, the sectors, where large-
scale graphene deployment can be achieved are less explored. These sectors can
be in construction and manufacturing. Extensive research is essential to understand
applicability of graphene. Graphene production technology poses a major technical
challenge to the entire globe. The production and the distribution processes are also
facing numerous constraints. The researchers are expected to come out with possible
solutions so that a material with promise of strength, transparency, conductivity,
environmental friendliness can make its journey smoother.
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Simultaneous Optimization of Strength
and Acid Resistance in Concrete
Composed of Carbonated Fly Ash

Sanjukta Sahoo, Neha Priyadarshini, Navneet Kumar,
Bhaabani Sankar Das, and Sabyasachi Dutta

Abstract Fly ash that has captured carbon dioxide is regarded as carbonated fly
ash. Use of this as a cement replacement can help in concreting in economically and
environmentally beneficial way. For the purpose, the strength and durability aspect
need careful investigation. In the current work, three cementitious materials such as
fly ash, carbonated fly ash and fine crusher dust have been used as supplementary
cementitious materials in concrete for finding strength and durability properties.
Three levels of replacement (20, 40, 60%) have been considered to design M30
grade of concrete at water/cement ratio of 0.35. The cube compressive strength
of concrete at water-curing age of 7, 28 and 90 days and the acid (5% H2SO4)
resistance of those 7, 28 and 90 days water-cured concrete at 30 and 90 days acid
exposure has been determined and compared with that of control concrete. Multi-
response optimization using Taguchi method and grey relational analysis has been
used to find process parameters towards simultaneous optimization of strength and
durability. The carbonated fly ash concrete with cement replacement of 40% and
90 days of water curing offers simultaneously optimized strength and durability.

Keywords Carbonated fly ash · Concrete · Acid resistance · Grey relational
analysis

1 Introduction

Cement being themost important ingredients in concrete, not only plays the vital role
in influencing its strength and durability properties but also affects the economical
and environmental aspects [1, 2]. As cementmanufacturing is highly energy intensive

S. Sahoo (B)
KIIT Polytechnic, KIIT, Bhubaneswar, Odisha, India
e-mail: sanjuktasahoo.7@gmail.com

N. Priyadarshini
Department of Civil Engineering, VSSUT, Burla, Odisha, India

N. Kumar · B. S. Das · S. Dutta
School of Civil Engineering, KIIT D-U, Bhubaneswar, Odisha, India

© Springer Nature Singapore Pte Ltd. 2021
B. B. Das et al. (eds.), Recent Developments in Sustainable Infrastructure, Lecture Notes
in Civil Engineering 75, https://doi.org/10.1007/978-981-15-4577-1_60

687

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4577-1_60&domain=pdf
mailto:sanjuktasahoo.7@gmail.com
https://doi.org/10.1007/978-981-15-4577-1_60


688 S. Sahoo et al.

and associated with heavy carbon footprint, the alternative of cement with reduced
cost and CO2 emission is always a most demanding searching materials [2, 3]. A
number of waste materials with pozzolanic properties have been investigated for
their strength and durability enhancing ability as secondary cementitious materials in
concrete. Here, the wastemanagement as well as the reduced cost and decreased CO2

emission have been prioritized to choose a suitable cement substitute that will give
equivalent or better strength and durability properties to concrete. Crusher dust is a
wastematerial available in plenty at the rock site near crushing unit. It has beenmainly
used for replacing sand in mortar or concrete in many research works considering
the economical and ecological aspects [4, 5]. Here, the fine crusher dust has been
collected to replace cement partially to determine its impact in concrete properties
in comparison to that of control concrete. Further, fly ash (FA) is another established
supplementary cementitiousmaterial, beenwidely adopted for replacing cement fully
or partially in concrete to give significant strength and durability properties [6, 7].
FA when allowed for carbonation reaction, it absorbs CO2, producing carbonated fly
ash (CFA), that is also a waste materials having cementitious properties [8]. Hence,
CFA can be considered as a more valuable cement substitute with reduced carbon
footprint to produce a safer and green concrete.

In this work, the three cementitious materials such as crusher dust, FA and CFA
have been used and the performance of the concrete incorporating CFA (CFA con-
crete) with various cement replacement levels (20, 40 and 60%) has been investigated
for its strength and acid resistance properties and compared with that of the con-
trol concrete having no cement replacement and the FA concrete, and crusher dust
concrete with the equivalent level of cement replacement. Multi-response optimiza-
tion using Taguchi method and grey relational analysis also have been furnished
to determine the suitability of the materials for producing optimized strength and
durability.

2 Experimental Programme

In the present study, the 43 grade (as per IS: 8114-1978) ordinary Portland cement
(low-calciumFA(ASTMClassF)was collected fromKaniha,NTPC,Odisha, crusher
dust powder was locally collected fromKhandagiri site, Bhubaneswar, coarse aggre-
gate (crushed granite, 20 mm), river sand as fine aggregate, polycarboxylate-based
superplasticizer and general tap water. CFA, as prepared in the laboratory also has
been used as one of the supplementary cementititous materials [8, 9]. Further, a con-
centrated sulphuric acid (H2SO4) of 98% purity and density of 1.84 g/cc is also used
in the experimental programme for acid resistance test of concrete. All the properties
of the materials used in preparing the concretes for the experimental programme are
determined in the laboratory as per the relevant codes of practice. Total ten types of
M30 grade concrete such as three CFA concrete (CFC 20, CFC 40 and CFC 60),
three FA concrete (FAC 20, FAC 40 and FAC 60), three crusher dust concrete (CDC
20, CDC 40 and CDC 60) and one control concrete (CC) have been prepared for the
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investigation. A water/binder ratio of 0.35 (constant) with a slump value around a
range of 100 mm has been considered for all the mixtures. Concrete cubes of size
150 mmwere cast and moulded for both the compressive strength test and acid resis-
tance test in accordance with IS: 516-1959. After 24 h of casting, the cubes were
demoulded and kept in water-curing chambers up to the required days of testing. The
required cubes of all types concrete for compressive strength test were taken out of
the curing chamber at the age of 7, 28 and 90 days and tested in a compressive testing
machine of 2000-KN capacity (CTMDigital) at the loading rate of 0.2–0.4 N/mm2/s.
The remaining cubes, those for acid resistance test were taken out of the water-curing
chamber after 7, 28 and 90 days, respectively, and kept immersed in sulphuric acid of
5% concentration for the required chemical exposure periods. After 30 and 90 days
of acid exposure, the concrete cubes are taken out of the chemical container and
tested for their residual compressive strength in the same manner. The respective
strength and strength loss of all types concrete were observed and noted down for
the analysis.

3 Result and Discussion

See Figs. 1, 2, 3, 4 and 5 and Tables 1, 2 and 3.
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Fig. 2 Compressive strength of 7 days water-cured concrete specimens under acid exposure
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Fig. 3 Compressive strength of 28 days water-cured concrete specimens under acid exposure

4 Discussion of the Results

4.1 Compressive Strength

The compressive strength test result of all the concrete specimens at the water-curing
age of 7, 28 and 90 days water curing are displayed in Table 1 and Fig. 1, respectively.
The Tables 2, 3 and 4 and the Figs. 2, 3 and 4 display the compressive strength loss
value of all the types of concrete at acid exposure period of 0, 30, 90 days after 7,
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Fig. 5 Strength loss in % in concrete specimens cured for different period under acid exposure of
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28, and 90 days of water-curing ages, respectively. Finally, the Fig. 5 represents the
% strength loss rate of all types of concrete after 7, 28 and 90 days of water curing
in acid exposure period of 90 days. Out of all the concrete specimens, the CC and
CDC20 gained the maximum compressive strength of about 34 MPa within 7 days
of water curing followed by FAC20 and FAC40 having a strength gain of about
30 MPa. However, all other concrete, though gained less strength but have overcome
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Table 1 Compressive
strength (MPa) of concrete
specimens at various
water-curing periods

Concrete type Water-Curing period

7 days 28 days 90 days

CC 34.99 45.24 49.36

FAC 20 33.02 43.97 51.62

FAC 40 31.29 39.65 54.01

FAC 60 28.89 38.88 52.49

CDC 20 34.57 47.11 52.11

CDC 40 29.51 38.25 48.38

CDC 60 24.82 34.76 42.33

CFC 20 23.33 31.96 42.88

CFC 40 18.83 25.45 38.92

CFC 60 16.41 23.12 35.71

Table 2 Compressive strength (MPa) of concrete specimens after acid exposure

Type of concrete WCP 7 days WCP 28 days WCP 90 days

Acid exposure Acid exposure Acid exposure

30 days 90 days 30 days 90 days 30 days 90 days

CC 26.24 15.33 40.39 25.82 45.39 35.17

FAC 20 22.12 12.15 38.14 34.78 49.97 45.39

FAC 40 19.12 11.25 41.43 34.55 53.65 49.61

FAC 60 11.65 9.31 35.94 30.24 49.24 41.66

CDC 20 24.31 13.09 43.68 37.32 49.45 41.45

CDC 40 25.02 15.14 35.52 30.68 46.03 43.85

CDC 60 15.11 9.11 32.64 26.91 40.15 36.27

CFC 20 20.15 13.37 32.80 34.17 43.03 46.72

CFC 40 14.71 11.54 26.08 27.54 44.37 47.71

CFC 60 12.82 8.08 23.39 24.06 33.62 31.24

the target strength of 7 days water curing. Within the water-curing period of 28 days,
CDC20 gained slightly higher strength followed by CC and FAC20. At this age, the
strength-gaining rate for CC, CDC20, CDC40 and FAC20was faster than other types
of concrete. However, after 28 days, the strength gaining of CC, CDC20 and CDC60
followed a declined rate. It is worth to be note down that with increased replacement
levels; the strength gaining was decreasing for both the crusher dust and FA concrete
within 28 days of water curing. However, the FA concrete gained increased strength
after 28 days attaining a highest value of 54 MPa at the 90 days water curing. The
control concrete performed better strength in the initial period only and after 28 days
its strength-gaining rate was declining. The 20% replacement of crusher dust and the
40% replacement of FA displayed the optimum strength gaining in all water-curing
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Table 3 Strength loss (%) in
concrete specimens after acid
exposure of 90 days

Type of concrete Strength loss %

Water-Curing period

7 days 28 days 90 days

CC 56.19 42.93 28.75

FAC 20 63.2 20.9 12.07

FAC 40 64.05 12.86 8.15

FAC 60 67.77 22.22 20.63

CDC 20 62.13 20.78 20.46

CDC 40 48.7 19.79 9.36

CDC 60 63.3 22.58 14.32

CFC 20 42.69 −6.91 −8.96

CFC 40 38.71 −8.21 −22.58

CFC 60 50.76 −4.07 12.52

Table 4 Parameter selection for L9 orthogonal array

Parameters Notation Level of factors

Level 1 Level 2 Level 3

Replacement material m FA Crusher dust CFA

Curing days D 7 28 90

Material ratio r 20 40 60

period. The CFA concrete, though having less compressive strength than other types
of concrete, displayed the fast rate strength gaining after 28 days. The increased
strength in case of FA-based concretes can be due to the secondary hydration reaction
that resulting thickening of CSH gel and thus helps in achieving a higher strength
value after 28 days [10, 11].

4.2 Compressive Strength After Acid Exposure

For the 7 day’s water-cured samples, all the types of concrete suffered a severe
strength loss; however, the rate of strength loss for FA concrete and CFA concrete
was foundvery less compared to other types. FAC60 andCFC40displayed better acid
resistance among all types concrete between 30 days and 90 days of acid exposure.
Among all the 28 days water-cured samples, the control concrete suffered the highest
strength loss compared to all other concretes between 30 days and 90 days of acid
exposure. The FAC60, CDC40 and theCDC60 displayed better acid resistancewithin
30 days of exposure, whereas the FAC40 and the CFA concrete attained strength
gain instead of strength loss in acid exposure. The strength gain may be attributed
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to the reduced free lime content of the FA and CFA concretes because of secondary
hydration reaction. Thus, the reactivity of the concrete have been reduced and hence
less affected by the acid ions [12].

For the 90 days water-cured sample, FAC40 has shown the highest strength loss
resistance against acid followed by FAC20 and all the crusher dust concrete within
30 days of acid exposure. The CFA concrete up to 40% replacement level displayed
the strength gain in acid exposure.The strength loss ratewas the highest for the control
concrete and the lowest for CDC40 within acid exposure period of 30–90 days. The
strength gain also can be attributed to the pore packing and fine lines refinement of
the CFA concrete due to deposition of the CaCO3 in the pores that was present in
the CFA [13, 14].

5 Multi-response Optimization Using Taguchi Method
and Grey Relational Analysis

The responses in the present work are compressive strength of concrete and durabil-
ity measured in terms of strength loss percentage under acid exposure. The objective
of performing multi-response optimization is to determine a proper combination
of replacement material, water-curing days and replacement level to maximize the
compressive strength and durability simultaneously. The design of experiment pre-
scribed by Taguchi uses a special design of orthogonal arrays to study the entire
process parameters’ space with less number of experiments. This method seems a
practical approach to strategize the parameter selection without going through highly
time-consuming and cost-intensive whole scale experiments involving all levels of
all parameters. However, the method proves useful with single response. Grey rela-
tional analysis coupled with Taguchi’s design of experiment proves to be a useful
tool in optimizing multiple responses simultaneously [15, 16].

In the experiments, three parameters at three levels are taken to study the concrete
responses. The parameters are the replacement materials, water-curing period and
the replacement material ratio with respect to the cement in concrete. For three
parameters, three level variations L9 orthogonal array is preferred. The parameter
selection for the array is presented in Table 4 and the parameters and response as per
the L9 Design of experiments are furnished in Table 5.

Grey relational analysis computations can be done in any computing platform.
In the present work, MS Excel has been used as the platform for the analysis. The
algorithm used here is designed for minimizing both the responses. Since the case
involvesmaximizing the compressive strength andminimizing the strength loss under
acid exposure during computation the first responses, those represent compressive
strength has been assigned negative signs. Algorithm for the grey relational analysis
is presented in schematic Fig. 6.

The notations and their explanation are furnished below.

xi . . . xn are the response variables from experimenst 1 to 9.
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Table 5 Parameters and responses

Run Parameters Responses

m D r Response 1 (compressive strength) Response 2 (strength loss in %)

1 1 1 −33.02 63.2

2 1 2 2 −39.65 12.86

3 1 3 3 −52.49 20.63

4 2 1 2 −29.51 48.7

5 2 2 3 −34.76 22.58

6 2 3 1 −52.11 20.46

7 3 1 3 −16.41 50.76

8 3 2 1 −31.96 −6.91

9 3 3 2 −38.92 −22.58

Normalize the response 
variables

Compute the deviation 
sequence

Compute the Grey Relational 
Coefficient

Compute the Grey Relational 
Grade

Order the Grey Relational 
Grades

Draw the response table for 
inferences

Fig. 6 Algorithm for the grey relational analysis
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xik is the normalized value for the kth response.
∂0k is the deviation sequence for the kth normalized response.
grc is the grey relational coefficient.
ξ is the weightage assigned to the responses.
grgrade is the grey relational grade.

The data pertaining to Table 6 offers the grey relational grades corresponding
to the experimental runs. The Rank1 is assigned to the run yielding highest grey
relational grade. From the data furnished, it can be inferred that, out of selected
nine experiments, the run 9 offers the simultaneous optimization of the strength and
durability. The analysis requires the determination of levels for each of the process
parameters. Response Table for grey relational grade offers the solution (Table 7).

The mean of grey relational grades for each parameter that is the replacement
material, water-curing days and material ratio are furnished in the table. Larger grey
relational grade corresponds to the levels for optimization. Row wise highest grey
relational grades have been superscripted with ‘*’. The optimal combination is <m3,
D3 an r2>. The above data indicate that replacement material of CFA, water-curing
period of 90 days and material ratio of 40% can offer simultaneous optimization of
strength and durability under acid exposure of 90 days.

6 Conclusions

The 7 days of water-cured compressive strength of control concrete gives the highest
value than all other types of concrete. However, after 28 days of water curing, the
20% replacement of FA and the 40% replacement of crusher dust attained maximum
strength. The CFA concrete could not perform well within that water-curing period.
However, all the concrete have achieved the minimum target strength for M30 grade
concrete at the age of 28 days water curing. At water-curing age of 90 days, the FA
concrete with 40% replacement displayed the highest compressive strength value.
With increased replacement level, FA concrete have shown better performance after
28 days, whereas crusher dust concrete have shown reduced performance. Though
the compressive strength value of CFA concrete found less in comparison to all other
concrete, but its strength-gaining rate was much faster than those of other types of
concrete. All types of concrete undergone increasing strength loss in acid exposure.
However, the rate of strength loss in case of CFA concrete found to be very slow
followed by FA concrete. In case of CFA concrete, strength gaining was observed for
the 90 days of water-cured samples with replacement level up to 40%. The strength
gaining of the CFA concrete may be attributed to the presence of reduced amount
of free lime in the concrete after hydration due to the prior utilization of the lime
in carbonation process that leads to less reactivity of the concrete materials with
the acid ions. Another point may be attributed to the deposition of CaCO3 in case
of CFA in the pore space that leads dense packing of the concrete materials thus
restricting the acid ion ingress. From the gray relation analysis, it has been found
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Table 7 Response table for the grey relational grade

Symbol Parameters Grey relational grade Main effect Rank

Level 1 Level 2 Level 3

m Replacement material 0.643 0.569 0.760* 0.191 2

D Curing days 0.392 0.623 0.913* 0.521 1

r Material ratio 0.637 0.738* 0.553 0.185 3

that the replacement material of CFA, water-curing period of 90 days and material
ratio of 40% can offer simultaneous optimization of strength and durability under
acid exposure of 90 days.
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Mechanical and Durability Properties
of Fly Ash-Based Geopolymer Concrete

Arani Dutta and Narayan Chandra Moharana

Abstract Portland cement plays a very important part in construction, but the man-
ufacturing process emits almost 5–7% of the CO2 in the world and it is one of the
main causes of global warming. This paper discusses about the alternative material
to Portland cement and compares between their strength and durability. The main
material in this study is fly ash which is an industrial waste and easily available.
In India, every year almost 120 million tons of fly ash is produced in the power
plants and fly ash is very rich in silicon and aluminium; that is why it is a very good
replacement for cement and this way we can recycle the waste also. Geopolymer is
a mixture of fly ash with sodium hydroxide (NaOH) and sodium silicate (Na2SiO3).
In this paper, geopolymer is made using the combination of M25-grade concrete.
The ratio between NaOH and Na2SiO3 is kept constant which is 1:2 and the moral-
ity of NaOH varied from 10 M to 16 M. In geopolymer concrete, cement is 100%
replaced by fly ash. The compressive strength and durability parameter is compared
between geopolymer concrete cubes (which is kept at different curing conditions)
and concrete cubes in which Portland cement is replaced by 25% of fly ash.

Keywords Global warming · Fly ash · Portland cement · Sodium hydroxide ·
Sodium silicate

1 Introduction

Portland cement is the principal material used in construction but the manufacturing
process is very harmful for environment as it releases 1 tonne of CO2 per 1 tonne of
cement [1]. It is one of the green house gases responsible for global warming and
is a great threat to mankind. Nowadays, it is an important issue to develop environ-
mentally friendly and sustainable construction material [2]. The only way to reduce
the effect alternative material to Portland cement are blended cement and geopoly-
mers [3]. Geopolymer proves to be the best which completely replaces the Portland
cement by aluminosilicate materials like fly ash, blast furnace slag, metakoline, silica
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fume, etc., which are rich in alumina (Al) and silica (Si) with alkali activators like
NaOH, Na2SiO3 KOH, K2SiO3, etc. [4]. On curing at higher temperature, polymer-
ization takes place and products are calcium aluminates silicate hydrate(C–A–S–H)
and sodium aluminate silicate hydrate(N–A–S–H) which bind the inert materials to
form geopolymer concrete [4–7]. One of the drawback is the heat curing which is
not suitable for sight conditions. Normal curing provides lower strength. On other
hand, the alkali activator NaOH of higher molar value provides higher strength.

1.1 Effect of Curing on Strength

It was observed that high-temperature cured GPC with rest period about 3 days
after casting gains higher strength than GPC cured immediately after casting with
low temperature and OPC concrete at 28 days. GPC samples displayed little gain
of strength after steam curing was over up to 28 days [8]. As curing temperature
increases the strength of the GP mortar increases and optimum temperature is found
to be 75 °C. Also the duration of heat curing enhances the strength and optimum heat
curing duration is predicted as 2 days. Microstructure of the mortar get weakened
at elevated curing temperature and therefore strength get reduced [9]. Compressive
strength increases up to 100 °C curing temperature and at 120 °C started decreasing.
This loss of strength attributed to the formation of crack due to the loss of mois-
ture at high temperature. Compressive strength of the OPC found to be more than
GPC. This is due to heterogeneous microstructure which is due to the disruption of
packing of binder at the presence of air void [10]. In comparison to KOH, NaOH
activator provides better compressive strength because higher amount of silicate and
aluminates monomers are found in case of NaOH. It is attributed that the sodium
cations of NaOH provide better geopolymerization due to smaller in size as com-
pared to potassium cation and can easily migrate through the network of moist gel
[10] reported that the naphalene-based superplasticizer provides better strength than
melamine formaldehyde and polycarboxilate ether-based superplasticizer. Noushini
and Castel [11] reported that compressive strength of geoplymer concrete cured at 75
°C for 18 h is found to be about 20 and 15%more than that of heat-cured and normal
curing OPC concrete, respectively. Curing at 75 °C for 18 h may be considered as the
optimum temperature and duration of curing. Normal curing of GPC at an ambient
temperature produces much lower strength and are not suitable for practical pur-
pose. Gunasekara et al. [12] reported that the Geopolymerization continues beyond
90 days up to 365 days and the compressive strength is at per with cement concrete.
Compressive strength of GPC and OPC concrete increases with curing period and
strength of GPC is higher than that of OPC concrete. Also compressive strength
for both the cases are higher for high-temperature curing because the increase in
temperature accelerates the geopolymerization in GPC and hydration in OPC con-
crete [×6]. AdbElaty et al. [2] reported that at higher alkali solution/binder (AS/B)
ratio, there is noticeable amount of compressive strength, split tensile strength and
modulus of elasticity enhancement and best result is found for 30–40% of NaOH.
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Also found (AS/B) plays a rule as that of W/C ratio on OPC concrete. Increase in
liquid to binder ratio (L/B) in alkali solution reduces the mechanical properties and
vice versa [2]. Chemical activator of multi-compound Na2SiO3/NaOH) are found
to be most effective for the enhancement of compressive strength [7]. Compressive
strength of geopolymer mix is effected by chemical reactivity between the amor-
phous AlO3, CaO and Na2O present in fly ash and alkali activators and this chemical
reactivity depends on the median particle size and contents of amorphous SiO2.
Finer is the fly ash particles better is the blending in geopolymer mix due to smaller
friction between its components and also increase in exposure area of amorphous
SiO2 to alkali activators. Thus, as a result, there is better geopolymerization [13].
Hadi et al. [13] also reported that fly ash with finer particles has greater coverage
of aggregates and forms a dense intertransition zone on aggregate surface which
results in higher binding strength. Thus, the optimum value of alkaline to fly ash
ratio (AL/F) to achieve optimum vale of compressive strength are different for dif-
ferent fly ash sources depending on particle size and contents of amorphous SiO2,
CaO and Na2O. Geopolymerization is controlled by chemical equilibrium achieved
between amorphous Al2O3 and SiO2. Thus, the optimum value of Na2SiO/NaOH
ratio is dominated by characteristic of fly ash. High amount of Si4+ Na+ is liberated
from Na2SiO3 may congested and inhibits the geopolymerization [13]. Fly ash hav-
ing higher contents of SiO2 necessitates higher amount of NaOH to release SiO2

and other oxides from fly ash to initiate geopolymerization. Larger sized particles
in fly ash reduces the surface area exposure of amorphous SiO2 and Al2O3 to alkali
activator. On the other hand, unreacted particles exhibits week in geopolymerization
and results in strength degradation [13]. It is observed that increase in temperature
in hydrothermal curing, enhances the compressive strength. It is attributed to the
acceleration of geopolymerization reaction due to the increase in liberation of more
reactive alkali at higher temperature [14]. On normal curing at 95% humidity, com-
pressive strength increases with time due to the increase in reactive alkali which
accelerates the geopolymerization [14].

1.2 Workability

Particle size and shape have dominant influence on the workability of GP mortar.
Finer is the fly ash higher is the flow value. On the other hand, if fly ash particles
of are spherical and smooth higher is the flow value [9]. Workability of geopolymer
concrete increases due to lubricating effect of Na2SiO3 on spherical fly ash particles
[12]. But high (Na2SiO3/NaOH) ratio reduces the workability due to high viscos-
ity of Na2SiO3. On the other hand, high-liquid alkaline/fly ash ratio increases the
workability. High concentration of NaOH increases the setting time [7]. N-based
superplasticizer is most effective in geopolymer matrix activated by NaOH only but
PC-based superplasticizer is most effective if the activator is the mixture of Na2SiO3

and NaOH. Flow value was tested with slump test and found that the OPC concrete
exhibits more slump value than GPC and it is attributed to the viscosity of Na2SiO3
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GPC increases the cohesiveness. [15]. Polycarboxylate (PC)-based sperplasticizer
is found to be more effective to class C fly ash than class F fly ash. It is because
negatively charged particles of PC-based superplasticizer get strongly bonded with
Ca+ ion liberated from Class C fly ash providing negative ion which repulse each
other and increases the dispersion capacity. Thus, flow value increases [16]. On the
contrary, napthalene-based superplasticizer is more effective for class F fly ash. It
is attributed to better chemical stability of the naphalene-based superplasticizer in
alkaline environment science the pH value of this superplasticizer ranges from 6 to
9 [16].

1.3 Porosity and Microstructure

Porosity of fly ash-based GPC is found to be more than that of OPC counterpart. It is
because Na2–AlO3–SiO2–H2O gel is less denser than C–S–H gel in OPC concrete.
Both heat as well as ambient cured GPC exhibit lower water absorption value than
that of OPC concrete. But inappropriate curing condition increases the voids and
thus water absorption increases. [11]. In case of fly ash geopolymer concrete, uneven
material distribution due tomore quantity of coarse particles leads highmicroporosity
[12]. X-Ray tomography test reveals that the voids in Portland pozzolana cement
concrete (PPCC) are less than that of GPC but size of the voids in GPC are smaller
[15]. Fly ash-based GPC is more porous because the principal reaction product
the sodium alumino silicate gel (N–A–S–H) is three-dimensional network product
attributes higher porosity. On he other hand, presence of un-reacted fly ash particles
also causes high porosity [15, 17]. Sorpitivity coefficient decreases for fly ash-based
GPC cured at 75 °C and curing duration 24 h. It is attributed to the formation of denser
geopolymer net work which reduces the void and increases the tortuosity. However,
increase in heat curing temperature and duration increases the serpitivity coefficient.
It is attributed to the elevated temperature which extends the capillary pore net work
and thus effects the tortuosity characteristic [11]. GPC specimen displays the high
sorptivity value due to large pore structure [17].

1.4 Durability

Geopolymerization continues and corresponding increase in alumino silicate gel fills
the cracks andvoids. Thus, the durability properties improvewith time [12].Geopoly-
mer concrete exhibits better resistance to aggressive environment ladenwith acid and
sulphate [7]. In some environments, carbonation depth is found to be more in GPC
than that in OPC counterpart. In case of fly ash-based GPC, NaCO3 is formed as a
primary carbonation product and it would dissolve inwater when exposed toweather.
Thus, leaching out of carbonation product causes GPC more porous and allow more
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CO2 diffusion through the concrete surface [17]. Chloride penetration and free chlo-
ride contents in GPC are found to be more compared to OPC counterpart because of
high porosity and thus the GPC concrete are more prone to reinforcement corrosion.
In case of OPC concrete, the presence of C3AF and C–S–H gel binds the chloride
contents to formFidel’s salt and thus the rate of chloride penetration diminishes. Also
amount of free chloride is found to be less than GPC. High porosity of GPC results in
high chloride penetration [17]. Objective of present study to compare the flow value
and compressive strength of fly ash-based geopolymer concrete cured at normal
temperature and at high temperature in oven, with normal OPC concrete and fly ash
concrete with 25% of fly ash replacement. Also comparison of durability parameters
such as acid resistance, chloride resistance and sorptivity. Therefore, in this research
work, class F fly ash is used as aminosilicate material and mixture of NaOH and
Na2SiO3 is used as alkaline solution. The ratio between NaOH and Na2SiO3 is kept
fixed which is 1:2 throughout the experiment but four types of molarities of NaOH
is taken 10, 12, 14 and 16 M molar, respectively, to study the effect of molarity on
strength and flow value. The change in molarity shows a difference in adhesiveness,
flow, strength prominently. Durability andmechanical properties of geopolymer con-
crete specimen cured in two different curing conditions are compared with that of the
OPC concrete and fly ash concrete counterparts. Different curing conditions show a
significant difference in strength in geopolymer concrete.

2 Experimental Programme

To fulfil the research objective, experimental programme under taken are discussed
in this part. Details about the material properties, mixing, preparation, curing and
testing for strength and durability requirements are discussed.

3 Materials

Fly ash used in this study is class F fly ash obtained from NALCO, Angul power
plant, Orissa. The physical properties are given as: Specific gravity = 2.9, Water
absorption = 15%, Colour—Tan to dark grey. Chemical compositions are given in
Table 1 and Fig. 1 for fly ash.

NaOHor caustic soda ofmakeAdityBirlawere used in the experiment is procured
from Shivam Chemicals, Bhubaneswar. The properties specified by the manufacture

Table 1 Chemical constituents of fly ash

Major constituents SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O

% 59.3 25.86 5.81 1.71 1.07 0.68 1.89 0.07



704 A. Dutta and N. C. Moharana

Fig. 1 Fly ash

Fig. 2 NaOH flakes

are given as chemical formula = NaOH, Melting point = 318 °C, Appearance—
White, waxy, opaque crystals, Odour—odourless andDensity= 2.13 g/cm3. Figure 2
shows the flakes of NaOH.

Industrial-grade Na2SiO3 was procured from Surendra chemicals, Kolkata. The
properties provided by themanufacture are as follows: Chemical formula=Na2SiO3,

Appearance—White to greenish opaque crystals or liquid, Density= 2.61 g/cm3 and
Melting point = 1,088 °C. Figure 3 shows the liquid Na2SiO3.

OPC 53 grade cement from RAMCO Cement Limited was used and physical
properties obtained from laboratory test are given as follows: Consistency = 28%,
Initial and final setting times = 100 min and 230 min, respectively, Compressive
strength after 3, 7 and 28 days are 35.5 Mpa, 47 Mpa and 55.5 Mpa, respectively,

Fig. 3 Liquid Na2SiO3
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Specific gravity= 3.15. All physical properties satisfy the requirements of IS 12269-
1987 [18].

Crushed granite sized 10 mm and 20 mm are used as coarse aggregate. The
physical properties are given as Specific Gravity = 2.7, Fineness Modulus = 6.2,
Water Absorption= 0.4%. All above physical properties and gradations confirms to
the specifications of IS: 383-1970 [19].

Fine aggregates obtained fromRiverMahanadi conforms to zone III. The physical
properties are given as Specific Gravity = 2.65, Fineness Modulus = 2.47, Water
Absorption = 0.85% and are conforming to the specification of IS: 383-1970 [19].

Clean potable tap water obtained from the Laboratory of Civil Engineering
Department of KIIT, Deemed-to-be-University was used for mixing and curing of
concrete.

3.1 Preparation of Concrete Specimens and Details

Three types of cube specimens of size 150mm×150mm×150mm[20]were used in
the study. Those are (1) normal OPC concrete specimen, (2) fly ash concrete(cement
replaced by 25% fly ash and (3) geopolymer concrete specimens (GPC) and detailed
in Table 2.

Table 2 Specimen details Specimen name Details Curing conditions

MOP OPC concrete Normal water
curing

MOF 25% fly ash
replacement+OPC

Normal water
curing

G10MC Geopolymer 10
molar

Normal water
curing

G10MA Geopolymer 10
molar

Oven curing

G12MC Geopolymer 12
molar

Normal water
curing

G12MA Geopolymer 12
molar

Oven curing

G14MC Geopolymer 14
molar

Normal water
curing

G14MA Geopolymer 14
molar

Oven curing

G16MC Geopolymer 16
molar

Normal water
curing

G16MA Geopolymer 16
molar

Oven curing
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Table 3 Mix proportion for M25 normal OPC concrete cube

Specimen Cement
kg/m3

Fly ash
kg/m3

Fine
aggregate
kg/m3

Coarse
aggregate
kg/m3

Water
kg/m3

W/B

MOP 492.5 – 617.23 1105 197 0.4

MOF 369.3 123.2 617.2 1105 197 0.4

Table 4 Ingredients of geopolymer concrete

Specimen Fly
ash
kg/m3

NaOH
kg/m3

Na2SiO3
kg/m3

NaOH:Na2SiO3 Fine
aggregate
kg/m3

Coarse
aggregate
kg/m3

Alkali/binder
ratio

W/B

G10M &
G10MA

492.5 74 148 1:2 702 1256 0.45 0.4

G12M &
G12MA

492.5 74 148 1:2 702 1256 0.45 0.4

G14M &
G14MA

492.5 74 148 1:2 702 1256 0.45 0.4

G16M &
G16MA

492.5 74 148 1:2 702 1256 0.45 0.4

3.2 Mix Proportions

Mix proportion by weight = 1:1.25:2.24 was selected as found from mix design
for M 25 using OPC 53 grade cement as per IS:10262-2008. Ingredients for normal
concrete and fly ash concrete are given in Table 3, numbers of cube samples were
casted 12 for each categories of concrete.

For geopolymer concrete, same the mix proportion as above was used
(1:1.25:2.24) by replacing cement by fly ash by 100%. Binder/alkaline ratio was
taken 0.45. The ratio of NaOH to Na2SiO3 was taken 1:2 which remains constant for
all samples. Constituents of different samples are tabulated in Table 4. Numbers of
cube samples were casted 27 for each categories of geopolymer concrete.

3.3 Mixing Procedure

For normal concrete and fly ash concrete, normal mixing procedure was followed.
Cube specimens were casted by placing fresh concrete in three layers and tamping
with 25 blows with tamping bar and compaction with vibrating table for 30 s and
finally finished with trawling (Figs. 4, 5 and 6).

For geopolymer concrete, samples of alkali solution to total alkali ratio as 1:2
were used. The blending of Na2SiO3 and NaOH exerts some amount of heat. To take
it down to the surrounding temperature, the arrangement was kept for 24 h before
they were blended with fly ash and aggregates. In concrete mixture machine, the
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Fig. 4 Preparation of NaOH
solution

Fig. 5 Geopolymer concrete
cube

Fig. 6 Cubes compaction by
vibrating table
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Table 5 Workability in term of slump value

Sample MOP MOF G10 G12 G14 G16

Slump in mm 120 125 90 85 70 50

aggregates and fly ash were mixed dry for around 5 min. Then mixing was done with
alkali blend and requisite amount of water for 5 min. Cube specimens were casted
by placing fresh concrete in three layers and tamping with 25 blows with tamping
bar and compaction with vibrating table for 30 s and finally finished with trawling.

3.4 Casting of Cube Specimens

The steel moulds were covered with oil on their inside surface and concrete mix was
poured into the moulds in three layers. Each layer was consistently compacted by a
tamping bar with 25 numbers of blows and by vibrating table for 1 min. Finally, the
top surface was finished utilizing a trowel.

3.5 Curing Process

The ordinary concrete cubes and the fly ash concrete cubes were kept in curing tank
up to 7, 28 and 56 days after de-moulding. Half of the geopolymer concrete cubes
were placed in the curing tank after de-moulding and another half were kept in the
oven for 24 h at 75 °C and after that those were kept in ambient temperature.

4 Testing

4.1 Workability of Fresh Concrete

See Table 5.

4.2 Testing of Hardened Concrete for Compressive Strength

Testing ofCTMmachine of 2000KNfromAIMILLTD is available in theDepartment
of Civil Engineering Laboratory of KIIT, Deemed-to-be-University, is shown in
Fig. 7. For compressive strength, the specimens were tested for 7, 28 and 56 days
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Fig. 7 Cube testing in CTM

and following the test procedure in accordance to IS:516-1959. [21]. Test results in
average are summarized in Table 6.

Table 6 Compressive strength of different specimen

Specimen 7 days (N/mm2) 28 days (N/mm2) 56 days (N/mm2)

MOP-Normal OPC 38.157 47.87 53.88

MOF-OPC+25% fly ash
replacement

33.87 55.1 59.91

G10MC–G PC10 molar (curing
tank)

18.23 20.54 21.52

G10MA–GPC 10 molar(oven
curing)

25.29 29.31 35

G12MC–GPC 12 molar(curing
tank)

22.2 23.14 24.75

G12MA–GPC 12 molar(oven
curing)

45.85 51.2 54.59

G14MC–GPC 14 molar(curing
tank)

24.85 26.22 27.98

G14MA–GPC 14 molar(oven
curing)

48.4 55.72 56.42

G16MC–GPC 16 molar (curing
tank)

30.2 31.29 33.55

G16MA–GPC16 molar(oven
curing)

55.62 60.25 62.22
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Table 7 Acid attack results

Specimen Wt.
before
test

Wt.
after test

Wt.
Loss in
%

Compressive
strength
after acid
attack in
N/mm2

Compressive
strength of
reference
sample
N/mm2

Strength
loss (%)

MOF 8.52 8.035 5.69 33.56 64.91 48.0

G10MA 8.358 8.223 1.615 30.617 35.00 12.0

G12MA 8.406 8.376 0.356 48.143 54.59 11.8

G14MA 8.48 8.45 0.354 52.46 58.42 10.2

G16MA 8.473 8.41 0.320 56.85 62.22 08.0

4.3 Test for Durability Parameters

In durability parameters, acid resistance, chloride resistance and sorptivity were
tested on the specimens after 28 days of curing drying to constant weight oven at
100 °C.

4.3.1 Acid Attack on Concrete

To study the results of acid resistance and its effect on all categories of specimen,
those were immersed in 1% solution on sulphuric acid (H2SO4) as described above
for 28 days. Cube specimens were taken out one day before test and dried completely
up to constant weight by oven at 100 °C. And then the weight was taken and tested
for compressive strength including the reference samples which were kept for com-
parison purpose. Details of test results on weight difference and strength changes are
given in Table 7.

4.3.2 Chloride Attack on Concrete

To study the results of chloride attack and its effect on geopolymer concrete specimen
andMOF specimen 1% solution on sodium chloride (NaCl) is used. After 28 days of
curing and theweight was taken both geopolymer concrete andMOF specimenswere
immersed entirely into the acid solution and kept for more 28 days. Cube specimens
were taken out one day before test and dried completely. And then the weight was
taken and tested. Some reference sample was kept for comparison purpose. The
weight difference and strength changes are given in Table 8.
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Table 8 Chloride attack result

Specimen Wt.
before
test

Wt.
after
test

Wt.
Loss/gain
%

Compressive
strength of
reference
samples
N/mm2

Compressive
strength
after
chloride
attack in
N/mm2

Strength
loss (%)

MOF 8.61 8.590 0.232 loss 64.91 63.93 1.00

G10MA 8.39 8.576 2.217 gain 35.00 33.073 5.50

G12MA 8.367 8.566 2.378 gain 54.59 51.52 3.70

G14MA 8.176 8.303 1.553 gain 58.42 56.263 3.69

G16MA 8.337 8.53 1.315 gain 62.22 60.347 3.00

4.3.3 Sorptivity

Geopolymer cubes (16 molar) were cured for 28 days and after that dried in oven at
100 °C. After that the cubes were taken out and three side of the cubes were coated
with colour and epoxy to restrict the flow to one side only. The specimens were then
immersed in water not more than 5 mm depth. The water absorption were measured
for a span of 30 min in an interval provided in the Table 9. Each time the specimen
were taken out and excess water was wiped off with the help of a damped cloth.
Those were weighted in weight machine.

I = S.t½, therefore S = I/t½; Where S = sorptivity in mm, t = elapsed time
in mint. I (cumulative infiltration) = �w/Ad �w = change in weight = W2–W1,
where W1 = Oven dry weight of cube in grams, W2 =Weight of cube after 30 min
capillary suction of water in grams, A= surface area of the specimen through which
water penetrated and d = density of water.

Table 9 Sorptivity results

Time
(minute)

Initial
weight
(kg)
(W1)

Final
weight
(kg)
(W2)

�w =
cumulative
weight
gain (kg)

Density
of water
(kg/m3)

Surface
area
(m2)

I =
�w/Ad
(mm)

S

0 8.520 8.520 0.000 997 0.0225 0 0

1 8.520 8.523 0.0035 997 0.0225 0.1778 0.1778

4 8.523 8.526 0.006 997 0.0225 0.2674 0.1337

9 8.526 8.528 0.008 997 0.0225 0.3566 0.11887

16 8.528 8.530 0.010 997 0.0225 0.4457 0.1114

25 8.530 8.531 0.011 997 0.0225 0.4903 0.0895

30 8.531 8.531 0.011 997 0.0225 0.4903 0.0895

Sorptivity = I/(t)0.5 = 0.089 mm/t.05
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Fig. 8 Variation in workability

5 Result and Discussion

The previous chapter was about the test done and the results. This chapter discuss
about the comparison result and the reason.

5.1 Workability

Change of workability in term of slump values are represented in the Fig. 8. Slump
value ofOPCconcrete is 120mm,whereas fly ash concrete displays 125mmslump. It
is due to the spherical particle size of fly ash. On the contrary, the slump value of G10
samples reduces to 90 mm and decreases as molarities of Na2SiO3 in GPC increases.
It is attributed to the increase in viscosity of Na2SiO3 increases the cohesiveness of
the GPC mix [15].

5.2 Compressive Strength Results

The compressive strength of all mixes at the age of 7, 28 and 56 days are provided
in Table 5 and represented in Fig. 9.

OPC concrete and fly ash concrete are found to achieve much better strength up to
56 days. Seven days strength of fly ash concrete is lower than that of OPC concrete
due to replacement of 25%fly ashwhich are not involved in pozzolanic action in early
ages. Strength enhancement between 7 days to 56 days in OPC concrete is found to
be 41%which is lower than that for fly ash concrete (76%). Fly ash concrete presents
higher strength thanOPC concrete both at the age of 28 and 56 days and it is due to the
additional C–S–H gel produced from pozzolinic reaction [1]. Compressive strength
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MOP MOF G10MC G10MA G12MC G12MA G14MC G14MA G16MC G16MA
Series1 38.16 33.87 18.23 25.29 22.2 45.45 24.85 48.4 30.2 55.62
Series2 47.87 55.1 20.54 29.31 23.14 51.2 26.22 55.72 31.29 60.25
Series3 53.88 59.91 21.52 35.2 24.75 54.65 27.98 56.42 33.55 62.22
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Fig. 9 Compressive strength comparison

of GPC samples increases with the increase inmolarities of NaOH for both the curing
conditions. It is observed that the compressive strength of 16 M oven-cured GPC
cubes were highest. High-temperature cured GPC specimens show comparatively
much more strength as compared to the counterparts which were cured in normal
curing tank. Strength enhancement in all GPC sample of both curing conditions
between 7 and 56 days are small and about 12%. Strength of temperature-cured GPC
with 16 M NaOH is observed to be as per the OPC and fly ash concrete both at
the age of 28 and 56 days. Normally cured 16 M GPC samples gains strength up to
30 N/mm2 which satisfy the requirement of M20 concrete.

The change in compressive strength with the change in molarities of NaOH for
both the curing conditions is represented in Fig. 10. The reason for the enhancement
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Fig. 11 Strength loss in acid
and salt attack
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of strength in both the oven-cured and normal cured specimen with increase in the
molarity of NaOH on GPC may be attributed to the availability of more alkalis
for geopolymerization. Higher strength in temperature-cured GPC sample than the
normal cured counterparts may be attributed to the availability of more reactive
alkalis at higher temperature.

5.3 Acid Attack Results

The test result of acid resistance was given in previous Table 7. The test results shows
that the 25% fly ash replacement specimen (MOF) had a drastic fall in strength, at
about 48%, whereas the strength loss for 10 M, 12 M, 14 M and 16 M specimen are
12%,11.5% 10.2% and 8%, respectively.

Figure 11 shows the change in strength after acid attack and from the graph it
is clearly visible that the G16MA shows greater acid resistivity as compared to the
other specimens. In Fig. 12, we can see the weight change of the specimen due to the
leaching effect of acid. Weight loss in OPC is 5.0%. The graph clearly shows that
the weight loss in geopolymer specimens were very less about 0.35% as compared
to the MOF specimen. So it may be concluded that geopolymer concrete poses very
good resistance against H2SO4 attack.

5.4 Chloride Attack Results

Table 7 shows the test results of chloride attack on different specimen. The test
result shows that MOF specimen lost only 1% of its strength where as strength loss
of geopolymer concrete cube of 10 M, 12 M, 14 M and 16 M was 5.5%, 3.7%,
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Fig. 12 Change in weight in
acid and salt attack
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3.69% and 3%, respectively. Figure 12 represents nominal changes in strength in
both geopolymer specimens as well as MOF specimen.

Figure 11 presents that there is a loss of weight in MPF sample, whereas there is
an increase of weight after the immersion into the NaCl solution. It is due to some
amount of salt get deposited into pore spaces the specimens. Percentage gain of
weight of GPC samples decreases with an increase in the molarity of NaOH due to
pore refinement.

5.5 Sorptivity Results

The test results are provided inTable 8 and Fig. 13 represents the variation of soptivity
(s)with respect to an increase in time. Sorptivity increases in a rapid manner up to
5 min. It may be due to initial dryness of the specimen and surface porosity. Then
the values decreases in irregular manner. It may be attributed to increase in capillary
distance towards interior and tortiocity of capillary path.
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6 Conclusion

Normal cured GPC displays lower strength in comparison to high-temperature cured
GPC and normal cured OPC counterpart and strength increase with the increase in
molarities ofNaOH.Therefore, itmay be recommended for the situationswhere there
is requirement of low strength. Geopolymer concrete shows a very good compres-
sive strength with compare to normal OPC concrete with 25% fly ash replacement.
Increase in molarities of NaOH in geopolymer concrete enhances the compressive
strength.GPCdisplays better resistance against acid attackbutweak in chloride attack
in comparison to OPC counterpart. Increase in molarities of NaOH in geopolymer
concrete also enhances the resistance against in acid attack and chloride attack in
term of weight and strength loss.
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A Review on Mechanical
and Microstructure Properties
of Reinforced Concrete Exposed to High
Temperatures

Sharan Kumar Goudar, Santhosh Kumar Gedela, and B. B. Das

Abstract This paper presents the recent research progress on the response of con-
crete exposed to fire or high temperatures. The main highlight of this review paper
is a compilation of previously reported data regarding the variations in mechanical
properties and microstructure properties of concrete when exposed to high tempera-
tures. The concrete structures get deteriorated at the macro- and microscopic levels
due to high-temperature exposure. The macro-level damages can be measured with
degradation in mechanical properties such as the reduction in compressive strength,
weight loss, changes in elastic properties, reduction of bond strength in reinforced
concrete, etc. The macro-cracks on the surface of concrete causes spalling which can
be observed after exposing the concrete samples to more than 300 °C. The compres-
sive strength of the concrete reduces slightly till 400 °C, and when the temperature
increased to 600 °C, there was an exponential reduction in the compressive strength
of concrete. Another important parameter is bond strength degradation, which plays
a crucial role in durability issues. To understand the deterioration phenomenon and
changes in mechanical properties, the changes at the level of the microstructure of
concrete need to be understood. Dehydration of products causes deterioration of
mechanical properties and weight loss of concrete when exposed to high temper-
atures. At different temperatures, the microstructure changes and the response of
hydration products such as calcium hydroxide (CH), CSH gel, unhydrated cement
and capillary water reported by previous researchers are compiled and discussed.
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1 Introduction

Fire, an accidental damage, is a dangerous threat to reinforced concrete structures.
It is important to understand the response of reinforced concrete structures when
exposed to fire or high temperature. The low thermal conductivity of concrete makes
it one of the suitable materials to resist fire or high temperature [1]. However, high
temperatures do affect the concrete structures but the response is better compared
to other materials [2, 3]. When the concrete structures are exposed to fire or high
temperature, there will be reduction in the mechanical properties and that affects
the durability. When concrete are subjected to heat, due to non-uniformity of the
cement and aggregate elements, changes inmechanical andmicrostructure properties
of concrete are common. Both aggregate and cement elements react to heating in
different ways. After cooling down of concrete, some of the reactions are reversible,
while others are irreversible which causes a reduction in the strength of concrete [2].

When concrete are exposed to high temperature, until 400 °C, changes in com-
pressive strength of concrete are minimal. During 400–800 °C exposure, the com-
pressive strength of concrete decreases exponentially. The fibers aid to the reduction
in compressive strength when exposed to high temperatures. The strength of the
concrete also influences the rate of reduction of compressive strength, high strength
(HSC) performs better compared to normal strength concrete [4]. There are numer-
ous literatures available on compressive strength reduction of concrete due to the fire
exposure. However, the degradation of bond strength due to fire exposure is limited.
Few researchers studied only the bond strength degradation by pullout test, but proper
microstructure justification for a reduction in bond strength was missing [5–7]. The
need of the hour is a systematic study and proper explanation of microstructure
changes occurring at the steel–concrete interface and also in bulk concrete.

The pore solution in capillary pores evaporates when the concrete structures are
exposed to 100–140 °C and that creates a build-up pressure inside the concrete. This
pore pressure is responsible for causing micro-cracks and spalling of concrete [8].
Spalling is a phenomenon where the cover of the reinforced concrete member gets
separated from the original structure. The process of cracking is believed to be the
same as the spalling phenomenon. Dehydration of the concrete causes the formation
of fissures in concrete and causes further cracks [5, 8]. Calcium hydroxide (CH)
decomposes at a temperature of 450 °C and converts to calcium oxide (CaO). When
calcium oxide comes in contact with moisture after the fire exposure, it expands
and causes micro-cracks which ultimately leads to severe cracking and spalling of
concrete. The addition of mineral admixtures reduced the formation of CH and
ultimately reduces the formation of CaO.When OPC andmineral admixed concretes
were exposed to 600 °C temperature, visible cracks were noticed on the surface of
OPC concrete, whereas the mineral admixed concrete showed very fewmicro-cracks
on the surface [6, 7, 9, 10]. The mineral admixtures role can be explained in two
ways. The first one being, reduction of CH which is consumed during pozzolanic
reaction and second is the reduction of capillary pores and an overall improvement in
the microstructure of concrete [11]. When concrete exposed to a high temperature of
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750 °C, decarbonation occurs in concrete. The calcium carbonate (CaCO3) at 750 °C
converts into CaO and CO2, this process is being termed as decarbonation. Due to the
dehydration and decarbonation, CaO content will increase in bulk concrete, which
finally expands when comes in contact with moisture and causes severe cracking
[12]. The hydrates including CSH and CHwill be converted to crystalline-like phase
at 1000 °C of fire exposure and the pore system seriously expands which causes
spalling of concrete [12]. The effect of high temperature on concretes mechanical
and durability properties of concrete are discussed in this review paper.

2 Mechanical Properties of Different Types of Concrete
Subject to Elevated Temperature

The main mechanical properties of the concrete structure are compressive strength
and bond strength. For normal strength concrete (NSC), compressive strength starts
decreasing from 400 °C. The strength of the concrete also influences the rate of
reduction of compressive strength, high strength concrete (HSC) performs better
compared to normal strength concrete. The fibers in fiber reinforced concrete (FRC)
stops the cracks propagation which results in slightly lesser reduction of compressive
strengthwhen exposed to high temperatures. The results of different researcherswere
compiled and a plot of reduction in compressive strength versus exposure temper-
ature was plotted in Fig. 1. The high-temperature exposure reduces the mechanical

Fig. 1 Effect of high temperature on compressive strength of concrete
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Fig. 2 Reduction in compressive strength of NSC and HSC at different temperatures

properties, reduction in compressive strength increases when exposure temperature
increases. Up to 50% reduction in compressive strength was noticed during 400–
600 °C exposure. As the exposure temperature increases beyond 600 °C, a severe
reduction in compressive strength was observed. The pore solution in capillary pores
evaporates and that creates a build-up pressure inside the concrete. This pore pressure
is responsible for causing micro-cracks in the concrete structure. These micro-cracks
will degrade the compressive strength. It can also be observed from Fig. 1 that HSC
and FRC perform better compared to NSC.

Figure 2 shows the comparison of compressive strength reduction of HSC and
normal strength concrete (NSC). Marginal strength of concrete was lost till 400 °C,
up to 10% for HSC and 15% for NSC. The significant loss in compressive strength
was lost in between 400 and 800 °C [1–4, 9, 11]. Some of the researchers also
mentioned that the pore density in HSC was less compared to NSC, due to which
the pore pressure in HSC concrete will be comparatively more. Because of the high
pore pressure, slightly higher reduction of compressive strength was noticed in HSC
as compared to NSC [9, 10].

The results of different researchers were compiled and a plot of reduction in
bond strength versus exposure temperature was plotted in Fig. 3. The same trend of
compressive strength can be noticed for bond strength of reinforced concrete also.
As the exposure temperature increases, the percentage reduction of bond strength
also increases [13–18]. The presence of calcium hydroxide degrades at a temperature
of 450 °C which might cause a reduction in compressive strength. However, a clear
explanation for microstructural changes at the steel–concrete interface for causing
bond degradation is missing in the literature. The addition of steel fibers in concrete
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Fig. 3 Effect of high temperature on the bond strength of reinforced concrete

proves to be beneficial in terms of bond strength retention [19, 20]. However, the
other fibers such as natural fibers were combustible at low temperatures which exerts
expansive pressure which resulted in a slightly higher reduction of bond strength
compared toNSC [13, 15]. Overall, the addition of fibers proves beneficial in terms of
retaining bond strength as well as compressive strength [13, 16, 17, 20–23]. Figure 4
shows the comparison of reduction of bond strength for NSC and FRC at different
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Fig. 4 Reduction in bond strength of NSC and FRC at different exposure temperatures
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Fig. 5 Reduction in bond strength of NSC and ARC at different temperatures

exposure temperatures. The bond strength of NSC decreased up to 15%, while the
bond strength of FRC decreased up to 20% for natural fibers. For the steel fibers, the
scenario was quite the opposite. The addition of steel fibers proved to be beneficial in
terms of bond strength retention. The spalling effect was reduced due to the addition
of steel fibers [5–7].

The aggregate replacement also improved bond strength retention. Netinger et al.
[3] reported that the addition of crushed bricks as a replacement of natural aggregates
improved the bond strength retention in reinforced concrete. Many researchers [3,
4, 8, 17] reported similar findings and compiled data are shown in Fig. 5.

The addition of mineral admixtures (MA) proved to be beneficial in retaining the
compressive strength of concretewhen exposed to high temperatures [6, 8, 11, 12, 15,
24]. The mineral admixtures role can be explained in two ways. The first one being,
reduction of CHwhich was consumed during the pozzolanic reaction and the second
being reduction of capillary pores and an overall improvement in the microstructure
of concrete [11, 19]. The data from several researchers regarding the significance of
mineral admixed concrete toward the compressive strength retention are presented
in Fig. 6. Mineral admixed concrete performed better when exposed to different tem-
peratures when compared to NSC. It can also be observed that the replacement level
of mineral admixtures also plays an important role. The high volume replacement
of mineral admixtures had positive effect in terms of compressive strength retention
when exposed to high temperatures.
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Fig. 6 Reduction in compressive strength ofNSC,OPC (35%slag), andOPC (50%slag) at different
exposure temperatures

3 Microstructure Properties of the Concrete Subject
to Elevated Temperature

The microstructure of the concrete plays a crucial role in determining the mechan-
ical properties. The hydration products undergo physical and chemical changes at
high-temperature exposure. The pore solution in capillary pores evaporates when the
concrete structures are exposed to 100–140 °C and a slight reduction in weight loss
was noticed. The evaporated pore water exerts expansive pressure inside the concrete
which leads to the formation of micro-cracks [8]. Calcium hydroxide decomposes
at a temperature of 450 °C and converts to calcium oxide this phenomenon is gener-
ally known as dehydration. After the fire exposure when calcium oxide encounters
moisture, calcium hydroxide is reforming, and the phenomenon is generally known
as rehydration [11]. The reaction is shown in Eq. 1. Because of the rehydration,
newly formed calcium hydroxide expands in volume which ultimately causes severe
cracking. The dehydration of calcium hydroxide can be easily recognized from rapid
weight loss and consequently analyzed by thermogravimetric analysis [25–27]. The
thermogravimetric analysis provides a comparison of water loss of cement paste at
different temperatures. The CSH gel also starts to crystallize slowly at 400 °C, which
also aid to the cracking process inside the concrete.

Due to the atmospheric carbon dioxide, the concrete undergoes carbonation pro-
cess, where calcium hydroxide is being converted into calcium carbonate (as shown
in Eq. 2). The calcium carbonate at 750 °C converts into calcium oxide and carbon
dioxide, this process is being termed as decarbonation (as shown in Eq. 3). Due to the
dehydration and decarbonation, calcium oxide content will increase in bulk concrete,
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which finally expands when encounters the atmospheric moisture and causes severe
cracking and spalling [12]. The spalling process generally starts to occur from 200 to
1000 °C depending upon the strength or grade of concrete [6, 11, 12]. The spalling
process was faster in low-grade concretes and the high strength concretes showed
comparably more resistance to spalling.

The hydrates including CSH and CH will be converted to crystalline-like phase
at 1000 °C of fire exposure and the pore system seriously expands which causes
spalling of concrete [12].

(OH)2 ↔ CaO + H2O (1)

(OH)2 + CO2 → CaCO3 + H2O (2)

CaCO3 → CaO + CO2 (3)

4 Conclusions

The high-temperature effects on concrete mechanical and durability properties of
concrete were discussed and the following conclusions can be drawn.

• High-temperature exposure of concrete structures results in degradation of
mechanical properties. Up to 50% reduction in compressive strengthwas observed
during 400–600 °C exposure and at 800 °C, only 10% of the original compressive
strength was retained.

• The high strength concrete and fiber-reinforced concrete performed better
compared to normal strength concrete when exposed to high temperatures.

• The bond strength between reinforcing steel and concrete is a sensitive to high
temperatures. Significant reduction in bond strength was observed during 400–
600 °C exposure and at 800 °C, only 5%of the original bond strengthwas retained.

• The bond degradation also follows the same trend of compressive strength, as the
exposure temperature increases the percentage reduction in strength increases.

• A clear explanation for microstructural changes at the steel–concrete interface for
causing the bond degradation is missing in the literature.

• Calciumhydroxide decomposes at a temperature of 450 °Candconverts to calcium
oxide, which in contact with moisture expands and produces micro-cracks and
ultimately spalling of concrete occurs.

• When concrete exposed to a high temperature of 750 °C, decarbonation occurs in
concrete. Due to the dehydration and decarbonation, calcium oxide content will
increase in bulk concrete, which finally expands when encounters moisture and
causes severe cracking and spalling.
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• The hydrates including CSH and calcium hydroxide will be converted to
crystalline-like phase at 1000 °C of fire exposure and the pore system seriously
expands which causes spalling of concrete.
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Application of Andreassen and Modified
Andreassen Model on Cementitious
Mixture Design: A Review

K. Snehal and B. B. Das

Abstract Cement is a widely used construction material and its consumption on
large-scale causes environmental degradation; thus, more emphasis is being given on
industrial by-products as alternative materials to cement for their sustainable usage.
It is necessary that varying particle size of supplementary cementitious particles is to
be used for filling the voids to form a dense particle-packed concrete. The selection of
right combination of material is tedious job by trials involving different replacement
materials and the resultant concrete may show unexpected results; thus, a more suit-
able method is the selection of materials based on optimum packing of particles. To
select the optimum size of replacement materials particle packing models are essen-
tial, so that a low-cement concrete can be prepared which will be ecological as well
as economical with improved density, low porosity and high compressive strength. It
is found that there are different models have been developed to achieve optimal pack-
ing. However, application of Andreassen and modified Andreassen models for the
particle packing of multiple ingredients of cementitious matrix found to be largely
being accepted by the researchers. This paper reviews the application of Andreassen
and modified Andreassen models for the effective particle packing investigations on
cementitious particles. It also reviews the software’s employed for designing various
cementitious mixtures based on Andreassen and modified Andreassen models.
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1 Introduction

The durability and performance of concrete (or any cement-basedmaterial) is greatly
relied on the level of capillary voids interconnectivity [1, 2]. The appropriate mix
proportioning of ingredients with the thorough knowledge of its material character-
istic is a key to obtain a sustainable, dense and durable concrete [2]. Concrete is
a composite material produced by the mixture of multi-sized (ranging from μm to
mm) ingredients such as cement, fine aggregate, coarse aggregate and water. Several
researchers have reported that cement production is one of the leading donors to the
global warming and global environmental survey states that cement industry pro-
duces total CO2 emission of about 7% over the globe [3]. Considering this, in view
researchers have found an alternative by partially replacing cement with industrial by
products like fly ash, GGBS, silica fume, etc., as supplementary cementitious mate-
rials (SCMs) [3, 4]. At this point of time, there is a need for implementing the theory
of particle packing in order to avoid the tiresome task of trial and error technique to
optimize the right proportion of ingredients to produce cement-based material from
the pool of SCMs [2].

Particle packing is of the interest in research fraternity in the production of con-
crete, mortar, ceramics, etc. Literature says that dense packing of concrete with
aggregate phase as much as possible is one of the effective ways to curtail the use of
binder quantity and help in developing an ecological, economical benefited concrete;
in addition, it also favours in reducing the level of shrinkage and creep [5, 6]. The
traditional method of concrete mix proportioning is a secondary way to measure
of particle packing which involves volumetric packing, i.e. by means of an ideal
gradation curve of aggregate proportions [2–7]. But, the characteristic of particle
packing also depends on the finer particle ingredients of concrete like cement and
other cementitious particles. The amount of solid aggregate particles per unit volume
expresses the degree of particle packing [8]. The definition of packing density is given
as the solid volume of particles to the total volume occupied by the particles and can
be mathematically expressed as unit volume minus porosity [2]. The improvement
of particle packing density depends on the void filling capacity of larger particles by
smaller particles and void spaces between the small particles by further finer particles
and so on (typically represented in Fig. 1).

It can be noted from the historical background of particle packing theory that, it
is not a newfangled theory but was already in existence during 1890s which was first

Fig. 1 Typical representation of particle packing definition



Application of Andreassen and Modified … 731

suggested by Feret in 1892.He signified thatminimal voids inmatrix is responsible in
achieving maximum strength. Fuller and Thompson in 1907 studied the significance
of particle size distribution (PSD) of aggregates and concrete properties based on par-
ticle packing theory [9]. The study related to particle packing of aggregates conducted
by Suenson in 1911 demonstrated the triangular packing diagrams of aggregates [10].
The basic investigation on packing theory for sphere-shaped particles was started by
Furnas in 1931 [11] by assuming that cavity between bigger particles will be filled
by smaller particles. It has been noticed that the widespread research was carried out
by Powers in 1968 [12] by hosting the importance of void ratio diagram on the basis
of particle packing theory and developed a suitable model for concrete and mortar
mixtures. However, the attention towards particle size optimization is amplified few
decades ago in particularly with the emerging trends in concrete like high strength,
high performance, high density, self-compacting concrete, etc. The concept of par-
ticle packing is beneficial in contrast to the conventional mix design as it is mainly
developed on the basis of physical mechanism. It has been reported by the several
researchers that optimization of concrete ingredients can be achieved by means of
particle packing model [13, 14]. Particle packing models are based on the concept of
theory of particle packing. The applicability of packing theories is chiefly affected
by following factors: (a) particle gradation, (b) methods of compaction, (c) shape
and size of particles, (d) wall effects (it is the disturbance in packing density due to
the presence of isolated coarse particle in the matrix of fine aggregate matrix, Fig. 2a
and e loosening effects (it is the disturbance in packing density due to the presence
of larger sized small particle which cannot fit in the void spaces of coarse aggregate,
Fig. 2b [15].

It is found that there are several particle packing models established by the
researchers in order to achieve optimal filling: Furnas [11], Aim [16], Toufar [2–16],
Stovall [17], Dewar [18], De Larrard [19, 20], Fuller Thomson [21], Rosin–Rammler
[8] andAndreassenmodels [2–16].However, application ofAndreassen andmodified

Fig. 2 a The wall effect (after Johansen) and b The loosening effect (after De Larrard)
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Andreassen models for the particle packing of multiple ingredients of cementitious
matrix found to be largely being accepted by the researchers and considered as one
of the beat known packing model. This paper reviews the application of Andreassen
and modified Andreassen models for the effective particle packing investigations on
cementitious particles. It also reviews the software’s employed for designing various
cementitious mixtures based on Andreassen and modified Andreassen models.

2 Categorization of Particle Packing Models

In the past 100 years, numerous models on particle packing theory were suggested
by researchers. In general, particle packing can be classified into two entities, i.e.
discrete model and continuous model. The broad classification of developed particle
packing under these categories with the theoretical consideration is presented in
Table 1.

3 Andreassen and Modified Andreassen Models

Fuller and Thomson specified that the properties of concrete can be enriched by
adopting concrete mixture with continuous grading and with this concept in 1907
came up with an ideal gradation curve with higher density, which is popularly known
as ‘Fullers curve’ [2, 9, 21]. Fuller curve expression (Eq. 5) with q = 0.5 (factor
signifying the modulus of distribution, where curve is modifiable for finer or coarser
mix, 2). The model is well known for empirically optimized curve but, the model
assumes particle of infinite fineness, i.e. Dmin = 0 [24] with which it may not be able
to practically satisfy the ideal distribution of particles.

