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ARTICLE INFO ABSTRACT
Article History: The rubberized crumb concrete has been studied and
Accepted on 12 January 2022  evaluated by partially replacing sand with crumb rubber. The
Published on 25 July 2022 study aims to present a lightweight and eco-friendly material,
that recycles waste tire rubber, and possess insulating
Keywords character with a marginal compromise over mechanical
Concrete, waste rubber tires, strength. The replacement levels were kept as 0, 5, 10, and
recycling, insulation, 15%. The workability was checked through standard slump
lightweight, strength test. The strength was evaluated by standard compressive,

tensile, and flexural tests at 3, 7, and 28 days. The
microstructure was checked through scanning electron
microscopy, and the quality of the material was evaluated
through the non-destructive ultrasonic pulse velocity (UPV)
test. Results reveal that rubberized concrete exhibits a true
slump at all replacement levels, indicating that rubber
particles do not affect the overall cohesiveness of the
material. Density decreases with rubber content and is
linearly related to the UPV values. Compressive strength
increases up to 5% replacement level, indicating some
mechanical interlocking at lower levels between rubber
particles and cement matrix. Indirect tensile and flexural
strengths decrease with rubber content and are closely related
to density and UPV values. Microscopy reveals that the
crumb particles induce voids and possess the bridging
capacity for crack retention. Identical formation of CSH gel
was observed in both control and rubberized concrete.
However, the interfacial transition zone of rubberized
concrete was weaker than that of the control one.
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1. INTRODUCTION

Concrete is an important building material.
The world is constantly on the increase
adapting concrete due to its resilient and
sustainable nature. According to the census
data provided, around 4.4 billion tons of
concrete are manufactured annually around
the globe [1]. Ordinary concrete comprises
three basic ingredients; water, aggregate
(rock, sand, or gravel), and cement. Cement
and water are chemically reactive ingredients,
whereas aggregates must be filler and inert.
The materials are mixed in different ratios as
per need. Cement and water make fluid
cement paste, which hardens with time. This
mixture is allowed to set and hardens into a
stiff rock-like material [2].

On the other hand, rubber tire production is
also high. It is reported that 2.2 billion units
are being produced each year; the production
IS estimated to rise to 2.7 billion by 2022 [3].
It has been analyzed that when one tire
expires, it becomes useless for producing
other tires and is considered waste [4].
Recycling waste rubber tire is not easy
because of its vulcanized nature. Proper
disposal is necessary as it threatens the
environment. The simplest way of disposing
of waste rubber tires is to decompose them
either by burning or burying them inside the
earth. Burning tires have adverse effects on
the environment, whereas burying needs
landfills. Construction across the globe is
increasing over time, and it accelerates the
demand for cement, sand, and aggregates:
This, in turn, depletes natural resources like
limestone, sand, and clay. The rapid use of
these materials needs to slow down for coping
with the natural and environmental changes.
Frequent use of conventional concrete also
necessitates a careful selection of the
constituent materials for avoiding undesirable

consequences like alkali-silica or alkali
carbonate reactions and many others [5-7].
Several research groups have worked aiming
at the potential recycling of waste rubber tires
in construction materials. In the following
paragraph, a brief look at past studies using
waste rubber in concrete is presented.

The addition of crumb rubber as a substitute
for the air-entraining agent in concrete [8].
They have reported that the addition produces
air-entrained concrete with reduced unit
weight, compressive and tensile strength. In
addition, the rubberized concrete shows a
ductile failure. Ho et al. studied the effect of
replacing natural sand (percentage of volume)
with crumb rubber for concrete pavements [9].
The effect was studied via three-point
bending, Brittleness index (BI), Acoustic
emission (AE), and Elastic quality index
(EQI) tests. The brittleness index indicated
that the damage decreased with the increase of
rubber content. The acoustic emission test
indicated better sound absorption with rubber.
The Elastic Quality Index (EQI) revealed that
rubberized concrete exhibited EQI values
within acceptable limits. Ghedan et al. studied
the partial replacement of coarse aggregates
by chipped rubber particles treated with and
without saline [10]. They have reported a
reduced thermal conductivity with rubber
aggregates. In addition, they have expressed
that saline-treated aggregates recover some of
the loss in compressive strength. Pacheco-
Torgal prepared rubber particles from waste
tires by either ambient or cryogenic processes
[11]. Different groups of various dimensions
of crumb rubber particles were mixed in
concrete. Major classes were shredded /
chipped rubber (13 — 73 mm), crumb rubber
(0.425 — 4.75 mm) and ground rubber (0.075
— 0.425 mm). They noticed that the sound
absorption, vibration absorption, and impact
resistance characteristics were better than the
control specimens. It was also observed that
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sound absorption and resilience against the
impact increased as the rubber content in
concrete was increased. Thomas et al.
performed abrasion test conforming to Indian
Standards (1S: 1237-1980) on 28 days cured
concrete [12]. Compared to controlled
concrete specimens, it was found that
rubberized concrete was more resilient against
abrasion. The statistical analysis revealed that
the quantity of rubber showed a linear positive
effect vis-a-vis resistance against abrasion.
The weak bonding between the cement paste
and the crumb rubber particles did not
negatively affect the abrasion resistance of the
rubberized  concrete.  Nevertheless, it
adversely affected the compressive strength.
Paine et al. cast cubes by replacing sand with
crumb rubber particles at different ratios and
performed CEN slab test [13]: The rubberized
concrete performance was much better under
freeze and thaw conditions than traditional
concrete. The behavior of crumb rubber and
air-entraining agent in concrete was found
identical. Zukri et al. studied the combined
effect of crumb rubber and steel fibers
extracted from waste rubber tires [14]. They
have reported that the composite concrete
material showed a high probability to be used
as an insulating (due to rubber) and
reinforcing material (due to steel wires/fibers)
for non-structural purposes.

In this research, crumb rubber tire is used as a
partial replacement of sand in ordinary
concrete rather than as an addition. The
novelty of this research lies in the
determination of the optimal amount of crumb
rubber for replacement with locally available
sand. This research particularly focuses on
using crumb rubber in concrete made from
locally available sand and gravel. The work is

intended to preserve our local reserves in
accordance to the following sustainable
development goals (SDGs) of UNO: SDG No.
11 i.e., Sustainable cities and communities
and SDG No. 12 i.e., Responsible
consumption and production.

During this study, the replacement levels were kept
as 0%, 5%, 10%, and 15%. The intention was:
(1) using a simple technique like scrubbing the
tires for producing rubber particles of the size
of sand (2) recycling waste rubber hence
contributing to the preservation of the natural
environment, (3) deciding a suitable sand
replacement level, keeping in view different
physical, chemical and mechanical
perspectives, and (4) Saving the natural
resources by reduced sand content.

2. MATERIALS AND METHODS

Ordinary and crumb rubber concrete (CRC)
specimens were cast using local cement, sand,
and coarse aggregates as per standard ASTM
C31 procedure [15]. A grade C-53 cement was
used, and its chemical composition and
physical properties are given in Table 1 and
Table 2, respectively. The grade C-53 cement
conforms to ASTM type-1 cement.

Table 1-Chemical composition of

Cement

Components Percentages
Gypsum 1%
Silica 30%
Iron Oxide 2%
Magnesium Oxide 1%
Aluminum Oxide 5%
Lime 61%




E ISSN NO. 2706-9648

Table 2-Physical characteristics of cement

Color Grey
Specific gravity 3.15
Normal 30%
Consistency(%)
Soundness(mm) 2%
Fineness(%) 1%
Initial ~ Setting time 30
(minutes)
Final Setting 610
time(minutes)

Lawrencepur river sand was used as fine
aggregates: its physical properties are
described in Table 3.

Table 3-Physical properties of sand

Specific Gravity 2.69
Fineness Modulus 2.72
Bulk Density 1500
(Kg/im®)

Dry rodded Bulk 1850
Density(Kg/m®)

Water 3.88
absorption(%)

Water Content 2.01
(%)

Coarse aggregates were acquired from the
limestone quarry of Margalla near the
capital Islamabad, and its characteristics are
shown in Table 4. The selected quarries are
well-documented, tested, and contain inert
materials. All constituents were carefully
decided to avoid any unfavorable

Table 5- Physical properties of crumb rubber

consequences, as mentioned above.

Table 4- Physical properties of coarse
aggregates

Max. size (mm) 19
Specific Gravity 2.48
Bulk Density(kg/m?) 1598
Dry rodded 1610
density(kg/m®)

Water absorption(%) 1.49
Void(%) 34.11
Impact Value(%) 13.20
Crushing Value(%) 28.20

Crumb rubber was produced in the
laboratory by shredding the waste tires and
scrubbing them with sandstone. The
finished product is shown in Fig 1. The
physical properties of crumb rubber are
mentioned in Table 5.

Fig 1 Crumb Rubber

Specific Gravity 1.66
Color Black
Surface Moderately rough
Fineness Modulus(%) 4.1
Water absorption(%) 1.25
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Comparing Tables 3 and 5 shows that
crumb rubber should result in lightweight
finished products owing to lesser specific
gravity. Crumb rubber contains coarser
particles and has lesser water absorption.
Low water absorption values add to the

quality of concrete. Sieve analysis of sand

—*— Control 5% crumb

—=10% crumb

and sand-crumb rubber mix as per standard
ASTM C136 method [16] is shown in Fig
2. All mixes are within limits, defined in
ASTM standards for fine aggregates (5).
Nevertheless, the results show a slightly
coarser mix (compared to sand) in all cases.

—*+—15% Crumb
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| L
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Fig 2 Particle size analysis of fine aggregates mixes

A thorough mix design was prepared for
both the control units (C0) and the
modified units (partially replaced sand)
with notations as C5, C10, C15.

Table 6- Concrete Compositions

The composition of the mixes is shown in
Table 6.

c . Sand Crumb Coarse Wat

. emen an ater

Sample Mix wiC Rubber | Aggregate _

Design ratio (kg/m?) (kg/m3) (Liters)
(kg/m?) (kg/m3)

(CO) 1:1.56:3.12| 0.45 11 17.16 0 34.32 4.95
1:1.56:3.12| 0.45 11 16.302 0.858 34.32 4,95

(C5)

(C10) 1:1.56:3.12| 0.45 11 15.44 1.716 34.32 4.95

(C15) 1:1.56:3.12 | 0.45 11 14.586 2.574 34.32 4.95

10
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The samples after mixing were cast using
ASTM C31 standards(15). The molds were
lubricated properly by applying diesel oil
and were thoroughly cleaned by using
sandpaper. The Casting was done in three
layers. Each layer was tempted 25 times.
The molds were removed after 24hrs, and
the specimens were marked by date of
casting as an identity and then were put
inside the curing tank having clean potable
water.

After casting, fresh specimens were tested
against workability and fresh density
following ASTM standard methods C143
and C138, respectively [17,18]. After the
curing period, mechanical properties were
determined as per standard ASTM
procedures [19-21]. Ultrasonic pulse
velocity was determined as per ASTM
C597-09 method [22]. The microstructures
were examined through Scanning Electron
Microscopy.

3. RESULTS AND DISCUSSION
3.1 Workability

The slump test is shown Fig 3. A true

slump was observed in all the fresh
specimens, regardless of rubber quantity:
All concrete specimens were observed to
recede evenly, maintaining the mold shape.
True slump is the most desirable and
indicates the cohesiveness of the concrete

(5).

Fig 3 Slump test of CRC containing 10%
rubber content

11

The results show that rubberized concrete
is generally cohesive. The slump values are
shown in Table 7.

Table 7-Variation of slump with rubber
content

Specimen Slump (mm)
Co 48
C5 40
C10 31
C15 22

ACI 211.1-91 codes designate 25 mm as
the minimum slump for ordinary concrete
works [23]:All specimens except C15
qualify the essential requirement for the
slump of ordinary works. From the results,
it is clear that the workability decreases
with rubber content. The slump is medium
from 0-5% replacement, while higher
replacement levels result in low-
workability —concrete. The loss of
workability in CRC is generally attributed
to the higher absorption rate of rubber
particles [24-25]. At the same time, it also
depends on the degree of compaction:
Higher compaction factor leads to higher
workability and vice versa [26]. The slump
test involves rodding in three layers. Due to
its shock-absorbing characteristics, the
rubber particles hinder the exclusion of
voids, which reduces workability. This
effect was latterly confirmed in the
concrete surface view given in Fig. 7 and
the microscopic view in Fig. 12.

Density

Fresh densities of the specimens are
mentioned in Table 8. ACI 211.1-91 codes
report 2350 kg/m?, as the first estimate of
fresh concrete density with maximum 19
mm size aggregates [23]: As such, all
specimens except C15 have fresh density
more than that specified by ACI codes.
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Table 8-Variation of fresh density with
rubber content

Specimens Density(Kg/m?)
Co 2512
C5 2414
C10 2365
C15 2305

The results reveal that the density decreases
with an increase in rubber content. The
effect is attributed to the lower specific
gravity of the rubber content compared to
sand and the induction of voids, as observed
through the surface and microscopic view.
The results align with the previous studies,
where partial replacement by lighter
materials results in lower densities and

increased porosities [27]. Nevertheless,
low-density materials are helpful, as they
reduce the dead weight of the structures
and, owing to lower thermal conductivity,
lessen the energy requirement of the
buildings [28,29].

3.2 Mechanical properties

3.2.1 Compressive strength

Compressive strength results are presented
in Table 9. It indicates that the strength
increases up to 4% at 5% replacement and
then gradually decreases. The increase in
compressive strength at the lower
replacement level of sand by crumb rubber
is mentioned in the literature without any
reasoning [30].

