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ABSTRUCT

In this study, the influence of using polyethylene terephthalate (PET)
wastes as a partial replacement of natural sand is investigated to study the
mechanical and physical properties of concrete beside its impact on the
structural behavior of semi-full scale beams. The present study was divided
into three parts. First part deal with the effect of partial replacement of sand
with PET waste on the mechanical and physical properties of concrete,
where six replacement percentage were used in this study 5% ,7.5% ,10%
,12.5% ,15% , and 20%. Mechanical tests at ages of 7, 14, and 28 days for
compression, splitting, flexure, modulus of elasticity, and toughness, as
well as physical tests for density, volumetric change, plastic shrinkage,
ultrasonic velocity and absorption, in addition, shear strength are performed
within this part. Results showed that the specimens containing partial
substitution ratios ranging within 5%-12.5% displayed 26.8%-43.64%,
18.6%-26.9%, and 18.1%-30.2% increments in the compressive, tensile,
and flexural strengths, respectively, compared with the reference
specimens. The optimum replacement percentage of PET is 7.5% and
mechanical properties decrease when the PET content exceeds 15%. The
findings also revealed an increase in toughness and decrease in modulus of
elasticity, shear strength, shrinkage with increasing the PET content in the

concrete generally.

Second part deal with the effect of using PET waste as a partial substitute
for fine aggregate on the structural behavior of reinforced concrete beams.
Six 150 * 300 * 2300 mm concrete beams with similar steel reinforcement
(one beam for each PET percentage) in addition to the reference concrete
beam were investigated. Beams tested via ultimate load failure, ultimate
deflection, energy absorption, stiffness, ductility index, and compression

strain. Cracks investigation which including first crack load and crack



pattern, then compare it with the reference beams to evaluate the effect of
PET waste on its structural behavior. The results showed that the increasing
of PET waste content in the concrete beams led to increasing in the
ultimate failure load, ultimate deflection, ductility index, strain, and energy
absorption at a rate ranging within 0%—4%, 23.2%-93.7%, 12.13%-93%,
432%-1139%, and 51%-275%, respectively. While a reduction in the
initial and secant stiffness at a rates ranging within 5%-38% and 19.2%—

46.4%, respectively, was shown.

Third part deals with the effect of using PET bottle waste as reinforcement
bars in concrete beams. Waste of PET bottles has been reshaped as a long
strips which used to forming PET bars. The tighten PET bars are used as
alternative to the steel bars in the tensile area. Five concrete beams with
dimensions (150*200*%1400) mm are used in this part. Two of them are
controllers beams with and witout tension steel reinforcement.The other
three beams are reinforced with three different forms of tighten PET bars.
PET bars achieved an ultimate failure load of up to 25% of the failure load

for specimens containing steel bars.
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Chapter One

Introduction

1.1 General

The population in the 21st century reached more than seven billion people,
which requires many buildings and housing constructions all over the
world [1]. This leads to increase the demand for concrete. The annual
production of concrete in the world exceeds 11.6 billion tons annually, and
expects to increase by 2050 to 18 billion tons annually [2]. Thus, the
materials that constitute concrete may experience decline or depletion.
Therefore, studies on the use of sustainable alternative materials as partial
or full alternatives to some components of concrete have been conducted.
One of the crucial considerations is the ratio of the additives to concrete
and their influence on the concrete properties. Different materials can be
added to concrete in order to changing its engineering properties.

On the other hand the increase in population capacity was accompanied by
a tremendous increase in the amount of solid waste. Some of these wastes
degrade over time; others are not degradable, which pose the greatest
danger to the environmental and ecological system, as they increase
pollution. The challenge for most governments lies in how to treat these
wastes, as there are many ways to deal with them in order to get rid of
environmental damage. Polyethylene terephthalates (PET) are considered
one of the most widespread non-degradable solid wastes in the world, due
to the increasing global demand for the production of fibers and PET
bottles for packaging drinking water and soft drinks. The rapid expansion
of the PET bDottle industry has increased growth in global PET
consumption. The important of using different shapes of PET waste in
concrete has been a modern trend of studies for a large number of

researchers because of its great environmental benefit represented by

-1 -



CHAPTER ONE INTRODUCTION

ridding the environment of pollution and improving the behavior and
properties of concrete in all its uses, in addition to the possibility of using it
as a sustainable future alternative to some components of concrete that
may be a decline in the future or the depletion of its sources because of the

increasing demand for concrete in the future.
1.2 Sustainability

Sustainability means “meeting the needs of the present without
compromising the ability of the future generations to meet their own need.
For more than 200 years, concrete has been accepted for its long-lasting
and dependable nature. In addition to durability and dependability, concrete
also has superior energy performance, is flexible in design, is affordable,
and is relatively environmentally friendly. It can be expected that concrete
will be needed to increase industrialization and urbanization while
protecting the environment. To do this, the concrete industry should
consider recycling industrial by-products and waste safely and
economically. When industrial by-products or some wastes replace
concrete components, the environmental impact improves along with the

energy efficiency and durability of concrete [3].

1.3 Green Concrete

Green concrete is defined as a concrete which uses waste material as at
least one of its components, or its production process does not lead to
environmental destruction [4]. It should also have high performance and
life cycle sustainability. In other words, green concrete is an environment
friendly concrete. Green concrete improves the three pillars of
sustainability: environmental, economic, and social impacts. The key
factors that are used to identify whether the concrete is green are : amount

of portland cement replacement materials, manufacturing process and

-2 -



CHAPTER ONE INTRODUCTION

methods, performance and life cycle sustainability impacts. Green concrete
should follow reduce, reuse and recycle technique or any two process in the
concrete technology. The three major objective behind green concept in
concrete is to reduce green house gas emission (carbon dioxide emission
from cement industry); to reduce the use of natural resources such as
limestone, shale, clay, natural river sand, natural rocks that are being
consume for the development of human mankind that are not given back to
the earth; and the use of waste materials in concrete that results in the air,
land and water pollution. This objective behind green concrete will result in
the sustainable development without destruction natural resources [5].

1.4 Solid Waste Management

Solid waste is the useless, unwanted and discarded material resulting from
day to day activities in the community. Solid waste management may be
defined as the discipline associated with the control of generation, storage,
collection, transfer, processing and disposal of solid waste [6].

One of the main goals of sustainable solid waste management is to
maximize the ability of its recycling and reusing. The most common waste
materials are metal and plastic which are available in enormous quantities
in the world [5].

1.4.1 Solid Plastic Waste

In the 1860s, Plastic production was invented for the first time but in the
1920s it was developed for industry. In the 1940s, it became one of the
fastest growing global industries. Between 1950 and 2012, with the gradual
replacement of materials such as metal and glass with plastic, production
growth worldwide increased between the 1970s and 2012. The average
annual rate of plastic growth increased from 1.7 million tons to nearly 300
million tons in 2015 [7]. The global annual production in 2017 reached
about 393 million tons [8]. Percent of plastic that ranged from 22% to 43%
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represents a wasted resource worldwide. It takes up valuable place, when it
Is disposed of in landfills, and spoils societies and the environment by
cause pollution, in addition to, environmental damage to marine
ecosystems by plastics. It is indicated that if current production continues
and waste is poorly managed 12 billion metric tons will enter landfills or
the environment by 2050 [9]. The environmental and social benefits of
plastic must be balanced against the problems represented by its durability

and amazing size worldwide as waste stream.

1.4.2 PET Plastic Waste

PET (also abbreviated PETE) is short for polyethylene terephthalate. PET
is first synthesized in North America in the mid-1940s by DuPont chemists
searching for new synthetic fibers. In the early 1970s, the technology was
developed for blow-stretch molding PET into bottles. The PET bottle was
patented in 1973 [10]. PET is a clear, lightweight plastic and strong, that is
most used for packaging beverages and foods, especially soft drinks, juices

and water as shown in Fig. (1-1).

. . Y ot Nk ) -
Fig. (1-1): Kinds of pet plastic products

PET typical properties included:

e Strength in thermoplastic, high hardness and stiffness.

-4 -
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e High abrasion resistance and low friction.

e High stability in dimensions.

e The range of service temperature is from -40°C to 100°C.

e It is white in the semi-crystalline state and transparent in the
amorphous state (glass clear).

e Physiologically acceptable.

e At room temperature resistant to water, neutral and acidic salts,
dilute acids, ethers, alcohol, fats, oils, aliphatic and aromatic
hydrocarbons.

e Not resistant to alkalis, phenols, superheated steam, esters,
chlorinated hydrocarbons and oxidizing acids.

e Stress cracking resistant [12].

The average global consumption of PET bottles is about 20 million tons,
with an annual is increased of 12%-15%. At the same time, recycling rate
of PET bottles is low at just 29.3% [12]. PET consumption dominated the
production of beverage containers, which equals 79% of total world
production in 2017[13] as shown in Fig. (1-2).

1.4 .3 Recycled PET Waste

Resource energy is the energy that remains in the raw material and can be
used after the recycling process. Almost 40% of PET energy used is as a
result of 'resource energy. PET is one of the most recycled plastics
worldwide, and it is completely recyclable. PET's high strength that
compared to its light weight is a key to its energy efficiency [9]. Products
commonly made from recycled PET include jars, and new PET bottles,
clothing, carpet, rope, industrial strapping, automotive parts, sleeping bags
and fiberfill for winter jackets, construction materials, and protective

packaging.
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Fig. (1-2): World consomption of PET solid-state resines 2017 [13]

1.4.4 Locally Plastic Waste

The prosperity of the process of producing water and soft drinks bottled
with plastic bottles are significantly in Irag, especially during the last
decade. In addition to the huge quantities imported across borders,
accompanied by an improvement in the living reality of the Iragi individual
has doubled the daily consumption of these products, in addition to
consumption in the various occasions and government institutions (which
represent very large quantities). The state of the environment in Iraq report
2017[14] is indicated the amount of solid waste generated per person per
day is estimated at 0.3 kg / person / day and in some area it is reached 1 kg
/ person / day that are depending on the standard of living. There are no
accurate statistics on the amount of PET solid waste annually or the annual

increase in it. The government factories for the recycling are very few and
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non-existent in most regions with compared to the enormous volume of
solid waste.

This study focused on the recycling of plastic PET bottle waste, which
represents the highest percentage of plastic solid waste and its reuse in
reinforced concrete, in order to reduce the impact of these wastes on
environment and improve the construction properties, there by obtaining
great double benefit. Fig. (1-3) shows a local collection station of PET

waste.

Fig. (1-3): PET bottles wastes collection point

1.4.5 Recycle PET Waste in Construction Fields

Recycling waste means the process of treating scrap or waste and making
use of its potential to produce useful materials that are sometimes
completely different from their original state. The recycling of PET waste
in the construction field includes using it in the form of building materials
as a partial substitute for fine or coarse aggregate, or as fibers added to
concrete, it is considered one technique to reduce impact of this waste on

the environment reducing the disposal cost. Several studies have been
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reviewed about recycling of plastic PET waste in different forms, in
concrete mixture or structural fields[15-33].
1.5 Research Objectives
The current study focuses on using polyethylene terephthalate (PET) waste
(bottles of water, soft drinks and juices exclusively) with two different
forms, The first one as a fine aggregate within concrete mix and concrete
beams, and the second as a reinforcement bars in concrete beams. The
addition of PET waste to the concrete achieves two main benefits. The first
benefit represented by providing a sustainable economical material that can
partially replace other concrete components and the second one is an
environmental benefit represented by solving some of the solid waste
problems. The objectives of scientific research have been focused on the
following:

1. Evaluate the effect of added PET particles on physical and mechanical
properties of concrete mix, and find out the optimum percentage of
plastic PET waste that is used as partial replacement of sand in concrete.

2. Investigate a new form of PET bottle wastes to be use as reinforcement
bars through cutting PET bottle in to long continuous strips to obtain a
low cost bars have a great resistance to corrosion.

1.6 Thesis Layout

The research includes five chapters and as follows:

e The first chapter provides an overview of population growth and its
relationship to the production of concrete and the amount of disposal
waste. Also explanation of the benefits of sustainability, green concrete,
and an overview of solid plastic waste management, especially PET
waste and some of its global statistics. In addition, recycle PET waste in

constructions field.
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e The second chapter includes a results review of the previous studies and
the effect of the various PET waste forms on the properties and behavior
of concrete mixtures.

e In the third chapter, the materials specifications, details of samples,
equipment, mixing ratios, and tests used in the research were presented.

¢ In the fourth chapter, results and relationships of the work are presented
and discussed.

e Chapter five explains the important conclusions from the study results,
as well as some recommendations and proposals that document this

study and ways of achieving them the scientific benefit of future studies.
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Chapter two

Literature Review

2.1 General

In the past few decades, researches and studies are conducted were aimed
to studying the behavior of concrete samples after combining them with
recycled materials. Different materials with different forms of particles and
fibers are used. One of the most common materials in recycled concrete
researches is polyethylene terephthalate wastes (PET). This chapter
summarizes the most important and recent experiences and developments
on which researchers worked and reviewed their results in this field. In this
chapter, the use of polyethylene terephthalate (PET) waste in different
forms and percentages will be reviewed. The focus will be on recycling of
PET waste in the concrete in two ways, the first way is using PET waste as
a partially replacement of one of the components of the concrete mixture,
while the other one is deal with the use of PET waste as reinforcement in

reinforced concrete beams.

2.2 Type of Recycled PET Wastes

The researches related to this field dealt with the use of PET waste in

various forms, which summarized in four types briefly.

2.2.1 Using PET Waste as a Fiber

PET fibers represented one of the most commonly used forms of PET
waste in experiments and research of recycled concrete, where the studies
focused on the fiber shape, dimensions and percentages for using in

concrete mixes. A lot of researchers had addressed this area of the use of
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PET waste as the fibers. The modern studies in this area had been
reviewed:-

In 2007 Ochi et al. [15], used PET recycled fiber produced from PET
bottles. The length of PET fiber was 30 mm. The weight mixing ratio 1: 3:
2.4 (cement, fine aggregate, coarse aggregate) and the maximum size of
coarse aggregates was 15 mm. Three w/c ratios of 55 %, 60%, and 65%,
with four PET fibers percentages of 0%, 0.5%, 1.0%, and 1.5 % by volume
were used. The results showed that the bending strength and toughness
increased when the PET fibers percentage increase on one side, and with a
decreasing of water to cement ratio on the other side. Also, concluded that
1.5% is the optimum fibers percentage, especially with the ratio of water to
the cement of 55%.

In 2010, Kim et al. [16], used recycled PET fibers from waste PET bottles
in concrete mixtures to study of the basic properties of materials, concrete
resistance and drying shrinkage, in addition to study the strength, failure
mode and ductility of concrete mix. Three fiber percentages of 0.5%,
0.75%, and 1 % by volume were used. The w/c ratio and fly ash / cement
substitution by weight was of 4.1% and 10.1% respectively. Coarse
aggregate (crushed gravel) maximum size was 25 mm and river sand fine
aggregate, were used. They added an air- entraining / water-reducing agent
to achieve an air content of 4.5 = 1.5 % and appropriate workability. The
technique represented the manufacturing of recycled PET fiber as shown in
Fig. (2-1). They showed that The PET fibers enhanced tensile strength,
delayed crack formation, and increased ductility and ultimate load capacity.
Also they observed a slight decrease of 1-9% in compressive strength and
modulus of elasticity when PET fiber content increase. The maximum
deflection at mid-span was larger than the specimens without fibers by

approximately 400%.
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PET fibers and PP fiber [16]

In 2011 Luiz A. Pereira de Oliveira and Joao P. Castro-Gomes [17],
used different volumetric PET fibers percentages of 0%, 0.5%, 1.0%,
and 1.5% with dimensions, thickness of 0.5 mm, width of 2 mm, and
length of 35 mm as shown in Fig. [2-2 (a)]. The mix proportions were of
1:1:6 by volume and compared with the reference mix of 1:3 cement
mortar compositions. They showed that incorporating PET fibers into
the reference mixture 1: 1: 6 led to increases in bending strength. Also,
they find that the 1.5% volume of PET fiber was optimum and gave the

mortar the best performance. Fig. [2-2(b)] shows a cube failure mode.

Dk | , A
Fig. (2-2): a- Polyethylene terephthalate ( PET)recycled fibers, b- Typical failure of a
mortar after compressive test [17]

a

In 2011 fraternal et al. [18], carried out two types of fiber, the first type

iIs PET wast fibers and the second one is PP (polypropylene) wast
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fibers. Three different lengths of PET wast fibers and one length of PP
wast fiber with diameters ranging from 0.12 mm up to 2.00 mm were
reshaped in private factories as shown in Fig. [2-3(a)]. The percentage
of fiber for all types is 1% fiber to the volume of mixing. Mixiture
ratios are 1:2.7: 2.73 and wi/c is 0.53. They found that concrete
reinforcement with recycled PET fibers enhancing the compressive and
tensile strengths, ductility of concrete and thermal resistance as

compared to plain concrete. Fig. [2-3(b)] shows specimen failure mode.