On the way to improve Fullers equation, Andreasen and Andersen (A&A) carried
out a research on particle packing considering the concept of PSD by means of
continuous approach and proposed an equation for ideal packing in 1930, i.e. termed
as ‘Andreassen equation’ (Eq. 7, 15). Though the Andreassen equation method is
more into theoretical means, it partially signifies the practical concept of particle
packing. TheAndreasen andAndersen’s research and proposedAndreassen equation
emphasizes that the void ratio is mainly depends on the distribution modulus ‘q’. It
has been suggested to use q factor in the between 0.33 and 0.5 as a tuning factor [25],
where the q value alters on the particle characteristic, i.e. workability and density and
this can be able to achieve bymeans of experiment [19, 20]. The research byKennedy
et al. made use of 0.45 q factor for asphalt concrete mix design for better densified
packing [26] and it is reported by Hummel that higher density of particle packing
is achieved by considering q value as 0.4 [27]. However, Andreassen equation also
assumed that the fine particles are of infinitely small, i.e. Dmin = 0, which cannot be
accept in practical point of view.
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Funk andDinger specified that in any realistic PSDDmin cannot be infinitely small
it must have some limited lower size value [28]. Hence, on this baseline Funk and
Dinger in 1994 [29] modified the Andreassen’s equation considering the minimum
particle size (Dmin) as a finite factor and proposed an equation known as ‘modified
Andreassen’s equation (modified A & A)’ (Eq. 8). Figure 3 represents the relative
ideal packing curve proposed by Fuller, A & A and and Funk–Dinger for Dmax =
32 mm and Dmin = 63 μm [16, 21, 29].

On the other hand, it has been reported that distribution modulus (q) in A&A and
modified A&A equations vary depending on the need for workability, i.e. higher the
value of q exponent lower is the degree of workability (refer to Table 2). It means that
higher the amount of coarse material, larger is the q exponent and if the amount of
fine materials are more, then lower is the q value; this has been depicted in Fig. 3 [2].
The amount of fine particles in mixture has the ability to control the water demand
and capacity to hold water, in which the exponent q acts as an indicator for volume
of finer fraction that could be placed in mixture. This provides a platform for opting
the reasonable amount of water and water reducing agents [2]. The selection of
distribution modulus should be done carefully so that it should not be too high or too

Fig. 3 Idyllic curves proposed by Fuller, Andreasen & Andersen and Funk and Dinger for Dmax
= 32 mm, Dmin = 63 μm Source Fennis and Walraven 2012

Table 2 Relative values of
compaction factor and ‘q’

Degree of workability q Compaction factor

Very Low 0.37 0.8

Low 0.32 0.85

Medium 0.27 0.9

High 0.22 0.95

Source EMMA manual & Table 20 and 22 in SP 23 Handbook
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Fig. 4 Ideal modified A &Amodel curve with q factor ranging from 0.2 to 0.55 SourceWang [31]

low in order to avoid the adverse effect on the concrete/mortar mixture. Higher value
of q exponent may create segregation effect and lower the value of q exponent may
lead to obvious viscosity due to the presence of higher amount of fines. It have been
reported that in general the distribution modulus q for recent developed concrete
mixtures varies between about 0.21 to 0.37. For producing high performance and
conventional concretes the q value in the range 0.25 to 0.3 may be considered by
keeping the slump constraint in view. Further for self-compacting concretes, value
of q may be considered as lesser than 0.23 [2].

Table 2 Relative values of compaction factor and distribution modulus (q) [30]
(referring EMMA manual & Table 20 and 22 in SP 23 Handbook) [2, 10] (Fig. 4).

The evaluation of theoretical particle packing need to consider the summation of
the residual squares (RSS) (Eq. 1). In order to accomplish the target curve fitting,
the optimization of real (actual) mix must have least RSS value

RSS =
∑

(Pt − actual − Pt)2 (1)

where Pt-actual: actual PSD curve.
Pt: target particle size distribution curve (A & A model curve).
The gradation with higher particle density and optimum mix ingredients is repre-

sented by the ‘ideal’ curve. But it has been reported that gradation of aggregates alone
will not give optimize mix with greater density, the fine particles like cement and
other mineral admixtures mixed with water will also play a role in particle packing
by accommodating the finer pores [32]. It is easier to optimize the ingredients of mix
proportion by adjusting the proportions to the fixed target curve (ideal cure) bymeans
of software. It is made possible with the limited input of parameters, i.e. PSD of the
ingredients, and necessary q value can be changed for the required degree of worka-
bility (it will be further easier if q value is fixed). A & A and modified A&Amodels
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is the well-known, relevant and simple continuous packing model, which considers
the continuous distribution of particles and can be adopted for multiple ingredient
mixes which is of the need today. However, beyond all, the benefits there is a shortage
in consideration of particle characteristics that is shape of the particle which plays
a role in particle packing is not considered in the particle packing model that may
leads to the overestimate of packing density of mixture. It have been reported that
higher packing densities is observed when the model is used in gap-graded mixtures
can lead to [3].

The user-friendly software available for particle packing theory based on A & A
and modified A & A models is ‘LISA’ and is presently called as ‘EMMA’ software.

LISA (Language-Independent Size distribution Analyser): It is a software devel-
oped by Elkem, Norway. This software was applied to validate the particle packing
models for different cementitious mix designs established on the basis of Andreasen
PSD model. This software is easy to use because of its simplicity, applicability and
accessibility.

Then, now it is called as EMMA (Elkem Materials Mixture Analyser): It is a
user-friendly computerized program developed by Elkem to optimize the concrete
and mortar mixes with some modification to the prior software named LISA. This
software makes use of PSD of a selected mixture materials (sand, gravel, binders,
etc.) by the user and the related to the A & A/modified A & A models. Software
enables to compute and display the PSD of mixture composition and predicts the
optimum blend of mixture.

EMMA software is also designed for calculating the CO2 impact of the optimized
concrete mixture for particle packing performance. By knowing the CO2 loading,
it enables the user to reduce the carbon footprint through replacing the cement by
means of low carbon footprint mineral admixture.

The steps involved in mix proportioning of concrete/mortar with multiple
ingredients by EMMA software is represented in a flow chart (Fig. 5).

4 Application of Andreassen and Modified Andreassen
Packing Models in Mortar and Concrete Design

The application of particle packing model by means of A & A/modified A & A
models approach considering LISA/EMMA software is demonstrated in this section
with few researchers’ data.

4.1 Cement Mortar

To validate the usage of modified A & A particle packing model to design mortar
mixture, a trial mix has been considered and represented in the Table 3 [2]. Where,
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One can create a customized library of particle size distributions (PSD) for different 
choosed materials for the mix 

i.e through material library icon, which includes material name, density,CO2 content if 
required, PSD in microns-the software will calculate D50, mean value of material 

grading) 

Save the matrial -follow the step for the n materials

Then the gradation for any combination of ingredients considered can be determined
i.e through preparing a recipe using the new recipe icon, where the materials required 

for the mix are dragged from the material library

Mix name is entered

After that the quantity of the individual materials has been entered along with quatity 
of water, the distribution is presented in numbers as well as in a graphical 

representation
Use preview plot to monitor fitting to the target curve

Next select the calculation model, i.e. A&A or modified A&A model 
Enter the maximum and minimum particle size accordingly and approriate 'q' value  to 

the type of mix to be designed 
This graph is compared to the A&A or modified A&A model 

view graph

Optimization of mix can be done by adjusting the PSD for better fit to the A&A or 
modified A&A curve for better particle packing of the mix

Save the recepi

Fig. 5 Flow chart representing the steps involved in mix proportioning of concrete/mortar with
multiple ingredients by EMMA software

Table 3 Mix design of
mortar mixes with using
particle packing model

Ingredients, Kg/m3 mix A mix B

Standard sand (G-1) 541 341

Standard sand (G-2) 541 341

Standard sand (G-3) 541 341

Crushed sand (correction) – 341

Cement, (OPC) 541 541

Quartz powder (inert filler) – 150

Microsilica – 60

Water 216 216

SP (PCE) 2 4

w/c 0.4 0.4

w/p 0.4 0.29

Flow spread, percent 60 60

Source Kumar et al. [2]
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mix A designates the reference mix designed in accordance to IS 4031-1996. The
mix B designates the modified design mix with incorporation of crushed sand, quartz
powder and microsilica in order to accommodate the missing regions of particle
gradation. The actual gradation curve of the mix is compared with ideal curve of
modified A & A model as presented in the Fig. 6. It can be noticed from the figure
that mix B fits better to the ideal curve by means of modifying the reference mix with
the particle size of missing zones there by representing the better particle packing.
It have reported the modified mix (mix B) performed well with respect to 3, 7 and
28 days compressive strength, i.e. approximately 28–30% increase in strength for all
the curing ages has been accomplished.

Fig. 6 Andreassen and modified Andreassen packing model application in mortar and concrete
Source Kumar et al. [2]
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4.2 High-Performance and Ultra-High Performance
Concrete

The comparative study on optimizing the mix deigns for normal and high-
performance concrete conducted by Gopinath et al. [33] made use ACI and BIS
mix design methods, as well as EMMA particle packing software (based on A &
A/modifiedA&Amodels) tomodify themixes.Authors have stated that the designed
M30 mixes by ACI and BIS methods were optimized by modifying the mix to fit
modified A & A curve by keeping w/c ratio constant. Table 3 presents the compar-
ative mix proportions of modified and unmodified ACI and BIS mixes. Figures 7
and 8 represents the mix design which is designed by means of BIS and ACI meth-
ods, respectively and further modified using particle packing model. Authors also
investigated on the high-performance concrete containing mineral admixtures like
fly ash, silica fume and they have limited their study for optimized mix design by
means of particle packing method (Table 5 and Fig. 9). Authors concluded stating

Fig. 7 BIS design mix curve beforehand and afterward optimization using modified A&A particle
packing model Source Gopinath et al. [33]

Fig. 8 ACI designmix curve beforehand and afterward optimization usingmodified A&Aparticle
packing model Source Gopinath et al. [33]
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Table 4 Mix proportion for normal strength concrete

Mix design Cement Fine
aggregate

Coarse
aggregate

Water Compressive Strength
(MPa)

kg/m3 3 day 7 day 28 day

M30-ACI 398 848 888 191 19.46 25.17 40.37

M30-ACI
modified

380 460 1300 182.4 17.82 31.97 43.81

M30-BIS 431.67 549.73 1198 194.25 31.13 46.35 53.21

M30-BIS
modified

360 660 1199 162 18.33 – 42.07

Source Gopinath et al. [33]

Table 5 Mix quantity for high-performance concrete

Mix design Quantity (kg/m3) Compressive strength (MPa)

3 day 7 day 28 day

Cement 420 27.11 42.13 47.53

Fly ash 170

Silica fume 35

Quartz sand 500

Quartz powder 450

Water 280

Source Gopinath et al. [33]

that designed mixes modified by the method of particle packing projected closer
compressive strength to the design mixes.

Fig. 9 Mix design curve for high-performance concrete optimized by modified A & A particle
packing Source Gopinath et al. [33]
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The investigation carried out by Li et al. [34] on ultra-high performance concretes
(UHPCs) using basalt coarse aggregates (BA) with larger particle size of 16 mm
and reported that the particle packing theory has been applied for designing the mix
in order to consider optimal proportion of powder content (i.e. cement, microsilica
and lime powder).The recipes used by the researchers in their work is presented in
the Table 5. Authors have altered the powder content from 900 kg/m3 to 650 kg/m3

and basalt aggregates of maximum size from 3 mm to 16 mm, to study the better
compactness and strength of UHPC [34]. Modified A & A model with the constant
distributionmodulus value, i.e. 0.2 has been used in their investigation for optimizing
the particle packing among the 12 mixes (UHPC1–UHPC12). Figure 10 represents
the target and designed mixes gradation curve of maximum size of basalt aggregate
8 mm and 16 mm, respectively, and Table 6 gives the mix proportion of UHPC. It is
clear from the figure that in case of the mixes with maximum aggregate size 8 and
16mm,UHPC6 andUHPC12mixes exhibited themuch closer curve to the target line
(modified A&A curve). However, authors have specified that the maximum strength
is obtained for mixed UHPC5 and UHPC11 and reported that for obtaining excellent
strength of UHPCs with basalt coarse aggregates, the modulus of distribution q is
requested to choose for lower value 0.19 (Table 6).

4.3 Self-Compacting Concrete

The study conducted by Brouwers and Radix [35] on the role of distribution of
particle size in self-compacting concrete, utilized slag-blended cement, combinations
of three sands, gravel and SP. The authors have aimed to reduce quantity of paste
(cement, limestone powder and water) as much as possible with certain amount
of solid contents (sand and gravel). The three mixes have been considered in their
study on the basis of particle packing theory, which contains total powder content
of 473 kg/m3–499 kg/m3 (Table 7). Authors have considered Fuller curve, A & A
curve and modified A & A curve to validate the mixes, the adopted particle packing
model curve has been represented in Fig. 11. It can be observe from the figure that the
particle distribution curve of all three mixes fits well with the ideal curve of modified
A & Amodel (with q = 0.25) than the other two models. Authors have reported that
as sand contributed significantly for PSD, it may not be able to fit perfectly to A &
A model, especially in the range of 100 μm–4 mm. Authors have concluded stating
that economical SCC mixes can be developed by means of particle packing theory
which meets the standards and requirements in fresh state.

4.4 Geopolymer Concrete

The experimental investigation carried out by Borges et al. on the fabrication of
geopolymer concrete employed Andreassen particle packing method to improve the
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Fig. 10 Gradation of the target and designed curve for UHPCs Source Li et al. [34]

Table 7 Mix proportion of self-compacting concrete developed on the basis of packing theory

Material Mix A [kg/m3] Mix B [kg/m3] Mix C [kg/m3]

Cement 310 315 320

Limestone powder 189 164 153

Sand 0–1 mm – – 388

Sand 0–2 mm – 306 –

Sand 0–4 mm 1018 719 628

Gravel 4–16 mm 667 673 687

Water 170 173 174

Superplasticizer 6.0 5.51 5.21

Water/cement ratio 0.55 0.55 0.55

Water/powder ratio 0.34 0.36 0.37

Mass fraction < 250 μm 554 538 687

Source Brouwers and Radix [35]

geopolymer formulations [36]. Authors have considered three q factors, i.e. 0.21,
0.235 and 0.26 with the solution to solid ratio (s/s) of 1.3, 1.4 and 1.5, respec-
tively, in addition two aggregate type, i.e. glass and quartz have been considered
in their investigation. Authors have reported that lower value of q factor showed
better workability irrespective of the aggregate type. Authors also observed that
formulation prepared with 1.3 s/s and q factor 0.26 showed higher viscosity and
complexity to compact, while other formulations presented the easy compaction and
showed self-compacting effect. The graph plotted by the researchers on the mechan-
ical properties, apparent porosity and density of geopolymers containing quartz and
glass aggregate connecting to packing factor q and solution to solid ratio is presented
in Figs. 12 and 13. Authors have stated that Andreassen method may be considered
as suitable technique to alter the rheological properties for developing various mixes
of geopolymers. However, among the considered formulation of geopolymer mixes



Application of Andreassen and Modified … 747

Fig. 11 Particle size distribution of three self-compacting mixes related to ideal curves Source
Brouwers and Radix [35]

Fig. 12 a compressive strength; b flexural strength; c apparent porosity; d apparent density for
geopolymers made with quartz aggregate Source Borges et al. [36]
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Fig. 13 a compressive strength; b flexural strength; c apparent porosity; d apparent density for
geopolymers made with glass aggregate Source Borges et al. [36]

by the researchers, the mix with s/s of 1.4, q of 0.235 and with quartz aggregate is
found to be the best mix in particularly for the fabrication of geopolymer floor tiles.

5 Conclusions

The approach of particle packing theory for obtaining an optimum mix ingredients
improvised behaviour of cement composites in addition maintained the adequacy of
strength. This review focused on the modified Andreassen model, and this packing
model is the best choice for designing the multi-blended mixes and special concrete
like high-performance, high-strength and self-compacting mixes. The user-friendly
software based on modified Andreassen model made ease in designing the cement
composite mixes for optimal packing density.

References

1. Singh PR, Shah ND, Majumdar PK (2018) Effect of density and porosity on the durability of
flyash blended concrete. Int Res J Eng Technol (IRJET) 5(2), e-ISSN: 2395-0056



Application of Andreassen and Modified … 749

2. Kumar SV, Santhanam M (2003) Particle packing theories and their application in concrete
mixture proportioning: a review. Indian Concr J

3. Fennis SAAM,Walgreen JC (2012) Using particle packing technology for sustainable concrete
mixture design. Heron

4. Kumar A, Kisku N (2016) Effect of silica fume and fly ash as partial replacement of cement
on strength of concrete. Int J Innov Res Sci Eng Technol 5

5. Bleeck TH (2011) Particle packing; an effective approach to optimized design of ultra high
strength and self compacting concretes. ADFA J Undergrad Eng Res 4(1)

6. Neville AM (1995) Properties of concrete (4th Edition ed.). Longman House
7. De Larrad (1999) Concrete mixture proportioning—a scientific approach. E & FN Spon,

London
8. Mangulkar MN, Jamkar (2013) Review of particle packing theories used for concrete mix

proportioning. SS Int J Sci Eng Res 4
9. FullerWB, Thompson SE (1907) The laws of proportioning concrete. Trans, ASCE 59:67–143
10. Suenson E (1911) Building materials III: stone, pottery, mortar, concrete, artificial stone, glass.

Danish
11. Furnas CC (1931) Grading agrregates I-mathematical reltions for beds of broken solids of

maximum density. US Bureau of Mines 23(9):1052–1058
12. Powers TC (1968) The properties of fresh concrete. John Wiley & Sons, Inc., New York
13. Rajamane NP, Ranjani IS, Rao BHN, Peter JA, Gopalakrishnan (2004) Use of theory of particle

packing for estimation of mean particle sizes of fly ash and silica fume relative to Portland
cement. Proc Sec Nat Conf Adv Concr Technol

14. Golterman, Johansen V, Palbol L (1997) Packing of aggregate: an alternative tool to determine
the optimal aggregate mix. ACI Mater J, 435–442

15. Mohammed MH, Pusch R, Al-Ansari N, Knutsson SE, Nilsson M, Pourbakhtiar A (2013)
Talc-based concrete for sealing borehole optimized by using particle packing theory. J Civil
Eng Arch 4(65):440–455

16. Andersen PJ, Johansen V (1991) Particle packing and concrete properties. Material Science of
Concrete: II, Skalny J andMindessS (Edited), TheAmericanCeramicSociety, Inc.,Westerville,
Ohio, 111–147

17. Stovall T, De Larrard F, BuilM (1986) Linear packing density model of grain mixtures. Powder
Technol 48:1–12

18. Dewar JD (1999) Computer modeling of concrete mixtures. E and FN Spon, London
19. De Larrard (1997) A new rheometer for soft-to-fluid fresh concrete. ACI Mater J 94(12):237
20. De Larrard F (1998) Why rheology matters? Concr Int 21(8):79
21. Fuller WB, Thompson SE (1907) The laws of proportioning concrete. Am Soc Civil Eng

33:223–298
22. Jones MR, Zheng L, MD (20002) Comparison of particle packing models for proportion-

ing concrete constituents for minimum voids ratio. Newlandater Struct /Mat6riaux et Constr
35:301–309

23. Shakhmenko G, Birsh J (1998) Concrete mix design and optimization. Sec Int Sym Civil Eng
Budapest, 1–8

24. Cai W (2011) Effect of particle packing on flow property and strength of concrete mortar.
Graduate thesis and dissertations, Lowa state university, 15271

25. Hunger M, Brouwers HJH (2009) Flow analysis of water powder mixtures: application to
specific surface area and shape factor. Cement Concr Compos 31:39–59

26. Kennedy T, Huber G, Harrigan E, Cominsky R, Hughes C, Quintus H, Moulthrop J (1994)
Superior performing ashphalt pavements (superpave): the product of SHRP asphalt research
program. National research council, SI-IRP-A-410

27. Hummel A (1959) Das beton-ABC- Ein Lehrbuch der technology des schwerbetons and des
leichtbeton. 11th edn, Wilhelm Ernst and Sohn, Berlin

28. Funk JE, Dinger DR, Funk JEJ (1980) Coal grinding and particle size distribution studies for
coal water slurries for high solid content. Final report, Empire state electric energy research
corporation, New York



750 K. Snehal and B. B. Das

29. Funk JE, Dinger DR (1994) Predictive process control of crowded particulate suspension–
applied to ceramic manufacturing. Kluwer academic publishers, Boston

30. www.silicafume.net, Elkem AS
31. Wang X (2014) Proportioning and performance evaluation of self-consolidating concrete.

Thesis, Iowa State University, Ames, Iowa
32. Fennis SAAM,Walraven JC (2012) Using particle packing technology for sustainable concrete

mixture design. Heron 57(2)
33. Gopinath S, Murthy RA, Ramya D, Iyer NR (2011) Optimised mix design for normal strength

and high performance concrete using particle packing method. Arch Civil Eng LVII, 4
34. Li PP, Yu QL, Brouwers HJH (2018) Effect of coarse basalt aggregates on the properties of

ultra-high-performance Concrete (UHPC). Constr Build Mater 170:649–659
35. Brouwers HJH, Radix HJ (2005) Self-compacting concrete: the role of the particle size. Radix

first international symposium on design, performance and use of self-consolidating concrete
SCC

36. Borges PHR, Fonseca LF, Nunes VA, Panzera TH, Martuscelli CC (2016) Andreasen Particle
packing method on the development of geopolymer concrete for civil engineering. J Mater Civ
Eng 26:692–697

http://www.silicafume.net


Characterization of Mechanical
and Microstructural Properties of FA
and GGBS-Based Geopolymer Mortar
Cured in Ambient Condition

K. M. Prasanna, Saif Tamboli, and B. B. Das

Abstract Fly ash-based geopolymer mortars require heat curing to achieve its prop-
erties, which limits its practical application at ambient conditions. The present study
was aimed to accomplish the need for application of fly ash-based geopolymers
for practical viability without any heat curing by inclusion of ground-granulated
blast furnace slag (GGBS). The results revealed that inclusion of GGBS as a partial
replacement to fly ash (FA) in geopolymer mortar, which is cured in ambient curing
condition, can be able to achieve required setting time and compressive strength.
Amalgamation of GGBS with class FA as binder in geopolymerization lend a hand
to attain compressive strength as well as setting time which is analogous to ordi-
nary Portland cement (OPC).Microstructural properties were studied using scanning
electron microscopy.

Keywords Geopolymer · Fly ash · GGBS · Curing

1 Introduction

Amongst the worldwide cement industry is leading creators of carbon dioxide (CO2),
generating of about 7% of global CO2 emissions and its production will be doubled
by the year 2020 which is resulting in the emissions CO2, obviously designates
the risk of global warming [1, 2]. Direct CO2 emission in India in the year 2017
was 588 kg CO2 per ton of cement and 5% decrease as likened to the baseline of
2010 which is well below the target of 40% reduction to be achieved by 2050 [3].
Second leading producers of cement over the globe next to China is India. Rapid
evolution in urbanization the increased the demand in construction sectors where,
cement production is anticipated to be more than 600 million tonnes per annum by
the end of the year 2025 [4]. Therefore, the need for cement alternatives in the near
future is an important matter to be considered.

Thermal power plants utilize coal for the production of electricity and produced fly
ash (FA) as a waste product. FA generation and utilization during the year 2017–18
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in India was 196.44 MT and 131.87 MT, respectively, and the percentage utilization
stood at 67.13% in the country, which is consumed in the cement, concrete, blocks
and tile production, in addition to that few were disposed in landfills and embank-
ments. However, the unutilized FA which is about 32.87% is the matter of concern
in environmental point of view. Only 69 out of a total 167 thermal power stations
reported a level of utilization of 100% or more as per the report [5]. Survey reports
that around the year of 2030, unutilized FA count may go up to 128 MT which
will necessitate extra land of 2,300 ha, intensifying the current glitches regarding
dumping of FA [6].

Blast furnace slag is produced from steel industry which is generated during the
extraction of iron from its ore. The chief portion of GGBS produced in India ismostly
used by cement industry, followed by landfills and railway ballast. Typically, GGBS
production varies from 300 to 540 kg per tonne for the ore feed containing 60–65%
iron. Waste utilization in major steel plants in India is around 100% and more for
blast furnace slag yet the concern for disposal remains as the production of iron and
steel is increasing upwards every year [7].

Geopolymers were initiated in the era of 1970s by Joseph Davidovits, which is an
inorganic polymeric binding material. Geopolymerisation is chemical process where
raw alumino-silicate oxides react with highly alkaline environment such as alkali sili-
cate solutions resulting in Si–O–Al bonds, which is an amorphous to semi-crystalline
three-dimensional (3D) structures [8]. The exothermic reaction of geopolymerization
occurs under atmospheric pressure at temperatures below 100 °C. Actual geopoly-
mer mechanism of setting and hardening is yet to be clarified. However, most of the
proposed geopolymerization mechanisms comprise of following stages that progress
simultaneously and hence, not possible to differentiate, (1) leaching of Si andAl from
the blend aluminosilicate and alkaline aqueous solution, (2) production of oligomers
(precursors of geopolymer) entailed of Si–O–Al polymer bonds, (3) polycondensa-
tion of oligomer to produce a 3D structure, (4) bonding and encapsulation of the
inert materials or ingredients into the geopolymeric 3D framework and (5) finally
hardening of the whole system into a polymeric solid 3D structure [9–11].

Lampropoulos and Majidi (2016) investigated on setting time of slag-blended
FA geopolymer mortar cured in ambient temperature used potassium hydroxide and
potassium silicate as alkaline activator showed a reduction in setting time as the
slag content amplified up to 50% with highest compressive strength of 49 MPa [12].
Another study by Saha and Rajasekaran (2017) on the mechanical and microstruc-
tural performances of FA-based geopolymer by incorporating GGBS for different
concentration of alkali activator and found the setting time decreased considerably
with just 10% GGBS replacement and maximum compressive strength for the 50%
GGBS replacement level at 16MNaOHsolution [13].Vidya et al. (2016) investigated
on blended FA slag geopolymer mortar using sodium hydroxide solution of 16 M
concentration and found the maximum compressive strength at 48 MPa at 28 days
for 25% GGBS content and a reduction in strength with further increase of GGBS
content [14]. Similarly, Nath (2014) investigated the slag-blended FA geopolymer
mortar for slag content up to 30% and a varying alkali binder ratio from 0.35 to 0.45
and a low initial setting time of 41 min is obtained at 30% slag content. Increase in
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alkali activator content improved the setting time. SEM/EDAX revealed a compact
microstructure with EDAX showing an increase in the calcium content with higher
GGBS replacement levels [15].

Law and Wordhono (2015) investigated and achieved the highest compressive
strength of 62.0 MPa at 28 days for the 50% FA replacement level with GGBS at
ambient curing condition [16]. Thakur and Ghosh (2010) investigated the effect of
curing temperature and time of curing on FA-based geopolymer mortars and found
the optimum curing temperature and time as 85 °C and 48 h, respectively [17].
Ghosh (2017) investigated the effect of increasing alkali content in the mix at 60 °C
curing temperature onmechanical properties like compressive strength, bulk density,
water absorption, and found that the highest compressive strength is 36 MPa with
an optimum alkali content of 8% as well as the SEM results indicated a compact
and dense microstructure [18]. Another study by Ismail et al. (2017) studied on the
influence of GGBS content and curing temperature on the microstructure using SEM
found that a dense microstructure was formed at higher curing temperature of 60 °C
as compared to ambient cured mix [19]. It has been reported that when pulverized
fuel ash (POFA)was usedwithGGBS, researchers had found the utmost compressive
strength of 92 MPa at 90 days ambient curing for 50% replacement level of POFA
by GGBS and the microstructure [20]. Ogawa (2018) investigated the blended FA
GGBS on heat-cured geopolymer paste and found a coexistence of C–S–H gel and
geopolymeric gel in the microstructure [21]. Whereas, it is reported by Rao and Rao
(2015) that setting time reduced with increasing GGBS in the mixes and highest
compressive strength of 79 MPa obtained for 16 M activator solution for outdoor
curing [22].

Several researches have been carried out on FA-based geopolymer pastes and
mortars with elevated curing while it is a known fact that this is not feasible for
in situ applications. This study involves investigation on the possibility of using FA-
based geopolymers with GGBS incorporation and varying alkali–binder ratios to
use the resulting mortar in ambient cured condition. The mechanical properties were
reported through compressive strength along with setting times of the geopolymer
mortars. Further, microstructural characteristics were investigated using scanning
electron microscopy (SEM) to analyse the influence of GGBS incorporation and the
variation in alkali–binder ratio on the geopolymer mortar mixtures.

2 Materials

2.1 Fly Ash

The FA used in the present study was classified as Class F. The specific gravity
and fineness of FA used was to found to be 2.22 and 320 m2/kg, respectively. FA
microscopic image is presented in Fig. 1.
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Fig. 1 Microscopic images of FA and GGBS

2.2 GGBS

GGBS is a fine dry powder produced fromgranular slag. The specific gravity andfine-
ness of GGBS used were found to be 2.80 and 350 m2/kg, respectively. Microscopic
image of GGBS is presented in Fig. 1.

2.3 Alkali Solutions

Commercially available sodiumsilicate solution (Na2SiO3—SS) and sodiumhydrox-
ide (NaOH—SH) were used. Laboratory-grade SH was in solid state (flakes/pellets
form) and its purity is 97%, which is dissolved in distilled water to prepare 10M
solution. Laboratory-grade SS is used in the preparation of alkaline solution along
with SH. The pure form of SS is of colourless or white in colour. Commercially
available SS in liquid form was used, which was supplied by a local manufacturer.
The alkali solution was prepared and kept for 24 h before using in the mix.

2.4 Fine Aggregate

Local available natural river sand, which is clean and dry, passing through IS 480
sievewas used as fine aggregate and it was confirming to zone I as per Indian standard
[19]. It has fineness modulus and specific gravity of 2.84 and 2.65, respectively.
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Table 1 Mix designations used in the study

FA:GGBS A/B

A series—0.5 B series—0.6 C series—0.7 D series—0.8

100:0 GM1 F100G0 S1 GM1 F100G0 S2 GM1 F100G0 S3 GM1 F100G0 S4

90:10 GM2 F90G10 S1 GM2 F90G10 S2 GM2 F90G10 S3 GM2 F90G10 S4

80:20 GM3 F80G20 S1 GM3 F80G20 S2 GM3 F80G20 S3 GM3 F80G20 S4

70:30 GM4 F70G30 S1 GM4 F70G30 S2 GM4 F70G30 S3 GM4 F70G30 S4

60:40 GM5 F60G40 S1 GM5 F60G40 S2 GM5 F60G40 S3 GM5 F60G40 S4

50:50 GM6 F50G50 S1 GM6 F50G50 S2 GM6 F50G50 S3 GM6 F50G50 S4

3 Methods

In this section, tests performed in the characterization of producedgeopolymermortar
along with the mix proportion by varying alkali–binder ratio have been presented.

3.1 Mixture Proportions

In this experimental study, binder to sand (B/S) ratio was 1:3, alkaline to binder
(A/B) ratios were taken 0.5, 0.6, 0.7 and 0.8 and variations FA and GGBS were
100%:0%, 90%:10%, 80%:20, 70%:30%, 60%:40% and 50%:50% (by weight). The
molar concentration of SH is fixed at 10 M and SS/SH ratio is taken constant has
2.5. The mix designations for the mixes in the present study is present in Table 1 and
the complete mixture proportions of various geopolymer mortar samples which are
investigated are presented in Table 2.

Mixes with A/B ratios varied in an order of 0.5, 0.6, 0.7 and 0.8 were represented
as S1, S2, S3 and S4, respectively. Based on the proportion of varying GGBS and
FA in the mixes were designated as 0, 10, 20, 30, 40 and 50, respectively, from 100:0
to 50:50 by weight of addition of GGBS.

3.2 Setting Time

Initial setting time (IST) and final setting time (FST) tests were carried out as per
standard procedure followed was according the Indian standard for setting time of
concrete (IS 8142:1976) [23].
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Table 2 Mix proportions used in the study

Mix designation Quantity (kg/m3)

Sand FA GGBS Alkaline activator SS SH

GM1 F100G0 S1 1105 730 0 365 261 104

GM2 F90G10 S1 1105 657 73 365 261 104

GM3 F80G20 S1 1105 584 146 365 261 104

GM4 F70G30 S1 1105 511 219 365 261 104

GM5 F60G40 S1 1105 438 292 365 261 104

GM6 F50G50 S1 1105 365 365 365 261 104

GM1 F100G0 S2 1032 730 0 438 313 125

GM2 F90G10 S2 1032 657 73 438 313 125

GM3 F80G20 S2 1032 584 146 438 313 125

GM4 F70G30 S2 1032 511 219 438 313 125

GM5 F60G40 S2 1032 438 292 438 313 125

GM6 F50G50 S2 1032 365 365 438 313 125

GM1 F100G0 S3 959 730 0 511 365 146

GM2 F90G10 S3 959 657 73 511 365 146

GM3 F80G20 S3 959 584 146 511 365 146

GM4 F70G30 S3 959 511 219 511 365 146

GM5 F60G40 S3 959 438 292 511 365 146

GM6 F50G50 S3 959 365 365 511 365 146

GM1 F100G0 S4 886 730 0 584 417 167

GM2 F90G10 S4 886 657 73 584 417 167

GM3 F80G20 S4 886 584 146 584 417 167

GM4 F70G30 S4 886 511 219 584 417 167

GM5 F60G40 S4 886 438 292 584 417 167

GM6 F50G50 S4 886 365 365 584 417 167

3.3 Compressive Strength

Compressive Strength of geopolymer mortar was carried out using standard cubes
were cast. After demoulding, cube samples were kept at room temperature for
required curing ages and these specimens were tested after 3, 7 and 28 days of
curing. Compressive strength test was carried as per Indian standard code IS-4031
(part 6), 1988 [24].
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3.4 SEM Studies

SEManalysiswas carried out on 28 days samples of alkali–binder ratio of 0.6 and two
samples of ratio 0.8. Samples were vacuumed prior to the test and testing is done for a
magnification of 500×, 1000× and 2000×. SEM was performed on broken samples
from compressive strength at 28 days of alkali–binder ratio 0.6 cured at an ambient
temperature for all GGBS percentages to investigate the general microstructural
features. EDAX was performed to understand the nature of reaction products.

4 Results and Discussion

4.1 Setting Time

From this experimental investigation, it can be noted that IST and FST of geopolymer
mortar have reduced considerably with the increase in GGBS content in the mixes.
It is observed from Figs. 2 and 3, that the setting time of mix GM1 F100G0 S4 is
maximum of 316 min and 668 min for IST and FST, respectively, were obtained for
the alkali–binder ratio 0.8. The IST and FST are minimum for the mix GM6 F50G50
S1 with 22 min and 51 min, respectively, was observed for alkali–binder ratio from
0.5.

It is noted that from figures that IST and FST are increasing with the increase of
A/B ratio from0.5 to 0.8, respectively.With only 10%GGBS incorporation, the initial

Fig. 2 Initial setting time variation with respect to A/B ratio for different slag percentages
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Fig. 3 Final setting time variation with respect to A/B ratio for different slag percentages

setting time was reduced by 40% as compared to FAmixes. Figures 2 and 3 show the
variation of IST and FST with alkali–binder ratio for different slag percentages from
0 to 50%. There is a large variation in setting time values of 0% GGBS mixes for
all alkali–binder ratios, whereas the setting times of mixes containing GGBS have a
relatively linear trend, thus suggesting the possibility of GGBS adding to the stability
of the mixes. The setting time values for 30, 40 and 50% GGBS mixes do not vary
much for all alkali–binder ratios.

Geopolymer mortar is depending on the development of sodium aluminosilicate
hydrate gel (N–A–S–H). However, GGBS is with high-calcium (CaO) content pro-
duces geopolymer mortar mixes containing C–S–H gel along with N–A–S–H gel at
early duration. Consequently, geopolymer mortar produced with GGBS shows an
appreciably lesser time for IST and FST.

4.2 Compressive Strength

The compressive strengths were increased with age irrespective of the mix. Highest
compressive strength for 3, 7 and 28 days was found for the alkali–binder ratio
0.6. The lowest strengths were reported for alkali–binder ratio 0.8. The compressive
strength showed an increasing trend with the increase of GGBS content in the mixes
up to 50%. Highest compressive obtained in this study were 34.3 MPa, 41.8 MPa
and 56.2 MPa at 3, 7 and 28 days, respectively, for the mixes with alkali–binder ratio
0.6 and 50% GGBS.
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Fig. 4 3 days strength variation for varying A/B ratio

Fig. 5 7 days strength variation for varying A/B ratio
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Fig. 6 28 days strength variation for varying A/B ratio

Figures 4, 5 and 6 show the variation of compressive strength with different
alkali–binder ratio and different GGBS percentages from 0 to 50%. The 50% mixes
in general showed an increase in compressive strengths of 94, 77, 62 and 69% over
the mixes containing no GGBS at 28 days. Similarly, the 3-day strength increase was
more than 7- and 28-day strength for all mixes of all alkali–binder ratios.

4.3 SEM Studies

The SEM analysis from Figs. 7 and 8 revealed the formation of amorphous phases in
the geopolymer mortars. The mix with 0% GGBS content showed more unreacted
spherical FA particles than the rest of the mixtures. Few unreacted FA particles were
seen in all the mixes. The sample with 10% GGBS showed the gradual development
of the geopolymer gel, which covers the crust of the FA particle thereby proving
the fact that the geopolymer reaction occurs at the surface of the FA particle. A
large number of pores can also be seen in the SEM image of the sample with minor
crack widths in the 20% GGBS sample the FA particles seem to be covered with the
reaction products and fewer unreacted FA particles are seen as compared with the
10% GGBS sample. The cracks are fewer because of a denser structure of the 20%
GGBS sample but the pores are still great in number although with a reduced size.
The 30% GGBS sample has lesser pores and a compact structure but the crack width
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1 4

3 6 

2 5

Fig. 7 SEM images of B series mixes (1) GM1 F100G0, (2) GM2 F90G10, (3) GM3 F80G20, (4)
GM4 F70G30, (5) GM5 F60G40, (6) GM6 F50G50

1 2

Fig. 8 SEM images of D series mixes (1) GM4 F70G30, (2) GM6 F50G50
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has increased considerably over the sample with 20% GGBS samples. In the 40%
sample, the cracks have lessened and the structure looks homogenous albeit with a
high amount of unreacted GGBS particles. A compact glass-like structure can be
seen for the 50% GGBS sample with a few unreacted FA and GGBS particles for
which the number of cracks are observed. GM4 F70G30 S4 and GM6 F50G50 S4
showed similar features like B series mixes. For varying alkali–binder ratio, GM6
F50G50 S4 showed more cracks, porous structure and unreacted FA particles too are
more as compared with GM6 F50G50 S2.

It was reported that there may be three possible mechanisms for enhanced produc-
tion of C-A-S-H gel when GGBS was incorporated in the mix. The first mechanism
inferred that the presence of surface calcium in GGBS will aid to the increased pro-
duction of C-A-S-H gel which in turn increases the compressive strength [25, 26].
The calcium presence may cause water deficiency which will increase the alkalin-
ity of mixes through that higher dissolution of existing aluminosilicate [27]. The
second mechanism indicates that there is a domination of GGBS in production of
C-A-S-H gel in alkali activation process through higher degree of cross-linking and
polymerization [28]. The third mechanism inferred that N–A–S–H gel is a secondary
product, which reduces the pore volume and enhances the compactness of the gel
which increases the compressive strength [29, 30].

The energy spectrums of the mortar samples at different GGBS percentages in
the mix for the A/B ratio of 0.6 and the major elements traced in the samples were
oxygen, silicon, aluminium, calcium, magnesium, iron and sodium appeared in the
sample and same is presented in Figs. 9 and 10. It is observed that as the GGBS
content increased in the mixes, the intensity of calcium counts also increased and
formed a gel more likely as C–A–S–H gel.

It is found fromTable 3 that the elemental composition of the two randomly points
in mixes GM1 F100G0 S2 to GM6 F50G50 S2 together with the Ca/Si, Si/Al and
Al/Ca ratios. In the GM1 F100G0 S2 mix at both the points, silicon and aluminium
are dominant elements; thus, from the Si/Al ratio, it is suggested that the phase
present in both the points could be some form of aluminosilicate hydrate (A–S–H).
Similar trend is shown by the GM2 F90G10 S2 mix; however, in the GM3 F80G20
S2 mix at point 1, the phase present could be A–S–H and that at point 2 could be
calcium silicate hydrate (C–S–H) [31]. Although the points were in the same mix
GM3 F80G20 S2, the phases present at the points were clearly different in terms of
their elemental composition. GM4 F70G30 S2, GM5 F60G40 S2 and GM6 F50G50
S2 showed calcium silicate hydrate phase as a major binding gel.

From Table 4, for D series mixes, the trend is similar to as shown by B series
mixes. On comparing the two sets of data, for the same GGBS content of 30% and
50%, the Al/Ca ratio for D30 and D50 is greater than B30 and B50, respectively.

From Figs. 11 and 12, it can be noticed that average Ca/Si and Si/Al ratios
increased when higher amount of FAwas replaced with GGBSwhich showed a posi-
tive correlationwith the compressive strength of theB seriesmixes for all percentages
of GGBS.
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1

2

3

Fig. 9 EDAX spectrums for (1) GM1 F100G0, (2) GM2 F90G10, (3) GM3 F80G20, (4) GM4
F70G30, (5) GM5 F60G40, (6) GM6 F50G50

5 Conclusions

Based on the experimental test results from this study and the following observations
can be drawn
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4

5 

6 

Fig. 9 (continued)

• Increase of GGBS content in the FA-based geopolymer mortar reduces the setting
time and it is observed that more than 10%GGBS replacement in the mix reduces
the setting time significantly.

• The increase of GGBS content as partial replacement to FA increased the com-
pressive strength irrespective of the alkali–binder ratio at all ages. It is observed
that up to 96% increase in compressive strength was attained when 50% FA was
replaced by GGBS compared to mix with only FA for alkali–binder ratio 0.5.
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1

2

Fig. 10 EDAX spectrums for D series (1) GM4 F70G30 and (2) GM6 F50G50

Table 3 Elemental composition (wt%) in B series mixes

Elemental compositions (wt%)

B
Mixes

Point Sodium
(Na)

Aluminium
(Al)

Silicon
(Si)

Calcium
(Ca)

Si/Al Ca/Si Al/Ca

0%
GGBS

1 7.3 9.18 18.83 6.4 1.83 0.38 1.43

2 6.94 13.74 21.08 8.19 1.53 0.38 1.68

10%
GGBS

1 7.76 11.84 21.08 7.18 1.78 0.33 1.65

2 8.28 9.66 17.66 5.77 1.82 0.34 1.67

20%
GGBS

1 7.95 11.06 20.92 11.9 1.89 0.47 0.93

2 7.59 9.71 18.44 8.81 1.87 0.56 1.10

30%
GGBS

1 6.4 10.34 18.64 11.33 1.8 0.6 0.91

2 7.52 9.81 21.35 12.15 2.17 0.59 0.81

40%
GGBS

1 7.97 9.88 21.7 14.59 2.19 0.67 0.68

2 7.27 9.44 22.37 13.11 2.36 0.58 0.72

50%
GGBS

1 9.54 8.09 18.32 12.85 2.26 0.7 0.63

2 7.53 7.38 17.18 16.89 2.32 0.98 0.44
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Table 4 Elemental composition (wt%) in D series mixes

Elemental compositions (wt%)

D
Mixes

Point Sodium
(Na)

Aluminium
(Al)

Silicon
(Si)

Calcium
(Ca)

Si/Al Ca/Si Al/Ca

30%
GGBS

1 8.95 8.98 17.32 9.07 1.92 0.52 0.99

2 9.02 7.39 16.21 8.22 2.19 0.5 0.89

50%
GGBS

1 8.36 8.56 16.96 11.68 1.98 0.68 0.73

2 7.86 7.17 18.41 13.23 2.56 0.71 0.54

Fig. 11 Correlation between strength and Si/Al ratio

Fig. 12 Correlation between strength and Ca/Si ratio

• Adding up to 50% GGBS content of the total binder achieved strength of mortar
up to 56.2 MPa at 28 days of curing. Compressive strength decreased with the
increase of alkaline liquid content from 0.6 to 0.8.

• The SEM and EDAX results revealed that FA and GGBS-based geopolymer
mortar contains high amount of Ca in turn helps in significant improvement of
crosslinking of C–S–H/N–A–S–H chains which gave rise to a denser and compact
amorphous gel structures which leads to high degree of polymerization.
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Fast Setting Steel Fibre Geopolymer
Mortar Cured Under Ambient
Temperature

K. M. Prasanna, Irambona Theodose, K. N. Shivaprasad, and B. B. Das

Abstract Cement and cementitious materials are being used worldwide as the most
popular multipurpose construction materials but the greenhouse gas such as carbon
dioxide (CO2) produced during its manufacturing process creating a huge environ-
mental hazard, thus efforts have been made for alternative binders. Geopolymer
binder is new age binder alternative to ordinary Portland cement in infrastructure
projects because it is produced from eco-friendly and industrial waste materials.
This study was aimed to produce fast setting with ground-granulated blast-furnace
slag (GGBS) in fly ash-based geopolymer mortar incorporated with steel fibres cured
under ambient temperature. In this research, alkaline to binder ratio was varied from
0.5 to 0.8, crimped steel fibre are varied from0.5 to 1.5%by total volumeof binder and
combination of fly ash (FA) and GGBS (100%:0%, 90%:10%, 80%:20%, 70%:30%,
60%:40% and 50%:50%) as binder were used for preparation of fibre geopolymer
mortar. The tests conducted include stetting time and flowability of geopolymer mor-
tar, compressive strength and microstructural characterisation of steel fibre geopoly-
mer mortar. The tests for compressive strength were carried out on standard size of
mortar samples at curing period of 3, 7 and 28 days. It is noted from the test results
that increase in GGBS content setting times were decreased; however, the compres-
sive strength of fly ash-based geopolymer mortar increased. The highest compressive
strength at 28 days of curing period was found to be 69.5 MPa, which is obtained
with content of 1% of steel fibres and alkaline to binder ratio of 0.6 with 50%:50%
binder’s proportions. Further, it is observed that the incorporation of steel fibres
in plain geopolymer mortar have enhanced the compressive strength and optimum
dosage of fibres was found to be 1%.
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1 Introduction

Nowadays, geopolymeric binders, which are environment-friendly materials, are
being used as an alternative binder to ordinary Portland cement (OPC) [1]. It is
inorganic material produced by polymerisation of aluminosilicate precursors with
alkaline activator solutions [1–3]. The amorphous aluminosilicate materials are com-
monly used as raw material, to activate the raw materials strong alkali chemicals are
needed such as alkali hydroxide and alkali silicate. This is most eco-friendly tech-
nology which is an alternative to cementitious materials was found to be geopolymer
technology because it could reduce 80% of the CO2 emissions. Many properties
are there to make the geopolymer binder more advantageous than ordinary Port-
land cement, some of them are: less hydration heat, earlier gaining strength and
higher compressive strength, higher chemical resistance, good resistance to acid,
good sulphate attack resistance, etc. [4–6].

Researchers reported that higher replacement of the GGBS, with the FA in the
production geopolymer binder, accelerates the hydration reaction and led to a faster
setting time of the mixture [6–8]. Further, the addition of fibres to cementitious
system is to improve the mechanical properties, mainly those that motivate or influ-
ence fatigue and tensile stresses. The incorporation of steel fibres in the system
considerably improves its properties.

Many researchers reported that effect of different types of fibre on fibre fly ash-
based reinforced cementitious systems or geopolymer composites, shown that all
types of fibres improved the mechanical properties such as flexural strength, improve
the energy absorption and tensile strength, etc., [9–17]. To improve the performance
of fibre-based geopolymer composites,main variables that governing are type of fibre
and fibre content in the system [9–11, 14]. The workability of fresh geopolymer
composite reduced significantly by incorporating fibres, because of higher shear
resistance to flow [13]. Hardened properties of the geopolymer composites have
improved with increase in percentage of fibre content [7, 14].

In the present study, effect of crimped steel fibres on flowability and setting time
of geopolymer mortar incorporating GGBS are measured. Further, the compres-
sive strength behaviour and the microstructural properties of crimped steel fibre
geopolymer mortar cured were investigated.

2 Materials

2.1 Fly Ash

The FAwere analysed for physical properties and test results are presented in Table 1.
Based on the chemical composition of FA, it is classified as class F type as per Indian
Standards [18].
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Table 1 Physical properties
of FA and GGBS

Properties Type of materials

FA GGBS

Specific gravity 2.27 2.85

Fineness (m2/kg) 315 337

2.2 Ground-Granulated Blast Slag

The GGBS used in this work is obtained from Jindal Steel. The physical properties
of the GGBS were analysed and it is presented in Table 1.

2.3 Alkaline Liquid

In the present study, sodium hydroxide flakes (NaOH) and sodium silicate (Na2SiO3)
solution were selected as alkaline activator for geopolymerisation. The laboratory
grade NaOH is used, was in solid state (flakes/pellets form) and its purity is 97%
which is dissolved in distilled water to prepare 10M solution. Laboratory-grade
Na2SiO3 is used in preparation of alkaline solution along with NaOH. The pure form
of sodium silicate solution is of colourless or white in colour. Commercially available
Na2SiO3 in liquid form was used which is supplied by local manufacturer.

2.4 Fine Aggregate

Local available natural river sand, which is clean and dry, passing through IS 480
sieve was used as fine aggregate and it is confirming to zone I as per Indian standards
[19]. It has fineness modulus of 2.844 and specific gravity 2.65.

2.5 Steel Fibre

Crimped steel fibres of 12.5 mm length, diameter of 0.45 mm and aspect ratio (l/d)
of 27.77 were used in this study.
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3 Preparation of Mortar

3.1 Mixture Proportions of Test Samples

In this experimental study, binder to sand (B/S) ratio was 1:3; alkaline to binder
(Alk/B) ratios were taken 0.4, 0.5, 0.6, 0.7 and 0.8; variation FA and GGBS were
100%:0%, 90%:10%, 80%:20, 70%:30%, 60%:40% and 50%:50% (by weight); and
crimped steel fibres content were 0.5%, 1.0% and 1.5% (by weight of binder).
The molar concentration of sodium hydroxide (NaOH) is fixed at 10M and
Na2SiO3/NaOH ratio is taken constant has 2.5. The complete mixture proportions of
various geopolymer mortar samples investigated are presented in Table 2.

Table 2 Mix designation for steel fibre geopolymer mortar

Alk/B Series B/S B (%)
[FA:GGBS]

Fibre content (%)

0.5 1 1.5

0.5 GM1F100G0 1:3 100:0 GM1F100G0S1 GM1F100G0S2 GM1F100G0S3

GM2F90G10 1:3 90:10 GM2F90G10S1 GM2F90G10S2 GM2F90G10S3

GM3F80G20 1:3 80:20 GM3F80G20S1 GM3F80G20S2 GM3F80G20S3

GM4F70G30 1:3 70:30 GM4F70G30S1 GM4F70G30S2 GM4F70G30S3

GM5F60G40 1:3 60:40 GM5F60G40S1 GM5F60G40S2 GM5F60G40S3

GM6F50G50 1:3 50:50 GM6F50G50 S1 GM6F50G50S2 GM6F50G50S3

0.6 GM7F100G0 1:3 100:0 GM7F100G0S1 GM7F100G0S2 GM7F100G0S3

GM8F90G10 1:3 90:10 GM8F90G10S1 GM8F90G10S2 GM8F90G10S3

GM9F80G20 1:3 80:20 GM9F80G20S1 GM9F80G20S2 GM9F80G20S3

GM10F70G30 1:3 70:30 GM10F70G30S1 GM10F70G30S2 GM10F70G30S3

GM11F60G40 1:3 60:40 GM11F60G40S1 GM11F60G40S2 GM11F60G40S3

GM12F50G50 1:3 50:50 GM12F50G50S1 GM12F50G50S2 GM12F50G50S3

0.7 GM13F100G0 1:3 100:0 GM13F100G0S1 GM13F100G0S2 GM13F100G0S3

GM14F90G10 1:3 90:10 GM14F90G10S1 GM14F90G10S2 GM14F90G10S3

GM15F80G20 1:3 80:20 GM15F80G20S1 GM15F80G20S2 GM15F80G20S3

GM16F70G30 1:3 70:30 GM16F70G30S1 GM16F70G30S2 GM16F70G30S3

GM17F60G40 1:3 60:40 GM17F60G40S1 GM17F60G40S2 GM17F60G40S3

GM18F50G50 1:3 50:50 GM18F50G50S1 GM18F50G50S2 GM18F50G50S3

0.8 GM19F100G0 1:3 100:0 GM19F100G0S1 GM19F100G0S2 GM19F100G0S3

GM20F90G10 1:3 90:10 GM20F90G10S1 GM20F90G10S2 GM20F90G10S3

GM21F80G20 1:3 80:20 GM21F80G20S1 GM21F80G20S2 GM21F80G20S3

GM22F70G30 1:3 70:30 GM22F70G30S1 GM22F70G30S2 GM22F70G30S3

GM23F60G40 1:3 60:40 GM23F60G40S1 GM23F60G40S2 GM23F60G40S3

GM24F50G50 1:3 50:50 GM24F50G50S1 GM24F50G50S2 GM24F50G50S3



Fast Setting Steel Fiber Geopolymer Mortar Cured … 773

Fig. 1 Sample preparation

3.2 Specimen Preparation and Testing

Geopolymer mortar was prepared by mixing FA and GGBS as binder and sand for
3–4 min manually till the homogeneous dry mixes obtained. The homogeneous dry
mixes and alkaline solution of required quantity were mixed properly with hand for
around 3 min to ensure homogeneity. Twenty-four series of geopolymer mortar were
preparedbyvarying the steel fibres percentage (0.5–1.5%) aswell as different alkaline
to binder ratio (0.5–0.8) for mini flow table test. The proportion of FA and GGBS
as binder was considered constant as 50%:50%. On the other hand, geopolymer
mortar were prepared for setting time of mortar by varying the percentage of GGBS
(from 0 to 50% of binder) as well as alkaline to binder ratio (0.5–0.8). Setting time
was measured on the geopolymer mortar as per the procedures as indicated by IS:
8142-1976 [20].

Steel fibre geopolymer mortar specimens are prepared for compressive strength
test with dimensions of 70.6 × 70.6 × 70.6-mm moulds. After 24 h, these moulds
are removed and the specimens are stored in ambient conditions as shown by Fig. 1.
Seventy-two sets of geopolymer mortar were prepared by varying the steel fibres
content as well as alkaline to binder ratio. Three mortar cubes are tested in each
set and average compressive strength are assessed at 3, 7 and 28 days [21]. Further,
samples are calculated for scanning electron microscope (SEM) analysis is carried
out on the broken pieces of the original sample after the end of compressive tests.

4 Results

4.1 Setting Time

Fly ash-based geopolymer mortar are measured for initial (IST) and final setting time
(FST) are evaluated using concrete penetrometer with different alkaline to binder
ratio and varying of GGBS content. The experimental test results obtained are pre-
sented in Table 3. The results from the table show that setting time largely depend on
alkaline solution. As the quantity of alkaline increases, the setting time also increases
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Table 3 Setting time test results of geopolymer mortar for Alk/B of 0.5–0.8

Binder composition IST (min) FST (min)

Alk/B ratio Alk/B ratio

0.5 0.6 0.7 0.8 0.5 0.6 0.7 0.8

F100G0 94 152 201 316 172 361 429 668

F90G10 62 84 115 191 116 138 198 280

F80G20 47 63 90 119 89 101 125 196

F70G30 33 40 54 80 69 84 115 162

F60G40 26 32 49 71 64 71 95 147

F50G50 22 27 40 68 51 57 72 105

and also as the percentage of GGBS reduced both the IST and FST due to higher
content of CaO, which accelerates the hydration reaction in the mixture [7].

IST and FST with respect to alkaline to binder ratio are presented in Figs. 2 and 3.
From Fig. 2, it is observed that the comparison of IST of all alkaline to binder ratios
with respect to the increase in GGBS content. Based on the variation of alkaline to
binder ratio from 0.5 to 0.8, the results show that the reduction in initial setting time
is about 142–236%. GGBS replacement in the mixture with FA significantly reduces
the IST. The results show that the when GGBS varies from 0 to 50% by weight of
binder the initial setting time decreased about 76–82% depending on variation of
alkaline to binder ratio.

Fig. 2 Comparison of initial setting time for all Alk/B with respect to variation of binder
compositions
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Fig. 3 Comparisonoffinal setting time for allAlk/Bwith respect to variation of binder compositions

Further from Fig. 3, it is to be noted that the comparison of FST of all alkaline
to binder ratios with respect to the increase in GGBS content shows that additions
of GGBS in the mixture significantly reduces the FST. The results show that the,
when slag varies from 0 to 50% by weight of binder, the FST decreases about 70–
84% depending on the variation of alkaline to binder ratio. Based on the variation
of alkaline to binder ratio, the figure shows an increase of about 106–288% in FST
when alkaline to binder ratio varies from 0.5 to 0.8 with variation of GGBS content.

4.2 Mini Flow Table Test Results

Flowability test has been performed to evaluate the impact of incorporating steel
fibres in plain geopolymer mortar on the flowing capacity. The average of four diam-
eters measured for flow test for different trial runs are presented in Table 4. Variation
of all average flow diameters are presented in Fig. 4. From figure, it is observed that
the increase in fibre content decreases the flow diameter in all alkaline to binder
ratios. Incorporation of crimped steel fibres in plain geopolymer mortar decreases its
flow diameter between 23.56 and 30.82% for alk/b ratio of 0.5, between 24.77 and
33% for alk/b ratio of 0.6, between 24.7 and 32.82% for alk/b ratio of 0.7 depending
on the fibre percentage used for each mix. Further, the flow percentage of all alkaline
to binder ratios with different variations of steel percentage are presented in Fig. 5.
From figure, it is noted that the percentage of flow is increased with an increase in
alk/b ratio. It is also clearly seen that incorporation and increase in steel fibres has a
greater impact on flowing ability of geopolymer mortar in all mixes.
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Table 4 Mini flow table test
results

Alk/B ratio Steel (%) Average diameter (cm) Flow (%)

0.5 0 15.83 58.3

0.5 13.10 31.0

1 12.55 25.5

1.5 12.10 21.0

0.6 0 19.21 92.1

0.5 15.65 59.5

1 14.90 49.0

1.5 14.45 44.5

0.7 0 23.90 139.0

0.5 18.83 88.3

1 18.23 82.3

1.5 18.00 80.0

0.8 0 25.00 155.0

0.5 21.25 112.5

1 20.58 105.8

1.5 20.28 102.8

Fig. 4 Average flow diameter with respect to variation of fibres content
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Fig. 5 Flow in percentage with respect to variation of fibres content

4.3 Test Results on Compressive Strength

Compressive strength was done based on IS 4031-1988 by applying a compressive
loading on specimens by using a compressive testing machine.

4.3.1 Effect of Binder Proportions and Alkaline to Binder Ratio

Experimental test results of compressive strength on different alk/b ratio and different
binder proportions are presented in Table 5. From table, it is observed that increasing
GGBS content from 0 to 50%, the strength of geopolymer composite has improved
in all mixtures; this is due to the presence in calcium content (CaO) in the mixtures
which improved the compressive strength of specimens.

Further, it is observed that alkaline to binder ratio of 0.6 showed greater com-
pressive strength values than others (0.5, 0.7 and 0.8) for all variations of steel fibre
content and also noted that compressive strength increased up to 0.6, beyond alk/b
ratio of 0.6, the compressive strength values decreased (Fig. 6).

4.3.2 Effect of Crimped Steel Fibres

The variation of compressive strength of geopolymer composites with different per-
centages of fibre content along with different alkaline to binder ratio are presented in
Figs. 7, 8, 9 and 10. It can be observed from figures that the increase in percentage of
crimped steel fibres up to 1% has increased compressive strengths beyond 1% fibre
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Fig. 6 Variation of compressive strength at 28 days based on binder proportions and alkaline to
binder ratio

content and the compressive strength values decreased. This increase in compressive
strength up to 1% is due to the action of fibres to the increase in their bond with mor-
tar, thus increases the compressive strength beyond 1%. The workability is reduced
due to the higher percentage of fibre content and compaction of geopolymer mortar
is severely affected, hence compressive strength decreased. Further, the addition and
increase in steel fibres in plain geopolymer mortar increased its compressive strength
values. The compressive strengths for 3, 7 and 28 days of 1% volume of fibres were
found to be greater than those of 0.5 and 1.5% for all variations of alkaline to binder
ratio and all variations of binder proportions (FA & GGBS).

The increase in compressive strength of geopolymer composite is in the range of
5.1–22.6MPa depending on the steel fibre content, binder compositions and alkaline
to binder ratio. The highest values for 28-day compressive strength were 56.0, 69.5,
63.0 and 62.0 MPa for alk/b ratios of 0.5, 0.6, 0.7 and 0.8, respectively, obtained at
1% of steel fibres content with 50 × 50 binder compositions.

Figure 7 presents the variation of compressive strength for alk/b ratio of 0.5 for
the period of 3, 7 and 28 days. The figures show that addition and incorporation
of fibres in plain geopolymer mortar for alkaline to binder ratio of 0.5 increased
the compressive strength about 13.17–75%. The compressive strength increased by
19.33–75% more than that of plain mortar for 3-day curing, 13.17–69.44% more
than that of plain mortar for 7-day curing and 15.38–74.44% more than that of plain
mortar for 28-day curing depending on GGBS content and percentage of fibres.

Figure 8 presents the variation of compressive strength for alk/b ratio of 0.6 for the
period of 3, 7 and 28 days. The figures show that addition and incorporation of fibres
in plain geopolymer mortar for alk/b ratio of 0.6 increase the compressive strength
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(i) (ii) 

(iii) 

Fig. 7 Compression strength of geopolymer mortar with Alk/B = 0.5 at (i) 3 days, (ii) 7 days and
(iii) 28 days

about 15.30–73.75%. The compressive strength increased by 19.82–73.75% more
than that of plain mortar for 3-day curing, 19.44–55%more than that of plain mortar
for 7-day curing and 15.3–42.25% more than that of plain mortar for 28-day curing
depending on GGBS content and percentage of fibres.

Figure 9 presents the variation of compressive strength for alk/b ratio of 0.7 for
the period of 3, 7 and 28 days. The figures show that addition and incorporation
of fibres in plain geopolymer mortar for alkaline to binder ratio of 0.7 increase the
compressive strength about 17.58–75.75%. The compressive strength increased by
25–75.75% more than that of plain mortar for 3-day curing, 17.58–71.87% more
than that of plain mortar for 7-day curing and 18.18–48.14% more than that of plain
mortar for 28-day curing depending on GGBS content and percentage of fibres.

Figure 10 presents the variation of compressive strength for alk/b ratio of 0.8 for
the period of 3, 7 and 28 days respectively. The figures show that additional and
incorporation of fibres in plain geopolymer mortar for alk/b ratio of 0.8 increased
the compressive strength about 18.42–88.46%. The compressive strength increased
between 31 and 88.46% more than that of plain mortar for 3 days curing, between
52 and 83.33% more than that of plain mortar for 7 days curing and between 18.42
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(i) (ii)

(iii)

Fig. 8 Compression strength of geopolymer mortar with Alk/B = 0.6 at (i) 3 days, (ii) 7 days and
(iii) 28 days

and 67.27% more than that of plain mortar for 28 days curing depending on GGBS
content and percentage of fibres.

4.4 Scanning Electron Microscope (SEM)

SEM images of geopolymer composites were analysed in order to assess the effect
of steel fibre in geopolymer mortar for microstructural characteristics. SEM images
of selected samples of geopolymer mortar reinforced by steel fibres are presented
Fig. 11. It can be observed from figure that the steel fibre surface is affected con-
siderably by the geopolymer interfacial properties. Increase in GGBS content leads
to enhanced interfacial properties as shown in Fig. 11b, c. These properties have a
direct effect on the compressive strength of geopolymer composites. The smooth
steel fibre surface is seen on gopolymer sample containing 0% GGBS (Fig. 11a), but
for high GGBS content (50%) samples (Fig. 11e), the steel fibre surface is covered
with geopolymer matrix.



Fast Setting Steel Fiber Geopolymer Mortar Cured … 783

(i) (ii)

(iii)

Fig. 9 Compression strength of geopolymer mortar with Alk/B = 0.7 at (i) 3 days, (ii) 7 days and
(iii) 28 days

Figure 11d, e also present the SEM images of gopolymer samples containing 40
and 50% GGBS. It can be observed from the figure that a relative steel fibre surface
is attached with geopolymer hydration products. This observation is attributed to the
relatively good bond between the geopolymer matrix and the fibres [10]. This good
bond between the geopolymer matrix and the surface of fibres is responsible for high
compressive strength values as discussed in previous section.

5 Conclusion

Effect of steel fibres on flow capacity and compressive strength has been investigated.
Themicrostructure of steel fibre geopolymermortar specimenswas determined using
SEM. Based on experimental results obtained from the study, the conclusion can be
summarised as follows.

• In all mixes, setting time of geopolymer mortar (both IST and FST) is decreased
with incorporation and the increase in GGBS percentage. So to produce the fast
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(i) (ii)

(iii)

Fig. 10 Compression strength of geopolymer mortar with Alk/B= 0.8 at (i) 3 days, (ii) 7 days and
(iii) 28 days

setting geopolymer mortar, partial replacement of FA by GGBS can be a possible
solution.

• With the addition and increase in percentage of crimped steel fibres in plain
geopolymer, mortar diminishes the flow diameter and flow capacity of mortar
mixes in all alkaline to binder ratio. Decrease in flow diameter is between 23.56
and 32.94%.

• Alkaline to binder ratio of 0.6 shows the highest compressive strength values in
all variation of steel fibre content and curing period.

• Incorporation and increase in fibre volume increases the compressive strength
values of plain geopolymer mortar in the range of 5.1–22.6 MPa depending on
the steel fibre content, binder compositions and alkaline to binder ratio.

• The compressive strength of geopolymer composites increaseswith the increase in
GGBS content in the mixes; so to deliver geopolymer mortar with high compres-
sive strength and also fast in setting under ambient curing condition, replacement
of FA with GGBS can be a good possible solution.
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(a) 0% GGBS (F100G0)

(b) 20% GGBS (F80G20) 

(c) 30% GGBS (F70G30) 

Fig. 11 SEM images a 0% GGBS (F100G0), b 20% GGBS (F80G20), c 30% GGBS (F70G30),
d 40% GGBS (F60G40) and e 50% GGBS (F50G50)
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(d) 40% GGBS (F60G40) 

(e) 50% GGBS (F50G50) 

Fig. 11 (continued)

• Optimum fibre content showing the maximum strength value in all mixes is 1%.
The highest compressive strength values using 1%fibre content, alkaline to binder
ratio of 0.6 and 50 × 50 binder compositions is 69.5 MPa at 28-day curing.