Table 9-Variation of compressive strength (MPa) with rubber content

Notation 3 Days 7 Days 28 Days
CO 10.49 18.21 28.13
C5 11.30 19.85 29.63
C10 10.96 17.29 26.33
C15 10.28 14.93 22.51

At 5% replacement, the effect of the rough
texture of rubber particles providing
mechanical friction with surrounding
cement paste seems dominant (Refer to Fig
10 and Fig. 11). As the rubber content
increases, other factors govern the strength,
like poor compaction and induction of
voids: at higher content, uniform
distribution of rubber content is also a
problem, and the rubber particles were
observed to form lumps (agglomeration).
The decrease in compressive strength with
increasing rubber content agrees with the
previous studies (31,32).

12

The crack pattern of C5 was highly ductile
as compared to that of CO. On the other
hand, concrete spalled when C10 and C15
were tested: spalling and ductile behavior
are shown in Fig 4 and Fig 5, respectively.
The spalling of concrete is attributed to a
weaker rubber-cement interface. However,
in all the cases of CRC, the failure starts
from a hairline crack, which gradually
increases in size: This is an indication of
ductile behavior.
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(C10)

Spalling of Concrete

(C15)

Fig 4 Crack pattern in concrete specimens containing 10 and 15% partial replacement of sand by crumb rubber

Fig 5 Initialization of cracks in crumb rubber concrete

The surface textures of all the specimens
are shown in Fig. 7. It is evident that as the
rubber content increases, it becomes more
and more challenging to achieve proper
compaction. This, in turn, increases voids.
The results necessitate the use of special

compaction techniques to cope with
increasing voids quantities. The techniques
include but are not limited to (1)
Vibropressing, 2 Joilting, 3)

Centrifugation, (4) Air jets (33). The
appropriate  method can be selected
depending upon the field conditions and
requirements.

3.3.2 Tensile strength

The results of the split cylinder tensile
strength are shown in Table 10.

Table 10-Variation of Split cylinder tensile strength (MPa) with rubber content

Specimen 3 Days 7 Days 28 Days
CO 1.8 1.96 2.38
C5 1.94 2.07 2.22
C10 1.83 2.03 2.19
C15 1.66 1.80 2.04

It can be seen that the split tensile strength
decreases with rubber content. At three
days, the strength increases with an
increase in rubber content up to 5%

13

replacement and gradually decreases. The
same trend was observed at seven days.
However, at 28 days, the strength
continuously decreases with an increase in
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rubber content. According to Singh et al.,
the tensile strength of concrete largely
depends on the paste quality and that of its
interfacial transition zone [34]. While
cement paste quality is observed
unaffected, the ITZ of rubberized concrete
is highly porous (Fig. 12). In literature, the
tensile strength of concrete is considered a
function of compressive strength [35], yet
its deviation from the trend of compressive
strength in special concretes is never out of
the question [36].

3.2.2 Flexural strength

The summary of the results for flexural
analysis is shown in

Table . Just like the above two tests, the
flexural strength also decreases with rubber
content. The decline in flexural strength in
concrete is attributed to a loss in density,
weaker bonds, and increased voids.
However, the crack pattern of crumb rubber
concrete was ductile: slight hairline cracks
were seen initially, and the failure was
slightly gradual compared to those with no
crumb rubber.

Table 11 -Variation of flexural strength with rubber content

Notation 3 Days 7 Days 28 Days
Co 3.45 6.07 7.62
C5 2.76 5.70 6.97
C10 2.50 4.60 6.27
C15 2.39 441 5.43

The initialization of cracks during the
flexural test is shown in Fig 5. Like other
fibers, the rubber particles can also produce
a crack bridging effect, as shown in Fig 6.

According to Sadeghbeigi, flexural strength
is a measure of the bond strength of the
material. In contrast, compressive strength

is more related to particle size and
packing/filling (37): that highlights the
reasons, where compressive strength
increases up to 5% replacement, flexural
strength decreases with an increase in
rubber content beyond 0%.

Bridging of crack

Fig. 6 Chunks of concrete bridged via crumb rubber

14
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3.3 Ultrasonic pulse velocity

The summary of the ultrasonic pulse
velocity test is shown in Table 12. Rubber
content generates voids and hinders the
pulse wave path, resulting in a decrease in
pulse velocity. The production of voids can

be seen in the microscopic view shown in
Fig 12. The results are in close
coordination with the mechanical strength
test results shown in Table 9, 10 and 11
and surface textures shown in Fig 7.

Table 12-Variation of ultrasonic pulse velocity (km/s) with crumb rubber

Notation UPV
Co 35
C5 2.9
C10 2.45
C15 2.1

Fig 7. Deterioration of surface texture with increasing rubber content

According to Singh, the ultrasonic pulse
strongly depends on concrete density (34).
As the density given in Table reduces with

15

an increase in rubber content, the decrease
in UPV is quite understandable. The linear
variation of UPV with change in density is
shown in Fig 8.
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Fig 8. Variation of UPV as a function of concrete density

3.4 Microscopic analysis

The nature of concrete shows that it is a
heterogeneous material (38). SEM analysis
was performed to investigate the presence
of bonding characteristics of crumb rubber
and hydrated cement paste. The cores of

proper size with a diameter of 2 inches (50
mm) were taken from samples after 28 days
of curing, adequately dried, placed into the
vacuum for 24hrs and sent for SEM
examination. The cores of each sample are
shown in Fig 9.

Fig 9 Concrete cores for SEM analysis

Fig 10 and Fig 11 show the SEM images of
the specimen with 5% replacement of sand
by rubber particles. The rubber particles

16

have an irregular shape with flakiness,
rough texture, and undulations.
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Fig 11 Microscopic view showing the formation of cement paste and voids at 5% replacement level

The dominant effect of mechanical extracted. The microscopic view of
interlocking with the surrounding cement concrete having 15% replacement is shown
matrix seems responsible for high strength in Fig 12. This Fig. shows cement paste and
at lower replacement levels. It is also clear its adjacent ITZ: It can be seen that the ITZ
that the distribution of the rubber particles is highly porous. Identical formation of
is somewhat uniform at a lower level with CSH gel was observed in both control and
limited voids. rubberized concrete.

In order to watch the behavior of the
concrete at a higher replacement level,
higher resolution SEM images were

17
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SElI  20kV $S853 x1,800
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Cement paste

ITZ

Fig 12 Microscopic view showing the formation of higher amount of voids at 15% replacement level

Fig 12 also shows that the interface bonding
between the cement paste and the rubber
tire is not being maintained at a higher
replacement level. Due to the absence of an
interfacial bonding mechanism, only
mechanical interlocking can ensure stress
transfer between the rubber particles and
the surrounding cement paste (Fig.s 9 and
10).

Fig 13 shows a core sample of C15: The
rubber particles, appeared on the surface
were in the rough form. Minor traces of
interface zone adhering to rubber particles
were seen, which suggests a weak
interfacial bonding. Some researchers have
proposed NaOH-dipped crumb rubber to
improve 1TZ (39).

Fig 13 core sample of C15

18

The SEM images of Fig 10, 11 and 12
authenticate that the C-S-H morphologies
of traditional concrete and rubberized
concrete are the same. The addition of
waste rubber tire content in normal concrete
does not show any radical effect on C-S-H
formation in concrete.

4. CONCLUSION

The present research intends to evaluate the
concrete containing crumb rubber in
different proportions, replacing sand. Based
on the experimental study, the following
conclusions are withdrawn:

1. The inclusion of rubber particles in place
of sand ensures a true slump, which
indicates cohesive concrete.

2. The partial replacement of sand by
crumb rubber reduces the workability of
the concrete. Replacement of 15%
reduces slump beneath 25mm (ACI
recommended minimum slump for
ordinary concrete works).
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3. Crumb rubber reduces the density of the
concrete. The decrease in density is
linearly related to the UPV values.

4. Crumb rubber reduces the mechanical
strength of concrete. This is attributed to
voids, agglomeration of rubber particles,
and weaker rubber-cement paste
interface. While tensile and flexural
strengths decrease with rubber contents,
compressive strength enhanced up to 5%
replacement only.

5. Crumb rubber improves the cracking
behavior of concrete and makes it more
ductile.

6. SEM analysis reveals that the Interfacial
transition zone of rubber concrete is
weaker than that of traditional concrete:
Highly porous ITZ was observed at a
15% replacement level. Air-entrainment
at 15% replacement drastically reduced
the workability.

7. SEM analysis manifests that the addition
of rubber content does not have any
notable effect on C-S-H formation in
concrete.

8. Based on the results, it is concluded
that ordinary containing 5% sand replaced
by crumb rubber has a reasonable slump,
mechanical strength, low density, and
ductile behavior. This can save 5% amount
of a non-renewable source (sand);
secondly, the concrete can be made more
sustainable by partially replacing sand by
waste rubber. In many occasions, we do
need a sustainable (more porous) concrete
rather than a strong concrete (for example
where insulation is more important and
high strength is not required at all). As a
matter of fact, larger replacements make

concrete highly porous with low strength
and extremely low workability.
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The wastes are growing at exponential rate and required to
be either recycled or reused in concrete, which is the
second most used material in the world. The Coconut shell
and Glass fibers are waste materials, which were needed to
utilize in some beneficial material (like concrete) to reduce
environmental facts. Under this study, coconut and glass
fiber were used as reinforcement materials in concrete. The
Coconut fibers were selected in three different lengths of
0.03 m, 0.06 m, and 0.09 m while glass fiber length was
kept as 0.012 m. Both fibers were incorporated in concrete
at the rate of 1, 3, and 6 % by the weight of cement. The
results show that the workability and strength of concrete
increased with longer length of fibers (Glass Fiber) and
percentage addition of coconut and glass fiber. Therefore,
the workability of Coconut Fiber Reinforced Concrete
(CFRC) increased from 5.26 - 32.11 %, and Glass Fiber
Reinforced Concrete (GFRC) increased from 4.21 — 26.26
%. Also, the strength of Coconut Fiber Reinforced
Concrete (CFRC) increased from 3 - 11 % and Glass Fiber
Reinforced Concrete (GFRC) increased from 4 —10 %. The
maximum workability and strength of concrete sample
increased when Coconut Fiber Reinforced Concrete
(CFRC) of 0.09 m length is incorporated in concrete at the
rate of 6 % by weight of cement.
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1. INTRODUCTION

The elimination of certain waste materials
was important to safe and healthy
environments special in urban areas where the
population was too much as compared to rural
areas. According to WWF-Pakistan, contain
250 million tons of waste materials in
different cities of Pakistan [1]. Such waste
materials are plastic bags, glass (Fiber),
kitchen waste (Coconut fiber, vegetable
fiber), construction demolition waste fabrics
waste, tetra packs, etc. In these waste material
coconut and glass fiber was recycled in the
form of concrete to increase tensile behavior.
Studying various works related to waste
material in

3
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concrete by addition or replacement of
cement in concrete with different
percentages [2-7].

During the production of cement, a huge
amount of COz is released; the emission
of CO: during cement production
pollutes the environment that mainly
affects human health as will causes
global warming [8]. Every year in
Pakistan, the demand and use of cement
increase. The increased rate of cement
production is shown in Fig. 1. The use
of waste materials in concrete like
coconut and glass fiber, which will
reduce the amount of cement in
concrete, increase the compressive and
tensile behavior of concrete [9].
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Fig. 1 - Yearly production rate of Cement in Pakistan
(Source: Trading Economics)

Concrete is an important material, and its
consumption worldwide is estimated at 21—
31 billion tons. Cement is the second most
used substance in the world after water[10].
Concrete is a mixture of sand, gravel, and/
or other combined materials bonded
together with water [11].

The growing concern with the use of natural
resources, driven by technological growth,
increases the consumption of materials in the

24

world. The impact of this increase causes
several industrial sectors to research materials
and alternatives for sustainable growth.
Sustainable growth can be achieved in several
ways, through the use of alternative energies,
such as solar energy; water reuse, as an
example its reuse as use in plantations;
renewable sources, such as the use of fully
biodegradable plastic bags and the use of
waste, such as the use of coconut powder
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reuse and recycle [12]. Composites are
multiphase materials that add mechanical
properties to the materials involved in this
mixture, and this combination of properties
has resulted in the discovery of advanced

materials, with  excellent

mechanical

properties. There are quite a few natural
organic fibers in many countries around the
world. Coconut is a fiber made from seeds and
hair, which was obtained from the outer shell

(endocarp) of the coconut shell [13-15].

The coconut fiber is 10 to 143 m long and
has a diameter of 0.25 m. In addition to
these parameters, high flexibility, and good
strength, other plant fibers allow the use of
coconut fibers to improve compound
properties.

Glass fiber Concrete was popular in
building materials that require creative
design. GFRC was a low density and high
weight strength. This makes it ideal for
design panels that need to be thin but strong.
The GFRC was worldwide and has a wide
range of applications. Just as steel fibers
were mixed with various alloys to achieve
desired properties, glass fibers were made
up of many chemical elements to achieve
desired properties [16].

Fiberglass was the thinnest fiber, which
usually contains limestone, magnesium
oxide, sand, and aluminum. Glass fiber was
stable, high size, easy to operate, high
strength, low cost, not by the biological

attack, non-chemical and has good
electrical properties. Due to these
properties, fiberglass was used as a

reinforcing material.

The use of glass fiber allows to produce
pieces of different shapes and sizes,
applications in various fields of engineering
and industry.

25

Limitations on the use of fiberglass were
due to resistance to low composite
fatigue, low  durability = module
(stiffness), high abrasion, and fiber
treatment, which adversely affect the
operator's health [17].

Due to the strength of fiberglass concrete,
it can be used for construction purposes to
produce decorative panels. GFRC can be
used for small and lightweight panels. This
was due to its being very strong in terms of
weight. Its flexibility offers a wide range of
design flexibility and offers a variety of
finishes, colors, textures, and patterns. A
fiberglass concrete slab, weighing 20 kg /
m and 10 mm thick, can reduce noise by
about 30 dB. This has made it more
suitable for the construction of music
studios and houses where reinforced
fiberglass concrete was used in home
construction in the production of kitchen,
industrial and commercial spaces. This was
because it is sensitive to scratches and
spots. Fiberglass concrete can be used for
water walls as it is resistant to acid, water,
lime, and salt. It, therefore, ensures that the
long-term discharge was in good condition
for a long time. Brick walls can be
supplemented with fiberglass mesh to
reinforce them, as the walls tend to
withstand  environmental  conditions.
Historical restoration has been simplified
and made possible by the use of fiberglass
concrete, as it can be done in the same way
as copies of many constructions works[18].