Fig. (2-3): a-Form of (PET) after cuging, b-Specimen failure mode 18].
In 2013 Cordoba et al. [19], carried out PET waste bottles flakes with three
different lengths of 0.5, 1.5, and 3 mm, and 5 mm width (on average ).
Three volumetric percentages of 1.0%, 2.5%, and 5.0% from PET waste
bottles flakes were used. The mixing ratio was 1: 2.17: 2.75 with a
water/cement ratio of 0.485. The results are showed that particle PET with
a length of 1.5 mm and a percentage of 2.5% have been highest
compression strength, modulus of elasticity, and compressive strain, while
PET particles, with a length of 3 mm had been lowest at a concentration of
5.0%.
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In 2014 Fraternali, et al. [20], used two types of recycled PET waste fibers
in concrete (PET / a and PET / b) in a seawater environment. The
properties of the two PET waste fibers types were as shown in Table (2-1).
The PET waste fibers content is 1 % by volume for both types. The mixing
ratio was 1: 1.9: 1.56 as a (cement: sand: coarse aggregate) with w/c of
0.38 and fluidizing additive percent 0.8%. They reported that the seawater
conditioning cause to loss of the ultimate ductility, in addition, it led to a

decrease in the compression strength.
Table (2-1): Geometrical and mechanical properties of employed R-PET fibres [20]

Type Specific  Profile Diameter Length  Tensile  Ultimate

of gravity (mm) (mm) strength strain
fibre  (kg/m3) (MPa) (%)
PET/a 1340 Smooth 1.10 40 550 27
PET/b 1340 Crimped 0.70 52 274 19

In 2018 Khalid et al. [21] used polyethylene terephthalate wastes in
reinforced concrete with two types as shown in Fig. (2-4). The first one is
the form of non-irregularly shaped particles with dimensions ranging from
5to 20 mm. The second is as PET fibers (RPET-5 and RPE-10) which that
form of a ring with a width of (5 1) and (10 1) mm, respectively and
cross-section diameters of 60 £ 5 mm. The water - cement ratio(w/c) was
0.55. They found that the compression strength of concrete beams
containing RPET-10 was raised by 32.3% compared to the plain concrete
beam. They also observed that the relative ductility of the reinforced
concrete beam specimens with RPET fibers was comparable to that of
regular reinforced concrete.

In 2018 Bui et al. [22], used PET bottle waste as fiber in recycled
aggregate concrete. PET bottle was cut into 50-60 mm lengths and 2-3.5

mm widths as shown in Fig. [ 2-5(a)]. The mixing ratio was 1: 1.55: 2 (ce-
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a- Ring shape PET fiber b- Irregularly shaped PET particles
Fig. (2-4): The PET waste fibers types [21]

nt, fine aggregate, and coarse aggregate) respectively, with silica fume
of 21.4 kg for each cubic meter and w/c was 0.45. The percentage of
PET fiber that used was 0.25%, 0.5%, and 0.75% by volume. They
found that using PET fiber had been given better performed for mixture;
also it enhanced the splitting tensile strength, compressive strength and

shear strength. Fig. [2-5(b)] shows specimens failure mode.

Fig. (2-5): a- Recycled PET bottle fiber, b-Specimens failure mode [22]

In 2019 Al-Hadithi and Ahmed [23], used a cutting plastic soft drink
bottles (PET) as small fibers with volumetric percentages of 0.25%,
0.5%, 0.75%, 1%, 1.25%, and 1.5% . The PET fibers length was 40mm,

the average width of 4 mm and a thickness of 0.35 mm as shown in Fig.
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[2-6(2)]. The mix proportions were 1: 1.62 : 2.55 by weight, the (w/c)

and cement content was (0.448) and 430 kg/m°® respectively.The
maximum size of the gravel used wasl4 mm. The results showed that

workability have been decreased when the percentage of PET fibers
increase. Also, they observed that the increase in PET fibers percentage
until 1% led to increasing in the compressive and shear strength of
concrete. Also, they observed an increasing in energy and rising in the
first crack load. Finally, they showed that increasing of PET fibers
percentage until 1.25% led to increase splitting tensile strength. Fig. [2-
6(b)] shows failure mode of reference specimen and 1.5% PET fibers

specimens

[ 1.57

Fig. (2-6): a-The small fibers of soft drink bottles (PET), b- Failure mode of
reference specimen and 1.5% PET fibers specimens [23]

b

In 2019 Adnan and Dawood [24], used PET waste fibers with two types of
PET bottles, large and small. Two colors of large PET bottle white and
green were cut by a special machine to random shape with maximum size

of 25.4 mm as shown in Fig. (2-7), while the small PET bottle fibers were
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cut manually with dimensions of 40 mm length and 4mm width. The two
types were used in concrete mixture with volumetric percentages of 1.5%
and 3% and water to cement ratio of 0.41. They observed that the machine
PET fiber show a slight increase in compressive strength and drop in
flexural strength for both percentages but the manual PET fibers showed
that compressive and flexural strength is increased at a percentage 1.5%

and decrease at percentage 3%.

Fig. (2-7): Types of used PET waste fibers [24]
2.2.2 Recycled PET Waste as a Fine Agregate

In this field, most of the researches were studied the effect of replacing fine
aggregate in the concrete mixture with PET waste particles, on the behavior
of concrete. Most of these researchs have adopted cutting and chopping
PET waste bottles into small particles by various techniques and
specialized machines.

In 2005 Yun-Wang Choi et al. [25], used (PET) bottles waste as a partial
replacement of fine aggregates in concrete mixture. Three water - cement
ratios of 0.45, 0.49, and 0.53 were investigated. The replacement
percentages of PET bottles aggregates were 0%, 25%, 50%, and 75% by
volume of fine aggregate. The range size of PET bottles waste particles was
5-15mm. They observed a little change in the compressive strength of the
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samples when the replacement percentages were 25% and 50 %, and
strength is reduced about 33% for the replacement percentage of 75% as
compared to control specimen.

In 2008, Ismail et al. [26], presented PET bottle as a partial replacement of
fine aggregate in the concrete mixture. PET bottle waste dimensions was
0.15-12 mm length and 0.15-4 mm width. In addition, to use of three
percentages 0%, 10%, 15%, and 20% by weight of sand, as shown in Fig.
(2-8). Mix proportion was (1cement: 1.88 sand: 2.68 gravel) by weight,
with w/c was 0.53. The tests carried out at ages of 3, 7, 14 and 28 days for
fresh and hardened concrete. They observed a sharply decreases in slump
as a plastic waste percentage was increased. Also they observed that
increasing the PET plastic waste led to reducing in flexural and

compressive strength of concrete.
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Fig. (2-8): PET bottle waste particles [26]

In 2009Albano et al. [27], used irregularly shaped PET particles with size
ranging 2.6 - 11.4 mm. Three volumetric percentages of replacement were
investigated 0%, 10%, and 20% as a sand partial replacement. Two w/c

ratios of 0.50 and 0.60 were used. They found that using PET particles in
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plain concrete decreasing tensile and compressive strength, and elastic
modulus specifically at 10% of PET contents. Cylinders failures Types

were shown in Fig. (2-9).

Fig. (2-9): Types of failures presented in the cylinders after compressive
strength testing: (a) Longitudinal, (b) Cone, (c) Border, (d) Diagonal [27]

In 2010 Akcaozoglu et al. [28], carried out a shredded PET bottles waste
as sand in light weight concrete. Two mortars samples groups were
presented, one is containing PET wastes aggregates only and the second is
consist of sand aggregates and PET wastes together. The PET/ cement
ratio is of 0.50 used in the mixtures and the water to cement ratio (w/c) is
of 0.45. The shredded PET granules size were between 0-4 mm which
was the preparation of two mortar mixtures. Flexural,tensile, and
compressive strength, water absorption measurements, shrinkage values,
and dry and fresh unit weights of the specimens were tested. They found
that the mixture that contain sand aggregates and PET together were
possessed the value of compressive strength, flexural-tensile strength and
unit weight larger than the mixtures containing PET aggregates only. Also,
it was observed that mortars without sand recorded lower shrinkage values

and water absorption ratios. Shredded waste PET particles are used in
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concrete to reduce earthquake risk on the building, and It can be useful in
designing a seismic building.

In 2010 Frigione et al. [29], substituted fine aggregate (natural sand)
partialy by un-washed PET bottleswaste (WPET) aggregates with percent
of 5% from weight in concrete mixture. It is possessed a granulometry
same as to that of the substituted sand. The coarse aggregate that used for
reference concrete was crushed natural siliceous material with size 5-20
mm and specific gravity of 2.82, the fine aggregates was siliceous sand
from fluvial deposits with size 0.1-5 mm. The PET bottles waste
thickness was 1-1.5 mm, and grinded in a blade mill to the size of 0.1-5
mm. The mixtures composition content was from 300 to 400 kg/m® and

water/cement ratio (from 0.45 to 0.55). They reported that the compressive

strength and splitting tensile strength of WPET concrete were of 0.4%-

1.9% lower thanthe reference concretes but, a slightly higher ductility.

In 2013 Rahmani et al. [30], presented two sets of control samples contain
PET bottle wast as a fine aggregate partial replacement in the concrete
mixture with percentage of 5%, 10%, and 15% by volume with two water
to cement ratios of 0.42 and 0.54. The maximum size of PET bottle wast
particles was 7 mm as shown in Fig. [2-10(a)]. This sets of PET samples
were compared with the mentioned controlling samples. The fresh and
hardened concrete tests were carried out. They observed that using 5%
PET bottle wast as replacement of sand had been gave optimum
compressive strength when w/c was 0.42 and replaced sand with 10% PET
wastes particles produced compressive strength similar to reference
samples without PET particles, but with low elastic modulus. This mean
more ductile behavior. Also, they observed that the slump decreases as a

plastic waste percentage increase. Fig.[2-10 (b)] shows prism failure mode.
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Fig. (2-10): a-Sample of plastic waste, b- Failure mode of specimens [30].

In 2014 Prabhu et al. [31], used PET bottle as a partial replacement of fine
aggregate in form of fiber in the concrete mixture. The percentages of
replacement were 0.5%, 1.0%, and 1.5% by volume. Three dimensions of
fiber were used in this study 50*3 mm, 100* 3 mm, and 150*3 mm with
mixing proportion of 1 : 1.48 : 2.54 and w/c of 0.45. Compressive and
flexural strength tests were carried out at ages of 3, 7, and 28 days. They
observed that the dimension of fiber 100*3 mm had been given higher

strength and 1.0 % replacement of sand by volume fraction was the
optimum percentage for both compressive and tensile strength.

In 2015 Khanna et al. [32], used PET waste plastic fibres as a partial
replacement of fine aggregates in concrete mixture as shown in Fig. [2-
11(a)]. The percentages of PET wast that used as a sand partial
replacement were 10%, 20%, 30%, and 40% (by volume). Fly ash was
used as partial replacment of cement with percentage 5%, 10% and 15% by
weight. The water to cement ratio was 0.45. For each mix, Super plasticizer
ratio was 0.01. They concluded that the compressive strength decrease with
increasing of PET waste fibres amount and fly ash content. Also they

concluded that maximum increasing in compressive strengthwas found
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when fly ash content 10% with a partial replacement of PET waste plastic

fibres even up to 30% by volum. Fig.[2-11 (b)] shows cubes failure mode.

In 2016 Azhdarpour et al. [33], presented PET wast fragments as a fine
aggregate partial replacement with percentages of 5%, 10%,15%, 20%,
25%, and 30%. Two different classes of plastic fragments were used.The
First particle diameter of 2-4.9 mm (Pc) and the second one gradation
fragment was finer with a diameter of 0.05 to 2 mm (Pf) as shown in Fig.
[2-12(a)]. The water to cement ratio of 0.5 selected. They were found that
adding PET wast decreases weight of concrete. Also observed that
replacing 5% and 10% of fine aggregate with PET wasts particles increase
the compressive strength up to 39% and 7.6% respectively, in addition,
strengthen the flexural strength of concrete. Also they found that the
substitution of more than 10% decreases flexural strength, but the
substitution percentage 30% showed behavior like a creep in concrete.
Fig.[2-12 (b)] shows a failure mode of prisms containing diferent PET

percentages .

2.2.3 Recycled PET Waste as a Coarse Aggregate

Few researchers were presented the PET wastes as a partially alternative to
coarse aggregate. It will be reviewed some of studies with their findings in

this field and they were as follows:
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Fig. (2-12): a-Samples of waste bottles used in the mix design; Pc (coarse plastic
particles) and Pf (fine plastic particles), b- Failure mode of prisms containing different
PET percentages [33]

In 2014 Ganesh Tapkire et al. [34], used polyethylene terephthalate (PET)
wastes as a partial replacement of the coarse aggregate in the concrete mix.
The percentage of replacement was 10%, 20%, and 30% by weight of

coarse aggregates with maximum size 10 mm. Mixing proportion was 1:

2.56: 3.26 as (cement, sand, and gravel) respectively, and w/c was 0.5. The
researchers showed that the maximum percentage of recycled PET can be
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used as a replacement for coarse aggregate in concrete without affecting on
its properties was 20%.

In 2014 Patil et al. [35], used recycled plastic polyethylene terephthalate
(PET) as coarse aggregate in the concrete mixture with percentage of 0%,
10%, 20%, 30%, 40%, and 50% by volume of aggregate in the mix. The
tests were carried out for hardened concrete compressive and flexural
strength at 7 and 28 days ages. They observed that when the PET plastic
waste percentage increase, the compressive strength decreases. Also
observed that using PET waste as a replacment of coarse aggregate up to
percentge 20% gives resistance within the limits and when the replacment
percentge was 10%, the results of compression resistance at 7 and 28 days
were satisfied.

In 2016 Islam et al. [36]; made a comparison between PET wast aggregate
concrete (PAC) and natural aggregate concrete (NAC) according to
compressive strength, unit weight, and workability. They were selected five
types of mixtures. Brick chips was used as coarse aggregates, while (PAC)
PET wast was used as a volumetric coarse aggregates partial replacment
with percentages of 0%, 20%, 30%, 40%, and 50% as shown in Fig. (2-
13). Three water to cement ratios (w/c) of 0.42, 0.48, and 0.57 were used .
They observed that PAC make high strength with replacment percentages
up to 20 % so it can be useful in structural concrete especially with low w /
c ratio and little amount of PAC concrete aggregate and the density for
PAC were 4-10% reduction compare to the NAC.

2.2.4 Recycled PET Waste as a Reiniforcement

There are a few researches in this field. This research is presented different
method and formula for using of PET wastes as reinforcement of concrete
beams. It will be reviewed some of researches and their findings as

following:
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Fig. (2-13): PET coarse aggregate [36]

In 2013 Foti et al. [37], used PET waste fibers as reinforcement of
specimens that used in concrete beams as a rebar replacement. These PET
fibers were produced by cutting the PET bottles into diffirent forms.
Three forms of PET waste bottle were used as shown in Fig. (2-14). In the
first one PET was in a circular fibers form with width 5 mm. A weight
percentages of 0.5%, 0.75%, and 1.0% of concrete. Second form was using
half bottle as a long strips of PET in a concrete beams arranged in a
similar position to the rebar in concrete beams as shown in Fig. (2-15). The
third type was a bottles strips with dimensions of 45 x0.2x300 mm used in
specimens as substitution of steel reinforcement. For tensile stress they
were prepared 100x100x400 mm prisms reinforced with a large strips
pruduced from cutting a half PET bottles. Also, they used 100x200x1100
mm beams reinforced with four layers of long overlapping PET waste
bottle strips to study a larger elements behavior while, for slab test they
were used specimens of 800* 800*58 mm. The result was showed that the
ideal percentage of circular PET waste fibers was 1.0%. Also, they found

that the reinforcement forms of PET waste was successfully had been given
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high ductile behavior and concrete-PET adherence to the concrete slabs

which is fundamental to inhibit complete failure.

el
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(a) Circular PET fibers (b) Half bottle reinforcement (c) PET strips utilized in test 2.
Fig. (2-14): PET bottle waste samples [37]

Fig. (2-15): Positioning of the half bottle reinforcement, b- Prism failure mode [37]

In 2014 Lopez et al. [38], used PET fiber that cutted by the special tool as
shown in Fig. (2-16). Its dimensions were 4 and 0.34 mm width and
thickness, respectively with two lengths, short length of 40 mm and
continuous length of 600 mm. They were presented as reinforcement bar
for concrete beam. Three percentages of recycled PET fiber 0.25%, 0.5%,
and 1.00% by volume in addition to reference specimens were used. After
four weeks, seven concrete beams with dimensions 100*150*600 mm were
tested for flexural strength and the recycled PET fibers placed in the mold
with 15 mm as a spacing between them as shown in Fig. (2-17). This study
showed that the using of recycle PET fiber reinforced concrete with two
types, short and continuous fibers were improved the ductile behavior,
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flexural strength and energy absorption capacity compared with specimens

without fiber.

e

-y

G

bers.