• The SEM results indicate that the presence of rough surface of steel fibres and
geopolymer hydration products on the surface of steel fibres in the specimens is
an evidence of a relatively good bond between the geopolymer matrix and the
steel fibre, which increases the compressive strength values.
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Durability Properties of Self-compacting
Concrete Using Silica Fume

Tribikram Mohanty, Bhargavi Nandan Patra, and Purnachandra Saha

Abstract Vigorous industrialization has led to the voracious generation of waste
materials, like silica fume, RHA, ferrochrome ash, fly ash and so on. There were
alternative materials that can be used as mineral admixture to cement in concrete.
For example, ferrochrome ash which was obtained from Ferro-alloy industries and
fly ash which is produced in thermal power plants are a few of them. This research
shows the combined effect of fly ash and ferrochrome ash-based concrete in different
percentages as partial replacement of cement. This paper is inclusive of results of
experiments that have been carried out to get the enhanced mechanical properties of
OPCby replacingfly ashwith various percentages (10, 20, 30 and 3%) of ferrochrome
ash. It was observed from the research that even a small quantity of ferrochrome ash
whenmixedwith 30% of fly ash increases the compressive strength than fly ash alone
in concrete. Both ferrochrome ash and fly ash come categorically under industrial
waste; hence by using this industrial waste reduces the production of greenhouse
gas and helps manage dumping at large. This, at the end, is a method of producing
sustainable concrete.

Keywords Ferrochrome ash · Fly ash · Industrial waste · Utilization ·Mechanical
properties

1 Introduction

Waste garnered by industries like mineral admixture and their by-products might be
used in the concrete industry as a partial replacement of cement. The need to meet
the increased demand of cement made essential to find out probable substitutions as
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production of cement gives rise to CO2 during CaCO3 calcinations being responsible
for about 5% of greenhouse effect. By replacement of cement with certain quantities
of waste products such as fly ash, ferrochrome ash, silica fume, red mud, GGBS
and so on, CO2 gas emission can be reduced in concrete industry [1–5]. Deotale
et al. [6] observed that by incorporating the RHA, fly ash and steel fibre strength and
durability properties can be improved. Acharya and Patra [7] did their research about
the mechanical and durability standpoints of concrete with ferrochrome ash (F.ash)
as partial replacement of cement. F.ash is a waste material obtained in the industries
populating with ferroalloys. Hence, it was observed from the literature review that
quality combination of admixtures derived from minerals can improve the different
properties of concrete. The objective of this paper is to study the effect of fly ash and
ferrochrome ash-based concrete on durability properties of concrete.

2 Materials and Methodology

2.1 Materials

The properties of cement are different and it depends upon their chemical com-
positions. As per IS:12269-1989, OPC 53 grade cement was used in the research
work. Tables 1 and 2 represent the physical and chemical properties of the cement as
per IS:269/4831 and IS:12269-1987. Natural coarse and fine aggregates are used in
experimental work and their required properties are confirmed according to IS:383-
1970. The properties of aggregate are reported in Table 3. BASF (Master gallium sky
8633) is used as super plasticizer for better workability and good strength. Specific
gravity of super plasticizer is 1.4. According to IS456:2000 clean water was used

Table 1 Physical properties
of 53 grade ordinary Portland
cement

Sl. no. Property Requirement of
IS:12269/1987

Test results

1 Fineness obtained
(in m2/kg)

225 (min) 320

2 Setting time (min)
1. Initial
2. Final

30 (min)
600 (max)

120
185

3 Soundness
1. Le chatelier
expansion
2. Autoclave (%)

10 (max)
0.8 (max)

1
0.09

4 Compressive
strength (MPa)
1. 3 days
2. 7 days
3. 28 days

27.0 (min)
37.0 (min)
53.0 (min)

48
60
70
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Table 2 Chemical properties of 53 grade ordinary Portland cement

Sl. no. Property Requirement of IS:12269/1987 Test results

1 Sulphuric anhydride (% by mass) 3 (max) 1.91

2 Loss on ignition (% by mass) 4 (max) 1.04

3 Insoluble residue (% by mass) 3 (max) 0.96

4 Chloride content (% by mass) 0.10 (max) 0.028

5 Lime saturation factor 0.05 (max) 0.90

6 Al2O3/Fe2O3 0.80 (min)–1.02 (max) 1.36

7 MgO (5% by mass) 6 (by mass) 1.22

Table 3 Physical properties
of aggregates

Sl. no. Property Fine aggregate Coarse
aggregate

1 Specific gravity 2.65 2.7

2 Fineness
modulus

2.47 6.2

3 Water
absorption

0.85 (%) 0.4 (%)

4 Free surface
moisture

0.90 (%) –

for mixing and curing of concrete, which was collected from Laboratory of Civil
Engineering Department of KIIT, Deemed to be University.

2.2 Silica Fume

Silica fume was an amorphous polymer of silicon dioxide and silica, and is also
called as micro silica. It is produced from the by-product of silicon and ferrosilicon
alloy production (Fig. 1). It forms high performance concrete and is used in Portland
cement concrete to get better strength and resistance. It reduces the seeping of con-
crete to chloride ions, which help in corrosion resistance, especially in chloride-rich
environment. The chemical composition is given in Tables 4 and 5.

2.3 Mix Proportions

The control mix for M30 is designed without the addition of silica fumes. Silica
fumes were incorporated by adding the material in different percentages, ranging
from 0 to 30% by weight of cement (SF0, SF5, SF10, SF15, SF20, SF25, SF30).
Water/cement ratio is taken as 0.42. Targeted slump is 70 mm. Coarse aggregates
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Fig. 1 Silica Fume

Table 4 Physical properties
of silica fume

Properties Unit Specification

Retention on 45 µm sieve % <1.5*

H2O (When packed) % <1.0

Bulk density (U) kg/m3 200–350

Bulk density (D) kg/m3 500–700

Specific gravity 3.24

and fine aggregates are taken in the ratio of 40 and 60%, respectively. 1% of super
plasticizer is used. According to calculation, desired mix ratio is 1:1.56:0.98.

2.4 Preparation of Concrete Specimen

Variable ratios of mix of self-compacted concrete and silica fumes are obtained to
carry out the durability properties and compressive strength, and sorptivity on a
specimen of size 150× 150× 150 (standard BIS specimen). Chloride resistance on
standard BIS specimen of diameter 0.15 m and height 0.3 m is used. The curing age
for all specimens are 7, 28, 56 and 90 days, respectively, in water at 270 ± 20 °C
temp.

2.5 Mixing Procedure

Toget direct and proper test results of the specimen,we should ensure uniformmixing
of concrete. For the batch of concrete that is self-compacted, initially the aggregates
classified as coarse are to be weighed for the required amount per mix ratio in a tray
named 1; then focusing on the sand, the same procedure is done and then the quantity
measured is poured into tray 2 (keep it dry). After measuring the cement, it spreads



Durability Properties of Self-compacting Concrete … 793

Ta
bl
e
5

C
he
m
ic
al
co
m
po

si
tio

n
of

si
lic

a
fu
m
e
(%

by
w
ei
gh

t)

C
on

st
itu

en
t

Si
O
2

A
l 2
O
3

C
aO

Fe
2
O
3

M
gO

SO
3

N
a 2
O

K
2
O

P 2
O
5

T
iO

2

V
al
ue

(%
)

93
.6
1

0.
63
8

0.
97
5

0.
81
9

0.
79
3

0.
45
3

0.
31

0.
96

0.
53

0



794 T. Mohanty et al.

homogeneously on surface of sand in tray 2, ensuring proper mixing. This mix is
then uniformly spread on the NCA surface in tray 1 and two things are done hence.
First—dry mixing, second—mix water with the dry mix to see a uniform colour
of concrete. Weigh the concrete now soon in L-shaped box, do a V-funnel test and
slump in moulds as per written and known procedure.

For mixing silica fume in self-compacted concrete, the procedure mentioned
above is followed to the T except for one step. Before adding sand to coarse aggre-
gate, cement with silica fume is added. Silica fume and cement are mixed, after that
sand and cement are mixed with aggregates to achieve various types of concrete with
10–15%by substitute ofNCAover volume of normal concrete that is self-compacted.

2.6 Test Procedure

According to IS:7320-1974 and IS:1199-1959, workability of concrete was mea-
sured. Compressive strength as per IS:516-1959 was determined. As per ASTM
C-1585-11 sorptivity was determined.

3 Testing of Fresh Concrete

To measure the degree of workability for self-compacted concrete slump test, L-box
test and V-box test are performed, and silica fume was added with self-compacted
concrete (Fig. 2). The factor that has a significant impact on operability is the aspect
ratio (l/d) of fibres. The ratio of cement in the water used in this study to a slope
value of 70 ± 5 mm is very difficult to achieve and is shown in Table 6.

In self compacted concrete, compaction is not required, it is self compacted. After
mixing, the mortar is taken out for Slump cone test, L-box test, V-box test to measure
the time taken for flow ability.

Fig. 2 L-box, slump cone



Durability Properties of Self-compacting Concrete … 795

Table 6 Slump cone, L-box, V-box test result

Sl. no. Mix Slump test (mm) L-Box test (s) V-Box test (s)

1 SF0 71 6 6.1

2 SF5 70 5.8 6

3 SF10 69 5.9 5.8

4 SF15 70 5.8 6

5 SF20 71 6 5.9

6 SF25 69 5.9 6.2

7 SF30 69 6.1 5.9

4 Mechanical Properties

The effect of silica fume on mechanical properties such as compressive strength of
concrete containing NCA is reported in the following.

4.1 Compressive Strength of Concrete

In concrete industry compressive strength is one of the important aspects for the
purpose of structural design. The average strength development by replacement with
silica fume in ordinary Portland cement was studied at 7 and 28 days. The variation
in compressive strength with different percentage (0, 5, 10, 15, 20, 25, and 30%) of
silica fume over OPC is given in Fig. 3.

SF0 SF5 SF10 SF15 SF20 SF25 SF30
7 Days 37.6 45.8 48.4 42.7 40.2 39.4 33.3
28 Days 42.9 54.8 56.7 53.3 47.4 43.6 38.3

0

10

20

30

40

50

60

C
om

pr
es

siv
e 

st
re

ng
ht

(M
pa

) Compressive strength

Fig. 3 Effect of silica fume on compressive strength of self-compacting concrete
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4.2 Effect of Silica Fume on Compressive Strength

The suitability of silica fume as replacement of cement was investigated. The com-
pressive strength of 0.15 m cubes containing 0–30% of silica fume was found at 7
and 28 days. The results are presented in Fig. 3. It was observed that due to inclu-
sion of silica fume, the strength gradually increases for all curing ages up to 25%
in comparison to normal concrete. The specimen SF10 shows highest compressive
strength than that of other specimens. Replacement of SF 0–30% enhanced compres-
sive strength 14.10, 19.65, 17.14, 24.82, 16.86, 10.65 and 15.01% between 7 and
28 days. Replacement of SF 0–25% enhanced compressive strength 27.73, 32.16,
24.24, 10.48 and 1.63% at 28 days as compared to normal concrete. Thus, the results
indicated that SF10% replacement may be considered when strength requirement is
more than normal.

The increase in strength is due to inclusion of silica fumes. Silica fume is a
pozzolanic and non-hazardous industrial by-product material having a very large
surface area which is responsible for strength, durability and prolongs the setting
time. But the presence of more silica expense of the content of alumina and ferric
oxide will make the cement difficult to fuse and form slurry.

5 Durability Properties

5.1 Sorptivity

Sorptivity is done in an easier manner that shows the absorption capacity of the spec-
imen to absorb water. It also denotes the void volume and water absorbing capacity.
According to the results it can be known that with increase in silica fume addition, the
void capacity of specimen also increases. By using silica fume in concrete improves
the water absorption capacity. The variation in sorptivity results with different per-
centage (0, 5, 10, 15, 20, 25, and 30%) of silica fume over OPC is given in Fig. 4.
The sorptivity result was determined at the age of 28 days for slightly wet cured
specimen of concrete. The result of sorptivity test is indicated as all types of con-
crete specimens exhibited increase in void space and water absorption capacity with
increase in silica fume content.

5.2 Alkaline Attack Test

Alkali react with silica (ASA), that is, alkali–silica reaction. It is also known as
concrete cancer. Over a period of time the alkaline reacts with the concrete speci-
men and forms a swelling reaction. As a result, the concrete specimen expands and
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Fig. 4 Sorptivity test results at different percentages with silica fume in kg

Table 7 Weight loss and compressive strength test results after alkaline attack

Specimen name Initial weight
(kg)

Final weight
(kg)

Weight loss (kg) Compressive
strength (MPa)

SF0 8.72 8.67 0.5 40.32

SF5 8.78 8.74 0.4 52.44

SF10 8.67 8.56 0.11 53.21

SF15 8.43 8.34 0.9 52.33

SF20 8.82 8.68 0.14 45.65

SF25 8.56 8.45 0.11 40.58

SF30 8.64 8.54 0.10 36.78

forms crack which will result in critical serious structural problem and demolition
of structure, and the results are given in Table 7 and Fig. 5.

5.3 Carbonation Test

For higher w/c ratios, the intensity of corrosion is most important. With the presence
of Ca(OH)2, silica fume reacts with it and reduces pH of pore solution, thus the
process of carbonization was facilitated. Specimen are not affected by carbonation
and the result is given in Fig. 6.
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Fig. 5 Compressive strength test results due to alkaline attack

Fig. 6 Cube specimen are not affected by carbonation

5.4 Chloride Resistance Test

Chloride penetration resistance of all mixtures with silica smoke content has been
increased. It was well known that Ca(OH)2 in wet cement was converted into C–
S–H, and reacts with silicate in silica smoke. This is known as pozzolanic reaction.
However, it can be considered that chloride penetration resistance for concrete was
not only affected by coarse aggregate species but also by the microstructure of wet
cement. Weight loss and compressive strength results are given in Table 8 and Fig. 7.
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Table 8 Weight loss and compressive strength test results after chloride attack

Specimen name Initial weight
(kg)

Final weight
(kg)

Weight loss (kg) Compressive
strength (MPa)

SF0 8.78 8.67 0.11 40.64

SF5 8.56 8.42 0.14 52.24

SF10 8.64 8.56 0.8 53.68

SF15 8.74 8.57 0.17 51.33

SF20 8.68 8.56 0.12 42.65

SF25 8.43 8.34 0.9 39.86

SF30 8.73 8.61 0.12 35.67
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Fig. 7 Compressive strength test results due to chloride attack

Table 9 Compressive strength (MPa) by rebound hammer test

Specimen name SF0 SF5 SF10 SF15 SF20 SF25 SF30

Compressive strength (MPa) 41.85 53.79 55.45 52.94 46.56 42.75 37.68

5.5 Non-destructive (Rebound Hammer) Test

Rebound hammer test for concrete samples SF0, SF5, SF10, SF15, SF20, SF25, and
SF30 is performed at curing age 28 days. The results are shown in Table 9.

6 Standard Deviation

Standard deviation of various concrete mixes at curing age of 7 and 28 days, as
shown in table analysis, revealed that the standard deviation of compressive strength
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at the age of 7 days varies from 0.397 to 1.689 MPa. At the age of 28 days, it varies
from 0.382 to 2.024 MPa. The standard deviation from the test results are within
the recommended values in Table 8 of IS:456-2000 to estimate the target strength of
concrete.

Test Age (days) SF0 SF5 SF10 SF15 SF20 SF25 SF30

Compressive
strength (MPa)

7 1.689 0.397 0.521 0.911 0.760 0.787 1.261

28 1.410 1.248 1.584 0.713 2.024 0.382 0.805

7 Conclusions

In this study an effort has been taken to emphasize by using commercial available
silica fume to garner the required strength and comparing their durability properties
of SCC by addition of various percentages of silica fumes. Conclusions that can be
drawn from the experimental observation in current study are:

1. The flow ability value of slump cone, L-box test, V-box test shows optimum, that
is 700 mm at control mix, SF5 and SF15.

2. Compressive strength of concrete which is self-compacted at different percent-
ages of silica fume increases as compared to OPC. However, it can be noticed
that compressive strength of SF10 shows maximum value.

3. Sorptivity of self-compacted concrete at different percentages of silica fume
indicates that with the addition of greater percentage of silica fume, volume of
void increases. As a result, water absorbing capacity also increases. SF25 and
SF30 show greater void, so water is also absorbed much.

4. Alkaline attack shows the weight loss after immersing in MgSO4 acid of var-
ious percentages of silica fume addition. SF20 shows greater weight loss with
comparison to others.

5. Carbonation results show that no specimen is affected as it turned purple colour by
spraying phenolphthalein indicator on the fractured portion of the cube specimen.

6. Chloride resistance also shows the weight loss after immersing in salt solution
of various percentages of silica fume addition. SF15 shows greater weight loss
with comparison to others.
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The Performance of Geopolymer
Concrete Utilizing Wastes as Binder

Sneha Sen and Purnachandra Saha

Abstract Utilizing wastes at present is of utmost importance since it not only leads
to the reduction in environmental load and reduction of carbon footprint but also
reduction in waste management cost. Geopolymer concrete has been developed as
a substitute to conventional cement-concrete where alkali activators react with the
binder along with fine and coarse aggregates. The binder for geopolymer concrete
can be anywastes which are rich in silica and alumina that will collectively lead to the
reduction in the concrete pollution and enhancement of its properties. The objective of
this paper is to review the mechanical performance of geopolymer concrete utilizing
wastes like fly ash, metakaolin, rice husk ash, palm oil fuel ash, redmud, ferrochrome
ash, and so on as binder. It is observed that slag-based geopolymer concrete can be
cured in ambient temperature but for the other binder materials, elevated curing
temperature is required to attain the target strength. The mechanical properties (like
compressive, split tensile, flexural properties) of the geopolymer concrete utilizing
fly ash and slags as binder have shown to provide more strength than other binder
combinations, and therefore prove to be a better replacement to the conventional
cement-concrete.

Keywords Geopolymer concrete · Fly ash · Red mud ·Metakaolin · GGBS · Rice
husk ash · Palm oil fuel ash

1 Introduction

With the rapid growth of urbanization, vast number of industries are seen to have
surfaced which leads to the generation of abundant wastes. This results in landfilling
and environmental problems. Thus, the utilization of these wastes is better than
disposing them off. In the construction industry, cement has a worldwide demand
for being the major component of concrete. But, the manufacture of concrete leads
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to huge CO2 emission which ultimately leads to global warming. Thus, replacing
cement with a befitting cementitious material is the need of the hour.

According to past research, themostwidely accepted substitute for such a problem
is the introduction of geopolymer concrete. It is a mixture of any binder rich in silica
or aluminum oxides in the presence of alkali activators (like sodium hydroxide (SH)
or sodium silicate (SS)) along with coarse and fine aggregates. Upon comparing
ordinary concrete with geopolymer concrete, it was observed that the latter was
more pronounced in terms of mechanical and durability properties than the former.
The wastes as incorporated in the binder in this review are fly ash (FA), metakaolin
(MK), rice husk ash (RHA), ground granulated blast slag (GGBS), palm oil fuel ash
(POFA), and red mud (RM)—the substances which are mostly very easily available
and rich in silica and/or aluminum oxides.

GGBS or ground granulated blast slag is generated when iron is extracted from its
ore during metallurgy process. Inclusion of GGBS on geopolymer concrete brought
about a lot of changes to its mechanical properties. It was observed that more the
quantity of slag present in themixture, morewas the compressive strength increment.
But strength increment was more pronounced with the SS/SH ratio being decreased
comparatively. This resulted in the more compact formation of the microstructure
of the binder. However, a partial replacement of GGBS with POFA in the binder
brought about an even higher compressive strength than the utilization of 100%
GGBS. Then again, with the increase in the POFA content in the binder as compared
toGGBS led to a reverse nature in the compressive strength development. Inclusion of
50% FA and 50% POFA brought about a higher compressive strength development
than 50% GGBS and 50% FA. It was also observed that the increment of Si/Al
ratio in the mixture (by changing the composition of alkaline solution) resulted
in increment of compressive strength in the geopolymer concrete but this strength
was more prominent at higher curing temperatures without adding extra amount of
water with the alkali activator. However, a strength reduction was observed with the
increased addition of the superplasticizer content in the binder [1–5].

Metakaolin also forms an excellent binder for geopolymer concrete considering
that it has a proportionate amount of silica and aluminum oxides. It too leads to the
increment of the strength to a substantial amount with either activator concentration
or alkali content increment [6–9]. With regard to the chemical composition of the
geopolymers containing metakaolin content, it was noted that the addition of the
clay resulted in an increase in strength of concrete, and the high concentration of
aluminate gel brings about a greater degree of polymerization. Furthermore, a better
dissolution of MK particles officiates an accelerated process of formation of sili-
cates and aluminates monomers [10]. Cwirzen et al. [11] reaffirmed the need of a
high molarity for the activation of MK by NaOH (exceeding 10 M), to form higher
strength geopolymers, substantially with the addition of Ca(OH)2. When compared
to RM, MK-based geopolymer showed a better compressive strength increment. But
having said this, the only problem with MK-based geopolymer was that it required
curing at an elevated temperature for a longer time to gain strength after both com-
pressive as well as splitting tensile tests. Zhang et al. [12] observed that the strength
gained in MK-based geopolymer was same as that of ordinary cement concrete at
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ambient temperatures. But when exposed to higher temperatures, the MK-based
geopolymer concrete showed an increment in strength unlike the ordinary cement
concrete (where a reduction in strength was observed). This went on increasing until
a certain temperature was reached, after which the strength increment in MK-based
geopolymer showed a backward trend.

Fly ash is formed in the thermal power plants during coal combustion. Being rich
in silica and aluminumoxides, it is commonly used as a binder in the geopolymer con-
crete. At an ambient temperature condition, the compressive strength was observed
to be the highest for FA-based geopolymer mortar [13]. Islam et al. [2] affirmed that
at room temperature, an extended pre-curing was essential for the development of
strength of the geopolymeric materials with FA as the main binder because elevated
temperature curing led to achievement of high strength and shortening of the time of
the heat treatment. Furthermore, the increment in NaOH concentration with increase
in the compressive strength (as silica and alumina are better filtered in a highly con-
centrated NaOH solution) was observed. Also, the higher NaOH concentration is
more effective in dissolving FA particles and results in a better geopolymerization
[14].

Rice husk ash too can be incorporated in the binder material in geopolymer con-
crete but in addition to GGBS. To prove the above, Kishore et al. [15] found that
the strength obtained with 100% FA as the binder was nearly equal to 10% replace-
ment with RHA, thus implying that RHA could also be used as an alternate binder
in geopolymer concrete. But, Shaswat et al. [16] found that the inclusion of RHA
showed a retarding nature of the compressive strength results when added above
10%.

Hence, incorporating these daily generated wastes will not only lead to reduction
in carbon emissions, leaching, air pollution, global warming but also to the reduction
of the landfilling problems and so on.

Researchers have previously worked on geopolymer concrete, by utilizing the
above-mentioned wastes and have found out their relation with their correspond-
ing individual mechanical properties. Thus, incorporating all the data as obtained
previously, this review aims at collaborating the majority of all the results as
obtained by them and then recommending the best combination of wastes to produce
commercially viable geopolymer concrete, so as to have a sustainable infrastructure.

2 Mechanical Properties of the Wastes

2.1 Compressive Strength

It is defined as thewithstanding capacity of any structure ormaterial to loads that tend
to reduce its size. It is governed by numerous factors like quality of raw materials,
w/c ratio, coarse aggregates to fine aggregates ratio, the age of concrete, compaction,
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temperature, relative humidity, and curing. The compressive strength of geopoly-
mer concrete decreases with the partial replacements of GGBS with fly ash (FA),
metakaolin (MK), silica fume (SF) under ambient curing conditions. It was observed
that with the replacement of 60% of GGBS with FA, a comparatively lower decrease
in the compressive strength took place than the replacements of GGBS with SF and
MK (the latter being the highest) [6, 8, 10, 11].

It was also observed that the fly ash-based metakaolin increases its compres-
sive strength up to a certain temperature and then decreases with further increase in
temperature. For pure metakaolin mortars, lower the alkalinity of the activating solu-
tion (like sodium hydroxide) used at low temperatures, lower is the strength gained.
Strength gain is also influenced by the amount of clay content in the metakaolin-
based geopolymer. At ambient temperature, FA-based geopolymer mortar was seen
to have the highest compressive strength. At higher temperatures, alkali-activated
cementious pastes using class F-fly ash was seen to have higher compressive strength
than the one at lower temperature condition. It was also observed that the strength
development of the geopolymeric materials was benefited by the extended precuring
at room temperature utilizing FA [1, 2, 13].

When 100% palm oil fuel ash (POFA) was incorporated with GGBS, the strength
was seen to increase notably. But, with the inclusion of more amounts of POFA than
GGBS in the mixture, the compressive strength was seen to decrease. 50% GGBS
and 50% POFA led to an observation of obtaining a comparatively higher strength
than 50% GGBS and 50% FA. Furthermore, a rise in compressive strength was also
observed in a mixture of 50% GGBS, 25% POFA, and 25% FA [2, 13].

Rice husk ash (RHA) too can be incorporated in the binder of a geopolymer
concrete but should be used as an addition to GGBS since it has a negative effect
on the compressive strength of the geopolymer concrete (a retarding trend of the
compressive strength was observed on adding RHA beyond 10%). With the addition
of more percent of RHA content, the compressive strength was seen to decrease.
Thus, the strength gained was seen to be higher in mortars where grounded RHA
was not added [15–17].

The variations in compressive strength due to the combinations of the above-stated
wastes in different proportions are shown in Fig. 1.

2.2 Flexural Strength

It is the property by which a beam or slab resists its failure in bending. It portrays the
maximum stress experienced by the material during its moment of yield. Concrete is
known to possess high compression but comparatively low tension. Thus, the direct
measurement of flexural strength is associated with a lot of difficulties [18].

On comparing the data from the previous studies, it was observed that at a given
concrete age the flexural strength of GPC increasedwith an increase in the addition of
FA content to the binder [19]. It was also observed that in an ambient temperature, the
flexural strength of geopolymer concrete increased when GGBS, OPC, or Ca(OH)2
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Fig. 1 Graph representing compressive strength versus binder combinations

with FA were incorporated in the binder. In mixtures with 40% alkaline liquid, the
flexural strength was observed to have increased upon the addition of GGBS (by
10%), OPC (by 6%), and CH (by 2%). But, the one with 15% GGBFS was unable to
achieve a comparatively higher flexural strength than its observed nature. According
to Nath et al. [4], for an ambient cured geopolymer, the addition of an extra amount
of water along with additives to the binder led to an unpropitious effect on the
flexural strength, that is, upon incrementing the amount of additives in the mixture,
the flexural strength tended to decrease.

Wastes likeRHAcan also be incorporated in the binder of the geopolymer concrete
given its richness in silicon oxide content. But upon changing the proportions of RHA
in addition to GGBS, it was observed that incorporating RHA beyond 10% showed
a rather decrease in flexural strength in the geopolymer concrete [16]. Furthermore,
it was also observed that, by replacing aggregate with crumb rubber up to 10%, the
flexural strength in the geopolymer concrete showed a reduction in flexural strength
by up to 20%. However, when the crumb rubber content was increased to 20%, then
30% of the flexure force was then observed to be unchanged but with a reduction by
30% in flexure strength [20].

2.3 Tensile Strength

It is another most important property which governs the behavior of the concrete
structures. It refers to the capacity of concrete to resist tension and is used to measure
the inception and propagation of cracks, anchorage, and shear of the reinforcing steel
in concrete. Due to low tension in concrete, themeasurement of direct tensile strength
is not feasible due to the difficulty in applying the uniaxial tension in the structure.
Thus, the split tensile strength test is preferred and is performed, which is basically
an indirect method of determining the tensile strength of concrete. The amount at
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which the tensile strength is developed in the geopolymer concrete is hindered by
extra amount of water and alkali activator added to the mixture, the proportions of
additives incorporated in the binder, the temperature up to which it is exposed, and
so on [1, 5, 20].

Considering the former studies conducted on the same, it was observed that with
more slag content in the binder and less SS/SH ratio, the tensile strength developed
in the concrete also increased. It was also observed that the geopolymer concrete
mixture containing 20%GGBSand 1.5 SS/SH ratio gained 55%higher 28-day tensile
strength when compared to the one containing 10% GGBS and 2.5 SS/SH ratio. It
was further noted that the tensile strength development in geopolymer concrete was
comparatively slower for the mixture with FA as the only binder. However, the
rate of tensile strength increment was significantly high when GGBFS (as a part
of the binder) was added to the mixture. After 28 days, the mixtures with their
contents, GGBS (10%) and GGBFS (20%), achieved a strength which was 25 and
45% (respectively) higher than the mixture with only FA as binder. Comparing the
observations thus made from the different tensile strengths of geopolymer mixtures,
it was observed that the tensile strength improved with the reduction in SS/SH ratio
from 2.5 to 1.5 and also with the addition of extra water in the mixture [1].

3 Discussions

It is observed that geopolymer concrete can be cured at an ambient temperature using
GGBS, though it does not undergo pure geopolymerization. MK is one of the best
binding elements for the geopolymer concrete because it contains a proportionate
amount of silica and aluminum oxides but in concrete with 100% MK as binder
had to be cured at an elevated temperature. Up to a certain proportion, the partial
replacements of the main binder with the above-stated wastes in geopolymer con-
crete showed an increase in compressive strength but further increase in the binder
quantities showed a reverse nature. To make up for this nature, a partial replacement
of the main binder by adding parts of the other waste in small amounts (e.g., 50%
GGBS+ 25% POFA+ 25% FA) showed a better increment in compressive strength
than the addition of 100% of a single waste (like MK or FA).

4 Conclusion

In this review, wastes like ground granulated blast slag (GGBS), red mud (RM), fly
ash (FA), rice husk ash (RHA), palm oil fuel ash (POFA), and metakaolin (MK) have
been incorporated in the binder during the formation of geopolymer concrete.

• The combination was best when 20% FA was used with 80% GGBS in the binder
giving the maximum compressive strength as high as 57 MPa.
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• An optimum level of compressive strength was gained by incorporating 50% FA
with 50% GGBS resulting in 53 MPa.

• Utilization of RHA led to gaining in flexural strength but inclusion of RHA above
10% resulted in a reverse effect.

• Considering the split tensile strength, a rise in strengthwas observedwith the addi-
tion of slag content and decrease in sodium hydroxide/sodium silicate (SS/SH)
content. However, the tensile strength development was slow where FA was used
as the only binder.
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Effect of Replacement of GGBS and Fly
Ash with Cement in Concrete

Rachita Panda and Tanmaya Kumar Sahoo

Abstract Use of ordinary Portland cement as a binding material is well accepted
for construction purposes globally. The huge demand for cement in construction
leads to a rise in the use of absolute energy from the cement industry and high CO2

emissions. As a result, the global cement sector is facing increasing difficulties in the
conservation of material and energy resources, as well as decreasing its CO2 emis-
sions. Similarly, many industrial wastes like fly ash, ground granulated blast furnace
slag, waste recycled product, cement kiln dust, silica fume, quarry dust, glass waste,
rubber waste, red mud are generated nowadays due to growth in industrialization,
increasing urbanization and rising standards of living due to technological innova-
tion, which is leading to harmful threats to the environment along with the waste
disposal problem. Therefore, in this paper efforts have been made for not only to
control environmental pollution but also to reduce the cost of waste management
and concrete production by utilizing ground granulated blast furnace slag (GGBS)
and fly ash (FA) with partial replacement of cement. Industrial wastes, such as GGBS
and FA, are waste by-products from iron industry and thermal power plants, respec-
tively. In the present study, these by-products at different percentages as a partial
replacement of cement have been utilized in concrete. The tests were conducted with
partial replacement of GGBS at different percentages of 0, 10, 15, 20 and 25% and
with FA at different percentage of 0, 5, 7.5, 10, 12.5 and 15% by the dry weight
of cement. Tests on workability and compressive strength were carried out on con-
crete mixes prepared at different percentages of GGBS and FA. The experimental
results show a significant improvement in the strength with increase in GGBS and
FA content in partially replaced cement-concrete, making it viable for practical uses
in the building industry. On the basis of experimental results, it is concluded that with
an increase in GGBS and fly ash percentage the compressive strength of concrete
increases and the evaluation allows the design of GGBS and FA mixed concrete for
medium strength concrete.
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Keywords Ground granulated blast furnace slag · Fly ash · Concrete ·
Compressive strength

1 Introduction

Concrete has a significant role worldwide for being used as construction material.
The blooming infrastructure and development have led to an increase in construction,
hence the demand of cement. In order to meet the requirement of cement, produc-
tion of cement has been increased which not only enhances the huge requirement
of resources for cement industry but also emitting 5–7% CO2 worldwide [1]. The
ultimate strength of ordinary Portland cement-concrete is largely dependent on the
formation of C–S–H gel from the hydration process of cement. Hence in recent
technologies alternative materials have been selected to get the required strength of
concrete replacing cement.

On the other hand, a large amount of industrial wastes has been generated due
to the rapid industrialization. These wastes require huge space for dumping or var-
ious treatment process to be useful. Hence utilization of these waste products in
the preparation of concrete by keeping an eye on the characteristics will reduce
the environmental burden, the cost of waste management and the concrete cost of
manufacturing.

In the present study, wastes from iron industry and thermal power plant, popularly
known as GGBS and FA, respectively, have been utilized in the mixture of concrete.
The cementitious behaviour of these wastes is dependent on the specific surface area
and the pozzolanic behaviour of its mineral composition. Globally, it is estimated
that annual output of fly ash ranges from 0.75 to 1 billion tons [2]. Similarly, GGBS
output typically varies from around 300–540 kg for each ton of pig or rough iron
created for mineral feed involving 60–65% of iron, whereas during steel production
150–200 kg per ton of slag is produced per ton of liquid steel [3]. As demand for
inexpensive energy increases in developing nations, this amount is anticipated to
increase in the coming years. Hence bulk utilization of these wastes can be achieved
by its civil engineering applications [4].

2 Experimental Study

2.1 Materials Used

2.1.1 Cement

OPC-43 grade cement conforming to IS: 8112/2013 was collected from
Bhubaneswar, Odisha to carry out this experiment. In order to avoid energy consump-
tion of cement industry and environmental protection from excessive CO2 emission,
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the use of non-conventional cementitious waste materials have been used in this
experiment in the production of concrete.

2.1.2 Fly Ash

Fly ash is a waste generated at thermal power stations constituting about 60–88%
of total combustion residues. In this study class F fly ash from NALCO, Talcher,
Odisha at Rs. 25/- per bag was collected. As FA is cheaper than cement and has
binding property, hence can contribute towards concrete preparation.

2.1.3 Ground Granulated Blast Furnace Slag

GGBS is a consequence of iron industry acquired by heating of the earthy constituents
of iron-ore with the limestone and coke at high temperature in the blast furnace about
1500 °C. It was collected from steel industry, Bhubaneswar, Odisha at Rs 200/- per
bag. GGBS shows cementitious behaviour, which can be a replacement of cement
in concrete.

Portland cement, fly ash and GGBS were the cementitious materials used in this
experiment and their physical and chemical characteristics are shown in Table 1.

Table 1 Physical and chemical properties of cement, GGBS and FA

S. no. Particulars OPC GGBS FA

1 Specific gravity 3.02 2.74 2.43

2 Specific surface area (m2/kg) 320 558 443

3 Compressive strength (MPa) 40.88 – –

4 SiO2 (%) 20.61 33.64 54

Al2O3 (%) 5.028 21.5 26

CaO (%) 62.61 33.2 18.10

Fe2O3 (%) 3.329 0.2 19.28

MgO (%) 2.237 9.5 3.30

SO3 (%) 2.723 0.66 1.5

Na2O (%) 0.328 0.34 –

K2O (%) 0.577 0.39 1.34

P2O5 (%) 0.32 – –

TiO2 (%) 0.27 – 1.20

LOI 1.968 0.56 1.02
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Table 2 Physical properties
of aggregates

S. no. Particulars CA FA

1 Specific gravity 2.8 2.65

2 Fineness modulus 6.4 2.47

3 Water absorption 0.2 (%) 0.55 (%)

2.1.4 Aggregates

In concrete, aggregates are the major constituents. They are giving the concrete
body, reducing shrinkage and increasing strength. The concrete consists of 70–80%
of aggregate volume so that any change in the percentage of aggregate will cause
insufficient strength. The 10 and 20 mm crushed stones of satisfactory properties
were used as coarse aggregates in the present study. The fine aggregates passing
through 4.75 mm, conforming to zone II as per the specification of IS: 383-2016,
were used.

The physical properties of aggregates are given in Table 2.

2.2 Methods

2.2.1 Compressive Strength Test of Concrete

The maximum bearing load sustained by the specimen without causing failure of the
specimen to the cross-sectional area under gradually applied load is known as the
compressive strength. The concrete was prepared by mixing cement, fine aggregate,
coarse aggregate homogeneously with required quantity of water. The assembly of
concrete was filled the moulds, compacted in three layers, both by hand compaction
just as by table vibrator after compaction, giving the specimen a smooth completion
and expelling them from the vibrator. The specimens were demoulded following
24 h and moved to restoring tanks where they were allowed to cure for the required
number of days. Cubes of size 150mmhave beenmade according to IS:456 and com-
pression testing machine is used to test the solid blocks. The compression strength
was calculated using the formula:

Compressive strength = load

area
MPa

Cubic blocks of concrete were drawn out of water at each required curing period
and retained for surface drying. The blocks have been tested for the desirable quality
of strength in a 40T compression testing machine.
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2.3 Concrete Mix Preparation

A composite mixture of concrete is prepared by adding cement, fine aggregate,
coarse aggregate and water. In this study GGBS and FA are mixed with concrete
partially replacing cement in various proportions. Mix design of concrete has been
done referring IS 10262:2009 for proportioning of all concrete materials for design
strength.

Mix design

W/C ratio Cement (kg/m3) Fine aggregate
(kg/m3)

Coarse aggregate
(kg/m3)

Water (kg/m3)

0.48 394 790 1043.6 197.16

Cement, fine aggregate and coarse aggregate were taken in the 1:2:2.65 ratio
corresponding to concrete grade M-25. All the ingredients of concrete are mixed
homogeneously. The preparation of composite concreteswere carried out by partially
replacing dry weight of cement with 10, 15, 20 and 25 of GGBS and 0, 5, 7.5, 10,
12.5 and 15% of fly ash, respectively. By keeping the percentage of GGBS constant,
fly ash percentage has been varied and mix proportions were prepared accordingly.
Then compressive strength testing was performed at 7 days and 28 days for each and
every sample.

3 Results and Discussion

The development of compressive strength of concrete mixtures was determined at
7 and 28 days of curing with given percentages of GGBS and FA. Workability and
strength properties are improved when GGBS is added to concrete. FA provides
progressive compressive strength and higher resistance from sulphate attack to the
structure. The average of three samples was taken for each proportion of GGBS and
FA. The increase in strength completely depends upon the increase in curing period
as the addition of water will enhance the chemical reaction of mineral components
strengthening the bond. In the reaction process the pozzolanic phenomenon takes
place only when the available calcium hydroxide reacts with silica and alumina. The
chemical reaction of the Portland cement is conveyed as follows [5]:

Cement (C3S, C2S) + H2O (H) → C−S−H−gel + Ca(OH)2(CH)

The pozzolanic reaction is:

Ca(OH)2(CH) + SiO2(S) + H2O(H) → C−S−H−gel
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Ca(OH)2(CH) + Al2O3(A) + H2O (H) → C−A−H−gel

Portland cement hydration generates calcium hydroxide, and then pozzolanic
reaction occurs by combining silica with calcium hydroxide. The combination of
higher GGBS percentage and reduced FA percentage improves concrete strength.

The relation between the compressive strength of concrete at constant GGBS and
varying FA content is provided in Figs. 1, 2, 3 and 4.

0

10

20

30

40

50

FG0 F5G F7.5G F10G F12.5G F15G FG0 F5G F7.5G F10G F12.5G F15G

Co
m

pr
es

siv
e 

St
re

ng
th

(M
Pa

)

Fly ash in (%)

Strength of FG10 at 7 DAYS Strength of FG10 at 28 DAYS

Fig. 1 Compressive strength of samples at 7 days and 28 days having 10%GGBS content at various
fly ash content

0

10

20

30

40

50

FG0 F5G F7.5G F10G F12.5G F15G FG0 F5G F7.5G F10G F12.5G F15G

Co
m

pr
es

siv
e 

St
re

ng
th

 (M
Pa

)

Fly ash in (%)

Strength of FG15 at 7 DAYS Strength of FG15 at 28 DAYS

Fig. 2 Compressive strength of samples at 7 days and 28 days having 15%GGBS content at various
fly ash content



Effect of Replacement of GGBS and Fly Ash with Cement in Concrete 817

0

10

20

30

40

50

FG0 F5G F7.5G F10G F12.5G F15G FG0 F5G F7.5G F10G F12.5G F15G

Co
m

pr
es

siv
e 

St
re

ng
th

 (M
Pa

)

Fly ash in(%)

Strength of FG20 at 7 DAYS Strength of FG20 at 28 DAYS

Fig. 3 Compressive strength of samples at 7 days and 28 days having 20%GGBS content at various
fly ash content

0

10

20

30

40

50

FG
0

F5
G

F7
.5

G

F1
0G

F1
2.

5G

F1
5G FG

0

F5
G

F7
.5

G

F1
0G

F1
2.

5G

F1
5GCo

m
pr

es
siv

e 
St

re
ng

th
 (M

Pa
)

Fly ash in (%)

Strength of FG25 at 7 DAYS Strength of FG25 at 7 DAYS

Fig. 4 Compressive strength of samples at 7 days and 28 days having 25%GGBS content at various
fly ash content

4 Conclusion

In the present study, the feasibility of using GGBS and FA as a cementitious mate-
rial with partial replacement of cement was investigated by conducting a series of
compressive strength tests at 7 and 28 days with varying percentage of GGBS and
FA. The conclusions of the study are as follows:

1. With constant GGBS content and varying FA content, the strength of concrete
varies between 30 and 42 MPa, meeting the requirement of medium strength
concrete.

2. The higher proportion of GGBS and the lower proportion of FA increases the
strength, whereas the lower proportion of GGBS and higher proportion of FA
decreases the strength.

3. The maximum strength is obtained at 25% of GGBS and 5% of FA content,
which is 42 MPa.
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4. The utilization of GGBS and FA not only increases the strength but also reduces
the construction cost significantly.

These mix proportions of concrete using GGBS and FA are valid for a wide range
of mix proportioning and provide an effective means of determining the influence
of industrial wastes on the properties of concrete. They also provide optimization
of blending and quality control between the above outcomes. Although these trial
mixes are based on a certain set of materials, they can be readily used with other
components to produce future outcomes.
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Effect of Silica Fume on Strength
Enhancement of Geo-Polymer Mortar
in Ambient Curing

Amarendra Kr. Mohapatra, Dillip Kumar Bera, and Ashoke Kumar Rath

Abstract One of the best alternative binder in place of Portland cement is geo-
polymer binder. In geo-polymer binder, the main constituent is fly ash which is rich
in silicate and alumina. It reacts with sodium hydroxide/silicate solution to produce
alumina silicate gel. This gel binds the fine aggregate to form a good paste-like
mortar called geo-polymer mortar (GPM). In this paper, the influence of lime and
silica fume towards the strength enhancement of GPMmortar has been studied.Most
of the author emphasized on hot curing rather than ambient curing for achieving high
strength of geo-polymer matrix. This paper also works out to optimize the sodium
silicate to hydroxide proportion, molarity of NaOH, various percentage replacement
of lime and silica fume partially with fly ash on enhancement of strength of GPM. It
was found out that the compressive strength value increased on increase of molarity
of NaOH from 6 to 12 M; similarly, for sodium silicate to sodium hydroxide ratio at
2:1 and also at 7.5 and 3% of lime and silica fume replacement, respectively, better
strength was shown.

Keywords Geo-polymer mortar · Fly ash · Ambient curing · Lime · Silica fume ·
Compressive strength

1 Introduction

Normally, ordinary Portland cement is only the versatile binding material used in
the making of mortar or concrete. However, it is unlikely to release a great extent
of carbon dioxide (CO2) to the environment at the time of production [1]. Approxi-
mately 7% of CO2 are annually produced during the production of ordinary Portland
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cement (OPC). Thus CO2 at about 65% contributes to global warming among all
the greenhouse gases [2]. To avoid the above issues, geo-polymer matrix is one of
the best, environmental-friendly and similar behavioural alternate binding material
like cement. Geo-polymer matrix is an alumino-silicate polymer synthesized from
thermal power plant by-product materials like fly ash and sodium hydroxide/silicate
solution (alkali-activated solution) [3, 4]. The low calcium fly ash (F-type)-based
geo-polymer concrete (GPC) is economical than the concrete and is also helpful to
reduce global warming as reported by Madheswaran et al. [5].

Hake and Adam reported in their papers about the use of lime powder in the
preparation of fly ash-based GPC to enhance the strength in ambient curing. The
compressive strength of GPC in hot curing is higher for a short period of time
that of ambient curing. In every construction site the mortar or concrete is cured
under ambient environment rather than in hot environment, and hence the study that
emphasizes on the performance ofGPMunder ambient environment curing condition
is of special interest [6–8]. In this paper attempt has been taken to optimize the sodium
silicate to hydroxide proportion, molarity of NaOH, various percentage replacement
of lime and silica fume partially with fly ash to improve the strength properties GPM.
Okoyo et al. have added silica fume with fly ash to enhance the properties of GPM
[9].

2 Experimental Details

2.1 Materials Used

Fly ash: The fine spherical particle was collected as dry state from National Thermal
Power Corporation, Kaniha, Odisha, India and added as a base material to geo-
polymer concrete. The chemical compositions and physical properties of fly ash are
mentioned in Table 1. The XRD pattern of fly ash is shown in Fig. 1, which shows
substantial amorphous phase in its structures with the peaks of crystals of quartz (Q),
hematite (H), magnetite (M), and so on. The greatest peak was found at 26° (28) with
small amount of quartz. 86.82% is passing the average size 45µ of fly ash particles
[10]. The low value of loss on ignition (LOI) represents superior pozzolanic activity
and lower water demand. SO3 that is less than 1% shows better volume stability and
also durability.

Silica fume: This is an ultrafine particle of spherical in nature, and the average
particle size is between 150 and 250 nm, The XRD and SEM images of SF are shown
in Figs. 1 and 2b that show fully amorphous in nature.

Lime: This hydrated lime is used as an ingredient for mortar. The calcium
hydroxide percentage is more than 88% and was purchased from a local supplier.

Alkali activator solution: Pellets of sodium hydroxide (NaOH) of 97–98%purity
and sodium silicate solution (bulk density= 1.5 kg/L,Na2O= 13.7%, SiO2= 29.4%,
and water= 55.9% by mass) were collected from local supplier. The NaOH solution



Effect of Silica Fume on Strength Enhancement … 821

Ta
bl
e
1

C
he
m
ic
al
an
d
ph
ys
ic
al
pr
op

er
tie

s
of

fly
as
h
an
d
si
lic

a
fu
m
e

M
at
er
ia
ls

C
he
m
ic
al
co
m
po

si
tio

n
(%

)
Ph

ys
ic
al
pr
op
er
tie
s

C
aO

Si
O
2

A
l 2
O
3

Fe
2
O
3

SO
3

N
a 2
O

K
2
O

M
gO

P 2
O
3

L
O
I
(8
50

°C
)

Sp
ec
ifi
c
gr
av
ity

B
la
in

ar
ea

(m
2
/k
g)

Fl
y
as
h

1.
91

57
.0
6

26
.9
4

5.
66

0.
04

0.
06

1.
09

0.
72

0.
87

2.
89

2.
24

35
0

Si
lic

a
fu
m
e

0.
49

92
.2
6

0.
98

1.
97

0.
33

–
–

0.
96

–
2.
1

2.
2

21
00
0



822 A. Kr. Mohapatra1 et al.

Fig. 1 XRD of fly ash and SF

Fig. 2 a SEM image of raw fly ash, b SEM image of SF

concentrationwasmade by dissolving pellets of NaOHwithwater as per themolarity
requirement [11]. The alkali-activated solution was formed by mixing with different
molarity and proportion of NaOH and Na2SiO3 solution.

3 Mix Proportion, Casting, Curing and Strength of GP
Mortar

3.1 Mix Proportion

In this paper, geo-polymer mortars were made with fly ash to standard sand ratio
1:3 and liquid to FA ratio 0.3. Three series of mixes were designed to optimize: (i)
the ratio of sodium silicate to sodium hydroxide (NS:NH) 1, 2 and 3, (ii) percentage
dosage of lime 5, 7.5 and 10% by weight of FA, and (iii) silica fume 1, 2, 3 and 4%
by partial replacement of FA for different molarity of NaOH (6, 8, 10 and 12 M)
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Table 2 Mix proportions of geo-polymer mortar

Series NaOH
concentration
(M)

Alkaline
solution/FA
ratio

NS/NH ratios Lime (%) Silica fume (%)

A 6, 8, 10, 12 0.3 1, 2, 3 0 0

B 6, 8, 10, 12 0.3 2 5, 7.5, 10 0

C 6, 8, 10, 12 0.3 2 7.5 1, 2, 3, 4

on compressive strength in ambient curing. The detail of mixes was mentioned in
Table 2.

3.2 Casting

The binders employed for the mortar were fly ash, hydrated lime, SF and alkaline
activator solution. The alkaline activator solution was got ready one day before the
casting. At the beginning, fly ash, lime, silica fume in dry condition were perfectly
mixed by taking appropriate quantity of the materials thoroughly. After proper dry
mix, the alkali activator solutions of different molarities, that is, 6, 8, 10 and 12 M
were added to the dry mix thoroughly to attain a good paste. Mixing was done to
obtain a consistent mix within 3–5 min. Then all the mixes were properly compacted
in three layers using the standard tamping rod and by vibrating with the help of table
vibrator. After proper vibration, the mortar cubes were finally prepared of cube size
7.06 cm for ambient curing.

3.3 Curing

The specimens were demoulded after one day and kept at room temperature at 25±
2 °C and 50% relative humidity till the arriving day of testing, that is, 7 and 28 days
of compressive strength for different mixes in accordance with the IS: 456-2009.
Most of the literatures emphasized on heat curing instead of ambient curing [12] due
to the high rate of gain of strength in a small period of time [13–15].

3.4 Compressive Strength (C.S.)

The C.S. was studied after 7 and 28 days of ambient curing. The average strength
was calculated out of three test specimens result.
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4 Results and Discussion

The various parameters such asNS/NH,molarity, percentages of lime and silica fume
at ambient curing mode on compressive strength of fly ash geo-polymer mortar were
studied and were determined at the age of 7 and 28 days. Those are given in Tables 3,
4 and 5. In order to identify the various mixes, nomenclature starts with alphabets A,
B and C, and are meant for the NS/NH from 1, 2 and 3, respectively, with different
molarities from 6 to 12 M. Again in this mix nomenclature, L and S meant for lime
and silica fume percentages respectively.

(B12L7.5S4-mix means NaOH/Na2SiO3 ratio 2, 12 molarity NaOH concentra-
tion, 7.5% lime and 4% silica fume)

a. Na2SiO3/NaOH (NS/NH) solutions

In this paper, the alkaline solution/ash ratio was kept constant at 0.3. The strength
varies on increase of NS/NH ratio, shown in Table 3, Figs. 3 and 4. The strength
was found maximum at 2:1 [7] ratio than 1 and 3. This may have happened due to
the formation of greater amount of soluble silica in sodium silicate solution which
retards the geo-polymerization reaction and also due to the difficulty in compaction.
Similar results were also mentioned in Thaarrini et al. [16]. Various authors reported
alkali solution to fly ash ratio between 0.33 and 0.769, but here 0.3 was kept constant.
For the mix samples that have more than 8 M concentration of NaOH, the strength
was achieved more than 20MPa at 1:2 (NS/NH) ratio. As NaOH and silicate solution
are quite costly, so less ratio has been taken for present research study, which aims
to reduce the cost of materials.

The peak strength of 38.97 MPa was achieved at 12 molarity and NS/NH of ratio
2, that is 8.64% excess than NS/NH ratio 1 and 7.89% excess than NS/NH ratio

Table 3 Compressive strength of GPM with different ratio of NH/NS in MPa

Mix no. Molarity 7 days 28 days

A6 6 M 11.25 18.08

A8 8 M 14.02 19.43

A10 10 M 17.58 23.54

A12 12 M 22.34 35.87

B6 6 M 12.25 16.94

B8 8 M 15.35 20.54

B10 10 M 19.14 25.33

B12 12 M 24.56 38.97

C6 6 M 12.27 16.34

C8 8 M 15.14 20.57

C10 10 M 17.87 25.25

C12 12 M 24.32 36.12
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Table 4 Compressive strength of GPM at different percentages of lime in MPa

Mix no. Lime percentage Molarity 7 days 28 days

B6L5 5% Lime 6 M 12.55 19.01

B8L5 8 M 17.23 26.78

B10L5 10 M 20.25 31.44

B12L5 12 M 24.24 39.15

B6L7.5 7.5% Lime 6 M 12.69 19.54

B8L7.5 8 M 19.23 30.12

B10L7.5 10 M 22.54 32.24

B12L7.5 12 M 25.67 41.25

B6L10 10% Lime 6 M 12.12 19.21

B8L10 8 M 18.67 28.85

B10L10 10 M 20.87 30.15

B12L10 12 M 25.12 39.55

Table 5 Average compressive strength of GPM at different percentages of silica fume in MPa

Mix No. Silica fume (%) Molarity 7 days 28 days

B6L7.5S1 1% SF 6 M 13.25 19.89

B8L7.5S1 8 M 19.32 27.12

B10L7.5S1 10 M 21.67 33.24

B12L7.5S1 12 M 26.17 41.87

B6L7.5S2 2% SF 6 M 13.67 20.14

B8L7.5S2 8 M 21.44 28.35

B10L7.5S2 10 M 23.89 34.57

B12L7.5S2 12 M 30.25 42.45

B6L7.5S3 3% SF 6 M 15.33 22.17

B8L7.5S3 8 M 22.26 30.12

B10L7.5S3 10 M 25.24 38.78

B12L7.5S3 12 M 32.77 44.46

B6L7.5S4 4% SF 6 M 13.36 20.25

B8L7.5S4 8 M 22.12 28.65

B10L7.5S4 10 M 24.67 35.67

B12L7.5S4 12 M 26.55 41.95

3 after 28 days of ambient curing. Here, maximum C.S. values were obtained at
NS/NH-2; hence this was taken as the base for further design mortar mixes.

In the above mix A6, B6, C6 are of NS/NH ratios of 1, 2 and 3, respectively, and
6 represents NaOH molarity.
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Fig. 3 Compressive strength
of GPM at different ratios of
NH/NS in MPa at 7 days
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Fig. 4 Compressive strength
of GPM at different ratios of
NH/NS in MPa at 28 days
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It has also been seen that increase in molarity significantly improves the degree
of polymerization and consequently increases the compressive strength.

b. Percentage of lime

The C.S. of fly ash geo-polymer mortar at different percentages of lime (5, 7.5, 10%)
were determined at the age of 7 and 28 days, and the details are given in Table 4,
Figs. 5 and 6.

The peak strength of 41.25 MPa was achieved at 12 molarity and with 7.5% lime,
that is 5.85% excess than 0% lime, 5.36% excess than 5% lime and 4.3% excess
than 10% lime samples, respectively. At 7.5% lime addition strength was achieved
maximum, similarly at 12molarity. This is due to enhancement of the polymerization
process by adding of some percentage of lime. Maximum C.S. values were obtained
at 7.5% lime, and hence this was taken as another base for further design mortar
mixes.

c. Percentages of silica fume

After optimum dosage of lime percentage, that is, 7.5%, again silica fume was added
as 1, 2, 3 and 4% by weight of FA for getting better strength than previous mixes
and C.S. at 7 and 28 days of ambient curing were mentioned in Table 5, Figs. 7 and
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Fig. 5 Compressive strength
of GPM at different
percentages of lime at 7 days
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Fig. 6 Compressive strength
of GPM at different
percentages of lime at
28 days
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Fig. 7 Compressive strength
of GPM with different
percentages of silica fume at
7 days
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8, for 6 M–12 M NaOH concentration samples. It was observed that at 3% of silica
fume substitution samples show highest strength with respect to other substitution
percentages of S.F.
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Fig. 8 Compressive strength
of GPM with different
percentages of silica fume at
28 days
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The peak strength was achieved 44.46 MPa in 12 molarity and at 3% SF, that
is 7.78% excess than 0% SF and 5.58, 4.5, 5.64% excess with 1, 2 and 4% SF
than 3% SF samples, respectively. As SF is a very fine spherical particle that can
easily act as pore filling behaviour which makes the structure more compact and
denser, but after certain percentage it again conglomerates at particular position that
lowers the strength value. The inter-transition zone between geo-polymer paste and
sand can be well mixed as detected by SEM picture, mentioned in Fig. 9. The SEM
pictures of GPM with addition of 7.5% lime and 3% silica fume substitution sample
at 28 days were documented and are given in Fig. 9. Morphology of GPM shows
unreacted fly ash percentage is more in 6 M concentration than 12 M concentration
of NaOH specimens. The SEM picture of 12 M specimen shows dense and smooth
surface in comparison to lower molar specimens. These morphological differences
are themain responsible for compressive strength differences. It shows that the overall
strength of the geo-polymer mortar depends on the unreacted fly ash particles in the
microstructure state [17].

5 Discussion

Themorphologyoffly ashgeo-polymer is helpful to identify the geo-polymermineral
structure, as discussed in the text. Depending on the requirement of crushing strength,
geo-polymerizationprocess is flexible tomakehigh strengthmortar and concrete.Use
of suitable geo-polymer activator in manufacture of building brick is an eco-friendly
non-fired process. The mortar appeared as a dense geo-polymer matrix mortar was
visualized in the SEM images of 12M specimen, and subsequently it achieved a high
strength of 44.46 MPa [17].
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6 M 8 M

10 M 12 M

Fig. 9 SEM of mortar sample at 6, 8, 10 and 12 M concentration of NaOH

6 Conclusion

This paper has presented the results of experimental studies of FA-based GPM using
lime and SF cured at ambient condition. The following conclusions can be derived
as per the results obtained:

• It has been observed that the strength of specimen is directly proportional to
the concentration of NaOH solution. The maximum values are obtained at 12 M
samples.

• The study has investigated on the proportions of NS/NH ratio and that maximum
strength was reported at NS/NH-2 ratio.

• The mortar mixes with lime achieved better compressive strength as compared to
the mortar mix without lime. The optimum substitution of lime percentage was
found to be 7.5%.

• As on addition of SF the strength was further enhanced with the constant addition
of 7.5% lime. The optimum substitution of SF percentage was found to be 3%.
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• 12 M specimen morphology was much denser than the other lower molar spec-
imens. The denser gel formation is directly proportional to the enhancement of
strength. It also explains that the overall strength of the geo-polymer mortar
depends on the unreacted fly ash particles in the microstructure state as seen
in SEM pictures.
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Red Mud as a Controlled Low Strength
Material

Bijaya Kumar Das, S. K. Das, and Benu Gopal Mohapatra

Abstract In this paper characterization of red mud as a controlled low strength
material (CLSM) is discussed with red mud as a base material and crusher dust or
quarry dust, phosphogypsum and fly ash as other mineral admixtures. The highly
alkaline red mud is mixed with phosphogypsum (PG) and crusher dust (CD) in
different proportions, and fly ash is used to improve the flowability. The material
properties of developed CLSM are characterized in both green and hardened state.
The bleeding percentage was found to be less than 1% and flow diameter decreased
with increase in crusher dust. Higher flow value was observed with phosphogypsum
in comparison to with same percentage of crusher dust due to particle size and
chemical composition. Higher unconfined compressive strength, California bearing
ratio and flowability were observed for CLSM developed with red mud and CD mix
in comparison to red mud and PG mixture.

1 Introduction

Industrial waste, which is otherwise hazardous for environment, can be used for pro-
duction of CLSM in a scientific way, thus incorporating sustainability in infrastruc-
ture development [6]. CLSM has the benefit of being used with less on-site labour
and equipment, thus making the construction faster even in most restricted area.
Having flow consistency of 150–300 mm, it is most workable in trench-filling and
back-filling where compaction by mechanical means is nearly impossible. Owing to
its self-flowing and self-levelling property it makes the space void-free easing lesser
chance for settlement [5], Kaneshiro et al. 2001, [3]. The presence of a high volume
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of fine particles and porous materials could increase the demand for water and reduce
the flowability of CLSM.Therefore, for the selection of suitablematerials and design,
a proper mix design is important to achieve the desired flowability (>200 mm) with-
out segregation. Re-excavatability is one of the critical properties for back-filling
of utility trenches. Generally, CLSM with an unconfined compressive strength of
0.3 MPa or less can be excavated manually [4], NRMCA (2006). No doubt that the
processed cost of flowable back-fills is higher than the traditional thermal back-fills
(native soils), and it is highly recommended for more frequent usage because of its
proven quality and ease in placement that could expedite the construction process
and reduce the overall project expenditure [7]. In the present study, bauxite residue,
red mud is used as the base material. The red mud is not being used as a natural soil
due to its high alkalinity and poses threat to the environment [8].

2 Materials and Their Basic Properties

In this study red mud (RM) was collected from Hindalco, Muri, Jharkhand, India.
The fly ash used in the present study was Class F fly ash (FA) and was collected from
NALCO. Figures 1 and 2 show the scanning electron micrograph of red mud and fly
ash, respectively. The other industrial waste used in the present study is phosphogyp-
sum (PG) which is the by-product formed during the extraction of fertilizer from the
phosphate ore with the help of sulfuric acid. The main composition of it is gypsum.
Gypsum has a wide applicability in construction industry but phosphogypsum is
limited to use because of its radioactivity. Figure 3 shows the PG used for this study.

Fig. 1 Scanning electron microscope of red mud
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Fig. 2 Scanning electron microscope of NALCO fly ash

Fig. 3 Scanning electron microscope and EDX spectra of phosphogypsum

The crusher dust (CD) or also called as quarry dust is the by-product of quarrying,
mining and the crusher plants where the rocks are crushed into aggregates. These
absorb less water and have very good bearing capacity. The CD are non-plastic in
nature, have high resistance towards fire and heat and all these properties make it a
good construction material (Fig. 4).

The specific gravity of the materials is widely varied with the values as 3.27, 2.74
and 2.24 for red mud, crusher dust and fly ash, respectively.



834 B. K. Das et al.

Fig. 4 Scanning electron micrograph of crusher dust

Table 1 Compaction properties of the industrial waste used in the present study

Material Light compaction Heavy compaction

OMC (%) MDD (g/cc) OMC (%) MDD (g/cc)

RM 31.5 1.52 27.7 1.59

FA 24.7 1.35 17.9 1.45

CD 13.2 1.76 11.5 1.89

The compaction properties of the basic materials red mud along with that of fly
ash and crusher dust are shown in Table 1. As the phosphogypsum is very fine, its
compaction properties using proctor compaction may not be representative and not
presented here.

3 Methodology

The present study consists of various experiments for the characterization of basic
material and characterization of different mixtures as a CLSM material which are
listed as follows. The flow consistency, fresh density and bleeding of the fresh CLSM
are done as per relevant ASTM standards. The unconfined compressive strength and
California bearing ratio tests are done on the hardened sample. The durability of the
developed CLSM is studied using slake durability test. Slake durability test is done
for testing the durability of the sample against weathering action of water. For this
test samples were put into the drums of slake durability and it was rotated in the
water at a speed of 20 rpm for 10 min. Then the sample after slaking was collected
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and kept for oven drying. This procedure was repeated for two cycles and finally the
weight retained percentage was calculated.

4 Results and Discussions

In this study variousmaterial combination is used to check the applicability of themix
proportion to be used as a CLSM material. There is no guideline regarding the mix
design of CLSM and composition with different mix proportion of RM, FA, CD and
cement. So the other composition with different mix proportion of RM, FA, PG and
cement is considered in the present study.Various laboratory tests, such as flowability,
bleeding, UCS, fresh density and CBR, are conducted to find the suitability of the
mix as CLSM. These tests were conducted for various compositions with varying
water content in order to keep the value of flow in between 150 and 300 mm at two
cement contents of 10 and 7%. The effect of crusher dust and phosphogypsum is
studied separately.

4.1 Flow Consistency

The flow consistency of the samples at different proportion of the RM, FA and CD
is shown in Table 2. Similarly, the flow consistency for different mix of RM, FA and
PG is shown in Table 3. It can be observed that for all the mix, the water content
is evaluated and the flow value is in between 150 and 300 mm. From the above
observation it can also be concluded that the consistency of the material increases
with the increase in water content for the same mixture while for different mixture

Table 2 Flow consistency of mix with RM, FA and CD

Mix# Mix proportion (%) Flow diameter (mm)

RM CD FA Cement Water

1 70 10 20 10 40 151

2 70 10 20 10 45 230

3 60 20 20 10 40 194

4 60 20 20 10 45 285

5 50 30 20 10 45 218

6 70 10 20 7 40 155

7 70 10 20 7 45 226

8 60 20 20 7 40 193

9 60 20 20 7 45 275

10 50 30 20 7 45 210
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Table 3 Flow consistency of mix with RM, FA and PG

Mix# Mix proportion (%) Flow diameter (mm)

RM PG FA Cement Water

11 70 10 20 10 45 167

12 70 10 20 10 50 255

13 60 10 30 10 50 214

14 60 10 30 10 55 289

15 50 10 40 10 55 246

16 70 10 20 7 45 171

17 70 10 20 7 50 243

18 60 10 30 7 50 218

19 60 10 30 7 55 291

20 50 10 40 7 55 251

due to increase in finer particle more water content is required to attain the same
level of consistency. The above trend can be explained by the theory of the surface
area and the plasticity of the RM that the more the surface, more are the absorbed
water; and more the content of RM, the more it will hold the water; as a result, the
lesser will be available for flow.

4.2 Density at Different Ages of Mixes

Since this material is used as fill material or as replacement in back-fill with the
compacted material, it becomes very important to find out the density of these mate-
rials at different ages, especially when it is freshly prepared. For back-fill material
the compaction level plays an important role in the strength, hence density of the
material becomes very important parameter. In the present study the density at 7 and
28 days is also investigated along with fresh density and presented in Tables 4 and
5 for the mixes with CD and PG, respectively. The water content plays an important
role in affecting the fresh density of the mix. For the same water content, the RM
content plays significant role in affecting the density of soil. The hardened density
is decreased from the fresh density due to the loss of moisture.

4.3 Bleeding

The bleeding of different mixes as shown above is investigated. It was observed that
when the bleeding percentage is less than 1.0% both for CD and PG mixes.