As a rule, concrete has high compressive
strength and low tension. Conventional
concrete was characterized by a relatively
low tensile strength. In structural
applications, the concrete provides
reinforcing bars for transmitting tensile
strength after cracking of the concrete so
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that it remains largely under load. In
addition, the tensile strength of the concrete
was much lower than that of the steel
reinforcement and the cracks in the concrete
before a significant load was applied to the

steel [19].

There were several advantages to use fiber
in concrete. One of them was a method for
making concrete fibers easier than
reinforcing steel beams. It was simple and
easy to use, wrapping fibers can save on
casting and reduce labor costs. The fibers
may also be made in a thin or irregular
shape; thus, the reinforcement fibers were
always difficult to position when
reinforcing. The only drawbacks of the
fibers were the efficiency, which was lower
than that of the reinforced concrete core and
was not particularly effective in improving
the compressive strength [20-22].

Concrete has desirable structural features such
as durability, strength, and stiffness, but at the
same time, there are limitations such as low
removal and rapid dispersion of stress. The
use of fiber as a reinforcing material is a way
to reduce the limitations of this issue. For this
reason, to study different literature to use the
waste coconut and glass fiber as reinforced
material to increase the tensile strength of
concrete. In this research work, different
percentages of coconut and glass fiber were
added related to the weight of cement in

concrete [23-24].

Fiber-reinforced concrete contains fiber with
different percentages either by weight of

coarse aggregates or by weight of cement

26

Several types of fibers were used in
concrete and some examples are glass,
natural and synthetic fibers [25-26].
Initially, fibers were used to prevent and
control the shrinkage and drying of
concrete. In addition, only one type of fiber
was usually mixed with concrete. After
some research, the addition of fibrous
material to the concrete can also change the
properties like elastic strength, elastic
fatigue strength, and crack strength. In
some earlier studies, more than one type of
fiber has also been mixed into concrete
[20-22], [27], [28]. So, therefore, in this
research study, two types of fibers
(Coconut and Glass fibers) were added to
concrete.

2. METHODOLOGY

The physical properties of different
constituents of concrete mix are described
here and presented in below.

2.1 Cement

Kohat cement was used in this research
work and its physical property was shown
in Table 1

Table 1 — Physical Property of Cement

Properties Values
Fineness value 1.78
Specific gravity value 3.45
. .. 27.68 mins
Initial setting time Vicat Apparatus
Final setting time 8 hrs. 30 mins
Vicat Apparatus
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22 Coarse Aggregate Table 3 — Physical properties of Sand
The coarse aggregate used in this research :
work was obtained from Karak local crush Properties Value
plant and the physical properties were shown Water Absorption (%) 1.368
in Table 2. Specific Gravity value 2.58
Table 2 — Physical properties of Coarse F.M 2.48
Aggregate Rodded Unit WEIth (kg) 1.589
Properties Values 2.4 Glass Fiber
Size (mm) 22 ] ]
The glass fibers were locally available
Crushing Test (%) everywhere in Pakistan. In this research
12.4 work, we used Islamabad's available glass
Water Absorption (%) 085 fiber. The market available glass fiber
__ i ' properties were shown in Table 4 and Fig.
Specific Gravity Value 258 5
Abrasion Test (%) 12.89 Table 4 - Market available glass fiber
Impact Index (%) 14.68 properties
Bulk Density . Values/
(kg/m?) 0.58 Properties Remarks
Modulus of elasticity
75
2.3 Fine Aggregate (GPA)
Glass filament Dia () 16
Locally available sand in Karak was used in Specific gravity 279
this research WOI’k- and their physical Length available (mm) 12-14
property were shown in Table 3. Aspect ratio 860-01

Fig 2 - Locally available Glass fiber Fig 3 - Local Available Coconut fiber in Pakistan
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25 Coconut fiber

Coconut fiber was a waste material that is
available everywhere in Pakistan like
vegetable mandi, food market, etc. In this
research work, the coconut fiber is collected
from Islamabad's local vegetable market.
The physical properties are shown in Table
5. The Fig of coconut fiber was also shown
in Fig. 3.

Table 5 - Physical properties of Coconut fiber

Description Property
Density (g/ cm? 0.89

Length of fiber (m)  10.03, 0.06, 0.09

Diameter of fiber (mm) [0.0044 to 0.26

Table 6 — Concrete Mix Design

After the physical property of the concrete
ingredient, the concrete ratio was designed
shown in Table 6.

Two concrete mixes are prepared by
incorporating different amounts of fibers.
In one type, coconut fibers were
incorporated at the rate of 1, 3, and 6% by
the weight of cement. These were
designated as Control mix, CFRC-1,
CFRC-3, and CFRC-6 containing 0, 1, 3,
and 6 percent fibers respectively of each.
These mixes were separately prepared for
coconut fiber of 0.03, 0.06, and 0.09 m
lengths so a total number of 10 different
mixes were prepared for coconut fiber
concrete shown in Table 7.

20.68 MPa
RATIO BY Ell(zr/nne]g)t Fine Aggregate (kg/mq) Coarse Aggregate (kg/m?3)
VOLUME 374 782.205 1156.8
1.000 2.091 3.093

Table 7 - Total number of samples and addition of glass and coconut fiber

Compressive Flexure Strength Split Tensile Total

E:)_. Samples Description Strength Samples Samples Strength Samples Samples
7 14 28 7 14 28 7 14 28
Days | Day | Days| Days | Day | Days | Days | Day | Days

1 | Control Mix 3 3 3 3 3 3 3 3 3 28
2 | CFRC 1% (CF 30 mm) 3 3 3 3 3 3 3 3 3 28
3 | CFRC 3% (CF 30 mm) 3 3 3 3 3 3 3 3 3 28
4 | CFRC 6% (CF 30 mm) 3 3 3 3 3 3 3 3 3 28
5 | CFRC 1% (CF 60 mm) 3 3 3 3 3 3 3 3 3 28
6 | CFRC 3% (CF 60 mm) 3 3 3 3 3 3 3 3 3 28
7 | CFRC 6% (CF 60 mm) 3 3 3 3 3 3 3 3 3 28
8 | CFRC 1% (CF 90 mm) 3 3 3 3 3 3 3 3 3 28
9 | CFRC 3% (CF 90 mm) 3 3 3 3 3 3 3 3 3 28
10 | CFRC 6% (CF 90 mm) 3 3 3 3 3 3 3 3 3 28
11 | GFRC 1% (GF 12 mm) 3 3 3 3 3 3 3 3 3 28
12 | GFRC 3% (GF 12 mm) 3 3 3 3 3 3 3 3 3 28
13 | GFRC 6% (GF 12 mm) 3 3 3 3 3 3 3 3 3 28

28
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In the second type mix design, glass fibers of
0.012 m length were incorporated in
concrete at the ratio of 1, 3, and 6 % by
weight of cement. These were designated as
GFRC-1, GFRC-3, and GFRC-6 containing
0, 1, 3, and 6% glass fibers by weight of
concrete.

day’s strength and an average value is
reported. Flexural strength tests were also
conducted after 7, 14, and 28 days of
curing. 0.10 x 0.10 x 0.50 m dimensions
of beams were tested. Three beams were
tested each day and an average value of
the three was reported. Split Tensile

Strength tests were conducted only after
28 days. Total cylinders for this test
having a size (0.15 x 0.30) meters was
shown in Table 7. The Sample
preparations of different mix ratios were
shown in Fig. 4.

Specimens were cast from all the mixes for
conducting compressive strength  test,
flexural strength test, and split tensile
strength. Compression strength tests were
conducted after 7, 14, and 28 days of curing.
These cylindrical specimens (0.15 x 0.30)
meters were tested for each

Fig. 4 Cylindrical and beam samples casting

After casting, the concrete samples were
cured for 7, 14, and 28 days. The concrete
samples of beams and cylinders were

shown samples of beams and cylinders were
shown in Fig. 5.

Fig. 5 Curing of cylindrical and beam sampl

For each strength test (Compressive, flexure, is any change in strength concerning
and tensile) samples were cured for the 71, curing days similar to previous studies
14" and 28" days, this was due to check out [29-31].

29
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EXPERIMENT TEST

Different tests were performed to define the
characteristic of coconut and glass fiber
reinforces concrete by different percentage
addition concerning cement ingredients.

In this research work, the slump test was used
to find the workability of fresh concrete. The
slump value of different mix ratios of coconut
and Glass Fiber reinforced concrete (GFRC)
was measured by slump cone, the slump

procedure was shown in Fig. 6. The
compressive strength of 7, 14, and 28
days of both coconut and glass fiber
samples were tested in the crushing
machine shown in Fig. 7. Flexural
strength of 7", 14™ and 28" day’s
samples of both coconut and glass fiber
was tested in UTM machine has shown
Fig. 8. The split tensile strength of all
mixes was tested in the UTM machine as
shown in Fig. 9

Measuring

Fig 9 Split tensile strength of Cylindrical Sample
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4. RESULTS AND DISCUSSIONS

4.1  Slump Test

To find the workability of fresh concrete
slump test was conduct for all specimens

Table 8 - Slump values of fresh concrete

contain a different percentage of Glass and
coconut fibers. The slump test result of all
mix ratios was shown in Table 8 and the
graphical result was shown in Fig. 10.

gg Mix Type Slump Value (mm) | Percentage Variation
1 Control Mix 48.3 -

2 CFRC 1% (CF 30 mm) 45.7 5.26%
3 CFRC 3% (CF 30 mm) 38.1 21.05%
4 CFRC 6% (CF 30 mm) 34.3 28.95%
5 CFRC 1% (CF 60 mm) 44.5 7.89%
6 CFRC 3% (CF 60 mm) 37.1 23.16%
7 CFRC 6% (CF 60 mm) 335 30.53%
8 CFRC 1% (CF 90 mm) 43.4 10.00%
9 CFRC 3% (CF 90 mm) 35.3 26.84%
10 CFRC 6% (CF 90 mm) 32.8 32.11%
11 GFRC 1% (GF 12 mm) 46.2 4.21%
12 GFRC 3% (GF 12 mm) 41.1 14.74%
13 GFRC 6% (GF 12 mm) 36.1 25.26%
50.0

48.0

46.0

44.0

42.0

40.0

38.0

36.0

34.0

32.0

30.0
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Fig 10 Graphical result of slump test
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Table 8 and Fig. 10 show that the slump value
of all concrete specimens decreased with the
addition or incorporation of coconut fiber and
glass fiber in concrete therefore, the
workability of concrete decrease like the
previous research work [29-31].

The decrease in workability with the addition
of coconut and glass fiber of concrete was due
to coconut and glass fiber absorbed water as
compared to the control mix (Normal
concrete).

Compare the slump values of the same
percentage addition of Coconut fiber and glass
fiber in concrete, show that the workability of
coconut fiber concrete was greater as
compared to glass fiber concrete. This was
due to coconut fibers have a greater tendency
to make bands with concrete constituents as
compared to glass fiber. Overall comparison
between mix ratios (Specimen) the slump

value of the normal concrete sample was high
due to there was no direct addition or
incorporation of coconut or glass fiber in
concrete.

The slump values of normal concrete
compared with other specimen (contain
coconut & glass fiber) show maximum and
minimum variation from 5.26 to 32.11 %. The
minimum slump is of 6 % addition of glass
fiber by weight of cement which is 32.8 mm.
The remaining percentage variation of
different sample to the control mix was shown
in Table 8.

4.2  Compressive strength

Compressive strength of 7th, 14th, and 28th
day’s cured samples of both coconut and glass
fiber was shown in Table 9 and the graphical
result was also shown in Fig. 11.

Table 9 — Compressive strength of 71", 14t and 28" day’s samples

Percentage Variation
Mix Type 7(tI\r/ll gg)y 1?1:/? Pia)ly 233: P(ilf)Iy fthday | ldthday | g a0 (MPa)
(MPa) (MPa)
Control Mix 16.31 17.35 18.69
CFRC 1% (CF 30 mm)| 16.88 17.91 19.26 3.3% 8.9% 15.3%
CFRC 3% (CF 30 mm)| 17.58 18.62 19.96 7.2% 12.4% 18.3%
CFRC 6% (CF 30 mm)| 18.26 19.29 20.64 10.6% 15.4% 20.9%
CFRC 1% (CF 60 mm)| 17.17 18.21 19.59 5.0% 10.4% 16.7%
CFRC 3% (CF 60 mm)| 17.81 18.85 20.24 8.4% 13.5% 19.4%
CFRC 6% (CF 60 mm)| 18.28 19.33 20.71 10.8% 15.6% 21.2%
CFRC 1% (CF 90 mm)| 17.22 18.28 19.71 5.3% 10.8% 17.2%
CFRC 3% (CF 90 mm)| 17.86 18.92 20.35 8.7% 13.8% 19.8%
CFRC 6% (CF 90 mm)| 18.55 19.60 21.03 12.0% 16.8% 22.4%
GFRC 1% (GF 12 mm)| 17.06 18.08 19.44 4.4% 9.8% 16.1%
GFRC 3% (GF 12 mm)| 17.27 18.28 19.65 5.5% 10.8% 17.0%
GFRC 6% (GF 12 mm)| 18.40 19.42 20.78 11.4% 16.0% 21.5%
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Fig. 11 Compressive strength of 7th, 14th, and 28th days

Table 9 and Fig. 11 show that the
compressive strength  increases with
increasing the amount of coconut fiber as it
will also increase with the length of
coconut fiber. This was due to improve the
reinforcement property of concrete [29—
31]. The maximum compressive strength is
21.03 MPa of 0.09 m length coconut fiber
with a 6% addition by weight cement in
concrete. The increasing strength of
concrete specimens by the addition of glass
and coconut fiber is due to an increase in
the reinforcement behavior of concrete.
The glass and coconut fiber make a bond
with concrete constituents and behaves like
reinforcement material.