Fig. (2-17): a- Mold with short fi b- Mold with continuous fiber) The cross

section. [38]

In 2014 Kumar et al. [39], used a PET waste fibers as reinforcement for
concrete beams. Three types of recycled PET waste fiber reinforcement
were used in this investigation. The first one was a hollow PET bar that
prepared by a longitudinal cut of four bottles with length of 48 cm and
the outer and inner diameter was 24 and 22.8 cm, respectively. The
second type was PET long strips with dimensions of 8 cm length and
0.5 cm width were arranged by placing 11 of them one above the other
to be a thickness of 6.6 cm. The last type was short PET strips similar to
long strips with dimensions of 4 cm long, width of 0.4 cm and thickness

of 0.6 mm.This type was arranged in seven detail of reinforcement.
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Control specimens, concrete beams reinforced with rebar, concrete
beams reinforced with one PET bar, concrete beam reinforced with two
PET bars, concrete beam reinforced with steel and PET bars, concrete
beams reinforced with steel and PET long strips and PET concrete with
short strips as shown in Fig. (2-18). Seven concrete beams were tested
at 28 days for flexural strength with dimensions 100*100*500 mm for
these above reinforcement detail. The results showed that using
different types of PET fiber reinforced concrete had better flexural
strength, inhibiting early beam failure, also the type of beam that
reinforced with steel and PET strips had been given a large increase in

flexural strength compared to beams reinforced with rebar only.
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Fig. (2-18): a) PET hollow bars,b) PET long strips as reinforcement along with steel, ¢)
PET short strips, and d) Concrete with PET short strips filled in beam mold [39]

In 2014 , Foti et al. [40],used PET recycled bottle in long reinforcement
discrete specimens as a substitution of steel bars by arranged it as a grid for
slab. The cutting PET technique was started with removing the bottle
neck,then cutting a 5 cm-wide strip longitudinally including the base of the
bottle and ending on the opposite side. This way gave a strip with a length
of about 60 cm. Four slabs with dimention of 800* 800* 58 mm have
been prepared, two were non-reinforced concrete and other two with PET

recycled bottle reinforced concrete grids as shown in Fig. (2-19). Impact
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load was tested for these slabs, the results showed that the reinforcement

was successfully given very ductile behavior to the concrete slabs.
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Fig. 2-19): Scheme of the Slab with the position of the strain gauges
and the supports [40]

In 2019 Adnan and Dawood [24], investigated using PET waste as a
tension bar. They used twelve simply supported beam with dimension
150*200*1400 mm, two of them were reference beams. PET rods were
used in various forms. The tension PET bars of first beam consist of
rolled big bottles, tied together and filled by wastes of plastic boxes as
shown in Fig. (2-20 (A)). Second beam consists of a small bottles of
PET putted inside a large bottles of PET as shown in Fig. ( 2-20 (B)).
Third beam contain a large and small bottles of PET rolled together,
contacted by a bottle neck, and putted inside each other as shown in Fig.
(2-20(C)). Fourth beam contain a rolled small bottles of PET, covered
in the middle by neck and filled with wastes of PVC as shown in Fig.
(2-20(D)). Fifth beam contain a large bottles of PET divided for two

parts, arranged as two layers and connected to stirrups as shown in
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Fig. (2-20(E)). Other beam are hybrid reinforcement which reinforced
by rebar in addition to different thickness of PET bottles layers, as
shown in Fig. (2-20(F)). They displayed failed of all specimens that
containing PET bars except the specimen that using rebar with PET
bottles layers that cut for two parts ,which presented a deflection and
ultimate failure load increment by 213% and 3 % compared to

reference specimens respectively.

Fig. (2-20):Types of used PET waste bars as a tension reinforcement [24]

2.3 Summary

All uses of PET waste in concrete and the four forms of PET waste that
presented by previous studies and reviewed are subjected to a set of
variables, including size, shape, dimensions, percentage, and method of
use. The results of the researches varied according to these variables, but
can summarize the conclusions that most research participated in each of

the four areas as follow:-
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1-

Researchers used polyethylene terephthalate waste as fibers in concrete
with lengths ranging from 10 to 60 mm, widths ranging from 2 to 5 mm,
and thicknesses ranging from 0.5 to 0.8. The Volumetric percentages of
using PET fiber were ranged from 0.25% to 3%, with a steady increase
rate of approximately 0.25%. Most of the researchers concluded
increase in flexural strength, absorbed energy, first crack load, ductility,
enhancing tensile and compression strength when the fiber ratio does
not exceed 1%. Also decrease in workability and elastic modulus. The
maximum use of PET fibers in concrete should not exceed 1.5%
calculated from the total volume.

The researchers used PET waste particles as a partial substitute for fine
aggregate with percentages ranging from 0% to 50% with a steady
increase rate of 5% and with different dimensions, coarse with max
dimensions of 100 mm and fine with max dimension of 3 mm. The
results are varied according to size an percentages of uses. Although it is
consistent in some results, such as increasing ductility and reducing
workability, but it gave variable results to the mechanical properties of
concrete. Results of researches that used large gradations of PET
particles showed a decrease in the mechanical properties of concrete.
While the results of research that used small gradations of PET waste
with limited replacement percentages, they tend to increase in some of
the mechanical properties of concrete. In general, it shared that using
PET waste as a partial substitute for fine aggregate by more than 10%

reduces mechanical properties.

The using of PET waste as a partially substitute for coarse aggregate
reduces workability and reduces the mechanical properties of concrete.
The using of PET waste as reinforcement for concrete beams lead to

inhibiting early beam failure, improved the ductile behavior. As for use
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it as a slab grid, it is given high ductile behavior to the slabs, which lead
to avoid the complete failure, but it has negative impact on the ultimate

failure load.
2.4 Concluding Remarks

The present study differs from the previous studies that the grading of PET
waste particles that used as a fine aggregate partial replacement was close
to fine aggregate grading. In addition to conducting scarce tests that have
not been addressed in most of the previous research, such as expansion,
shrinkage, shear strength, and modulus of elasticity. Sand replacement with
PET waste particles were also first time used in full scale concrete beams
with a length of 2300 mm, and their effect on the structural behavior of
these beams was evaluated. Also in this study, PET waste bottle is used
first time in three forms of continues tighten bars as tension reinforcement

of concrete beams.
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Chapter Three
The Experimental Work

3.1 General

This chapter includes the evaluation of materials properties which are used
in the concrete mixture. The chemical and physical properties, materials
details and their proportions, and concrete mix design are presented. In
addition, the nature of PET waste is explained to compare concrete mixture
with and without PET waste. Also it includes details of concrete beams
which contain different percentages of PET waste. Finally, specimen's
details, ages, curing, and tests methods are shown. All laboratory tests
were done in the laboratories of the Faculty of Engineering, Misan
University and Amarah Technical Institute, except the tensile test of plastic
braids, where they were conducted in the College of Engineering
laboratories, University of Basra.

3.2 Experimental Program

Experimental work is divided into three main parts. The first part included
the effect of using different percentages of PET bottle waste as a partial
substitute for fine aggregates in concrete mixtures on their mechanical and
physical properties. The second part involved the effect of using the same
percentages of PET as a substitute for fine aggregate on the structural
behavior of steel reinforced beams. The third part is recycled the PET
bottle waste in form of reinforcement bar used as alternative for steel

reinforcement in beams.
3.3 Materials properties
The local materials available are used in this research. Ordinary Portland

cement, fine aggregate, coarse aggregate, tap water, and plastic PET bottle

waste are used. Furthermore, superplasticizer IS
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used to improve the workability of mixtures. Generally, the same materials
were used in the three parts of the study, with slight differences including
the form of used PET waste.

3.3.1 Cement

Ordinary Portland cements type | was used. It was kept at a dry place to
avoid the effect of moisture. Tables (3-1) and (3-2) include the chemical
composition and physical properties of the cement, respectively. The test is
done according to the Iragi specification No0.5/1984 [41] at the laboratory

of Material and Construction — Amarah Technical Institute

Table (3-1): Chemical Composition of Cement

Oxide Abbreviation Content Limit of Iraqi
composition (percent)by specification
weight N0.5/1984[41]
Lime CaO 63.96 -
Silica Sio2 21.32 -
Alumina AL203 4.58 -
Iron Oxide Fe203 3.25 -
Sulphate S03 2.48 <2.8%
Magnesia MgO 2.75 < 5%
Loss on Ignition L.O.1 3.46 < 4%
Insoluble residue I.R 1.07 <1.5%
Lime saturation L.S.F 0.97 0.66-1.02
factor
Main compounds(Bogue’s equations)
Tricalcium C3S 50.69 -
Silicate
Di Calcium C2S 18.28 -
Silicate
Tri Calcium C3A 8.14 -
Aluminates
Tetra Calcium CAAF 9.89 -
Alumina
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Table (3-2): Physical properties of Cement

Physical properties Testresult  Limits of Iraqi
Specification
NO.5/1984[41]
Fineness Using Blain Air Permeability 384 >230

Apparatus (m2/kg)
Setting time Using Victa's Method

Initial (hrs: min.) 2:00 > 0:45 min
Final (hrs: min.) 3:45 <10 hrs
Soundness Using Autoclave Method 0.22 <0.8
The compressive strength of mortar
3Days, MPa 20.8 >15
7Days, MPa 27.4 >23
28 Days, MPa 34.7

3.3.2 Fine Aggregate

In this study, natural sand is used as a fine aggregate. It was brought from
Basra, city in the south of Irag. Tables (3-3), (3-4) and Fig. (3-3) show the
properties of the sand according to Iragi specification No. 45/1984 [42],
which include the grading, specific gravity, sulfate content, and absorption,
respectively.

Table (3-3): Grading of the fine aggregate

Sieve size Sand Cumulative passing %
(mm) percent Limits of Iraqi specification
passing % N0.45/1984[42]
10 100 100
4.75 95.6 90-100
2.36 85.73 75-100
1.18 72.04 55-90
0.60 48.25 35-59
0.3 17.75 8-30
0.15 3.7 0-10
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Table (3-4): Physical properties of fine aggregate

Physical Test results Limits of Iraqgi specification
properties N0.45/1984 [42]
Specific gravity 2.56 -
Sulfate content % 0.13 <0.5%
Absorption % 0.75 -
3.3.3 Coarse Aggregate

Coarse aggregates are available naturally in a region at eastern Amarah
(city in the Iraqg) called Chilat near Iragi-lran border. The maximum size of
coarse aggregate is 20 mm. The grading of coarse aggregate according to
the Iragi Specification No. 45/1984[42] is shown in Table (3-5).

Table (3-5): Grading of coarse aggregate

%Passing
Sieve size % Coarse Iragi specification No.
aggregate 45/1984[42]
37.5 mm 100 100
20 mm 97 95-100
10 mm 42.83 30-60
5 mm 3.145 0-10

3.3.4 Mixing Water

In this work, the Reverse Osmosis (R.O) water was utilized for casting and
curing all specimens.

3.3.5 Admixture

In this study, Super plasticizer (pc 260) was utilized as admixture to
improve the workability. The used liquid is type PC 260 which is agreed
with ASTM C494-99 types A and G [43], according to the technical

international specification as shown in Table (3-6).
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Table (3-6): Technical description of PC 260 [43]

Chemical base polymer

Modified polycarxylates based

Appearance/colors liquid
Freezing point
Specific gravity @25° C

Air entrainment entrained

Light Yellowish to brownish
-7°C
Approximately 1.1+0.02

Typically less than 2% additional

air is above control mix at normal
dosages

0.5 to 3.0 liter per 100 kg of binder
12 months if stored at temperatures
between 2° C and 50° C

Dosage
Storage condition/ Shelf Life

3.3.6 Steel Reinforcement

The deformed steel bars of 12 mm diameter were used for tension
reinforcement, 10 mm diameter for shear reinforcement, and 6 mm were
used as a stirrup in the reinforcement of shear specimens .The properties of
reinforcing bars are shown in Table (3-7). [44]

Table (3-7): Properties of steel reinforcement [44]

Bar type Bar Bar Yield Tensile Yield

diameter area strength ~ strength  strain
mm mm2  fy (MPa) fu(MPa)

steel stirrups 6 28.26 533 631 0.0026

Longitudinal steel 10 78.5 515 624 0.0025

bars & stirrups

Longitudinal steel 12 113.04 493 583 0.0024

bars

3.3.7 Epoxy

High performance building adhesive epoxy based type sikadur 31-41 cf
slow, was used in this study. It is composed of two packs A and B that are
mixed together to form a paste as shown in Fig. [3-1 (A)]. It is used in the
third part of study, in the formation of knots along the PET waste braids

bars as shown in Fig. (3-1B). Adhesive for structural bonding tested
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according to EN 1504-4 and ASTM, C881 M-02, type I, grade 3,class B +
C [45]. Table (3-8) shows epoxy information.

Table (3-8): Epoxy chemical base and technical proprieties [45]

Chemical base and The determinants of epoxy According to
technical proprieties Standard
Colour Component A: grey -

Component B: black
Components A + B mixed:
concrete grey

Shelf life 24 months from date of -
production
Density 1.93 £ 0.1 kg/l (component A + -
B mixed) (+23 °C) (evacuated)
Compressive Strength ~52 N/mm?( 7d/ +25 °C) DIN EN 196
Compression elastic ~2 600 N/mm? (14 d / +23°C) ASTM D695
modulus
Tensile Strength ~27 N/mm? (7 d/+25 °C) DIN EN 196
Flexure
Tensile Strength ~13 N/mm?(7 d/+25 °C) DIN EN 196
Tension elastic modulus ~ ~3 000 N/mm? (14 d / +23 °C) ISO 527
Elongation at Break 06+0.1% (7d/+35°C) ISO 527
Coefficient of Thermal 7.9 x 10—5 per °C (Temp. range EN 1770
Expansion +23 °C min. / +60 °C max.)
Mixing ratio Component A : Component B = -

21 (by weight)

Fig. (3-1): A-High performance building adhesive epoxy. B- Using epoxy as knots
along PET bars
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3.4 Parts of Study
3.4.1 Part One: - Using PET Plastic Waste as a Sand
Replacement in the Concrete Mixtures

3.4.1.1 PET Waste
Polyethylene Terephthalate (PET) bottle waste is the plastic type that used

in the present study. PET bottles with different sizes and colors were
minced to very small diameters and particles passing the sieve No. 4, (i.e.
the maximum particle size is less than 4.75 mm) as shown in Fig. ( 3-2). It
was brought from the factories and Choppers of Al-Naseri gropes, (Sama
Pack) branch from Baghdad city, AL-Tajiat region, which are specialized
in recycling PET waste exclusively as shown in Fig. (3-4). A sieve analysis
was carried out for PET particles and found that some sieves are
approximates to the sieve analysis of sand according to the Iraqi
specification N0.45/1984 [40] with a difference in fine sieves as shown in
Table (3-8) and Fig. (3-3). The specific gravity of PET particles is 1380
kg/m?® [33].

Fig. (3-2): PET molecules produced by chopping water bottles and soft drinks
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Table (3-9): PET waste particles grading

Sieve size (mm) PET percent passing %

10 100

4.75 95.6

2.36 97.64

1.18 18.72

0.60 2.55

0.3 0.5

0.15 0.19

120

100 : 7

80 & /

0 e —
40 //://// —e—Sand grading
20 //// —=—PET grading

://' Z S —— Iraq specification Lower limit

0 - .