Red Mud as a Controlled Low Strength Material 837

Table 4 Density of mix with RM, FA and CD

Mix# Mix proportion (%) Density (g/cm2)

RM CD FA Cement Water Fresh 7 days 28 days

1 70 10 20 10 40 1.9 1.86 1.8

2 70 10 20 10 45 1.86 1.82 1.77

3 60 20 20 10 40 1.84 1.81 1.76

4 60 20 20 10 45 1.82 1.79 1.74

5 50 30 20 10 45 1.81 1.78 1.73

6 70 10 20 7 40 1.89 1.84 1.79

7 70 10 20 7 45 1.86 1.82 1.77

8 60 20 20 7 40 1.83 1.79 1.73

9 60 20 20 7 45 1.81 1.77 1.72

10 50 30 20 7 45 1.8 1.76 1.72

Table 5 Density of mix with RM, FA and PG

Mix# Mix proportion (%) Density (g/cm2)

RM PG FA Cement Water Fresh 7 days 28 days

11 70 10 20 10 45 1.89 1.87 1.87

12 70 10 20 10 50 1.87 1.83 1.78

13 60 10 30 10 50 1.85 1.79 1.77

14 60 10 30 10 55 1.82 1.75 1.71

15 50 10 40 10 55 1.78 1.75 1.75

16 70 10 20 7 45 1.81 1.8 1.76

17 70 10 20 7 50 1.79 1.77 1.72

18 60 10 30 7 50 1.65 1.64 1.61

19 60 10 30 7 55 1.57 1.53 1.48

20 50 10 40 7 55 1.54 1.52 1.46

4.4 Unconfined Compressive Strength (UCS)

The stress–strain curve of the UCS test of some mixes with CD after 28 days is
shown in Fig. 5 and that for the mixes with PG is shown in Fig. 6. It can also be
concluded that for the mix proportion there is decrease in the strength value with the
increase in water content. It can also be concluded that for different composition for
the same water content, the compressive strength of that mix containing red mud in
more amount is greater than that with the lower red mud content.

The CBR values of the mixes are found to vary between 37 and 86 with CD
and that with PG the CBR values are found to vary from 11 to 100 with different
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Fig. 5 Stress–strain of mix incorporating CD at 10% cement

Fig. 6 Stress–strain of mix incorporating PG at 10% cement

mix proportion of PG. Hence, with suitable proportioning of material the developed
CLSM can be used as a subbase material.

As the UCS values of some sample are more than 1MPa, the slake durability tests
are conducted on two samples with higher UCS value. Based on Gamble’s slake
durability classification these materials are low durable. It was also observed that
CLSM with CD has higher slake durability index than that with PG.
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5 Conclusion

The feasibility of different mix proportions of one made up of RM, FA, PG, cement
andwater and anothermade up of RM, FA, CD, cement andwater was investigated as
a constitute material of CLSM in this study. Experiments were conducted to evaluate
the important properties of CLSMwith the above material. Based on the experiment
conducted the following major conclusions were drawn:

1. All the CLSM mixes developed showed the flowability in the range of 150–
300 mm which is considered to be good flowable material. Flowability of the
mix containing the varying percentage of CD increases with increase in CD as
the specific surface area of RM is higher than that of CD,while themix containing
varying percentage of FA decreases with the increase in FA.

2. The fresh density of the material decreased with the decrease in RM and increase
in water content due to the higher density of RM. Bleeding values of all the mixes
were below 1%, which is far below the maximum limit of 5% for CLSM.

3. UCS of the prepared mix decreased with decrease in RM content as RM can take
more load than other materials used and it was also found that the UCS value
for the same mix decreases with increase in water content due to the presence
of higher capillary pores. However, all the UCS of 28 days was higher than the
minimum value for CLSM.

4. Based onGamble’s slake durability classification, theCLSMmaterials developed
are low durable and CLSM with CD has higher slake durability index than that
with PG.

References

1. ASTMD4644 (2016) Standard test method for slake durability of shales and other similar weak
rocks. In: ASTM international, West Conshohocken, PA, USA

2. ASTM D4647 (2013) Standard test methods for identification and classification of dispersive
clay soils by the pinhole test. In: ASTM international, West Conshohocken, PA

3. Abelleira A, Berke NS, Pickering DG (1998) Corrosion activity of steel in cementitious con-
trolled low-strength materials vs. that in soil. In: Howard AK, Hitch JL (eds) The Design and
application of controlled low strength materials (flowable Fill), STM STP 1331, American
Society for Testing and Materials

4. ACI 229R-13 (2013) Test methods for controlled low-strength material (CLSM): past, present,
and future. In: Howard AK, Hitch JL (eds) The design and application of controlled low-strength
materials (Flowable Fill), ASTM STP 1331, American Society for Testing and Materials, 1998,
pp 3–10

5. Dockter BA (1998) Comparison of dry scrubber and class c fly ash in controlled low strength
materials (CLSM) applications. In: Howard AK, Hitch JL (eds) The design and application
of controlled low-strength materials (Flowable Fill), ASTM STP 1331, American Society for
Testing and Materials, pp 13–26

6. Folliard KJ, Du L, Trejo D, Halmen C, Sabol S, Leshchinsky D (2008) Development of a
recommended practice for use of controlled low-strength material in highway construction.
NCHRP Report 597. Transportation Research Board, Washington, D.C



840 B. K. Das et al.

7. Parmar D, Steinmanis J (2017) Underground cables need a proper burial. T&DWorldMagazine,
Geotherm Inc, 1 April 2003. http://tdworld.com/underground-tampd/underground-cables-need-
proper-burial. Accessed 23 May 2017

8. Alam Shamsad, Das Bijaya Kumar, Das Sarat Kumar (2018) Dispersion and sedimentation
characteristics of red mud. J Hazard Toxic Radioact Waste ASCE 22(4):04018025

http://tdworld.com/underground-tampd/underground-cables-need-proper-burial


Recent Developments in Construction
Technology and Management



Genetic Algorithm: An Innovative
Technique for Optimizing a Construction
Project

Paromik Ray, Dillip Kumar Bera, and Ashoke Kumar Rath

Abstract Time and cost are two basic objectives of any construction project. Opti-
mization of these objectives is the main concern over the last three decades by the
construction sectors. Many innovative techniques have been used by the construction
companies to optimize the cost and time of a project.GeneticAlgorithm (GA)method
is one of the most advanced and widely used non-traditional search algorithms based
on the mechanics of natural selection and natural genetics. The principle of natural
selection is based on the “survival of the fittest” concept coined by Charles Darwin.
It is neither an intelligent nor a smart algorithm but it searches for optimal solution
in the solution space. The objective is to review GA as an optimizing technique used
to generate high-quality solution for optimization process. Reproduction in GA is
done by three sophisticated operators—selection, crossover and mutation through
which optimal solution is found out only if the condition is true. Hence, GA method
is useful optimization process in construction projects. The main advantage present
in GA is providing more effective and efficient optimum value in a construction
project. Moreover, it also provides optimal trade-off values between project duration
and total work done. This concludes that GA can be widely used as an advanced
innovative technique for optimization process in future construction project.

Keywords Time and cost · Genetic algorithm · Optimization process · Optimal
trade-off · Construction project
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1 Introduction

According to the driven conditions of today’s market, the construction industries are
on the rise. All the construction companies including government and private sectors
face a number of challenges during the period of construction. The main difficulties
that fall during construction time of the project are the scheduled completion of
project in the stipulated duration along with completion within the estimated budget
of the project. The main parameters that a construction company mainly focuses on
are the time and cost of a particular construction project. Also, at the duration of
construction, other factors also come into consideration in the form of unpredictable
factors, namely, labour performance, economical and social issues, execution errors
of contractors, labour strike, design errors, labour strike, climatic changes, etc. These
named factors are the majority which is responsible for the delay in the schedule of
the project along with the increase in the budget of the project ultimately leading
to the excess in the cost liabilities that get added to the budget of the construction
project. The problems occurring in the construction site related to these factors are
referred to as the Time–Cost Trade-off Problems (TCTO). For overcoming these
particular situations that arise in the project, a step is being taken by the project
planners and researchers for encountering this problem to process a perfect solution
for optimization of TCTO-related problems in a construction project. This resulted
in the development of various innovative optimization techniques of TCTO problems
in a project site.

Advanced Neural Network (ANN) method, Line of Balance (LOB) method, Dis-
counted Cash Flow (DCF) method, maximum flow–minimal cut theory method,
Modified Adaptive Weight Approach (MAWA) method, critical path method and
Genetic Algorithm (GA) method are some of the advanced, innovative and widely
used techniques or methods which is mainly used for generating the maximum opti-
mized solution of time and cost parameters of a complex and large construction
project. The main objective of the review paper is to highlight the Genetic Algorithm
(GA) method as the most used, easiest, efficient optimization method or technique
in recent times for optimizing TCTO problems. Moreover, a summary or a brief
overview of the various innovative techniques along with the recent works done by
the researchers in the field of optimization of TCTO problems by using genetic algo-
rithm method. Further, it is concluded that a review is done on the genetic algorithm
method being the most efficient optimization technique for solving TCTO problems
for future projects and works.

1.1 Brief Classification of Innovative Techniques

The table mentioned below (Table 1) highlights the various recent innovative tech-
niques of optimization of time and cost in a project. The methods or techniques are
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Table 1 Classification of different optimization techniques

Manual methods Mathematical technique Metaheuristic approach Others

Different optimization methods

• Maximum Flow Minimal
Cut Theory (MFMC)

• Least-Cost Scheduling
Model

• Chance-Constraint
Programming Model

• Line of Balance Method
(LOB)

• Non-Linear
Programming (NLP)

• Linear Programming
(LP)

• Integer Programming
(IP)

• Dynamic
Programming (DP)

• Inventory Models
• Stochastic Models
• Simulation Model

• Evolutionary
Algorithm (EA)

I. Particle Swarm
Optimization (PSO)
II. Ant Colony
Optimization(ACO)
III. Modified Shuffled
frog Leaping (SFL)
• Genetic
Algorithm(GA)

• Genetic
Programming(GP)

• Artificial Neural
Network (ANN)

• Discounted Cash
Flow Method (DCF)

being derived from the previous works of the researchers and scholars who applied
the process for optimization.

2 Optimization Process

Optimization is commonly defined as the process of finding the minimum/maximum
values with reference to the main derivative or the objective function for satisfying
the particular constraints of a function specified within a certain set of function.
The main objective or goal of the optimization process is to process the correct
or best set of solution of a mathematical solution of a TCTO problem. The main
dependent of TCTO (Time–Cost Trade-off) problems is the critical path method of
optimization process. Moreover, in a construction project, the duration of the project
is the most important parameter for completion in the stipulated time. Also, the
increase in scheduled time, increase in cost, unavailability of resources, the presence
of risks, and quality and quantity of thematerials occurring in the construction project
are the main reasons for the requirement of optimization process. The method of
Genetic Algorithm (GA) is the most widely, effective and efficient technique for the
optimization process. Lastly, many scholars and researchers opted for the method of
Genetic Algorithm (GA) as the prime method for optimization of TCTO problems.

3 Genetic Algorithm: An Innovative Technique
for Optimization

The method of genetic algorithm belongs to the heuristic group of optimization
which is itself an advanced optimization technique of solving TCTO problems in a
construction project. This method is a non-traditional search algorithm for solving
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both single-objective and multi-objective optimizations of TCTO problems depend-
ing on the natural algorithm and natural evolution process. This method was first
proposed by the scientist named Charles Darwin on the theory of “survival of the
fittest”. Similarly, the method of Genetic Algorithm (GA) is neither a smart nor an
intelligent algorithmwhich clearly indicates that the method is completely algorithm
and mathematical based used for optimization of TCTO problems in a construction
project [1]. This method consists of four main operations. At each of the following
steps of the genetic algorithm method, these steps select the collected data as the
values in a randommanner. Further, the process of iteration takes place in generating
an optimal solution to a TCTO problem. Moreover, the method of genetic algorithm
is also dependent on the process of natural evolution. The optimized solution can
be taken as an accurate solution because of the optimization process. The so-called
accurate optimized solution obtained by the GA method is completely dependent on
the total number of populations and on the fitness level objective function [2]. The
method of GA has four main processes, namely, in a sequential order: initialization,
selection, crossover and mutation.

Initialization: This process is mainly for the initialization of the collected data
values to the fitness value objective function.
Selection: This process is mainly for the selection of the optimized solution values
in a randommanner. Commonly, this process is referred to as the random selection
process.
Crossover: This process is mainly used at the time of interchanging the random
values’ position for generating the higher and correct optimized solution. This
process is generating higher optimized values of a TCTO problem.
Mutation: This process is mainly used for flipping or swapping of more than one
single value of the collected data values for generating a highly correct optimized
solution of a TCTO problem [3] (Fig. 1).

The above flowchart is representing the main working principle of the optimization
process using genetic algorithm method of a TCTO problem in a construction indus-
try. As mentioned above, the flowchart also highlights the four main processes used
for optimization process.

4 Working Process of Genetic Algorithm

The Genetic Algorithm (GA) method consists of four main processes, which gen-
erates the output of the optimized values of the TCTO problem of a construction
project.
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Fig. 1 Flowchart of genetic
algorithm method

4.1 Initialization Process

Initially, at the starting of any genetic algorithm optimization process of any mathe-
matical problem, a single variable is being assigned from any previous coded domain
or a set. Initially, this easy step of initialization process using genetic algorithm
method was found insufficient by many researchers and scholars. Furthermore, it is
thought that the process lacked few specific other variables for optimization of TCTO
problems [4]. However, more technology and research work lead to the innovation
of the optimization technique of the method. Therefore, with the incoming of new
technologies and modified parameters in use, it is now very reasonable to quote the
initialization process which is one of the important processes for optimization of
TCTO problems [5].
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4.2 Selection Process

Themain selection or the process of improvement of the fitness derivative function of
the main chromosomes of the population can be achieved by the process of selection.
The selection process is so-called dominating process of genetic algorithmmethod as
it possesses the ability to change the fitness value function of an optimization problem
[6]. In this process, the parents are being selected from their group of chromosome
population of the data collected. The process of selection of the genetic algorithm
method is performed in such a way that the chromosomes having a higher fitness
value are having a maximum probability to be selected as the main parents of the
fitness value function to be used in the optimization process [6].

The conclusion is that some of the population of the chromosomes of the col-
lected data for optimization problem may contain some of the high-value fitness
derivative function than the original derivative function which is the main formula
for creating individual chromosomes for the optimization process of a TCTO prob-
lem. Ultimately, this process possesses a limitation of a lack of population diversity
which leads to a lag in search algorithms in optimization process [7].

4.3 Crossover Process

After the completion of both the processes, initialization and selection processes,
the third process is the crossover process. In this process, the derivative function
parameters used in the genetic algorithm method create possible two chromosomes
in this process. These parameters of the GAmethod use a random generator function
for maintaining the two sets of functions of the domain or a set for the optimization
process. This results in the formation of two chromosomes in the optimization process
[8]. After the completion of the crossover process, the new set of chromosomes is
being added to the set of previous chromosomes set to form a new population.

4.4 Mutation Process

The final process of the genetic algorithm is the mutation process. The main function
of the process includes the increasing population diversity of the chromosomes. This
process also includes the selection of the inner particles of chromosomes called genes
in a random selection manner and then assigning those selected values within the
corresponding intervals of pre-defined variables of selected set or domain [9]. That
chromosome which follows the method of mutation contains a correct genetic code.
The process of mutation enables these created genetic codes that are kept intact
and do not get destroyed. Moreover, a non-uniform mutation can also be applied
for the optimization process of a TCTO problem which leads to the shortening or
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narrowing of the chromosomes population created for the optimization process of
TCTO problem [10].

5 Use of Genetic Algorithm in Construction Industries

In a construction industry, the use of genetic algorithm for optimization of cost
and time or any other parameter will be a valuable reference for the company, as it
provides correct optimization values of cost and time, especially in a TCTO problem.
Genetic Algorithm (GA) method in a construction industry acts as a useful option
for optimizing, controlling, planning and scheduling of all the constructing activities
mainly present in the project. It is referred to as a search algorithmcontaining the tools
required for optimization used mainly for assisting the activity makers, planners, or
designers in the company in order to achieve and generate a near-optimized solution
of a particular TCTO problem. This method theory is extracted from the theory
of evolution depending on the theory “survival of the fittest” that is applicable in
the construction industry where the construction industry selects the specific and
main activities required for construction work [11]. Similarly as mentioned earlier
about the mechanisms or processes of GA method, it is the same applicable to
construction industries. The method includes the main three processes even in the
field of construction industry: (I) The initialization method which is mainly used for
generating a set of initial data of total duration of a particular activity along with
the total cost budget of that activity; (II) selection process that is mainly used for
calculation and selection of the total collected data of the time and cost of the activities
alongwith other parameters including quality, risk factors,material quantity, etc.; and
(III) crossover process mainly used for processing and generating an improvement
of the selected data containing the time and cost of the activities for a certain period
of time [12]. These three main processes are very much applicable for optimization
of TCTO problem at a construction industry.

5.1 Multi-objective Genetic Algorithm

The optimization of TCTO problem using genetic algorithmmethod is often referred
as multi-objective genetic algorithmmethod, with single-objective genetic algorithm
optimization being referred for single-objective functions especially total time or
total budget cost of the project [13]. Moreover, many technologies have evolved
over the past decades or in the past generation for the optimization of more than
one objective function using GA method. Hence, the concept of multi-objective
genetic algorithm came into the world and helpful for solving TCTO problems in
a construction industry. With every advanced technology of the GA method along
with effective and efficient process of optimization of the TCTOproblems, slowly the
popularity has been gained and in the coming years, the preference of multi-objective
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genetic algorithm is higher. Clearly, for multi-objective genetic algorithm function,
the optimization of fitness value definite function contains two different parameters
containing two different optimum functions for optimization process. The multi-
objective GA method does not possess or generate any superior or complex function
as an optimizing output but generates a simple variable mathematical function which
is very clear as an objective of the TCTO problem for optimization [14]. Thus, multi-
objective genetic algorithm method is the most efficient and effective optimization
technique for solving TCTO problems.

6 Case-Study: A Live Construction Project

The case study includes a live on-going construction project named “Bose Insti-
tute Construction Project” located at the city of Kolkata, West Bengal, India. The
construction project includes the construction of G+15-storied educational or an
institutional building that is situated in the main town of Salt Lake City of Rajarhat
district in the city of Kolkata. The project consists of full-furnished construction of a
15-storied building along with the formation of the basement. The main work of the
construction project consists of the main educational building of 15-storied along
with two-side building consisting of 5-storied floor each. The main features and the
requirement of the construction project are as follows:

Maintaining and ensuring the life-time structural ability of the educational
building being constructed for duration of 15 years.

Ensuring proper and efficient construction of 15-storied educational building
along with the two buildings of 5-storied each of the construction projects.

Decrease in the negative effects created in the environment and construction of
an eco-friendly building structure making positive impact in the environment [15].

As per the construction point of view of the project, there are present around
65–70 activities throughout the project. It is quite difficult and near impossible for
optimization of all the activities using genetic algorithm method. It has been advised
to select a section or a separate small plan of the construction project for optimization
using genetic algorithm method. Thus, for this review paper, a particular section of
the construction project has been selected for the optimization using GA method.

6.1 Selection of the Activities

The selected activities for the optimization using GA method consist of the main
important 10–12 activities from the part of ground floor of the building to the plinth
level of the first floor of the on-going construction project. Other parameters are also
included in a tabular form consisting of the duration and the estimated cost of the
particular activity selected. The requirement of the cost and duration is much more
important for the optimization process using GA method creating a more positive
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Table 2 List of activities, duration, cost (I)

Activities Original duration (Days) Value of the activity

A. Reinforcement work of column 3 1,09,145

B. Column shuttering work 3 33,750

C. Column concreting work 4 90,813.25

D. Column de-shuttering work 4 7,057.50

E. Staging and shuttering work of beam and
slab

3 36,572.60

F. Fabricating, placing and fixing of beam
and slab

4 2,44,658

Table 3 List of activities, duration, cost (II)

Activities Original duration (Days) Value of the activity

G. Concreting work at ground floor with
roof slab

3 1,71,270

H. Curing process 14 2,60,134

I. Removal of shutter staging materials 2 1,48,648

J. Brickwork (main floor along with partition
wall)

4 2,60,734

impact and efficiency in the process [16]. The selected activities along with the
duration and time are given below (Tables 2 and 3).

6.2 Deriving the Fitness Function

This particular construction project consists of the applications of the TCTO problem
for optimization process. The derivative function will comprise the main parameters
including the total duration and the estimated cost of all the activities [17]. The
derivative function includes the optimization of the case study of a TCTO problem:

C = dc + ic − (id − q)ie +
∑

∀y
(nd(y) − pop(x, y))cs(y) (1)

where C = Total Cost; dc = Direct Cost; ic = indirect Cost = i.e. X id; id = initial
duration of the network or duration of the network with normal cost; q = duration of
the network after change in duration of the activity; i.e. = indirect expenses per day;
nd = normal duration of the activity; pop = matrix of randomly generated durations
as per our boundary conditions; cs = cost slope of the activities; x = population
index; y = activity whose duration is being changed [15, 18].
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The result obtained using the MATLAB 2018 software and a clear comparison of
the result obtained is also being reviewed in the paper highlighting the importance
of using genetic algorithm method for optimization process. By using the MATLAB
2018 software, an efficient and a clear comparison of the two outputs is obtained
with the aid of bar graphs that are being generated from the software. With the help
of bar chart generated, it becomes quite easy for processing the optimized solution
of the problem [19]. In the bar chart generated, the cost timeline is being.

7 Discussion

The discussion is mainly about the comparison of the two main optimized outputs
or results that are obtained by the optimization process using Genetic Algorithm
(GA) method. From the above model or the graph shown below, it can be discussed
that the optimized value or the output obtained is a satisfactory one. The proposed
output or the optimized output obtained for the construction project using Genetic
Algorithm (GA) is able to achieve an increase in (10–20)% than the estimated data
available for the project. As per the output obtained and by verifying the output with
the attached graphs andMATLAB software, the total duration of the optimized result
showed an increase in 10%, whereas the total estimated budget of the construction
project showed an increase in 20% of the estimated data collected. The optimized
output showed a great percent of similarity with the estimated data collected from
the construction sector or industry, but it is obvious that the increase in cost and time
of the project is beneficial for the completion of project. The difference may arise for
the reason of not more than 4–5 activities, which is the main reason for the increase
in the estimated cost and total duration of the project.

8 Conclusion

It is concluded that the obtained results are being satisfactory. The objective of the
construction involving a TCTO problem was a multi-objective genetic algorithm.
Even the single-objective TCTO problem of a construction project also provided
correct and satisfactory optimized results of cost and time using genetic algorithm
method comprising of using high technology optimized algorithms and other rapidly
developed formulas comprising algorithms for processing the optimized result of cost
and time of a TCTO problem. The increase in the development of the multi-objective
optimization problem using genetic algorithm method is on a major high demand as
it also possesses a feature of comparison of two on-going construction projects, thus
highlighting the superiority and domination of the genetic algorithm functions on the
optimization on TCTO problems. As it is clearly shown in the above case studies,
an increase in 10% of the optimized results obtained than the collected data of the
construction projects. The estimated cost of the construction project is around 400
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crores INR along with the estimated duration of the construction project for 5 years.
By optimizing the selected data collected from the companies’ file, the total estimated
duration has come around in a span of 4 years, but with an increase of the cost of the
project as it is known that both the parameters are independent of each other. It can be
still debated whether using genetic algorithm method for optimization is the perfect
choice in the future or not, but as per reports and concentrating on the comparison of
the results obtained, GAmethod is an effective and efficient method for optimization
process of TCTO problem. It is easily used and less laborious method as compared
to the various innovative optimization techniques used. Upon the requirements of the
planners or the designers of the construction project, the genetic algorithm method
can be used as a better option for optimization of TCTO problems.

Obviously, taking into considerations the experience possessed by the researchers
and the planners for the optimization process, genetic algorithm might lack the extra
edge of being used in a TCTO problem because of the various advanced innovative
techniques that is being used in construction projects for optimization process [14].
Moreover, the assurance of the quality of the work is also a major highlight of the
construction project, and it is mainly dependent on the work experience of the plan-
ners and the designers involved in it. The use of genetic algorithm method for such a
particular scenario is completely dependent on the different subjectivity processes of
the project along with different advanced characteristics of the operator being used
for the project. However, the main intention lies in providing the proper method of
quality assurance of the work done along with generation of total innovative quality
of work done in the project [13]. It is thus concluded from the comparison of the
case studies that GA method is one of the innovative techniques for optimization of
TCTO problem of a construction project. The following features are proofs of the
advancement of the genetic algorithm.

• Genetic algorithm method works with the process of coding a parameter set, not
with a particular parameter.

• Genetic algorithm method searches the main population of the chromosomes
rather than a particular population of the chromosomes mainly for global
exploration of the project purposes.

• Genetic algorithm method mainly uses the objective function or the derivative
function rather than using any complex functions or integers for optimization
purpose.

• Genetic algorithm method can use a random choice function for the mechanism
for the optimization process acting as a guide for searching the specific algorithm
for the improvement and advancement of the derivative or the fitness function.

• Genetic algorithm method also improves the process of easy and simple
experimentation for different scenarios of the optimization problem.

The various features act as an aid for the researchers and scholars for using genetic
algorithm method for optimization of any type of problem.
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Exploring the Acceptance of Life Cycle
Cost for Residential Projects in India

Abhipsa Guru and Mohibullah

Abstract In the construction project management, demands for sustainable and
long-term decision-making methods are increasing as the projects are getting com-
plex. Life cycle costing is the best approach to foresaid conditions for cost manage-
ment practice. LCC is an economic analyzingmethod for all costs involved (construc-
tion, operation and maintenance) to the construction project over a defined period
of time [1]. LCC method assists in finding an economical, effective and purposeful
solution for a building project [2]. Best results are obtained by conducting LCC anal-
ysis in the earlier time during the feasibility study of the construction project. The
questionnaire survey is done to identify all the parameters contributing to life cycle
costs. The objective of this study is to explore the level of awareness and acceptance
of life cycle cost for residential building in India. The research result reveals critical
barriers in acceptance of life cycle cost in India.

Keywords Life cycle cost · Residential building · Operation cost · Maintenance
cost

1 Introduction

Cost estimation is done in various construction projects and is dependent on several
factors that include the analysis of life cycle approaches, project scope, schedule,
location factors and risks. The life cycle costing (LCC)method is used to evaluate the
economic performance of a building during the life cycle which takes the following
cost into account:
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i. Design and construction cost,
ii. Operation and maintenance cost, and
iii. Disposal cost [3].

Reducing the housing cost and also reducing the 1ife cycle costs that consist of
initial investment costs with the operating, maintenance and repair costs will give
beneficial results both for the owners and also for the economy of the country. The
factors that are taken into account for affecting the initial investments, operating,
maintenance and repair cost of the buildings are understood. These factors also affect
the costs of the buildings and so preference will be given to good quality and low-cost
buildings in the design phase. According to the user’s perspective, it will be possible
to distinguish the rate at which there is a decrease in operating, maintenance and
repair cost depending on the changing characteristics of the building construction.
The aim of the study is to distinguish the changes that occur in the initial investment,
operating and life cycle costs due to the changemade in building envelope properties.
At the end, the building’s initial investment costs, operating costs and life cycle costs
have been distinguished and assessed in line with the changes made in the materials
utilized in the building components forming the building envelope along with wall,
roof and ground flooring [3]. The goal is also to provide a detailed assessment of
Life Cycle Cost and Life Cycle Assessment (LCA) concepts in design of residential
house. Comparison is done with the same type of LCA and LCC studies. The future
perspective of LCA and LCC studies on buildings is reported. The goal here is also
to boost the conception of LCC application in the construction industry.

2 Life Cycle Costing

Economic analysis is done with life cycle costing where all the costs related to
design, construction, operation and maintenance of construction project are defined
over a given period of time. Life cycle cost includes an initial investment (usually
construction cost) and follow-on costs (ordinary payments-energy, utilities, cleaning
and maintenance, costs of replacement) and also includes the costs of demolition or
disposal [1]. Life cycle costing estimates and assumes all the essential costs through-
out the lifetime of building. Life cycle costs take into account construction, main-
tenance, repair and rep1acement costs, energy costs and residual value. Life cycle
cost a1so assumes and takes into account all costs at their present value [4]. Future
costs (operation, maintenance and demolition) were evaluated using today’s prices
and an estimate of future inflation. These were again converted into their present
value using a suitable discount rate [2].

FC = PC ∗ (1 + f )n (1)

where FC = future cost; PC = present cost, f = inflation rate and n = number of
years.
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Table 1 Life cycle cost of building (LCC) [5]

Cost parameter Cost item

Investment costs Design costs, construction costs, land cost, secondary cost related to
locating the building, other investment costs, running costs for preliminaries
and construction

Operation costs Maintenance and renovation costs, Power supply costs, water and
wastewater costs, waste disposal costs, service fees, insurance, security
costs, cleaning costs, administrative fees

End of life costs Costs of inspection, deconstruction, demolition, disposing of damp material,
or any other costs associated with the disposal operations, salvage value

DPV = FC/(1 + d)n (2)

where DPV = discounted present value; FC = future cost, d = discount rate and n
= number of years.

Construction costs includematerial and labour costs.Maintenance costs consist of
replacement over a given time period. The data required for life cycle costing analysis
of construction, maintenance and disposal was taken from a standard construction
cost guide (Table 1).

Life cycle costing is a tool as well as technique in which comparative assessments
are to be made over a defined period of time, considering all relevant economic
factors both in terms of initial cost, future operational cost and replacement costs to
the end of its life.

3 Research Methodology

The research methodology concentrated on conducting a questionnaire survey. The
questionnaire consists of 15 sets of questions. The feedback was collected from
various design consultants from India. The questionnaires were given to around 60–
70 companies by sending emails or collecting physically in hardcopy at a proposed
time. Just after the pi1ot study was completed, the questionnaire was evolved. It
was depicted in a simple checkbox to tick format to enable easy accomplishment. A
Likert scale method was adopted for the analysis. The questionnaire is divided into
three main parts. The first part is originated from methods of LCC. This part uses a
five-point Likert scale. The format of Likert scale was as below:

NEVER HEARD, HEARD, KNOWN, RARELY USED AND OFTEN USED.
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3.1 First Component of Questionnaire Survey

(1) Do you use value-oriented method for LCC calculation?
(2) Do you use base case method for LCC calculation?
(3) Do you use net present value method for LCC calculation?
(4) Do you use equivalent annual cost method for LCC calculation?
(5) Do you use approximate LCC method for LCC calculation?

Second part of the questionnaire comprises variables considered in LCC calcula-
tion. In this part, participant’s utilization of variables in LCC and considered costs
in their life cycle costs projections have been calculated utilizing a five-point Likert
scale. As a result, the format of Likert scale was presented as below:

CERTAINLYUSED, PARTLYUSED, UNCERTAIN, PARTLYDISUSEDAND
CERTAINLY DISUSED.

3.2 Second Component of the Questionnaire Survey

(1) Do you use design cost parameter for LCC calculation?
(2) Do you use the maintenance cost parameter for LCC calculation?
(3) Do you use the energy cost parameter for LCC calculation?
(4) Do you use the service life of building as parameter for LCC calculation?
(5) Do you use the salvage value parameter for LCC calculation?

In the last portion of the questionnaire, questionswere selected in order to evaluate
participant’s awareness and understanding about LCC. The questions were put in
five-point Likert scale. Participants’ consent and different levels have been assessed
in the format given below:

NORMALLY, FREQUENTLY, SOMETIMES, SELDOM and NEVER.

3.3 Final Component of the Questionnaire Survey

(1) Do you give priority to plan and layout of building for LCC calculation?
(2) Do you give priority to material cost for LCC calculation?
(3) Do you give priority to labour cost for LCC calculation?
(4) Do you give priority to minor repair and replacement cost for LCC calculation?
(5) Do you give priority to commissioning cost for LCC calculation?
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4 Results

Questions Never heard Heard Known Rarely
used

Often used

1. Do you use
value-oriented
LCC method
for LCC
calculation?

38 20 12 6 4

2. Do you use
base case
method for
LCC
calculation?

32 25 10 7 6

3. Do you use
net present
value method
for LCC
calculation?

10 20 6 9 35

4. Do you use
equivalent
annual cost
method for
LCC
calculation?

7 2 2 23 46

5. Do you use
approximate
LCC method
for LCC
calculation?

38 20 16 2 4

Certainly
used

Partly used Uncertain Partly
disused

Certainly
disused

1. Do you use
the design and
Construction
cost parameter
for LCC
calculation?

42 20 10 5 3

2. Do you use
the
maintenance
cost parameter
for LCC
calculation?

4 14 16 20 26

(continued)
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(continued)

Questions Never heard Heard Known Rarely
used

Often used

3. Do you use
the energy cost
parameter for
LCC
calculation?

32 27 15 2 4

4. Do you use
the service life
of building as
parameter for
LCC
calculation?

3 10 25 15 27

5. Do you use
the salvage
value
parameter for
LCC
calculation?

6 10 22 19 23

Normally Frequently Sometimes Seldom Never

1. Do you give
priority to
material cost
for LCC
calculation?

5 6 10 10 33

2. Do you give
priority to
labour cost for
LCC
calculation?

6 7 13 16 38

3. Do you give
priority to
minor repair
and
replacement
cost of
structural
components
for LCC
calculation?

10 7 15 23 25

4.Do you give
priority to
commissioning
cost for LCC
calculation?

10 8 15 22 25

(continued)
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(continued)

Questions Never heard Heard Known Rarely
used

Often used

5. Do you give
priority to
material type
in design
phase for LCC
calculation?

9 10 20 23 18

4.1 Analysis of the Methods of LCC

It represents consultant’s use and learning level of LCC techniques. For example, rig-
orous method was graded in general acceptance. Equivalence annua1 cost approach
was also designated in less agreement. From a detailed literature review, order of
utilization of LCC evaluation is stated as a number for LCC methods. It is logical
that presents worth cost perspective and equivalent cost viewpoint viewed as the
most implemented process in literature. It is also understood that the questionnaire
solution is primarily used instead of present worth and equivalence cost outlook,
va1ue-oriented life cycle cost viewpoint and the base case point of view which are
component-based procedures. It illustrates that participating consu1tants are more
concerned with different constituents of product or building than all parameters as a
who1e. It is noticeable that rigorous and approximate LCC methods are applied to a
lesser extent. The responses of all the methods are recorded here.

4.2 Analysis of the Parameters of LCC

Though maintenance cost has been given much priority for building projects, it
is viewed that the consultants in India do not give importance to this factor. It is
observed that nine criteria are divided into two groups. First is the simple variable
which demonstrates cost models largely practiced in LCC assessment. It comprises
design cost, construction cost, maintenance cost, operation cost and energy cost [6].
Second is the complex factor which indicates cost model producing all costs. It
constitutes life cycle, salvage value and interest rate [1].
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4.3 Analysis of Final Part of the Questionnaire

The last part of the questionnaire asked the responder to recognize the importance
given to the parameters for LCC calculation. It is observed that the material cost,
labour cost, minor repair and replacement cost, material type and commissioning
cost all of them are also dependent on the calculation of LCC. They are ranked as
per the Likert scale and as per that the priority rating is done so that the importance
given to parameters is known. After rating them, it is observed that the consultants
give importance to material cost, material type and commissioning cost. The rest
of other parameters, labour cost, minor repair and replacement cost, are given less
priority for the calculation of 1ife cycle cost according to the ratings and according
to observations it is seen. From the responses, it is clear that the consultants have
certain knowledge regarding the use of LCC and also they give priority to the various
parameters according to the Likert scale range. Thus, the consultants play a very
important role in the life cycle cost, and awareness is created regarding the use of
life cycle costs.

5 Conclusion

There are various important findings from the research described below:

1. It appears that the component-based process (annual equivalent cost approach and
net present value) is the most adopted technique in India. Several consultants do
not even ascertain about LCC procedure in advance, although most of them have
the understanding of different parameters of LCC analysis [7]. Hence, it could
be stated that consultants have the basic notion but in actual during implantation,
they usually do not adopt LCC.

2. Maximum consultants follow LCC concept in decision-making and take into
account energy cost, design cost and life cycle [8]. It is observed that mainte-
nance cost is ignored in most of the cases. According to feedback received from
questionnaire survey, it is established that there is some gap in the knowledge
and acceptance of LCC among consultants. It seems that LCC and different sys-
tems solution adopted for lowest cost are generally significant for participating
consultants but lack of relevant information related to input-cost data and lack
of expertise seems to be the major obstacle.

3. Outcomes of the present study state that few consultants perform LCC evaluation
in the design process [1]. However, most of the consultants are still with the idea
that LCC analysis consumes extra time, and prolonged the entire process of
design for which clients may not pay extra costs [4]. Insufficient confidence
and awareness of LCC method is the major constraint in its implementation and
adoption among the consultants.
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Genetic Algorithm for Resource Levelling
Problem in Construction Projects

Dolasankar Sahu and Mohibullah

Abstract The resource levelling problem (RLP) arises when with sufficient avail-
able resources, it ismandatory to haveminimumfluctuations in the pattern of resource
usage. These fluctuations are very much undesirable because it causes problem in
the utilization of labour and monetary concern for the contractor. This kind of prob-
lem aims at minimizing total duration or making span of a project-dependent to
precedence relations between activities and finite resource availability. A resource
levelling approach gives direction to the person doing scheduling to plan activities
in a project with smooth resource utilization without exceeding the constraints of
resource availability. It is also often useful in minimizing the project duration within
limited availability of resources for making project profitable. In RLP, start times of
noncritical activities are shifted within their available float times so that the resource
usage profiles are levelled best. Existing research has done to analyse variousmethods
and algorithms for the resource levelling problem. In this study, we have discussed
the scheduling process of RLP using genetic algorithm technique which is evaluated
by a sample problem where resource levelling index (RLI) is improved by 48% to
conventional schedule resource profile. Analysis of this study shows that GA could
be an effective asset for getting optimized solutions in construction industry.

Keywords Resource levelling · Genetic algorithm · Resource management ·
Project scheduling

1 Introduction

Projectmanagement represents the coordination of all the activities in an efficientway
with available resources to achieve effective outcome, completing project on time,
on budget and as per predefined quality assured by resource management which is
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an essential part of project management. Practice of Critical Path Method and Pro-
gram Evaluation Review Technique approaches has demonstrated to be quite helpful
for schedule planning and controlling construction projects. In the project schedule,
noncritical activities can change their positions by their floating times available to
have better even resource profile [1, 2], while dealing with the resource techniques
adopted, Resource Allocation (limited number of resources while keeping project
extension to minimum), Resource Smoothening (adjusts activity for a scheduled
model so that for resources required to the project do not exceeds predefined dura-
tion, attempts to reduce sharp variation in resource histogram linearly) and Resource
Levelling (duration can be adjusted based on resource constraints with motive to bal-
ance the demand and available supply, attempts to reduce sharp variation in resource
histogram) [3–5]. The reasons for levelling the resources are as follows: quantities
of construction resources should meet the demand, avoidance of day-to-day resource
fluctuation, by maintaining a steady flow of construction resource applications [6].
Start time of noncritical activities shifted according to the float times available for
the level of resource utilization.

Studies on resource levelling for scheduling can be categorized into three cate-
gories: exact algorithms, heuristics and metaheuristics. Linear programming, branch
and bound algorithms come under exact algorithm, which are useful for solutions
of small-scale problems (time taking). Thumb rule for heuristic methods can be
applied for solving major project problems without any guarantee of finding any
optimal solutions. For complex problems, exact algorithm and heuristics may fail to
find solutions. Metaheuristics is used for solving complex problems. It consists of
an iterative generation process guiding to combine a lower ranked heuristics intelli-
gently mainly with various other concepts used for exploring and achieving spaces
related to search and also use different learning methods to structure the data for
finding an optimal or near-optimal answer [7].

Earlier, Burgess and killebrew [8] attempted to solve resource levelling prob-
lem with objective of minimization of sum of squares of the resource usage to get
rectangular shape resource histogram [4, 6, 9–13]. Easa [14] used the objective func-
tion sum of absolute deviation between consumptions of resources in consecutive
time intervals [15, 9, 16, 17]. Another parameter used is the sum of absolute devi-
ations between a specific time period and average usage of resource [2,14, 16, 18].
Minimum moment algorithm where resource histogram moment minimizes around
horizontal axis is proposed by Harris [6] and later packing method is developed by
Harris [1]. Several different models are used. Easa [14] presented an integer linear
optimization model, a hybrid model. Son and Skibniewski [11] proposed resource
levelling combination of local optimizer and simulated annealing. Hegazy [4] used
genetic algorithm in minimum moment algorithm. Leu et al. [2] proposed optimiza-
tion through genetic algorithm and its decision support system application. A neural
dynamic model is proposed by Senouci and Adeli [17]. Senouci and Eldin [15]
presented a model for genetic algorithm which performs resource-constrained and
resource levelling simultaneously. El-Rayes and Jun [19] suggested release and re-
hire metrics and resource idle days metrics. Doulabi et al. [18] developed a model
based on genetic algorithm which allows activity splitting.
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The objective of present work is to enhance resource management in the construc-
tion project by applying genetic algorithm to level the resource histogram without
extending the project duration. To maximize resource utilization efficiency, genetic
algorithm is used to reduce unpleasant resource fluctuation which is evaluated by the
parameter sum of absolute deviations of daily resource requirements from average
daily resource requirements.

2 Resource Levelling

Construction project schedules often cause undesirable resource fluctuations in pat-
terns of utilizations of resources over time that are unsuitable, costly and inefficient to
implement on construction. Schedules generated often need to be altered in order to
lessen significant fluctuations in resource utilization andmake it as smooth as possible
over the entire time span [19, 20]. Project scheduling problems are often practitioner’s
deals during scheduling, while achieving the most effective resource schedule not
having duration of the project increased. Project scheduling problems comprise both
resource-constrained problems and resource levelling problems, among others. The
goal of project scheduling problem where resource is constrained is to lessen the
time interval not exceeding the condition of resource availability. And for resource
levelling problem target is to attain the most effective resource schedule without
increasing the specified duration of project [21].

Use each activity’s resource utility index (ratio of the quantity of selected resources
to the total quantity of resources required for all competing activities during assigning
resource) to maximize each activity’s utility and thereafter to optimize the resource
allocation and also minimize the project’s time span with the expense of time/cost
[22].

The purpose for resource levelling is to reduce resource usage fluctuation and
smooth the resource histogram and is achieved by shifting noncritical activities
within the range of available float time. In project management, slight variance of
resource appears a financial load or threat and project baseline schedule determi-
nation, which particularize the start time of planned activity while fulfilling both
constraints (precedence and deadline) for minimizing the variation in the resource
utilizations [23].

3 Genetic Algorithm Concept

Genetic algorithms are search-based techniques inspired by Charles Darwin’s most
solid theory, that is, evolution theory through natural selection and survival of the
fittest principle which is developed by John Holland in 1975. GAs are used for
locating optimal solution based on the process of natural selection where stronger
individuals stay alive in competing process [2, 4, 15, 24, 25]. It is a search technique
for large and complex problems to find optimum or nearly optimum solutions [4,
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15]. GAs’ advantages from other optimization methods are (a) instead of variables
themselves a coding set can be used for variables, and (b) search from a population
of solution to improve a single solution [15, 26].

Procedure of genetic algorithm begins with the generation of population of indi-
viduals, each of them representing a possible solution. Each individual in population
follows evaluation, selection and recombination steps repeatedly called generations.
Every individual solution is represented as strings of bits each called chromosomes,
and the consisted entities are called genes (each box from string). The entities repre-
sent the variable’s value and are represented as real number according to the problem
or binary value or other user preference [4, 27].

An objective function provides evaluation performance concerning applied
parameters to get the solution to the problem. Whether the objective of the prob-
lem fulfilled or not is evaluated with the applied constraints through objective func-
tion. GA procedure mainly goes through three reproduction operators, i.e. selection,
crossover and mutation. Reproduction operator helps to segregate bad solutions and
generate better solutions in every iteration. Desirable characteristics of two randomly
chosen parent chromosome are combined by their best characteristics to generate an
offspring pair during reproduction phase.

Selection procedure helps chromosome to evolve by determining superior to aver-
age solutions for recombination to produce new offspring. Objective of selection
phase is to give more trials to fittest individual and also to weed out lesser fittest
individuals, so that fittest ones get more reproduction opportunities. Roulette wheel
and ranking methods are utilized for this process. Better chromosomes are placed
in intermediate mating pool where chromosomes get randomly paired. According
to John Holland’s schema theorem, presumed quantity of a particular partial solu-
tion is direct proportionality to ratio of individuals’ average performance contain-
ing particular partial solution to the whole average population. Accordingly, better
schema of above-average individuals has more than average chance for making to
next generation [28].

Another reproduction operator is crossover where a fit portion of two parent
individuals merges for generating pair of offspring for better solution possibilities.
This procedure can be done in many ways, i.e. single-point, two-point and uniform
crossover. Crossover rate is the parameter to perform crossover between any pair of
strings, and its rate usually considers high to introduce new strings much quickly to
population. Crossover rate too high may terminate high-performance strings faster
or too low may cause slow exploration rate [25].

Inmutation, certain gene position values are randomly changed and are decided by
arbitrarily, i.e. bit values are not fixed permanently in strings.According to predefined
mutation rate, chromosomes are modified to produce new nonexistent offspring in
the population. Mutation rate is considered as low since high rate of mutation may
result in random search primitively. The mutation process advantage is to redevelop
genetic diversity to get global optima [25, 28] (Fig. 1).
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Fig. 1 Genetic algorithm
optimization process

3.1 Genetic Operators

Genetic/reproduction operators ofGA are used to separate inefficient solutions and to
generate a new and efficient set of solutions in each iteration. Advantageous features
of parents are inherited through offspring during the reproduction by combining the
best features of both parents [24]. Threemain operators are there in GA: (a) selection,
(b) crossover and (c) mutation.

(a) Selection—From population, individuals are selected to recombine and to
generate new offspring.

(b) Crossover—A brief part of two fit parent individuals unite to produce two off-
springs of different genes. Generally, three types of crossover operations are
used for optimization using genetic algorithm method: single-point, two-point
and uniform crossover.

(c) Mutation—Introduces modifications in random selection process, thereby
presenting a new random individual to get a new offspring.

3.2 Parameters of Genetic Operators

Before applying GA, parameters must be set [29]:
Size of Population—Population size to be randomly generated.
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Chromosome Length—Linear string of available genes called a chromosome
whose length varies with each application.

Crossover Probability—Crossover rate perform between any pairs of two
selected Chromosomes/strings. Values vary from 0 to 1.

Mutation Probability—A rate to alter randomly one or more than one genes of
a selected string. Values vary from 0 to 1.

GA is a well-directed search system, which uses previous evaluations for guid-
ing the search process for developing an improved performance on function being
optimized.

3.3 Problem Formulation

For the proposed problem, the following assumptions, objective and constraints are
mentioned (Table 1).

3.3.1 Assumptions

• Activity network and their durations are fixed.
• Daily required resources for each activity are known and are constant throughout

activity duration.
• Critical path method is determined, and duration of the project is kept fixed

throughout.
• Single-type resource is considered; each activity either gets their required

resources or not at all during each day.
• Activities within the network cannot be split.

Table 1 Data for problem Activity Predecessor Duration Resources

A – 4 4

B – 8 2

C A 4 0

D B 4 3

E B 3 6

F C, D 7 2

G E 3 4

H A 11 2

I F, E 3 5
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3.3.2 Objective Function

In this article, resource usage fluctuation is evaluated by ‘sum of absolute deviations
of daily resource requirements from average daily resource requirements’ introduced
by Easa in 1989. Motive behind selecting this objective criterion is easy to restore
average daily resource usage by suitable plan for resource usage each day that could
vary every day.

RL I =
T∑

t=1

(∣∣∣∣∣

n∑

i=1

Rit −
(∑n

i=1 Ri Di

T

)∣∣∣∣∣

)
(1)

where Ri = daily resource required for activity i
Di = duration of activity i
Rit = sum of resource required for each day t (for all activity on each day)
n = no. of activity.
T = total duration of project.

3.3.3 Constraints

• Resources are allocated for each activity equal to its duration.
• Precedence relationship must not be disrupted in each schedule.
• Earliest start time and latest finish time of each activity must be scheduled.
• Shift range must be within their float time of respective activity.

4 Algorithm Process

4.1 Genetic Algorithm Model

The scheduling procedure to maximize the resource utilization efficiency through
resource levelling is organized into three main systems: (i) initialization system for
calculation of initial schedule and quantity of float days for each activity in the project,
(ii) genetic algorithm system for searching and identifying an optimal schedule set so
that it will maximize the efficiency of resource schedule, and (iii) resource levelling
system to determine the effect after shifting noncritical activities with their respective
available float times. The three systems are described in detail in the following.
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4.1.1 Initialization System

This system’s objective is to determine initial schedule and float within each activity
in the project. The purpose of calculating float times is to determine the upper limit
of principal decision variables (quantity of allowable shift days for each activity,
respectively). The principal decision variables are maximum shift days (Msd) and
quantity of decision variables is the same as quantity of noncritical activities in the
whole project. The procedure is as follows:

(a) Input the data for scheduling for each activity which includes daily resource
demand, duration and work logic.

(b) Determine early start time (ESTi), early finish time (EFTi), late start time (LSTi)
and late finish time (LFTi) for each activity ‘i’ based upon previous step input
data.

(c) Determine free float (FFi) and total float (TFi) for each activity.

FFi = Min(successorESTi− EFTi ) (2)

TFi = LSTi − ESTi (3)

where FFi = free float time of ‘i’ activity; Min(successorESTi) = minimum
early start time of all successors of activity ‘i’; EFTi = early finish time of ‘i’
activity; TFi = total float of ‘i’ activity; LSTi = late start time of ‘i’ activity and
ESTi = earlier start time of ‘i’ activity.

(d) For all decision variables (Msd), upper and lower bound must be set. Ensur-
ing that shifting of each noncritical activity must not exceed their respective
total float time (TFi) and not to cause extension to entire project duration this
constraint is specified.

0 ≤ Msd ≤ TFi (4)

In this scheduling model, the principal decision variables are the quantity of shifting
days for each noncritical activity (Msd) which are represented by genetic algorithm
chromosome.

4.1.2 Genetic Algorithm System

The objective of genetic algorithm system is to explore an optimal schedule that
maximizes the efficiency of resource utilization. GAs have been used because of
its robustness in finding optimal and near-optimal solutions from large and complex
searchoptions. In spite of extensive utilization and capabilities,GAs cannot guarantee
for generating an absolute optimal solution in every case.GAs computation procedure
is as follows:
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(a) Produce an initial solution set (from k = 1 to K) for initial population (Popg=1)
in the first generation. k consists of randomly produced values for ‘maximum
shift days variable Msd’ (M1, M2, M3, …, MN) for each solution. Each solution
set is designed to produce feasible schedule and resource profile of the project.

(b) Each solution’s impact on overall utilization efficiency of resources to be evalu-
ated through resource levelling system that calculates daily resource demand and
then resource levelling index (RLI) using Eq. (1) for present levelling system.
Evaluated value of the objective function will be used to select and determine
the fitness of every solution (k) in the population (Popg) for reproduction of new
offspring solutions further.

(c) Generate next-generation population (Popg=g+1) solutions on the basis of eval-
uated fitness values by GA operators, i.e. selection, crossover and mutation.
Repeat the steps b and c for a self-decided number of generations (G) to pro-
duce near-optimal or optimal solutions or schedules thatmaximize the efficiency
of resource utilization for the project.

4.1.3 Resource Levelling System

In the resource levelling system, effect of noncritical activities shifting within their
available float times ‘principal decision variables (Msd)’ is evaluated on overall
utilization efficiency of resources, by employing the procedure as follows:

(a) From the initialization system, early start time (ESTi), early finish time (EFTi),
late start time (LSTi) and late finish time (LFTi) for all activities will be used.

(b) Establish total noncritical activities and determine the impact on overall uti-
lization efficiency of resource by shifting each noncritical activity separately.
Evaluation process covers every noncritical activity, only one activity at a time
(i*) beginning from last activity towards start of the project (backward pro-
cess). Evaluation of noncritical activities selection order is determined by the
following primary and tie-breaking incremental set of rules:

1. Select latest noncritical activity (i*) with late finish time which has not been
shifted in previous shifting cycles.

2. If rule 1 produces tie between any such activities, then choose the noncritical
activity (i*) which has minimum total floats.

3. If rule 2 creates a further tie between any such activities, then choose the
noncritical activity (i*) with highest order number (i).

(c) Apply Eq. (5) to evaluate selected shift days number (Si*) for each noncritical
activity found in prior step (i*) on the basis of updated free float (FFi*),maximum
shift days (Msd*) and original total float (TFi*). The original total float (TFi*) of
each activity (i*) remains fix but during shifting cycle free float (FFi*) may vary
depending on the successor of that activity shifted or not in the earlier cycles.
After each shifting cycle (step e), the free float (FFi*) needs to be updated for
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identification of selected shift days (Si*) for activity i* by Eq. (5) to ensure that
shift days selected will not make further addition of shifts to its successor.

Si∗ = (FFn∗ + 1)

(TFn∗ + 1)
× Msd∗ (5)

(d) Chosen noncritical activity (i*) shifts by Si* days and evaluates its rescheduled
EST′

i* and EFT′
i* as follows:

EST′
i∗ = ESTi∗ + Si∗ (6)

EST′
i∗ = EFTi∗ + Si∗ (7)

where EST′
i* = rescheduled EST of chosen noncritical activity i*; EFT′

i* =
rescheduled EFT of the chosen noncritical activity i*; ESTi* = original EST of
the chosen noncritical activity i* prior to shift; and EFTi* = original EFT of
chosen noncritical activity i* prior to shift.

(e) Re-evaluate the FF time of every predecessor of chosen noncritical activity i*

by Eq. (2).
(f) Repeat the process from step b to step e for every activity that is noncritical in

the entire project while taking one activity at a moment into consideration.
(g) For rescheduled project, evaluate the daily resource demand.
(h) Calculate the after shifting effect of all noncritical activities according to their

respective float times available on overall utilization efficiency of resource by
determining the resource levelling index by Eq. (1).

The repetition process of above-mentioned eight steps continues for every solution
k in population (PopG) of every generation g. Determined value of each solution
k is then blended in the optimization function Eq. (1) in GA procedure. The value
obtained from optimization function is considered as fitness value for each solution k
to regenerate newer offspring solutions in succeeding generations during the search
process for optimal solutions. Following a certain generationG, each solution k in the
last populationPopG an optimal or near-optimal solution/schedulewill be represented
which maximizes the overall efficiency utilization of resources in project.

4.2 Results and Discussion

For better performance using GA, parameter adjustment, crossover and mutation
rates are absolutely requisite. Here, GA is tested with various crossover scales of 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 and mutation scale of 0.2, 0.4 and 0.6, respectively.
Two heuristic methods PACK and minimum moment method (MOM) proposed by
Harris for resource levelling were evaluated and after 200th-generation GA got the
equal optimal value as the PACK beatingMOM. Before levelling RLI was 50.36 and
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Before Leveling 6 6 6 6 4 4 4 4 11 11 11 9 8 8 4 2 2 2 2 5 5 5
GA 6 6 6 6 4 4 4 4 5 5 5 5 4 10 10 8 6 6 6 5 5 5
PM 6 6 6 6 4 4 4 4 5 5 5 5 4 10 10 8 6 6 6 5 5 5
MOM 6 6 6 6 4 4 4 4 5 5 5 5 10 10 10 6 6 6 2 5 5 5
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Fig. 2 Result comparison

after levelling it is 26.36 for bothGAand PACKand forMOMapproachRLI is 30.36.
The smaller the index value, the superior the resource levelling or the greater the
resource utilization flow. Between GA’s perspective and heuristic approach, the sig-
nificance difference is that GA approach may suggest many optimal or near-optimal
schedules or solutions which may be helpful for different planning considerations
for decision-makers but heuristic approach generates single feasible solution.

After applying genetic algorithm to the problem, the maximum resource required
is 10 nos. for 2 days and minimum resource required is 4 nos. for 5 days, whereas
before levellingmaximum andminimum resources were 11 nos. and 2 nos. for 3 days
and 4 days, respectively. Through minimum moment method obtained, maximum
resource is 10 nos. for 3 days and minimum required is 2 nos. for 1 day and for pack
method the same results were obtained as genetic algorithm as shown in Fig. 2. The
minimum the resource levelling index, the better the resource profile is levelled. The
minimum RLI is achieved through genetic algorithm and pack method, i.e. 26.36.

5 Conclusion

In this present study, an effort has been made to enhance resource management in
the construction project by applying genetic algorithm. For maximizing resource
utilization efficiency, genetic algorithm is used to reduce unpleasant resource fluc-
tuation and the procedure is carried out in three system processes: initialization,
genetic algorithm and resource levelling system. After applying GA to the problem
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with single resource, resource levelling index (RLI) improved around 48% to ini-
tial schedule. Results of GA are compared with another two methods, i.e. minimum
moment method and packing method, and genetic algorithm proved to be an impor-
tant asset for improvising the resource profile. Based on all the works done till now,
it is recommended that

• Although results are the same for GA and pack method in this study, GA is more
useful for larger and complex projects.

• It is quite difficult to learn when an optimal solution has been attained.
• Longer processing time is required due to random nature of the algorithm which

is the main downside.
• Interrelationship with availability profiles of resource and generated activity

schedules quality was observed.

GA could be used as a key for resource-based planning and scheduling, thereby
deploying optimum resources for a project.
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Strategies for Construction
and Destruction (C&D) Waste
Management

Rajarshi Patty, Dillip Kumar Bera, and Ashoke Kumar Rath

Abstract At the present time, waste debris generated from constructions and
destructions of buildings, statues, and many more is an important matter of concern
for solid waste management, which mainly consists of bricks, cement, stone chips,
iron rods, plastics, etc. and also increases rapidly with the growth of construction
industry across the world. This waste contributes to a massive amount of dust that is
mainly responsible for environmental pollution. Hence, we need well- planned C&D
management to recover and reuse the tremendous amount of hazardous substances to
make pollution-free environment. This review paper analyzed different C&D man-
agement strategies based on the literature review to draw comparisons among these
strategies and also to identify the best substitutes from the sustainability perspective.
This study observed that 25–35% of the total amount of waste debris that ends up in
landfill is the most ordinary and extensively used strategy but it should not be pre-
ferred as it has an adverse impact on the environment and the human body. So there
are a numerous number of techniques which can be considered for alternate options
than landfilling which will have less detrimental effects. From a sustainability point
of view, Reduce, Reuse, and Recycling (3R’s) are most favored and possibly the best
options for C&D waste management which are of recent origin and not yet adopted
globally.
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1 Introduction

For the fastest growing country, it should be pointed out that C&Dwastemanagement
is a crucial matter of concern because wastematerials are heavy, bulky, inert, and also
a mixture of numerous materials of different characteristics. The term C&D waste
associatedwith solidwaste is obtained from activity-related construction, renovation,
and demolition including different civil works [1]. The researcher proclaimed that
if a small amount of waste materials were reduced, then it would have a dramatic
impact on the final profit as well as environment [2]. It is also very hard to choose any
particular strategy of C&Dwaste management.Waste management is a well-planned
system of effectively controlling the production, storage, collection, transportation,
processing, and disposal or utilization of wastes in an economical manner [3]. 3R’s
philosophy is widely used in the handling of C&D waste. During the second world
war, recycling was taken into account by Germany to reuse demolished concrete, yet
most of developing countries like India are not very much conscious of 3R’s. Hence,
they are still practicing landfilling as the only method of C&D waste handling.
Globally, building waste production of 2–3 billion tons per year is estimated, of
which 30–40% is concrete [4]. In India, 14.5 MT out of 48 MT of total solid waste
generated per annum [5].

The main objective is to study the different sources of C&D waste along with
their brief classifications and its hazardous effects and suggest different strategies
for safe waste disposal.

Scopeof thework is to study the various quantities and constituents generated from
the C&Dwaste. Also, study the C&Dwaste management strategies of different cities
of India and finally suggest the best alternatives to minimize the waste generation.

2 Literature Review

2.1 Background of C&D Waste Management

The main reason for this guideline is to enhance a well-designed environmental pro-
tection, sustainable development, and optimum use of resources of C&D manage-
ment throughout the total project duration. The most traditional disposal mechanism
is landfilling, and it has been practicing since the last few decades. Recently, due to
exhaustive pressures and insufficient space on landfilling, the 3R’s concept must take
over as best alternatives in order to reduce waste generation. Recently, many local
authorities and government bodies set a target of about 80% recycling of C&Dwaste.
To achieve an environment-friendly C&D waste management, it is recommended to
carry out a detailed and accurate research from the very beginning [6].
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2.2 Classification of Wastes

Waste is an inevitable, non-hazardous by-product resulted from human day-to-day
activities [7]. Also, this waste is one kind of material/substance which generally
depends on the type of materials or regional terminology. The category of waste can
be classified according to their state, properties, effects, and type. According to their
state, waste ismainly of three types: solid, liquid, and gaseous. Detailed classification
of waste is shown below (Fig. 1).

2.3 C&D Waste Classifications

In today’s market-driven condition, the construction industry is growing enormously
all over the world. Similarly, C& D wastes are also increasing simultaneously with
the growth of industry, and it creates a major detrimental impact on the environment
[8]. This construction waste usually transported to landfill by an open-top roll-off
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containers like dump trucks or open trailers. According to the researchers, new con-
struction, renovation, and demolition contribute 10%, 40%, and 50%, respectively,
out of the total C&Dwaste generating per year [9]. C&D debris consists of materials
such as concrete, wood, brick, metals, asphalt, wallboard, etc. Construction wastes
are mainly residues from new construction like used materials during construction,
cut-offs, damaged materials, packaging waste, etc. Demolition waste is mostly the
collection of all construction materials from building after ejection of certain parts.
The volume of demolition waste is much large in number as compared to construc-
tion waste. Construction and demolition waste can be mainly classified into two
categories: major categories include cement concrete, cement plaster, bricks, steel
from RCC, window, and doors, stones, rubbles, etc. and minor categories include
electrical fixtures, conduits, GI pipes/Iron pipes/Plastic pipes, glass, panels, etc. [10].
The classification of C&D waste is as follows (Fig. 2).
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wooden) Electrical 
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Fig. 2 C&D waste identification from source
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Fig. 3 Percentage distribution of different constituents generated from C&D waste per year in
India (2000)

3 C&DWaste Generation Statistics in India

3.1 Composition and Quantity of Various Constituents

Generally, In India, there are two types of constructionprojects: Small housingproject
and a large project. Large projects are mainly executed by the contractors on a labor
contract basis or turnkey basis, and in this project waste generations range within
3%. In the case of small housing projects, it is mainly carried out by owners on the
labor contract basis and waste generation ranges between 5% and 7%. To control
the waste generation, strict supervision from contractors or professionals is required.
Concrete andmasonry construction contribute more than 50% of the waste generated
by the construction sector. If recycling is possible of those wastes by converting it to
aggregate, then it may offer dual benefits of saving landfill space [6] as mentioned
in Fig. 3 and Table 1.

3.2 Waste Generation Statistics of a FewMajor Cities in India

In India, most of the major cities are still struggling to adopt a well-planned waste
management plant, and the various constituents of waste are not separated prior
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Table 1 Quantity and composition of various constitutes generated from C&D waste

Constituents Quantity (metric tons/Year) Composition (%)

Soil, sand, and gravel 4.20–5.14 36

Bricks and masonry 3.60–4.40 31

Concrete 2.40–3.67 23

Metals 0.60–0.73 5

Bitumen 0.25–0.30 2

Wood 0.25–0.30 2

Others 0.10–0.15 1

Table 2 C&D waste generation of different cities in India

City Daily CDW waste generation
(tons/day)

Annual CDW generation (million
tons/annum)

Mumbai 2,500 0.75

Delhi 4,600 1.38

Bengaluru 875 0.26

Chennai 2,500 0.75

Kolkata 1,600 0.48

Jaipur 200 0.06

Patna 250 0.08

Ahmedabad 700 0.21

Bhopal 50 0.02

Coimbatore 92 0.03

to disposal. Researcher found that 70% of cities in India have lack of awareness
and insufficient technology regarding recycling waste. Source said that out of ten
major cities in India, Delhi generates the highest amount of C&D waste followed by
Chennai, Mumbai, and Kolkata, whereas Bhopal and Coimbatore produce very less
amount of waste products as mentioned in Table 2 and Fig. 4.

4 Strategic Plan to Reduce C&D waste

4.1 Sources of C&D Waste Generation in the Construction
Industry

Due to the fast growth in the construction sector, it is important to know the source of
construction and demolition waste before handling. Basically, there are two types of
sources of C&D waste generation present. First one is bulk generators, and another
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one is retail generators or small generators. Bulk generators of waste are considered
waste which is resulted from the infrastructure and real estate sector and small/
retail generators mainly result from small commercial enterprise and industrial house
buildings [9].

4.2 Minimization Strategies of C&D Waste

A well-planned managing and monitoring strategy is highly required in order to
minimize waste. To ensure the successful implementation of waste streams, it needs
conscientious planning throughout the design, build, and tenancy period, and it can
only possible when types, behavior, and productionwaste are well known [11]. There
are several alternatives available for C&D waste management. Construction waste
management is dumping in landfill sites. However, space for landfill disposal is
decreasing with the increase of waste generation, which may lead to escalating costs
as well as harmful effects on the environment [12]. The minimization of waste can
be attained through:

(a) Avoiding on-site waste as much as possible.
(b) Mentioning waste specifications and formulations in contract documents.
(c) Developing a plan of site waste management.
(d) Using recycled the content of building materials and products.

This has prompted the need for the best alternatives for waste management. One
hierarchical order that is Reduced, Reuse, and Recycle (3R’s) is the most favored
and possibly the best option for C&D waste management.

The hierarchy of waste management suggests that
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(a) The most successful/effective way to achieve an environmental solution is to
reduce waste generation.

(b) If further reduction is not possible, then the building materials and products can
be reused for a different purpose.

(c) Value of any materials should be recuperated from waste through recycling.
(d) If none of the above suggestions is suitable, then waste is to be disposed of using

the best scientific and feasible environmental recourse.
(Source Dept. of Env., Transport and Regions, 2000).