Table 10 - Flexural Strength result of all samples

The glass fiber concrete samples have good
compressive  strength; the  maximum
compressive strength is 20.78 MPa of 6%
addition of glass fiber by weight of cement.
The percentage variation of different
samples of coconut fiber reinforced concrete
with control mix show that the compressive
strength increased by weight as well as by
length of fiber from 15.3% to 22.4%.
Similarly, the percentage variation of glass
fiber with control mix show that the strength
increased from 16.1% to 21.5%.

4.3  Flexural Strength

The flexural strength result of the 7, 14%
and 28" day samples of both coconut and
glass fiber were shown in Table 10 and the
graphical result was shown in Fig. 12.

Percentage Variation

Mix Type 7th day) 14th day | 28th day =" 14th da 28th da

yp (MPa) | (MPa) (MPa) (Mpa)y MPa) y (MPa) y
Control Mix 2.61 2.93 3.18
CFRC 1% (CF 30 mm) 2.70 3.03 3.27 3.3% 13.8% 20.3%
CFRC 3% (CF 30 mm) 2.81 3.15 3.39 7.2% 17.0% 23.1%
CFRC 6% (CF 30 mm) 2.92 3.26 3.51 10.6% 19.9% 25.6%
CFRC 1% (CF 60 mm) 2.75 3.08 3.33 5.0% 15.2% 21.6%
CFRC 3% (CF 60 mm) | 2.85 310 | 344 8.4% 181% | 24.1%
CFRC 6% (CF 60 mm) 2.93 3.27 3.52 10.8% 20.1% 25.9%
CFRC 1% (CF 90 mm) 2.76 3.09 3.35 5.3% 15.5% 22.1%
CFRC 3% (CF90 mm) | 2.86 320 | 3.46 8.7% 184% | 245%
CFRC 6% (CF 90 mm) 2.97 3.31 3.58 12.0% 21.2% 27.0%
GFRC 1% (GF 12 mm) 2.73 3.06 3.31 4.4% 14.6% 21.0%
GFRC 3% (GF 12 mm) 2.76 3.09 3.34 5.5% 15.5% 21.9%
GFRC 6% (GF 12 mm) 2.94 3.28 3.53 11.4% 20.5% 26.1%

33



E ISSN NO. 2706-9648

—p— el
3,58
3.50 3,51 3,52 A53
344 3.46
3,39
3.30
3.10
2.90
2.70
2.50
F D DD DD
A R T e U N SR R S
oY Q”vg Q%Q Q%Q Q'@ Q@ Q@ Q“Q @Q Qq“ {(\” {(0 N
< ‘ < .
& \& N \& S S A AN
< C\Q\ cm cg c\m cﬁ’e\ om oe\ c,m om g\mo c\o cg\k
SIS T P DS USSR S P S LR &
NN NNNO O DO O O O MO I M S M

Fig 12 - Graphic

al result of Flexural strength

From Table 10 and Fig. 12 the compressive Glass Fiber reinforced concrete (GFRC)is
strength increases with an increase in the 3.53 MPa with 6% addition of cement in
quantity of coconut and glass fiber in the concrete.

concrete specimen as compared to the control The percentage variation of different
mix. The maximum flexural strength is 3.58 samples of coconut fiber reinforced
MPa of specimen having coconut fiber (0.09 concrete with control mix show that the
m length) of 6 % addition or incorporation of flexural strength increased by weight is will

cement in concrete. Concrete is weak

in as by length of fiber from 20.3% to 27.0%.

tension but due to the addition of coconut and Similarly, the percentage variation of glass
glass fiber the reinforcement behavior fiber with control mix show that the flexural
increases and as a result, the flexural strength strength increased from 21.9% to 26.1%.

will increase [7].

Similarly, the flexural strength of Glass
Fiber reinforced concrete (GFRC) increases
with the increase in the amount of glass
fiber, the maximum flexural strength of

4.4  Split Tensile Strength

Split tensile strength results of 71", 14"  and
28" day’s samples of both coconut and
glass fiber are shown in Table 11, and the
graphical result shown in Fig. 13.
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Table 11 - Split Tensile Strength of all samples

Percentage Variation
. 7th day| 14th day | 28th da
Mix Type y y y 7th day | 14th day | 28th day
(MPa) | (MPa) (MPa)
(MPa) | (MPa) (MPa)
Control Mix 1.66 1.93 2.07
CFRC 1% (CF30 mm) | 1.67 1.95 2.09 0.9% 14.9% 20.7%
CFRC 3% (CF30 mm) | 1.69 1.97 2.11 2.3% 16.0% 21.6%
CFRC 6% (CF30 mm) | 1.72 2.00 2.14 3.9% 17.2% 22.6%
CFRC 1% (CF 60 mm) | 1.68 1.96 2.11 1.5% 15.7% 21.6%
CFRC 3% (CF 60 mm) | 1.69 1.97 2.12 1.8% 15.9% 21.8%
CFRC 6% (CF60 mm) | 1.74 2.02 2.17 4.9% 18.2% 23.8%
CFRC 1% (CF90 mm) | 1.71 2.00 2.15 3.1% 17.2% 23.0%
CFRC 3% (CF90 mm) | 1.72 2.01 2.16 3.8% 17.7% 23.5%
CFRC 6% (CF90 mm) | 1.74 2.03 2.19 5.1% 18.6% 24.3%
GFRC 1% (GF 12 mm)| 1.70 1.98 2.14 2.5% 16.6% 22.5%
GFRC 3% (GF12mm)| 171 2.00 2.15 3.5% 17.4% 23.2%
GFRC 6% (GF 12 mm) | 1.72 2.01 2.16 3.7% 17.5% 23.3%
—— ==
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Fig. 13 Graphical result of Split Tensile Strengt

The split tensile test increases with the
addition of coconut and glass fiber in
concrete. The maximum split tensile strength
was 2.19 MPa of coconut fiber of 0.09 m
length with a 6 % addition of cement in
concrete.
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Similarly, the split tensile strength of Glass
Fiber  reinforced concrete (GFRC)
increases with the increase in the amount of
glass fiber, the maximum split tensile
strength of Glass Fiber reinforced concrete
(GFRC) was 2.16 MPa with a 6 % addition
of cement in concrete.
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The percentage variation of different samples
of coconut fiber reinforced concrete with
control mix show that the split strength
increased by weight is will as by length of
fiber from 20.7% to 24.3%. Similarly, the
percentage variation of glass fiber with
control mix show that the split strength
increased from 22.5% to 23.3%.

Normal concrete is weak split tensile strength
but increased due to the reinforcement
property concrete with the addition of
coconut and glass fiber.

6. CONCLUSION
The following conclusions are given below:

1. The Slump value decreases with
increasing the amount of fiber (Coconut &
Glass), as well as by increasing the length of
fiber (Coconut & Glass). Therefore, the
workability of concrete decreased with the
addition of coconut and glass fiber. The
Slump value of each sample of coconut fiber
reinforced concrete with length as well as
weight of fiber decreased from 5.26% to
32.11%, and similarly Glass fiber reinforced
concrete decreased from 4.21% to 25.26%.

2. The compressive strength result
shows that the strength increases with an
increase in the quantity as well as the length
of fiber (Coconut & Glass). The best
compressive strength result is 6% by addition
of coconut fiber of 9 cm length. The
compressive strength result of the glass fiber
concrete mixes ratio was also acceptable
values as compared to 1% and 3% addition of
coconut fiber. The compressive strength of
each sample of coconut fiber reinforced
concrete with length as well as weight of fiber
decreased from 15.3% to 22.4% and similarly
Glass fiber reinforced concrete decreased
from 16.1% to 21.5%.
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3. Similarly, the flexural strength is
increasing with increases of the quantity
as well as the length of fiber (Coconut &
Glass). The greater flexural strength is
433.07 psi at 6% addition of coconut fiber
of 9 cm length. The second highest
flexural strength is 424.4 psi at 6%
addition of glass fiber of 12 m length. The
flexural strength of each sample of
coconut fiber reinforced concrete with
length as weight of fiber decreased from
20.3% to 27.0%, and similarly Glass fiber
reinforced concrete decreased from
21.0% to 26.1%.

4. The split tensile strength is also
increased with an increase in the quantity
and length of fiber (Coconut & Glass).
The greater split tensile strength is 317.06
psi of 6 % addition of coconut fiber of 9
cm length. The second highest split
tensile is 312.99 psi of 6% addition of
glass fiber of 12 m length. The flexural
strength of each sample of coconut fiber
reinforced concrete with length as well as
weight of fiber decreased from 20.7% to
24.3% and similarly Glass fiber
reinforced concrete decreased from
22.2% to 23.3%.

5. Overall, the strength parameters of
concrete increased with the addition of
coconut and glass fiber quantity as well as
length of coconut fiber.

5 RECOMMENDATIONS

The following recommendation was
given in this research work.

1. The highest compressive strength is
achieved on a 6% addition of cement by
coconut fiber as well as glass fiber.

2. Similarly, the highest flexure and
split tensile strength is achieved on a
6% addition of cement by coconut fiber
as well glass as fiber.
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6.

SUGGESTION FOR FUTURE WORK

Following are the future recommendations:

To check further percent increase of
coconut fiber as well as glass fiber in
concrete up to 12%.

To check the combined effect of
coconut and glass fiber in concrete with
different mix ratios.

To check CFRC and GFRC against
acid and sulfate attack.
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(ELD) [1] is termed as the useful solution

1. INTRODUCTION to the maximum output of set electric

The principle on which business can
flourish is to have maximum output at
lowest cost to maintain the quality
standards. Power system planning and
operation includes the study of different
problems like Economic dispatch, stability
of system, system protection, load
management, power factor controlling and
unit commitment. Economic Load Dispatch
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generators at lowest possible operating cost
by meeting the demand load, ensuring the
transmission and other constraints.

Initial practices of economic dispatch in
power system are to supply power from
most resourceful plant to meet the load. The
scheme was set that to put variable load on
best efficient power plant untill it reaches
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its maximum limit then the remaining load
is put on the next most effective power
plant. In this way, the load is met but this
practice is not cost effective [2]. The cost
per unit getting from this generation
scheme is high. Looking the need of new
operating scheme rises to counter the fuel
cost at effective use of plants satisfying the
load demand [3]. To solve the ELD issue,
alot of efforts have been put using various
optimization techniques. The top most
techniques which have been used in the past
to solve the ELD are conventional
mathematical techniques. These methods
consist of lambda iteration [4], Quadratic
programming [5], gradient search [6] and
linear programming [7]. These techniques
for global optimization solution require
piecewise linear and monotonically
increasing fuel costs but are not valid for
those generators which have non-
monotonically increasing fuel costs. Valve
point loading effect (VPL) and non-
permitted operating zones (POZ) make
objective function of economic dispatch
discontinuous and non-convex and stuck at
local minima.

Dynamic programming is an important
optimization technique. It can resolve non-
linear and non-convex ED problems, but it
suffers from dimensionality problem, large
computational effort is required to solve
ELD issues [8-9]. To overcome the said
limitations, Artificial Intelligence (Al) has
been developed which is also known as
meta-heuristic optimization algorithm used
for solving global optimization problem in
recent years [9]. These are categorized into
single solution-based techniques and
population-based  techniques. These
categories have their own dimensions and
importance for solving global optimization
problems. Artificial approaches has been
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developed like Genetic Algorithm(GA) [3],
Simulated Annealing (SA) [10], Tabu
Search(TS)  [11], Particle  Swarm
Optimization (PSO) [12] ,Differential
Evolution (DE) [3], krill herd algorithm
(KHA) [13], Ant and Bee colony
optimization(ANC)[14], Chaotic  Bat
Algorithm (CBA), Kinetic Gas Molecular
optimization (KGMO) [15], Algorithm
integrated  with  arithmetic  crossover
operator (ACHS) [16], Backtracking
Search Algorithm (BSA) [17], Fuzzy and
self-adaptive particle swarm optimization
(FAPSO) [18], Grey wolf optimization
(GWO) [19], and Improved Grey Wolf
Optimization for ELD [22] .

GWO gives the best result in comparison to
other swarm intelligence techniques but
itself suffers from convergence issue, took
more iteration to reach best value and don’t
search globally and stuck at local best
value. These issues are resolved in
proposed improved grey wolf optimization
(IGWO) algorithm and furthermore better
results are achieved as compared to GWO,
IGWO and other swarm intelligence
techniques.

1.1 Problem Articulation

Economic load Dispatch allocates the real
power to fulfil the following constraints
while minimizing the total fuel/running
cost of thermal power plant stations.
e To meet the total demanded load
e To meet the max and min
generation  limits of each
Generators
e Prohibited zones must be satisfied
The target is to cutdown the fuel cost of
thermal generation. It is the total fuel cost
to the given load demand. Mathematically
fuel cost [13, 19] is given by:
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Minimize:  F=Xi, Fi(Pg) (1)

Where F; expresses the fuel cost of
generation, Fi is the fuel cost of ith
generator and Pg is the real power
generation of generators. There are two
types of ELD problems which need to be
considered are linear and nonlinear. The
linear characteristics are represented by
quadratic curve. The linear/ convex [4-13]
behaviour of thermal units is modelled as:

F =(Pg,)=a +bPg, +cPg?’. )
Pgi is the active power of generator.

a, b and d are the cost coefficients of
thermal generator.