+— |raq specification uper limit

Percent passing (%)

0.1 1 10

Sieve size
Fig . (3.3): Grading curve for original fine aggregate and PET waste

Fig (3-4): Alnaseri groups, (Sama Pack) branch factories for PET wastes recycling
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3.4.1.2 Selection of PET Waste Percentages as a Sand
Replacement

In this study, proactive experimental work were adopted to give a specific
indication of behavior and properties of concrete containing PET plastic
waste, as well as the quantities and percentages of these materials in
addition to the nature of the substitution. Due to fact that the PET waste
particles used in this part were closed to some sieve analysis of the sand,
but with a big difference in densities. Therefore, proactive experimental
were conducted to determine a specific range of weighted percentages of
PET to be adopted in the concrete mixture. Random weight percentages
were selected 0% reference, 1.5%, 3%, 5%, 10%, 25%, and 50% as shown
in Fig. (3-4). The compressive strength and density tests were carried out
by casting 42 cubes 150%x150%x150 mm. Six cubes for each percentage.
Three tested at age 7 days and the other three at 28 days. The mix
proportion is 1: 1.5: 3. The water-cement ratio was 0.41 with the admixture
(Super plasticizer) of 2% by hand mixing. The results are indicated that the
compression strength of the concrete cubes increases by increasing the
waste particles of PET plastic bottles up to 10% as a percentage to replace
the sand which is the optimum percentage while density decreases by
increasing PET replacement percentage. The results showed that the
replacement percentages ranged from 1.5% to 5% were closed; therefore
5% was determined as the lowest percentage weight for replacement in the
work. Also, it was found that when the sand is replaced with PET waste
with a percentage of 25%, the compressive strength is 50% less than the
reference mixture. Therefore the scope of experimental work for
replacement is ranged from 5% to 20%. As a result of this trail program,
six of PET waste percentages as a sand replacement were used, namely 5%,
7.5%, 10%, 12.5%, 15%, and 20%. In addition, the reference concrete

mixture was presented.
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3.4.1.3 Concrete Mixture

The mix proportion is 1: 1.5: 3 as a concrete mixe by weight according to
Dr. Mohammad M. Salman et al. [46]. The weights of cement, sand and
gravel for each cubic meter in this mixture are 444.75, 667, and 1334 kg,
respectively. The water-cement ratio was 0.41 with admixture
(Superplasticizer) percent of 0.4% to improve workability. Six percentages
of PET waste used in this study as a partial replacement of sand, namely
5%, 7.5%, 10%, 12.5%, 15%, and 20%, in addition to reference mixture
without PET. Table (3-10) shows all quantities and replacement
percentages in the mixtures. The scope of this work includes the use of one
type of plastic waste which is PET plastic bottles waste as a sand
replacement. Accordingly, this section will focus on the proportion of the

mixture and the replacement percentages used in the mix.

Table (3.10): Concrete mixture proportion for all PET replacement

Material 0% 5% 75%  10% 125%  15% = 20%
(kg/m?)

Cement  444.75 44475 44475 44475 44475 44475 444.75
Sand 667 633.65 616.975 600.3 583.625 566.95 533.6
Gravel 1334 1334 1334 1334 1334 1334 1334
Water 191.25 191.25 191.25 191.25 191.25 191.25 191.25
PET 0 33.35 50.025 67.7 83.375 100.05 133.4
SP 1.779 1779 1779 1779 1779 1779 1.779

3.4.1.4 Mixing Procedure

The mixtures were mixed by a 240L electric mixer in the structural
laboratories at the Faculty of Engineering, Misan University, according to

the following steps:
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1- Initially, a specified percentage of the PET waste particles are added to
the supplementary amount of sand so that their final weight is equal to the
weight of the fine aggregate in the concrete mixture and placed in the mixer

with gravel and mix for homogeneity.
2- Cement were added in to mixer, and then they mix for two minutes

3- After homogenization of the mixture, water was added to mix with

admixture gradually, with continues mixing.

3.4.1.5 Casting and Curing Details

The procedures of casting and curing were done according to
specifications. The preparing, casting and curing method for specimens

were summarized in Fig. (3-5).

Fig (3-5): Preparing, casting and curing for beams and specimens
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3.4.1.6 Experimental work specimens

A. Mechanical and Physical Properties specimens

The mechanical and physical properties of a concrete mixture included nine
cubes with dimensions of 150 x 150 x 150 mm, three cylinders with
dimensions of 150 x 300 mm, nine cylinders with dimensions of 100x200
mm, six prisms with dimensions of 100 x 100 x 500 mm and two prisms
with dimensions of 75x75x300 mm were casted for each PET wastes
percentage to calculate density, compressive strength, modulus of
elasticity, splitting tensile strength, absorption, pulse velocity, flexural
strength, expansion, shrinking, energy absorption, strain and ductility.

B. Shear specimens

Double L- shape wooden mold specimens were used for shear test

according to Balaguru and Dipsiadetail detail [47] as shown in Fig. (3.6).

Two wooden molds for each replacement percentage with dimensions

Stirrups - ---, reinforcing bars
\

A A
70 mm “>':'>“ =
T v ' oA shear plane
S \;/ : Vg 89 mm x 133 mm
: A.//
[
J 3 267 mm
\"4 3
178 mm ] :
\V4 L — specimen
//r 133 mm thick
o1 |

Fig. (3-6): Balaguru and Dipsiadetail detail for shear test [47]
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152 x 133x267 mm was used. The spaces in the mold were replaced by
using wooden partitions that were lubricated and wrapped with nylon
before casting as shown in the Fig. (3.7) to ensure they were removed after
concrete hardening. Reinforcement details include using 4 bars with
diameter 10mm for each single L- shape. These four L- shape bars have
been connected by bars of 6 mm diameter 50 mm c/c as stirrups. The

reinforcement is used to ensure that the failure occurs in the shear plan

zone and avoid the compression zone failure during the test.

a: Specimen reinforcement b: Preparing specimen

Fig. (3-7): Shear mold and reinforcement detail used in the present study
3.4.1.7 Tests on concrete mixtures

A. Fresh Concrete Test (slump test)

One of the most important characteristics of the concrete mixtures is slump.

It gives an indication of the workability of the fresh concrete. The concrete
Is considered suitable consistent that means the concrete is workable,
maintain homogeneity during casting, managed without segregation, and
compact it without need the extra effort. The slump test is prescribed
according to ASTM C143 [48] as shown in Fig. (3-8).
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20

Fig. (3-8): ump test
B. Hardened Mechanical Tests

1. Compression Strength and Density Tests

The test of compressive strength of concrete was done by using cubical
specimens with dimension 150x150x150 mm according to the British
standard BS 1881 part 116-83 [49]. A compressive machine of 2000 kN
capacity was used herein as shown in Fig. (3-9). The density is measured

before compression test for each cubical specimen.

Fig. (3-9): Compression machine test

2. Splitting Tensile Strength
Cylinders specimens were tested with dimensions of (100x200) mm for

splitting tensile strength. The Civil Engineering labs were used in the
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Engineering College, Misan University according to ASTM- C496 [50]
standard. The machine that used in compression test was also used for

splitting tensile strength as shown in Fig. (3-10)

Fig. (3-10): Splitting tensile test
3. Flexural Strength Test

Prism specimens with dimensions 100x100x500 mm were used to examine
concrete flexural strength test according to the ASTM-C78 [51]. This test
was done in the College of Engineering, Misan University,by using

machine of flexure with a capacity of 5000 kN as shown in Fig. (3-11).

Fig. (3-11): Flexural strength test
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To calculate the flexural strength the following equation is utilized.

Fr = —— i, 1 where:

Fr: modulus of rupture (MPa) P: maximum applied load (N)
L: span length (mm) b: average width of the specimen

d: average depth of specimen (mm)
C. Shear Test

Compression machine was used for shear specimens test. A rectangular
thin steel section were placed above and below the specimen in a straight
line with the shear plane zone to ensure concentrated a higher shear

strength on shear plane area as shown in Fig. (3-12).

Fig. (3-12): Shear test method

D. Hardened Physical Tests

1. Volumetric change and plastic Shrinkage Test

The volumetric change and plastic shrinkage test was carried out by using a
shrinkage device consisting of a base and two stands of length 400 mm

separated by a distance of 100 mm, carrying a 150 mm iron beam with a
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dial gauge of 0.01mm accuracy as shown in Fig. (3-13). Fourteen prisms
of 75 * 75 * 300 mm were used in this test, two prisms for each
replacement percentage. This test is done according to Iragi specification
NO. 54/1970 [52], at the Engineering College of Maysan University.

Fig. (3-13): Shrinkage specimens and test method

2. Absorption Test

Cubes specimens were used for this test with dimensions 150 x 150 x 150
mm according to ASTM C642 [53]. The specimens are dried for 72 hours
at a temperature of 100 ° C in the oven, then weighed to get a dry weight
(D.W), and then submerged for 24 hours in water and weighed again to get
wet a weight (W.W), then measured the percentage of absorption from the
relationship.

: W.W—D.W
Absorption rate = 100 X % ................... 2

3. Ultrasonic pulse velocity test (UPV)

Ultrasonic pulse velocity is measured through concrete cube according to
ASTM C597 [54]. Cubes specimens were used for this test with
dimensions of 150x150x150 mm and ultrasonic pulse velocity apparatus
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as shown in Fig (3-14). The UPV test is performed by using PUNDIT PC

1012 with an accuracy of 0.1 micro second, direct methods from two
directions.

Fig. (3-): Ultrasonic device and test method
4. Modulus of Elasticity and Energy Absorption Tests

Three cylinders with dimensions 150 x 300 mm were used to test modulus
of elasticity and energy absorption (toughness). This test was set up by
using a 2000 kN compression machine as shown in Fig. (3-15). Elasticity

modulus and toughness tests are done according to ASTM C469 / C469 M
— 14 [55].

Fig. (3-15): Modulus of elasticity and energy absorption tests
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3.4.2 Part Two:- Reinforced Beam Specimens Containing
PET Waste as a Sand Replacement

This part of work involves using the same materials , mixing ratios, water-
to-cement ratio, and additive ratio, and same PET ratios that used as a
partial substitute for the fine aggregate, that was used in the first part of the
work and shown in a Table (3-10). It is focused on the impact of using PET
bottles waste as a sand replacement on the behavior of structural beam

specimens.
3.4.2.1 Reinforced Beam Specimens

Six beams with dimensions 150 x300 x2300 mm were used for testing the
use of PET waste as a partial replacement for sand, one for each
replacement percentage, in addition to reference beam ( without PET). All
concrete beams are casting using wooden formwork, as described in Fig.
(3-16). The wooden molds used in this part are made of a fixed wooden
base and movable sides connected to each other and with the base by
screws and nails. All concrete beams were simply supported. The beams
are with a rectangular cross-sectional area with dimensions b = 150 mm, h
= 300 mm, and length 2300 mm. This detail was used in all reinforced
concrete beams which contained PET particles percentages as a partial
replacement of sand. Two points load separated by a distance of 660 mm
and two supports with a clear span of 2000 mm were used in this part of
study, see Fig. (3-17). The concrete beams were designed in such a way to
prevent a shear failure in the beams section, where the distance between
each point load and support (a) was of 660 mm while the effective depth
(d) of beam section was of 264 mm. So, the ratio of (a) to (d) was equal to
2.5, which indicates that the section of the beams withstand shear force.
The flexural beam reinforcement is designed according to ACI 318-14

Code [56] to ensure that the compression zone of the beam section fails
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in flexure, with controlled failure in tension zone, and designed for shear
reinforcement to guarantee that the beam section hold out shear force,
according to ACI 318- 14 [56]. All beams were reinforced by 3 ¢ 12 mm
bars at the tension zone and 2 ¢ 12 mm bars at the compression zone.

Stirrups with diameter of ¢ 10 mm spaced at 60 mm c/c are used at shear

span while the middle portion was spaced at 120 mm c/c. as shown in Fig.
(3-17).

Fig. (3-16): Wooden molds for beams

P P
A $2=120 mm 51260 mm 2?51@ H0@80 G
T ‘ SHSHSHSESHSHIKWSUSMINS 32 § 32 324 3 1931 B EIES 1‘131 T . /
0 | 300
o J WY
AT A - 10 |

|- 150 | 660 ! 680 I 660 150 - 3;7512
| 2300 |

Fig (3-17): Reinforcement details and loading method for concrete beams
3.4.2.2 Testing of Concrete Beams
A. Testing Machine

In the structural laboratories of the Technical Institute in Maysan, an
automatic compression machine with a capacity of 600 kN and with
dimensions (3000 mm length x 1000 mm height) was used to test a big
beams as shown in Fig. (3-18) and (3-19). Also, it can be controlled
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manually. The applied loads were in successive increments of about 10 kN
until reaching to the failure load. Observations were recorded at each load

increment, such as the strain value, deflection and first crack and draw

crack patterns.

SISESEatReEEN=

upper head of the maching

Lest specimen

toller support
lower steel spreader beam ﬁ #% W ¥

\

lower head of the machine

1al gage

Fig. (3-19): Test setting
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B. Dial Gauges

In order to calculate the deflections for all beams at every load stage, two
dial gauges were used in the 2300 mm beams. The first one was placed
under the mid-span of beam and the other one placed at 2/3 — span of
beam. The dial gauges accuracy was of 0.01lmm with a maximum reading

of 10 cm for mid span gauge and 5 cm for 2/3 — span.

C. Strain Gauge

Two (30 mm) strain gauges were attached at the center of each beam before
test. One was placed in the compression zone and the other in the tension
zone. It was connected to data acquisition device (data logger consist of 16
channels supplied with DATACOMM software for PC data acquisition) to

obtain strain reading at each load increment as shown in Fig. (3-20).

Fig. (3-20): Strain gauges attached to the beam

3.4.3Part three: - Using the PET Bottle Waste as
Reinforcement Bars

In this part of the study includes the waste PET plastic bottles were used as
an alternative to the main reinforcement for reinforced concrete beams.
This is done through the use of strips from waste PET plastic bottles after

they are remodeled in different forms as reinforcing bars. This part is
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focused on the effect of PET plastic waste bottles bars on the behavior of
structural beam samples. Five reinforced concrete beams samples with
dimensions 1400x200x150 mm were casting. Three of them with different
details from waste PET plastic bottles which are (BP1, BP2, BP3). In
addition to a reinforced concrete beam with steel bars (CR), and another
without reinforcement (CC). Then a comparison is made between these

samples.
.3.4.3.1 Materials and Concrete mixture

The same materials that used in the previous parts are used herein.
Ordinary cement, fine and coarse aggregate, R.O. water, and Super-
plasticizer are used. Also, the concrete mix used in this part is the same one
that was used in the first part, reducing the w/c ratio to 0.4, while the super
plasticizer amount remains 0.4%. Table (3-11) shows material content for

each cubic meter.

Table (3-11): Material content for each cubic meter
Material Cement Sand Gravel Water SP

weight ~ 444.75 667 1334 1779 1779
(kg/m’)

3.4.3.2 Steel Reinforcement

The 12 mm diameter deformed steel bars were used for tension
reinforcement and 10 mm diameter for shear reinforcement. The
reinforcing bars properties are as in the first part. The flexural beam
reinforcement was designed according to ACI 318-14 Code [56] to ensure
that, the compression zone of the beam section fails in flexure, with

controlled failure in tension zone. Also, all beams were designed for shear
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reinforcement to guarantee that the beam section hold out shear force,
according to ACI 318- 14 [56].

3.4.3.3 PET Plastic

PET waste bottles were cut by a tool designed for this purpose as shown in
Fig. (3-21). The PET plastic bottles were turned into a long strip, with a
small width. PET waste bottles were converted into strips of 6 mm width
and lengths that differ according to the size of the plastic bottles. The
thickness of strips is (0.4-0.5) mm, width is 6 mm and it can be controlled
by gradations in the tool as shown in Fig. (3-21). It was noted that the small
PET bottle had been given a tape length of 6-7 m if the width of the tape is
6 mm and the large one had been given a length of up to (9-11) m. These

tapes were reshaped in two forms, braids and longitudinal bundles.

Sharp blade =

Graduations

’
[ \
b
/// f
/
/

Fig. (3-21): Tool and method of cutting and converted PET bottle to strip

A. Braids

The strips were formed in the form of secondary braids. Twelve strips with

a length of at least 4200 mm were manually braided to get a secondary
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braid length between 2600 - 2800 mm. Every three secondary braids were
manually braided together to produce a main braid with length 1800 mm
which consisting of 36 strips as shown in Fig. (3-22). Due to the fact that
the braid cross section was closed to the circular shape, Bernoulli's
principle was used to measure the diameter of the braids. This was done by
using a graduated laboratory beaker filled partially with water for a specific
size that is recorded, then put a piece of braid of a known length (before
tighten) that was recorded too, and it was completely submerged inside this
beaker, after that we recorded the new volume of water in the beaker. The
difference between the volumes of water in the beaker before and after
immersion of the braid represents the volume of the braid. By dividing this
volume by the known length, we obtain the cross section area of the braid.
In order to be more accurate, made sure to tighten the braids tightly before
measuring the length and used two models of braids of two different
lengths and took the average readings as shown in the Table (3-12).
Through the above experience it was found that the diameter of the braid is
14.71 mm.