4.3 3R’s Concept: Present Practice of Waste Disposal

The main fundamental reasons behind 3R’s concepts are as follows: One is econom-
ical advantages and another one is environmental advantages. The economic advan-
tages comprise minimize the total project cost, reduce the number of waste materials,
and enlarged the business sponsorship. The environmental advantages comprise the
minimization the environmental pollution which is harmful to the human body [13].
The hierarchy of the 3R concept suggests that:

Reduce: Reduce stands for “minimize/reduce” unnecessary andwasteful products
from its original volume. During the design, stage precautions should be taken to
identify the waste source in order to minimize the amount of waste generation. The
reduction of waste materials can be achieved by design the building with proper stan-
dard size and spaces. Also, it is recommended to consult with building professionals
to ensure exact calculations of required materials and proper delivery strategies for
the construction works so that the wastage can be prevented [14].

Reuse: Reuse means the recovery of C&D waste into the work. Once valuable
waste materials have been generated, the ultimate method of managing it is through
reuse either on the current site or a nearby site [14].

Recycle: Recycling is a term which is mainly used to describe a series of activi-
ties that includes collection and segregation, processing, and remanufacturing. For
managing waste products, recycling is the final alternatives and significant commit-
ments for sustainable buildings. It is the process consisting of sorting, cleansing,
treating, and reassembling solid waste but it does not include burning. Most impor-
tantly, recycling generates usable materials at much lower environmental cost than
primary sources [6]. For an effective recycling process, materials that can be reused
should be identified early to establish a link with local reuse facilities and contractors
on the build process, segregation, collection, and transfer. Recycling preserves our
natural resources, energy, and water, and minimizes the emission of greenhouse gas
and other pollutants (Figs. 5 and 6).
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Fig. 5 Recycling method

Reduce Reuse Recycle Dispose

Fig. 6 3R’s hierarchy for C&D waste treatment method

4.4 Construction Waste Management (CWM) Plan

A CWM plan is the main keystone for successful waste management strategies. It is
a comprehensive document which includes all the information needed by all on-site
professionals to achieve waste management goals for the project. For CWM plan,
contractual clause plays a significant role in ensuring optimal waste production. Site
management should follow all the rules and regulations in the contract as proposed
earlier so that each and every liability of contractors can be successfully performed.
The contractual clause will enable a monthly data collection report from the sub-
contractors or supplier to analyze the data of C&D waste generation at the site [6,
13]. A day-to-day report should be prepared to track the progress toward the goal. A
comprehensive CWM plan should consist of following points:

(a) Preparing a catalogue of materials which are targeted for 3R’s.
(b) Listing out landfill information in detail including tipping fees.
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(c) Illustrating the sorting and transporting procedure of the recyclable materials.
(d) Estimating the packagingmaterials generatedwhether the supplier can eliminate

or recycle packaging.
(e) Recycling information including how materials will be recycled.

A successful CWMplan involves good communication among all the parties: owner,
architect, engineer, contractor, and sub-contractor. The Waste Management Plan
should define the different responsibilities of different peoples which means of who
is responsible for procuring and storing this information, where information will be
stored (e.g., on-site, by the architect, by the contractor), who is responsible for using
the information to produce operating and financial reports, and how information will
be transferred from one party to another.

4.5 Summary

With the growth of the construction industry, the waste product from construction
sectors is also increasing rapidly but in India, waste management programs are in
its infancy. If C&D waste management is not developed properly and efficiently
adopted, then it may create detrimental impacts on the environment which is not
good for sustainable movement of the country. Thus, a proper plan of C&D waste
management should be made in the design period in order to minimize the volume of
C&Dwaste. Also, C&Dminimization and handling should take into consideration in
view of insufficient land space; otherwise, this may be an issue regarding landfilling
and handling of solid waste. The government should reform the strict rules and
policies related to construction waste, and implementation of C&D management
should be mandatory for all types of construction. Though landfilling was the most
common andwidely usedwaste strategy, recently Reduce, Reuse, and Recycle (3R’s)
policy is the best minimization strategy and almost all the developed and developing
countries are following this waste management strategy. Recycling offers a dual
benefit of preserving our natural resources, energy, and water, and minimizes the
emission of greenhouse gas and other pollutants.

5 Conclusion

This is the biggest challenge to manage C&D waste in the near future. It has been
found that most of the Indian cities are not aware of waste reduction strategies,
and still they follow landfilling as a main waste disposal part of the waste manage-
ment hierarchy. To minimize the waste, a proper plan of waste management must be
implemented at the earliest possible stage of the project, and it should be managed
accordingly by the nominated projectmanager. Each party has an equal responsibility
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for developing, implementing, controlling, and monitoring of C&D waste manage-
ment plan for the benefit of the nation; also some government rules and regulations
should introduce assuming this as a national problem. Waste reduction, its reuse,
and finally recycling should be carried out properly so that waste generation can
minimize.
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Comparison Between the Tunnel Form
System Formwork and the MIVAN
Formwork System in a Multi-unit
Building Project

Paromik Ray, Dillip Kumar Bera, and Ashoke Kumar Rath

Abstract Tunnel form system formwork is one type of modern system of formwork
that is used for construction purposes. This systemhas become a prime andpermanent
construction technique for construction of building in the country along with many
foreign countries. This system is an emerging technique for construction purpose due
to its efficient construction technology, minimum duration utilized and low estimated
budget cost in the construction project. This paper reviews the main comparison of
the tunnel form system formwork with the MIVAN formwork technique which is the
frequently used technique in the country.Moreover, theworking process, advantages,
disadvantages along with characteristics and limitations of the formwork system as
compared to the behaviour of the structure has also been reviewed. The MIVAN
formwork technique also referred to as aluminium formwork provides much faster
modeof constructionworkwith easy access all over the country as compared to tunnel
form system formwork. This review paper also highlights the failure and hazardous
activities of the tunnel form system formwork mentioning with case studies along
with the benefits or usage in designing, shuttering process, de-shuttering process and
dismantling process. This review paper also highlights the modified and advanced
analysis of both the formwork systems and its comparisonwith the scheduledduration
and the estimated cost budget of the construction project. The break-even analysis
of both the formwork systems has also been compared in this review paper.
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1 Introduction

Tunnel form system formwork is considered as an industrialized building construc-
tion technique that mainly allows the casting of the slabs and the walls in a particular
single action in a complete rotation. It merges and along with accelerates the speed,
the accuracy and the quality of the on-site and the off-site productions and the con-
structionswhich are therefore considered asmodernmethods of construction denoted
as MMC. The effect of MMC which is applicable in the reinforced building and the
finishing are present sufficiently in a high quality which mainly requires the min-
imum duration for finishing the work. The walls and the faces of the construction
building can be easily and effectively finished by thermal units that are present in
sufficient amount as per required.

Themajor ingredients of these constructed buildings are relatively thin shearwalls
and slabs as being compared to the conventional reinforced concrete structures that
are mainly used. Shear walls of the tunnel form buildings’ construction mainly carry
the vertical load carrying and the lateral load resisting members due to the main
reason for non-attendance of columns and beams. At the time of construction of
slabs and walls which is having the identical thickness being casted in a single action
operation, the member of cold plates formed at the formation of formwork being
reduced at the end of construction operation. Moreover, the concurrent casting of
the slabs and the walls formed results in the enormous formation of the on-going
construction building. As a result, the formwork system of tunnel system formwork
mainly achieves the intensified seismic-type preparation by delaying the main plastic
hinge development of the censorious points of the constructed buildings in a wall
open area. The system is being created with a well-planned load carriage structural
building being used in a vast variance application of the construction. The most
successful plan of the building is the section of the monotonous cellular structures
such as the hotels, barracks, residential buildings, student lodgings and also the lock-
ups. The tunnel form system construction method concrete is poured into a tunnel
formwork system of the shear walls and the slab floors at the same duration of the
construction. This is a particular operation which is continuous and reoccurring in
nature normally which consists of 24 h pattern of each particular floor; the on-going
building construction consists of several sub-divisions which can be particularly
created with great rapidity and quickly. Generally, this system of formwork the floor
plans that are being designed and are made of the same tunnel that is being used or
utilized in all the sections of the construction. This particular system of construction
technology provides great advantages and proper suitability as compared to MIVAN
formwork as used in the foreign countries.

MIVAN formwork as commonly referred to as aluminium system formwork falls
in the category of modern formwork systems. It is a common mode of construction
in the country as it is quite efficient and quite easily accessible. MIVAN formwork
is simple, quick, efficient and high adaptable to the Indian conditions that are quite
known for change. This type of formwork has a high standard of work which requires
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less or minimum finishing and the proper abilities for lasting as main criteria for con-
sideration of the construction project. It is mainly a full-proper engineering system
formworkwhich requires awhole lot of practice for planning and designing as an out-
performing system formwork. The process involves the shuttering, de-shuttering as
well as dismantling process of columns, beams and slabs comprising of proper steady
flow of concrete. This formwork system also gives support to the initial de-shuttering
process that mainly attains the main process of air curing along with various curing
chemicals that are used in the process of curing in the construction project. MIVAN
system is formwork generally very flexible and strong with perfections and quite
easily accessible. The elements or the components of the MIVAN system formwork
are made of aluminium as it is commonly referred to and also possesses the prop-
erties of lightweight in nature. It is mainly used for large span of construction of a
building especially columns, beams and slabs of span exceeding 250 mm and more.

2 Tunnel Form System Formwork

This type of formwork system was originated in the foreign and developing coun-
tries around 60 years ago from today. Initially, this type of formwork system is
used for construction purpose consisting of a number of repetitive cellular struc-
tures or concrete structures that are required. Using this particular type of system
formwork in construction in the country like India is a big challenging task as it
was recently utilized in the country as used frequently in all the developing foreign
countries. The increase in admirations of this particular type of formwork system
results in maximum production of the building construction structures having regular
or monotonous walls or rooms in the on-going project. The walls and slabs are being
casted in a monolithic manner that is being used for a different type of formwork
both horizontally and vertically that are used for calculating the total duration of the
construction project [1]. This particular form of system involves certain parameters
of benefits at the time of construction. The benefits include the following.

2.1 Cost–Benefit

The tunnel form construction system formwork provides an efficient cost at the
time of construction. This particular system is cost-effective, generating remarkable
reduction of the estimated cost of the project and high-quality reduction of the cost
of the structure without affecting or compromising the design of any structure. This
particular process in the formwork system is one of the most favourable processes
for the construction of the building project especially the cellular structures with
many civil engineers and also many building contractors all over the world have
appreciated the efforts of the system of formwork for minimum cost at the time of
construction with a potential to carry out more future large construction projects
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within the estimated budget of the project. Moreover, the smoothness of the surfaces
of thewalls and the slabs does not specifically require any additional or extra finishing
in the form of plaster of paris or any plaster. Early completion of the building project
proves to be decisive in the generation of the financial conditions including the rental
process or any source of income of the project [2].

2.2 Building

The tunnel formwork system is the most modified approach for each operation or
program performed. Since the monotonous and rapid continuous working of the
formwork system along with its uses in the field of pre-fabricated forms and rein-
forcing bars or steel cages which simplifies the whole construction process and also
delivering useful featureless quantities or parameters along with efficient working
process. The use of this specific technology is a common feature to the construction
industries or companies, but in the presence of tunnel form system formwork a less
dependent on the skilled and efficient workers or labourers is done [3].

2.3 Quality

Qualities or quantities of the on-going building project lead to themain increase in the
speed of constructionwith the presence of tunnel formwork system. Exactly, the steel
surface present in the formwork generates a high featureless along with high-quality
effective finishing techniques in a proper modern decoration with minimum cost of
construction estimated budget. Hence, reducing the excess or unrequited portion of
construction work of the project ultimately leads to saving or minimizing the extra
cost of the estimated budget project [4].

2.4 Design

The on-going building construction project with the use of tunnel formwork system
consists of a large design plan building which provides an extraordinary design
calculations and flexibility conditions by allowing a high level and high accuracy of
design parameters by showing a final appearance [4].
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2.5 Safety

In the tunnel formwork system during the construction work time, at the time of
working at a certain range of height in a particular platform or in an edge of the
platform, safety is the main factor at the construction project work. With respect to
the introduction, the continuous or repetitive nature of the familiarity as well as the
functioning and the training acquired by the workers and labourers is very important
for the progress of the construction work as well as completion of the project. Hence,
theminimumrequirements are required in the formof tools, appliances or any specific
equipment for the completion of building project in a risk-free and safer manner
without any cause of any sort of accidents and finally reducing the cause of accidents
[5].

2.6 Sustainability

The in situ concreting that takes place at the construction site along with the local
availability of the ready-mix concrete supply that is transported from any local area
helps in reducing the impacts that are caused by the transportation facilities, thus
resulting in fast and quick approach and delivering of the ready-mix concrete and
creating a zero wastage or nil wastage that are produced from an overall condition
of the construction site and helps in creation of a tidy and neat site for construction
project work to progress withminimum cost estimated as per the project, cost savings
conditions and proper safety considerations [6].Moreover, themass thermal doublets
with the presence of exact insulation and radiation along with boiler design of the
construction project minimize the heating condition as well as the prices of the
boiling condition in the construction project which helps in proper air circulation and
reducing the air-conditioning necessity or requirement in the construction project [6].

3 Working Construction Process

The working construction process of the tunnel system formwork mainly is divided
into five steps or processes. This working construction process signifies and high-
lights the process and methods of construction of the tunnel system formwork. The
construction steps are as follows.
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3.1 STEP 1—Cast Foundation and Starter Walls

The first step of the tunnel formwork construction system includes the main casting
of the slab, walls and the floors in the presence of 3- to 5-in. starter walls that are
mainly kept for the positioning of the tunnel forms. The starters as per the instructions
should be carefully and cautiously assembled or collected along with the vertical
arrangements that should also be checked for proper shape and perfect size. The
rebars that are fixed in the particular starter walls are present in around 2 feet around
the centre of the tunnel formwork system [7].

The starter walls that are mainly used for the setting of tunnels are being stored as
well as conformed by large-sized steel angles which are efficiently used. While the
conformation process takes place in the top starter inner walls, the steel angles are
used by steel hangers that sit on the top of the cross-shaped structure of the building
project at a height of every 6 feet. Starter walls are mainly used for building the
walls of the bottom that are conformed at the outside wall forms of the constructed
building of both the interior and exterior walls as well as the inside portion of the
steel angles that are been attached to the outside portion of the wall forms [8].

3.2 STEP 2—Install Tunnel Form

The tunnels that are used in the first step are being placed in a single platform with
the aid of a crane that is placed in between the two lines of the wall steel mesh process
which are pushed towards a particular point present in the centre of the starter walls
for themain alignment as well as the levelled process of the screw jacks in a particular
process [8].

After finishing of the above-mentioned process, the forming process of the starter
walls is being measured in dimensions of the length and breadth of the starter walls
mainly for the alignment and levelling of the screw jacks that are present in the
process. Initially, theweldedmesh of the starterwalls is tied to the rebars by providing
the continuous reinforcement for the presence of every floor starting from ground
floor to the first floor and moving on to the whole on-going building construction
site. The tunnel forms previously formed are being positioned by the crane in the
middle portion for the reinforcement rows work, pushing the opposite starter walls
of the slab mesh in order to have proper alignment and uniformed with the aid of
certain jack drivers present [9].
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3.3 STEP 3—Install Electrical Tubes and Opening Block
Outs

The electrical wires that are then installed in the previous steps along with the pres-
ence of block outs in the various openings of the on-going building construction
project such as the doors and the windows are mainly positioned in the openings of
the starter walls in the form of pre-cut process of the wire fabric material. The forms
of wire fabric materials that are being used in the mentioned process are different in
both materials and dimensions of the process being used. The tunnel form system
formworks that are being placed in the platforms in the particular process are the
main reason for positioning. Spacers are also used in the centre of the steel mash
starter walls for the middle of the forms [10].

3.4 STEP 4—Form the Kicker for the Next Level

The starter walls or the kickers of the upcoming floors from the second floor onwards
of the construction building project along with the first floors are well casted at the
same duration of the construction for better positioning and act as a well support
system. The steel angles that are forming an interior as well as exterior starter walls
are in the form of cross-shaped pre-casted blocks that are well set between at a certain
distance of around 6 feet. The bottom members of each cross-sectional shaped block
are well-being centred between the forms of the tunnel system formwork [11].

3.5 STEP 5—Concrete Casting and Curing Process

After the process, the concrete is first allowed to place with the help of an engineer or
a distributor along with a formation of the slab, ceiling and the starter walls for each
particular floor of the construction building [12], hence enabling a well-positioned
monotonous and continuous cycle of the construction project. The whole portion
of the construction step is repeated continuously to get the desired output of the
construction of tunnel system formwork in the construction project.

4 MIVAN Formwork—Introduction

This is considered as one of the modern formwork techniques for construction pur-
poses. Unlike the previous tunnel system formwork also being used for construction
purposes and being a constant use for construction purpose in foreign developing
countries, this MIVAN formwork system technique is completely different. This
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technique of formwork is quite simple, efficient, quick or fast and highly adaptable
to any conditions of the construction projects. Since its adaptability to any construc-
tion conditions, it is best suited for countries like India because of its easy access
throughout the country and less labour of work required for the process of construc-
tion. It has a high construction standard of work required for the ability of finishing
in the minimum possible duration of the project. The formwork system technique is
a fully modern engineered system technique where the whole and skilled practice is
required as per planning the fully outstanding details of the project [13].

The following construction process for the MIVAN formwork system technique
consists of designing the walls, columns and slabs of the project in one steady flow of
the quantity of concrete used for construction.Moreover, the process of de-shuttering
columns beams along with shuttering process as well as dismantling process used
for the project is done using the MIVAN formwork system. The process of curing
especially the process of air curing if required for the project can be done with this
system technique formwork with the help of various different curing chemicals used.
Lastly, themanufacturing or the construction of this type of construction formwork is
made flexible and strong along with the presence of fabrications with perfections and
quite easy picking for the construction purpose. Moreover, the whole components
or the elements of the MIVAN formwork system technique which is also mentioned
below in detail are made out of aluminium and hence can be considered lighter in
weight. The MIVAN formwork system technique is also referred to as aluminium
formwork system technique as it is being manufactured of aluminium material. The
span and length of the usage of the MIVAN formwork are around 250–300 times or
sometimes more as calculated in a particular day [14].

4.1 Components of MIVAN Formwork

The main and fundamental components required for the MIVAN formwork system
technique are the essential components required for the construction of the formwork
technique. The dashboard is considered as the essential component. The dashboard
which is initially ejected from the aluminium rail section is welded to an aluminium
sheet present in the platform. Also, the dashboard is light in weight also called as
lightweighted dashboard possessing an outstanding stiffness ratio as compared to
the weight ratio, hence providing a clear minimum deviation under the process of
concrete loading of the MIVAN formwork. The dashboards are manufactured with
respect to the shape and size along with the requirement of construction project as
per the designed plan [15].

These dashboards are mainly built of consisting of alloys of aluminiumwithmini-
mum size of 3–4 mm thickness placed over a layer plate of around 5–6 mm thickness
of the back of hard-ribbed dashboard placed in the platforms of MIVAN formwork
system techniques. Moreover, these hard-ribbed dashboards are manufactured and
processed in the workshops or factories. After the process of manufacturing and gen-
erating the dashboards from the workshops, these are flocked or bundled together in
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a trial erection format for the removal of the measurable site problems regarding the
MIVAN formwork system technique [16].

5 Working Construction Process of MIVAN Formwork

The working construction process is very much similar to the traditional tunnel
formwork system technique. The steps of the working construction process are being
followed below.

5.1 STEP 1—Setting up the Wall Reinforcing Steel

In the first step of construction process of theMIVAN formwork, the wall reinforcing
steel is used to form structure to the building of this particular project. This specific
reinforcement steel of the formwork helps in giving support to almost 50% of the
already designed strength of the structure. Due to these features, the steel mesh is
first pre-casted in the factories or the industries before bringing it to the construction
site for construction purposes [17].

5.2 STEP 2—Placing the Formwork

In the second step of the construction process, the MIVAN formwork system has
already been constructed. The formwork has already been manufactured from the
factories and industries. The support of the reinforcement steel is provided only at
50% designed strength of the construction project at the time of setting of concrete.
Steel mesh is also provided along with the presence of concrete for providing extra
amount of support at the time of construction. Moreover, like the formwork the steel
meshes are pre-casted in the factories and industries for proper manufacturing before
they are supplied to the construction site for construction purposes [18].

5.3 STEP 3—Pouring of the Concrete

In the third step of the working construction process ofMIVAN formwork technique,
the formworks are ready-made and are ready to be placed in the position for construc-
tion purpose. The pouring of the concrete is the essential process for the working
of formwork. Here, freshly made concrete is brought from the industries and are
poured inside the formwork by taking the already made shape of the formwork in the
position. After the concrete becomes dry and gained weight, the dismantling process
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of the formwork takes place from the structure. Following the dismantling process,
the formwork construction process is completed and already in position ready for its
use in construction purpose of the project [19].

6 Break-Even Analysis of the Formwork System

Break-even analysis is a widely used technique in construction or project manage-
ment for the calculations of product cost or material cost along with the presence of
parameters related to finance and accounts. It is used for calculations, solving the
problems related to product management and management accounts or finance. This
process is basically used for categorizing or classifying the production costs and the
material cost into fixed variables which are not liable to change or vary according
to the estimated project data. Specifically, the break-even analysis is used for the
calculation of total variable cost and the fixed cost of the construction project. By
this process of calculation, the level of sales of the total and fixed costs of the con-
struction project makes a profit or a loss is plotted in a line graph to determine and
highlight the break-even point as related to the construction project [20].

6.1 Case Study

A case study has been taken, and data has also been collected for the calculation of
break-even analysis of the construction project. The data for the calculation has been
collected and acquired from an on-going construction site in the city of Mumbai,
Maharashtra of the country. The construction project is a residential building that is
being constructed in the main part of the city ofMumbai. The data collected has been
divided into three portions: Part-A, Part-B and Part-C for easy and less complicated
calculations that follow after the calculation of the total estimated project cost and the
total fixed variable cost of the particular activities. The calculations are shown and
classified on the basis of two portions mainly by using the traditional tunnel system
formwork and by using MIVAN aluminium formwork system technique at the time
of construction. Specifically, all the parameters are kept constant for calculations
preceding the formwork types only changed [21].

As per the data collected, the total construction cost of Part-A of the live project
is Rs. 17,14,50,000 with a total number of floors be 23 and total area of each floor be
600 m2, that of Part-B the total construction project cost is Rs. 18,44,30,000 with a
total number of floors be 23 also and the total area of each floor be 650 m2 and that of
Part-C the total construction project is Rs. 16,11,50,000 with a total number of floor
be 23 and the total area of each floor be 540 m2 in whole area of the construction
project. The above details are being collected from the on-going construction site
to calculate the break-even analysis of the formwork technique system and also
comparison among them.
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6.2 Cost Calculation

The cost calculation of the selected type of formwork techniques from the collected
data of the on-going construction project has been calculated. The estimated cost of
the project is an essential and important component for the calculation of break-even
analysis of the selected typeof formwork in a constructionproject [22].Bycalculation
collected from the construction project, it is stated that by using MIVAN formwork
system technique, the estimated cost calculates to 16.98 lakhs for Part-A, 18.35 lakhs
for Part-B and 15.5 lakhs for Part-C construction of the project along with taking
into consideration the equipment cost that is being used for construction purposes as
constant with an estimated value of 1.80 lakhs. Similarly, for the conventional system
technique formwork, the cost calculation estimates as 10.38 for Part-A, 12.65 lakhs
for Part-B and 9 lakhs for Part-C construction of the project along with taking into
consideration the equipment cost as constant which is estimated around 1.3 lakhs.
Lastly, for the tunnel system technique formwork, the cost calculation is estimated as
maximum stated as 50.94 lakhs for Part-A, 55.05 lakhs for Part-B and 46.5 lakhs for
Part-C construction of the project by taking the equipment cost as constant estimated
as 6.4 lakhs for this particular type of formwork technique. This is the cost calculation
collected data of the case study project for determining the break-even analysis of
the construction project.

6.3 Duration Calculation

In this case, the duration or the scheduled duration of the on-going live construction
project is calculated, as stated by the engineers and researchers that the calculation of
scheduled duration of the construction project is an essential and quite difficult task
for estimating the break-even analysis of the construction project [23]. The estimated
duration is all calculated from the data collected from the live on-going construction
project. As per calculations and specifically for calculating the scheduled duration of
the construction project, main activities are kept constant for the formwork system
technique of all the forms for calculating the break-even analysis of each formwork
system technique. Firstly, for the traditional formwork system technique, the cal-
culation estimates as 600 days for Part-A, 600 days for Part-B and also 600 days
for Part-C of the construction project. Secondly, for the MIVAN formwork system
technique, the calculation estimates as 432 days for Part-A, 432 days for Part-B and
also 432 days for Part-C of the construction project. Finally, the tunnel steel system
technique generates the minimum duration in days by estimating 87 days in all the
three parts of the construction project. In this particular case of calculation of sched-
uled duration of the construction project, basically up to maximum of 10 common
activities have been taken into consideration for the three parts of the construction
project. This activity includes starting from the foundation work followed by vari-
ous sub-activities of the super-structure of the building and ending with the various
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sub-activities of the finishing work. All these activities are constant in calculating
the total scheduled duration of the project for break-even analysis of the construction
project. Moreover, a pictorial representation of the calculation of the total duration
of the construction project is represented.

Figure 1 concludes that the calculated scheduled duration of the project for con-
ventional system technique formwork is 600 days, MIVAN formwork is 432 days,
whereas for tunnel steel formwork system technique is 87 days, the least of all three.

Figure 2 concludes that the calculated scheduleddurationof the project for conven-
tional method is estimated maximum among the three system formwork techniques
as 54% followed by MIVAN formwork technique as 39% and finally the least is the
tunnel system formwork as 8% [24].

Fig. 1 Column chart

Fig. 2 Pie chart
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6.4 Calculation and Comparison

The calculation for denoting the break-even analysis of the three techniques of form-
work for construction project has been calculated. With the collected data as well
as the estimated calculation of the duration and the estimated calculation of the cost
budget of the project, the break-even analysis is calculated taking all the parameters
and also plotting a line graph for determining the exact break-even analysis of the
formwork system technique [25]. The values are being stated individually in separate
columns as stated below with the presence of line graph plotted for each particular
formwork technique [26].

6.4.1 Tunnel System Formwork—Break-Even Analysis

The calculation for the break-even analysis for the tunnel system formwork technique
is estimated at 268. This value is the calculated value of all the parameters that are
included in the calculations naming from cost calculation of the formwork (for tunnel
system formwork technique), maintenance cost of the construction project which is
kept constant including the equipment cost, the scheduled time calculation of the
construction project, the profit value of this particular formwork technique at the
time of construction work and ending with the number of times the formwork is
being used at a particular day or a section of construction work [27]. All these
parameter values are included in the calculation to denote the break-even analysis
of this particular formwork technique estimated at 268. Finally, a graph is plotted to
determine and show pictorially the break-even analysis of this particular formwork
[28] (Fig. 3).

Fig. 3 Graph of tunnel system formwork
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Fig. 4 Graph for MIVAN system formwork

6.4.2 MIVAN System Formwork—Break-Even Analysis

For the MIVAN or aluminium formwork system technique, the calculation for the
break-even analysis is estimated at 189. This particular value for this system also
includes certain parameter values which start from the values of cost calculation of
MIVANformwork system technique, themaintenance cost of the construction project
which is constant and also includes the equipment cost, the scheduled time duration
calculation of the formwork system technique, the profit value of this particular
formwork system technique used in the working of the construction project and
ending with the number of times the formwork is being used in the construction site
dependent on both duration and budget of the project [29]. Taking into consideration
all these parameter values, the calculated value of break-even analysis is estimated at
189. Finally, a graph is plotted for determining the break-even analysis graphically
of the formwork technique system [30] (Fig. 4).

6.4.3 Traditional System Formwork—Break-Even Analysis

Finally, for the traditional system formwork technique, the break-even analysis is also
calculated and the estimated value is 260. For this particular formwork, the calcula-
tion includes the values of parameters, namely, the cost calculation of this particular
formwork, the maintenance cost of the construction project which is obviously con-
stant by also including the equipment cost, the scheduled duration calculation of
the construction project, the profit value of the usage of this particular formwork in
the construction project and completing with the number of usage of the formwork
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Fig. 5 Graph for traditional system formwork

technique in the construction project. Summarizing all the parameter values, the cal-
culated value of break-even analysis is at 260. In the end, a graph is plotted to clearly
determine the break-even analysis of the formwork system technique [31] (Fig. 5).

7 Discussion

The discussion of the review paper is mainly about the comparison between the two
techniques of formwork that are used for construction purpose. It also discusses and
compares the best use for a construction among both the techniques of formwork in
terms of availability, proper usage, flexibility, quick mode of construction and most
importantly the break-even analysis by taking into consideration the on-going case
study of the construction project. By viewing the proposed output as obtained in the
paper, it is clearly advised for the use tunnel formwork system technique for construc-
tion due to high break-even analysis value denoting and highlighting the toughness
and flexibility that the formwork technique possesses at the time of construction. A
survey has been taken by the engineers and the labourers or the workers highlighted
the use of steel tunnel formwork system technique for construction purpose in coun-
try like India. It has also been stressed to use this technique in the country tominimize
the number of accidents that occur almost daily at the time of construction in a site.
This particular technique of formwork will definitely provide more safety and secu-
rity for the skilled workers and labourers working at the project site. Lastly, this
particular technique of formwork will improve the quality and mode of construction
in the project site and can be used for construction of advanced developed structures
in country India and helps in developing and sustainability process of our country.
Hence, as discussed the comparison indicates and highlights the use of steel tunnel
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formwork system technique over aluminium MIVAN formwork system technique
for construction work in construction site.

8 Conclusion

The paper on the comparison between the two modern and efficient technique of
formwork with related on-going construction project states that the most of the fea-
tures or the parameters that are being associated with the construction process of
both technique formwork systems were originally covered at the time of construc-
tion, hence concluding that the tunnel formwork system possesses the ability of fur-
nishing high-quality construction structure at fruitful and credible speed along with
generating logical cost. This particular technique will provide a great prospective in
application in the country of India with great affordable and designable residential
houses or flats due to the increasing population in the country. Therefore, it is also
concluded that the quality and the quantity of the construction project along with
this formwork technique must be given proper reflections regarding the economi-
cal conditions of the country. Moreover, a good quality construction will never be
disheartened as un-economical construction project. In this process of comparison
and conclusion, it is also observed that the process of time consumption or saving of
duration of the project is given to the repairing and adjustment of the poor or weak
quality construction work done in the site leading to the delay of the construction
work from the estimated duration of the time. It is also concluded with the help
of some researchers or the experts that the on-going construction project using the
formworks is preferred using lower affordable cost at any range of price.

It is concluded by taking into consideration that safety record of the construction
project as safety is of utmost importance at the time of construction. The safety
records of both of the formwork system techniques can be improved to a certain
extent in future construction works. Many case studies of accidents occurring related
to formwork system issues have been taken into serious considerations highlighting
the ignorance, rapidity, quickness and carelessness of the workers at the time of
construction work. Moreover, the lessons are being learned from these unfortunate
incidents in the site regarding safety issues, and it is being studied and researched over
and over for minimizing the accidents in the site. In conclusion, it is also quoted “As
long the structures are being constructed by human beings with the use of imperfect
procedures of construction andmaterials,maximumpossibility of failures occurrence
will continue. These failures will likely occur at the time of on-going construction
project, thus risking the lives of the labourers and workers in the project site.” Hence,
the safety of the workers and labourers are of utmost importance.

From the case study taken for the calculation of break-even analysis, it is being
concluded that the tunnel formwork system has a break-even point of 268, whereas
theMIVAN aluminium traditional formwork system has 189. Hence, concluding that
the formwork causing such repetitions or continuity gives a profit to the cost of the
formwork. Moreover, the break-even analysis of traditional formwork system is 260.
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Time Cost Optimization Using Genetic
Algorithm of a Construction Project

Paromik Ray, Dillip Kumar Bera, and Ashoke Kumar Rath

Abstract Construction projects often go through delays due to various reasons,
which create a dreadful financial influence on the project. For minimizing this sce-
nario, cost and time optimization of a construction project is effectively used. Cost
and time optimization method is the most effective and time efficient method with
highest achievable performance under specific condition in a construction project.
This method is mainly required for cost and time optimization in a construction
project. This thesis work also highlights the various innovative techniques that are
required for cost and time optimization of the project. Genetic Algorithm (GA) and
Particle Swarm Optimization (PSO) methods are considered the advanced innova-
tive techniques which are being used continuously by the construction companies for
cost and time optimization. The advance work of Genetic Algorithm(GA) method
in the form of GA with Dev-C ++ 4.9.9.2, GA with Line of Balance(LOB), GA
with Modified Adaptive Weight Approach (MAWA), GA with Critical Path Method
(CPM) along with new methods Linear Programming (LP), Non-Linear Integer Pro-
gramming Model (NLIP), Discounted Cash Flow Method (DCF), Maximum Flow-
MinimalCutTheory andArtificialNeuralNetworksMethod (ANN) are also included
in the various innovative techniques of cost and time optimization process. Further-
more, the method of Genetic Algorithm (GA) which is specified in the thesis work
is classified into two parameters where the global parallel GA method provides
more effectiveness and efficiency than coarse-grained parallel GA method. Also,
it is found through researchers and investigators that the Non-Linear Integer Pro-
gramming (NLIP) method and Line of Balance (LOB) with GA method both have
an efficient and optimum solution for time cost trade-off problem, along with PSO
method which is best for Pareto-compromise solution and Direct Cash Flow (DCF)
method which optimizes cost and time within the project boundaries. Finally, it is
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observed GA along with its advanced parameters, ANNmethod and NLP techniques
are better for solving time cost trade-off problems.

Keywords Cost and time trade-off · Cost and time optimization · Innovative
techniques · Project management

1 Introduction

According to the driven conditions of today’s market, the construction industries are
on the rise. All the construction companies including government and private sectors
face a number of challenges during the period of construction. The main difficulties
that fall during construction time of the project are the scheduled completion of
project in the stipulated duration along with completion within the estimated budget
of the project. The main parameters that a construction company mainly focuses
upon are the time and cost of a particular construction project. Also, at the duration
of construction other factors also come into consideration in the formof unpredictable
factors, namely, labor performance, economical and social issues, execution errors
of contractors, labor strike, design errors, labor strike, climatic changes, etc. These
named factors are the majority which is responsible for the delay in the schedule of
the project along with the increase in the budget of the project ultimately leading
to the excess in the cost liabilities that gets added to the budget of the construction
project. The problems occurring in the construction site related to these factors are
referred to as the Time Cost Trade-off Problems (TCTO). For overcoming these
particular situations that arise in the project, a step is being taken by the project
planners and researchers for encountering this problem to process a perfect solution
for optimization of TCTO-related problems in a construction project. This resulted
in the development of various innovative optimization techniques of TCTO problems
in a project site.

Advanced Neural Network (ANN) method, Line of Balance (LOB) method, Dis-
counted Cash Flow (DCF) Method, Maximum Flow-Minimal Cut Theory Method,
Modified Adaptive Weight Approach (MAWA) Method, Critical Path Method, and
Genetic Algorithm (GA) method are some of the advanced, innovative, and widely
used techniques or methods which are mainly used for generating the maximum
optimized solution of time and cost parameters of a complex and large construction
project. The main objective of the review paper is to highlight the Genetic Algo-
rithm Method (GA) as the most used, easiest, and efficient optimization method or
technique in recent times for optimizing TCTO problems. Moreover, a summary or
a brief overview of the various innovative techniques along with the recent works
done by the researchers in the field of optimization of TCTO problems by using
genetic algorithm method was given. Further, it is concluded that a review is done
on the genetic algorithm method being the most efficient optimization technique for
solving TCTO problems for future projects and works.
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2 Optimization Process

Optimization is commonly defined as the process of finding the minimum/maximum
values with reference to the main derivative or the objective function for satisfying
the particular constraints of a function specified within a certain set of function.
The main objective or goal of the optimization process is to process the correct
or best set of solution of a mathematical solution of a TCTO problem. The main
dependent of TCTO (Time Cost Trade-off) problems is the critical path method of
optimization process. Moreover, in a construction project the duration of the project
is the most important parameter for completion in the stipulated time. Also, the
increase in scheduled time, increase in cost, unavailability of resources, presence
of risks, and quality quantity of the materials occurring in the construction project
are the main reasons for the requirement of optimization process. The method of
Genetic Algorithm (GA) is the most widely used, effective, and efficient technique
for the optimization process. Lastly, many scholars and researchers have opted the
method of Genetic Algorithm (GA) as the prime method for optimization of TCTO
problems.

3 Genetic Algorithm: An Innovative Technique
for Optimization

The method of genetic algorithm belongs to the heuristic group of optimization
which is itself an advanced optimization technique of solving TCTO problems in a
construction project. This method is a non-traditional search algorithm for solving
both single-objective and multi-objective optimization of TCTO problems depend-
ing on the natural algorithm and natural evolution process. This method was first
proposed by the scientist named Charles Darwin, namely, on the theory of “survival
of the fittest.” Similarly, the method of Genetic Algorithm (GA) is neither a smart nor
an intelligent algorithm which clearly indicates the method is completely algorithm
and mathematical based used for optimization of TCTO problems in a construction
project [1]. This method consists of four main operations. At each following steps
of the genetic algorithm method, these steps select the collected data as the values
in a random manner. Further, the process of iteration takes place in generating an
optimal solution of a TCTO problem. Moreover, the method of genetic algorithm
is also dependent on the process of natural evolution. The optimized solution can
be taken as an accurate solution because of the optimization process. The so-called
accurate optimized solution obtained by the GA method is completely dependent on
the total number of populations and on the fitness level objective function [2]. The
method of GA has four main processes, namely, in a sequential order: initialization,
selection, crossover, and mutation.

Initialization: This process is mainly for the initialization of the collected data
values to the fitness value objective function.
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Selection: This process is mainly for the selection of the optimized solution values
in a random manner. Commonly this process is referred as the random selection
process.
Crossover: This process is mainly used at the time of interchanging the random
values position for generating the higher and correct optimized solution. This
process is generating higher optimized values of a TCTO problem.
Mutation: This process is mainly used for flipping or swapping of more than one
single value of the collected data values for generating a highly correct optimized
solution of a TCTO problem [3] (Fig. 1).

The above flowchart is representing the main working principle of the optimiza-
tion process using genetic algorithm method of a TCTO problem in a construction
industry. As mentioned above, the flowchart also highlights the four main processes
used for optimization process.

Fig. 1 Flowchart of genetic
algorithm method
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4 Working Process of Genetic Algorithm

The Genetic Algorithmmethod (GA) consists of four main processes which generate
the output of the optimized values of the TCTO problem of a construction project.

4.1 Initialization Process

Initially, at the starting of any genetic algorithm optimization process of any mathe-
matical problem, a single variable is being assigned from any previous coded domain
or a set. Initially, this easy step of initialization process using genetic algorithm
method was found insufficient by many researchers and scholars. Furthermore, it is
thought that the process lacked few specific other variables for optimization of TCTO
problems [4]. However, more technology and research work lead to the innovation
of the optimization technique of the method. Therefore, with the incoming of new
technologies and modified parameters in use, it is now very reasonable to quote the
initialization process which is one of the important processes for optimization of
TCTO problems [5].

4.2 Selection Process

Themain selection or the process of improvement of the fitness derivative function of
the main chromosomes of the population can be achieved by the process of selection.
The selection process is so-called dominating process of genetic algorithmmethod as
it possesses the ability to change the fitness value function of an optimization problem
[6]. In this process, the parents are being selected from there groups of chromosomes
population of the data collected. The process of selection of the genetic algorithm
method is performed in such a way that the chromosomes having a higher fitness
value are having a maximum probability to be selected as the main parents of the
fitness value function to be used in the optimization process [6].

Coming to the ultimate conclusion that someof the populationof the chromosomes
from the collected data of the optimization problem contain some of high value fitness
derivative function than the original derivative functionwhich is themain formula for
creating individual chromosomes. Ultimately, this process possesses a limitation of a
lack of population diversity which leads to a lag in search algorithms in optimization
process [7].
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4.3 Crossover Process

After the completion of both the process, initialization and selection process, the third
process is the crossover process. In this process, the derivative function parameters
used in the genetic algorithm method create a possible two chromosomes in this
process. These parameters of the GA method use a random generator function for
maintaining the two set of functions of the domain or a set for the optimization
process. This results in the formation of two chromosomes in the optimization process
[8]. After the completion of the crossover process, the new set of chromosomes is
being added to the set of previous chromosomes set to form a new population.

4.4 Mutation Process

The final process of the genetic algorithm is the mutation process. The main function
of the process includes the increasing the population diversity of the chromosomes.
This process also includes the selection of the inner particles of chromosomes called
genes in a random selection manner and then assigning those selected values within
the corresponding intervals of pre-defined variables of selected set or domain [9].
That chromosome which follows the method of mutation contains a correct genetic
code. The process of mutation enables these created genetic codes are kept intact
and does not get destroyed. Moreover, a non-uniform mutation can also be applied
for the optimization process of a TCTO problem which leads to the shortening or
narrowing of the chromosomes population created for the optimization process of
TCTO problem [10].

5 Case Study: A Live Construction Project

The case study includes a live ongoing construction project named “Bose Insti-
tute Construction Project” located at the city of Kolkata, West Bengal, India. The
construction project includes the construction of G + 15 storied educational or an
institutional building that is situated in the main town of Salt Lake City of Rajarhat
District in the city of Kolkata. The project consists of full-furnished construction of
a 15-storied buildings along with the formation of the basement. The main work of
the construction project consists of the main educational building of 15 storied along
with two-side building consisting of 5-storied floor each. The main features and the
requirement of the construction project are as follows:

Maintaining and ensuring the life-time structural ability of the educational
building being constructed for duration of 15 years.
Ensuring proper and efficient construction of 15-storied educational building
along with the two buildings of 5-storied each of the construction projects.
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Decrease in the negative effects created in the environment and construction of
an eco-friendly building structure is making positive impact in the environment
[11].

As per the construction point of view of the project, there are present around
65–70 activities throughout the project. It is quite difficult and near impossible for
optimization of all the activities using genetic algorithm method. It has been advised
to select a section or a separate small plan of the construction project for optimization
using genetic algorithm method. Thus, for this review paper, a particular section of
the construction project has been selected for the optimization using GA method.

5.1 Selection of the Activities

The selected activities for the optimization using GA method consist of the main
important 10 to 12 activities from the part of ground floor of the building to the
plinth level of the first floor of the ongoing construction project. Other parameters
are also included in a tabular form consisting of the duration and the estimated
cost of the particular activity selected. The requirement of the cost and duration is
much more important for the optimization process using GAmethod creating a more
positive impact and efficiency in the process [12]. The selected activities along with
the duration and time are given below (Tables 1 and 2).

Table 1 List of activities, duration, cost (I)

Activities Original duration Value of the activity

A. Reinforcement work of column 3 days 1,09, 145

B. Column shuttering work 3 days 33,750

C. Column concreting work 4 days 90,813.25

D. Column de-shuttering work 4 days 7,057.50

E. Staging and shuttering work of beam and slab 3 days 36, 572.60

F. Fabricating, placing, and fixing of beam and slab 4 days 2,44,658

Table 2 List of activities, duration, cost (II)

Activities Original duration Value of the activity

G. Concreting work at ground floor with roof slab 3 days 1,71, 270

H. Curing process 14 days 2,60, 134

I. Removal of shutter staging materials 2 days 1,48,648

J. Brickwork (main floor along with partition wall) 4 days 2,60,734



916 P. Ray et al.

5.2 Deriving the Fitness Function

This particular construction project consists of the applications of the TCTO problem
for optimization process. The derivative function will comprise the main parameters
including the total duration and the estimated cost of all the activities [13]. The
derivative function includes the optimization of the case study of a TCTO problem:

C = dc + ic − (id − q)ie +
∑

∀y
(nd(y) − pop(x, y))cs(y) (1)

where C = total cost; dc = direct cost; ic = indirect cost = i.e. X id; id = initial
duration of the network or duration of the network with normal cost; q = duration of
the network after change in duration of the activity; i.e. = indirect expenses per day;
nd = normal duration of the activity; pop = matrix of randomly generated durations
as per our boundary conditions; cs = cost slope of the activities; x = population
index; and y = activity whose duration is being changed [11] [14].

The result obtained using the MATLAB 2018 software and a clear comparison of
the result obtained is also being reviewed in the paper highlighting the importance
of using genetic algorithm method for optimization process. By using the MATLAB
2018 software, an efficient and a clear comparison of the two outputs is obtained
with the aid of bar graphs that are being generated from the software. With the help
of bar chart generated, it becomes quite easy for processing the optimized solution
of the problem [15].

5.3 Selection Process

Following the process of derivation or deriving the derivative function as mentioned
above, the process of encoding and selection process takes place. In this particular
process of selection, the random selection of any selected mentioned activities takes
place. With the random selection of any activities, the values of cost and duration at
a single selection are taken and are processed or generated in the derivative function
for obtaining the optimized output of the TCTO problem by the method of genetic
algorithm (GA). Previously, before proceeding with the method of selection process,
the process of encoding takes place. This encoding process is not a parameter or
process under the category of Genetic Algorithm (GA) method but it leads to the
process of optimization of TCTO problem [16]. In this process of encoding, the
scheduled time and the estimated duration of the activities as obtained from the
construction project are being transformed into coded language in the form of binary
digits which include 0 and 1 digit. The binary digits in computing language are
termed in 0 and 1 digit. Following the transforming of the numerical digit into
coded language, the selection process is utilized for optimization of TCTO problem
[17]. For the process of selection, the process of Roulette wheel section selection
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method is used. This method of selection is efficient, effective, and gives easy access
to optimized output for this particular optimized TCTO problem. The method of
Roulettewheel section selection consists of top-most part or area of thewheel is being
divided into various N (a specific number) portions for obtaining the derivative or the
fitness function of the TCTO problem. This wheel is rotated in a particular specific
direction which can be clockwise or anti-clockwise depending on the choice of user
or person using the method. A fixed pointer is present for denoting the optimized
output that is obtained by using the method of Genetic Algorithm (GA). Moreover,
for the process of selection using this method, the particular area of the activity is
selected where the optimized output will be obtained. The Roulette wheel section
selection is determined pictorially using pie-chart graph. A tabular column and a pie-
chart graph are given below to determine the optimized output of the TCTO problem
using Genetic Algorithm (GA) method [18] (Tables 3 and 4 and Fig. 2).

Table 3 Selection process of the activities (I)

Activity
no.

Total
duration

Binary
coding

Fitness
function
value

Probability
calculation

Cumulative
probability

Fitness
value

A 3 days 110000 1000 0.051 0.051 0.512

B 3 days 110000 2200 0.011 0.062 1.128

C 4 days 001000 1500 0.076 0.138 0.7692

D 4 days 001000 4000 0.020 0.158 2.0512

E 3 days 110000 1800 0.092 0.250 0.92307

Table 4 Selection process of activities (II)

Activity
no.

Total
duration

Binary
coding

Fitness
function
value

Probability
calculation

Cumulative
probability

Fitness
value

F 4 days 001000 1100 0.056 0.306 0.5641

G 3 days 110000 2200 0.11 0.416 1.128

H 14 days 0011000 2100 0.10 0.516 1.07692

I 2 days 010000 2100 0.10 0.616 1.07692

J 4 days 001000 1500 0.76 1.00 0.7692

Total =
44
days

Total =
19500
Avg =
1950

Total =
1.00
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Fig. 2 Pie chart of roulette wheel section

5.4 Crossover Process

With the completion of the two main processes of the Genetic Algorithm (GA)
method—initialization and selection, the third process, namely, crossover process is
being used for the optimization process of TCTO problem using genetic algorithm
method. This process method creates a new population containing chromosomes ad
genes for obtaining the optimized output of TCTO problem using Genetic Algorithm
(GA)method. A new random function is being used in this process whosemain func-
tion is tominimize; according to the situation of the project, two sets of function from
the derivative function for the optimization process [19] is created. The optimized
outputs are generated from the two sets of chromosomes of population created from
this crossover process. The new set of output in the form of chromosomes or genes
generates or processes the optimized output of the TCTO problems. Moreover, for
obtaining the optimized output of the crossover process, the single crossover pro-
cess is used. The method of crossover can be applied or utilized by different other
processes. In other words, there are several classifications for applying the process
of crossover in solving TCTO problem using genetic algorithm method. The single
crossover process is the most effective, easy-to-use, efficient, and significant output
obtaining method for solving the TCTO problem using genetic algorithm method
[20]. The detailed process of crossover process used in the solving TCTO-related
problem is explained belowwith related calculations and alsowith presence of tabular
columns (Fig. 3 and Tables 5 and 6).
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Fig. 3 Pie chart representing crossover process of the activities

Table 5 Crossover process for the activities (I)

Old binary
encoding

Random
selection

Cross-over
random
selection

New
population

Value of the
new
population

Function

110000 A E 110000 3 days 800

110000 B D 001000 4 days 1000

001000 C C 001000 4 days 2000

001000 D B 110000 3 days 3500

110000 E A 11000 3 days 1500

Table 6 Crossover for the activities (II)

Old binary
encoding

Random
selection

Cross over
random
selection

New
population

Valne of the
new
population

Function

001000 F J 001000 4 days 1000

110000 G I 010000 2 days 2000

001100 H H 001100 12 days
(maximum
gets
mutated)

1500

010000 I G 110000 3 days 1500

001000 J F 001000 4 days 1200

Total = 42
days

Total =
16,000
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5.5 Mutation Process

The fourth and final process in the method of genetic algorithm method is the muta-
tion process. The final process of genetic algorithm method mainly possesses the
function of adding or generating more or maximum number of population from the
chromosomes and genes. The inner or interior micro-genes or particles present inside
the chromosomes increase in number as the mutation process takes place. During the
mutation process, the microparticles in the form or genes are selected in a random
manner or random selection takes place for generating the optimized output for the
TCTO problem [21]. Moreover, in this particular process, the creation of genetic
codes takes place for the new formation of genes in the chromosomes for optimiza-
tion. These genetic codes are related to the process of encoding as related to the
selection process. These genetic codes are very much strong and intact and are not
easily destroyed by any external means or any other processes. The creation of gene
microparticles is mainly due to the relation of encoding process to the mutation pro-
cess [22]. However, the process of mutation can be very long-lasting or time-taking.
Hence, for minimizing or shortening the mutation process another process of muta-
tion can be applied which is rarely used. This is the non-uniform mutation process
mainly for shortening or narrowing the number of chromosomes for the generation
of correct and specific optimized output for solving the TCTO problems. This non-
uniform mutation process can be only used at the particular time when the condition
of the problem suggests the formation of maximum optimized output or maximum
duration being taken for generation of output. This particular mutation process is
used once at a time for optimization process [23].

The process of mutation in the method of genetic algorithm is mainly used for
obtaining the correct, efficient, and perfect optimized output of the TCTO problem.
Also, the process also acts as an aid formaintaining the perfect balance of the chromo-
somes formed along with the chromosomes already present intact in the optimization
process for solving TCTO problem [24]. Moreover, addition of chromosomes along
with presence of genes or minor particles inside brings an extra and more specified
output to the list of optimized output from the previous processes for the optimization
process. Since the process of encoding and mutation is performed parallel to each
other, the binary digits are used for generating the optimized output. The process of
mutation possesses the feature of conversion of binary digit into its opposite number
for solving the TCTO problem using Genetic Algorithm (GA) method. Specifically,
the binary conversion involves the conversion of digit 0 to its opposite number 1 and
vice versa [25]. Moreover, a mutation probability function is formed at the time of
performing the operation of mutation for generating the optimized output for solv-
ing the TCTO problem [24]. The process of mutation like other processes also has
classifications. The process is classified into four categories. The binary-codedmuta-
tion GA process is mostly specified and used for optimization of TCTO problem,
since its ability to generate specific, efficient, and to the point optimized output for
TCTO problem [26]. Lastly, the graphs and tabular columns are mentioned below
for detailed and pictorial representation of the optimized solution (Tables 7 and 8).
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Table 7 Mutation process for the activities (I)

Old binary
encoding

Random
selection

Cross over
random
selection

New
population

Valne of the
new
population

Function

110000 A J 010000 2 days 500

110000 B I 110000 3 days 800

001000 C H 110000 3 days 1500

001000 D G 110000 2 days 2500

110000 E F 010000 2 days 1000

Table 8 Mutation process for the activities (II)

Old binary
encoding

Random
selection

Cross-over
random
selection

New
population

Value of the
new
population

Function

001000 F E 110000 3 days 800

110000 G D 100000 1 days 1500

001100 H C 111000 10 days
(maximum
gets
mutated)

1200

010000 I B 010000 2 days 1200

001000 J A 110000 3 days 1000

Total = 31
days

Total =
12,000

6 Optimized Output

After the completion of the four main processes related to the method of genetic
algorithm for solving TCTO problem of a case-study project as well as deriving
the derivative function or the fitness value function, the optimized output has to be
obtained using various sources with the help of software, coding programs, optimiza-
tion tools, and binary-coded values [27]. With the help of these particular sources or
options, the optimized output is obtained using themethod of processes related toGA
method for solving TCTO problems. The process of obtaining the optimized output
related to software purpose is the most effective, efficient, and correctly specified
optimized output for solving TCTO problems. The software used for obtaining the
optimized output is by using MATLAB 2018 software [28]. This particular software
with the help of certain optimization tools present in the software helps in gener-
ation of the optimized output for the TCTO problem. Moreover, many researchers
and scholars have opted for utilizing the software MATLAB 2018 for processing
the optimized output using GA method [29]. Also, the optimized output can also be
obtained with the help of coding programs or using binary coding encoding value
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process. This process generates the optimized output with the presence of coded
programs, conversion of binary digits to encoded values, and also with the help of
already generated optimized codes available [30]. These already available optimized
coded values or coded programs are only generated for solving problems related
to optimization process using genetic algorithm method. This particular method of
generation of optimized output using coded programs is less advanced with respect
to invention of recent technologies and advanced software available. Moreover, the
disadvantage possessed of taking number of man-hours and duration for generation
of the optimized output [31]. So, this particular process is less or used minimum
in advanced world of technology. Lastly, the advanced and modern technological
technique includes the usage of various optimization tools with the aid of software
or any other mode of particular optimization software for obtaining the optimized
output of a TCTO problem using genetic algorithm method [32]. This particular
mode of obtaining the optimized output is less laborious, more advanced, more
effective, efficient, and less outcome of huge difference of optimized results. Apart
from using MATLAB 2018 software, which is due to recent modern invention has
become commonmode of optimization tool software for the researchers and scholars.
Moreover, MATLAB 2018 software is also being used in the construction compa-
nies or live ongoing project for the optimization of TCTO of the construction project
[33]. Other optimization tools or software which possess advanced technologies
for performing optimization process are CPLEX, IPOPT, Artelys Kniko, MOSEK,
TOMLAB, LINDO, etc. [34]. Other than genetic algorithmmethod, other simple and
less-complex techniques are available for optimization process in thementioned soft-
ware. Generally, the researchers and scholars prefer using MATLAB 2018 software
for performing optimization process to perfection (Figs. 4 and 5).

Fig. 4 Minimize function for optimized coding program
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Fig. 5 Optimized output obtained using coding program

7 Discussion

The discussion is mainly about the comparison of the two main optimized outputs or
results that are obtained by the optimization process using Genetic Algorithm (GA)
method. From the above model or the graph shown below, it can be discussed that the
optimized value or the output obtained is a satisfactory one. The proposed output or
the optimized output obtained for the construction project using Genetic Algorithm
(GA) is able to achieve an increase in (10–20)% than the estimated data available for
the project. As per the output obtained and by verifying the output with the attached
graphs and MATLAB software, the total duration of the optimized result showed an
increase in 10 percent whereas the total estimated budget of the construction project
showed an increase in 20 percent of the estimated data collected. The optimized
output showed a great percent of similarity with the estimated data collected from
the construction sector or industry, but it is obvious that the increase in cost and time
of the project is beneficial for the completion of project. The difference may arise of
the reason of not more than four to five activities, which is the main reason for the
increase in the estimated cost and total duration of the project [34] (Figs. 6 and 7).

8 Conclusion

It is concluded that the obtained results are being satisfactory. The objective of the
construction involving a TCTO problem was a multi-objective genetic algorithm.
Even, the single-objective TCTO problem of a construction project also provided
correct and satisfactory optimized results of cost and time using genetic algorithm
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Fig. 6 Cost optimized output in MATLAB 2018 software

Fig. 7 Time optimized output in MATLAB 2018 software

method comprising of using high technology optimized algorithms and other rapidly
developed formulas comprising algorithms for processing the optimized result of cost
and time of a TCTO problem. The increase in the development of the multi-objective
optimization problem using genetic algorithm method is on a major high demand as
it also possesses a feature of comparison of two ongoing construction projects, thus
highlighting the superiority and domination of the genetic algorithm functions on the
optimization of TCTO problems. As it is clearly shown in the above case studies, an
increase in 10 percent of the optimized results is obtained than the collected data of
the construction projects. The estimated cost of the construction project is around 400
crores INR along with the estimated duration of the construction project is 5 years.
By optimizing the selected data collected from the companies file, the total estimated
duration has come around in a span of 4 years, but with an increase of the cost of the
project as it is known that both the parameters are independent of each other. It can be
still debated whether using genetic algorithm method for optimization is the perfect
choice in the future or not, but as per reports and concentrating on the comparison of
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the results obtained, GAmethod is an effective and efficient method for optimization
process of TCTO problem. It is easily used and less laborious method as compared
to the various innovative optimization technique used. Upon the requirements of the
planners or the designers of the construction project, the genetic algorithm method
can be used as a better option for optimization of TCTO problems [35].

Obviously, taking into considerations the experience possessed by the researchers
and the planners for the optimization process, genetic algorithm might lack the extra
edge of being used in a TCTO problem because of the various advanced innovative
techniques that are being used in construction projects for optimization process [36].
Moreover, the assurance of the quality of the work is also a major highlight of the
construction project and it is mainly dependent on the work experience of the plan-
ners and the designers involved in it. The use of genetic algorithm method for such
particular scenario is completely dependent on the different subjectivity processes of
the project along with different advanced characteristics of the operator being used
for the project. However, the main intention lies in providing the proper method of
quality assurance of the work done along with generation of total innovative quality
of work done in the project [37]. It is thus concluded from the comparison of the
case studies that GA method is one of the innovative techniques for optimization of
TCTO problem of a construction project. The following features are the proof for
the advancement of the genetic algorithm:

• Genetic algorithm method works with the process of coding of a parameter set,
not with a particular parameter.

• Genetic algorithm method searches the main population of the chromosomes
rather than a particular population of the chromosomes mainly for global
exploration of the project purposes.

• Genetic algorithm method mainly uses the objective function or the derivative
function rather than using any complex functions or integers for optimization
purpose.

• Genetic algorithm method can use a random choice function for the mechanism
of the optimization process acting as a guide for searching the specific algorithm
for the improvement and advancement of the derivative or the fitness function.

• Genetic algorithm method also improves the process of easy and simple
experimentation for different scenarios of the optimization problem [38].

The various features act as an aid for the researchers and scholars for using genetic
algorithm method for optimization of any type of problem [39].
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Sustainable Infrastructures (Materials &
Management)—Planning for Sustainable
Infrastructure in Old Town,
Bhubaneswar
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Abstract Bhubaneswar, being the first smart city of India has already witnessed the
initial application of the smart mobility methods in its infrastructure by the transi-
tion of traditional transportation techniques to a sustainable and digitally enhanced
system. The paper primarily includes an extensive study of important criteria such
as the pedestrian facilities, safety, accessibility and aesthetic appearance [3]. The
survey is based on the principles of H. Krambeck’s ‘Global Walkability index’ that
was developed for the World Bank. The methodology gives information to several
key parameters and identifies the core areas for improvement. The study aims to
suggest the walkability values, principles of inclusive and smart mobility and a qual-
itative analysis of the Old Town Area of Bhuvaneshwar around Bindusagar Lake and
other temple complexes including the Lingaraja Temple. With dense and unplanned
neighbourhood development, congested roads ad-hock marketplaces, archaic storm
water drainage and poor waste management in and around the historic structures,
this part of the city remains untouched by recent infrastructure developments. This
paper aims at providing sustainable solutions by proposing retrofitting measures to
the existing infrastructure. A walkability audit followed up with recommendations
has been made, incorporating the latest trends in sustainable infrastructure.
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1 Introduction

1.1 Background

Sustainable infrastructure from the perspective of an urban designer or planner is not
restricting short-term provision but creating a systematically planned and designed
infrastructure that is responsible for its own operational requirements and effects. It
has to be sustainable if it is to meet the needs of the future. New facilities and policies
are not the only aspects of Sustainable infrastructure design. Based on concepts of
Global Sustainable development andUrban sustainability, it also includes adaptation,
optimization and efficient reuse of existing infrastructure. This also involves renewal
and sometimes redesign of infrastructure, its detailed future economic projection
and analysis, conservation of energy and existing infrastructure, reducing the costs,
selection of materials based on its quality, durability and sustainability and reduced
and efficient waste management taking into account the Global Climate change and
the reversal of negative impacts on the damaged environment [4].

Streets that havebeenplanned for only cars are hazardous for others as it can lead to
obesity epidemic due to the lack of space for pedestrians that lowers the daily physical
activity in children and adults.On theother hand, ‘complete streets’ are comparatively
more safe and convenient for not just vehicles but also cyclists, pedestrians and people
with disabilities [1]. Pedestrianisation and walkability is a significant concept in
sustainable urban design approach. Apart from the community and individual health
benefits, it also leads to improved social interaction, increase in civic sense and
responsibility and also helps in reducing crime. The most important outcome of
pedestrianisation is the decrease in vehicular footprint in the communities.

In countries like India, public transport and walking have been a way of life for
many. The government has been striving to promote the use of public transit systems.
In present times, projects like BRTS/MRTS are a common intervention [2]. However,
on the contrary, the increase of private cars andother vehicles on the roadhas also been
witnessed in the recent past. The new flyovers, road widening proposals have created
the paradox and have been the catalyst that discourages pedestrian movement [1]. To
make matters worse, the footpaths that have been created for pedestrian movements
are sometimes used by vehicles compromising pedestrian’s safety and convenience.

1.2 Study Area

The city of Bhubaneswar houses 25 km2 of Old Town area which dates more than a
thousand years. In addition to the numerous temples from the Swarna Jaleswar (sixth
century A.D.), Vaital and Sirsewara group of temples (700–900A.D.), Brahmeswar
group of temples (960–1065 A.D.), Mukteswar group of temples (950–975 A.D.),
Rajarani (950–975 A.D.), Lingaraja temple (eleventh century A.D.), Kedareswar
group of temples (twelfth century A.D.) there exists many ponds and water tanks
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in the old town area [4]. Bindusagar Lake situated in the north of Lingaraja Temple
is the most famous. The Old Bhubaneswar is located in Zone 18. It is bound by
the railway line to the North and West, agricultural fields to the south. The old town
stretches along the Tankapani road as a ribbon development with the Rajarani temple
complex located along this road. The Old Town Area is composed of congested
roads, crowded marketplaces, waterbodies, storm water drains and a larger number
of bushes and mounds of solid waste in and around the historic structures. However,
the missing essence of the religious precinct is due to the sound of the unmanned
moving automobiles. The action area has been illustrated in Fig. 8.

1.2.1 Who’s Town Is It Anyway—People or Vehicles?

Otto Königsberger planned Bhubaneswar in 1948, on small neighbourhood unit con-
cept, whichwould preserve the sense of community. The city is earmarked by distinct
landuse pattern, i.e. residential, commercial and institutional, etc. based on a grid-
iron road network. However, the old town is based on the ‘ashta ayatana’ concept.
As per the medieval texts, a concept of ‘ashta ayatana’—eight sacred precincts each
with its temples and prescribed pilgrim routes are ritualistically and symbolically
connected to the Lingaraj Temple [4]. Taking reference from the planning concept
of the old town which necessarily advocates routes for pilgrims and overlaying it on
the current infrastructure as discussed earlier in the paper, the walkability conditions
of the pedestrians in this zone needs immediate attention. However, present traffic
planning of these precincts does not support easy and efficient pedestrian movement.

2 Literature Review

2.1 Evaluating Walkability

Many subjective factors govern walkability and hence it is rather challenging.
Principles of inclusive mobility include (MMDA, 2014).

• A transport system that works for the poor and the vulnerable
• A walkable, bikeable and accessible city
• Moving people, not vehicles
• Mobility with safe and civility
• Planning and communicating better and travel less
• Sharing information to increase connectivity and accessibility
• Making our neighbourhood more accessible
• Changing mindsets and behaviours
• Mobility of all, for all, by all.
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Table 1 Audit criteria taking reference of the global walkability index

Component Indicator

Safety and security 1 Pedestrian victims

2 Modal conflict

3 Crossing safety

4 Crossing exposure

5 Traffic management

6 Security

7 Safety rules and laws regulations

8 Quality and maintenance of walking path surface

9 Disability infrastructure

10 Walking path congestion

11 Pedestrian amenities

12 Trees

13 Environment quality

14 Connectivity

15 Parking provision

16 Scope of expansion/improvement of infrastructure

Policy support 17 Planning for pedestrians

18 Relevant design guidelines

19 Heritage conservation rule

Walking audit is a common method for measuring walkability and pedestrian
environment. The walkability index that is a commonly used tool for this audit
generally has three components: Safety and security ensured for the pedestrians,
the convenience available for them and the local governing or statutory support
available for walkability in terms of policy or guidelines. In Europe and UK, where
pedestrianisation has been a way of urban design principles, pedestrian environment
review system (PERS, UK) is an audit tool used in profusion [1].

Table 1 lists out the audit criteria taking reference of the global walkability index
with certain additions and alterations which befit the context of the old town. The
parameters generated are deliberated to derive the walkability index.

3 Data Analysis

The pedestrians are mainly affected by vehicular dominated transportation sys-
tem. Accidents in India cause around 80,000 deaths [1]. In cities like Delhi and
Mumbai 60–78% are pedestrians, cyclists or street side inhabitants. The old town
of Bhubaneswar has also been affected by similar traffic developments. Emphasis
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Fig. 1 Lack of pedestrian subways, adequate signalling system and FOB leaves the residents with
no choice but to cross the streets using foot. Uncontrolled parking along the sidewalks

should rather be on making the infrastructure safe and sustainable for the pedestrian
populace. Introduction of series of CRUT buses, sequence of flyovers, road widening
programs in and around the area has been the catalyst in creating this issue.