In practical, thermal power plant have
multiple valve operations. The fuel
controlling by the valves significantly
change the input/output characteristics of
thermal units. This effect is considered by
adding a sinusoidal term in the objective
function. This results into non-linearity in
the aspects of thermal units. The non-
convex behavior [13] of thermal units is
modelled as;

2 .
Fi(Pgi):ai+bini+cini +eixsm(fix(Pi,min_Pi))|' 3)

a, b and d are the cost coefficients of
thermal generators, whereas e and f are cost
coefficients reflecting valve point effect.

ELD is a multi-constrained optimization
problem. This contains voltage constraint,
generation capacity limits, power balance
constraint,  transmission  losses and
boundaries of operating zones. Above
mentioned constraints must be satisfied in
the ELD.
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1.1.1 Voltage Constraint

Voltage must have same value and phase
angle at various points. These values of
both magnitude and phase angle must be
within the specified range [18].

V., <V, <V,

i,min — i,max *

(4)

V(imin) and V(imaxy Min and max limits of
voltage of ith generator.

1.1.2 Power Balance Constraint

If the ordered load and losses are sum up
this will be equal to total generation
[4,18][19].

n

ZPi=PD+PLoss'

i=1

(%)

1.1.3 Generation Constraint

The output of a generator would be such
that it follows the limits either it is real or
reactive power [13,18].

Pi,min <Ppi SPi,max-

(6)

P(imin) and P maxare min and max limits of
voltage of ith generator.

1.1.4 Transmission Loss Constraints

Distance between load centers and power
houses are very large. So, there are
significant transmission losses and cannot
be neglected. B coefficient method is used
for considering transmission loss. These
losses [18] can be modelled as:

PLoss + anzn: PI Bij I:)j + Zn: Boi Pl +Boo . (7)
i=1

i=1 j=1
Boo = Constant
Boi = Vector of same dimension as P;

Bij = Loss coefficient matrix
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1.1.5 Prohibited Zones

Each generator has some boundaries where
its operation is avoided. These boundaries
are known as prohibited operating zones
(POZ). The reason lies in the fact that these
generation zones produce vibrations in
bearings of shaft. So, due to this, shaft may
damage. In order to avoid that damage these
generation zones are avoided.

2 GREY WOLF OPTIMIZATION

Swarm Intelligence (SI) is one of the major
classes in the class of Al techniques. SI
techniques followed the living, hunting
behaviour of school of fishes, flocking of
birds, colonies of ants etc. Various Sl
algorithms have been developed for
resolving optimization problems. Mirjalili
et.al in 2014 produced this new Grey Wolf
Optimization (GWO) [20]. GWO has been
implemented on ED problem by Pradhan et
al. in 2016 [19].

2.1 Social Hierarchy

Grey wolves love to live in herd. They form
group to hunt. There are four types of
wolves in a pack namely alpha, beta, delta
and omega wolves. The grey wolves are
smart worker, and they follow a leadership
hierarchy.

Alpha is the commander of the grey
wolves’ pack. Alpha is responsible for
every type of decision making in the pack.
They have best information about the prey.
Therefore, alpha is considered as best wolf
in the pack. All other wolves follow the
decisions made by alpha wolves. The
second in command is beta wolves. They
support alpha in taking decision. When
alpha passed away then beta becomes the
best candidate for leadership. In hierarchy
the third group is the delta wolves. The
delta wolf obeys alpha and beta. Delta
wolves provide security to the grey wolves’
pack. In the last omega comes. Omega
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wolves are the ordinary wolves. These
wolves obey all other wolves in the group.
These wolves do not involve in decision
making process and just there to help above
said hierarchy. These omega wolves can
eat when all other wolves finish eating.

2.2 Mathematical Modeling Of Improved
Grey Wolf Optimization

GWO mathematical modelling is for
finding of optimal prey position when
applied on ELD, led by alpha, and followed
by other groups. The best prey location
represents  the  optimal  generation
scheduling which results into minimum
fuel cost. The wolf with the less fuel cost
becomes alpha. The GWO technique
provided good results, but better results can
be achieved. Due to lack of global
searching GWO suffers from stagnation
problem, took more iterations to reach best
result. For best results we must overcome
this issue. We have operators like mutation
which has greater global searching ability.
In our research mutation and cross over
operation is integrated into GWO to
increase global searching ability and to
avoid premature convergence of algorithm
to achieve better output. In this research DE
based mutation and crossover operations
are being considered and topology would
be named as "Solution to Economic
Dispatch Problem using Improved Grey
Wolf Optimization (IGWO)". The hunting
behaviour of grey wolves is modelled in
three steps:

e Searching operation (Exploration of

search space)

e Encircling operation

e Hunting the prey

e Attacking (Exploitation of search

space)
e Mutation
e Crossover
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2.3 Searching Operation

In first half of iterations, omega group
deviates from the target estimated by other
groups. For modelling this behaviour, used
vector A. Itis given by [4,19]

A=2axrl-a.
B=2xr2.

(8)
(9)

rl and r2 represents the random vectors and
a decrease from 2 to 0.

When A mode is greater the 1, then wolves
divert from the target in search of best prey.
For the best solution, this is basically the
exploration of search space.

2.4 Encircling

The alpha, beta and delta wolves are
considered as three best wolves based on
their information about prey. The omegas
update their positions based on the
positions of alpha, beta and delta wolves.
Encircling operation [4,19] is represented
by D;

D=|CxX,-X(). (10)

Where Xp is the position vector of prey,
X(t) is the position vector of grey wolf.

Obstacles in nature are represented by
vector C and No. of iterations represented
by t. Since the position vector of prey is
unknown and we know that alpha, beta and
delta have best information about the target,
so we use the position vectors [4] of these
wolves. In the first iteration Da is the best
global solution.

Da :\01>< X, = X'(0)
D,Bz‘CZxXﬂ—Xi(t)‘ (11)
DS =‘C3>< X=X (1)

2.5 Hunting Operation

After encircling operation alpha wolves
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initiate hunting by computing Xi(t+1). The
position of omega wolves are updated
relative to position of alpha, beta, and delta
wolves [19].

X1=X, A —(AlxD,)
X2=X,-(A2xDy).
X3= X, —(A3xDjy)
The new population of grey wolves based

on positions of alpha, beta and delta wolves
is given by;

(12)

X, (t+1) = (X1+X2+X3).
3
(13)
Wherei=1, 2....

2.6 Attacking

For last half iterations the grey wolves jump
over and attack on prey is launched. When
A mode is less than 1 then grey wolves
attack the prey.

2.7 Mutation

Apply the mutation operation [13]

P' =P+ F(P,—-P"). (14)
Wherei=1,2,3,...,Nw, i#gbest,a#b# i #
gbest.

The mutation scaling factor is represented
by ‘F’. Its value ranges from 0.4 to 1. This
factor controls the global searching ability
of optimization process.

2.8 Crossover

Apply the crossover operation. Uniform
crossover will be used. After this operation
ithcomponent of ithwolf will be given by
[13]

Pi [ L e ifrand<C,
i = S else
(15)

Where j = 1,2,...D,i= 1,2...Nw, Cr is the
crossover probability
In proposed IGWO crossover probability is
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not a constant rather it depends upon the
relative fitness of an individual in the
population and it is defined as:
Cr =0.2 * relative Fitness.

(16)
Relative Fitness = F' — F™! /ot _ poest

(17)

These equations show that for best wolf
relative fitness will be zero hence crossover
probability will also be zero. For worst wolf
in the population relative fitness will be 2
so crossover probability will also be 2. So,
we conclude that crossover probability
ranges from 0 to 2.

2.9 Flow Chart

The flow chart Fig.1.
mathematical modelling
mechanism in MATLAB stepwise.

Step 1: Real power generation of all the
alternators is initialized randomly including
their limits and constraints.

Step 2: Fitness of every solution of current
position is evaluated using equation 1 to 3.
Fitness will represent the how far is wolf
from its prey.

Step 3: Alpha, beta and gamma wolves are
categorized based on fitness value.

Step 4: Using the equations from 8 to 13 the
positions of wolves are updated. The
position of each agent will represent the
real power output of ELD problem.

Step 5: Apply mutation and cross over on
the updated positions to change the genetics
of the wolves so, that they will update their
positions once again and nearer to the best
solution.

Step 6: Check the limits and constraints
mentioned either they are justified or not. If
not, then program will ensure requirements
should meet.

shows the
working
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Step7: Program will go to step 2 until max
iterations reached.

Set number of thermal units and max
iterations

v

| Initialize grey wolf pack randomly |

l

| Set iteration counter =1 |

!

Calculate fitness value of 2ach wolf and find out
alpha beta and gamma

|

| Apply enciricing and huntngs operaton l

l

| Apply mutation and Cross over I

!

Check inequality constraint: If voilates then
adjust them

y

Afax iterations
reached?

Yes
T '—> @

Fig 1 — Flow chart of IGWO algorithm.

3 COMPARISION OF RESULTS AND
DISCUSSION

The proposed Improved grey wolf
optimization is implemented on 6, 13 and
15-units standard test cases. Linear,
nonlinear, transmission losses, valve point
effect and prohibited zones are also deal
with. B coefficient method is used for
evaluating transmission losses.

3.1 Test Case 01

This contains six No units, linear test case
1263MW are considered. POZ’s and
transmission losses are count for this test
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case and the data is as per IEEE standard.

Table 1. Shows the statistical data of the six
generators at 1263MW. It shows the
generation of each generator with the limits
Pg(min) and Pg(max) to compare.

The number of wolves for this case taken is
30 and maximum iterations are 300. The
last three rows show the demanded load of
the consumer, total generation of the
powerhouse, total losses and last but not the
least the cost 15377($/hr) of the generator
which is the target.

Fig.2. Gives the convergence
characteristics for six units test system. It
shows that the suggested technique

converges to the most favourable point
before maximum number of iterations
reached.

Table 2. Shows the achievement of
proposed IGWO in getting better results as
compared with other techniques. Three

columns are made which contain min cost,
average cost and max cost. The best cost
ranges from 15450.85 to 15442 ($/hr) and
the IGWO qgives 15377 ($/hr) cost. From
this it's evident that proposed IGWO gives

x10° Result of 06 Gensets at 1263MW
1.541 v T v v

1.5405

154

1.5395

1.539

Cost ($7h)

1.5385

1.538

1.5375 L L L L
n 1nn 1En0 20n 2N 2nn

Fig 2— Rate%f achieving optimal solution of 06
units at 1263MW load.
the best value compared to its other
techniques. Furthermore, 65 ($/hr) savings
leads to large scale benefit when we look it
into month and year.

Table 1 — Results for 06 units with load = 1263MW.

Generator# Pg.(min)MW Pg.(max)MW Output MW
1 100 444.4810 444.4810
2 50 200 171.1699
3 80 300 261.6562
4 50 150 150.0000
5 50 200 162.9039
6 50 120 85.0000
Demanded Load 1263 MW
Total Generation 1275.2 MW
Total Losses 12.2111 MW
Total Cost ($/hr) 15377
Table 2 — Comparison of 06 units with other techniques.
Techniques Min Cost($/hr) Average Cost ($/hr) Max Cost($/hr)
PSO [21] 15450.84 - 15492
NAPSO [18] 15443.76 15443.76 15443.765
DE [3] 15449.766 15449.777 15449.874
KHA-4 [13] 15443.0752 15443.1863 15443.3265
GWO [19] 15443 15444 15445
IGWO[22] 15442 15442.6 15445
Proposed IGWO 15377 15381.2 15390.2
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3.2 Test case 02

Proposed IGWO is tested on 13 units
standard test system. The load demands are
1800 MW and 2520MW in the case as per
IEEE standard. The number of wolves for
this case taken is 30 and maximum
iterations are 1000.The valve point loading
effect is also being considered along with
the losses.

3.2.1 Case A

Proposed IGWO is tested on 13 units
standard test case with load 1800 MW. The
VPL effect is also being considered. Table
3. Shows the min and max limits of the
generator and the generation against each
generator. The total load which is
demanded 1800MW is fulfilled and the
losses are 20MW overall at the cost of
17490 ($/hr.). Losses are considered using
B coefficient method.

Table 3 — Results for 13 units with load = 1800MW.

Generator | Pg.(min) | Pg.(max) | Output | Generator | Pg.(min) | Pg.(max) | Output
# MW MW MW # MW MW MW
1 0 680 628.3923 8 60 180 60.0000
2 0 360 81.5241 9 60 180 60.0000
3 0 360 360.0000 10 40 120 40.0000
120.000
4 60 180 60.0000 11 40 120 0
5 60 180 60.0000 12 55 120 55.1166
6 60 180 180.0000 13 55 120 55.0473
7 60 180 60.0000
1800
Demanded Load MW
1820.1
Total Generation MW
20.0802
Total Losses MW
Total Cost ($/hr) 17490

Fig.3. gives the convergence characteristics
for thirteen units test. It shows that the
suggested algorithm converges to the

>< 10
1_7654a

best point smoothly, too fast and before
last iteration reached.

= Result of 13 Genset Test Cases at 1 SO0ONNW I_oad

1. 762

o =200 1400

s00 sSoo

Fig 3 — Rate of achieving optimal solution of 13 units 1800MW load.
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The results in Table 4. showing comparison
of IGWO with SDE, MABC, PSO-TVAC,
GWO and validate the superiority of IGWO
in terms of cost which is the objective of
paper. The cost of IGWO is 17490 ($/hr)

where else have best cost ranges from
17963.879 ($/hr) to 17945.07 (%/hr).
Furthermore, 455.07 ($/hr) savings leads to
large scale benefit when we look it into
month and year.

Table 4 — Comparison of 13 units at 1800MW load with other techniques.