Fig. (3-22): Main braid forming method 36 strips (3secondary braids)
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Table (3-12): Braids diameter measuring data

Braids Water VVol. in beaker Volume difference

| Braids section
length ml

area mm?
mm before after ml® mm®
immersion  immersion
160 700 127 27 27000 168.75
240 700 741 41 41000 170.525

Average area =170mm?
Diameter = 14.71mm

B. Longitudinal Bundles

Another formation of plastic strips in which the bundles were assembled in
the form of secondary bundles, each secondary bundle consists of 12 strips
with a length 1400 mm at least as shown in Fig. (3-23). Then three
secondary bundles were assembled to form one main bundle consisting of
36 strips. The length of the main bundle is at least 1400 mm. Types of PET

bars with braid cross-section are shown in Figs. (3-24) and (3-25).

Fig. (3-23): Secondary bundles formation

- 58 -



CHAPTER THREE EXPERIMENTAL WORK

Braid cross-section " Twisted bundles 36 strips

Fig. (3-24): Types of PET bars with braid cross-section

A
%’Wﬁ/ﬁ/}w}mﬁ%ﬁf# S
Braid 36 strips A Sec. A-A

B
}Z/f%\ @

B
Braid 36 strips with epoxy knots Sec. B-B

%ﬁ“f//fi‘z/@?

7W»wrmmmwwjr‘#

C

Twisted bundles 36 strips Sec.C-C

Fig. (3-25): Details of the three types of PET bars with its cross-sections
3.4.3.4 Tension Stress Test for Braids and Strips

Tensile testing of braids and strips is carried out in laboratories of the
College of Engineering, Basra University, to determine the maximum
tensile stress of the braid or strips, as well as the elongation that occurs
during the tensile process. This test was done twice, using the tensile test
machine shown in Fig. (3-26). Four samples were selected to examine in

each time:-
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1- Only one strip of the strips that was used to create braids or bundles with
the same cross section dimensions.

2- A secondary braid consisting of 12 strips

3- The main braid of 36 strips

4- A secondary bundle consisting of 12 strips.

In order to reduce the pressure of the tensile machine jaws on the two ends
of the specimens; the specimens ends were enclosed by a wire mesh and
epoxy dough (section 3.3.7). The test of only one strip was succeeded
where it recorded a tensile strength of 78.12 MPa with an elongation ratio
of 8.5%. While the other specimens failed in the region of the ends due to
the high jaw pressure during the tensile process. Fig. (3-27) showed the two
test specimens. In the second trail, the same process was repeated, but the
ends of the specimens are enclosed with a thermal silicon and cotton tape.
The results were same as the first trail. The tensile stress to strain curve for
one strip test is shown in Fig. (3-28). It was drawn according to data of the

computer that connected to the tensile testing machine.

Fig (3-26): Braid and strips tensile testing machine
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First test Second test

Fig (3-27): Braid and strips before and after tests
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strain

Fig. (3-28): Tensile stress to strain relation for one stripe tensile test

3.4.3.5 Concrete Beams Specimens

All the concrete beams were casted using wooden molds as in the first part
of this study. Wooden formwork with a fixed wooden base and movable
sides attached to each other and with the base by screws and nails in this
part of the work also, the beams are simply supported. Five beams
rectangular cross-sectional area with dimensions b = 150 mm, h = 200 mm,
and length 1400 mm were tested as shown in Fig. (3-29). Three molds

have two openings on each small side with a diameter of 30 mm. These
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openings used to tighten waste PET plastic bottles as a substitute of steel
bars, by using a tightening tool specially made for this purpose. One point

load applied at mid span and two supports with clear span of 1200 mm are

used as shown in Fig. (3-30).

i 2010
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W%, 4 W m 912
1400 CR

Fig. (3-30): Beams loading and supporting method
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3.4.3.6 Details of Concrete Beams Reinforcement

Five beams are caste with different details of reinforcement. Deformed
steel bars and PET bars were used in the reinforcement, Figs. (3-31) and
(3-32) show the five type details shape. The five Details can be illustrated

as follows:-

1- CR: Reference concrete beam include two bottom bars ¢ 12 mm
diameter for tension reinforcing, stirrups reinforcement bars ¢ 10 mm
diameter at 60 mm c/c, and two ¢ 10mm top anchorage bars to fix the

stirrups.

2- CC: The reference plain concrete beam without reinforcement include
only stirrups reinforcement bars ¢ 10 mm diameter at 60 mm c/c and two
top bars ¢ 10 mm to fix the stirrups as anchorage bars to eliminate shear
effect.

The other three concrete beams have the same detail of reference beam but
they were reinforced with PET bottle bundle or braids as tension
reinforcement. It is tightened before casting by the tighten tools. This PET

bottle bar heams were:-

3- BP1: The first type is two bars of PET waste in the form of a braid. Each
braid consists of 36 strips placed in the tensile area as an alternative

reinforcement of the steel bars of the concrete beam.

4- BP2: The second type is similar to the first type, with the addition of

epoxy nodes of 8 cm length, distributed to the braid at every 10 cm.

5-BP3 : The third type of PET bottle waste rods is longitudinal bundles that

are placed in the tensile area and tightly twisted.
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Reference
. Concrete —_
beams

BP2 BP3
Fig. (3-32): Detail shape for all five beams

3.4.3.7 Tighten Tool

Plastic braids are characterized by a lack of straightness and contain
gaps and flexes. It is expand during tension, causing elongation and an
increase in the length of the braids. Therefore, it was necessary to make
a prior pull the plastic PET braids to eliminate the expected elongation
due to tensile, as well as to give it straightness make the conditions of
work similar to the conditions of the work of steel bars. Therefore, made
a tighten tool, consisting of a steel structure with a base and two ends
perpendicular to the base. One end contains nuts to fix the first end of
the braids. The second end contains a handle connected to the pull
mechanism, the braids is tied to it for the purpose of pulling it as shown
in Fig. (3-33).
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A

VOO SL

Section A-A
Fig. (3-33): Tighten tool details

3.4.3.8 Preparation and Tighten of PET Waste Bars

Three types of PET waste bars were prepared and tightened before being

used as the main reinforcement in the concrete beams.
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A. PET Braids Bars

PET waste braids created as shown in section (3.9.1.4.1) consisting of 36
PET strips are placed inside the wooden molds with shear steel-
reinforcement. Then the entire mold is placed inside the tighten tool and it
Is tightened tightly before casting, as shown in the Fig. (3-34). This type

was used in the BP1 concrete beam.

Fig. (3-34): Braids tightening method and installation to the pre tension tool procedure

B. PET Braids Bars with Epoxy Knots

This type is formed and tighten same as first type, but an epoxy knots were
added along the braids through the steps below:

A- Pulling the braid tightly.

B-Surround and fix the perimeter of the knot with a wire mesh.

C- Fill it with an high performance building adhesive epoxy (sikadur 31-41
cf slow), making sure that the surface of the dough is rough. Fig (3-35)
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shows the procedure of forming BP2 braids. The purpose of these nodes is
to increase the bonding between the concrete and the braid, as well as to
reduce the expected elongation in the braid when exposed to tension .This
type was used in the BP2 concrete beam. In the first and second types of
PET braids waste, one of the ends of each strand is attached to a serrated
bar, which is then attached to one of the ends of the tighten tool by a nut
installed in the tool. While the other end is attached tightly to a high-

strength cotton tape, which is connected to the installed pull device on the

second end of the tighten tool, as shown in the Fig. (3-34).

Fig. (3-35): Forming BP2 braids procedure

C. PET Bundles Bars

This type is created as described in section (3.9.1.4.2), and it also consists
of 36 strips. PET bundles are twisted before casting. The twisting is done
by connecting the ends of the longitudinal PET bundles to the serrated rods
and then tightening them by nuts, as this process provides twisting and
tightening the longitudinal PET bundles at the same time as shown in the
Fig. (3-36). This type was used in the BP3 concrete beam.
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Fig. (3-36): Twisting and tightening BP3 bundles procedure
3.4.3.9 Casting and Curing Procedure

The procedures of casting and curing are done according to the
specifications. Fig. (3-37) shows the preparing, casting, and curing for all

beams.

Fig. (3- 37) Preparing, casting, and curing for all beams
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3.11 Testing of Concrete Beams

The same compression machine that used in the second part section
3.4.2.2.1, was used herein. Also same dial gauge and strain gauges types
were used. The difference was only in the loading method as the single
point load method was used in the mid- span of the concrete beam and only

the mid span dial gauge was used as shown in Fig. (3-38).

Fig. (3-38): Automatic compression machine

3.5 Test Variable

3.5.1 Mechanical and Physical Properties of Concrete
Containing PET Waste as a Partial Replacement of Sand

The sand replacement percentages with PET waste is the main test

variable. Six replacement percentages of PET waste are used 5%, 7.5%,
10%, 12.5%, 15%, and 20% in addition to reference mix without PET
(0%). For each percentage the following properties were determined,;
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slump, density, compressive strength, elastic modulus of elasticity, splitting
tensile strength, absorption, UPV test, flexural strength ,expansion,

shrinking, energy absorption, strain, ductility, and shear strength.

3.5.2 Reinforced Concrete Beams with PET as a Sand

Replacement

Seven beams were tested with different PET percentage, (i.e. each beam
has one PET percentage) and the PET percentages are 5%, 7.5%, 10%,
12.5%, 15%, and 20% in addition, reference beam. These percentages are
variables used as sand replacement weight percentages. Its detail are as
shown in Fig. (3-39).
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Fig. (3-39): Variables of all seven beams

3.5.3 Concrete Beams Reinforced with PET Waste Bars

In this part of study five beams were tested with limited variables. It is
included the replacing the main steel reinforcement bars with PET plastic
waste bars. Three type of PET main reinforcement are used and two
reference beams, one with main steel reinforcement and other without main
reinforcement for comparison. Its details were as shown in the Table (3-16)
and Fig. (3-40).
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Table (3-13): The detail of five beams that used in third part of study

No. Beam remark Tension reinforcement
1 RC Steel Rebar
2 BC Shear Steel Rebar
3 BP1 PET Waste braids
4 BP2 PET waste braids with epoxy knots
5 BP3 PET Waste bundles

Fig. (3-40): Variables of all five beams
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Chapter four
Results and Discussions

4.1 General

In this chapter, the results and discussion are presented for the fresh and
hardened concrete. The slump result test is pointed out for fresh concrete.
While for hardened concrete results are presented such as: compressive,
splitting, flexural shear, the modulus of elasticity, toughness tests. In
addition, volumetric change and plastic shrinkage, ultrasonic pulse
velocity, absorption and density tests. Seven mixes design are presented,
six mixtures with partial replacement of natural sand by PET and one
mixture is reference. Also, the structural behavior results of the full scale
beam for each replacement ratio were presented. These results included the
ultimate load, the ultimate deflection, ductility, energy absorption, strain,
number of cracks, the load at which the first crack occurs, and spacing
between cracks, with drawing relationships for each parameter. In addition,
the results of concrete beam reinforced with PET waste bars were

presented.

4.2 Results of Tested Specimens

The mechanical and physical properties tests for concrete included the use
of 217 specimens as follows: 63 cubes with dimensions of (150 x 150 x
150) mm, 63 cylinders with dimensions of (100 x 200) mm, 42 prisms with
dimensions of (100 x 100 x 500) mm, 21 cylinders with dimensions of
(250 x 300) mm, and 14 prisms with dimensions of( 75 x 75 x 300) mm
and 14 specimens to examine the shear strength. Structural behavior tests
(the part related to the use of PET waste as a substitute for fine aggregate)

included seven semi-full scale concrete beams with dimensions of (150 x

_73-



CHAPTER FOUR RESULTS & DISCUSSION

300 x2300) mm .Five concrete beams with dimensions of (150 x 200 x
1400) mm were tested to investigate the possibility of using PET as a

reinforcing bar.

4,2.1 Part One: Physical and Mechanical Properties of
Concrete Containing PET Wastes Replacement Percentages

In this section, results of fresh and hardened properties of concrete with
different percentages of PET waste as sand replacement were used in the
concrete mixture at ages of 7, 14, and 28 days were presented, which
include:
1- Workability of mixes.
2- Mechanical properties
a- Compressive strength
b- Splitting tensile strength
c- Flexural strength
3- Shear strength
4- Physical properties
a
b
C
d

e

f
4.2.1.1 Fresh Concrete Test (Workability)

After mixing process slump test was taken immediately to ensure the

Expansion and Shrinkage test

Density

Absorption

Ultrasonic test

Modulus of elasticity and energy absorption

Axial strain

workability requirements of mixes with 40% water-cement ratio. Each mix
that contains variable percentages of PET particles was tested by slump
cone test. The results showed that slump is decreased when the percent of

PET is increased as shown in Table (4-1) and Fig. (4-1). Reduced slump is
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associated with a number of causes, including the shape of the PET bottle
waste particles which was irregular with sharp and edges, causing an
increase in particles surface area , and another reason is that the PET plastic
particles have reduced the homogeneity of the mixtures by isolating the
mixture components from each other, i.e. more heterogeneity with the
increasing of PET. Therefore, super plasticizer was used to increase
workability.

Table (4-1): Results of slump for PET percentages as sand replacement

No. PET/Sand Slump (S) Reduction in slump
Percentages mm %
1 0% 160 -
2 5% 140 0.125
3 7.50% 130 0.1875
4 10% 120 0.25
5 12.50% 100 0.375
6 15% 80 0.5
7 20% 60 0.62
180 -
160 +~__ S= -5.657x(P/S) + 171
140 - T R?=0.982
€ 120 -
S
o 100 7
5 80 -
wn
60 -
40 -
20 -
0 T T T T T T T 1

0O 25 5 75 10 125 15 175 20
% PET/Sand

Fig. (4-1): Relation curve of slump to (PET/sand) percentages
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4.2.1.2 Mechanical Properties Results
A. Compressive Strength

The compressive strength results are shown in Table (4-2) and Fig. (4-3). It
Is observed through the results that the replacement percentage which
ranges between 5% and 15% achieved an increase in the compressive
strength when compared to the compression results of the reference cubes.
This increase can be observed in varying proportions at the ages of 7, 14
and 28 days, it can be explained as follows:

Age 7 days:- By noting the results of compression at the age of 7 days, the
percentage of substitution that ranges between 5%-15% were achieved an
increase in the compression strength compared the reference cubes, where
the percentage 10% was achieved a higher compressive strength with an
increase of 38.7% compared to reference specimens, followed by
percentages 12.5%, 7.5%, 5%, and 15% that achieved an increment of
37.1%, 31.8%, 30.4%, and 30.3% respectively.

Age 14 days: - Strength increased compared to the reference cubes, where
the difference shows, especially at percentages 10% and 12.5%, which
achieved an increase in compression strength of 43.72% compared to
reference cubes, while the difference between the percentages 5% and
7.5% exceeds 12.77% increasing compared to reference cubes.

Age 28 days :- At the age of 28 days, a significant difference in the
compression strength curve were recorded. Where the percentage 7.5% was
higher than compression strength of reference cubes with an increase of
43.64%, followed by the percentage of 5% with an increase of 34.03%,
then the percentages of 10% and 12.5% with an increase of 29.56% and
26.8%, respectively, while the percentage of 15% was close to the results
of the reference cubes, finally the percentage 20%  decreased in

compressive strength by 5.3% from the reference cubes. However, it was
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observed that the compressive strengths of specimens for ages 7 and 14
days are close, where the replacement percentages of 10 % and 12.5 %
representing the higher values. The increment in compressive strength at
age 28 days was 34.03%, 42.16 %, and 28.31 % for the specimens with
PET percentages of 5, 7.5 and 10 % respectively, as shown in Fig. (4-3).
Such behavior is probably due to the presence of plastic fragments at the
starting points of failure. At these points (at the failure surfaces), in dealing
with flexible plastic fragments, a portion of the shear stress is converted to
tensile stress which is consumed to overcome the tensile strength of the
plastic fragments. Because of their elongated and sheet-shaped structure,
plastic fragments tolerate a part of applied stress before their separation
from other materials. In contrast, concrete aggregates are brittle and almost
spherically shaped, which make them have less strength against applied
stress or be separated from the surrounding cement before the failure.