Major pedestrian activities in the old town are centred on theBindusagar Lake. The
road connecting the temples and the Ravi Talkies node is a hub for social gatherings
and also the only path for carrying the idols duringChandan yatra.Vehicular activities
in this area can be easily restricted and reoriented. Alternative transit options and
complete pedestrianisation might be a possible iteration (Figs. 1, 2, 3, 4 and 5).

The pedestrian count survey (Table 2) at the following junctions reveals that 2
wheelers and 4 wheelers are a major concern for pedestrian movement at this zone.

In certain sections of the Old town in Bhubaneswar, the footpaths are at grade to
the road level to provide additional width during the peak traffic hours of the day.
However, such a makeshift arrangement has rather increased the rate of accidents
and risks for the pedestrians. It is observed that the actual walking distance between
2 destinations has been increased by manifolds due to the mixed use of the land use
in this zone. As per the CDP, the zone is residential within heritage zone but the
sanctity of the same is not being maintained.

4 Design Considerations Towards a Walkable Old Town

As per urban design principles, there are several iterations that one might consider
to make this neighbourhood of the old town more walkable and pedestrian-friendly.
However, the pedestrian behaviour pattern analysis and overlaying sustainable infras-
tructure tools on the pattern will probably be the best designed option. As highlighted
earlier, weighing the existing pattern on the scale of the walkability index parameters
is discussed below.
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Fig. 2 No dedicated vending zones

Fig. 3 No sign of barrier
free design
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Fig. 4 Lack of dustbins and other street furniture

Fig. 5 Unplanned littering and obstruction caused

4.1 Safety and Security

Providing dedicated sidewalks without any obstruction should be the first mandatory
intervention.

• These sidewalks should be equipped with adequate grab bars, designed to correct
slope and incorporate all that is required for universal design.
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• Pedestrian crossovers are missing in the entire action area. This crossover should
adhere to the given standards and have a synchronised signalling system.

• Rescue or refuge islands must be provided in the zebra crossings for the
pedestrians.

• Public awareness programs regarding traffic safety to be organised as is being
done by students and other volunteers in other parts of Bhubaneswar.

• Adequate illumination to be ensured in terms of lighting standards the psycho-
logical needs of the human safety and security (Fig. 6).

• Fire safety measures, i.e. provision of fire hydrants, breaching inlets and other
services to be adequately given. Water clogging is a common issue in this part of
the city and the catch basins and other means should be provided.

Fig. 6 Lighting standards
for street lighting
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4.2 Convenience and Road Fabric of the Street Front

• Basic street furniture and street hardware need to be installed. Currently, the
hoardings and the street advertisements do not have a control to their display
mechanism.

• Regulation of street hawkers (giving them unique numbers and designated loca-
tion) will ease out pedestrian’s experience in the vicinity. Few interventions are
illustrated vide sketches in Fig. 7.

• Adequate landscape with local tree species to be used for shading purpose. This
will also ensure mitigation of the heat island effect.

• Regular maintenance of the provided infrastructure is to be ensured.

Currently, the heritage precinct of this neighbourhood does not find an identity
in the shop fronts or the street edges. Measures are already being taken by BDA
to ensure that the same gets adhered to. This should be a mandate in this zone.
Considering urban design; adherence to architectural and cultural heritage features
is imperative in this part of the city.

Fig. 7 Few modules of vendor rehabilitation are illustrated above
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Fig. 8 Action area

4.3 Statutory Support

No urban design or planning intervention is successful without the support of the
policymakers. The IRC103—Guidelines for InclusivePedestrianFacilities havebeen
revised by the Transportation Research and Injury Prevention Programme (TRIPP)
to upgrade the condition of the pedestrian facilities in India. The success of these
policies depends upon its enforcement. These policies should be enforced. Regular
audits should be conducted to ensure adherence to the same.

• Breach of the traffic guidelines should have heavy penalties levied on them.
• Free left turns in the pedestrian zones should be stopped and manned.

4.4 Additional Recommendations

• The activities in the densely pedestrian areas are mostly controlled by the public
sector. Hence the public and semi-public sector can share a responsibility towards
pedestrian movement and can play a major role by providing setbacks for creating
‘fully pedestrian lanes’. The Bindusagar lane (Fig. 11) shows no need for any
vehicles and is not a major carriageway with the option of using the lane abutting
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Fig. 9 Proposed recommendations

Fig. 10 Proposal—partially pedestrianized carriageway



Sustainable Infrastructures (Materials & Management)… 941

Fig. 11 Proposal—partially pedestrianized carriageway near Ekamravan

the Ekamravan being a transit corridor. Also, the presence of the multiple temples
in this zone gives it the feel of a public realm. The residential quarters in the
road abutting Bindusagar lane, however, have 2 wheelers and 4 wheelers with
the lane being the only access point. A parking block is hence proposed in for
accommodating the same considering that this lane is proposed to be completely
pedestrian (Fig. 9).

• The lane from Kedar Gouri Park is partially pedestrian. However, this is a main
street since it has the St. Xavier’s school in close vicinity. It may be proposed that
e-rickshaws travel in this zone (Fig. 8). These rickshaws will not only reduce the
ingress of polluting vehicles but also maintain the heritage value of this precinct.
Necessary arrangements can be made within the existing street section for these
sustainable e-rickshaws. (Fig. 10).

• A portion of the road has been kept for e-vehicles which are by far the most
sustainable form of transport for the fabric that this precinct demands. These e-
vehicles will also act as a mode of transport for the tourists or visitors. Their
alighting points and routes have been shown in Fig. 9. These vehicles are not only
green but also a barrier-free intervention.

• The lane abutting Ekamravan and Bindusagar Lake has residential units on the
other end. Figure 10 illustrates the envisaged proposal of having this road par-
tially pedestrian and partially vehicular. Bollards at every 250 mt will ensure that
vehicles do not move on to the pedestrian zone.

• Waste management is another major issue to be catered to in this zone. An OWC
(organic waste composter) is proposed in the area besides the parking (Fig. 9).
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Interventions like these are already implemented in the unit 1 and unit 2 market of
Bhubaneswar city.

• This place is prone to waterlogging and currently Bindusagar Lake acts as the
natural rainwater collection tank. However, having rainwater recharge pits in areas
of waterlogging will be a sustainable solution.

5 Conclusion

Improving walkability and providing a sustainable infrastructure is the easiest form
of improving liveable condition. As discussed earlier, movement towards such
infrastructure resolves social and non-partisanship issues in mobility design. Old
Bhubaneswar can also be equipped with infrastructure that is modern and sustain-
able and still maintains its historic lineage. Provision of facilities and amenities
like public toilets, benches, adequate sidewalks will get the ball rolling towards the
aim.Maintaining and upgrading the infrastructure at regular intervals should bemade
mandatory. Awareness and academic sessions onwalkabilitymust be conducted. The
importance of walkability should be further strengthened by making legal reforms
aiming to provide equity for pedestrians and their right to walk. For achieving an
optimum and desirable urban context, all the developmental organisations need to
work in tandem.

Projects for Public Spaces (PPS), an NGO based in New York, has developed
philosophy that ‘When you plan cities for cars and traffic, you get more cars and
traffic. When you plan cities for people, you get more people’. The urban planners
and designers of our day cities need to reconceptualize and understand the user
in present day context. The urban units for Indian cities should be designed and
developed in a manner that it retains the strength and diversity of our sociocultural
fabric with the sustainable walkability as an effective contributor [1].
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Urban Infrastructure and Special
Economic Zone (SEZ): Challenges
for Corporate Land Alienation
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Abstract This research paper critically introspects into the area of special economic
zones taken up in India by the corporate Moghuls and the challenges it faced from
the public during land alienation. Lacunae in transformational enactment of laws
have resulted in fighting between people, corporate and governance. The focal study
of the paper proves into the case of Urjja Nagar and Dadri during the course of
land acquisition by reliance energy. The process of acquisition of alluvial soil in the
Ganges and Yamuna Rivers resulted in the protest by farmers. Political stalwarts join
the protest against land alienation for SEZ contributing to the development of urban
infrastructure. Vehement media report alleged the political power to have cross-
crushed the democratic dissent and accused of the corporatisation of democracy, a
new normal doctrine. The paper analysed into the concept of public trust doctrine for
enabling the urban infrastructure developed without hurdles during the acquisition
of land. The paper argues for a concept of compromise and compensation during
land alienation to be incorporated in the R&R act. This research paper reviewed
the literature available from primary and secondary sources. It is exploratory and
descriptive in its approach. The research analyses the factors associated infers into
the findings providing a solution to the identified problem. This analysis allowed a
permeable amount of land for the villager and fair price for the alienation of land
with a share of investment in the company towards the portion of land given to the
company as equity.
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1 Introduction

With the continually mounting global contest has led towards creation of an ambi-
ence where we need to reform robust strategy for elevating our trade exports. The
trade policy followed by different countries can be understood by analysing the var-
ious macroeconomics policies executed by them. The impact of restrictive policies
can lead to impede growth in the developing countries was recognized in 1980s.
Various new reforms embarked inorder to facilitate augmentation and amalgamation
into the world economy. After pursuing an inward-looking development strategy,
India decided to take a historic step of changing tracks in 1991. The liberalization
programme was launched in India. Under the influence of Special Economic Zone
(SEZ) and foreign trade policy in India growth has been accelerated by providing
fiscal incentives, superiority in infrastructure, clearances through single window, and
guidelines for reinforcing financial intensification through policy of SEZ. The ser-
vices provided in this practise area comprises application, registration and track up
for SEZ consent, as well as de-registration and management of assets; legal proce-
dure and other credentials. The affiliation accounting firm provides support towards
bonding and various types of other services related to accounting and tax aspects [1].
The traditional real estate industry provides various range of services that include
title diligence, legal opinions and reports; Joint development agreements, certificates
and procedures. The documentation and legal aspect in real estate are done under
India’s new legislation on Real Estate (Regulation & Development) Act, 2016 [2, 3].
With the new age, the services in the sector of real estates havemodified its traditional
business and have adapted the technological aspect to provide various services to the
customers. The companies in the reals estate provide assistance for registration of the
property, arbitration in resolving any dispute and obtaining government clearances
when required [4].

2 Necessity of Special Economic Zones

The inspiration for establishingSEZ in India came fromChina, Shanghai. The success
in SEZ gave China, Shanghai and Shenzhen an elevating growth in economy. The
known principal aim of SEZ programme in India is to provide a sustainable growth
in the export-led by attracting FDI and various private sector parties [5]. Thereby,
SEZ can be used as a catalyst in the progression of reforms, fiscal expansion, creation
in employability and other development in regional sector. However the dream to
accomplish the quantum of flow in FDI is very less for India as compared with China
this is because of the perceived meagre position of India in the international platform
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as reflected by trans-nationality index [6, 7]. The promotion of SEZ is essential for
encouraging investors and to deal with the infrastructural deficiencies, complexies in
the procedure, bureaucratic disturbances and obstruction elevated by policies such
as monetary, trade, labour and taxation [8, 9]. These bottlenecks in the process affect
the climate for investment by increase in the production cost and also the transaction
cost. The establishment of industrial enclaves SEZs and EPZs have been considered
as the strategic tool for escalating the industrial growth in developing countries [10].

3 Concept of Urban Infrastructure Development

Given the predominance of various socio-economic factors poverty is considered to
havemajor influence on reversing the impact on economical growth [11, 12] . Sustain-
able growth in urban infrastructure development can be progressed when the benefit
is broad-based, multi-sectoral and exclusive in nature [13, 14]. Sustainable reduc-
tion in poverty can be achieved when the growth is across all sectors, which includes
better utilization of land, agricultural productivity and connecting community devel-
opment through providing economic opportunity and infrastructural development by
Special economic zones [15–20]. The prime objectives for establishing of Special
Economic Zone are

i. Creation of other financially viable activity;
ii. Increase in the foreign exchange reserve;
iii. Addition in the technological sector and skill;
iv. Growth in the infrastructural facilities;
v. Elevation in the living standard of the people;
vi. Key sector development by promotion of export of goods and services.

4 Urban Infrastructure Project of SEZ Demolish Villages

Urja Nagar coined for the power city of Reliance in the setting of a Special Economic
Zone (SEZ) tuned Ujar Nagar (City of Devastation) for the natives. Urban infrastruc-
ture growth is not affecting the economic status of the folks in villages. In quoting
an article titled ‘corporation state and fascism’ by Vandana Shiva dated 10 August
2006, an US-based social philanthropist named Sandip comment Delhi’s explosive
urban sprawl has created demand for grabbing land in Dadri [21, 22].
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5 SEZ Resistance

The unique example of SEZ development is considered to have happened in Goa.
There, the state government to begin with adopted the policy of SEZ and cancelled
it later due to political pressure and by public consultation. In the year 2006, on
5th June the state government of issued an bureaucrat SEZ policy [23–25]. The
state government of Goa justified that SEZs are a mean to bring development in
terms of both economic and development in industry that would bring large dividend
into the state in the long run by generating new employment opportunity. With the
pressure from social movements and other political factors, the government of Goa
concluded that the current SEZ project is appropriate model to be pursued. On 31
December 2007, the government of Goa became the only government to make an
announcement to scap the current SEZ project and denied future possibilities of such
projects (TheHindu, January 1, 2008). On the other hand, byApril 2015 theGoa state
had not withdrawn the 2006 SEZ policy or annulled land allocations earlier made
to SEZs. Consequently, those resisting SEZs viewed the announcement made by the
chief minister was solely performative and unenforceable devoid of legal pressure
[26, 27].

6 Impact of SEZ on Real Estate and Agriculture

Bejhera with Rajendra singh of ‘Tarun Bharat Sangh’ and Satpal Choudhary of ‘Lak
Tantrik Party’ in May 2006, Dr. Jaipal Singh, one of the fasting protestors said that
the villagers came to know of the acquisition only from local newspapers; at the time
of unveiling of the power project. No consent was taken and no notice was served
to them. When they challenged the injustice and illegality of the acquisition of their
land, the authorities told them to either go to court or accept the ‘compensation’
being awarded. Being aggrieved with the decision of the government and concern
for agriculture produce to sustain their livelihood, the farmers turned down the fence
and have been ploughing their field to assert their rights [28].

7 GIS and Remote Sensing

Technology can do the estimation of the available landmass very easily and eco-
nomically. Survey of India in its mapping division can publish aerial photographs
of every squire foot of India for bargaining a scale. In deed right now ‘google’ has
done it for North America and some other parts of the world. Similarly each inch of
india might have been mapped but not available public like openly. It is similar to the
government files and notes, because it might create problems for lots of corporate.
National security is a truth ad a pretext, there is some truth in it but are getting sold
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to the privatization way through the alienation of priceless real estate, even in terms
of carbon trading business.

8 Fortification of Entitlements

The policy framed for SEZs suffers from various lacuna of depriving the employment
of the community who are reliant on the land and that has led to pervasive turbulence
and remonstration measures. Hence, the main objective is to protect the entitlements
of the evicted societies. The different types of entitlement that are related to property,
liability and inalienability. The rule of property is applied where the value of the
entitlement is settled by the seller. The liability rule is applicable in the case where
the initial entitlement is violated and in order to protect the entitlement therefore the
role of state government is vital. When the state intervenes to forbid the transaction
between the buyer and the seller then inalienability rule is applied. The entitlement
for the SEZs is protected under the rule of liability. The land acquisition process
leads to the contravention of the primary entitlement of the landowners and liability
rule is applied for compensating the loss of the entitlement. This process is executed
by the state government by protecting the entitlement of the dispossessed [29].

9 Limitations on the Usage of Land

There exist various factors that are applicable for restricting the price depression
of agricultural land which includes zoning and land use restrictions. The restriction
imposed on these lands is facilitated bygovernment under zoning factor. In addition to
these restrictions, there are several restrictions that are imposed by the government for
using agricultural land for non-agricultural purpose [30]. The government clearance
that has to be obtained for using these agricultural lands for non-agricultural purpose
is called Non-Agricultural Use Clearance (NAC). The obligation lies with the party
that is interested for using the land for non-agricultural use. Consequently, the farmer
cannot take the advantage of the value addition that ascends out of the use of the land
in non-agricultural use. It thus bequeaths massive enticements to the buyer at the
price that the farmers who primarily own the land and is basically disinterested for
giving the land [31]. In the year 2005, Special EconomicZonesAct has been amended
that illustrates the prior rules and regulations for using the land. Nevertheless, the
developers take the benefit of SEZ act by obtaining enormous bands of lands that
remain unutilised for years to come.
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10 Should Real Estate Be Governed Under ‘Public Trust
Doctrine’?

New economy researchers and thinkers view that in a democracy land and resources
should be governed on the basis of the public trust doctrine. It should not be done
on the ‘eminent domain principle’ [30]. It is observed that during these times of
‘corporate globalization’, the land Acquisition Act can behave as an ‘instrument of
fascism’. Therefore there has to be a perfect contemporaneous progressive change
of the traditional acts duly amended. Will the LA ac be set aside and enacted afresh
matching to the current need is the question. Recent R&R policy of government of
Orissa can be referred to on this context. It could be that, let all corporations negotiate
directly with farmers and if farmers do not want to sell their farmland, state should
not forcefully acquire it and if the state does that, they should get the full market
price.

11 Origination of a Market-Based Instrument
for Recompense

The implication that arises in the compulsory acquisition of the land under the policy
of ‘eminent domain’, there is a necessity to plan a market-based device for compen-
sation in the form of a Special-Purpose Development Corporation (SPDC). In case of
SPDC, it acquires incorporated possession of the land and the improvement of project
and would deal with the ‘affected people’ a choice among accepting pre-project ‘fair
market value’ compensation or pro-rata shares in the SPDC. The compensation for
the land is linked with the true value of economic value of the land and subse-
quently, that land projects are basically linked with social welfare maximizing. As
a result, it provides a choice to the landowner that either they can opt for receiving
pre-project compensation or SDPC share. Thus, through this mechanism it tries to
sustain a market-based mechanism for safeguarding free and impartial return to the
property-owners.

12 Conclusion

In order to make the procedure of land acquisition and urban development, it is
vital in the part of the state government to make a clarity on the use of the land for
only ‘public purpose’. Besides, the state government has to take appropriate steps in
order to reduce the transaction cost for the developers and thereby facilitate voluntary
acquirement of land. In the present scenario, we have observed competition between
different states has exaggerated in order to fascinate various investors for developing
SEZs. The rising competition among the investors need to be taken care by the central
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government to ensure free and rational land acquisition. With the dream of making
India a hub for the manufactures, its vital role played the central government to
introduce easier rules for the land acquirement procedure in order to interest massive
venture from the private players.
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Studies on Integration of Lean
Construction and Sustainability
in Indian Real Estate Projects

Raja Sekhar Mamillapalli, Ashok Kumar Rath, and Dillip Kumar Bera

Abstract Indian Real estate market has grown largely in recent, which has achieved
faster growth among the developing global markets. Quick urbanization and increase
in income of the public is the prime reason for the demand and growth of Indian real
estate. On the other hand multiple issues like incompetence, productivity declina-
tion, waste generation, low sales, etc. are bothering Indian Real estate. To hamper
these, lean principles have been introduced in the field of construction which had
caused a revolution in the manufacturing process and green building practices to
reduce its negative ecological footprint with simultaneous creation of more sustain-
able environment. The value maximization and waste minimization of a project are
achieved through lean construction and its techniques will be integrated with the
current sustainable construction techniques to diminish the current wastage without
comprising the quality of the construction. When used and combined perfectly, the
sustainable parameters and lean principles can be aligned to yield better results and
counter support the benefits of both. Lean principles to combine with sustainabil-
ity parameters in cast-in situ construction in Indian context are a challenging task.
Independently both lean construction and sustainability in construction have proven
results in Indian real estate projects. However, no studies or framework on inte-
grating the cast-in situ construction of have been attempted either for world across
or within Indian context. This paper mainly focuses on the small scale real estate
projects. The stakeholders or parties of smaller construction projects argue that the
implementation of lean construction in their projects will not yield the results and
claim to be the best way that they adopt with their experience, which is not really true
on field. To prevent this problem, the adoption of sustainability with respect to the
environmental, social, and economic terms will further enhance the building value in
the construction market. This paper follows an integration procedure (with reference
to PMBOK) of lean and sustainability concepts together are the key to the efficient
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and economic construction in the future. As these require a detailed study of the all
the attempts previously made and helps to frame a perfect model which makes it an
easier way for the worldwide adoption in the real estate projects.

Keywords Lean construction · Sustainability · Real estate projects · Integration
management

1 Introduction

Indian construction industry contributed approximately 7% of GDP on a normal
throughout the following decade, in that real home structures alone contribute 11%
of construction GDP. Around 55 million people are directly or indirectly employed
in Indian construction industry only next to agriculture in terms of in giving employ-
ment. Notwithstanding the work age and the monetary significance of the construc-
tion part, it strikes the issues, for example, cost invades, squander age, low prof-
itability, and absence of vitality proficiency for its activity, new water prerequisite,
venture finish deferral, and absence of expert practices in the business. The con-
struction business assumes a significant position inside the most economies and it
impacts nation’s GDP through construction productivity to an enormous degree.
Development segment impacts different areas firmly and has an immediate effect
over different methods of supportability.

Along these lines, more significance ought to be given to distinguish the real dif-
ficulties and their answers. Utilizing fitting undertaking the board procedures we can
conquer these difficulties and complete a venture inside spending plan and on sched-
ule. Since the most recent 20 years, numerous nations executing the lean and main-
tainability ideas in their development businesses and getting profited. These ideas
were embraced by construction companies to upgrade their profitability and effec-
tiveness of its business activities from top management to on ground site execution
personnel.

LC is a generation organization based which is a most ideal approach to manage
venture conveyance and considered as a way to deal with plan and oversee work
process. LC was born with the objectives of a lean creation structure: work process
and lessen squander—to specific frameworks and applies them in a cutting edge
venture conveyance process (Lean Construction Institute, 2012). As in numerous
enterprises and specialist co-op associations, Lean reasoning has been connected
with much achievement and its ideas can be connected to any shape at work, home,
or play. To keep pacewith the regularly developingmultifaceted nature, it needsmuch
improvement to the constructed condition and gaining ground by keeping up a similar
productivity increases over different business segments. The worth boost and waste
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minimization of a venture are accomplished through lean construction. Many accept
that lean construction is the route for getting the various components of sustainability.
The customary Indian engineering incorporates the idea of maintainability in its
very plan. In contrast to selection of lean practices, the administrative offices of
the legislature and the proprietor associations are eager to actualize green practices
whose essential purpose is to embrace sustainable techniques. It is seen that the
responsibility of top administration gives a noteworthy force toward the appropriation
of maintainable development rehearses, as it is more because of outer weights than
the inward prerequisite. The activities that are taken are for the most part to guarantee
the base consistence prerequisite.

Sustainability in manufacturing is adopted to make the process as lean manufac-
turingwith environmental, social, and economic parameters taken into consideration.
The contribution of lean to sustainability is basically focus on waste reduction, lean
tools will reduce material, and energy wastes during construction and maintenance
and also greater operational and product reliability achieved during lean processes
will reduce the amount of harmful emissions. However, the other focus is on lean
value. For achieving challenging targets, the generic methods were developed in lean
product development which can also be used to achieve sustainability targets [1]. It
is believed that there exists a reverse action from sustainability to lean construction.
The improvements in reliability, discipline, and process efficiency motivated by sus-
tainability concepts are broadly aligned to lean objectives, and thus strengthen the
implementation of lean construction.

2 Literature Review

Building materials and processes have a major impact on the sustainable homebuild-
ing and its greatest barriers are higher initial costs would reduce the later operational
cost resulting from ill-defined construction processes. Nahmens and Ikuma [2] pro-
pose the use of lean construction tool (the SLIK-Safety and Lean Integrated Kaizen)
to showcase its effect on triple bottom line of sustainability. Saurav et al. [3] iden-
tify five significant lean tools and area of linkages of lean and sustainability on the
basis of relative importance index. Researchers say that LC offers many benefits by
proper project planning which shortens duration, promotes quality, and sustainabil-
ity. Bae and Kim [4] listed out some lean tools that showed financial advantages of
construction process.
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Environmental Management System (EMS) was integrated to LC concepts which
is expected to maximize the customer’s satisfaction and as well as minimize the
waste. EPA [5] found that the implementation of lean principles reduces waste and
pollution which covers the environmental and social dimensions.

The sustainable development is the foundation for sustainable construction which
has similar concepts particularly in minimizing the waste [6]. Earlier in (1994)
defined some key principles in creating a sustainable build environment, Ballard
and Howell [7] suggested a few fundamental concepts of lean, Kibert et al. [6] sug-
gested that the implementation of sustainability throughout the organization is more
beneficiary rather than only in projects.

By performing different forms of interviews among selected members, Koranda
et al. [8] conclude “Commitment and knowledge are the key elements for the desired
output and environmental aspect is acquired through LEED principles and economi-
cal through Lean concepts for the small construction projects.” Dehdasht and Zin [9]
propose a hierarchical model which is framed from a volume of studies concentrated
on the challenges that may occur during execution, structural and cultural aspect,
management and strategy aspect and Last Planner System implementation which
also presents a checklist for important barriers in each aspect of sustainability upon
lean implementation. A semi-structured format of Delphi interview is conducted for
verification of barriers.

Yupeng et al. [10] examine the effects of onsite/offsite prefabricated systems that
can be adopted to green building objectives by assessing the interplay between social,
economic, and environmental activities and identify prefabricated construction as one
such approach.

Besser Freitag [11] developed a theoretical framework by integrating lean
construction and sustainability and life cycle of the buildings using a prism method.

Limited literature about integration of lean construction and sustainability and
especially in real estate projects. About India, real estate projects with lean and
sustainability integration are nowhere data or studies are unavailable. This shows the
need and importance of the study for a development of a model for integrating lean
and sustainability for real estate projects for better out project delivery with waste
minimization and greener development.
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3 Conclusion

Based on the content analyzed and reviewing the literature on integration of lean
and sustainability, it is clearly found some barriers for implementation. They are
“Awareness of understanding Lean concepts” and “Top Management commitment.”
Across the world, the integration of lean with others is implemented easily without
many challenges, as most of them are pre-cast constructions. In the context of India,
majority of the constructions are cast-in situ it is difficult to implement the integration
of lean and sustainability. For that, a theoretical framework is proposed which on
implementing in practical conditions may result in better outputs.

4 Extension of Studies

The extension behind this study is to research the requirement for manageability
and lean ideas from a point of view of little scale land extend in India. This paper
additionally inspects the present condition of utilization of supportability and lean
practices on these activities and to demonstrate that such practiceswould conceivably
be mainstreamed. The different focal points of this examination are to build up the
connections among manageability and lean ideas to build up a system in which
little ventures can coordinate and actualize the two works on accepting that they
have a beneficial outcome. The investigations are performed in the areas of little
and enormous measured tasks just as green-ensured or non-affirmed ventures. The
difficulties which wall structure and development procedure are to be recognized.
These can be accomplished through the accompanying:

1. Experimental (case) study
2. Research investigation by Qualitative and Quantitative techniques.
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Efficiency Measure of Form Work
in Construction: A Comparative
Assessment

Sarbesh Mishra

Abstract Architectural planning, engineering, and building are the major areas in
the complex, process-driven, field of construction. When it comes to large hous-
ing projects in contemporary times, the speed of construction is given paramount
importance. Among the emerging technologies in mass housing projects, formwork
systemhappens to be the favourite for two reasons: completing the project in less time
and obtaining good concrete finishing without change in the investment. Thanks to
the phenomenal rise in building of residential, commercial, and industrial buildings
and structures, formwork system is in great demand. Formwork system also owes its
great demand due to record building of mega infrastructure projects such as transport
infrastructure (R&B), water resources engineeringworks, sports buildings, stadiums,
and so on. Fast-track construction largely depends on formwork system. For exam-
ple, Mivan, a modern method consisting of an aluminium-based formwork system,
is found widely used in the building of housing units and mass residential projects.
Suitable to Indian conditions for its low maintenance feature and cost-effectiveness,
it is aluminum formwork that can be tailormade to suit various requirements. This
paper attempts to compare the technology cost of aluminium-based Mivan form-
work with that of conventional construction formwork technology. It works on the
hypothesis that Mivan technology is more cost-effective, qualitatively superior, and
time-saving as compared to conventional formwork technology.

Keywords Formwork · Formwork system · Mivan · Fast-track construction ·
Cost-effectiveness · Adaptable · Time-saving · Minimum maintenance

1 Introduction

Distinguishing proof of variables which can diminish the quantity of work hours
required to raise, adjust and strip concrete formwork will improve the cost adequacy
of development activities. Formwork work costs comprise almost 35% of the all-out
expense of work. To keep up work cost at the very least, the board and streamline

S. Mishra (B)
NICMAR, Hyderabad, India
e-mail: sarbeshmishra@nicmar.ac.in

© Springer Nature Singapore Pte Ltd. 2021
B. B. Das et al. (eds.), Recent Developments in Sustainable Infrastructure, Lecture Notes
in Civil Engineering 75, https://doi.org/10.1007/978-981-15-4577-1_80

961

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4577-1_80&domain=pdf
mailto:sarbeshmishra@nicmar.ac.in
https://doi.org/10.1007/978-981-15-4577-1_80


962 S. Mishra

conditions at the site by concentrating on the components which will improve work
efficiency. Redundant structure measurements, legitimate framework choice, pro-
ficient booking, and cautious movement coordination can yield huge profitability
investment funds. Notwithstanding, deficient material accessibility, adjust, inappro-
priate sequencing, and disturbances are among recently recognized causes which can
add to poor formwork profitability. Improving formwork development proficiency
requires recognizable proof andmeasurement of the elements which can be appeared
to affect the formwork group’s profitability. Customary formwork for solid devel-
opment regularly comprised of specially decided requiring talented skilled workers.
This sort of formwork frequently had poor security highlights and gave moderate
paces of on location development and immense degrees of waste additionally being
produced. Formwork framework has huge job in the development procedure, settling
on the correct choice by picking the proper formwork framework could prompt reac-
tion to reasonable development. Various frameworks have their very own advantages
and picking a right formwork having best backings individual venture necessity non-
accessibility gifted and specialists brings about issues of expense and time overruns,
substandard development, poor completions spillages, consumption of structures,
etc. This normal life expectancy can be enhanced by maintaining a strategic distance
from fixes and recovery of structures.

2 Need in Present Indian Construction Market

The earliest formwork frameworks utilized wooden scantlings and timber sprinters
as it enables simple shaping and making at site. These wooden scantlings and timber
sprinters has started losing their auxiliary and dimensional properties over a period
time encompassing the security issues. Significant mishaps occur in strengthened
bond concrete (RCC) development in light of mediocre formwork and platform. The
speed of development by this framework will outperform speed of a large portion of
the other development frameworks. The work in a joint effort with substantial appa-
ratuses (e.g., Tower crane) handles this strategy adequately to accelerate the develop-
ment, to guarantee quality control and toughness. Appropriation of this framework
diminishes, generally speaking, expense of the structure. Our investigation for the
most part center around the innovation utilized in Mivan framework, its segments,
working cycles, its repetitions. While the presentation of worldwide organizations
in India for development exercises has helped in quick development. For building
mass lodging works, it is important to have most recent advancements which are fit
for fast development and can convey great quality and strong structure in financially
savvy way.



Efficiency Measure of Form Work in Construction … 963

3 Scope of the Study

With the gigantic increment deprived for motorization in the development strategies
there are number of variables to be considered in touching base at a choice of the
most proper strategy and framework or innovation to be utilized for development.
In choice among various elective techniques and advancements for the quicker and
practical development of structures, it is important to detail a base structure which
helps to help the arranging group to pick the most suitable arrangement of formwork
according to the particular prerequisite of the undertaking.

4 Characteristics of Good Formwork

1. Good formwork should facilitate easy removal and strip after concreting.
2. Good formwork must ensure sufficient tight joints to prevent the grout of getting

lost as grout leakage cause honeycombing of the surface.
3. Good formwork should be sufficient in strength to support the weight of wet

concrete, the weight of workers with their equipment, force of vibration, and the
force of wind and rain that may result because of seasonal influences.

4. Good formwork should be capable of being re-used. To incorporate this, the
formwork must be oil coated to facilitate easy detachment and cleaning should
be undertaken immediately after striking.

4.1 Mivan Formwork

TheMivan formwork is comprised of an aluminum compound.While development is
in procedure, the formwork should bear, other than its very ownweight, the heaviness
of wet cement, the live burden because of work, and the effect because of pouring
cement and laborers on it. The vibration caused because of vibrators used to smaller
the solid ought to likewise be taken consideration off. Hence, the structure of the
formwork considering its prerequisites is a fundamental part during the development
of the structure. The Mivan formwork ought to have the option to take a live burden
including the effect about 370 kg/m2. It is in any case, common to work with a little
factor of well-being in the structure of formwork. The surfaces of formwork ought
to be wearing such a way, that after avoidance because of weight of cement and
fortification, the surface stays flat, or as wanted by the planner. The sheathing with
full live heap of 370 kg/m2 ought not to avoid more than 0.25 cm and the joists with
200 kg/m2 of live burden ought not to redirect more than 0.25 cm maintaining the
respectability of the details. The measured idea of the Mivan formwork ought to
permit simple fixing and evacuation of formwork and the development can continue
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Fig. 1 Sample Mivan formwork

rapidly with next to no deviation in dimensional resilience. Moreover, it should be
quite flexible and adaptable for any modifications in the layout (Fig. 1).

5 The Advantages of the System

In rapid construction of myriad layouts of architecture, the Mivan formwork is
designed for:

(1) Cost-effectiveness.
(2) Design customization to suit project requirements.
(3) Erected using unskilled labor.
(4) Finishing of high quality.
(5) Panel reusability up to 250 times.
(6) Total system forms the complete concrete structure.
(7) Unsurpassed construction speed.

Quality as well as speed must be given due thought alongside cost-effectiveness.
Great quality development will never dissuade to activities speed nor should it be
uneconomical. Truth be told, tedious fixes and alterations because of low quality
work, by and large, postpone the activity and cause extra-budgetary effect on the
venture. A few specialists feel that lodging options with low support prerequisites
might be favored regardless of whether the underlying expense is high.
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6 Limitations

Despite several advantages of Mivan formwork, it also suffers some limitations.
Of course, the limitations are insignificant in comparison with its merits and uses.
Following are the limitations:

• Due to minuscule sizes, finishing lines are traceable on the concrete surfaces.
• Due to small thickness of components, concealed services are not possible.
• Without strategic planning and uniform elevations, cost-effectiveness cannot be

possible.
• As it is castes in RCC, least modification is possible.
• Cost-effectiveness depends on the high volume of work, at least 200 repetitions.
• The formwork necessitates numbers of spacer, wall ties, etc., placeable at 2 feet

c/c, which cannot rule out monsoon problems like seepages and leakages.

7 Analysis of Formwork Efficiency

The following four parameters are considered to determine the formwork efficiency,
namely:

1. Cost 2. Quality 3. Time 4. Productivity

7.1 Estimation of Cost

Requirement of material is dependent on the design of the construction projects.
Labor engagement and the timeline of the project are the consequence of technologies
and construction methods. Formwork catalyzes the Speed of the project. We can
attribute this as the critical mass of building construction. Uses of latest technologies,
the labor estimates, and the time period can be minimized in the project.

Total Project Cost = Materials + Labor + Preliminary Cost + Machineries &
Equipment + Waste Material Handling + Safety + Finishes.

Note: Preliminary cost is inclusive of Salaries, Establishment charge, and Security
expenses.

In mega building projects, formwork controls the timeline of the construction in view
of the effect on floor cycle and facilitates in shortening time to construct the main
structure that results in reduction of the total duration of the project. This research
compares the cost of total project cost of a residential project in both the types of
formwork.

Cost for materials can be computed in two ways:



966 S. Mishra

(a) For material with short life like timber and plywood,

(Cost of material – scrap value)/no of repetitions = cost of material per use
(b) For materials with long life like steel or other metal components

(Cost of material–scrap value) * period of use/material life = cost of material

7.2 Comparison of Formwork

This new technology is adopted by construction industry. The construction projects
are getting more complex in view of changed human endeavor and the construction
industry responded to these unique challenges in terms of time, cost, and qualitative
factors. Other than these, there are various factors which help us to choose the type
based on the following comparative criteria.

Comparison Between Mivan and Conventional System
In view of the review and correlation from live venture key contributing elements that
assume a noteworthy job in choice of formwork are cost, quality, process duration,
and number of reiterations. By looking at few parameters through examination and
charts from examiner, the accompanying ends can be made.

I. Cost adopted for Mivan formwork is highest among the all formwork systems
this is because of the use of aluminum in making of formwork even though
the cost of Mivan is high due to higher number of repetitions. The overall cost
reduces which makes it favorable in repetitive kind of works.

II. Faster construction can be achieved with Mivan formwork as cycle time is less
compared to conventional formwork.

III. As per safetymanagement,Mivan formwork is the best in the industry compared
with the others formwork systems.

IV. Changes can be easily accommodated for conventional when compared with
Mivan. Because Mivan formwork is already customized and standardized.

8 Case Study: Residential Villa Project in Hyderabad

Our study starts with the case study of the villas located in the Kompally premises;
hence, it is ongoing project we can able to get the every information regarding
our study, all the information, about the project is given below. The overall project
consists of 400+ villas of two types, i.e., east and west facing. Our study is on west
facing which include 200 villas; since it is of same kind, so we have preferred Mivan
for this project.
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Project—“Ashoka-a-la-maison,” Kompally
Ashoka-a-la-maison is a reputed builder into premium segment of housings, i.e.,
villas, situated at Kompally, Hyderabad. The project offers sprawling lawns with
serene and beauty of nature having a healthy ratio of constructed to green area in
the proportion of 35% and 65%, respectively. The company was formed in 1989
with 28 years of presence has come up with this premium villa segment, named as
“Ashoka-a-la-maison.”

Key features:

• Large open space
• Even splendid parks
• 80’, 60’, 40’ BT roads
• Underground water supply system
• Decorative street lighting
• 24 * 7 security system
• Sewage treatment plants.

In this project, three different sizes of plot are available, i.e.,

• 250 yards, 300 yards, 400 yards.
• Two facings are available, i.e., East and west.
• 249 yards—40’ * 56’-2600sft 3bed rooms
• 300 yards—45’ * 60’-3200sft 3bed rooms
• 400 yards—50’ * 72’-4200sft 4bed rooms

Source: www.ashokabuilders.com.

9 Conclusion

Formwork system plays a crucial role in successful and timely completion of project.
From the above analysis, Mivan formwork is the highly rated formwork system
because of its higher number of repetitions in use, with smooth and exact surface
finish which brings down overall cost and also provides superior quality types of
structures with less time. In case of nonrepetitive and availability of less labor and
improper feasibility with site and storage area restrictions, wood formwork is pre-
ferred to Mivan formworks. It can be concluded without contradiction that quality
and speed be given high priority for cost-effectiveness in large infrastructure or
construction.

In India, Mivan technology has great potential in reducing the cost of housing.
Mivan formwork helps in timely completion of the project with keeping the attributes
intact. This also helps in constructing low cost unit housing and has come up with a
formidable alternative to conventional formwork in this ever-growing construction

http://www.ashokabuilders.com
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Fig. 2 Cost comparison

3814093

2160296

Total Cost

Cost Comparison 

Conventional Mivan

industry.We infer thatMivan form construction is enabling high-quality construction
at faster pace and with a reasonable cost. We conclude our study that, by using
Mivan formwork, the cost of the construction can be reduced by 43.36% (Ref—
Annexure 1).

Annexure—I

See Fig. 2.

Construction Cost Comparison (Annexure—II)

Nature of work Conventional form work (Rs.) Mivan form work (Rs.)

Excavation 30579.46 30579.46

Footings 300520.21 302606.30

Pcc 29399.63 29399.63

Reinforcement 24116.01 26202.10

Concrete 240142.93 240142.93

Shuttering 6861.64 6861.64

Pedestal 32168.14 32168.14

RCC 30092.87 30092.87

Shuttering 2075.27 2075.27

Plinth beam 136578.86 136623.85

(continued)
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(continued)

Nature of work Conventional form work (Rs.) Mivan form work (Rs.)

Pcc 21066.49 21066.49

Reinforcement 46135.08 46135.08

Concrete 64238.40 64283.40

Shuttering 5138.88 5138.88

Columns 132391.31

Concrete 61461.47

Reinforcement 44290.46

Shuttering 26639.38

GF slab 519644.50 464191.24

RCC 457390.50 457390.50

Shuttering 62254.00 6800.74

FF slab 450367.61 401240.65

RCC 394753.10 394753.10

Shuttering 55614.51 6487.55

GF beam 300713.00

RCC 263474.00

Shuttering 37239.00

FF beam 284478.48

RCC 245669.85

Shuttering 38808.63

GF brick work 308977.55 345136.68

9′′ Wall 218743.55 233950.02

4′′ Wall 90234.00 111186.66

FF brick work 9′′ 285250.62 447750.41

9′′ Wall 285250.62 447750.41

GF plastering 502507.55

Internal 293241.50

External 209266.05

FF plastering 529915.72

Internal 312325.45

External 217590.27

Total cost of building (INR) 3814093.00 2160296.72



970 S. Mishra

Bibliography

1. Prathul U, Leeladhar P (2015) Analysis of productivity by Mivan & conventional formwork. Int
J Innov Trends Constr 2(4):38–44

2. Sajeet SB, Supreeth SG (2015) Earth quake response of different shapes of Mivan wall tall
buildings. Int J Res Eng Technol 4(2):24–32

3. Dhanashri S, Desai DB (2014) Emerging trends in formwork-cost analysis & effectiveness of
Mivan formwork over the conventional formwork. J Mech Civ Eng 3(6):27–36

4. Osama M, Khan Jaffer (2010) Analysis of labour productivity. Can J Civ Eng 10(3):286–303
5. SwapnaliM,KumathekarMB (2010)Comparison of the use of traditional andmodern formwork

systems. Civ Eng Syst Sustain Innov 5(3):43–58
6. Nuzul Azam Haron I (2005) Building cost comparison between conventional and formwork

system: a case study of four storey school buildings in Malaysia. Am J Appl Sci 2(4):819–823
7. GaryR,Hanna S (1993) Factors influencing formwork productivity. Can JCiv Eng 2(1):143–158
8. Wijesekara DM (2012) Cost effective and speedy construction for high-rise buildings in Sri

Lanka by using aluminium panel system formworks. Int Res J Eng Technol 4(11):1144–1147
9. Standard schedule of rates of Telangana 2018–19 and Rates from CPWD



Recent Developments in Water Resources
Engineering and Management



An Approximate Cost Equation
of Offshore Wind Turbine Blade

Chandan Kumar Majhi, Satyajeet Nanda, R. C. Pradhan,
and Benu Gopal Mohapatra

Abstract Sincemanyyears, energy poverty and climate change are the pivotal issues
faced by societies. Harnessing offshore wind energy would be a reliable solution to
both of these issues. Offshore wind energy is an attractive source of green energy,
because of abundant of wind resources in the sea. In compression to the onshore
wind turbine, visual and noise impact no more an issue in case offshore wind tur-
bine. Developing offshore wind turbines 15–30 km away from shore experience
hostile environmental loads such as ocean currents, storm wave loading, ice loads,
and potential ship impact loads significantly contributes the high cost in offshore
structure. The turbine blade is an important constituent of the wind turbine. It costs
around 22% of the total cost of a wind turbine. In this paper, an approximate cost
equation for turbine blade was derived. This cost equation is sensitive to the quantity
of various materials used in turbine blade and diameter of the wind turbine. This cost
equation can be used to compute the material cost for a wind turbine up to a diameter
of 80 m.

Keywords Wind turbine · Turbine blade · Installation · Power output
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1 Introduction

Widely used coal base energy is nomore viable solution for long-term energy require-
ment as the cost of environmental impact for energy is enormous. From many years,
an effort has been made to reduce the adverse environmental impact of coal-based
energy, but this has achieved little success. At present, the various national and inter-
national agencies are promoting green energy and strongly discourages any further
coal-based energy initiative. In recent time, significant advancement has been made
to harness energy fromwind by usingwind turbines. The capacity of the wind turbine
now increases to many folds. Large capacity wind turbine comes with a large size
blade, which produces a lot of noise and reduces the visibility of that area. There-
fore, installing a wind farm nearer to a human habitat is not desirable. A country
like India where landmass is being shrunk, hence, is not desirable to install any land
base (onshore) wind turbine farm. Alternatively, the wind farm can be installed at
15–30 km away from the shore (offshore), and this is appeared to be very feasible
as India consists of very long shoreline. The wind turbine mainly consists of a sup-
port structure, rotor blade, tower, and nacelle. The Support Structure and Foundation
have to keep the turbine in proper locations against the hostile environmental loading
condition.

The initial cost of an offshore wind turbine installation is usually more compared
to the onshore wind turbine. However, in the long term, the offshore wind turbine
may becomemore economical as abandon of wind resource and availability of space.
The world’s wind energy facilities were reached 194,390 MW at the end of 2010,
which is about 2% of the total global energy industry. According to GWEC, global
wind power will increase by 160% over the next 5 years. As of now 3924 MW in
49 wind farms spread over nine European countries, in which the United Kingdom
(UK), Denmark, Netherlands, and Belgium are the top countries in offshore installed
capacity (The European Wind Energy Association, 2011). The present trend shows
energy industry moving toward dipper water wind and far away from the shore.
Countries like the UK and Germany invest in a big way in offshore wind plans and
move faster to become a leading country in harnessing green energy resources [1].
In the near future, 10% of electricity demand will be fulfilled through offshore wind
turbine [2]. Similarly, inAmerica,many newoffshorewind projects are coming in the
last few years like the CapeWind project, Cape Cod, and the Blue-water wind project
[3]. According to a study by China Wind Energy Association, Fujian, Guangzhou,
Jiangsu, Hainan, Shandong, and Zhejiang have shown great resources for offshore
wind energy. It has been estimated that the sea around China posses offshore wind
energy generation potential of 43% in shallow water (under 30 m depth) and 34% in
deep water (depths beyond 50 m) [4]. An offshore wind turbine is the fastest growing
energy initiative that has been taken up by many countries around the world [5–7]).
At present, India is more concern in harnessing solar energy, which requires a very
large load area and hence not suitable for highly populated countries like India. This
research attempted will be made to devolve a cost equation for an offshore wind
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turbine blade. This cost equation should be sensitive to the diameter of the blade and
quantities of various materials used in the manufacturing of wind turbine blade.

2 An Overview of the Cost of Various Components
of an Offshore Wind Turbine

Xiaojing et al. [8] estimated that the cost range of electricity generation is between
6 and 12 £ct/ kWh at offshore to that compared with 3–8 £ct/kWh for onshore sites.
About 57% of the cost of a wind turbine is contributed to the turbine and support
structure. Increase in water depth and coastal distance increases the cost of the wind
turbine. The foundation cost for a 1.5 MW wind turbine has increased £317,000
at 7 m depth to £352,000 at 16 m depth. This has increased 11% cost increase.
About 60% cost increased as installation moved from shore to 200 km into the sea
and 40% cost increased as water depth increases from 10 to 50 m. The turbine cost
includes blades, tower, and transformer, which is 33% of the total cost of offshore
wind. The support structure like foundation cost is around 24% of the total cost.
The grid connection and other material costs about 15% of the total cost. The O&M
cost varies according to distance that varies from offshore. The turbine and grid
connection cost remains the same with an increase in water depth. The foundation
and installation cost will vary with an increase in water depth. Xiaojing [8] reported
that operation andmaintenance unit cost will increase £100,000 to £300,000 per year
per turbine. The various studies suggested that economics of scale can be achieved
by a large capacity wind turbine. It is estimated that the cost per kWh can be reduced
by 9–17% by increasing the wind turbine capacity. Offshore wind may be expensive
today; however, a substantial reduction of cost can be expected over the long term
by economies of scale, learning effect, and R&D effort. Primarily, cost reduction in
offshore wind depends on R&D, which includes new technique and material.

3 Cost Equation of Wind Turbine Blade

A turbine blade is the most important part of a wind turbine as it observes the wind
energy and transmits to the rotor to convert it into the electrical energy. The more
is the blade size, the higher will be the energy output. The size of the blade may
vary from 10 to 125 m, and the future turbine may come with a turbine blade size
of 250 m. Cost of blade influences significantly to the overall project cost as, on an
average, the blade cost contributes 22% cost of the total project (Renewable energy
technology cost analysis series, 2012). Figure 1 shows the typical cross section of
a wind turbine blade. The main material used in the blade is fiberglass, core, resin,
adhesive, and root study. In order to derive the cost equation for the blade, first of
all in subsequent sections, the relationship between quantities of blade materials and
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Fig. 1 Cross section of a wind turbine blade [3]

Table 1 Materials used in
wind turbine blade (Private
communication)

Blade Dimension (m) 30 50 70

Material (kg)

Fiberglass 2523 11,590 30,587

Core 190 864 2313

Resin 1252 5800 15527

Adhesive 77 189 363

Root studs 66 414 1177

blade diameter will be developed. Thereafter, these relationships shall be multiplied
with the unit cost of each material to determine the total material cost.

A database on the material used in the wind turbine blade was prepared. The
information on blade materials was collected from various manufacturers through
private communication. One such information has been given in Table 1. The major
components for the wind turbine blade are fiberglass (around 61%) and resin (around
30%), and percentage of rest of the materials is less than 5. With an increase in blade
diameter from 30 to 70 m, the volume of material can increase up to 10 times. The
interrelationship between the quantity of each material and the diameter of the wind
turbine was derived by applying the method of regression analysis to the database.
In the subsequent sections, the result of regression analysis of each material will be
discussed.

3.1 Fiberglass

Figure 2 represents the relationship betweenbladediameter andquantity of fiberglass.
Quantity of fiberglass increased exponentially with the diameter of the wind turbine
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Fig. 2 Relationship between blade diameter and fiberglass

blade. About 45 tones of fiberglassmay be required for blade diameter of 80m.About
18 times of increase in the quantity of fiberglass was found, while the diameter of
blade increases from 30 to 80 m. The mathematical expression for the quantity of
fiberglass and diameter of the blade can be expressed as

YFg = 0.1121 ∗ X2.95 (1)

where YFg = quantity of fiberglass in kg, X = blade diameter in m.

3.2 Core

Figure 3 represents the relationship between blade diameter and quantity of core.
Quantity of core increases with the diameter of the blade. Between blade of diameter
30 and 80 m, about 18 times increased in the quantity of core was observed. The
interrelationship can be expressed mathematically as

Ycore = 0.0083 ∗ X2.95 (2)

where Ycore = quantity of Core in kg., X = blade diameter in m.

3.3 Resin

Figure 4 represents the relationship between blade dimension and resin. From Fig. 4,
it can be seen that the quantity of resin increased exponentially with the increase in
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the blade diameter. Forty times increase in resin was observedwith the increase in the
blade diameter of the wind turbine from 10 to 80 m. The interrelationship between
quantity of resin and blade diameter is

Yresin = 0.0509 ∗ X2.97 (3)

where Yresin = quantity of resin in kg and X = Blade diameter in m.

3.4 Adhesive

Figure 5 shows the interrelationship between blade diameter and quantity of adhesive.
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From Fig. 5, it can be seen that the quantity of adhesive increased with the increase
in the blade diameter. About six times increases in the quantity of adhesive were
found, while the diameter of blade changed from 30 to 80 m. Mathematically, the
interrelationship can be expressed as

Yadhesive = 0.1541 ∗ X1.84 (4)

where Yadhesive = quantity of adhesive in kg., and X = blade diameter in m.

3.5 Root Studs

Figure 6 represents the relationship between the blade diameter and root studs. The
interrelationship suggests an increase in root studs with an increase in diameter of
the wind turbine blade. More than 28 times increase in root studs was observed when
the diameter of the wind turbine blade increase from 30 to 80 m. Mathematically,
the interrelationship can be expressed as

Yrootstud = 0.0006 ∗ X3.41 (5)

where YRootstud = quantity of root stud in kg, and X = blade diameter in m.
Equations 1–5 and Figs. 2, 3, 4, 5 and 6 show the relationship between quantities of

variousmaterials used inwind turbine blade and blade diameter. Theses relationships
were obtained from the regression analysis of a database as discussed above. Table 2
shows more detail of results of the regression analysis.
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from the regression analysis. Using Eqs. (1)–(5), the cost of materials used of
a given diameter of the blade can be obtained by multiplying the unit cost of the
individual material. The cost equation for blade would be as

BC = YFg ∗ xfg + Ycore ∗ xcore + Yresin ∗ xresin + Yadhesive ∗ xadhesive
+ Yrootstuds ∗ xrootstuds (6)

where BC = total material cost of a wind turbine blade, xfg = price of fiberglass per
kg, xcore = price of core per kg, xresin = price of resin per kg, xadhesive = price of
adhesive per kg, and xrootstuds = price of root stud per kg. Using Eq. 6, change in
material cost of a wind turbine blade with the blade diameter is shown in Fig. 7. The
material cost increases exponentially with the wind turbine blade diameter. The unit
prices of each material used in Fig. 7 are xfg = |300/kg, xcore = |775/kg, xresin =
|1552/kg, xadhesive = |4146/kg, and xrootstuds = |350/kg. Equation 6 does not include
other costs that may be associated with the wind turbine blade like production cost,
transportation cost, profit, etc. Apart from material cost, all other costs are very
dynamic in nature and cannot be fixed with the method of regression.
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Fig. 7 Cost of the material of wind turbine blade with the diameter

4 Conclusion

Cost equation for wind turbine blade material has been proposed. The cost equation
was derived using a regression analysis of a database. The blade material cost varies
nonlinearly with the blade dimension. The quantity of blade materials also varies
nonlinearly with the blade diameters. The quantity of materials required for a wind
turbine blade of 80 m varies in the range of 6–28 times that of a 30 m blade. The
material cost of an 80 m wind turbine blade is about 18 times to that of a 30 m wind
turbine blade. The proposed cost equation can be used to compute the material cost
of an offshore wind turbine.
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A Review: Effect of Turbidity Current
on the Reservoir Sedimentation

Bidisha Byabartta, Tanmoy Majumder, Paromita Chakraborty,
Jyotiprakash Padhi, and Bitanjaya Das

Abstract Reservoir is frequently vulnerable through damage of capacity owing
towards sedimentation. Sedimentation is an inherent procedure in the reservoir. A
continuous sediment deposition, which is being transported by the alluvial rivers
in the reservoir cannot be fully eradicated rather it can be controlled. Nowadays,
reservoir sedimentation is a burning problem, especially in India. For the sustain-
ability of this massive structure (reservoirs) various measures are taken into account.
If the sediment inflow is larger than that of the sediment outflow, the effective life
of the reservoir is shortened. Turbidity currents generated in the reservoirs play a
significant role in the reservoir sedimentation. The term turbidity current is a natural
phenomenon which is frequently undecided besides the sediment support appliance
(e.g. settling, turbulence, etc.) may be operated simultaneously within a sediment-
gravity flow. The turbidity current is the utmost stereotypically a submerged current
of typically quickly moving, downhill flow of water produced through the increased
density for the high quantities of sediment. It is also responsible for disturbing the vast
amounts of sediments in the deepwater. If the turbidity current increases in water, the
aforementioned converts thicker besides a smaller amount of flawless for the higher
concentration. Because of sedimentation, the yearly loss rate of the storage capacity
of reservoir is estimated as 1–2% of the total storage capacity of the reservoir. This
paper focuses on an extensive study of the literature and analysed and compared the
results of the previous studies on turbidity current of the reservoir sedimentation. It
is found that venting of the turbidity current that reaches in the dam is economical
as well as beneficial as per the present scenario of the various reservoirs which are
facing the sedimentation in it.
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1 Introduction

The sedimentation of the reservoir is dangerous for the development of sustainable
water resources. Deposition of sediment in the reservoirs decreases the capacity of
storage [1] and positions the hazards of obstructions consumption constructions as
well as sediment entrainment in hydropower arrangements [2]. It has been calcu-
lated that the loss of storage in reservoir worldwide is in between 0.5 and 1% of total
storage capacity of the reservoir. Reservoir sedimentation is one of the major issues
threatening reservoir storage capacity. As the reservoir capacity is decreasing gradu-
ally due to sedimentation, it is important to look for variousmeasures and by building
new reservoir this issue cannot be solved. Turbidity currents are usually defined as
sediment-gravity flows in which sediments are suspended by the fluid turbulence.
These turbidity currents have a high level of sediment concentrations when occurring
during floods and the sediments flow to the most deepest zones of the reservoir along
the dam, where sediments get settled while covering the bottom outlet and interfering
with the operations of the inlet structures. Due to the density difference caused by
the suspended fine particles it results in the flow of turbidity current. These are water
flowswhich are loadedwith sediment, the interchange downslope in then the stagnant
waters, like the oceans, the lakes and the reservoirs. Their heavy force is increased
after postponed matter, which condenses flowing turbid-water heavyweight than the
clear water above. We can increase the sustainability of reservoir operation if we can
influence the turbidity current in a way that the sentiments do not get deposited in
the critical locations.

2 Overview of Turbidity Currents

Turbidity current, the most stereotypically submerged current, is a usually quickly
moving, sediment-laden water affecting down the slope. Turbidity current can be
instigated by collapsing slope, earthquakes and other geological formations. It
involves three parts: the head, the body and the tail. While the body and tail move-
ments of the turbidity current are both outstanding to gravitational forces, the head
of the turbidity current is always undertaking by the density changes (the cause of
pressure gradient). To explain the flow of appliance of the river-induced turbidity
current, the field observations of the turbidity currents in a reproduction lake were
approved in the reservoir and its foremost incursion river. Here, Fig. 1 describes the
flow mechanism.
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Fig. 1 Turbidity current is roaming along the bed of the reservoir and is vented through bottom
outlet

3 Initiation and Evolution of Turbidity Currents

The diversity of beginning mechanisms for the turbidity currents, with practically
instantaneous proceedings, for example, seismogenic slumping [3], produces the
surge type of currents. This type of current has investigational analogue in the pre-
dictable volume of currents created via issue of the lock gate. It might contain an
additional or fewer evidently discriminated head, body and tail through an overall
reduction together in mean velocity and sediment concentration near the back after
the head. The velocity current, transient into a fixed point, will quickly spread its
maximum value when the head arrives. After that, the flow diminishes throughout
the length of the body and the tail in Fig. 2. The surge type of currents might per-
mit to complete the stages of comparatively steady flow. On behalf of exemplar, the
1929 Grand banks turbidity currents, activated through slope failure subsequent to
an earthquake, sustained intended for almost minimum 2–3 h [4]. It was adequately
stable towards progress of a huge scale of bedforms in the valley.

Some numerical and analytical representations of the turbidity currents have cre-
ated an explanation on behalf of the steady flow. But, submission of the steady-flow
replicas towards understanding of pledges has not been normally popular, in spite of
indication in deposits for the quasi-steady flow [5].
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Fig. 2 Time sequences of down stream (u) and vertical velocity (v) restrained in an experimental,
lock-exchange brine current, which is by means of the laser Doppler anemometry (from Kneller
et al. 1997)

4 Former Lessons on the Turbidity Currents

Previous explanations of lacustrine-turbidity currents were completed by Forel [6]
in Lake Geneva, wherever the pedigrees of the underwater canyons in that region
of the delta were briefly described. If turbidity currents happened the most con-
spicuously, noticeably outstanding towards the in height rather stumpy absorptions
(a smaller amount of 1 g/l) and suspended-sediment concentrations are essential
to mark they appear. Turbidity currents produced in a seawater environment [7]
essentially advanced suspended-sediment concentrations (some 35–45 g/l). In the
calculation, turbidity currents show an important character in the sediment transport
in the reservoir. Sure structures of their present concert are measured. Current major
explanations of the turbidity currents in Switzerlandwere over completed in the Lake
Geneva [8]. Simpson (1987) stretches a worthy overall impression of the gravity cur-
rents in atmosphere like in laboratory. The actual systematic concentration in the
turbidity currents, still, it is happening with the numerous study curriculums on the
turbidity currents in the reservoirs. Statistics composed throughout the determining
operations on sedimentation and turbidity currents in the LakeMead, shaped through
Hoover Dam, remained shown in U.S. in the section of reclamation then described
via Grover and Howard [9] and Howard (1953). Bell [10] has accepted widespread
investigational effort happening falls. It has highlighted this reputation of the turbid-
ity currents in sedimentation of reservoirs. In India, in the Krishna–Godavari Basin
(the Bay of Bengal, India), there is a depositional model planned for deepwater
petroleum reserves and sands (Pliocene). It is based on the investigation of 313 m
of predictable cores from the three wells, five depositional facies have been inter-
preted: (1) sandy slump, sandy debrite, sandy slide and sandy cascading flow; (2)
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sandy tidalite; (3) muddy tidalite; (4) muddy slump and debrite and (5) hemipelagite.
Slumps and debrites establish up to 99% in one well. Here, the common thing is sand
injectites.

5 Trials on Turbidity Currents

Sediment-laden currents: The experiments that were showed in order to regulate
the performance of turbidity currents present with non-cohesive silt, which moves
down the slope of the bed and it is enveloped by comparable silt. The sediment-laden
turbidity currents necessitate to be located clambered by ordinary systems consum-
ing a dimensionless settling velocity. This relation of incurable settling velocity of
sediment particles towards certain velocity scale is a measured representative of the
currents [11]. Electrostatic forces may affect the fine sediments (for example, clay,
chalk and charcoal) which have the properly scaled settling velocity. Then type of
tricky is able to remain resolved through consuming the silica flour or glass beads
[12]. Upgraded sediment equivalents can be developed by using the grains of sedi-
ment density, but there is a resulting decrease in bulk density of current requirements
and an upsurge in sediment concentration. Countless investigational studies consid-
erably shorten the system by overlooking the sediment erosion and deposition, and
the other solid answers to make the density difference [13].

Froude Scale Modelling: Here is an investigation of the dimensionless governing
equations of the turbidity current in order to explore the scale effect. There are three
types of flow situations which are measured here: (1) conservative density current;
(2) purely depositional turbidity current and (3) mixed depositional or erosional
turbidity current. Two commanding dimensionless numbers, the Froude number and
the Reynolds number, are seen in the equations. When the metric Froude number
comparison is satisfied, then the investigation displays that these results would be
an invariant of scale for confirming similar moral Reynolds number then Froude
number remains supposed towards vigorously similar.

6 Conclusions

This deliberation finished the environment then standing of high-density dispersal
days spinal at smallest towards introduction of a period ‘fluxoturbidite’ [14], and
then appears usual towards remaining pending experimental studies and then the-
ory composed be able to clarify their flexibility method to deposition. On some
rate, present theory appears insufficient to clarify the behaviour of certain extremely
moveable thick dispersals then influences founded exclusively happening geologi-
cal interpretations of credits might remain insufficient near solve matters of process.
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Constructed proceeding the arithmetical solution, lone container overall assumptions
cannot remain drawn, none the less the detailed performance of the turbidity currents
be able to get predicted.
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Optimal Use of Land and Water
Resources of a River Basin: Case Study

Prabeer Kumar Parhi

Abstract Due to quick rise in population and rapid urbanizationmorewater needs to
be diverted for domestic and industrial use thus decreasing the allocation of water for
irrigation in the near future. Therefore it is the need of the hour to optimally allocate
available land and water resources for irrigated agriculture in a river basin so that
maximumbenefits from the available resources are received. In view of the above in a
given agro-climate region, an optimal cropping pattern can be developed such that the
return from the available land resources is maximizedwithminimum consumption of
available water for irrigation. Hence the present study aims at maximizing net return
from the cultivable crops in a command area by satisfying land availability, Irrigation
water requirement, surface, ground as well as total water availability and minimum
and maximum crop area constraints considering the projected population by the year
2051 AD. For the purpose of analysis, the Brahmani Basin in Odisha State has been
considered as a case study. For the purpose of optimization Linear Programming
(LP) model has been used. The Software package Language for Interactive Discrete
Optimizer (LINDO) has been used for solving the LP model. For estimating crop
water requirement, the guidelines of Food and Agricultural Organisation (FAO) have
been considered. The optimal cropping pattern so developed utilizes 3186.95 MCM
water and generates a net profit of Rs 183489.2 lakhs against the existing cropping
pattern which uses 4033.21 MCM of water and generates a net profit of Rs 114930
lakhs.
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1 Introduction

For optimal use of land and water resources in a river basin, proper policies for
optimal use of land and water resources are needed. In a given agro-climate region,
cropping pattern should be decided in such a way that it maximizes the return from
the available resources while consuming minimum quantity of water. Among the
available optimization techniques, the Linear Programming (LP) is found to have
maximum acceptance due to its associated ease in solution, capacity to solve large-
scale problems and easy availability of software packages. Hence for solving allo-
cation problems LP model is used in the present study. Although large numbers of
models [3, 4, 6, 7] have been developed and applied for the optimization of cropping
pattern while consuming least amount of water, the present study expands the earlier
models and studies its implications and use in Brahmani Basin in Odisha State using
LP model.

2 Study Area

Brahmani River is the second largest river in the state ofOdisha afterMahanadi River.
This river passes through three distinct topographical regions. The upper reach of
river runs throughhilly catchments ofChhotnagpur Plateauwith dense tropical forest,
themiddle reach through erosion plains and the lower reach through the deltoic plains
close to seashore. Within Orissa, there are 21 major tributaries of this river. Rain is
the only mode of precipitation in the basin. The average annual rainfall of the basin
is 1304.8 mm. The average minimum and maximum annual rainfall of the basin is
969.2 mm and 1574.1 mm, respectively. The basin receives 90% of its total annual
rainfall from the southwest monsoon, which visits the basin during June to October.
At present the intensity of Kharif and Rabi irrigation is 100% and 62%, respectively,
with annual intensity of irrigation 162% [2]. Figure 1 shows the details of Brahmani
Basin.

3 Data Used

The Gross Irrigation Requirement (GIR) for different crops during different months
of the year has been estimated using FAO Penman Monteith [1] method and average
rainfall data for basin. Table 1 shows the GIR (in mm) of different crops in Brahmani
Basin. It is also observed that the rainfall received by the area is sufficient to satisfy
the water needs of crops during April to September. The net return from different
crops (excluding the cost of water) has been calculated and is presented in Table 2.
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Fig. 1 Details of Brahmani Basin

4 LP Model for Crop Area Allocation

The area allocation model uses a Linear Programming (LP) approach is formulated
to allocate the land area among various crops to maximize net return from the crops
in the command area. The model is subject to the availability of surface and ground-
water, land area limitations under different crops and in different seasons of the year.
The model consists of following objective functions and constraints.