Techniques Min Cost($/hr) Average Cost ($/hr) | Max Cost($/hr)
PSO-TVAC [6] 17963.879 - -

MABC [5] 18127.78 18129.7010 18134.3131
SDE [7] 18134.49 18138.56 -

GWO [25] 17974.219 17994.671 18031

IGWO [22] 17945.07 17962.0 18001.0
Proposed IGWO 17490 17492.3 17493

3.2.2 Case B

In this case proposed IGWO is tested on 13
units standard test case with load 2520
MW. The valve point loading effects with
other important constraints are considered.
Table 5. Shows the min and max limits of
the generators and the generation against

each generator. The total load which is
demanded 1800MW is fulfilled and the
losses are 36.5MW overall at the cost of
23384 ($/hr.). Losses are considered using
B coefficient method.

Table 5 — Results for 13 units with load = 2520MW.

Generator# Pg.(min)MW Pg.(max)MW Output MW
1 0 680 628.5227
2 0 360 360.0000
3 0 360 360.0000
4 60 180 160.2127
5 60 180 159.8490
6 60 180 180.0000
7 60 180 169.1338
8 60 180 159.8079
9 60 180 68.7666
10 40 120 40.0000
11 40 120 120.0000
12 55 120 95.2222
13 55 120 55.0164

Demanded Load 2520 (MW)

Total Generation 2556.5 (MW)
Total Losses 36.5314 (MW)

Total Cost (\$/hr) 23384
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The Fig.4. Gives the convergence
characteristics for thirteen units test. It

converges to the most favourable point too
fast and before last iteration reached.

shows that the suggested algorithm
x 10% Result of 13 Gensets Test Case at 2520 MW Load
244
2.43 -
242 =}
241 =

Cost($1h)

239 | .

(8] 200 400

600 800 1000

Number of iterations

Fig 4 — Rate of achieving optimal solution of 13 units at 2520MW load.

Table 6. Provides a comparison of fuel
costs. It shows the superiority of suggested
algorithm in terms of minimum fuel cost.
This results into saving of fuel cost when
compared with DE, MABC, SDE, GWO
and IGWO [22] the fuel cost savings are

24202.156 respectively. The proposed
IGWO gives better result as compared to
above mentioned Sl techniques i.e. 23384
($/hr). Furthermore, 818 ($/hr) savings
leads to large scale benefit when we look it
into month and year.

24169.9177($/hr),  24514.8756  ($/hr),
24514.88 ($/hr), 24308 ($/hr) and
Table 6 — Comparison of 13 units at 2520MW load with other techniques.
Techniques Min Cost($/hr) Average Cost ($/hr) Max Cost($/hr)
DE [3] 24169.9177 - -
MABC [24] 24514.8756 24514.8756 24514.8756
SDE [26] 24514.88 24516.31 -
GWO [19] 24308 24319 24335
IGWO[22] 24202.156 24210 24228.351
Proposed IGWO 23384 23385.3 23384.6
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3.3 Test Case 03

Proposed IGWO technique is tested on 15
unit’s standard test case. The demand load
is 2630 MW. The VPL effect is neglected.
POZ’s along with transmission loss is also
considered as per IEEE standards. The max
number of iterations is set to 500, which is
the stopping criteria and 30 numbers of

wolves are considered. The Table 7.
showing the min and max limits of the
generators and the generation against each
generator. The total load of 2630MW s
fulfilled and the losses are 26.84MW
overall at the cost of 32512 (\$/hr).

Table 7 — Results for 15 units with load = 2630MW.

Generator Pg. Pg. Output | Generator Pg. Pg. Output
# (min) (max) MW # (min) (max) MW
MW MW MW MW
1 150 455 455.0000 9 25 162 25.0000
2 150 455 455.0000 10 25 160 35.7380
3 20 130 130.0000 11 20 80 72.3467
4 20 130 130.0000 12 20 80 80.0000
5 150 470 233.7635 13 25 85 25.0000
6 135 460 460.0000 14 15 85 15.0000
135 465 465.0000 15 15 85 15.0000
8 60 300 60.0000
Demanded Load 2630 MW
Total Generation 2656.8 MW
26.8482
Total Losses MW
Total Cost (\$/hr) 32512.0
The Fig.5. gives the convergence converges to the best point too fast and

characteristics for fifteen units test.. It
shows that the suggested algorithm

-
331x10

NResualt of 15 CGemnse

before last iteration reached.

T est Case at 2GS ONIT VN

= - o
=3 =6 |

(=) pRels] =200

SO0 o “2 OO0 S00

TNurmiber of Irteraticorns

Fig 5 — Rate of achieving optimal solution of 15 units at 2630MW load.
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Table 8. Showing a comparison of fuel
costs and shows the superiority of proposed
technique in terms of minimum fuel cost.
The cost of IGWO is 32512.0 ($/hr)

whereas other ranges from 32858.54 to
32550.32 ($/hr). Furthermore, 38.32 ($/hr)
savings leads to large scale benefit when we
look it into month and year.

Table 8 — Comparison of 15 units at 2630MW load with other techniques.

Techniques Min Cost($/hr) Average Cost ($/hr) Max Cost($/hr)
IPSO [12] 32704.45 32704.45 32704.45
PSO [21] 32858.54 32989 33031

SQPSO [18] 32704.86 32707.0765 32711.6179

GAAPI [23] 32732.95 - -

DE [3] 32609.85 32609.851 32641.419
KHA-1 [13] 32586.37 32598.0145 32592.0364
KHA-3 [13] 32564.38 32566.5782 32567.3250
GWO [19] 32555 32556.947 32558
IGWO [22] 32550.32 32552.48 32554.80

Proposed IGWO 32512.0 32512.57 32513.06

4 CONCLUSION

In this research work, proposed improved
grey wolf optimization (IGWO) has been
implemented for solving ED problem
considering power balance constraint,
generation capacity limits and transmission
losses. Both linear and nonlinear ED
problems have been considered in this
research work. To avoid stagnation
problem and premature convergence issue,
mutation and crossover has been proposed
is used to avoid. The proposed algorithm
proves superior in terms of minimizing fuel
cost as compared to Improved Grey Wolf
Optimization [22] presented in 2017.
I Fuel cost saving for first test
system (06 generators) is 65 $/hr.
ii. Fuel cost saving for second test
system (13 generators) with load
demand =1800MW is 455 $/hr.
iii. Fuel cost saving for second test
system (13 generators) with load
demand = 2520MW is 818 $/hr.
iv. Fuel cost saving for third test

51

system (15 generators) is 38.32 $/hr.
Therefore, in the light of results obtained
from this research work, we conclude that
proposed IGWO is an effective tool for
practically to tackle the ELD problem.
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ABSTRACT

The study pertains to the evaluation of the efficacy and
assess the influence of phosphorus fertilizer on the yield of
wheat. The Wheat variety “Faisalabad 2008 was used. The
plot size (20 m x 15 m) of each treatment was planned in a
randomized complete block design (RCBD) with total four
treatments of di-ammonium phosphate as phosphorus
pentoxide fertilizer (P2Os) application; i.e. 100% (140 kg/ha)
of P>Os fertilizer through broadcasting (control treatment),
100% (140 kg/ha), 75% (105 kg/ha) and 50% (70 kg/ha) of
P.Os fertilizer applications using fertilizer band drill with
three replications. P2Os fertilizer application at 100%
recommended rate, i.e. (140 kg/ha) using band drill
enhanced the productive tiller, 1000 grain weight and wheat
yield in comparison with the other treatments but shown
non-significant difference in the grain yield. Furthermore,
the fertilizer band drill also saved 50% P.Os fertilizer
compared with the broadcasting of 100% P2Os resulting in
the less cost of production in the mixed crop zone of
Pakistan.

fertilizer ~ application method of

clearly distinguishes a better fertilizer
application method through fertilizer band
drill from an inefficient conventional
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broadcasting. It will help the farmers to
efficiently utilize and save the fertilizer
with the help of a fertilizer band drill.
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1. INTRODUCTION

Wheat is the most important cereal crop
being used by human beings as a major
food component all over the world.
Pakistan stands among the countries where
wheat production is higher and is being
cultivated over an area of 9.05 Mha and
fulfils the food requirements of 45% of its
population. The requirements of 30% cereal
crops are fulfilled by the wheat crop
globally which makes availability of 20%
of overall food calories of the human body
[1]. As the world population is increasing at
an alarming rate, the production of wheat is
a major challenge for agriculture-based
countries like Pakistan. The breach between
wheat  production and the food
requirements of the people in Pakistan is
too high due to the increase in the
population. This breach can be occupied by
increasing the production of wheat crops
per unit area. Pakistan experienced a Green
Revolution in terms of higher wheat
production in 1960s, but the results of this
Green Revolution were not trickled to small
farmers which consequently decreased the
wheat production with the passage of time
[2]. The global average wheat production is
3490 kg/ha, which is significantly higher
than Pakistan's vyield of 2940 kg/ha.
Neighbouring countries (China and India)
of Pakistan also have high production of
wheat. In China, the production of wheat is
5480 kg/ha while India stands at 3200 kg/ha

[3].

In Pakistan, there are numerous reasons for
the low average production of wheat; (i)
improper and excessive use of fertilizers
and pesticides, (ii) non-availability of
certified seed, (iii) untimely sowing and,
(iv) shortage of water. Fertilizers play an
essential role in wheat production. The
balanced use of fertilizer not only enhances
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crop growth but also increases soil fertility
[4]. Excessive use of fertilizer is hazardous
to human health and creates environmental
problems as excessive fertilizers percolate
down to the subsurface and deteriorate the
groundwater resources. Therefore,
balanced application of fertilizer is
essential for a healthy environment [5].
Crop growth and grain yield of wheat are
relying on fertilizer and irrigation [6]. An
excessive amount of phosphatic fertilizer
amounting to PKR 4.5 billion is utilized for
the sowing of wheat crop in the country. A
big percentage of applied fertilizer vanishes
in the soil for the reason that growing crops
cannot totally consume it [7]. Correct
fertilizer application is a critical component
of farm management for increasing the
yield of wheat [8]. The wheat production
can be enhanced by the balanced usage of
N and P percentages as the yield of wheat
responds actively to the applied fertilizer;
[4,9,10].

Further, fertilizer application technique
also matters. Unlike the broadcasting
technique being used in Pakistan [11], the
fertilizer application in bands using
fertilizer band drill saves up to 50% of
fertilizer by applying 5 cm deep and 5 cm
away from the wheat seed. It also increases
the wheat yield by 9% compared to the
broadcasting method [12]. Alam [13],
concluded that the plant height, tillers per
square meter and vyield of wheat have
expressively improved by applying
fertilizer in bands. The economic analysis
of the applying fertilizer in bands shows
that the farmer can save up to 3250 PKR/ha
using this technique [14].

Using the band drilling technique,
phosphate can be positioned at the
appropriate depth, therefore 60 to 70%
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enhancing the efficacy of dissolved
phosphorus. The application of 100 kg P20s
per hectare using double fertilizer band
placement has been prominent in
improving the productivity of wheat crop,
grain weight, 1000-grains weight and wheat
grain yield [15]. Rehim et al [16] revealed
that fertilizer band drill was more proficient
and cost-effective than broadcasting.
Hussain et al [17] summarized that
application of P.Os at 0.05 m far away side
dressing of the plant rows at 0.05 m soil
depth enhanced the plant vigour and
increased the wheat grain yield under arid
condition.

To evaluate the efficacy of P.Os fertilizer in
wheat cultivation, a comparative study was
planned with the application of P20s
fertilizer using a modified fertilizer band
drill [18] and broadcasting technique in
irrigated land of Sargodha district, Punjab,
Pakistan. In this study, different
percentages of P.Os i.e. 100% P20s (140
kg/ha), 75% P05 (105 kg/ha) and 50%
P.Os (70 kg/ha) were applied using
fertilizer band drill and broadcasting
technique to check the effect of P.Os
fertilizer on wheat crop.

2. METHODOLOGY

The trial was laid out at Adaptive Research
Farm, Sargodha, after the harvest of cotton
in the mixed crop zone of Punjab, Pakistan.
The trial aimed to evaluate the efficacy of
the P»Os fertilizer band drill, broadcasting

development and grain wheat yield. The
soil of the trial location was loamy
consisting of 39% sand, 31% silt and 30%
clay. Soil characteristics including the
organic matter, pH, EC and nutrition are
shown in Table 1.

Table 1: Soil properties of trial site

Soil properties Unit Value
Organic Matter 0.48(%)
Total Nitrogen 0.032(%)
Available
Phosphorous (ppm) 1.94
Available Potassium 135
(ppm)
pH 8.3
ECe (dSm™) 1.95
Soil Texture Class Loam

In this research trial, the wheat crop was
irrigated with canal water. A plot size of
20 m x 15 m was used for each treatment.
A randomized complete block design
(RCBD) was employed in research trial
with four treatments and three replications.
Wheat variety “Faisalabad 2008 was used
with Di-ammonium phosphate (DAP, 46%
P.Os + 18% Nitrogen) applied at the time
of sowing. Wheat was sown using a drill
machine after the cotton crop was harvested
both years. The treatments of the trial are
given in Table 2.

and recorded their outcomes on the
Table 2: Description of P2Os treatments
Treatment No. Treatment description
T1 100% P.0s (140 kg/ha) using broadcasting (control)
T2 100% P20s (140 kg/ha) fertilizer band drill
T3 75% P>0s (105 kg/ha) fertilizer band drill
T4 50% P20s (70 kg/ha) fertilizer band drill
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The quantity of irrigation water, other
agronomic and plant protection measures
were identical for all the treatments. Crop
data like germination rate per m?
productive tillers per m?, number of grains
per spike, 1000 grains weight (g) and wheat
grain yield (kg/ha) were recorded at the
time of harvesting. The layout map of the
research trial is given in Fig. 1.