In contrast, the compressive strength is decreased when the PET waste
particles are more than 10 %, as shown in Fig. (4-3). Increasing the
presence of plastic fragments at the points of failure had a declining effect
on the compressive strength of concrete. The cohesion between mixed
materials tends to decrease due to the flat shaped and smooth surface of the
plastic fragments. On the other hand, the specimens with higher PET waste
percentages 12.5%, 15%, and 20 % caused to more interfacial transition
zone between cement paste and PET waste particles, (i.e. it is weaker
specimens under compression loads). The values are varied at peak of
curves as shown in Fig. (4-3) due to adding superplasticizer. This additive
gives early strength to PET percentages 10% and 12.5% at age of 14 days.
This increase is about 97% or more when compared to the age of 28 days.
By comparing the failure mode for percentages containing PET with
reference cubes, it is noted that the cubes containing PET are not crushed

suddenly. On the other hand, the cracks were appeared without crushing or
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separation when applied loading up to failure, but the reference specimens
were failed suddenly under loading to achieve failure loading, as shown in
Fig. (4-2). This indicates the ductility provided by the presence of PET

plastic waste.

Table (4-2): Results of compressive strength for PET percentages as a sand replacement

Average Changing in
PET/ - -
compressive compressive
S‘Z“d strength strength  7/14  14/28  7/28
(%) (fcu) MPa (%)(28 Days)  ratio ratio ratio
7 Days 14Days 28Days
0 27.2 30.3  34.96 89% 86.6% 77.8%
5% 30.4 33.9 46.86 +34.03 89.6% 72.3% 64.8%
7.5% 318 3443  49.7 +43.64 92.3% 69.2% 63.9%
10%  37.73 4391 44.83 +29.56 85.9% 97.9% 84.1%
125% 37.1  43.88 43.46 +26.8 84.5% 100.9% 85.3%
15% 30.3 33.86 35.56 +2.77 89.4% 95.2% 85.1%
20%  26.23 254  32.76 -5.3 103% 77.53% 80%
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Fig. (4-2): Concrete cubes failure modes for reference cube and 20% (PET/Sand)
percentage
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Fig. (4-3): Relation curve of compressive strength to (PET/Sand) percentages

B. Split Tensile Strength

Nine cylinders with dimensions (200x100) mm were casted for each PET
percentage for splitting tensile test. Three of them were tested at the age of
seven days, three at the age of 14 days, and three at the age of 28 days. The
results are shown in Table (4-3) and Fig. (4-4).

The results showed that the use of PET as a sand replacement in the range
5% -15 % increases the splitting tensile strength of the concrete compared
to the reference specimens. The splitting tensile strength for the specimens
with PET percentages of 7.5% to 15% is more than references specimens,
with 7.5% as the optimum percentage which yielded tensile strength greater
than the reference mix by 26.9%. The splitting tensile strengths are
increased for the specimens with percentages of 5%, 10%, 12.5% and 15 %
by 7.8%, 19.08%, 18.6% and 14.93% greater than reference mix,
respectively. Whereas, the splitting tensile strength is decreased by 3.7%
when the replacement percentage is 20%. Thus, the splitting tensile
strength increases by increasing the replacement of sand with PET waste

particles in the range 5%-15%, as shown in Fig. (4-4). The increase of
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splitting tensile stress due to more ductility and sharp edges of the PET
waste particles which are caused to reduce slipping when it compared to
sand particles, while the specimens with 20 % PET replacement have been
decreased in splitting tensile stress. It can explain this behavior cause the
number of particles could be collected in one place and stick together. In
addition, in this work is used the PET waste as a weight proportion of
sand,( i.e. particles number of PET is more than sand particles at the same
percentage). Indeed, there is no absorption of water on the smooth surfaces
of PET waste particles leads to reduce the hydration of cement; therefore
the interaction zone between cement paste and aggregates is lost in bonding
at higher PET percentages 20%. The reference cylinder failure mode is
suddenly crushed and divided completely into two parts, while there is no
separation in the PET waste cylinder specimens, while a surface crack
develop and spread on the sample as shown in Fig. (4-5). This indicate that
the PET waste provided ductility. On the other hand, the crack pattern is
more clear for the specimens with PET than the reference specimens before
the failure state, and the specimens are not divided for two parts when

achieved ultimate loading.

Table (4-3): Results of splitting tensile strengths for defferent PET/Sand percentages

PET/ Average Changing fc' fc'/ft
Sand split tensile insplit  MPa
(%) strength tensile
(ft) MPa strength
7 14 28 %
Days Days Days (28 Days)
0 1.73 200 241 29.71  12.33

5% 203 253 2.60 +7.80 39.83 15.31
7.5% 2.63 2.86 3.06 +26.90 42.24 13.80
10% 230 2.56 2.87 +19.08 38.10 13.27
125% 248 252 2.86 +18.60 36.94 12.91
15% 1.80 2.10 2.43 +14.93 30.22 12.43
20% 1.76 1.70 2.32 -3.70 27.84 12.00
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Fig. (4-4): Relation curve split tensile strength to (PET/Sand) percentages
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Fig. (4-5): Concrete cylinders failure modes for PET percentges aé a sand replacement

C. Flexural Strength

The flexural strength test was performed by casting six prisms with
dimensions 100 x 100 x 500 mm for each PET partial replacement of sand.
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Three prisms were tested at the age of 7 days and the other three were
tested at the age of 28 days. The results of Flexural strength test were
shown in Table (4-4) and Fig. (4-6). The results showed that the partial
replacement of sand by PET with percentages ranging from 5%-12.5%,
achieved an increase in flexural strength compared to the reference
specimens. It was observed that the flexural strengths are almost the same
for the specimens with 15% PET and references. While the flexural
strength is decreased for the specimens with 20 % PET. The replacement
percentage of 7.5% achieved the highest flexural strength with an increase
of 30.2% when that compared to the reference concrete followed by the
percentages 5%, 10% and 12.5% with an increment of 27.1%, 26.2%, and
18.1%, respectively, and the replacement percentage 20% showed a slight
decrease from the reference concrete by 3.9%. The concrete is brittle
material, and has low tensile strength and PET waste particles are more
flexible than fine aggregates (sand). Therefore, using PET particles
improve flexural strength. The flexural strength has increased for the
specimens with PET waste percentages of 5%, 7.5% and 10 % by 27.15%,

30.24%, and 26.26 % compared to the reference mix, respectively. Since
the modulus of elasticity (as in section 4.3.2.9) decreases with increasing
the PET particles, that means the concrete specimens are more deformable
before failure loading. However, the proportion of PET waste particles is
more than 10 % which leads to a decrease in flexural strength. This may be
attributed to that the particles of PET are formed groups in the concrete
specimens, i.e. an accumulation of these fragments next to each other and a
reduction of cohesion between cement and fragments. The prisms failure
modes is shown in Fig. (4-7), in which the flexural failure for reference
prism (no PET wastes added) cause complete fracture of the prism and
divided it into two separate parts. While, although the prism that contain

20% PET replacement percentage are failed, there is no movement in the
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fracture path and the specimens are stilled appear as one part.Thus, the
PET waste has significant impact on the flexural behavior for beams. It
reduces spreading and development of cracks which very important

property to minimize cracks width and protect the reinforcement.

Table (4-4): Flexural strength results for PET percentages as a sand replacement

PET/ Average Changing in flexural fc'
Sand(%) Flexural strength strength (%)(28 Days) MPa
(fer) MPa
7 Days 28Days
0 3.63 4.53 29.71
5 4.58 5.76 +27.1 39.83
7.5 4.65 5.9 +30.2 42.24
10 4.54 5.72 +26.2 38.10
12.5 4.49 5.35 +18.1 36.94
15 4.41 4.55 +0.44 30.22
20 3.84 4.35 - 3.97 27.84
6.5
6 ~.
© ’t‘
Q55 f,=-0.114x(P/S) + 6.603
= R2=0.859
SIS e
< 45 ¢ g
— R
: 'l’
3 4 7
L L7
[ 4
3.5 —o—Flex_7_Day Flex_28 Day
3

0 2.5 5 7.5 10 12.5 15 17.5 20
PET/Sand %

Fig. (4-6): Relation curve of flexural strength to (PET/Sand) percentages
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Fig. (4-7): Prisms failure modes for different PET percentages as a sand replacement
4.2.1.3 Shear Strength

Two specimens for each percentage were tested to compute shear strength
at age of 28 days as shown in Fig. (4-8). The results of the tests are as
shown in Table (4-5) and Fig. (4-9). The results show that the shear
strength decreases when the PET waste percentages increase, where the
shear strength for reference specimen was 5.08 MPa while the shear
strength for the percentages 5%, 7.5%, 10%, 12.5%, 15%, and 20% was
4.4,4.17, 454, 3.76, 3.39, and 2.44 MPa respectively. Sand particles have
a rough surface that helps to friction with other sand particles along the
shear plane, unlike the PET particles that have a smooth surface. In case of
reference specimens, the sand particles, in addition to its bonding with
cement, it has a rough surface increases the friction between them along the
shear plane, thus increasing its resistance to shear stress. In case of
specimens containing PET particles, these particles minimize the adhesion
of cement to concrete components also, its smooth surface facilitates
sliding one on another along the shear plane if shear force is apply to it,

thus its resistance to shear stress decreases as the percentage of PET waste
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particles increases. The failure mode of the samples shows the clear
difference between the specimens that contain PET waste and the reference
specimens. The reference specimens were completely destroyed at the zone
of the shear plane and separated into two parts as shown in Fig. (4-10).
Whereas the failure in the specimens that contain PET waste was on the
shape of a crack in the shear plane zone. The length of these cracks and
their thickness decreases as the percentage of PET waste increases. This
gives a clear indication of the increased ductility when increasing the ratio

of PET waste in concrete.

Wi W ik 1 LA A
Fig. (4-8): Shear test double L- shape specimens for PET percentages as a sand

replacement

Table (4-5): Shear strength results for PET percentages as a sand replacement

PET/Sand Shear plane area  Average shear %Changing in

(%) (mmz) stress(V) shear strength
(MPa)
Ref. 0% 11837 5.08 0
5% 11837 4.4 -13.38
7.5% 11837 4.17 -17.91
10% 11837 4.54 -10.62
12.5% 11837 3.76 -25.98
15% 11837 3.39 -33.26
20% 11837 2.44 -51.96
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Fig. (4-9): Relation curve of shear stress to (PET/Sand) percentages

as a sand replacement

4.2.1.4 Physical Properties Results

A. Volumetric Change and Plastic Shrinkage
Two specimens for each replacement percentage were used to compute

volumetric change and plastic shrinkage as shown in Fig. (4-11).
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Volumetric change was measured after submerging the specimens in water
for 28 days (curing period) and calculating the increase obtained in volume
over the original size before curing (immediately after opening the molds).

Volumetric change results was as shown in Table (4-6) and Fig. (4-12).

Table (4-6): Volumetric change results for different PET percentages

PET/ Dial gauges reading mm (3) (5)=(4/3)

Sand Sample =

. (1) (2) length +dial = £ Volumetric
%_ Before After gauge é\ — change

£ Immersion Immersion reading 3@

N in water in water for before < =

(B.I) 28 days Immersion <

(Al) 300+ (1)

0% 1 11.79 11.93 311.79  0.14 0.000449
2 11.4 11.5 311.4 0.10 0.000321
Average volumetric change 0.000385
5% 1 16.87 16.95 316.87  0.08 0.000252
2 16.23 16.33 316.23 0.10 0.000316
Average volumetric change 0.000284
75% 1 17.7 17.79 317.7 0.09  0.000283
2 16.88 16.95 316.88  0.07 0.000221
Average volumetric change 0.000252
10% 1 12.9 12.97 312.9 0.07  0.000224
2 12.18 12.22 312.18 0.04 0.000128
Average volumetric change 0.000176
125% 1 13.61 13.66 313.61 0.05 0.000159
2 17.14 17.18 317.14  0.04 0.000126
Average volumetric change 0.000143
15% 1 10.77 10.78 310.77  0.01  3.22E-05
2 14 14.06 314 0.06 0.000191
Average volumetric change 0.000112
20% 1 10.23 10.27 310.23 0.04 0.000129
2 5.8 5.82 305.8 0.02  6.54E-05
Average volumetric change 0.000097

Plastic shrinkage was measured after drying the same samples in the oven

for 44 hours, at a temperature of 50 ° C [48] and then left in the natural
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atmosphere until the readings were stable. Plastic shrinkage results are
shown in Table (4-7) and Fig. (4-12).

Table (4-7): Plastic shrinkage results for different PET replacement percentages

PET/ Dial gauges reading mm 3) (5)=(4)/(3)
Sand Sample
(1) 2) length + dial g Plastic
D After After gauge g Shrinkage
g' immersionin  drying in reading @?ﬁ ratio
3 water (A.)  oven for before &~ T
44 hour immersion T
(A.D) 300+ (1)
0% 1 11.93 11.78 311.93 -0.15  -0.00048
2 11.5 11.43 3115 -0.07  -0.00022
Average plastic shrinkage -0.00035
5% 1 16.95 16.89 316.95 -0.06 -0.00019
2 16.33 16.26 316.33  -0.07 -0.00022
Average plastic shrinkage -0.00021
75% 1 17.83 17.79 317.83 -0.04 -0.00013
2 16.97 16.94 316.97 -0.03 -9.5E-05
Average plastic shrinkage -0.00011
10% 1 12.97 12.98 312.97 0.01 3.2E-05
2 12.22 12.26 312.22 0.04 0.000128
Average plastic shrinkage +0.00008
125% 1 13.66 13.73 313.66 0.07 0.000223
2 17.18 17.25 317.18 0.07 0.000221
Average plastic shrinkage +0.000222
15% 1 10.78 10.87 310.78 0.09  0.00029
2 14.06 14.16 314.06 0.10 0.000318
Average plastic shrinkage +0.000304
20% 1 10.27 10.36 310.27 0.09  0.00029
2 5.82 5.93 305.82 0.11  0.00036
Average plastic shrinkage +0.000325

The results shown in Table (4-6) presented that the volumetric change that
occurs to the concrete after immersion in water for a period of 28 days is

decreased as the percentage of PET waste increases. The reference
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specimens have been achieved the highest volumetric change rate by
0.000385. Then the volumetric change rate started to decrease gradually
with the addition of PET waste particles, where the percentages of 5%,
7.5%, 10%, 12.5%, and 15 % recorded an expansion of 0.000284,
0.000252, 0.000176, 0.000143, and 0.000112 with decreasing of 26.2%,
34.5%, 54.2%, 62.8%, and 70.9% compared to reference specimens
respectively, while the PET percentage of 20% was the least expanding by
0.0000972 with decreasing of 74.7%. These results could be considered
accepted if consider that the Iragi sand contains a percentage of sulfates
(SO3) other than the PET particles. Sulfate, after its interaction with the
cement components, and could be increases the size of the hardened
cement paste, and the products of this reaction fill the pores and reduce the
voids, thus increasing the volume. Therefore, it noted that the increase in
volume after curing was higher for reference specimens that contain only
sand. This volume increment will decrease when the percentage of sand
decrease or in other words, when PET percentage increases. On the other
hand, it is observed that the plastic shrinkage percentage decreases as the
percentage of PET waste in concrete increases. After drying specimens in
the oven, the highest plastic shrinkage rate was recorded for the reference
prism by -0.00035. Then the plastic shrinkage rate decreased gradually by
increasing the percentage of PET waste, where the samples 5% recorded
plastic shrinkage of -0.00021 (i.e. 40% less than reference prism) while the
lowest plastic shrinkage level was at 7.5% with an amount of -0.00011 (i.e.
68.5% less than reference prism). Beyond 7.5% percentage, the results took
another trend, as the specimens began to expand despite drying, with an
increase in the percentage of PET waste, where the percentage of 10%
recorded an volumetric change of + 8E-05, while the volumetric change
rate for the percentages 12.5%, 15%, and 20% were +0.000222,
+0.000304, and +0.000325, respectively. To evaluate these results, the
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volumetric change and plastic shrinkage cases must be studied
simultaneously. As the results showed that the most volumetric change rate
achieved was 0.000385, which is the same reference rate, the largest plastic
shrinkage was recorded with approximately the same amount of -0, 00035.
This yielded that the increase in the proportion of volumetric change in the
specimen after its immersion has corresponded with an increase in the rate
of plastic shrinkage after its drying in the oven. This hypothesis is valid
within a range of 0% - 7.5%. For higher PET percentages (greater than
7.5%), it recorded an expansion in volume in cases of water immersion and

drying. The reason could be due to the relative expansion of the PET waste

particles after exposure to heat in the oven.