4.1 Objective Function

The objective of the present LP model aims at allocation of land area among various
crops to maximize the net return from the crops as

Max Z = Max [(Return from Kharif + Return from Rabi) – (Cost of watering
from surface source + Cost of watering from ground source)]
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Table 2 Net benefit from
crops at full irrigation stage

Name of crop Net benefit Rs/ha

Paddy (R) 18,300

Wheat R) 12,275

Pulses (R) 21,150

Potato (R) 25,400

Vegetable(R) 57,525

Paddy (K) 15,650

Groundnut (K) 13,200

Maize (K) 12,850

Vegetable (K) 48,900

Max

⎡
⎣

NCR∑
j=1

{
BjkY jk − C jk

}
A jk +

NCR∑
j=1

{
BjrY jr − C jr

}
A jr

⎤
⎦

−
[
NOM∑
m=1

{CSSm} +
NOM∑
m=1

{
CgGm

}]
(1)

where NCR = number of feasible crops in any period, Bjk = monetary return from
jth crop in Rs per quintals during Kharif, Yjk = yield from jth crop in quintals per
ha during Kharif, Cjk = cost of inputs other then water for jth crop in Rs per ha
during Kharif, Ajk = Area of jth crop in ha during Kharif, Bjr , Yjr , Cjr and Ajr are
corresponding values during Rabi, Cs and Cg are cost of surface and groundwater,
respectively (in Rs/ha-m), Sm and Gm are surface and groundwater resources in mth
period (ha-m), and NOM = Total number of period in a year (12 months).

4.2 Constraints

The above objective function is optimized with the following constraints.

4.2.1 Land Availability Constraint

The area under various crops during any period of time cannot exceed the cultivable
command area (CCA) of the study area. Therefore,

NCR∑
j=1

A jm ≤ A (2)
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where Ajm = area of jth crop (ha) in mth period and A = cultivable command area
(ha) of the study area.

4.2.2 Irrigation Water Requirement Constraint

The water requirement for various crops in each month cannot exceed available
surface and groundwater resources as

NCR∑
j=1

A j I jm ≤ Sm + Gm (3)

where I jm is the gross irrigation water needs (meter) of jth crop during mth period;
Sm andGm are surface and groundwater resources inmth period (ha-m), respectively.

4.2.3 Surface Water Availability Constraint

The gross annual surface water release cannot exceed total surface water available
annually as

NOM∑
m=1

Sm < Gross availability of surface water (4)

4.2.4 Groundwater Availability Constraint

Total groundwater withdrawal annually cannot exceed annual utilizable groundwater
as

NOM∑
m=1

Gm ≤ Annual utilizable groundwater (5)

Assuming monthly groundwater withdrawal cannot exceed 20% annual utilizable
groundwater as excessive withdrawal of groundwater may cause undermining. It is
written as

NOM∑
m=1

Gm ≤ 20% of annual available groundwater (6)
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4.2.5 Total Water Availability Constraint

Total water allocated for all purposes cannot exceed the gross availability of water
from surface and ground sources as

NOM∑
m=1

Sm +
NOM∑
m=1

GmTotal water available (7)

4.2.6 Minimum Crop Area Constraint

In order to satisfy basic food needs (as per present food habit) of the population; the
constraint of minimum area allocation for some crops is imposed as

A j ≥ Amin. j (8)

where Amin.j = Minimum area of jth crop (ha).

4.2.7 Maximum Crop Area Constraint

In order to avoid excessive production of certain crops over minimum production
requirements, maximum crop area constraint is imposed as

A j ≤ Amax. j (9)

where Amax.j =Maximum area of jth crop (ha).

5 Results and Discussion

Using the software package Language for Interactive Discrete Optimizer (LINDO)
the optimal cropping pattern has been determined. It is observed from these results
that the optimal cropping pattern so developed utilizes 3186.95 MCM water and
generates a net profit of Rs 183489.2 lakhs against the existing cropping pattern
which uses 4033.21 MCM of water and generates a net profit of Rs 114930 lakhs.
Table 3 shows the comparison of existing crop areas and the crop areas to be allocated
for different crops under optimal cropping pattern. It is observed that there is no need
of groundwater as total surface water requirement can be met from surface sources
only.
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Table 3 Areas of crops
under different crop plans
(proposed and existing)

Crop area (in
km2)

Existing
cropping
pattern

Optimal cropping pattern

Paddy (K) 5375.96 1102.49

Groundnut
(K)

538.72 3966.25

Maize (K) 223.30 1146.25

Vegetables
(R)

70 1562.41

Wheat (R) 506.86 846

Pulses(R) 506.85 1692

Oilseed (R) 538.72 0

Paddy (Rabi) 4515.26 2114.57

Sugarcane 77.01 0

6 Conclusions

Following conclusions are derived from the above study:

i. The proposed cropping pattern whichmaximizes net benefit from crops meeting
surface and groundwater availability as well as minimum and maximum crop
area constraint gives maximum return to farmers while consuming minimum
amount of water and is recommended as the best cropping pattern for the study
area.

ii. The proposed crop plan gives 120% more benefit to farmers and consumes 9%
less water over the existing plan.

iii. Restriction on over-production of vegetables and potato gives lowest return to
farmers, thus necessitating the need of cold storage facility in the locality.

iv. Before introducing the proposed cropping pattern the farmers need to be edu-
cated about the benefit and there should be gradual introduction of suggested
cropping pattern.
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Water Resource Management During
Monsoon Months Based on SPI and CZI
in Khordha District, India

Jyotiprakash Padhi, Abhilash Mishra, Shubham Choudhary,
and Bitanjaya Das

Abstract Droughts took place because of decrease in amount of rainfall occurred
over a large time period in a year or season. Management and planning of freshwater,
which needs the understanding of historical droughts as well as their impact in
the region, interpretation of the drought play a key role. Drought indices can be
used for the forecasting as well as monitoring of the drought, as a result of which
quantitative information about the characteristics of drought provided to the policy
makers, which will be helpful for the planning as well as management of water
resources. Therefore, this study was carried out in ten blocks (Balianta, Balipatna,
Bhubaneswar, Jatani, Banapur, Begunia, Bolagarh, Chilika, Khordha and Tangi) of
Khordha District to find the moderate, severe and extreme drought events using SPI
and CZI, threshold limit of rainfall during June, July, August and September based
on SPI and water resource management based on drought assessment. Monthly SPI
and CZI indices are computed by using the 30 (1988–2017) years’ rainfall data.
Maximum number of total (moderate + severe + extreme) droughts experienced by
Banapur, Balipatna and Khordha, Balipatna and Bolagarh blocks in the months of
June, July,August andSeptember, respectively, are basedonSPI calculation.Banapur
and Balinata, Balipatna, Begunia and Khordha, Balianta and Balipatna and Bolagarh
blocks detected with maximum number of total droughts are based on CZI. Rainfall
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threshold limit was different for different blocks in June, July, August and September
due to the spatial and temporal variations of rainfall, and was found to be 89.3, 182.6,
188.4 and 137.4 mm, respectively, in Khordha District. If the rainfall occurred in a
particular year below these threshold limits in monsoon months, drought will occur
for that month in that year. Therefore, those blocks whichwere experiencing frequent
droughts, water-harvesting structures can be constructed in those blocks. In addition
to that, low water requirement crops can be encouraged to grow in those critical
blocks.

Keywords Water resource management · Drought · SPI · CZI

1 Introduction

Drought have drawn the attention of environmental, ecological, hydrological, mete-
orological, geological and agricultural scientists because of its categorization as an
environmental disaster [1]. Droughts took place because of decrease in amount of
rainfall occurred over a large time period in a year or season [2]. Decrease in the
supply of water, failure of crop, deterioration of quality of water, reduction in the
generation of power resulted due to the impact of drought on both surface as well as
groundwater resources as a result of which also affect a host of economic and social
activities [3]. Management and planning of freshwater, which needs the understand-
ing of historical droughts as well as their impact in the region, interpretation of the
drought play a key role [1]. The information on the areal extent, duration and severity
of drought will be required for planning to tackle the adverse impacts of drought [4].
Drought indices can be used for the forecasting as well as monitoring of the drought
as a result of which quantitative information about the characteristics of drought
provided to the policy makers, which will be helpful for the management as well
as planning of water resources [5]. Therefore, various indices developed by the sci-
entists for monitoring the drought [6–10]. Palmer Drought Severity Index [10], the
China-Z index (CZI) [11], Surface Water Supply Index [12], Standardized precipita-
tion index [8] and Effective Drought Index [13] are the various drought indices used
for the interpretation of drought. For monitoring of the drought in a particular area,
selection of drought indices should be based on the availability of climatic data and
also on the ability of the drought index for detecting the spatial as well as temporal
variation of a drought event consistently [2]. Sahoo [14] undertaken the study on
drought in the KBK Districts by using the drought indices such as SPI, RDI, NDVI
and SDI by considering the entire district as a unit. This study was carried out in
ten blocks of Khordha District to find the moderate, severe and extreme drought
events using SPI and CZI, threshold limit of rainfall during June, July, August and
September months based on SPI and water resource management based on drought
assessment.
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2 Materials and Methodology

For proper management of water resources during the monsoon months based on
the analysis of drought, the drought study was undertaken in the Khordha District,
Odisha, India, having a geographical area of 2813 km2 (Fig. 1). The Khordha District
is situated between latitude of 19° 55′ N and 20° 25′ N and longitude of 84° 55′ E
and 86° 5′ E. The district consists of ten blocks (Balianta, Balipatna, Bhubaneswar,
Jatani, Banapur, Begunia, Bolagarh, Chilika, Khordha andTangi). The normal annual
rainfall in the district is 1408 mmwith maximum andminimum temperatures of 42.2
and 11.1 °C, respectively. Standardized Precipitation Index (SPI) and China-Z Index
(CZI) were estimated by using the past 30 (1988–2017) years’ monthly rainfall data
for the ten blocks of Khordha District.

2.1 Standardized Precipitation Index (SPI)

SPI was proposed by McKee et al. [8] for various time scales in order to quantify
the deficit or surplus of precipitation. Dry as well as wet climates can be represented
using SPI. Based on SPI value, droughts can be categorized into extreme (SPI ≤ −
2.0), severe (−1.5 > SPI > −1.99) and moderate (−1.0 > SPI > −1.49) dry; near
normal (−0.99 < SPI < 0.99); moderate wet (1.0 < SPI < 1.49), very wet (1.5 < SPI
< 1.99) and extreme wet (SPI ≥ 2.0), according to McKee et al. [8]. In this study,
computation of SPI was done for monthly time scale. SPI for the individual month
of June, July, August and September was estimated for 30 years on monthly time

Fig. 1 The study site, Khorda District of Odisha
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scale. The value of SPI was computed for these months because the highest amount
of rainfall occurred during these months.

2.2 China-Z Index (CZI)

CZI used extensively for monitoring the characteristics of drought conditions across
China [5, 11]. The rainfall data follow the Pearson type III distribution and also
related to Wilson–Hilferty cube root transformation [15] from chi-square variable to
the Z-scale based on the assumption of CZI [16]. In this study, CZI calculated for
monthly time scale in June, July, August and September by utilizing the monthly
precipitation data for 30 years.

3 Results and Discussion

3.1 Monsoon and Annual Rainfall of Ten Blocks of Khordha
District

Maximum, minimum and average monsoon and annual rainfall over the period of
1988–2017 were estimated for ten blocks of Khordha District. Maximum monsoon
(2195.0 mm) and annual rainfall (2785.0 mm) observed in Bhubaneswar block,
whereas Balipatna block experienced minimum monsoon (401.0 mm) and annual
(504.3mm) rainfall. Highest averagemonsoon (1211.9mm) and annual (1621.2mm)
rainfall occurred in case of Bhubaneswar block, whereas lowest average monsoon
(844.5 mm) and annual (1125.8 mm) rainfall detected for Balipatna block.

3.2 Drought Classification of Different Blocks of Khordha
District During Monsoon Months (June, July, August
and September) Based on SPI

In order to find the number of droughts in moderate, severe and extreme cate-
gories during monsoon months (June–September), SPI was estimated in ten blocks
of Khordha District for June, July, August and September during 1988–2017 and,
based on these value, droughts are classified under various categories and presented
in Tables 1 and 2. It can be observed from Table 1 that, maximum drought events of
moderate (6), severe (4) and extreme (2) droughts occurred in Banapur, Jatani and
Balipatna blocks, respectively, for the month of June. Similarly, Banapur, Khordha
and Tangi and Bhubaneswar blocks experienced maximum events of moderate (6),
severe (3) and extreme (2) droughts, respectively (Table 1) in July. Balipatna, Jatani
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Table 1 Moderate, severe and extreme drought events in the months of June and July based on SPI
for different blocks of Khordha District

Blocks Drought (June) Drought (July)

Moderate Severe Extreme Moderate Severe Extreme

Balianta 2 2 1 4 0 1

Balipatna 0 2 2 5 2 0

Bhubaneswar 1 3 0 2 0 2

Jatani 1 4 0 3 1 1

Banapur 6 1 0 6 0 0

Begunia 4 0 1 4 1 1

Bolagarh 3 1 0 2 1 1

Chilika 4 2 0 4 1 0

Khordha 4 0 1 4 3 0

Tangi 4 1 1 1 3 0

Table 2 Moderate, severe and extreme drought events in the months of August and September
based on SPI for different blocks of Khordha District

Blocks Drought (August) Drought (September)

Moderate Severe Extreme Moderate Severe Extreme

Balianta 2 2 1 1 1 2

Balipatna 4 1 1 1 2 1

Bhubaneswar 2 1 1 4 1 1

Jatani 4 0 0 2 0 4

Banapur 2 3 0 0 1 1

Begunia 3 1 0 1 2 1

Bolagarh 1 3 0 4 3 0

Chilika 3 1 1 3 0 1

Khordha 3 1 0 0 0 2

Tangi 4 1 0 2 0 1

and Tangi blocks experienced maximum four number of moderate drought events
(Table 2) inAugust. Highest number of severe (3) drought events detected in Banapur
andBolagarh blockswhere as no extreme drought events occurred in Jatani, Banapur,
Begunia, Bolagarh and Khordha blocks in the month of August. Bhubaneswar and
Bolagarh, Bolagarh and Jatani blocks experienced maximum number of moderate,
severe and extreme drought events in September (Table 2).

Droughts are also classified under different categories based on CZI in the months
of June, July, August and September and presented in Tables 3 and 4. Banapur, Jatani
and Balipatna blocks experienced maximum events of moderate (7), severe (4) and
extreme (2) droughts in the month of June, whereas 6, 3 and 1 moderate, severe and
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Table 3 Moderate, severe and extreme drought events in the months of June and July based on
CZI for different blocks of Khordha District

Blocks Drought (June) Drought (July)

Moderate Severe Extreme Moderate Severe Extreme

Balianta 4 3 0 3 1 1

Balipatna 0 2 2 5 2 0

Bhubaneswar 2 2 0 3 2 0

Jatani 1 4 0 4 0 1

Banapur 7 0 0 6 0 0

Begunia 3 1 1 5 2 0

Bolagarh 2 0 1 2 2 0

Chilika 3 2 0 4 1 0

Khordha 3 0 1 6 1 0

Tangi 4 1 1 3 3 0

Table 4 Moderate, severe and extreme drought events in the months of August and September
based on CZI for different blocks of Khordha District

Blocks Drought (August) Drought (September)

Moderate Severe Extreme Moderate Severe Extreme

Balianta 3 3 0 3 2 0

Balipatna 4 2 0 2 1 1

Bhubaneswar 3 1 0 4 2 0

Jatani 2 2 0 3 0 2

Banapur 2 3 0 0 1 1

Begunia 2 1 0 1 3 0

Bolagarh 1 2 1 6 1 0

Chilika 3 1 1 3 0 1

Khordha 3 1 0 2 1 1

Tangi 4 1 0 2 0 1

extremedrought events occurred in July forBanapur andKhordhablocks,Tangi block
andBalianta andBhubaneswar blocks, respectively (Table 3). It can be observed from
Table 4 that, maximum events of moderate (4), severe (3) and extreme (1) droughts
detected in Balipatna and Tangi, Balianta and Banapur and Bolagarh and Chilika
blocks, respectively, in August based on CZI, whereas Bolagarh, Begunia and Jatani
blocks detected with the highest number of drought events of moderate (6), severe
(3) and extreme (2) in September.

Total droughts (moderate + severe + extreme) estimated in June, July, August
and September for the ten blocks of Khordha District and presented in Figs. 2, 3, 4
and 5. Maximum number of total droughts (7) experienced by Banapur block based



Water Resource Management During Monsoon Months … 1007

0
1
2
3
4
5
6
7
8

Ba
lia

nt
a

B
al

ip
at

na

B
hu

ba
ne

sw
ar

Ja
ta

ni

B
an

ap
ur

Be
gu

ni
a

B
ol

ag
ar

h

C
hi

lik
a

K
ho

rd
ha

Ta
ng

i

N
O

. O
F 

D
R

O
U

G
H

T
 E

V
EN

T
S 

BLOCKS

SPI CZI

Fig. 2 Total droughts (moderate + severe + extreme) for ten blocks of Khordha District in June
based on SPI and CZI
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Fig. 3 Total droughts (moderate + severe + extreme) for ten blocks of Khordha District in July
based on SPI and CZI
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Fig. 4 Total droughts (moderate + severe + extreme) for ten blocks of Khordha District in August
based on SPI and CZI
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Fig. 5 Total droughts (moderate + severe + extreme) for ten blocks of Khordha District in
September based on SPI and CZI

on SPI and in case of Banapur and Balinata blocks based on CZI (Fig. 2). During
the month of July, Balipatna and Khordha blocks detected with maximum number
of total droughts based on SPI, whereas highest total drought events occurred in case
of Balipatna, Begunia and Khordha blocks based on CZI (Fig. 3). Balipatna block
can be considered as critical from water resource point of view as maximum number
of drought events detected in this block based on SPI in August, whereas Balianta
and Balipatna blocks were critical based on CZI (Fig. 4). Maximum number of total
droughts (7) experienced by Bolagarh block based on both SPI and CZI during the
month of September (Fig. 5).

3.3 Estimation of Threshold Limits of Rainfall in Ten Blocks
During Monsoon Months

In order to determine the rainfall threshold limit for the month of June, a linear
equation is developed between SPI 1 of June and rainfall of June for ten blocks
of Khordha District and presented in Fig. 6 and Table 6. A linear equation (y =
82.54X + 185.72) is developed between SPI 1 of June and rainfall of June and
presented in Fig. 6 for Balianta block. In this equation, x represents the SPI 1 of
June and y corresponds to rainfall value for the month of June. Rainfall threshold
limit for drought in June is then calculated by putting the value of x as –1.0 in the
linear equation. Threshold limit for the month of June was found to be 103.2 mm
in Balianta block. Rainfall threshold limit for the month of June varied from 65.5 to
123.6 mm (Table 5). If the rainfall occurred below this threshold limit, that month
of the year can be declared as drought month of the same year. Similarly, threshold
limit of rainfall for the month of July is estimated for the ten blocks and presented
in Table 5. Threshold limit of rainfall varied from 134.9 to 245.8 mm in the month
of July.
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y = 82.54x + 185.72
R² = 0.95
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Fig. 6 Relationship between SPI 1 June and rainfall of June for Balianta block

Table 5 Threshold limit of rainfall for themonths of June and July in ten blocks of KhordhaDistrict

Blocks June July

Equation R2 Threshold
value (mm)

Equation R2 Threshold
value (mm)

Balianta y = 82.5x
+ 185.7

0.95 103.2 y = 117.2x
+ 325.1

0.93 207.9

Balipatna y = 67.6x
+ 138.4

0.89 70.8 y = 93.5x
+ 228.5

0.98 134.9

Bhubaneswar y = 85.9x
+ 209.5

0.97 123.6 y = 127.3x
+ 351.5

0.97 224.3

Jatani y = 109.8x
+ 213.2

0.95 103.4 y = 118.2x
+ 364.0

0.98 245.8

Banapur y = 99.8x
+ 175.6

0.96 75.7 y = 140.2x
+ 306.1

0.98 166.0

Begunia y = 85.2x
+ 181.3

0.84 96.1 y = 129.3x
+ 295.7

0.97 166.4

Bolagarh y = 79.3x
+ 146.3

0.98 67.1 y = 133.2x
+ 288.5

0.96 155.3

Chilika y = 84.0x
+ 170.4

0.96 86.3 y = 151.8x
+ 309.8

0.97 157.9

Khordha y = 95.7x
+ 161.2

0.93 65.5 y = 116.3x
+ 312.0

0.99 195.7

Tangi y = 71.1x
+ 172.2

0.96 101.1 y = 117.6x
+ 290.1

0.96 172.5

Rainfall threshold limits for themonths of August and September in the ten blocks
of Khordha District are also determined and presented in Table 6. Threshold limit
of rainfall varied from 144.2 to 220.9 mm and 93.5 to 155.0 mm in the month of
August and September respectively.
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Table 6 Threshold limit of rainfall for the months of August and September in ten blocks of
Khordha District

Blocks August September

Equation R2 Threshold
value (mm)

Equation R2 Threshold
value (mm)

Balianta y = 163.8x
+ 379.7

0.96 215.9 y = 126.9x
+ 281.9

0.94 155.0

Balipatna y = 137.8x
+ 282.1

0.96 144.2 y = 73.6x
+ 194.8

0.97 121.2

Bhubaneswar y = 166.8x
+ 374.1

0.97 207.3 y = 129.5x
+ 276.5

0.95 147.0

Jatani y = 166.7x
+ 375.7

0.98 209.0 y = 92.1x
+ 247.1

0.93 154.9

Banapur y = 127.6x
+ 314.8

0.97 187.1 y = 109.1x
+ 244.2

0.97 135.1

Begunia y = 183.0x
+ 339.6

0.97 156.7 y = 90.6x
+ 212.0

0.96 121.3

Bolagarh y = 125.8x
+ 279.6

0.96 153.9 y = 102.7x
+ 196.2

0.96 93.5

Chilika y = 121.0x
+ 331.4

0.97 210.4 y = 98.9x
+ 253.1

0.97 154.2

Khordha y = 170.2x
+ 349.3

0.97 179.2 y = 108.2x
+ 248.9

0.93 140.8

Tangi y = 95.7x
+ 316.6

0.99 220.9 y = 97.6x
+ 248.3

0.98 150.7

3.4 Estimation of Threshold Limits of Rainfall in Khordha
During Monsoon Months

Rainfall threshold limit in June, July, August and September months were calculated
by establishing the linear relationship between SPI 1 of June, SPI 1 of July, SPI 1 of
August and SPI 1 of September and rainfall of respective months for all the blocks
of Khordha District. Rainfall threshold limit was found to be 89.3, 182.6, 188.4 and
137.4 mm for the month of June, July, August and September respectively. If the
rainfall in a given year during these months occurred below these threshold limits,
drought will occur for that particular month in that year.
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3.5 Water Resource Management in Ten Blocks of Khordha
District During June, July, August and September
Months

Due to spatial and temporal variabilities of rainfall among the ten blocks of Khordha
District, the characteristics of drought for these blocks were different based on the
interpretation of SPI and CZI value of 1 months’ time scale in monsoon months.
Four (Banapur, Balipatna, Khordha and Bolagarh) blocks can be considered as criti-
cal from water resource management point of view based on SPI value during mon-
soon months, whereas based on CZI calculation, six (Banapur, Balianta, Balipatna,
Begunia, Khordha and Bolagarh) blocks were critical. Adoption of water resource
management strategy will be different for different blocks for controlling the drought
because of different category of drought experienced by various blocks. Particularly,
the blocks detected with maximum number of drought events in the month of July
and August were most critical because 65% of the monsoon rainfall occurred in July
and August.

4 Conclusion

Detection of drought severity for the ten blocks of Khordha District was evaluated
through the computation of drought indices SPI and CZI using monthly precipitation
data for identifying the capability of indices during this study. Maximum number of
moderate, severe and extreme drought events occurred in 3, 4, 7 and 3 blocks in the
month of June, July, August and September respectively based on SPI. Maximum
number of total (moderate + severe + extreme) droughts experienced by Banapur,
Balipatna and Khordha, Balipatna and Bolagarh blocks in the months of June, July,
August and September respectively based on SPI calculation. Banapur and Bali-
nata, Balipatna, Begunia and Khordha, Balianta and Balipatna and Bolagarh blocks
detected with maximum number of total droughts based on CZI. Rainfall threshold
limit was different for different blocks in June, July, August and September due to the
spatial and temporal variation in rainfall. If the rainfall occurred in a particular year
below these threshold limits in monsoon months, drought will occur for that month
in that year. Particularly, the blocks which were experiencing maximum number of
droughts in the month of July and August were most critical because 65% of the
monsoon rainfall occurred in July and August. Therefore, those blocks which were
experiencing frequent droughts, water-harvesting structures can be constructed in
those blocks. In addition to that, low water requirement crops can be encouraged
to be grown in those critical blocks. Early warning systems for droughts can be
declared by knowing the threshold limit for rainfall so that people can adjust to the
drought conditions by preparing themselves by adopting different patterns of crop-
ping for reducing the risk and it will also useful for the people by perceiving the
possible occurrences of drought. Interpretation of the drought indices, SPI and CZI
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led to various useful and practical information for understanding the characteristics
of drought better in the study area. The drought study will be useful in planning
for the drought preparedness and also the mitigation of drought in a practical and
appropriate manner.
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Seasonal Variability of Satellite-Derived
Aerosol Optical Depth in Smart City,
Bhubaneshwar

Sushree Sasmita and Dudam Bharath Kumar

Abstract With the increase in industrialization and urbanization, the environment
is being polluted by the addition of harmful products by the anthropogenic activities
of human beings. The rapid increase in population accounts for the aerosol concen-
tration that is increasing with time and having a significant impact on climatic condi-
tions. The study focuses on the variation of aerosol optical depth (AOD), Angstrom
exponent (AE), concentrated weighted trajectory (CWT) and potential source con-
tribution function (PSCF) in smart city Bhubaneswar in the year 2017. The present
study analyses MODIS (Moderate Resolution Imaging Spectroradiometer) data in
the year to estimate the AOD level. Results show that the daily mean value for AOD
and AE from the satellite data product showed the range falls between 0.16–2.17
and 0.01–1.80, respectively. The corresponding monthly mean for AOD in winter,
summer, monsoon and post-monsoon is found to be 0.27± 0.16, 0.22± 0.05, 0.24±
0.1 and 0.18 ± 0.02, respectively. Similarly, the values for AE for the above seasons
are obtained as 1.53 ± 0.10, 1.52 ± 0.1, 1.19 ± 1.05 and 1.61 ± 0.09, respectively.
The CWT and PSCF are analysed for the seasons of winter (DJF), summer (MAM),
monsoon (JJA) and post-monsoon (SON) in the given year.

Keywords Moderate Resolution Imaging Spectroradiometer · Aerosol Optical
Depth · Angstrom Exponent · Concentrated Weighted Trajectory · Potential
Source Contribution Function

1 Introduction

Large-scale urbanization and industrial development have increased the pollution
level with advancement of time. Aerosol pollution has been rising due to rapid indus-
trialization and increase in vehicular pollution. With the technological inventions,
the present scenario gives an idea about the global climate changes having a massive
impact on living organisms. Population growth also adds to the present situation. The
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changes in seasonal values of aerosol optical depth (AOD) indicate the increase in
concentration of aerosols over a particular location. Aerosols are important due to the
significant impact on climatic changes as its presence hampers the earth’s radiation
balance and by scattering or absorbing radiation [1]. Previous studies have been done
by including observations from ground, remote sensing and modelling illustrating
events like dust storms, rainfall, forest fire and smoke.

Bhubaneswar is one of the recent developing cities for having rapid improvement
in infrastructure, technological advancement, green vegetation and trying to attain
smart city status.

This study aims at analysing the seasonal changes in MODIS derived AOD and
AE in the year 2017 over Bhubaneswar. It also focuses on the analysis of clustering,
concentrated weighted trajectory (CWT) and potential source contribution function
(PSCF) for the same year. The increase in values of AOD illustrates the increase in
mass concentrations of aerosols and variations occur monthly and season wise.

2 Methodology

The effects of aerosols over a location are essential to be evaluated. In order to
estimate their impact, we analyse the pollution episodes in all the seasons annually
like summer (March), monsoon (JJA), post-monsoon (SON) and winter (DJF) 2017
over smart city Bhubaneswar. Most of these fire events occur in central India, north-
eastern states and north-western states in India in summer (MAM) and post-monsoon
(SON), respectively. Time series of AOD was obtained from Moderate Resolution
Imaging Spectroradiometer (MODIS) satellite of combined land and ocean product
collection-6 Version 3.0 (C006 V3.0).

3 Site Description

3.1 Study Area—Bhubaneshwar

The capital of Odisha is Bhubaneswar. Bhubaneswar has its own geographic features
that are distinct in nature. The location is 20° 35′ North and 85° 81′ East in Odisha.
Geographically, the city has a tropical climate and lies in the tropical zone of India.
The three seasons that usually occur in the city are summer, winter, and monsoons.
Thewinter season ismoderately cold during themonths of November, December and
January. During the summer season, the temperature rises very high and heat wave
is felt during the months of April and May. It is followed by the monsoons which
prevail in the months of June. The pre-monsoon showers occur in the mid week
of June. Sometimes the rainfall goes very high resulting in flood situation during
monsoon depending on the occurrence of low pressure. The climate of Bhubaneswar
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Fig. 1 Map of Odisha

is becoming abnormal due to the following factors like deforestation, depletion of
water bodies, massive construction activities, rapid industrialization, immense car-
bon consumption, global warming and huge expansion of the city in all the directions
(Fig. 1).

3.2 Aerosol Optical Properties

Anthropogenic activities and biomass with fossil fuel burning generate aerosols
which are present in the environment having an impact on the climate of the area.
Aerosol size, interaction among them, optical properties are major contributors for
enhancing the AOD value gathered from an area. Aerosols contribute in cloud for-
mation and have an impact resulting in precipitation during the monsoon season. The
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aerosols are the contributing factors for absorbing the radiations and increasing the
scattering effect thereby changing the climate.

3.3 Source Analysis

The source analysis was carried out by doing the statistical analysis of air mass
back trajectories. Using the obtained data, we analyse the PSCF, CWT and cluster
analysis [2]. The source–receptor analysis was carried for the AOD at Bhubaneswar
(20.35°N and 85.81° E) during 2017. The analysis shows that the highAODoccurred
during winter (DJF) season.

Mathematically, the PSCF is a function of a location as defined by the cell indices
i and j, while the number of segments with endpoints that fall in the ij-th cell is
denoted by nij. The total number of end points that fall in the ij-th cell is denoted by
nij. Then the value for PSCF is calculated by the equation:

PSCFij = mij/nij

where nij is the total number of air masses falling into the ij-th cell during the study
period and mij is the number of segment trajectory endpoints in the ij-th cell on the
days where the source contribution of which was greater than the criterion value.

The CWT analysis determines the significance of potential sources that are per-
formed [2, 3]. The CWT signifies the value of source strength of a grid cell and is
calculated by the equation:

CWTij =
(

L∑
T=1

CtTi,j,T

)
/

L∑
T=1

Ti,j,T

where CT is the AOD refers for the occurrence of back trajectory T, Ti,j„T is the total
value of trajectory segment end points in a grid cell (i, j) for back trajectory T divided
by the total value of trajectory segments end points for trajectory T, L is the total
value of back trajectories over a time period (for each season). CT and Ti,j,T can be
determined by counting the number of hourly trajectory segment end points in each
grid cell for each trajectory [3].

4 Results and Discussion

Time series of daywise AOD and AE were analysed for the annual data in the year
2017 for the location of Bhubaneswar as shown in Fig. 2. The values of AOD vary
from month- and season wise in a gradual progression. The AOD from the satellite
data product showed that the winter season (DJF) has the highest value of 0.27 ±
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0.16 in comparison to the other season which have a comparatively less value. The
summer season (MAM) shows a mean value 0.22 ± 0.05, whereas in the monsoon
season (JJA) the mean value is 0.24± 0.1 which is less than winter season. There are
no observations during the months of July due to rainfall. The post-monsoon (SON)
has lowest values of 0.18 ± 0.02 which may is due to rainfall which also occurred
during the months of September and October. Among all the months, the AOD is
found to be highest in the month of July with value of 0.82± 0.13. The lowest values
of AOD are obtained in the month of November with value of 0.50 ± 0.21, and no
values were found during July owing to rainfall.

The variability of AOD during the seasons may be due to the biomass burning
and contribution from transport of aerosols into the atmosphere. It is high during the
winter season owing to the fire-counts from open crop burning from the north-eastern
side of India. It is confirmed by following the concept of trajectory statistical analysis
and analysing the CWT with clustering in trajectory as well (Figs. 3, 4 and 5).

The AE from the satellite data showed almost similar results during all the sea-
sons (Fig. 2). The post-monsoon season (SON) has highest values of 1.61 ± 0.09.
Similarly, the winter season (DJF) and summer season (MAM) have values 1.53 ±
0.10 and 1.52 ± 0.1, respectively. The lowest values are obtained in the monsoon
season (JJA) is 1.19 ± 1.05 due to rainfall. Similarly, for AE the values are found to

Fig. 2 Plot of AOD and AE showing daily, monthly and seasonal mean data for the year 2017 over
Bhubaneswar
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Fig. 3 Figure showing clusters in all the seasons in the year 2017

be highest in the month of August with value to be 2 ± 0 and lowest in the month of
June with no values obtained due to rainfall or cloud (Figs. 2, 3, 4 and 5).

5 Conclusion

In summary, we observed that aerosol optical depth from the satellite observations
showed the winter season (DJF) has highest value in comparison with other sea-
sons throughout the year. The lowest is observed in monsoon season (JJA) due to
rainfall. Trajectory statistical analysis showed high contribution of potential aerosols
from regional level (eastern Indo-Gangetic region: November; central eastern India:
March) than that of long-range source regions, region though most of the source
fields fall over oceanic regions (particularly in March). Through influence of urban
emissions, biomass burning events in terms of forest fires inMarch and those in terms
of crop field burning activities in November are likely identified sources through our
analysis. The post-monsoon season (SON) has the highest values and the lowest
being observed in monsoon (JJA) for AE satellite observations taken. Setting of dis-
persionmodel coupled with wind fields may serve the purpose of studying the effects
of potential source emissions towards aerosol parameters at the study stations.
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Fig. 4 Plot showing CWT analysis in all the seasons of the year 2017

Fig. 5 Plot showing PSCF analysis in all the seasons in 2017
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Modelling Sea Water Intrusion
in the Eastern Coast Adjacent to Ersama
and Kujanga Blocks of Odisha, India

Rohita Kumar Sethi, Prabhash Kumar Mishra, Deepak Khare,
and Khyana Prava Samal

Abstract Coastal belt of the Bay of Bengal has got the human habitation from the
time immemorial because of availability of abundant water sources and plain land
for cultivation. The requirement of drinking water as well as that for irrigation and
industrial use has increased manifold in the region. Surface water is available during
monsoon from mid-June to mid-October. Heavy to very heavy rainfall as well as
the floods of existing river network keeps the total area water-locked. But after that
the total water gets drained into the sea and the area gradually gets dry. People of
the area almost depend on ground water source for drinking purpose. About 85% of
rural supply schemes depend on ground water. Earlier shallow wells could meet the
limited demand. But population growth, urbanisation, increased industrial demand,
and the need for high consumptive use pushed for digging deep tube wells/bore
wells leading to over exploitation. This has led to the depletion of ground water table
as well as potential availability of the aquifers gradually. The Kujanga block will
have projected population of 1,22,374 and Ersama block will have 1,20,074 in 2020.
Rural area is largely populated. Considering the per capita water demand at 135 l,
the overall daily domestic requirement of fresh water is about 33000 m3. Though the
rural demand is much less as compared to that of urban life, it is essential to assess
the bare minimum necessity, particularly during dry spells. The people of the area
coming under this mix up zone suffer from scarcity in quantity and quality of water
as well. There is rampant adaptation of aquaculture, particularly shrimp culture in the
area. Shrimp culture ponds along with tidal riverine network enhance saline recharge
of the ground water. Further, anthropogenic activities lead to resource depletion, and
rising sea water level triggering saline intrusion into the coastal aquifer. So, the
present study is attempted to understand the ground water movement in the two
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blocks of Ersama and Kujanga, and their impact on human life in short and long run,
especially for the coastal zone for sustainable water resources.

Keywords MODFLOW · Ersama · Kujanga · Sea water intrusion · Bay of bengal

1 Introduction

Area coming under the coastal belt of the Bay of Bengal has got the human habitation
from the time immemorial. The main cause assigns to availability of abundant water
sources and plain land for cultivation as the socio-economic establishments need this
aspect worldwide. Gradually the area has turned thickly populated as of now. The
requirement of drinking water as well as that for irrigation and industrial use has
increased manifold. Huge quantum of surface water is available seasonally, that is
duringmonsoon spell frommid-June tomid-October. Heavy to very heavy rainfall as
well as the floods of existing river network keeps the total areawater-locked. But after
that the total water gets drained into the sea and the area gradually gets dry. People of
the area almost depend on ground water source for drinking purpose. About 85% of
rural supply schemes depend on ground water. Earlier shallow wells could meet the
limited demand. But population growth, urbanisation of some of the area, industrial
establishment, and the need of consumptive use in irrigation sector pushed for digging
deep tube wells/bore wells leading to over exploitation. This has led to depletion of
ground water table as well as potential availability of the aquifers gradually. The rate
of ground water recharge cannot meet the depletion rate. Hence it is seen that the
water table dips down day-by-day [1–4]. Further during dry spells, that is beyond
monsoon, the water table happens to go down the sea level. Hence hydraulic gradient
is developed which pushes saline water into the ground water causing a mix up. The
people of the area coming under this mix up zone suffer from scarcity in quantity
and quality of water as well. There is rampant adaptation of aquaculture, particularly
shrimp culture in the area. This leads to spreading of saline cover increasedmanifold.
Shrimp culture ponds along with tidal riverine network enhance saline recharge of
the ground water. The anthropogenic activities lead to resource depletion. Rise of sea
water level also imparts serious effect over saline intrusion into the coastal aquifer.
A little rise of the sea water level can affect extended intrusion [5–8]; IPCC 2007;
[9]. So we need to understand the natural processes and their impact on human life
in short and long run, especially in the coastal zone for sustainable water resources.

2 Study Area

The study area comprises Ersama and Kujanga blocks of the district Jagatsinghpur in
the state of Odisha. It spreads within latitude of 20°03′ to 20°20′ north and longitude
of 86°17′ to 86°40′ east. It is bounded byMahanadi in the north, Balikuda block in the
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south, Bay of Bengal in the east, andTirtol block in thewest. It is part of theMahanadi
delta. Mahanadi delta is formed by deposition of huge sediment transported from
the vast catchment. But tidal incursion and salt water ingress has given rise to wide
varieties of sedimentation due to complex hydro-chemical processes going on. A
number of rivers flow in the area. The Mahanadi and Paika in the north and Devi
River in the south. Many small rivers also drain the area. Most of the rivers are tidal.
Besides, the Taladanda canal passes through the area which meets the irrigation and
industrial demand of the area.

The area comes under sub-tropical climate zone. Three distinguished seasons exist
over here. The dry summer spells frommid-February to mid-June, wet summer from
mid-June to mid-October (monsoon season) and then follows winter for the rest part
of the year. The annual temperature varies from about 110 °C in winter to about
400 °C in hot summer. The average rainfall of the area is 1500 mmwith minimum of
731mm (2000) andmaximumof 1899mm (1998). The rainfall usually occurs during
monsoon with maximum in the month of August. Occasional rains take place during
winter due to depression in the Bay of Bengal. Cyclonic storms very often form in
the Bay of Bengal and rush into the region causing heavy pouring and experience
of high wind damages. These natural calamities occur during months of May and
June or November and December. Cultivation and fishing are the main occupation
of people. The geomorphic features of the area contain numerous land forms. Of
course, major portion of the area is plain. The topographical configuration of the
land happens to remain almost submerged in monsoon, but dries up immediately
thereafter. Repeated inundation by floods and tidal flushing has added the following
features to the landscape. The morphology as well as the quality of the soil has been
characterised accordingly.

The overall land form of the deltaic area is flat. Major portion remains plain. The
total delta is formed due to fluvial deposition. It is divided into two parts, that is upper
and lower deltaic plains. The upper plain remains above the maximum tide level of
the sea. It is not influenced by saline contamination of the sea and hence is totally
formed by the river alluvium. The lower plain coming under marine influence gets
its soil character changed. The southwestern part of the study area belongs to upper
plain zone, whereas the rest of the portion comes under lower deltaic plain. The
ground water potential available in upper plain area, though quantitatively less, is
qualitatively good. But that in lower plain area the reverse is there. Salinity intrusion
is the main concern here. Due to mechanical effect of the sea tide, coastal plains are
also formed in between the coast and the adjacent inter land. The seaward portion
is termed to be young, whereas the landward portions are called older plains. The
location map of the study area is shown in Fig. 1.
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ODISHA

JAGATSINGHPUR DISTRICT

Fig. 1 Location map of the study area

3 Approach and Methodology

3.1 Hydrology and Sea Water Interaction

The delta of theMahanadi as usual has taken the built-up with gradual sedimentation
of alluviumbeing carried since inception. Still the landscape remains unconsolidated.
The thickness of the deposition remains more towards coast. However, it represents
a heterogenous pattern due to oscillatory deposition. Impact of versatile pattern in
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surface inundation and other natural course of environmental events has led to repet-
itive sequence of sand, gravel, clay, and silt deposition with finer segregation towards
coast, which gives out a complex hydrogeological setup to its lithology. The region
lying adjacent to the eastern coast is intensively affected by sea water intrusion into
the aquifers. The complex aquifer orientation with interplay of fluvial and marine
regimes develops a complex groundwater flow model also. The ground water flow
towards the sea is obstructed by saline incursion due to tidal and increased shrimp
culture inundation recharge. But heterogenous configuration of the aquifer system
with advent of the sea water into it retains pockets of fresh water, saline, or brackish
water differently at different locations. However, the general study of the relation of
fresh and marine water advancement can be done with Ghyben-Herzberg concept.

The study area lies by the coast of the Bay of Bengal. The coast line defines its
eastern boundary. So obviously the marine influence propagates into the area both
above and below the land surface. Tidal flooding on the impact of lunar forte night
pushes into the riverine system of the area regularly. Besides, cyclonic flooding also
eventually submerges large part of the area. Over extraction of ground water in the
adjacent coastal strip of the area causes decline of the ground water table below the
sea water level. Hence, marine water on availing a functional head intrudes into the
aquifers of the area (Fig. 2). In the meanwhile, an appreciable patch of the area has
already come under this salt water intrusion.

Fig. 2 Saline intrusion into coastal aquifers
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3.2 Aquifer Characterisation Through Hydro-Geological
Formations

It is seen from the bore-log profiles that number of clay layers encompasses multiple
aquifers of different thickness forming a complex system. The topmost layer in
Ersama area, as studied from logs of Ersama and Sahadabedi, remains sandywhereas
that in Kujanga remains thin clay. The clay thickness is more pronounced in deeper
regions and towards coastal belt. The thickness of porous formations of sand and
coarse silt vary from few meters to about 100 m. The porous formations are not
continuous. Isolated thin patches are also there which attribute to the complexity of
the system. Similarly, isolated clay patches are also part of the configuration.

The stratigraphy of the area gives out a total 13 layers of aquifers. But there are
three distinct layers of confined aquifers separated by clay layers (aquitards) varying
from few centimetres to about 120m. The topmost confined aquifer is separated from
upper phreatic aquifer by a thin clay stratumof some centimetres. The existence of the
aquifers is prominent up to 240m below the ground surface. The minimum thickness
of the unconfined aquifer remains in the north-eastern part and that increases south-
westerly. The deeper formations constitute sand mixed with gravels. It cannot be
ruled out that there are intermittent leakage patches of clay mixed with sand/gravel
in between different confined aquifers. This is the reason why spreading of salinity
continues to deeper regions.

The bore log profile is given in Fig. 3 and stratigraphic lithology of bore logs in
Fig. 4. The lithological stratigraphy of the alluvium system is shown in Fence diagram
(Fig. 5). It is depicted that there are three distinct sequences of vertical geological
strata formations with discontinuous patches of clay mainly in the deeper aquifers.
The alluvium system contains widespread unconfined and confined aquifers.

3.3 Setting of MODFLOWModel

The MODFLOW model was setup for the study area. The structured discreti-
sation package was followed. The study area is encompassed in MODFLOW
between 22,14,000 and 22,55,000 m north (South–North) and between 4,28,066
and 4,78,074 m East (West–East). The area is divided into a grid of 50 × 41 cells
with each cell of 1000× 1000m. The grid size is decided basing on data, that is extent
of study area and location of observation wells available. The Mahanadi and the Bay
of Bengal remain as the hydraulic boundaries of the study area. The cells remaining
inside the domain of the modelling were treated to be active. The cells remaining
beyond the active zone were termed inactive. The active domain and inactive cells
are shown in Fig. 6.

The study on hydro-geological formation of the modelling domain was stud-
ied through RockWorks software. The spatial geological stratification shows a very
complex configuration of about 13 layers. However, ignoring identity of very thin
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Fig. 3 Bore logs profiles

Fig. 4 Stratigraphic lithology of bore logs
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Fig. 5 Stratigraphic panel diagram (effective)

and localised layers, the system portrays three distinct aquifers of variable depth.
The stratigraphic works were imported into the MODFLOW domain for vertical
discretisation. The vertical discretisation is demonstrated by sectional views. The
South–North mid-sectional view is shown in Fig. 7 and that of West–East is viewed
in Fig. 8.

The output from vertical discretisation says about the following formations:

(i) Top soil layer of thickness varying up to 76 m representing the phreatic aquifer.
(ii) The confined aquifer separated by a very thin aquitards (Clay layer) from the

top unconfined one lies up to 106 m.
(iii) An aquitard of thickness up to 46 m remains as the third distinct layer and

spreads up to 112 m deep.
(iv) Then lies a confined aquifer whose thickness varies from few centimetres to

about 23 m and remains up to a depth of 135 m.
(v) The second aquitard of thickness about 15 m lies below.
(vi) The third distinct confined aquifer of thickness about 60m spreads up to 240m.

The vertical discretisation was carried up to a total depth of about 400 m below
ground level. The separating aquitards between the unconfined and confined
aquifers are not continuous. Hence, the model was setup as a semi-confined
one.
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Fig. 6 Active domain and inactive cells

Fig. 7 Model layers at middle row

Fig. 8 Model layers at middle column
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Table 1 Calibrated parameters

Calibration period:May-1997 toDec-2006 (0–3501 days); Validation period: Jan-2007 toNov-2017
(3532–7489 days)

3.3.1 Data Input

As usual the hydraulic conductivities in three cartesian directions and the specific
storage are considered as the dominating parameters. The recharge and discharge data
are taken into account to compute these parameters as specific values are not readily
available for the study area. The seasonal rise and depletion of the observation wells
are considered for the computation. Keeping the available data in mind, assumed
values of the parameters are ascertained from the literature (Morris and Johnson
1967). The considered initial guess values of hydraulic conductivities and specific
storage are enlisted in Table 1. Subsequent improvements are made by calibration
and validation.

3.3.2 Initial Water Level Condition

Flow model is simulated with pre-monsoon water level data of the year 1997 as
initial water table condition. Water level values of the cells of grid were generated
by SURFER package and then imported to the model domain. The model domain
interacted with initial heads varying from 2.07 to 3.57 m above mean sea level.

3.3.3 Boundary Conditions

Agroundwater basin is the ideal choice to demarcate the boundary.But it is not always
possible to adhere to this choice. So the alternate step is to pick the hydrological
features of surface water to assign the boundary. In this study the Mahanadi in
the north and the Bay of Bengal in the east are chosen to control the boundary
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conditions. Other two sides along with these two boundaries are assumed to be ‘No
flow boundary’.

3.3.4 Forcing Stress Input

The following stresses were considered in the modelling domain (Fig. 9):

• Ground water levels of observation wells for calibration and validation.
• Extraction of groundwater from both unconfined and confined aquifer.
• Recharging (assumed 20% of rainfall.)
• Temporal river stage variation.

Fig. 9 Applied stress (rainfall)
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3.4 Running MODFLOWModel—Calibration
and Validation

The following actions were taken to calibrate the parameters for the MODFLOW
model.

(i) Assumed parameter values were input into the model. Initial ground water
levels put at the top of the topographic elevations considering its steady state.
No external stresses were considered on the model domain. The model was
allowed to run for sufficient time to execute iterations till steady-state condition
is reached.

(ii) Then transient state is considered. All stress inputs are taken into account and
improvement of first phase calibrated values of the parameters for a particular
set of observed data is affected.

(iii) The response of the model is now compared with another set of observed data
to validate it.

The calibration was done over the data for the period fromMay 1997 to December
2006 and validation over the data for the period from January 2007 to November
2017. Calibration was done for the parameters, that is hydraulic conductivities, Kx,

Ky, Kz, storage coefficients, Sx, Sy, Sz, and specific yields Syx, Syy, Syz, as shown
in Table 1. Recharge from rainfall, groundwater withdrawal, return flow from the
surface, and flows through boundaries were input as stresses (Table 2). Both confined
and unconfined aquifers were undertaken for calibration and validation. The rainfall
recharge was assumed to be 20% of rainfall due to requirement of specific required
data.

Table 2 Recharge (rainfall) Month Recharge (mm)

1 2.37

2 3.60

3 3.98

4 3.45

5 11.56

6 39.67

7 59.42

8 61.06

9 43.12

10 40.13

11 8.66

12 1.15

Total 278.17
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Data for available six observation wells were used to compare response of the
simulated model in terms of hydraulic heads. One day was adopted as the time-step
size and 30 days (one month) was the stress period length. Input and output figures
are treated to be uniform over each time step and stress length. A transient state
condition was assigned to the simulation process.

4 Results and Discussion

4.1 The MODFLOW Simulation

The MODFLOW simulation model was developed with calibration of parameters at
transient state conditions. The calibration is done on trial and error basis comparing
the results with that found through some conventionally accepted evaluationmethods
such as correlation coefficient (CC), root mean squared values, normalised root mean
squared error (NRMSE), residualmean values (RM), absolute residualmean (ARM),
standard error of the estimate (SE), and so on. The parameters of the model are said
to be calibrated when the response of the model corresponding to these parameters
are acceptable with these criteria.

4.2 Model Calibration

The water levels of all the six observation wells for the period from May 1997 to
December 2006 were used for calibration of the model. The calibration was done for
all the four seasons, that is winter, pre-monsoon, mid-monsoon, and post monsoon.
The MODFLOW grid with well positions is shown in Fig. 10. The calibration his-
togram is given in Fig. 11. The graphs of computed values and observed values are
presented in Figs. 12, 13, 14, 15, 16, 17, 18, 19, 20 and 21. The time unit is adopted
as a day.

The comparative figures studied over 30 days say that the maximum residual
comes to (−)0.791 m at Pankapal. The minimum residual of (−)0.078 m is recorded
at Chakradharpur. The residual mean and absolute mean remain (−)0.453 m and
0.453 m, respectively. Standard error of estimate is found to be 0.119 m. The root
mean square variation is 0.525 m and normalisation of it comes as 23.127%. The
correlation coefficient stands at 0.93.

Similarly, on study of 2496 days for calibration, the maximum residual comes
to (−)1.44 m at Teramanapur. The minimum residual of (−)0.203 m is recorded at
Chatua. The residual mean and absolute mean remains (−)0.4 and 0.615 m, respec-
tively. Standard error of estimate is found to be 0.275 m. The root mean square
variation is 0.733 m and normalisation of it comes as 18.845%. The correlation
coefficient stands at 0.966. The comparison breeds a very close correlation.
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Fig. 10 MODFLOW grid with well positions

Fig. 11 Calibration residual histogram

4.3 Model Validation

During validation for 5087 days the maximum residual comes to 1.7 m at Chakrad-
harpur. The minimum residual of (−)0.045 m is recorded at Chatua. The residual
mean and absolute mean remains (−)0.144 m and 0.711 m, respectively. Standard
error of estimate is found to be 0.413 m. The root mean square variation is 0.934 m
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Fig. 12 Head versus time (Teramanapur)

Fig. 13 Head versus time (Ibrisingh)

Fig. 14 Head versus time (Pankapal)
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Fig. 15 Head versus time (Goda)

Fig. 16 Head versus time (Chatua)

and normalisation of it comes as 27.164%. The correlation coefficient stands at
0.589. Here it seems that a good correlation is not there which is attributed by the
data anomaly. The graphs of computed values and observed values are presented in
Figs. 22, 23, 24, 25, 26, 27, 28, 29, 30, 31 and 32.

5 Conclusions

Ersama and Kujanga are two important blocks coming under the coastal belt of the
Bay of Bengal. The Kujanga block will have projected population of 1,22,374 and
Ersama block will have 1,20,074 in 2020. This will further put pressure in providing
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Fig. 17 Head versus time (Chakradharpur)

Fig. 18 Head versus time (Series)

drinking water in the region. Surface water is limited in non-monsoon seasons. At
the same time, over dependence on ground water for drinking water with limited
recharge into the aquifers results in sea water intrusion. The stratigraphy of the area
gives out a total 13 layers of aquifers. But there are three distinct layers of confined
aquifers separated by clay layers (aquitards) varying from few centimetres to about
120 m. The topmost confined aquifer is separated from upper phreatic aquifer by a
thin clay stratum of some centimetres. The existence of the aquifers is prominent up
to 240 m below the ground surface. Considering the per capita water demand at 135
litres, the overall daily domestic requirement of fresh water is about 33,000 m3. The
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Fig. 19 Calculated versus Observed Head: Time 2496 days

Fig. 20 Calculated versus Observed Head: Time 30 days

annual per head demand of 1089 m3 needs ground water resource storage of 26,403
HaM. If the 20% rainfall is assumed to be the quantity of recharge, it comes to 18,620
HaM. But as calculated, the feasible recharge is 16,807 HaM. So, an arithmetical
deficiency comes out to the tune of around 30%. Further due to saline intrusion the
available resource is compromised to a large extent. Further in the study, the ground
water movement in the two blocks is simulated using MODFLOW. Boundaries are
defined by Mahanadi in the north and the Bay of Bengal in the east. Other two sides
are assumed to be ‘No flow boundary’. Ground water levels of observation wells
were used for calibration and validation of the model. Extraction of ground water
from both unconfined and confined aquifer posed as the stress factor. Recharging
was assumed as 20% of rainfall. The model was allowed to run for sufficient time
to execute iterations till steady-state condition is reached. The calibration was done
over the data for the period from May 1997 to December 2006 and validation over
the data for the period from January 2007 to November 2017. In Kujanga block some
area comes under irrigation and hence there is dry spell supplementation into ground
water. Due to irrigation and bordering ofMahanadi, the groundwater inmajor portion
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Fig. 21 Water table elevations

Fig. 22 Validation residual histogram
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Fig. 23 Head versus time (Teramanapur)

Fig. 24 Head versus time (Ibrisingh)

of this block remains free from saline infestation. But that laxity in Ersama block has
pushed it into large-scale sea water intrusion. So, the feasible option to tackle this
is to go for artificial recharging. Construction of structural arrangement to check the
inflow of sea water during non-monsoon cannot be opted out.
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Fig. 25 Head versus time (Pankapal)

Fig. 26 Head versus time (Goda)
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Fig. 27 Head versus time (Chatua)

Fig. 28 Head versus time (Chakradharpur)
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Fig. 29 Head versus time (series)

Fig. 30 Head equipotential
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Fig. 31 Calculated versus observed head: time 5087.2 days

Fig. 32 Water table elevation
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Groundwater Level Trend Analysis
for Sustainable Extraction and Use
in Coastal Odisha

Anuradha Panda, Bitanjaya Das, Jyotiprakash Padhi,
and Paromita Chakraborty

Abstract Groundwater level indicates groundwater availability, flow and physical
characteristics of an aquifer. The availability of groundwater depends on rainfall
and recharge pattern. As the use of groundwater is steadily increasing, it becomes
imperative to analyze and understand the trend of groundwater recharge and use
pattern employing the trend analysis of groundwater level. In this regard, a study
of trend analysis of groundwater level has been done for the coastal districts of
Odisha, India. The trend analysis is conducted in such coastal districts where the
groundwater is affected by salinity problems. The trend analysis is done for seven
coastal districts of Odisha: Balasore, Bhadrak, Jagatsinghpur, Kendrapada, Puri,
Jajpur and Ganjam. Mann Kendall trend analysis is essential for the exploration
of the trend of groundwater level by using the data from 1998 to 2017 for a network
of 272 locations categorized in four seasons such as pre-monsoon, mid-monsoon,
post-monsoon and winter. Results indicate that for groundwater level there is an
increasing trend in 206 locations and decreasing trend in 66 locations during pre-
monsoon period; in mid-monsoon period there is an increasing trend in 152 locations
and decreasing trend in 120 locations; in post-monsoon period there is an increasing
trend in 142 locations and decreasing trend in 130 locations; and in winter there
is an increasing trend in 113 locations and decreasing trend in 159 locations. Such
analysis can help the planners and managers in decision-making with regard to the
extent of groundwater to be extracted and used in different locations and in different
seasons. Besides, it will also help in making strategies for rainwater harvesting and
augmentation of groundwater recharge activities.
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1 Introduction

Water is an important factor for planning and development activities of any country.
The use of water is increasing due to economic and industrial development. India is a
tropical country and mainly depends on the monsoon rainfall for its water resources.
Groundwater is primarily used for drinking, agriculture and industrial purposes,
and its availability depends on rainfall and recharge conditions. During the monsoon
period, recharge usually exceeds discharge and the difference goes into storage, hence
water level increases. During non-monsoon period, the discharge usually exceeds the
recharge and no storage happens, hencewater table decreases. The objective ofwater-
level monitoring is to perceive the groundwater level fluctuations and to study the
everlasting trend. The trend analysis is important as it will indicate the pattern of
seasonal groundwater level and from that we can understand whether extraction and
its use are sustainable or not. If the groundwater is not recharged properly, especially
in the coastal regions, then to maintain the groundwater level sea water intrusionmay
take place and the area will suffer from salinity problem. This may lead to problem
in drinking water as well as irrigation.

There are various statistical methods which are used for trend analysis and it is
different from simple regression method to more advanced non-parametric methods
(Mann 1945; Kendall 1955). This is a very popular technique for the analysis of
the trends in groundwater levels monitoring. Patie and Singh [6] have identified the
pre-monsoon and post-monsoon of groundwater level trend by using Mann-Kendall
test and Sen’s slope estimator in Karnal district of Haryana. Tabari et al. [9] have
investigated groundwater level trend by using Mann-Kendall test and Sen’s slope
estimator in the Mazandaran province, Iran for the period 1985–2007. Thakur and
Thomas [10] studied the application of different methods to identify the trends of
groundwater level in few blocks of Sagar district of Madhya Pradesh because this
area is affected by severe water scarcity owing to the declining groundwater levels.
Lutz et al. [4] had conducted their investigation in Northern Ghana by using this test.
Their study shows that the evaluation of groundwater level and the recharge should
be done with the limited groundwater level data and climate data. Kumar et al. [3]
had evaluated the trend of groundwater level by using this analysis during the period
from 1998 to 2012 for 13 locations and four districts of Lucknow. Mann-Kendall
test is used to determine the trend of water table fluctuation, spatio-temporal trend
analysis and also required for the analysis of the effect of rainfall on groundwater
level, according to Abdullahi and Garba [1]. Ribeiro et al. [7] had described the
monthly trends of piezometric time series and the magnitude of 23 shallow wells
during the period from 1979 to 2008 in Elqui river basin, Chile. Varni et al. [11]
had conducted an investigation in Pampa plain, Argentina by following the same
analysis.
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2 Materials and Methods

2.1 Study Location

The state of Odisha in India is situated between the longitudes of 81.27° E and
87.29° E and latitudes of 17.49° N to 22.34° N. The geographical area of the state
is 155,707 km2. Odisha has several rivers and the entire state’s geographical area
is divided into 11 river basins. The length of coastal Odisha is about 450 km. This
coastal region (which extends up to 75 m contour) is a combination of major rivers of
Odisha, namely Subarnarekha, Budhabalanga, Baitarani, Bramhani, Mahanadi and
Rushikulya. Hence the coastal plain of Odisha is called as “Hexadeltaic region” or
“Gift of Six Rivers”. Administratively, Odisha is divided into 3 divisions, 58 sub-
divisions, 30 districts, 317 tahsils and 314 blocks. The weather in Odisha is highly
influenced by sea because of its vast coast line. In the coastal districts, the climate
is humid and sticky. The average rainfall of the state is 1489 mm which is different
from one place to another. Due to the effect of south-west monsoon, many rivers
get flooded during this period. Odisha experiences small rainfall from the retreating
monsoon in the month of October–November.

2.2 Coastal Saline Tract

Odisha has a vast area of coastal plains with a coast line of 450 km. There is a narrow
tractwhich starts fromChandeneswar inBalasore district (the north-east) and extends
up to Brahmagiri in Puri district (south-west). An estimated area of 5,44,667 hectare
in coastal alluvial tract is suffering from salinity hazard. The salinity problem is not
uniform throughout the coastal tract. Themaximumwidth of this tract is inMahanadi
delta (about 55 km). Puri area is highly affected in salinity problem as in the west
of Puri town the aquifers are generally brackish to saline. Parts of seven coastal
districts covering 36 blocks suffer from salinity problem. The coastal tract along
with the saline tract of Odisha is shown in Fig. 1.

The districts and blocks of Odisha which are suffering from salinity problem are
shown in Table 1.

2.3 Groundwater Status in Coastal Odisha

As per estimation made by the groundwater estimation committee, the status
of replenishable groundwater resources, gross annual draft and average stage of
groundwater development of seven coastal districts are shown in Table 2.
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Fig. 1 Coastal saline tract (Source Directorate of Groundwater Development, Government of
Odisha)

Table 1 Salinity affected districts and blocks (Source Directorate of Groundwater Development,
Government of Odisha)

District Affected blocks

Fully Partially

Balasore – Bahanga, Balasore, Baliapal, Basta,
Bhograi, Remuna

Bhadrak Chandabali Basudevpur, Tihidi, Dhamnagar

Ganjam – Chhatrapur, Chikiti, Ganjam,
Khalikote, Rangeilunda

Jajpur – Bari, Binjharpur, Dashrathpur

Jagatsinghpur Erasama Balikuda, Kujang, Nuagaon

Kendrapada Mahakalapada, Marshaghai,
Rajkanika, Rajnagar

Aul, Derabish, Kendrapada,
Pattamundai, Garadapur

Puri – Astarang, Brahmagiri, Delang, Gop,
Kakatapur, Kansa, Krushna Prasad,
Nimapara, Pipili, Puri, Satyabadi

Total 7 districts 6 blocks 36 blocks

2.4 Data Collection

Groundwater level data was collected from Directorate of Groundwater Develop-
ment, Government of Odisha. The groundwater level data is collected for seven
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Table 2 Groundwater status of coastal districts (Source Directorate of Groundwater Development,
Government of Odisha)

Districts Annually replenishable
groundwater resources
(ha m)

Gross annual draft for
domestic, industrial and
irrigation use
(ha m)

Average stage of
groundwater
development
(%)

Balasore 1,10,063 53,471 48.58

Bhadrak 45,409 25,197 55.49

Gajapati 22,670 5,588 24.65

Ganjam 1,14,541 33,408 29.17

Jagatsinghpur 45,029 21,332 47.37

Kendrapada 16,781 8861 52.80

Puri 58,806 10,448 17.77

coastal districts (Balasore, Bhadrak, Jagatsinghpur, Kendrapada, Puri, Jajpur and
Ganjam), which include 77 blocks and 272 locations for the time period 1998–
2017. The data pertains to four seasons for each location, that is, pre-monsoon,
mid-monsoon, post-monsoon and winter. It comes out to be 1088 time series of data
sets, each having 20 years duration. The locations of monitoring wells are shown in
Fig. 2.

Fig. 2 Map of groundwater monitoring wells of Coastal Odisha
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2.5 Methodology

Trend analysis of groundwater level for each location and for each time series was
performed by using the Mann-Kendall test. The aim of the Mann-Kendall (MK)
test is to evaluate whether there is a monotonic upward trend or downward trend
of the variable of interest over time. The monotonic upward trend defines that the
variable is consistently increasing, and the monotonic downward trend defines that
the variable is consistently decreasing through time but the trend may or may not
be linear over time. This test can be used in place of a parametric linear regression
analysis which is required to test whether the slope or the magnitude of the estimated
linear regression line is other than zero. This analysis requires that the residuals of
the fitted regression line would be normally distributed; this is an assumption which
is not required by the MK test because this test is a non-parametric test. In this study,
different analysis have been adopted for groundwater level analysis such as (i) mean,
standard deviation, coefficient of variation of each time series; (ii) groundwater level
trend analysis was performed for 272 locations (i.e. for each time series) including
pre-monsoon period, mid-monsoon period, post-monsoon period and winter period
(total no. of 1088 time series) using Mann-Kendall test; (iii) Z statistics obtained
from the trend analysis was analyzed to ascertain increasing or decreasing trend of
the time series.

3 Results and Discussion

Analysis was performed for the data sets collected for all the monitoring locations in
seven coastal districts of Odisha. Detailed analysis is shown for one coastal district
Balasore, and the results of all other districts are compiled and shown also.

3.1 Mean, Standard Deviation and Coefficient of Variation

The graphical representation of mean, standard deviation and coefficient of varia-
tion of groundwater level for different monitoring locations of Balasore district (57
locations) and also for different seasons are presented in Figs. 3, 4 and 5.
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Fig. 3 Mean of groundwater
level
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Fig. 4 Standard deviation
groundwater level
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Fig. 5 Coefficient of
variation of groundwater
level

0.000

50.000

100.000

1 4 7 10131619222528313437404346495255

Coefficient of Variation

Winter Pre Monsoon
Mid Monsoon Post Monsoon

3.2 Trend Analysis of Groundwater Level

Trend analysis of the time series was performed using the Microsoft Excel program
MAKESENS [8] which helps in estimating Mann-Kendall test and Sen’s slope esti-
mates. The output obtained from using this program for a location in Balasore district
for four different seasons are presented in Figs. 6, 7, 8 and 9.