~15 m—
i
T3 T1 T4 T2 20‘ m
(R1) (R1) (R1) (R1)
60m T2 T4 T1 T3
(R2) (R2) (R2) (R2)
T4 T1 T3 T2
(R3) (R3) (R3) (R3)
60 m

Fig. 1 Layout of research trial in RCBD
experiment

3. RESULTS AND DISCUSSION

The development of germination fraction
shows the capability of seeds for sprouting.
In Fig. 2A, the results show that a
maximum germination count of 257 per m?
was found at 100% P20s fertilizer (140
kg/ha) application rate using a band drill
which is significantly higher than 249
counts/m? at 100% P.Os (140 kg/ha)
application using broadcasting (control).
Kaleem, Ansar [19)] presented the similar
results. Hence, throughout the germination
period, seeds did not much rely on the
exterior nourishment and consumed only
the composed food resources. The 50% of
P.Os (70 kg/ha) using fertilizer drill
exhibited non-significant  results in
comparison with 100% P.Os (140 kg/ha)
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using broadcasting (control) and 75% P20s
(105 kg/ha) fertilizer band drill.

The data in Fig. 2B showed that P.Os
application using fertilizer band drill
produced more tillers per m? i.e. 403, 391
and 376 than that of the P.Os application
through the broadcasting method. The
highest P.Os fertilizer application (140
kg/ha) using fertilizer band drill performed
outclass compared with the P>Os fertilizer
application at 140 kg/ha using the broadcast
method. These results show similar
behaviour as Rahim, Ranjha [20)] and
Malghani and Malik [10] presented in their
studies. In a conclusion, the application of
P,Os using  fertilizer band  drill
meaningfully affected the productive tillers
compared to that of the broadcasting
method. This outcome is in line with the
finding of Turk and Tawaha [21)] who
reported that the number of productive
tillers per m? was expressively higher with
fertilizer band drill compared with that of
the P,Os fertilizer broadcasting method.

Fig. 2C shows that the rate of fertilizer
application with 100% P20s (140 kg/ha) has
gained significantly more grains per spike
(38.5) compared to the 75% P05 (105
kg/ha) and 50% P.Os (70 kg/ha) fertilizer
application using band drill. An increase in
the P2Os fertilizer application exhibited an
improvement in growth and the grains per
spike presenting the efficacy of P20s
against grain development [22]; [23]. The
rate of application at 100% P>0Os (140
kg/ha) using fertilizer band drill presented
non-significant results at 38.50 average
grains/spike compared to 100% P20s (140
kg/ha) application using broadcasting at
37.17 average grains/spike. The results are
in line with the research of Rehim, Farooq

[24)].
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Fig. 2D shows that 1000 grain weight was
gained more (36 g) in T1 by 100% P20s (140
kg/ha) application using fertilizer band drill
which is significantly greater than that of
32.5 g and 30.17 g with the application of
75% (105 kg/ha) and P.Os 50% (70 kg/ha)
P20Os using fertilizer band drill respectively.
The results presented that a rise in the rate
of P2Os fertilizer is also raising the 1000
grain weight. These findings are like there
results of Khan [25]. The rate of fertilizer
application of 100% P.Os (140 kg/ha)
produced non-significantly less grain
weight (29 g) using the broadcasting
method compared to fertilizer band drill (36
g) resembling the findings of Rehim,
Farooq [24)]. Turk and Tawaha [21)],
presented the conflicting outcomes and
stated that the reasonable higher 1000 grain
weight was observed using fertilizer band
drill compared to that of the broadcasting
method.

The 100% P»Os (140 kg/ha) application
using a fertilizer band drill presented
significantly improved results (4698 kg/ha)
of grain yield compared to that of the

broadcasting method (3930 kg/ha) as
shown in Fig. 2E. This adequacy is due to
the enhanced accessibility of phosphorous
to plants using fertilizer band drill
application. In the fertilizer band drill
method, P.Os comes into small contact with
soil colloids and alkaline earth carbonates,
which are moderately responsible for fixing
the P2Os fertilizer [20]; [26]. The
recommended 100% fertilizer application
rate (140 kg/ha) using band drill gained
better grain yield (4698 kg/ha) which was
significantly higher than that of 4355 kg/ha
and 4080 kg/ha attained in 75% (105 kg/ha)
of P20s and 50% (70 kg/ha) of P20s
application using band drill respectively.
These outcomes show similar results as
presented by Hussain and Khan [17)]. The
50% (70 kg/ha) of P05 fertilizer
application using band drill presented
almost non-significant results compared to
100% P20s (140 kg/ha) applied through the
broadcasting. These results showed that
almost 50% of P2Os fertilizer was saved by
using the fertilizer band drill as depicted in
the findings of PARC [12)].
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Fig. 2: Influence of fertilizer treatments on agronomic factors of wheat

4. CONCLUSION

The trial results showed that fertilizer band
drill enhanced the wheat grain yield. It also
improved other agricultural parameters, i.e.
germination, tillers and number of grains
per spike with the application of P20s
fertilizer in the field. The fertilizer band
drill was able to save 50% of P.Os fertilizer
compared to the broadcasting of P.Os. The
non-significant results of wheat grain yield
also discovered that the application rate of
50% P20Os fertilizer (70 kg/ha) using
fertilizer band drill is equal to 140 kg/ha
which can produce meaningfully improved
wheat grain yield in the mixed crop zone of
Punjab, Pakistan.
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1. INTRODUCTION

ABSTRACT

The conceptual design of solar powered unmanned aerial
vehicle (UAV) with perpetual flight for surveillance of long-
distance gas pipelines is very much needed. The requirement
of this surveillance platform has been conceived due to
terrorist attacks on gas pipelines in Baluchistan. Non-
consumable and regenerative nature of the fuel used in solar
powered UAV makes it an eternal plane under 24/7 energy
balance. Such UAV operates as a terrestrial satellite,
monitoring pipelines and transmitting real time imagery to
control console. The requirement space was explored to
select right specification matrix for the mission profile. The
24/7 flight endurance at 15,000 ft altitude during winter
solstice is the key design constraint in addition to weight and
power consumption of surveillance payload. Concept space
was reconnoitered through Morphological Decomposition
Matrix to select tail boom arrangement with non-retractable
landing gears having multiple tractor electric propulsion
units. Initial sizing is done to finalize Aspect Ratio and Wing
span of baseline configuration. Detailed aerodynamic,
propulsion, structural, stability, performance and cost
analyses of this configuration are carried out to demonstrate
conformance of all design requirements.

ultimately achieving virtually sustained
flight  for  telecommunication  and

The mission of electric powered unmanned
aerial vehicle (UAV) is primarily
constrained by low flight endurance [1].
However, the endurance of these UAVs can
be increased by utilizing solar energy,
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surveillance missions. Out of 93 solar
powered aircraft built till date, only few
have demonstrated flight endurance of 24
hours [2]. Nevertheless, High Altitude
Long Endurance (HALE) Solar Powered
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UAVs have potential for surveillance and
telecommunication applications. Financial
effects of design, development and
operation of satellite vis-a-vis HALE UAV
also approve active research in field of
UAV. Furthermore, recent improvements
in the efficiency of Lithium Sulphide (LiS)
batteries, photo voltaic solar cells and
brushless DC motors are promising [3].
Yet, a successful endeavor to harness solar
energy is essential for virtually eternal
flight. The potential outcomes of solar
powered UAV invites exploration in
aircraft design and solar propulsion systems
[4]. This study presents the conceptual
design of high-altitude UAV with perpetual
flight to carry out the surveillance of long-
distance gas pipelines in Pakistan. The
presented design meets all the mission
requirements within technology
constraints.

2. BACKGROUND

In 1974, Sunrise | made first solar powered
flight [5]. Its photovoltaic cells were
installed on the top surface of wing. It
weighed 27.5 Ibs with 32 ft wing span. In
1980, manned solar powered aircraft
Gossamer Penguin made its maiden flight.
It weighed 68 Ib. without pilot and had a
wing span of 71 ft [6].

In 1981, US Company AeroVironment
began the development of HALSOL (High-
Altitude Solar Energy) UAV. This UAV
led to the development of solar powered
UAV weighing 486 Ibs called Pathfinder
[7]. It had a wing span of 98 ft and could
produce 8,000 watts (W) from solar cells.
In 1997, Pathfinder flew at record altitude
of 71,530 ft. Later, Pathfinder was modified
to develop Pathfinder Plus which flew at
altitude of 80 kft. The wing span was
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increased to 121 ft along with installation of
more efficient solar panels. The third UAV
of the series was Centurion weighing 1300
Ibs with a wing span of 206 ft. The fourth
and last UAV of this series was Helios. It
had a wing span of 247 ft with a weight of
2000 Ibs. In 2001, Helios flew at an altitude
of 96,500 ft. However, Helios disintegrated
over Pacific Ocean during a test flight in
June, 2003 [8].

In 2004, solar powered UAV Solang flew
continuously for 48 hours [8]. Solang had 4
meters wingspan, 12.6 kg weight and power
consumption of 65 watts (W). Solang is an
impressive feat because it flew for 24 hours
with solar power available during day time
while remaining airborne. Solar Eagle
(Vulture I1) was a proposed HALE UAV
developed by Boeing Phantom Works.
However, this project was later cancelled in
2012.

ARCAspace® developed two solar
powered medium sized UAV called
Airstrato Pioneer and Airstrato Explorer,
having 12 hrs and 20 hrs endurance
respectively [9]. Both these UAVs can
carry onboard 45 kg payload of surveillance
and scientific equipment. Airstrato Pioneer
carried out its maiden flight on 28 Feb,
2014.

MARRAL is a series of two solar powered
UAV developed by Indian Institute of
Technology (11T) Kanpur [10]. Marral-1 is
low altitude UAV with 11 hrs endurance
while Marral-2 is medium altitude UAV
with 18 hours endurance. Several
successful test flights have been carried out
starting with maiden flight on 1% Feb, 2016.
The latest capitalization of solar energy is
marked by the design and development of
Zephyr series HALE solar powered UAV
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by British company QinetiQ. 03 out of 04
Zephyr UAVs are in service. Zephyr 8 is the
largest UAV of the series with a wing span
of 92 ft which can carry payload of 5 kg
with an endurance of 26 days.

The review of design and development
history of solar powered [7] UAV reveals
that few UAV have achieved 24 hours
endurance only during favourable sunny
weather without any power consumption of
onboard surveillance capabilities. Solar
powered UAV with 24/7 flight endurance
will be a terrestrial satellite. Non-
consumable and regenerative nature of the
fuel used in this solar powered UAV makes
it an eternal plane [11]. Such UAV can be
used for maritime surveillance and
communication capabilities.

3. AIM OF RESEARCH

The aim of this research is to present
conceptual design of solar powered UAV
with perpetual flight endurance which can
perform 24/7 surveillance of gas pipelines
in Pakistan. Detailed aerodynamic, weight,
structural, performance, stability and cost
analyses have been presented which
substantiate conformance of UAV with
design requirements.

4. CONCEPTUAL DESIGN
SOLAR POWERED UAV

OF

4.1 Design Requirements

A recent history [12] of attacks on gas
pipelines shows that most of attacks have
occurred in Sui area [13]. There are 2 air
strips in this area i.e., Jacobabad and Sui.
UAV must be capable to take off and land
from these airstrips. After takeoff, it must
climb to safe altitude of 15,000 ft and cruise
to the loiter area within a range of 65 miles.
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UAV must have required surveillance
equipment to monitor the ground activities
in loiter area, data link to transmit the live
imagery to ground console and flight
control system. The weight and power
consumption of this electronic equipment
are 2 important design requirements [9].
Average payload and power consumption
of COTS (Commercial of the shelf) payload
is 55 Ibs. and 225 watts respectively. UAV
must be able to fly for 24/7 on winter
solstice (i.e., 21% December) by utilizing
available solar energy. UAV must harness
solar energy during day time to fly and
charge its onboard batteries. These onboard
batteries then supply power for night flight.
If UAV is able to fly on shortest day of the
year i.e. 21 December for 24 hours, then it
can fly around the whole year without
landing [14]. This is termed as 24-hour
energy balance because the solar energy
available during the day must be equal to or
greater than the energy used for day flight
and charge batteries for overnight flight
[15]. Non-consumable and regenerative
nature of solar energy being utilized to
power UAV implies that a solar powered
UAV with 24 hours endurance on shortest
day of year can fly round the year.

4.2 Conceptual Design Methodology

Conceptual design methodology presented
by Noth and Siegwart [16] is suitable for
initial sizing of solar powered High altitude
lone endurance (HALE) UAV. It is based
on 24 hours energy balance where by solar
panels installed on UAV convert solar
energy into electric energy during the day
time. During day, available electric energy
not only powers UAV but also charge
onboard batteries. These batteries supply
power to UAV during night when solar
energy is not available.



E ISSN NO. 2706-9648

Iterative design cycle used for initial sizing
of solar powered UAV is given in Fig. .
Empirical aerodynamic data for high
performance sailplanes including Lift
Coefficient (C.=0.8), Drag coefficient
(CD=0.015) and Oswald Efficiency (e=0.9)
is utilized for initial sizing. Span (b) and
Aspect Ratio (AR) are 2 design variables
used to optimize the configuration of UAV
[17]. In addition to these two design
variables, this methodology has 2 further
groups of parameters.

m_,+m
a‘ payload J Fixed masses
‘ ksflucl AR™ 'j
I X, 521 Mass of
b g plane structure
-
a‘rgo"s ——nean ‘J yjﬂ Mass of
> solar cels v
\k B

'] 1]
mppt max lcolts " Imppt | Ll
»5e Mass of/ b
= T mppt
7. \

_ T oight
j‘v Mass of

—>
S pattery

Solar r
cells area ‘

‘rldtschrg batt

k 1 Mass of
a[ prop —’ 203 propulsion group

Total
Gy :]—"
A

Cy

C

1. The first group of parameters is
circumscribed by existing technology.
These parameters when optimized for a
particular application are considered as
constant. Mean data of solar powered
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Fig. 1 Conceptual Design Methodology for Solar Powered UAV

Table 4: Efficiency of Electrical and Mechanical Components

Parameter Value
Battery Charge/ Discharge (1 charge/discharge) | 0.98
Efficiency Max Power Point Tracker (n mppt) | 0.97
Efficiency Step-down Converter (n sec) 0.7
Efficiency Control Servos (n_ controt) 0.95
Efficiency Solar Cells (ncelis) 0.25

3. High altitude and long endurance
solar powered UAV is similar in design and
performance to sail planes [18]. Raymer
Design Methodology is applicable for Sail
plane design [19]. Therefore, detailed
aerodynamic, structural, weight, stability,
performance and cost analyses have been
carried out as delineated by Raymer.
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4.3 Mass Estimation Model

Total mass of UAV is the summation of
masses of individual components.
Therefore, a good mass model for each
component is required to estimate the mass
(m) of UAV [20]. Design constraints
govern the mass and power consumption of
payload. In addition, following heuristics



E ISSN NO. 2706-9648

are used to estimate the mass of aircraft
components [21].