Fig. (4-11): a-Specimens of all PET percentages of shrinkage and expansion test. b-

Testing method .c- Oven used for drying specimens

-90 -



CHAPTER FOUR RESULTS & DISCUSSION

5 -
© V. C = 89.52%(P/S)? - 35.64x(P/S) + 4.496
2 a R>=0.981
¥4 -
= ~\~~
£ 3 ~~-
[72]
2 =o—\/olumetric change
g 2
= c Plastic Shrinkage
2E L —
© <t
qé")) % 0 T T T T 1
e 1 0% 3% 5% 8% 10% 13% 15% 18% 20%
S 1 -
2
= 2 - P.S =-279.0x(P/S)?> + 108.3%(P/S) - 7.149
e JPtas R>=0.981
=) "
e -3 - P
Q -
> 0"
4 -

PET / Sand
Fig. (4-12): Relation curve of shrinkage and expansion to (PET/Sand) percentages

B. Density

All cubes specimens were used to measure dry density measurement before
compression strength testing. Dry density was calculated at age 7, 14, and
28 days as the same as the compression test. The results showed that the
density decrease as the PET particles ratio in concrete increase PET as
shown in Table (4-8) and Fig. (4-13). At age of 28 days the density of
reference specimens is 2361.4 kg/m®, then its slightly decreased when the
replacement ratio increase. The 5% PET replacement ratio has recorded
density of 2355.3 kg/m® with decreasing of 0.25% compared to reference
specimens. On the other hand, the increasing of PET replacement
percentage to 20%, achieved a concrete density of 2193.5 kg/m® with
decreasing of 7.11% compared to reference mix. The low density of PET
particles which was 1380 kg/m® is the main reason for the decreasing

concrete density.
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Table (4-8): Density results for PET percentages as a sand replacement

Density (y) kg/m®

Pet/sand Age7 Ageld4 Age28  %Change fc' fc'/
days days days rate forage MPa 4
28 days

0% 2357.49 2390.17 2361.4 0 29.71 12.5
5% 2342  2328.87 2355.3 -0.25 39.83 16.9
7.5% 2312.8 2320 2304.16 -2.42 42.24 18.3
10% 2287.3 2296.28 2296.27 -2.75 38.10 16.5
12.5% 2260.73 2286.37 2278.5 -3.51 36.94 16.2
15%  2240.96 2217.26 2222.17 -5.89 30.22 13.6
20% 221431 2229 21935 -7.11 27.84 12.6

2450
2400
.\\
o 2350 | el D
E \\
~ ‘\
2 y=-10.59%(P/S) + 2398.
> 2300 R2=0.951
2
(<5}
O 2250
—e—Den_7 Day
9900 —e—Den_14 Day
Den_28 Day
2150

0 2.5 3) 7.5 10 125 15 175 20
PET/Sand %

Fig. (4-13): Density for different PET percentages as a sand replacement
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C. Absorption Test

Seven concrete cubes were used to conducting an absorption test as shown
in Fig. (4-15). One cube was used for each percentage of PET particles.
The cubes were dried in the oven for 72 hours and collected its dry weight
and then immersed in water for 24 hours at a temperature of 105 ° C, to
find its wet weight according to ASTM C642 [50]. The results are shown in
the Table (4-9) and Fig. (4-14). The results show that the absorption ratio
increase as the PET waste /sand increase. The reference cube record an
absorption ratio of (1.55%), then the absorption ratio increase gradually
with increasing PET waste /sand ratio. The PET percentages of 5%, 7.5%,
10%, 12.5%, 15%, and 20% had an absorption ratio of 1.63%, 1.65%,
1.72%, 1.77%, 1.90%, and 2.41%, i.e. greater than the reference mixture by
5.1%, 6.4%, 10%, 9%, 14.1%, 22.5%, and 55.4% respectively. The
increase in the percentage of PET waste in the aggregate means an increase
in its particles that collect in irregular shapes, sharp edges and large surface
areas compared to sand particles, forming voids and gaps between them.
These voids increase with increasing the percentage of PET waste, which is

filled with water after curing, causing an increase in the absorption rate.

Table (4-9): Absorption results for PET percentages as a sand replacement

Pet/  Dryweight  Wetweight W.W-D.W  %Absorption %
sand (D.W)kg (W.W)kg kg ratio Changing
0% 7.915 8.038 0.123 1.55 -

5% 7.805 7.932 0.127 1.63 5.16
7.5% 7.764 7.892 0.128 1.65 6.45
10% 7.688 7.82 0.132 1.72 10.96

12.5% 7.583 7.717 0.134 1.77 14.19

15% 7.53 7.673 0.143 1.90 22.58

20% 7.353 7.53 0.177 2.41 55.48
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Fig. (4-14): The absorption curve for different PET percentages as a sand replacement

Fig. (4-15): Drying the Specimens of absorption test in the oven

D. Ultrasonic Pulse Velocity Test

Ultrasound pulse velocity was measured by testing seven concrete cubes to
demonstrate the concrete quality, one cube for each percentage of PET
waste as shown in Fig. (4-17). The test was carried out directly for two
directions. The results are shown in Table (4-9) and Fig. (4-16). The results

_94 -



CHAPTER FOUR RESULTS & DISCUSSION

showed that there is a slight decrease in the pulse velocity as the percentage
of PET particles increases. Reference specimens recorded a pulse velocity
estimated at 3906 m/s, while the velocity through specimens with a
replacement ratio of 5% was estimated at 3900 m/s, with a decrease of
0.13% compared to the reference specimens. The increase in the
replacement ratio of PET in specimens lead to gradually decreasing in
pulse velocity, in which the percentages 7.5%, 10%, 12.5%, 15%, and 20%
are recorded a pulse velocity of 3864, 3845, 3768, 3654, and 3409 m/s,
namely less than the reference mixture by 0.15%, 1.07%, 1.56%, 3.53%,
6.45%, and 13.0% respectively. The density and pulse velocity in a
symmetric trend are decreased with increasing of the PET waste percentage
in concrete where, the 20% replacement percentage is recorded a 7.11%
and 13% decreasing in density and pulse velocity compared to the
reference specimens respectively while, the 15% replacement percentages
was recorded 6% and 6.4% decreasing in density and pulse velocity

compared to reference specimens.

Table (4-10): Ultrasonic test results for PET percentages as a sand replacement

Ultrasonic % Concrete
PET/" velocity reading Changing  quality
Sand (m/s) according to

Average the BS

velocity 1881[57]
Axis1 Axis2  (m/s) limits

Standard
0% 3906 3906 3906 - Good
5% 3895 3905 3900 -0.15 Good
7.50% 3872 3856 3864 -1.07 Good
10% 3826 3864 3845 -1.56 Good
12.50% 3768 3768 3768 -3.53 Good
15% 3658 3650 3654 -6.45 Good

20% 3409 3385 3397 -13.0 Medium
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Fig. (4-16): Relation curve of ultrasonic pulse velocity to (PET/ Sand) percentages

Fig. (4-17): Ultrasonic testing method
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E. Modulus of elasticity and Energy absorption
Modulus of elasticity is calculated according to ASTM C-469 [21] from

stress-strain curve by using the following formula:-

_ 62—-ol
" e2-50x10-6

Where:-

6, . Stress corresponding to 40% of the ultimate load.

o1 : Stress corresponding to longitudinal strain =50*10°°,
e, . Longitudinal strain produced by o..

The results of elasticity modulus are shown in Table (4-11) and Figs. (4-
19). The results and relations obviously are showed that the elastic modulus
decreases with the increasing in the percentage of PET plastic particles.
The reference cylinders recorded an elastic modulus of 24.72 GPa, and then
the elastic modulus started to decrease as the substitution ratio increased
and a gradual increase in strain was also observed. Where the cylinders
with replacement rate of 5% was achieved an elastic modulus of 24.43
GPa, with a decrease of 1.17% compared to the reference cylinders. It was
observed that the elastic modulus for cylinders with substitution ratios of
7.5%, 10%, 12.5%, and 15% were decreased with each increase in the
ratios of PET particles, and yielded a value of 23.47, 23.19, 23.11, and 23.1
GPa respectively with an average decrease of 6%, while the elastic
modulus of cylinders with 20% replacement ratio was of 22.15 GPa with
decrease of 10.39% compared to the reference cylinders. This result is
expected with consideration of the inverse proportion between the modulus
of elasticity and strain, as the strain increases with the increase of PET
particles ratio as shown in Fig (4-21) and, consequently, decrease the
modulus of elasticity. Fig. (4-18) show test method and specimens. Energy

absorption is calculated as the area under the stress- strain curve. The
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results are showed that the value of energy absorption (Toughness) (T)
rises with increasing replacement percentage of PET particles in fine

aggregates as shown in Table (4-11) and Fig. (4-20).

Table (4-11): Modulus of elasticity, and energy absorption, for PET percentages as a
sand replacement

PET/ Modulus of elasticity Energy absorption(T)
Sand  Value % Value %
% GPa Changing *107 Changing
KN.mm

0 24.72 - 1.3744 -

5 24.43 -1.17 2.0628 50.08
7.5 23.47 -5.05 2.7468 99.85
10 23.19 -6.18 2.8609 108.15

12.5 23.11 -6.51 2.8626 108.28

15 23.10 -6.50 2.6178 90.46

20 22.15 -10.39 2.6142 90.20

Fig. (4-18): a- Modulus of elasticity and energy absorption specimens. b- Modulus of
elasticity test.

The reference specimens recorded an energy absorption of 0.01374 kN.mm
and then gradually increased, as the replacement percentages increased, the

percentages 5%, and 7.5% have achieved energy absorption of 0.0206 and
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0.0274 kN.mm with an increment of 50%, and 99.8% compared to the

reference mixture, respectively.

Energy absorption KN.mm
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Fig.(4-19): Relation curve of modulus of elasticity to(PET/Sand) percentages
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Fig.(4-20): Relation curve of energy absorption to(PET/Sand) percentages

The best value of energy absorption was of 0.0286 KN.mm for both

replacement percentages 10% and 12.5%, namely larger than reference
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cylinders by 108%. While the replacement percentages 15% and20%
recorded energy absorption of 0.0261 kN.mm with an increase of 90%. The
results reflect the reality of the increase in stresses and strains, with an

increase in the replacement percentages compared to reference cylinders.

F. Axial Strains at Failure Load

The brittle behavior of the concrete changes to more flexible behavior with
the presence of PET waste particles, as the axial strain at failure load
increases with the increasing PET waste content in concrete as shown in
Table (4-12) and Figs. (4-21).

Table (4-12): Axial strain at failure load & for PET percentages as a sand replacement

Pet/sand Axial strain
(%) Value *10°° Changing%
0 0.92 0
5 1.22 32.2
7.5 1.47 59.6
10 1.53 65.9
12.5 1.58 71.2
15 1.60 73.7
20 1.63 76.7
0.0018 -
A€ = -0.027%(P/S)? + 0.009%(P/S)+0.000783
R2=0.932
0.0016 -
= 0.0014 -
£
% 0.0012 - -
0.001 - .-~
L 4
0-0008 | | | | | | | 1
0% 3% 5% 8% 10% 13% 15% 18% 20%
PET/Sand

Fig. (4-21): Relation curve of axial strain to (PET/sand) percentages
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The reference specimens achieved axial strain at a failure load of 0.92E-3.
Then, the axial strain started to increase gradually, with the increase of
PET waste in the concrete, where the replacement percentages 5%, 7.5%,
10%, 12.5%, 15%, and 20% was recorded an axial strain of (1.22, 1.47,
1.53, 1.58, 1.6, and 1.63) *10™° with increment of 32.2%, 59.6%, 65.9%,
71.2% , 73.7 %, and 76.7%  compared to reference specimens,
respectively. This behavior is due to high flexibility of PET waste
particles. The axial strain measured in this test till the failure load fc' which
corresponding according to the stress-strain curve 0.002 as the highest
value and no load readings were recorded after the failure load. Therefore
all readings were within these limits, (i.e, the sensitivity of the strain

measures is useful only at the elastic stage).

4.2.2 Part Two: Structural Behavior of Beams Containing
PET as a Partial Sand Replacement

The flexural behavior of the concrete beams via the ultimate load, ductility,
the deflection at mid span, and the crack pattern is investigated. One
reference beam with normal reinforced concrete and six specimens with
different PET particle replacement percentages were tested as shown in
Fig. (4-22). The mid-span deflection is measured and the beams crack

pattern is investigated based on crack path growth for each load increment.

Fig. (4-22): Reinforced concrete Beam specimens for all PET/Sand percentages
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4.2.2.1 Ultimate Load

The ultimate loads for all concrete beams are recording and presented in
Table (4-13. The ultimate failure load of the reference beam B 0% C
(without PET) was 164.9 kN. The beams B 5% which have a 5% PET
plastic waste as sand replacement, showed an ultimate failure load of 164.3
KN closed to the reference beam. While the concrete beams B 7.5% PET
replacement ratio recorded an ultimate failure load of 165.4 kN. As for the
concrete beam B 10% with PET waste content of 10% as a sand
replacement, it observed that the maximum failure load was 166.2 kN with
increasing by 0.78% compared to the reference beam. While the beam B
12.5% which containing 12.5% of PET waste as a sand replacement
recorded a very slight decrease rate of 0.6% compared to reference samples
with an ultimate failure load of 163.9 kN, whereas, an increase in the
ultimate of specimens B 15% and B 20% which recorded failure load of
168.7 and 171.5kN with an increment of 2.3% and 4.0%, respectively,
compared to the reference beam. The beam B20% achieved the best failure
load characteristic. Fig. (4-23) illustrates the relationship between

maximum failure load and the PET waste replacement ratio for all beams.

Table (4-13): Ultimate load for beams specimens containing PET as a sand replacement

Beam fcu fc' Pu Pu/Pu Change in
remark MPa MPa kN (Reference ultimate
beam) % load %
B0% C 34.96 29.716 164.9 100 0
B5% 46.86 39.831 164.3 99.636 -0.364
B7.5% 49.7 42.245 165.4 100.3 0.3032
B10% 44.83 38.106 166.2 100.79 0.7884
B12.5% 43.46 36.941 163.9 99.394 -0.606
B15% 35.56 30.226 168.7 102.3 2.3044
B20% 32.76 27.846 171.5 104 4.0024
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The slight variation in the results of the failure load could be due to the
difference in the quality of the used concrete or the specific control of the

test machine.

172 -
171 -

170 - Pu=0.456x (P/S) + 161.3
169 - R?=0.714

168 -
167 -
166 -
165
164 -
163 T T T T T T T .
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Fig. (4-23): Ultimate failure load to (PET/Sand ) relation curve for beams specimens
containing PET as a sand replacements

4.2.2.2 Load-Deflections Behavior

Ultimate load kN

Table (4-14) presents the deflection of all concrete beams. Load-
deflections at (mid-span) curves were graphed for all beams as shown in
Figs. (4-24) and (4-25). The results are showed that the reference beam
B0% had the max deflection of 28.4 mm, lower than all other beams that
contained PET plastic waste as a partial replacement of sand. The results
also showed a gradual increase in the maximum deflection as the PET
replacement rate increase in the concrete beams, where the concrete beam
B5% is recorded a deflection of 32.1mm with an increment of 23.2%
compared to the reference beam. The results showed that the increase of the
maximum deflection with increasing PET waste, beams B7.5%, B10%,
B12.5%, and B15% yielded a maximum deflection of 34.1, 35.3, 39.63,
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and 48.22mm with an increment of 30.9%, 35.5%, 52.1%, and 85.1%
compared to the reference beam respectively. While the beam B20%
achieved the best maximum deflection of 50.47mm with an increase of

93.7% compared to the reference beam.

Table (4-14): Maximum deflection for beams specimens containing PET as a sand

replacement

Beam remark Ultimate Maximum Au/Au Change in
Load Pu(kN) deflection Au  (Reference  deflection %
(mm beam) %
B0% C 164.9 26.05 100 0
B5% 164.3 32.1 123.22 23.2
B7.5% 165.4 34.1 130.9 30.9
B10% 166.2 35.3 135.51 35.5
B12.5% 163.9 39.63 152.13 52.1
B15% 168.7 48.22 185.11 85.1
B20% 171.5 50.47 193.74 93.7
55 -

c Au= 1.365x%(P/S) + 24.01

g 50 7 R>=0.918

S 45 -

(&]

= 40 -

5
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§ 25 ¥
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Fig. (4-24): Relation curve of maximum deflection to (pet/sand) percentages for beams
specimens

The behavior of concrete beams through the upward max deflection path,
which increases with the increase of PET particles in concrete beams, is a

clear indication that the presence of PET waste has changed the brittle
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behavior of concrete to another more flexible behavior. The connection
between the ultimate failure load results and the maximum deflection refer
to that the beam B20% was the optimum. It is also an indication of
prolonging the fraction time and giving early warning before failure. It is a
very important characteristic of concrete to reduce the impact of dynamic

loads, earthquakes, and impulsive loads.