3.3 “Z” Statistics of Groundwater Level

Trend analysis was performed for all 57 locations of Balasore district covering four
different seasons and the Z statistics obtained from the analysis for different locations
and seasons are presented in Figs. 10, 11, 12 and 13. If the Z statistics is negative
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Fig. 6 Trend analysis of pre-monsoon data

Fig. 7 Trend analysis of mid-monsoon data

Fig. 8 Trend analysis of post-monsoon data
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Fig. 9 Trend analysis of winter data

Fig. 10 Z statistics of
groundwater levels in
Balasore District during Pre
Monsoon
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Fig. 11 Z statistics of
groundwater levels in
Balasore District during Mid
Monsoon
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Fig. 12 Z statistics of
groundwater levels in
Balasore District during Post
Monsoon
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Fig. 13 Z statistics of
groundwater levels in
Balasore District during Pre
Winter
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Fig. 14 Increasing and
decreasing trend of
groundwater levels in coastal
districts during Pre Monsoon
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then it denotes monotonic decreasing trend and if it is positive it denotes monotonic
increasing trend.

3.4 Results of Trend Analysis for All Coastal Districts

As described above for Balasore district, similar trend analysis was performed for all
groundwater level data series for different locations in seven districts of coastal
Odisha. The results have been compiled and presented in Figs. 14, 15, 16 and
17. The figures indicate cumulative number of increasing and decreasing trend of
groundwater level for different seasons and districts of coastal Odisha.

4 Conclusions

The following conclusions can be drawn from the trend analysis of groundwater level
of different locations pertaining to different seasons in coastal Odisha.

• In Balasore district, the highest coefficient of variation is found in mid-monsoon
period having value 89.05%; in Bhadrak the highest coefficient of variation is
found inmid-monsoon period having value 76.815%; in Jagatsinghpur the highest
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Fig. 15 Increasing and
decreasing trend of
groundwater levels in coastal
districts during Mid
Monsoon
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Fig. 16 Increasing and
decreasing trend of
groundwater levels in coastal
districts during Post
Monsoon 8 
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Fig. 17 Increasing and
decreasing trend of
groundwater levels in coastal
districts during Winter
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coefficient of variation is found in mid-monsoon period having value 93.582%; in
Kendrapada the highest coefficient of variation is found in mid-monsoon period
having value 97.165%; in Puri the highest coefficient of variation is found in mid-
monsoon period having value 98.84%; in Jajpur the highest coefficient of variation
is found in mid-monsoon period having value 96.996%; in Ganjam the highest
coefficient of variation is found in mid-monsoon period having value 98.31%.
It clearly indicates that the highest coefficient of variation in all coastal district
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happens in mid-monsoon season which speaks about quite variation of recharging
during initial two months of monsoon period.

• For groundwater level, during pre-monsoon period 206 locations are having
increasing trend and 66 locations are having decreasing trend. In mid-monsoon
period 152 locations are having increasing trend and 120 locations are having
decreasing trend. In post-monsoon period 142 locations are having increasing
trend and 130 locations are having decreasing trend. In winter 113 locations are
having increasing trend and 159 locations are having decreasing trend.

• From the above analysis, it gives an overall idea about the groundwater level trend
which can help in identifying locations and season of criticality for groundwater
extraction and use.
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Design of Long-Life Pavements for India

Brundaban Beriha and Umesh Chandra Sahoo

Abstract Perpetual or long-life pavements have been proven to be a sustainable
pavement solution to meet heavy traffic demand and to address the material scarcity.
These are normally designed as full depth asphalt pavements to last more than
50 years without requiring any structural rehabilitation, but need periodic main-
tenance to address damages which are confined to top few inches of a pavement.
However, requirement of huge quantity of bituminous materials makes full depth
asphalt pavements very expensive for use in developing countries like India. Stud-
ies in countries like UK and China have shown that long-lasting composite pave-
ments with cemented materials and deep strength pavements with thin granular layer
sandwiched between asphalt layer and subgrade can also be considered as perpet-
ual pavements. In India, the concept of perpetual pavement is relatively new and
introduced only in 2012. Also, the computer program IITPAVE available with these
guidelines does not address the design of perpetual pavements in a comprehensive
manner. Therefore, a computer program called “PerPave” has been developed under
this study to design and compare different perpetual pavement types and to suggest
the optimum perpetual pavement composition with minimum cost. It will be help-
ful for the design engineers in selecting the appropriate perpetual pavement section
considering the budget, traffic, and availability of the materials in the locality.

Keywords Long-life pavement · Perpetual pavement · Optimum perpetual
pavement composition

1 Introduction

Perpetual pavements or long-life pavements when constructed properly can last more
than 50 years without failing structurally. But it needs periodic maintenance to
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address the functional failures arising due to environmental effects which is gen-
erally confined to the top layer. These pavements result in high initial construction
cost but the life cycle cost is low compared to the conventional pavements consider-
ing a period of 50 years [1, 2]. Since 1960, full depth asphalt pavements have been in
use as perpetual pavements where all the layers above the subgrade are asphalt layers
[6]. Recently, India has included full depth asphalt pavement as perpetual pavement
in its design guidelines [5]. However, still it is not gaining popularity as it involves
higher initial cost of construction due to the costly bituminous materials.

Countries like UK [7] and China [13] have been successful in building long-life
pavements with stabilized material called as long-life composite pavements (UK)
or semi-rigid long-life pavements (China). These pavements could be viable alter-
natives to traditional full depth asphalt pavement in terms of pavement construction
and maintenance cost as it would facilitate use of marginal material. Hence, it is
necessary for the decision-maker to compare different perpetual pavement alterna-
tives during decision-making process as it can have a huge impact on the overall
cost of the project. A user-friendly program called “PerPave” has been developed
which facilitates designing and comparing different perpetual pavement alternatives
in terms of cost. This paper describes the framework of the program and outlines the
different features in it.

2 Types of Perpetual Pavement

Countries like US, UK, Israel, and China have adopted different perpetual pavement
types to suite their local conditions. Basically three types of perpetual pavements
(Fig. 1) have been in use so far, i.e., full depth asphalt pavement, deep strength
pavement, and long-life composite pavement, which are different from each other
in terms of materials used in different layers. In full depth asphalt pavement, hot
mix asphalt (HMA) is used in all layers above subgrade, whereas deep strength
pavement uses a thin granular layer in between thick asphalt layer and subgrade.
In case of long-life composite pavements or long-life semi-rigid pavements, thick
cemented layer(s) is sandwiched between a thin bituminous layer and subgrade. The

HMA

Stabilized Layer

Subgrade

HMA 

Subgrade

HMA 

Thin Granular Layer

Subgrade

(a) Full depth 
asphalt pavement

(b) Deep strength pavement (c) Long life composite   
pavement

Fig. 1 Types of perpetual pavements with critical locations
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common element of all perpetual pavement types is that these do not fail structurally
as the major layers experience stresses/strains lower than the endurance limit of the
materials composing those layers.

3 Endurance Limit (EL)

The basic design philosophy of perpetual pavement is based on the concept of
endurance limitwhich is the pavement threshold responses at critical locations.When
pavement responses due to traffic load at the critical locations are below endurance
limit it would have infinite life.

For full depth asphalt pavement and deep strength pavement, these critical
responses are horizontal strain at the bottom of asphalt layer and vertical strain at the
top of the subgrade which controls the asphalt layer fatigue cracking and subgrade
rutting, respectively. Nunn et al. [8] suggested a strain value of 70 and 200 μ 1as
endurance limit for horizontal strain at the bottom of asphalt layer and vertical strain
at the top of subgrade, respectively, which has been adopted in India [5].

In long-life composite pavement, fatigue cracking of stabilized layer is the major
distress. The stiff cemented layer in composite pavement significantly reduces the
vertical compressive strain above subgrade and also reduces the tensile strain at
the bottom of the asphalt layer. Thus, the critical locations for long-life composite
pavements are bottomof the asphalt layer, bottomof the cemented layer, and top of the
subgrade. For eliminating asphalt fatigue and subgrade rutting, the same endurance
limit criteria suggested for full depth asphalt pavement is used for long-life composite
pavement. But for stabilized layer fatigue, Parmeggiani [9] proposed strain ratio
(flexural strain/breaking strain) value 0.25 as endurance limit for cemented material,
whereas Gonzalez et al. [3] suggested a value of 0.26 and 0.33 for cemented material
and lean mix concrete, respectively.

4 Design of Perpetual Pavements

The PerRoad computer program developed by Timm and Newcomb [12] is the
only program which is dedicatedly used for perpetual pavement design. It combines
the mechanistic-empirical design concept and Monte Carlo simulation technique to
obtain a probabilistic analysis of pavement responses to different loading configu-
rations, material properties, and layer thicknesses. Using Monte Carlo techniques,
random pavement sections are selected considering all the variabilities associated
with material property, thickness, and environmental conditions. Similarly, load is
also randomly selected from available load spectra. A total of 5000 Monte Carlo
cycles is used for the analysis. For each cycle, allowable number of repetition of load
until failure and damage is calculated using the following equations:
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N f i = k1
(
1
/

εi
)k2 (1)

Damage in individual cycle (Di ) = 1
/
N f i (2)

where

Nfi Number of cycles until failure,
k1, k2 Empirical constants,
1i Pavement strain response at critical location, and

i Monte Carlo cycle.

Then, total damage is calculated using Miner’s hypothesis:

Total damage (D) =
m∑

i=1

Di (3)

When the 1is below the endurance limit, Nf becomes infinity and damage
becomes zero. Then, the average damage per axle is calculated as Davg = D/m.
Using the damage accumulation rate for a traffic level and expected traffic growth
rate, time before the damage reaches the critical point of 0.1 is estimated. If the
calculated time exceeds 50 years, pavement is selected as perpetual pavement.

Apart from PerRoad, some agencies uses different pavement analysis programs
like Circly (California), Illipave (Illinois), and Kenlayer (Ohio) for design of perpet-
ual pavement [10]. In these programs, trial pavement sections are assumed and the
stress and strain outputs are compared with endurance limit. The pavement sections
whose responses are under endurance limit are selected as perpetual pavements.How-
ever, these programs do not consider the material cost associated with the selected
pavement which is an important parameter for the decision-makers in selecting a par-
ticular pavement composition for a project, as a different composition may satisfy
the criteria of a perpetual pavement with less material cost.

Also, there is no consideration of overloading in the analysis of the existing
programs. The effect of overloading on full depth asphalt up to seven times the
design axle load for 15–20% of time would not discard the infinite life theory when
stress and strain return to endurance limit in normal traffic conditions [11]. But
overloading has a significant effect on composite pavements as the cemented layer
would experience cracks under heavy loading which will grow further even under
normal loading. So considering the effect of overloading a high safety factor should
be chosen for design of long-life composite pavement. Hence, a computer program
has been developed called ‘PerPave’ which analyzes different pavement thickness
combinations and suggests the optimum perpetual pavement section with minimum
construction cost. It also helps in comparing three different perpetual pavement types
which will be helpful in decision-making process.



Design of Long-Life Pavements for India 1065

5 Basic Framework of Perpave

The basic framework of the PerPave is shown in Fig. 2 where different pavement
trial sections are analyzed with a mechanistic pavement model and their responses
are compared with endurance limit criteria. The pavement sections which stratify the
endurance limit criteria are considered for cost analysis and the sectionwithminimum
cost is chosen as the final design of any pavement. The mechanistic pavement model
is based on the solution provided by Huang [4] for linear elastic layer theory.

The entire layout of the PerPave has been divided into six tabs where the first
tab contains the basic information about the program. The second tab contains the
basic information about the project, e.g., name of the project, length of the project,
width of the pavement under the project, etc., which will be used during project
cost calculation and report generation. The third, fourth, and fifth tab is used for
designing the three perpetual pavement types, i.e., full depth asphalt pavement, deep
strength asphalt pavement, and flexible composite pavement, respectively. The final
tab summarizes the output from third, fourth, and fifth for comparison.

Calculation Pavements 
Cost

Final Design
(Pavement with minimum cost)

Material Input Traffic Input Layer Thickness 
Combinations

Mechanistic 
Pavement Model

Pavement Responses
(σ, ε, δ)

Selection of
Pavement sections 

satisfying
Design criteria (σ, ε, δ < EL)

Fig. 2 PerPave design framework for a perpetual pavement type
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6 Design Methodology

The basic layout of the major three tabs shown in Fig. 3 used for designing perpetual
pavement is similar and consists of different components. This section discusses
these components and how these affect the final design.

6.1 Pavement Composition

This section contains information related to the basic composition of the perpetual
pavement type and the properties related to each layer, i.e., modulus, Poisson’s ratio,
thickness range, and material cost. The thickness of each layer is provided in range
as the program evaluates all different combinations of thickness to suggest the one
with minimum cost. Larger the range of thickness values, larger is the computation
time. Hence, logical values should be chosen to minimize the computation time.

6.2 Design Criteria

In this section, the design criteria, i.e., the endurance limit values corresponding to
each perpetual pavement type are stored.

Fig. 3 Layout of PerPave for design of flexible composite pavement
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6.3 Loading Configuration

The program does the analysis based on a dual-tire single-axle load as the stresses
and strains are high under single-axle load compared to tandem and tridem axle. It
allows the user to analyze the pavement with different axle loads and tire pressure.
The tire load value corresponds to the single-tire load of the dual-tire configuration.
It has an additional feature called “Load Safety Factor” (LSF) which could be used
to address the overloading of vehicle. The load safety factor values become “1” in
case of no overloading.

6.4 Optimum Pavement Composition

This section shows the layer thickness composition of the perpetual pavement types
which yield minimum construction cost. The pavement width, project length, and
cost of material are used to calculate the project cost. The project costs of all the
perpetual pavement alternatives are compared in the compare pavement tab.

7 Design Example

A case study is taken up to show the output of the PerPave program. Project details
are provided in Table 1. The three perpetual pavement types, i.e., full depth asphalt
pavement, deep strength pavement, and flexible composite pavement with design
inputs as shown in Tables 2, 3, and 4 were analyzed. The modulus and Poisson’s
ratio value of each layer were taken from IRC 37 (2012) and material cost was
collected from the publicworks departmentwebsite ofOdisha. For flexible composite
pavement, the thickness of asphalt layer was fixed to 180 mm as suggested by Nunn
[7]. Pavements were analyzed for a standard axle load of 80kN with 0.7 MPa tire
pressure. For all perpetual pavement types, LSFwas considered 1. The design criteria
are given in Table 5.

Table 1 Project details

Project component Value

Length of the project 10 km

No. of lanes in each direction 2

Lane width 3.5 m

No. of paved shoulder in each direction 1

Shoulder width 1.5 m
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Table 2 Full depth asphalt pavement details

Material Modulus (MPa) Poisson’s ratio Cost (Rs/m3)

Surface course 3000 0.35 7700

Binder course 3000 0.35 7000

Asphalt base course 3000 0.35 7000

Subgrade 50 0.45 NA

Table 3 Deep strength pavement details

Material Modulus (MPa) Poisson’s ratio Cost (Rs/m3)

Surface course 3000 0.35 7700

Binder course 3000 0.35 7000

Asphalt base course 3000 0.35 7000

Unbound sub-base Thickness dependent 0.35 2350

Subgrade 50 0.45 NA

Table 4 Flexible composite pavement details

Material Modulus (MPa) Poisson’s ratio Cost (Rs/m3)

Surface course 3000 0.35 7700

Binder course 3000 0.35 7000

Cemented base course 5000 0.25 3500

Cemented sub-base 600 0.25 2000

Subgrade 50 0.45 NA

Table 5 Design criteria

Pavement type Critical location Endurance limit

Full depth asphalt pavement, deep
strength pavement and flexible
composite pavement

Horizontal tensile strain at the
bottom of asphalt base layer

70 με [5]

Vertical strain at the top of the
subgrade

200 με [5]

Flexible composite pavement Horizontal tensile strain at the
bottom of stabilized base layer

36 με [9]

The final design output is shown in Fig. 4. It can be seen from the final output that
flexible composite pavement is the costliest alternative with cost of 50.796 million
rupees/km followedbydeep strength pavementwith cost of 50.073million rupees/km
followed by full depth asphalt pavement with cost of 49.266 million rupees/km. For
this project case, full depth asphalt pavement was found to be optimum perpetual
pavement alternative.
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Fig. 4 Comparison of perpetual pavement types for the case study

8 Summary

Perpetual pavements have been proven to be one of the sustainable alternatives to
tackle material scarcity along with saving huge maintenance cost. The best perpetual
pavement type should be selected for a project to suit the budget and local conditions.
The PerPave program would be a handy tool for the pavement designer while select-
ing a perpetual pavement type for the project. It provides the optimum thickness
composition for a perpetual pavement type which not only stratifies the endurance
limit design criteria rather yield minimum construction cost. One of the limitations
of the current version of PerPave is that it does not consider the maintenance and
user delay cost into account while suggesting the best perpetual pavement type. The
total life cycle cost should be the deciding factor during selection of a pavement type.
Therefore, a life cycle cost calculation part would be added to the PerPave in its later
version to make it a complete package for perpetual pavement design.
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Comparison of Coconut Root with Other
Geotextiles for Transportation
Infrastructure

Leonardo Souza and Purnanand P. Savoikar

Abstract To match India’s rapid growth, the transportation infrastructure has to
keep pace especially in the rural regions. Embankments and hill slope stabilizations
comprise amajor challenge in this sector. Today the focus of development has shifted
to natural products and sustainable infrastructure. In this respect, it is vital to also
study a technique that has been used for centuries by the Saraswat civilization that
settled in Goa and is today classified as natural geotextiles. This paper compares
the Geotextiles used today with this ancient sustainable technique. The benefits of
this technique are comparable to those of modern plastics while sustainability is far
better.

Keywords Coconut roots · Geotextile · Natural geotextiles · Traditional goan
saraswat bunds

1 Introduction

As India is developing at a rapid rate, to support this growth the transportation
infrastructure has to keep pace especially in the rural regions that comprise nearly
80% of the total transportation infrastructure in our country. Rural roads once built
are rarely repaired unless a catastrophe occurs and hence embankments and hill
slope stabilizations comprise a major challenge in this sector. Today the focus of
development has shifted from use of plastics to natural products like jute and coir.
Bioremediation, biostabilization, bioengineering and sustainable infrastructure are
the buzz words driving today’s research. In this respect, it is vital to also study
a technique—Traditional Goan Saraswat Bunds (TGSBs) that has been used for
centuries by the Saraswat civilization that settled in Goa and is today classified as
natural geotextiles.
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1.1 Sustainable Transportation Infrastructure

Sustainability is one of the goals of transportation infrastructure. It promotes co-
operation and exchange of information and knowledge about the geotechnical aspects
in design, construction, maintenance, monitoring and upgrading of roads, railways
and airfields with respect to minimizing carbon footprint and longevity of structures.

1.2 Ancient Saraswat Infrastructure Geotechnics

This paper investigates the feasibility and effectiveness of the traditional practice
of using coconut roots for stabilization of earthen embankments used by Ancients
Saraswat (Indus) Civilization who fled the disappearance of the Saraswati river set-
tled in Goa [1]. They used a mix of River-Shell-Lime and Coconut-Leaf-Ash to
stabilize sandy loamy locally sourced soil for traditional coconut tree lined bunds for
transportation, low-land reclamation, rural infrastructure, hill slope stabilization and
housing (Fig. 1). This paper seeks to compare this ancient technique with modern
techniques and its effectiveness.

2 Literature Review

There are innumerable studies carried out on slope stabilizationbydifferentmaterials.
Geotextiles are already a well-established field of research. There is also a vast body
of literature developing on natural geotextiles. There is however a dearth of technical
literature on coconut tree roots.

Fig. 1 Typical TGSB bunds used for transportation infrastructure in Goa
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Fig. 2 Forms of geosynthetic reinforcing products

2.1 Transportation Infrastructure Geosynthetics

The proceedings of the 1st International Conference on Transportation Geotechnics,
[2] deals extensively on geotextiles and other innovations in design and construction
techniques used for transportation infrastructure. Palmeira et al. [3], Fay et al. [4]
and Mittal and Shukla [5] discussed the various advances in soil reinforcement and
their design principles. Geosynthetics is the general term applied to the wide range
of products which are now available (Fig. 2).

They aremanufactured bymany specialized processes using a number of different
polymers. The shear strength properties improve tremendously and vertical walls are
possible. The deflection of reinforced beds decrease and the subgrade vertical stress
increases.

2.2 Bio-Mediated Soil Improvement

De Jong et al. [6] andChou [7] studied the bio-mediated improvement of soil systems,
identifying the primary components and interplay between different disciplines, and
the ability to alter the in situ soil strength and other properties. The primary properties
of soil can realize even a 10-fold change or more include permeability, stiffness,
compressibility, shear strength and volumetric behaviour with biomediation due to
calcite precipitation.

2.3 Grassroot Reinforced Soil

The improvement of soil properties using grassroots has been extensively studied
by Gobinath et al. [8], Hengchaovanich [9], Truong [10] and Teerawattanasuk et al.
[11]. Vetiver grass has the ability to penetrate through soils mixed with stone or
pebbles, through asphalt layer and through hardpan. Vetiver acts as flexible elastic
vertical pile roughly 0.5 m diameter and 2–3 m deep (Fig. 3). Their roots tend to
travel vertically downwards. Due to this reason, they also don’t spread as rapidly as
other grasses. They have more utility in vertical anchorage only.
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Fig. 3 Vertical roots of vetiver grass and three-dimensional roots of coconut tree

2.4 Coconut Root-Soil Improvement

Souza et al. [12] and Souza and Savoikar [13] researched the ancient Saraswat
improvement of soil systems, using a combination of techniques to alter the in situ
soil strength and other properties for infrastructure purposes. A combination of paddy
straw reinforcement, ash-lime stabilization and coconut tree root natural geonet was
successfully used to strengthen and stabilize the embankments and hill slopes for
transportation and other infrastructure purposes. Coconut roots have double action, a
flexible elastic vertical pile roughly 0.5–1 m diameter and 2–3 m deep and a flexible
elastic geomattress roughly 2 m deep and 5–10 m diameter depending on age of the
tree and soil conditions (Fig. 3). Coconut roots, unlike other tree roots, are fibrous
(not tap root) in nature. They are longer, stronger and tougher than grass, release
adhesive secretions in the ground which help in bonding soil particles and increase
strength, when they die the hole left is easily filled by migration of sand particles
without causing piping effect. They are also more resistant to pests and rodents than
normal tree roots.

3 Traditional Goan Saraswat Bunds

Before comparing the ancient and modern techniques it is vital to cast a brief look
at the construction practices of TGSBs.

3.1 Coconut Tree Root Bund Construction

The unique feature of the Saraswat soil strengthening strategy was the double row
of coconut trees planted on the top of the embankment for soil reinforcement. While
normal geosynthetics used provides strength and stability, this ancient technique
provided additional scenic beauty and sustainability. This is most vital in rural roads
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Fig. 4 Embankment and stabilization of hill slopes by TGBS

as repair is rare once construction is completed.Theyneed longer for full functionality
than geosynthetics.

3.2 Traditional Constructional Practices

The base was made by dumping rubble, pitching/armour of rubble was laid on both
sides first, the sandy soil acted as a filter, a layer of rice paddy straw acted as a
separator cum initial geotextile (till roots took over). Layers of 50–30 cm were
compacted along with the outer pitching, sourcing of mud was from the nearby
riverside, coconut tree was planted on top in two rows in zigzag diamond pattern,
replanting schedule for the trees was done every 100 years. Maintaining the line and
slope/batter was done using coir string and bamboo poles cut to size (Fig. 4). Roots
penetrate subsoil and anchor around stones providing additional reinforcement tying
the bund to the subsoil/slope. Thus, the bunds have lasted for the past 8000 years.

3.3 Measurement Techniques

The hand from elbow to fingertip was used as a measure (roughly 50 cm). A side
slope of 1 horizontal to 3 vertical was alwaysmaintained. Berms are present for every
2.5–3 m.

3.4 Traditional Soil Improvement Techniques

Coconut jaggery molasses was fermented in huge cow dung plastered earthen jars
(bhann) it acted as an insecticide/fungicide and also improved the workability. Cow
dungwasmixedwith coconut leaf ash and burnt shell lime from locally sourced clams
(khube-tisreo-shinaneo) added to the fines deficiency and strengthened the soil by
pozzolanic effect. There was an antibacterial dung effect, and soil stabilization and
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Fig. 5 Compaction of soil using traditional bullock chain and hand tamping

strengthening. Rice straw was used for non-sticky and geotextile effect and also for
compaction and initial soil retention.

3.5 Traditional Equipment

Bullock cart transportation, coconut stump rammer, hand implements (for soil, rub-
ble, etc.), 6–8 bullock-chain compacting, etc. was used during the construction of
these embankments and slope stabilization structures (Fig. 5).

4 Use in Transportation Infrastructure

Geotextiles are widely used in transport infrastructure. TGSBs were widely used in
Goa.

4.1 Uses in Embankments and Slope Stabilization

They are mainly used in reinforcing soils for embankments and hill cuttings. They
can be incorporated as part of walls, used behind walls or be a wall themselves as a
wraparound facing. TGSBs serve a similar purpose (Fig. 6). They can also be used
for hill slope stabilization and to control rockfall and landslides.

In addition to stabilizing embankments and hill slopes both can be used as pave-
ment separators, and support over weak loamy soils. They can also be used to bridge
over subsurface cavities and sub-infrastructures like tunnels and sewers. Coconut
tree roots though weaker than synthetic geotexiles individually, collectively perform
better than standard geotextiles due to their density of root per meter square, superior
penetration, greater reach and increased anchorage (Fig. 7). They are better suited
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Fig. 6 Reinforced soil walls compared with TGSB in normal soils

Fig. 7 Reinforced weak loamy subsoils—geosynthetic and coconut root (showing penetration of
subsoil and increased anchorage)

Table 1 Spatial requirement of different embankments

Normal embankment Panelled walls TGSB

Side slope 2H: 1 V 0H: 1 V 1H: 3 V

Side angle 20°–30° 90° 70°–75°

Extra space per m height per side 2 0 0.3

% Space per m height per side 200 0 30

for slope stabilization as they penetrate the substrata even rocks binding underlying
fractured rock-mass together.

Except in case of panel-faced walls, where the face is vertical there is also 170%
savings in the area needed for the construction of TGSB as compared to normal
geotextile reinforced embankment (Table 1). This in turn results in equal savings in
materials and construction costs.

4.2 Important Characteristics

All geotextiles have to be exhaustively tested to determine the optimum textile suit-
able for a particular situation. Their properties depend on the type of plastic or
rubber used and the composite materials present (carbon/glass/steel fibre). Coconut
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Table 2 Physical properties Geotextiles TGSB/Coconut roots

Specific gravity More 1.5

Weight/m More 0.063 kg

Thickness Depends on type 5–10 mm

Stiffness More 8000 kN/m2

Density More 20 kN/m3

Damping factor 0.2 0.3

Table 3 Mechanical
properties

Geotextiles TGSB/coconut
roots

Tenacity More Less

Tensile strength More
500–800 N/mm2

Less
100–200 N/mm2

Bursting strength More Less

Drapability Less More

Compatibility Less More

Flexibility More Less

Tearing strength More Less

Frictional
resistance

More Less due to
exo-skin

Table 4 Hydraulic properties Geo textiles TGSB/coconut roots

Porosity Less More

Permeability Less More

Permittivity Less More

Transitivity More Less

Turbidity More Less

Filtration length Less More

Soil retention Less More

tree roots also need to be tested for similar characteristics. These characteristics of
geotextiles are broadly classified as below (Tables 2, 3, 4, 5 and 6).

4.3 Functions and Uses

Today geotextiles are widely used in transportation infrastructure. They serve var-
ious functions. Coconut tree roots in TGSB also serve similar purposes. Table 7
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Table 5 Degradation
properties

Geotextiles TGSB/coconut
roots

Biodegradation None 5–10 years in dead
trees

Hydrolytic
degradation

Present in heavily
acidic and basic
soils

Moderate

Photodegradation At surface reduces
up to 1 m

None

Chemical
degradation

Present in adverse
soils

None

Mechanical
degradation

Irreversible Self-repairable

Attack of
rodents/burrowing
animals

Present for rubber
and plastics

Moderate

Attack of termite None In temperate zones

Table 6 Endurance properties

Geotextiles TGSB/coconut roots

Elongation More (2—10%) Less (1–5%)

Abrasion resistance Abraded textile is not replaceable Tree roots develop hard scar tissue
to combat damage

Flow Less More

Clogging length Less More

shows comparison of uses of synthetic and natural roots. Figure 8 shows functions
of geotextiles and roots.

4.4 Functions and Uses

Today geotextiles are widely used in transportation infrastructure. They serve var-
ious functions. Coconut tree roots in TGSB also serve similar purposes. Table 7
shows comparison of uses of synthetic and natural roots. Figure 8 shows functions
of geotextiles and roots
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Table 7 Comparison of use
of synthetic and natural
geosynthetics

Geo textiles TGSB/coconut
roots

Filtration Underground
leachates and
water

Underground
leachates and
water

Drainage Leachates and
water

Leachates and
water

Reinforcement Road and rail
embankments

Road
embankments

Cushion Wheel and other
loads

Wheel and other
loads

Separation Present None

Stabilizing Cuts and hill
slopes

Cuts and hill
slopes

Soil strengthening Weak soils Weak soils

Waterproofing From rain and for
ponding

None

Liquefaction
stability

Less More

Seismic stability Less More

Fig. 8 Functions of geotextiles and roots: filtration, drainage, reinforcement, cushion, waterproof-
ing, separation, liquefaction stability

4.5 Comparisons of Coconut Tree Root Fibre with Other
Fibres

Coconut tree roots last longer than other plant fibres in the soil due to their high
lignin, pectin and cellulose content (Table 8). Coconut tree roots are longer than
other individual plant fibres and roots and they perform better. Table 9 compares the
strength of coconut roots and other geotextiles.

4.6 Role of Coconut Tree Roots in Improving Soil Properties

Themechanical effect of coconut tree root systems in enhancing soil stability is based
on three mechanisms (a) Top root mat in surface layers bind soil particle strongly,
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Table 8 Comparison of chemical composition of plant fibres and coconut roots

Fibre Cellulose Hemi
cellulose

Pectin Lignin Extractives Fat as % dry
weight

Cotton 91.8 6.3 – – 1.1 0.7

Flax 71.2 18.5 2.0 2.2 4.3 1.6

Hemp 78.3 5.4 2.5 2.9 – –

Jute 71.5 13.3 0.2 13.1 1.2 0.6

Coir 36.7 15.2 4.7 32.5 3.1 –

Sisal 73.1 13.3 0.9 11.0 1.3 0.3

Abaca 70.2 21.7 0.6 5.6 1.6 0.2

Coconut roots 37.6 15.4 5.1 32.7 3.0 –

Table 9 Comparison of coconut roots with other geotextiles

Fibres Strength
N/mm2

Length m Cross
sections
mm2

Intensity/Density
per m2

Expected life

Jute mats 10–120 roll 5–10 1–3 layers 10

Coir mats 30–100 roll 5–10 1–3 layers 5–8

Paddy straw 10–20 1 5 1–3 layers 5

Vertivier grass 20–33 3–5 2 50–100 5–10

Plastic GT 500–800 roll 2–20 1–3 layers 100

Composite GT 1500 roll 2–20 1–3 layers 100

Coconut roots 100–200 5–10 20 50–300 100

increasing in shear strength of soil (c-φ), this is aided by the roots of local grasses
that grow around the roots (b) The water uptake of roots enhance slope stability, (c)
Deep tree root systems act as soil anchor.

4.7 Mechanism of TGSB Soil Strengthening
and Stabilization

The effect of TGSB in enhancing soil strength and stability is based on three mech-
anisms: (a) Puzzolanic action of burnt shell lime and coconut leaf ash on soil, (b)
the initial effect of paddy straw geofabric and (c) the final impact of coconut root
strengthening.
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4.8 Additional Advantages Over Geosynthetics

TGSBhas several additional advantages vis-à-vis geosynthetics: Aesthetically pleas-
ing enhances scenic beauty, reduces pollution in surrounding areas, handles higher
water velocities, fibrous roots compact the soil without displacement, puncture-
resistant and regenerates when damaged, encourage other plants and grasses growth,
generates income during life, resists storms due to aerodynamic shape, can form a
protective side barrier. Additionally, maintenance can be carried out by any semi-
trained villager making them ideal for rural infrastructure especially in coastal and
hilly regions where coconut trees grow easily.

Coconut tree roots can grow post facto unlike geosynthetics. Roots also get
additional strength on strain hardening (scar tissue growth).

5 Conclusions

In the present study, the Saraswat method (TGSB) was compared to geotextiles.
From the present study, the following conclusions are made:

1. Geosynthetics give higher short-term strength(max life less than 100 years) but
are less sustainable than TGSB (max life more than 1000 s of years).

2. TGSB has equivalent if not better performance than geosynthetics on many
functions.

3. Coconut tree root reinforced Transportation infrastructure is best suited espe-
cially for rural roads as with minimal repairs they last virtually forever.

4. Most significantly this technique reduces pollution while adding to scenic beauty
without compromising on functionality and longevity.

The only disadvantage being that they need longer for full functionality (10 years
for full root growth) than geosynthetics.
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A Study of Dynamic Traffic Assignment
Using Statistical Method for Urban
Scenario

K. Sushmitha Singh, Ch. Hardik, and C. Naveen Kumar

Abstract Rapid urban growth leads to a rise in demand for transport and private
automobiles in urban regions. The current methods have failed in the current situ-
ations to meet the requirements leading to congestion, vehicle pollution and acci-
dents. Vehicular congestion is a major problem in urban road networks. With traffic
congestion on roads, the delay to the road users has been increased and the road
networks reliability is decreasing. Before decade, four-stage modelling was used
as transportation planning tool to evaluate transportation facilities on the system of
transportation. But this kind of planning is not sufficient or not applicable to cover the
dynamic properties for now existing situations and conditions. Hence, there is a need
for new dynamic technique to be applied for the present condition of congestions.
The major theme of this dynamic traffic assignment (DTA) is to control the traffic
situations in networks through real-time measurement, communication and control.
Dynamic traffic assignment was studied for more than four decades and many of the
research works are been conducted but there is a lack in dynamic traffic assignment
techniques research relating to Indian scenario especially for urban road networks. In
this research, the survey is done through a questionnaire which is given to the VNR
VJIET College of Engineering students to record their origin, destination, travel time
and mode of transport. The origin is taken as JNTUH as all the trips are moving over
JNTUH to reach the destination, there are two routes, i.e. one is along with Pragathi
Nagar and another is along Nizampet route. The origin, destination, travel times and
distance parameters are considered for the study. Travel times and the correspond-
ing volume on the selected routes are taken and linear equations are built and user
equilibrium technique is analysed for the obtained equations and the number of trips
is calculated.
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Keywords DTA · Urban road networks · Regression analysis · User equilibrium
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1 Introduction

Traffic congestion is when the vehicles on the road gets slower in their travel speed or
stay in standby condition is termed as traffic congestion. This in general terms is also
called as traffic jam. Traffic congestion may result in the condition like decrease in
capacity levels of the road, due to the various conditions and reasons like occurrence
of accidents and road diversions. The congestion is very common scenario in many
cities and hence several methods are used to reduce it. Congestion levels are very
higher in the many states in India especially like Kolkata, Delhi, Bangalore and
Mumbai and it costs approximately to Rs 1.45 crores annually according to Global
Consultancy Firm studies. In Hyderabad, the average traffic speed decreased from
27.1 to 18.5 kmph as per the traffic survey due to congestions on the roads. To
examine the congestion difficulties and to mitigate them, there is a need for traffic
assignment models. Traffic assignment is defined as the selection of route preference
between the origin and destination and vice versa. It may be also called a route choice
or route assignment.

The main objective of traffic assignment is (i) to estimate zone to zone travel cost
(ii) to obtain the reasonable link flow to identify the highly congested links (iii) the
available routes between the origin and destination. The inputs that are required are (i)
number of routes available between the zones (ii) different routes between the zones
(iii) travel time of each and every available route (iv) a decision rule or algorithm to
solve the problem statement. The outputs obtained from the results of trip assignment
are (i) inter-zonal trips by mode of transport (ii) to predict the resulting flow on each
and every link.

Static assignment is the first model or type of traffic assignment which is a deter-
ministic model based on relation of speed and density. Static assignment is to allocate
the set of drivers with fixed origin and destination on the network of roads to obtain
user equilibrium and system optimal solution. In this, trips are aggregated into time
period by zone priority but are not simulated by individual. The advantages of static
assignment are route choice capability, integration with travel demand models, com-
puting very fast. The major disadvantages of static assignment are it provides no
information regarding the analysis period and aggregate trip tables.

Dynamic traffic assignment is more aggregate, neglecting and great simplifying
variations in behaviour and vehicle types. It can handle large networks and maintain
route choice. It can simulate each vehicle continuously through time like micromod-
els. It can be deterministic and well as stochastic. DTA is a new technique used
nowadays, it is of practical importance because the models have wide range of appli-
cations in the future. DTA is an active study aimed at capturing time-dependent
phenomena such as tail spills, flashbacks and time congestions. DTA components of
travel will depend on War drop’s principles. DTA models can be used to generate
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forecast of traffic that describe the congestions levels will vary with time. The data
required for static and for dynamic is almost same but only the difference is DTA
models require path delay operators. There are two major types of DTA models that
those deploy rule-based simulations and others which do not depend on simulations
but instead depend on equations and inequalities. The simulation-based DTAmodels
are very accurate and provide proper information and position of the vehicles with
respect to the time. ITS and ATMIS are integrated with simulation-based modelling.
This model helps in visualizing the obtained outputs. The available software for
DTAmodelling is DYNA SMART P, DYNAMEQ, TRANUS, AIMUSM and others,
but this cannot be used because of the commercial proceedings for the simulations.
The other type of DTA is based on analytical methods which uses the mathematical
equations. The analyticalmethod takes into account themacroscopic andmicroscopic
conduct in terms of optimum conditions, and adhesives with the dynamic Wardrop’s
principle. The methods available are user equilibrium, system optimum assignment,
Frank–Wolfe algorithm, gradient projection method, mathematical programming,
variational inequality and, optimal control theory.

This research studies the macroscopic, mesoscopic assignments of the vehicles
and an attempt is made to develop a model using user equilibrium, system optimum
assignment and Frank–Wolfe algorithm. However, this model mentioned is majorly
used to describe the traffic congestions. For this research, the survey is done through
questionnaire regarding the origin and destination, their travel times and travel costs.

1.1 Objectives of the Study

i. To develop and validate DTA model for the urban road networks
ii. To estimate the effect of different parameters on the network with respect to

time
iii. To calculate the number of trips through user equilibrium equations generated.

2 Literature Study

Few studies were made by researchers regarding the dynamic traffic assignment.
Some of them are discussed below.

Azad Abdulhafedh (2017) developed a comparison between three models. The
main model offers a harmony DTA to counter the substantial clogged urban system.
The model uses Dyna MIT-P re-enactment-based DTA to get arrange execution
estimation, for example, time subordinate streams, travel times promotion line length.
The second model offers a method to find path marginal cost. DTA model that
estimates the impact on travel times and travel routing by mesoscopic simulation on
moving bottleneck and network performance.
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Duell et al. [1] developed a model and this was the first large scale developed in
Australia.A lot of information sources, including a strategic travelmodel of Sydney, a
road network model, family travel surveys, the Sydney GTFS information and traffic
volume count data have been compiled and synthesized in Australia. The research
team in Sydney wanted to extend the deterministic dynamic traffic assignment model
to account for violation of traffic flows.

Fusco et al. [2] involved the study of developing a QDTA model that deals with
the time-dependent traffic and its demand and simulating traffic congestion on the
urban road networks. This model allows to simulate several hours of traffic on large
urban congested roads in very less time using standard computer. The model is
capable of producing traffic situations which is compared with the more complex
simulations-based DTA models.

Yang and Jayakrishnan [3] The suggested model for dynamic traffic assignments
can be easily implemented to assess the strategic and progressive signal coordination
scheme for transport plan and operational management as well as for investment
projects. The proposed gradient projection algorithm uses the Hessian Matrix in
conjunction with step sizer to obtain the best and faster convergence in the model.

Camille (2011) proposed a model named VISTA (visual interactive system for
transportation algorithm) and gives the information about the incident presence
and availability of alternate routes and also to improve or enhance the incident
management and to reroute the traffic from the congested zones.

Zhengu (2008) described the multi-class analytic DTA model. The user class
interdependence ismodelled. The solution depends on bilevel modelling that is based
on an iterative algorithm for optimization.

Shuguang (2003) discussed the average length of queues encountered by cars
entering the connection at interval K and shall be calculated on a model based on
kinematic wave theory. The tail size is calculated while the link is entered and the
link is left.

Liu et al. [7] developed a DTA model with probabilistic time and perceptions,
the perceptions considered are under dynamic and stochastic networks. The model
considers the risk-taking behaviour of the travellers as stochastic. The solution algo-
rithm shall be the combination of relaxation approach, stochastic network loading
and methods of successive average.

Jayakrishnan et al. [8] studied about the modified Greenshield’s equation and
Bilevel programming. The travel time are not decreasing and convex with the density
therefore the link cost function is derived fromGreenshield derivations and the results
obtained are accurate and can be applied to different networks.

3 Methodology

The program adopted for the research study is shown below (Fig. 1).
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Results and Discussions

Fig. 1 Schematic approach of methodology of research work

4 Data Collection

Data is collected through the Questionnaire forms from the students of VNRCollege
of Engineering regarding their trip details like origin, destination, travel time, travel
mode and route preference. From the obtained data, the trips are categorized as per
their localities, each and every trip is analysed from JNTUH toVNRVJIET in spite of
any origin. The trips between JNTUH and VNR VJIET are distributed via Nizampet
and Pragathi Nagar. The locality maps are below.

The above figure states that to reach VNR VJIET college of engineering, we are
provided with two different routes, i.e. one is via Pragathi Nagar and Nizampet route.
The above data reflects the travel times for different averaged traffic volumes. The
travel times are obtained from questionnaire survey and the volume survey is done
through videography to determine the average traffic volume. The actual 5-minute
interval volume is estimated from videography survey which can be represented in
excel sheet attached separately along with the paper (Figs. 2 and 3, Tables 1 and 2).

4.1 User Equilibrium Assignment

The user balance is based on the first principle of War drop, which defines that the
driver does not unilaterally reduce travel costs by turning back to the alternating
route. The O-D pair can be described as user balance (UE),

Fk(Ck − U) = 0, (1)
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Fig. 2 Pragathi nagar location

Ck − U >= 0, (2)

where Fk is the flow on path k, Ck is the travel cost on path k, U is the minimum cost,
the equation has two states,

(i) If Ck −U = 0, from the Eq. 1 Fk ≥ 0. This means that all used path will have
the same travel times.

(ii) If Ck − U ≥ 0, then from Eq. 1, Fk = 0.

This implies the every single utilized way will have travel times more prominent
than least-cost ways, where Fk is the stream on the way k, ck is the movement cost
on way k and u is the base expense.

4.1.1 Suppositions in User Equilibrium Assignment

(i) The user should have a good knowledge of the travel cost.
(ii) Travel time on a given connection is an element of the stream on that interface

as it were.
(iii) Travel time capacities are sure and expanding.
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Fig. 3 Nizampet location

The solution for the above balance conditions is given by the arrangement of a
proportional nonlinear numerical streamlining program.

Minimize, Z =
∑ xa∫

0

ta(xa) dx (3)

The above equations are flow conservation and non-negative limitations. The
limitations keep the objective function to a minimum. The equations mentioned will
represent the user equilibrium principle. The total can be divided into 2 types, i.e.
one which carries the flow and other is which does not carry the flow along the
path on which the travel time is greater than or equal to minimum O-D travel times.
In the event that the stream design fulfils these conditions no driver can better off
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Table 1 Volume data for
Pragathi nagar route

Travel times Averaged volume

10 392

13 574

15 656

17 704

18 704

20 881

23 921

25 1052

30 1224

32 1339

35 1445

40 1544

Table 2 Volume count for
Nizampet route

Travel times Averaged volume

10 786

15 1018

20 1342

25 1718

30 2082

35 2363

by singularly changing courses. All the available different routes may have same
or higher travel times. The issue of user balance is convex, because the functions
of travel time monotonically increase and the connection between time and flow is
autonomous. Therefore, Frank–Wolfe technique can be used further to fix such a
convex problem.

4.2 Mathematical Modelling

The statistical analysis like linear regression which explains the relationship between
dependent and independent variables has been used to obtain the utility function of
the different routes, i.e. Pragathi Nagar and Nizampet route. The obtained volume
is considered as independent variable and travel times is considered as dependent
variable. The graphs are plotted between volume and travel time, using this graph, a
linear equation is obtained through regression analysis for two routes separately and
the R2 value is obtained for both the routes. Hence it is applicable to use the obtained
equations. The obtained equations are replicated with user equilibrium equations.
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5 Results and Discussions

From the utility equations obtained from linear regression, the further user equilib-
rium analysis is performed. The R2 values of the utility equations obtained from the
regression analysis are less than 1, hence the equations obtained can be suggested to
use for the analysis (Figs. 4 and 5).

Y = 0.0153X − 1.0048 (4)

Y = 0.0258X − 0.6275 (5)

The points which make a linear trend line are only taken into consideration for
the analysis.

The equations obtained are analysed with the user equilibriummodel and the trips
are obtained.

Min Z =
x1∫

0

0.0153x1 − 1.0048 +
x2∫

0

0.0258x2 − 0.6275 (7)

.. (8)

Subject to
x1 + x2 = 127. (The total number of trips to reach the destination are 127).

Fig. 4 The plot made
between the travel time of
Nizampet route and its
corresponding volume

Fig. 5 The plot made
between the travel time of
Pragathi nagar route with
corresponding volume
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Substituting x2 = 127 − x , the equation can be formulated as the following
equation.

Min Z = 0.0153
x21
2

− 1.0048x1 + 0.0258
(127 − x1)

2

2
− 0.6275(127 − x1)

2

(9)

Differentiate the above equation and equate to 0 and obtain the values and lead to
the solution of x1 = 40 and x2 = 87.

6 Conclusions

The obtained trips from the questionnaire survey are 127 trips from different origins
to VNRVJIET among which—trips are made via Pragathi Nagar and—trips are
made via Nizampet. But as per the user equilibrium analysis, the obtained results
are 40 trips via Pragathi Nagar and 87 trips via Nizampet. The obtained values are
quite opposite to that of the real-time trips because the drivers are habituated to the
Pragathi Nagar route, as it is the shortest among both the routes even though it has
few difficulties. But in reality, by moving to another path, no driver can unilaterally
cut travel expenses.

The limitation of this approach is that it assumes that the travel time on the path is
the function of the flow on that path but perfectly it is not the scenario because travel
time depends on many other factors like number of access points, road conditions,
geometric parameter andmanymore.Weassumed that the user has perfect knowledge
of the path cost but that might not be real at all the cases as there may be a new user
using the road, who does not know about the path cost. Further research can be done
by taking few other parameters and further analysis can be done through system
optimal and Frank–Wolfe algorithm to obtain the solution.
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A Study on Replacement of Coarse
Aggregate with Recycled Concrete
Aggregate (RCA) in Road Construction

Bhagyashree Panda, Nazia T. Imran, and Kundan Samal

Abstract Growth in population is influencing the construction activities in the recent
times leading to higher demand for various construction materials. This has affected
the environment in an adverse way due to the exploitation of depleting natural
resources. Aggregate prepared by quarrying rocks and then crushed to various suit-
able sizes is one such material which is heavily used in construction industry. This
procedure leads to serious occupational hazards and also causes disturbance in the
ecosystem such as deforestation, air and noise pollution, necessitating the finding of
substitute materials for natural aggregates. On contrary, millions of tonnes of con-
crete are produced every year as wastage due to dismantling of existing structures
which are unconsciously dumped or used for filling lower areas. Since concrete acts
like solid hardened material as rock, its suitability for use as an aggregate can be
explored. In the present study, quarried coarse aggregates, used in both flexible and
rigid pavement construction, are replaced with recycled concrete aggregate (RCA).
Different strength tests such as toughness and hardness test of RCA along with com-
pressive strength test of cube and tensile strength test of cylinder with 0, 25, 50, 75
and 100% RCA replacement have been performed and the results compared with
natural aggregates and with IRC and IS codes. The findings showed that RCA and
natural aggregates if mixed in a proportionate ratio can be used in both pavement
and building construction.

Keywords Coarse aggregate · Flexible pavement · Recycled concrete aggregate ·
Rigid pavement · UCS

1 Introduction

Presently hardened concrete waste is increasing all over the world at an alarming
rate for many reasons, mostly due to demolition or renovation of existing reinforced
concrete or plain cement concrete structures and rigid pavements. Investigations by
the Environmental Resources Ltd. (1979) for European Environmental Commission
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(EEC) predict that therewill be huge increase in construction and demolition concrete
waste to 302 million tonnes by the year 2020 from 55 million tonnes in the year
1980, together in the EEC member countries. According to a report in 2008 by
Ministry of Environment and Forest (MoEF), with rapid urbanisation and increasing
construction activities, India too is generating 0.53million tonnes/day of construction
and demolition waste, with its capital Delhi producing around 5,000 tonnes/day
of concrete waste by building, demolition and land-clearing activities (The Hindu,
August 29, 2014). Concrete rubble or hardened concrete particles is disposed off
to landfills leading to severe adverse environmental impacts as it is not further used
in construction and the options of recycling are still meagre. However concrete
recycling benefits are now slowly being realised in this age of greater environmental
awareness, depleting natural sources of aggregates, more environmental laws, and
to keep construction costs down. Moreover the hardened concrete wastes produced
are of irregular shapes and sizes which need further processing before being used
again in building construction.Oncontrary, these concretewastes canbe conveniently
recycled and used in road construction in place of natural aggregates in various layers
of flexible pavement and as coarse aggregates in the construction of rigid pavement,
usually termed as recycled concrete aggregate (RCA). The potential use of RCA lies
in the fact that aggregates constitutes 75% of concrete and construction as well as
demolition wastes consists of 23–35% proportion of concrete followed by 31.5–43%
of soil (Municipal Corporation Delhi, 2004 and IL&FS ECOSMART, 2005). RCA
can be formed by simply crushing dismantled concrete into smaller sizes, usually
in the range of 20–70 mm and can be explored as a substitute of natural coarse
aggregates provided the mechanical properties are satisfied. In the present study,
RCA is produced by collecting, thoroughly cleaning and crushing waste concrete
samples and sieving to get the requisite sizes to meet the requirements so as to
replace natural coarse aggregates. Different strength tests such as compressive and
tensile strength as well as slump test were conducted on concrete samples formed
using varied percentage of coarse aggregate replacement with RCA and compared
so as to test the suitability of RCA as aggregate in rigid pavement. Toughness test
and hardness test are also conducted using RCA to find its suitability to be used in
both flexible and rigid pavement construction (Fig. 1).

Fig. 1 Natural concrete aggregate and RCA
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2 Literature Review

Wen et al. [1] evaluated the effects of using recycled aggregate in new concrete
pavement and found that replacement of natural coarse aggregate with RCA till 45
percent by volume showednegligible effects on concrete properties but suggested that
for new cement concrete pavement construction RCA can be productively replaced
with a part of natural coarse aggregates in Washington State. It was also stressed
upon the use of high-quality RCA being substituted for natural coarse aggregates.
Adnan et al. [2] calculated the performance enhancement of RCA in concrete mix
using micronized biomass silica (MBS) which is a pozzolanic material formed from
the controlled combustion of rice husk. Results showed that concrete samples at
the age of 7, 14, 28 and 90 days containing RCA along with MBS attained higher
compressive strength and improved the concrete water permeability. Wen et al. [3]
studied the benefits and limitations of using RCA in concrete. It was noticed that
RCA decreased the elastic modulus and compressive strength of concrete as com-
pared to natural aggregate whereas increased the drying shrinkage and creep and
suggested to incorporate some fly ash in concrete mixture to overcome these lim-
itations. Marinković et al. [4] validated the eco-efficiency of RCA by conducting
the environmental assessment of concrete prepared with natural gravel and RCA by
analysing the impact of the transport phase and carbon dioxide intake all through the
life cycle of concrete structures. Soares et al. [5] evaluated the utilisation of RCA
as coarse aggregates with a range of replacement ratios in concrete mixes and then
compared with the same compositions of reference concrete mix made up of natu-
ral aggregates and superplasticizer. Results verified that concrete mixes containing
RCA have an similar mechanical and durability properties as compared to reference
concrete. Mukherjee and Barai [6] established that complete substitution of coarse
aggregates with RCA and nano-silica showed significant effects on the compressive
strength and Interfacial Transition Zone characteristics of concrete mixes prepared
using natural aggregates and RCA, with and without nano-silica. Khoshkenari et al.
[7] investigated the effect on compressive and splitting tensile strengths of 0–2 mm
recycled fine aggregates obtained from normal and high strength concrete. Results
showed that fine RCAs from a 30 MPa parent concrete mix, have 3.5 times higher
water absorption but density 20% less, hence the density of RCA concrete was about
8–13.5% less than normal aggregate concrete. Pedro et al. [8] experimented on total
replacement of coarse natural aggregates by coarse RCA from different sources pro-
ducing concretemixwith a pre-establishedmechanical performance of three strength
ranges: 15–25, 35–45 and 65–75MPa. Themixes produced usingRCA tried to repro-
duce the strength of the source concrete.Guerra et al. [9] analysed the effect of various
replacement ratios of recycled concrete coarse aggregates on the anchorage strength
of ribbed steel bars in concrete by adopting effective w/c ratio of 0.53 and a 125 ±
10 mm slump keeping other parameters constant. Uygunoğlu et al. [10] investigated
the use of recycled aggregate and marble waste in producing of structural cement
concrete with different w/c ratios obtained from crushed concrete waste indicated
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good results in slump-flow, J-ring test, etc. as compared with control series using
crushed limestone aggregate.

3 Materials and Methodology

3.1 Materials

Cement exhibit different characteristics depending on the raw materials used, chem-
ical and oxide compositions, additives and fineness resulting in several types of
cement being available. The cement used in the experiments is ordinary Portland
cement (OPC) of grade 43 in compliance to IS: 8112–1989. The results for physical
and chemical properties of the cement were obtained experimentally by conducting
suitable tests as per IS 4031:1988 and IS 4032: 1985 are presented in Tables 1 and 2.

Aggregates constitute the bulk of concrete, about 70–80% of volume of concrete,
reduce shrinkage, effects economy and have considerable effect on various concrete
mix characteristics and its properties. Aggregates were previously thought as inert
material chemically but at present some of the aggregate types are known to be chem-
ically active and forms chemical bond at the interface of cement paste and aggregate.
Crushed granite of size between 12.5 mm and 10 mm are used for impact and abra-
sion test of coarse aggregates and 20 mm as the coarse aggregate for strength tests
of concrete. The sieve analysis of aggregates is conducted as per the specifications
given in IS 2386 (Part 3): 1963. Fine aggregate used in the experiments fulfilled the
requisite properties and conforms to the zone as per the specification of IS: 383-1970.
The physical properties of fine and coarse aggregates obtained experimentally are
specified in Tables 3 and 4, respectively.

Clean potable water for mixing and curing of concrete was obtained as per IS
456: 2000.

Table 1 Physical properties of OPC grade 43

Sl. no Property Experimental results Prerequisite as per IS 8112:
1989

1.
2.
3.
4.

Fineness in m2/kg
• Initial Setting time in
minutes

• Final Setting time in
minutes

Soundness
• Lechatiler expansion in mm
• Autoclave in percentage
Compressive strength in Mpa
• 72 + 1 h
• 168 + 2 h
• 672 + 4 h

310
170
235
1.50
0.012
30.26
40.55
53

Minimum 225
Minimum 30
Maximum 600
Maximum 10
Maximum 0.8
Minimum 23.0
Minimum 33.0
Minimum 43.0
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Table 2 Chemical properties of OPC grade 43

Sl. No Properties Results Prerequisite as per IS 8112: 1989

1
2
3
4
5
6
7
8
9
10
11

Lime (percentage by mass)
Soluble silica (percentage by mass)
Alumina (percentage by mass)
Iron oxide (percentage by mass)
Magnesia (percentage by mass)
Sulphuric anhydride (percentage by
mass)
Loss on ignition (percentage by
mass)
Insoluble reside (percentage by
mass)
Chlorides (percentage by mass)
Lime saturation factor
Al2O3/Fe2O3

60.8
20.6
5.3
4.0
0.8
1.8
3.1
2.9
0.018
0.9
1.4

6 (maximum)
3 (maximum)
4 (maximum)
5 (maximum)
0.05 (maximum)
0.66–1.02
0.66 (minimum)

Table 3 Physical properties of fine and coarse aggregates

Sl. No Properties Test results for coarse
aggregates

Test results for fine
aggregates

1 Specific gravity 2.7 2.65

2 Fineness modulus 6.2 2.47

3 Water absorption 0.4% 0.85%

4 Free surface moisture – 0.90%

Table 4 Slump value of concrete for different proportions of RCA

Sample % replacement

0% 25% 50% 75% 100%

Cube slump (cm) 25 28 28 28 29

Cylinder slump (cm) 26 27 27 28 29

Recycled concrete aggregates (RCA) used for the study resulted from the pro-
cessing of inorganic material from dismantled concrete mostly consisting of crushed
concrete samples of M25 and M30 grade, disposed off as waste from structural lab-
oratory in School of Civil Engineering, KIIT Deemed to be University which were
then washed, cleaned and graded for use as an coarse aggregate replacement in pro-
ducing various proportions of fresh concrete mix, primarily to check its suitability
to be used as road aggregates.



1102 B. Panda et al.

3.2 Methodology

Hardness and toughness properties of coarse aggregates used in road construction are
closely related and are associatedwithmechanical degradation, so they are often con-
sidered simultaneously. Hence abrasion resistance and impact test were conducted
separately on RCA confirming to IS 2386 (Part 4 and Part 5):1963 (Reaffirmed 2002)

3.2.1 Tests Performed on Aggregates

Aggregate Abrasion Test: Although three different tests can be done to characterise
aggregate abrasion resistance, Los Angeles abrasion test is accepted and widely
used. In this study, 5000 g of RCA and natural aggregate samples are separately
tested in LA abrasion testing machine pertaining to Grade B, taking 11 numbers
of abrasive charges (4584 ± 25 gm) and revolutions of 500 at a rate of 30 to 34
revolutions/minute. Percentage loss of the material by mass due to combined effect
of abrasion, impact and crushing with respect to total weight of material taken was
recorded by sieving through 1.70 mm IS sieve.

Aggregate Impact Test: The objective of impact test is to measure the aggregate
ability to resist impact loading which is often one of the determining factors in the
suitability and service life of a designatedmaterial for a particular application. Impact
resistance can be quantified by two methods, dynamic tear testing and drop weight
testing. In this study, we have used the drop weight testing method to ascertain the
impact resistance of RCA and natural aggregates separately by taking oven-dried
aggregate sample in IS sieve of 12.60 mm passing and 10 mm retained, tamped 25
times and then subjected to 15 blows by a 13.5 to 14 kg weight hammer, dropping
from a free fall height (380± 5mm). The percentage by weight of crushed aggregate
passing through 2.36 mm IS sieve to the total sample weight called as aggregate
impact value (AIV).

3.2.2 Casting of Concrete Cube and Cylinder

Batching: Aggregates are thoroughly cleaned, after which batching was done for
7 and 28 days cube and 28 days cylinder specimen with 0, 25, 50, 75 and 100%
replacement by weight of natural aggregates with RCA for the present study were.
For each proportion and type of specimen, three control specimens were tested for
compressive strength and splitting tensile strength.

Mixing and Filling up of Concrete in Moulds: Past the batching process, water
was added as per the required water-cement ratio and mixing was carried out by
shovel until colour uniformity was achieved and a homogeneous concrete mixture
was formed. Surplus pouring of water was avoided. The concrete mix was filled up
in the moulds in three layers with 25 number of tamping in each layer to fill the voids
within the moulds and achieve minimum compaction of concrete.
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Compaction: After preparation of the concrete mould, for full compaction of the
concrete and removal of any air voids, it was kept in the vibrating table to avoid
excess water loss; the mould was then covered with plastic sheet. Past 24 h, the
hardened concrete samples were demoulded and then cured till the age of testing,
i.e. 7 days and 28 days by submerging in a clean water bath, further which was tested
for compressive and tensile strength.

3.2.3 Tests Performed on Concrete

Slump Test: The slump cone test as per IS: 1199: 1959 (Reaffirmed 2004) was
carried out for each mix proportion of RCA and natural aggregates in concrete with
replacement of RCA by 0, 25, 50, 75 and 100%. It is used to measure the workability
of concrete which completely depends upon water-cement ratio.

Compressive strength test: The compressive strength test was conducted accord-
ing to IS: 4031 (Part 6): 1988 (Reaffirmed 2005) to find out the characteristic com-
pressive strength of the concrete using varying proportions of RCA and natural
aggregates. Three specimens of each type of concrete mix were prepared in standard
cubemould of 150mm andwere placed in the compression testingmachine such that
the load was gradually increased at a rate of 140 kg/cm2/min to the opposite sides
of the cube cast. The maximum load at which the specimens fail was recorded. Any
unusual feature in the failure type was also noted. The final compressive strength is
the average of all the three observations at the curing age of 7 and 28 days.

Tensile strength test: Split cylinder test as per IS 5816: 1999 (Reaffirmed 2004)
was conducted to determine the tensile strength of concrete on each concrete sample
prepared by using varying proportions of RCA and natural aggregates. The test was
conducted after curing of 7 days to find the tensile strength of the cylindrical sample,
loaded to failure continuously at a rate of around 14–21 kg/cm2/min (total load of
9900–14850 kg/minute approximately), in diametrical compression applied along
the entire length. The breaking load was noted down.

4 Results and Discussion

Aggregate Abrasion test: For RCA, the abrasion value was found to be 45.34% and
for natural aggregates, it was calculated to be 28.9%. Although the abrasion value of
RCA was more than natural aggregates but according to IRC, a maximum value of
50% is allowed for bituminous macadam (BM) and water bound macadam (WBM)
base courses and 60% for WBM sub-base courses in Indian conditions. A maximum
value of 35% is specified for bituminous concrete. Therefore RCA can be used in
pavement sub-base and base courses in place of natural coarse aggregates. It can be
mixed and used proportionately along with natural coarse aggregates for bituminous
concrete and rigid pavements.
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Aggregate Impact test: For RCA, the aggregate impact value (AIV) was observed
to be 30.263%and for natural aggregates, itwas calculated to be 23.065%. It is evident
from the above results that there is not much difference in impact value of RCA and
natural aggregates both thematerial have satisfactory impact resistance. According to
IRC, for bituminous macadam andWBM base courses, 35 and 40% is the maximum
permissibleAIVvalue, respectively. Also for rigid pavements,maximumpermissible
AIV value of coarse aggregates for wearing surface is 30% and other than wearing
surface is 45%. So RCA can be productively used in construction of flexible and
rigid pavement in place of natural coarse aggregates.

Slump Value: Slump value was obtained from slump cone test of concrete with
varying proportions of RCA and natural aggregates, i.e. for 0, 25, 50, 75 and 100%
replacement of RCA is given in the Table 5.

It was noticed that the less concrete slump is obtained for sample having 0%
RCA as 25 cm, while that sample having 100% RCA replacement was found to be
maximum, i.e. 29 cm. The result showed that concrete slump value made completely
with natural coarse aggregates was higher than concrete mix with 100% replacement
with RCA as coarse aggregates. This was due to more water absorption by RCA as
was observed during the mixing process.

Compressive strength of concrete cube: The table below gives the experimental
results of compressive strength of concrete cubes with varying proportions of RCA
and natural aggregates for 7 and 28 days curing age, which is the average of 3
observations (Table 6).

From the results, the compressive strength was found to increase slightly with
the addition of RCA, giving maximum compressive strength of 24 and 35 Mpa of
concrete cubes prepared with 50% replacement of RCA for 7 days and 28 days
curing period simultaneously. Also, it was noticed that the compressive strength of
concrete with 50% RCA replacement was close to that of the control concrete (0%
replacement), i.e. concrete made using natural coarse aggregates completely.

Tensile strength of concrete cylinder: Split cylinder test was performed on each
concrete sample to determine the tensile strength of concrete cylinder with varying
proportions of RCA and natural aggregates. The table below gives the result for
tensile strength of cylinder cured for 28 days.

Table 5 Compressive strength of cubes with different proportions of RCA

Sample 0% 25% 50% 75% 100%

7 days cube strength (Mpa) 22.5 21.7 24 18 21.4

28 days cube strength (Mpa) 33.4 33.6 35 27.1 31

Table 6 Cylinder strength of concrete of different proportions of RCA

Sample 0% 25% 50% 75% 100%

28 days cylinder strength (MPa) 3.83 3.85 3.91 3.67 3.51
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Fig. 2 Graph showing the 7 and 28 days compressive strength of concrete cube and 28 days tensile
strength of concrete cylinder with varying % of RCA

From the above results, it was clearly seen that the concrete cylinder tensile
strength also showed the same trend as like compressive strength and is maximum
to 3.91 Mpa with 50% replacement of RCA. Also the tensile strength of concrete
with 50% RCA replacement of RCA was close to that of the control concrete (0%
replacement) (Fig. 2).

5 Conclusion

Based on the present study it can be concluded that RCA can be suitably used as
a replacement of natural coarse aggregates in concrete for the construction of both
building and pavements. The best results were found when the natural coarse aggre-
gates were replaced by 50% of RCA in concrete mix. From the above experimental
results, the following conclusions can be made:

• The target compressive strength of concrete can be reached at 20–40% of RCA
replacement. For high strength concrete (compressive strength up to 40 MPa) can
be achieved by lessening the w/c ratio and adjusting the admixture content.

• The observations indicated that 50% RCA replacement with coarse aggre-
gates gives satisfactory mechanical properties of concrete, namely, compressive
strength and tensile strength which can be used to produce high strength concrete
mixes for rigid pavement construction.

• Similarly, the hardness and toughness test results also complied that RCA
can be effectively used as base and sub-base course material in flexible pave-
ment construction and wearing surface material in concreting in rigid pavement
construction in substitution of natural coarse aggregates.

• Also it was observed that with increase in % of RCA replacement with less water
content results in low workability due to their high water absorption capacity. So
the water content in the concrete mix was continuously monitored.
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6 Limitations and Future Work

In future, RCA will play a very crucial role in material management in construction
industry making it a cost-effective replacement of natural aggregates, majorly in
pavement and building construction because of large quantity of concrete waste.
Although research and studies are going on the effective use of RCA, however, due
to lack of specifications and guidelines and high water absorption capacity, RCA has
some limitations in use as well. Further work can be done to determine the flexure
strength, durability and Marshal stability on different proportions of RCA. Also
suitable admixtures can be put in the concrete mix having RCA as coarse aggregates
to decrease thewater absorption and increaseworkability and thus quality of concrete.
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