1. Mass and power consumption of
flight control system is estimated as 1% and
1.2% of mass (M contro) and power
consumption (P contror) Of UAV respectively.

2. The mass of battery is directly
proportional to the energy required and
inversely proportional to its energy density.
The amount of electric energy stored per
unit mass of the battery is defined as
Battery energy density (K patery). For LiS
batteries utilized for the current application,
K pattery IS taken as 350 J/Kg.

3. The mass of solar panel is directly
proportional to the area covered by solar
panelsAg, ;.- Presently, commercially
available solar panel has mass to area ratio
0.54 kg/m?which is sum of mass density of
solar cell (keen) and encapsulation (Kencaps).
For sustained 24 hours flight endurance, the
total electric energy consumed each day is
equal to the total electric energy obtained
from the sun. This energy balance given in
Eq. (1) provides the area of solar panels:

lDelectric tot [Tday +

Tnight ] _
NchargNdischarg
21madeastol margin

2 (1)
4. Maximum Power Point Tracker
(MPPT) is an electronic device installed in
solar power system which adjusts the
voltage to provide maximum power. Eq. (2)
gives the mass of MPPT (m,;,,,,.) which is
directly proportional to available solar

power (Psol max)

Mpmppt = kmpptpsol max —

Table 5. Tail boom design with multiple
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kmpptlmaxnchargnmpptAsol (2)
Where Kpyppe is mass to power ratio for
MMPT, typically approximated as 0.00047
Kg/W

5. The mass of the propulsion group
depends wupon the propulsive power
required and can be estimated by Eq. (3)

Mprop = KpropPprop =

0.0045P,0p

©)

6. Statistical data for high efficiency
sail planes has been utilized to develop
heuristics for the structural weight of
HALE solar powered UAV. The structural
weight of the UAV is given in Eq. (4) as a
function of span (b) and aspect ratio (AR).
Mstruct = ¥ Kgpruce AR*? = b33 x
(12.31) * AR™0311 (4)

7. Total mass of UAV (M) is sum of
control system, payload, solar cells, battery,
MPPT, airframe and propulsion system and
is given by Eq. (5).

Mot = Mentr] T Mpayload + Meenl

(5)

Myt + rnmppt + Mgryct + rrlprop

4.4 Morphological Decomposition
Matrix

In order to select best configuration for
solar powered UAV, various alternates [22]
are explored using qualitative reasoning
through  morphological decomposition
matrix. This matrix of alternatives is given
in

propulsion units in a tractor configuration is
selected. Selected configuration has non-
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retractable landing gears to perform
conventional takeoff and landing. Flexible
solar panels are selected for installation on
the wing. These solar panels will charge
onboard high density LiS batteries.

4.5 Radiance Model

Radiance model is developed to incorporate
the solar propulsion system into the design
cycle by calculating the available solar
energy [23]. Solar power varies with

geographic location, calendar date and time
of the day. 24 hours endurance on 21%
December is a design constraint. Radiance
model of complete year for 29.52° latitude
is given Fig.. Available solar energy in
loiter area is equal to area under the
radiance curve. Maximum Irradiance (I max)
and available solar energy is 896 W/m? and
20.68 MJ/m? respectively.

Table 5: Morphological Decomposition Matrix

Variable Option 1 Option 2 Option 3 Selected
: . . B il Flyi [ i
Configuration Conventional oom tal yingwing | Boom tail
Solar Panel . . . .
L ocation Wing and tail | Wing Tracker Wing
PV Type Rigid Flexible -- Flexible
Energy Solar Storage . .
- Hybr
source Cells batteries ybrid Hybrid
Battery Li lon LiPo LiS LiS
Landing Retractable Non N/A Non
gears retractable retractable
Take off Dolly launch Rail launch ) )
Conventional | Conventional
Landing Net Arresting | Belly landing
Propeller Twin Four Multiple Four
P
ropt_eller Pusher Tractor -- Tractor
location
Propeller . . . i
Pitch Fixed Variable -- Variable pitch
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Fig.2: Irradiance Available Throughout Year

4.6 Aircraft Sizing

Based upon the design requirements, initial
sizing of UAV is carried out [24]. Design of
Experiments (DOE) has been carried out to
explain the variation in weight of solar
powered UAV due to changes in AR and
span. Total 230 UAV with AR from 8 to 32
have been converged on mass and 24-hour
energy balance. Fig. and Fig. relate weight
and total power consumption of converged
UAVs as function of AR and span. Total
power consumption of UAV is sum of
mechanical power consumption, electrical

power consumption and energy loses
including friction and heat losses. UAV
with minimum weight has been selected as
base line configuration. In order to improve
aerodynamic performance, low Reynolds
No airfoil AH94-145 with taper ratio 0.3 at
mid span is selected. The selected

(optimized) configuration has AR 16 with
78.8 ft span, 441 Ibs weight, and reference
wing area S, 388.4 ft. Loiter speed of the
UAYV s 24.34 knots with a total power
consumption of 1283.5 ft. Ib. /sec. Fig 3
represent the geometric view of optimized
configuration.
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Fig.3: Weight of UAV as function of Span and Aspect Ratio
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4.7 Aerodynamic Analysis

Vortex panel method is used for
aerodynamic analysis of wing, vertical and
horizontal tail [25]. This method provides
zero lift drag coefficient (Cp,) and
coefficient of lift induced drug (Cy;) for
lifting surfaces. Component build up
method is used to incorporate aerodynamic
effects of landing gears, fuselage, tail
booms etc. In conjunction with vortex panel
method, component build up method is
used to determine drag polar for UAV
during various flight phases. Fig. presents
drag polar of UAV during takeoff, cruise
and landing.
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Fig.6: Drag Polar During Various Phases of Flight
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Fig. 5: Draft Model of UAV

4.8 Propulsion Analysis

During  conceptual  design  phase,
characteristics of propulsion system for
UAYV are based on historical trend [9]. In
Helios and Heliplat [6], multiple brushless
direct current DC motors power 2-blade
variable  pitch  propellers  through
intermediary gear boxes. The same scheme
has been employed through 4 Commercial
off the shelf (COTS) brushless electric DC
motors (Make Himax 2200-watt Ea.) to
provide propulsion power (P). Diameter of
each propeller (d) is estimated to be 2.38 ft
using Eq. (6)

d(ft) = 1.83%/P(hp) (6)
Efficiencies [3] of high performance
propeller (n, prop=0.9), gear box (n gear box
=0.9) and electric motors (n motor =0.95) are
used for calculation of available thrust (T)
within flight envelop using Eq. (7). Fig 7
provides variation of available thrust (T') as
function of airspeed (v).

P = NpropNgear boxNmotor -V @)
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4.9 Structural Analysis

Lift is primarily generated by wings of solar
powered UAV. Resultant aerodynamic
forces generate shear loads and bending
moments on the wing. Fig 8 presents the
span wise distribution of lift force at 3°
AOA at various airspeeds. The shear force
at each span station is equal to sum of lift
loads outboard of that span station i.e., the
integral of distributed lift load.

m T T

Sparload onwing|
T

T

b [ 10krots
b= knots
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|
H 1] 1%

L 1

(]

Fig.8: Span-wise Lift Distribution on Wing

Bending moment equals summation of lift
loads times the distance from the span
station i.e., integral of distributed lift load
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with respect to the distance from the span
station. Fig 9 gives performance of aircraft
in form of maximum load factor achieved
at different velocities at 3 different altitudes
within the flight envelop.
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Fig.9: V-N Diagram of UAV with Gust Effect
410 Weight Analysis

Heuristics from Noth model [20] have been
used to calculate weight of solar powered
UAV. Therefore, a comparison of this UAV
with solar powered UAVs and high-
performance sailplanes has carried out on
Great Flight Diagram in Fig.. Designed
UAV  falls  between  McCormick
Boundaries defined by Eq. 8 below;

¥ =855(W5-99) & L =448(W3-99)
Total weight of UAV is 441 Ibs with
reference wing area Spr 388.4 ft2
Comparison of weight and wing loading of
this UAV with other solar powered UAV
and sailplanes is presented in Table 6 which
shows that designed UAV follows average
tendency due to use of heuristics-based
model.
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Fig.10: Weight and Wing Loading of UAV on Great Flight Diagram

Table 6: Comparison of Wing Loading with Solar Powered UAVs

UAV Total Weight (Ib) S ref (ft?) WIS (Ib/ft?)
Sunrazor 2050 2008 1.02
Centurion 1900 1596 1.19
Path Finder 485 263 1.83
Solair 440 236 1.86
Solar 337 234 1.43
Designed UAV 441 388 1.13

4.11 Stability Analysis

Using Raymer methodology [19], static
stability analysis of solar power UAV has
been carried out. The subject methodology
provides step by step procedure for
calculation of interceding aerodynamic and
stability coefficients. The results are
reported to conclude that UAV has positive
static longitudinal stability (C,, = 5.45/
rad) with 9.9 % Static Margin (SM),
positive directional stability (Cpq
—0.54/rad) and positive lateral stability
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(Cnp = 0.0715/rad).

4.12 Performance Analysis

Mechanical Power required to overcome
drag force (D) for sustained flight is given
by Eq. 9 below;

Pr = D.v = [CpqS] v = [(Cp, + 0.02CH)qS]v

By means of drag polar available from
aerodynamic analysis, propulsive power
required to overcome drag force for
sustained flight at various altitudes within
flight envelop has been plotted in Fig..
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Radiance model provides solar power
available for onboard conversion to
mechanical  power.  This available
mechanical power has been plotted as
straight line on the graph for 21 December
and 21% March. It is evident that
mechanical power available from solar
energy on 21% December is more than
power required for 24 hours flight.
Therefore, it validates that UAV is capable
to perform 24 hours endurance throughout
year on solar power only up to airspeed of
43 kts. Furthermore, total engine power
available from 4 DC motors is sufficient to
accelerate UAV up to speed of 100 kts.
However, sustained operation at such
speeds will limit flight endurance due to
increased drag.
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Fig.11: Available and Required Power for
UAV
4.13 Cost Estimation

Rand Corporation DAPCA 1V cost model
[26] is used to estimate the cost of UAV
during and after amortization period. This
cost model is based on cost estimation
relationships developed in 1986 for
conventional metal aircraft. Raymer
corrections [19]for inflation and composite
structure of UAV have been introduced
through Consumer price index (CPI) and
fudge factors. Cost of UAV during and after
the amortization period is given in Fig 12.
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5 DISCUSSION ON RESULTS

In order to carry out the surveillance of gas
pipelines, onboard reconnaissance
equipment is required. Therefore, power
consumption and weight of this equipment
are the design constraints which have been
incorporated in iterative design cycle.
Radiance model is used to calculate
maximum irradiance and available solar
energy in worst case scenario i.e., 21%
December. The conceptual design
methodology for solar powered UAV is
utilized for initial sizing of HALE platform.
The 230 solar powered UAV have been
converged on mass and energy balance to
select a baseline configuration with
minimum weight. Heuristics have been
used to estimate mass of individual UAV
components. Using morphological
decomposition matrix, tail boom design
with multiple propulsion units in a tractor
arrangement is selected. The selected
configuration has non-retractable landing
gears to perform conventional takeoff and
landing. Flexible solar panels are selected
for installation on the wings. These solar
panels not only provide energy for daytime
flight but also charge onboard batteries.
These batteries supply power to UAV
during night when solar energy is not
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available. This baseline configuration has
been optimized with low Reynolds number
Airfoil AH94-145 with taper ratio 0.3 at
mid span. The solar powered UAV is
capable to takeoff from landing strip at Sui
or Jacobabad with on board reconnaissance
equipment. It can climb to an altitude of
15,000 ft to a loiter area 62 nautical miles
away and can perform 24/7 endurance
flight in worst case scenario i.e., 21%
December. On basis of DAPCA IV cost
model, estimated cost for full scale
production UAV is approx. 4.7 million
PKR (USD 40,000)

6 CONCLUSION AND
RECOMMENDATIONS

On the basis of the detailed analysis
performed on the solar powered UAV, the
following conclusions can be drawn:

1. Conceptual design methodology for
solar powered UAV has been exploited
successfully to design solar powered HALE
platform with 24/7 endurance.

2. The feasibility of solar powered
surveillance UAV is established with
existing efficiency constraints of solar cells,
storage batteries and composite materials.

3. All  design  requirement  for
surveillance of long-distance gas pipes with
solar powered UAV have been successfully
met.

4. Non-consumable and regenerative
nature of the fuel used in solar powered
UAV makes it an eternal plane under 24/7
energy balance. Such UAV is a cost-
effective terrestrial satellite, monitoring
pipelines and transmitting real time
imagery to control console.
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The following recommendations are made
in light of analysis presented in this study:

1. Numerical analysis and wind tunnel
testing of model can be performed to
validate preliminary results of the
conceptual design and analyses of this
UAV.

2. Development of scaled down
technological demonstrator is
recommended to establish proof of concept.

3. The effects of wind and thermals
may be studied to reduce thrust
requirements of the solar powered UAV.
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