200 -
180 -
160 - W -—
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©
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60 ==B 12.5%
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20
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0 10 20 30 40 50 60

Deflection mm

Fig. (4-25): Load to deflection curves for beams specimens containing PET as a sand
replacement

4.2.2.3 Ductility Index

Ductility is the ability of reinforced concrete members to undergo
considerable deflection prior to failure. The ductility index (u) can be
obtained from the load-deflection curve, which equals the ratio of the
maximum deflection (Au) to the yield deflection (Ay). Table (4-15) shows
the ductility for all concrete beams. It is noticed from the Table (4-15) and
Fig. (4-26) that the ductility index follows a path that is very similar to the
maximum deflection curve, even the increase rates of ductility show a

compatibility with the percentages of maximum deflection when compared
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to the reference samples. Ductility is began to increase gradually with
increasing the percentage of PET waste in the concrete, where the beams
B5%, B7.5%, B10%, B12.5%, B15%, and B20% recorded a ductility of
3.21, 3.78, 3.83, 4.40, 5.18, and 5.47 with an increment of 12.13%,
32.04%, 34.03%, 53.82%, 81.12%, and 91.37% compared to the reference
beam respectively. The reason for this can be attributed to the higher
flexibility that PET particles have compared to the fine aggregate particles.

Table (4-15): Ductility indices for beams specimens containing PET as a sand
replacement

Beam (Au)Max (Ay)Yield Ductility Changing in
remark deflection (mm) Deflection mm Index(D.l) ductility%
B0% C 26.05 9 2.89 -

B5% 32.1 10 3.21 12.13
B7.5% 34.1 9 3.78 32.04
B10% 35.3 9.2 3.83 34.03
B12.5% 39.63 9 4.40 53.82
B15% 48.22 9.3 5.18 81.12
B20% 50.47 9.2 5.47 91.37

6 .

D.1 = 15.81x(P/S) + 2.470

(0,
1

Ductility index
Y

-
- =
- =

w
*I

2 T T T T T T T 1
0% 3% 5% 8% 10% 13% 15% 18% 20%
PET/Sand

Fig.(4-26): Relation curve of ductility index to ( PET/Sand) percentages for beams
specimens
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4.2.2.4 Flexural Compression Strain at Failure Load

Table (4-16) showed the results of flexural strains at failure loads. The
results showed that the compression strain at failure loads increases with
the PET percentage increase in reinforced concrete. Also, it was noticed
through the compression strain curve in Fig. (4-27), that the compressions
strain in the reference specimens B 0% C is 0.000197. Then a significantly
increased observed in compression strain for concrete beams that
containing PET particles, where the B5% beam recorded compression
strain of 0.001049 with increasing of 432% compared to control beam,
while the beams B7.5%, B10%, B12.5%, B15%, and B 20% achieved a
compression strain at failure load of 0.001634, 0.001742, 0.001866,
0.002208, and 0.002443 with increasing ratio of 729%, 784%, 784%,
1020%, and 1140% compared to control beam, respectively. It is noted that
all the values of the compression strain came within the limits of
compressive (crushing) flexural strain, which should not exceed 0.003 and
close to the strain limit at (fc) of 0.002 according to stress strain curves
specified by the Indian Code IS: 456-2000 [58]. The load-strain curves for
all specimens in Fig. (4-28) illustrates the difference between the brittle
behavior of the reference concrete beams and those containing PET
particles.

Table (4-16): compression Strain at failure load for beams specimens containing PET as
a sand replacement

Beam remark  PET/ Sand % Compressive strain Changing %

B0%C 0 0.000197 0

B 5% 5 0.001049 432
B 7.50% 7.50 0.001634 729
B 10% 10 0.001742 784
B 12.50% 12.50 0.001866 847
B 15% 15 0.002208 1020
B 20% 20 0.002443 1139
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Fig. (4-27): Relation curve of compressive strain to (PET/Sand) percentages for beams
specimens
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Fig.(4-28): Load to compressive strain relation for beams specimens containing PET as
a sand replacement
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4.2.2.5 Stiffness

Initial stiffness and secant stiffness (effective stiffness) was calculated
based on the load-deflection curve by dividing the maximum applied load
(Pu) either on the yield deflection (Ay) in the case of initial stiffness or on
the maximum deflection (Au) in the case of secant stiffness. The equations
used are shown below:

Initial stiffness = Py / Ay

Secant stiffness =Pu/ Au

Stiffness calculation is carried out according to N. Priestley study [59] as
shown in Fig. (4-29). The results that is presented in Table (4-17) show
that the initial stiffness of the reference concrete beam B 0%C or the
beams with a low content of PET B5% and B 7.5% were closed , namely
35.83, 33.72, and 32.12 KN/mm, respectively. The beams B10%, B12.5%,
and B15% are recorded initial stiffness of 30.21, 28.18, and 25.95kN/mm
respectively, with a reduction of 15.67%, 21.35%, 27.56% compared to the
reference beam .While for the beam B20% it recorded the lowest initial
stiffness of 22.05 kN/mm with a reduction of 38.44% compared to the
reference beam. Thus it is noticed that the initial stiffness decreases with
the increase of PET waste as shown in Fig. (4-30). Secant stiffness
decreases with increasing the PET waste content in the concrete beams as
shown in Table (4-17) and Fig. (4-31). The reference beam B 0% C is
recorded a secant stiffness of 6.33 kN/mm, then, with increasing of PET
content in concrete beams, the secant stiffness started to decrease
gradually, where the beams B5%, B7.5%, B10%, B12.5%, B15%, and
B20% were achieved a secant stiffness of 5.11, 4.86, 4.70, 4.13, 3.49, and
3.39 kN/mm with a reduction ratio of 19.27%, 23.22%, 25.75%, 34.75%,
44.86%, and 46.44% compared to the reference specimen respectively.
Generally, the increase of PET waste content in reinforced concrete beams

reduces secant stiffness and initial stiffness. This result is consistent with
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the results of the deflection in the beams, where an inverse relationship

between the deflection and the stiffness.

Table (4-17): Initial and Secant stiffness results for beams specimens containing PET as

a sand replacemen

Beam PET/ Initial  Changing  Secant Changing in

remark Sand  stiffness in stiffness Secant

% KN/m  stiffness kN/mm  stiffness %
%
B 0% C 0 35.83 0 6.33 0

B 5% 5 3372  -5.88 5.11 -19.27

B750% 750 3212  -10.36  4.86 -23.22

B 10% 10 3021  -1567 470 -25.75

B1250% 1250 2818  -21.35 4.3 -34.75

B 15% 15 2595 2756  3.49 -44.86

B20% 20 2205  -38.44  3.39 -46.44

A
Lateral Force /
. N
(kN) ¢ nitial siffness,
A
/ DESIGN
-~ POINT
Actual non-linear __ 7
[esponse N T
Spoi =S Secant stiffness.
Lateral Displacement Ay

Fig. (4-29):The calculation method of Initial and Secant stiffness [59]
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Fig. (4-30): Relation curve of initial stiffness to (PET/Sand) percentage for beams
specimens
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Fig. (4-31): Relation curve of secant stiffness to (PET /Sand) percentages for beams
specimens

4.2.2.6 Energy Absorption

The energy absorption or toughness (T) is computed as the area under load-
deflection curve. Table (4-18) presented the energy absorption results
(toughness) for all concrete beams, which showed a large increase in

energy absorption due to the presence of PET waste particles. The
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reference beam recorded energy absorption of 339.24 kKN.mm. The energy
absorption increased with increasing the percentage of PET waste, where
beams B5%, B7.5%, B10%, B12.5%, B15%, and B20% achieved an
energy absorption of 515.06, 578.6, 623, 785.15, 1154.74, and 1273.6
KN.mm, i.e. larger than reference beam by 51.8%, 70.5%, 83.6%, 131.4%,
240.3%, and 275.4% , respectively. The relation between energy absorption

and PET waste percentages was showed in Fig. (4-32).

Table (4-18): Energy absorption results for beams specimens containing PET as a sand
replacement.

Beam PET/ Sand Energy Absorption(T) Changing in
remark % KN.mm toughness %
B0%C 0 339.24 0
B 5% 5 515.06 51.82
B 7.50% 7.5 578.6 70.5
B 10% 10 623 83.6
B 12.50% 12.5 785.15 131.4
B 15% 15 1154.74 240.3
B 20% 20 1273.6 275.4
1400 -
€ 1200 -
= T=56.46x(P/S) + 162.9
~< 1000 - R2=0.913
S
+§_ 800 -
2 600 -
s -
> 400 | __---""
o
< 200 -
i
0 | | | | | | | 1
0 25 12.5 15 17.5 20

7.5 10
PET/Sand %

Fig. (4-32): Relation curve of energy absorption to (PET/Sand) percentages for beams
specimens
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4.2.2.7 Cracking

The crack investigation is accomplished according to the following:
A. First cracking load.
B. Crack pattern.

A. First Cracking Load (P.) for Concrete Beam

The first crack loads for all concrete beams were recorded and presented in
Table (4-19), and Fig. (4-33). Table (4-20) showed that the first crack in
the reference beam is appeared at load 18.2 kN, while with the increase of
the ratio of PET waste in concrete; the load at which the first crack appears
Is gradually increased. The first crack of the beam B5% appeared at load
28.3kN with an increase of 53.80% compared to the reference beam,
whereas the first crack of the beams B7.5%, B10%, B12.5%, B15%, and
B20% appeared at loads 31.8, 34.2, 35.8, 37.9, and 40.7 kN, i.e. larger than
reference beam by 72.8%, 85.8%, 94.5%, 105.9%, and 121.19%,

respectively.

Table (4-19): First cracking load results for beams specimens containing PET as a sand

replacement

Beam Per P, P /Py Changing in

remark (kN)) (kN) % first cracking
load

B0% C 18.4 1649  11.15 0

B5% 28.3 1643  17.22 53.80
B7.5% 31.8 1654  19.22 72.82
B10% 34.2 166.2  20.57 85.86
B12.5% 35.8 163.9  21.84 94.56
B15% 37.9 168.7  22.46 105.97
B20% 40.7 1715  23.73 121.19
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Fig. (4-33): Relation curve of first crack loads to (PET/Sand) percentages for beams
specimens

B. Cracks Pattern

The crack patterns for all beams at failure were showed in Fig. (4-35).
Also, the first load in which the crack started to appear is shown. The
patterns of the cracks in the beams are different and appeared in different
shapes. All beams that contained on PET plastic waste with different
percentages within the concrete mixture, the cracks appeared at the mid-
span in the tension zone and increased until they reached to the
compression zone. The lengths of cracks are decreases as the PET content
increases in the concrete beams as shown in Table (4-20). The reference
beam B 0% C has been recorded the maximum crack length of 272 mm
with ratio to the cross section depth of 90.6%. The lengths of cracking
began to decrease as the content of PET waste increased in beams. The
concrete beams B 5%, B7.5%, B10%, B12.5%, B15%, and B 20%
recorded a lengths of 270, 235, 233, 220, 216, and 211mm with ratio of
90%, 78.3%, 77.6%, 73.3%, 72%, and 70.3% compared to the depth of

cross section, respectively. These results are identical to the ductility
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indices, as the increasing of PET content in the concrete beams led
decrease in the lengths of cracks. The relations between crack lengths and

replacement percentages for all beams are shown in Fig. (4-34).

Table (4-20): Average lengths of crack for different beams containing PET as a sand
replacement.

Beam remark  Pet/sand Average lengths of  Crack length/

crack mm section depth

B0%C 0% 272 90.6 %
B 5% 5% 270 90 %

B 7.5% 7.5% 235 78.3%
B 10% 10% 233 77.6 %
B 12.5% 12.5% 220 73.3%
B 15% 15% 216 72 %

B 20% 20% 211 70.3%

280 -

C.L= -3.468%(P/S) + 271.3
R2 = 0.767
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Crack lengths (mm)
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Fig. (4-34): Relation curve of crack length to (PET/Sand) percentages for beams
specimens
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Fig. (4-35): Cracks pattern for beams specimens containing PET as a sand replacement

4.2.3 Part Three: Structural Behavior of Concrete Beams
used PET Strips as a Reinforcement Bars

In this part, PET waste bars are used as the main reinforcement in the
tension zone. Five concrete beams with dimensions 150 x 200 x 1400 mm

were tested in terms of the ultimate load and maximum deflection as shown

- 116 -



CHAPTER FOUR RESULTS & DISCUSSION

in Fig. (4-36). Two beams are reference, one with steel reinforcement and
the second without any reinforcement (plain concrete beam), and three
beams reinforced with PET waste bars in different forms, were tested. The
mechanical properties of the used concrete, such as (compression, splitting

tensile and flexural strength) were also shown.

Fig. (4-36): Beams specimens for the part of replacing main reinforcement by PET bars

4.2.3.1 The Mechanical Properties of Concrete

The results of the mechanical tests of concrete are presented in Table (4-
21). Compressive strength, splitting tensile strength, and flexural strength
at ages 7 and 28 days are tested. At age 28 days, the results showed that
the compressive strength is 53.6 MPa, splitting tensile is 3.01 MPa, and the
flexural strength is 7.11 MPa. The used rebar is same as that used in the
previous parts, which tested for tensile and achieved fy value of 515 MPa

for 12 mm diameter and 495 MPa for 10 mm diameter

Table (4-21): Mechanical properties results of the used concrete

Type of test Age 7 days Age 28 days
Compression strength  MPa 49.8 53.6
Splitting tensile MPa 2.63 3.01
Flexural Strength MPa 6.567 7.11
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4.2.3.2 Structural Behavior of Concrete Beams
A. Ultimate Failure Load

Table (4-22) and Fig. (4-37) show the results of the ultimate failure load of
all concrete beams. Where the reference reinforced concrete beam RC
recorded a maximum failure load of 68.5 kN, while the unreinforced
reference concrete beam CC recorded an ultimate failure load of 5.1 KN. As
for the concrete beams BP1, BP2, and BP3 which reinforced with PET
waste bars, they achieved an ultimate failure load of 15.1, 13.3, and 16.8
KN with ratios of 22%, 19.4%, 24% as a percentage of reinforced concrete
beam respectively. The concrete beam PB3 achieved an ultimate load
equivalent to a quarter of the reinforcement steel beam ultimate load, while
beams BP1 and BP2 achieved an ultimate load equivalent to 22% and

19.5% of the steel reinforced beam load respectively.

Table (4-22): Ultimate load results for beams reinforced with PET bars

Beam 1.D. No.ofreading Ultimate  Percentage with respect to

load (CR)
KN
CR 15 68.5 100%
CC 2 5.14 7.44%
BP1 8 15.1 22%
BP2 3 13.3 19.4%
BP3 3 16.8 24.5%

It was noticed through the calculations that the moment capacity of the
concrete beams BP1 and BP3 were slightly higher than the moment of the
section that contains the least limit of the reinforcing steel (Pmin). This
property indicates that it is possible to adopt PET bars to control cracks due

to shrinkage stress.
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Fig. (4-37): Ultimate failure load for beams reinforced with PET bars

B. Maximum Deflection

The relationship between the maximum deflection and ultimate load

(failure load) was as shown in Table (4-23) and Fig. (4-38).The maximum

deflection at failure load is occurred to the reinforced concrete reference

beam CR with value of 23.5 mm, followed by concrete beams BP1, BP2,
BP3, and CC which recorded deflection of 20.2, 0.96, 0.85, and 0.7 mm

respectively. It is observed from the results that the concrete beams CC

exhibit a brittle behavior compared to other beams. It was also noted that in

the case of releasing the load from the concrete beam BP1, there will be a

decrease in the reading of the dial gauge of 10 mm and a decrease ratio of

50% as a percentage of failure load deflection.

Table (4-23): Maximum deflection results for beams reinforced with PET bars

Beam remark

Type of reinforcement

Maximum
deflection (mm)

CcC
CR
BP1
BP2
BP3

Without main reinforcement

Steel reinforcement
PET waste reinforcement
PET waste reinforcement
PET waste reinforcement

0.7
23.52
20.2
0.96
0.84
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Fig. (4-38): Load - deflection relation for PET —bars reinforced beams

C. Cracks Pattern

All beams have been a compression failure mode except RC beam which
has a set of cracks began at tension zone and tend to compression zone as
shown in Fig. (4-39).
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Fig. (4-39): Beams cracks patterns for beams reinforced with PET bars
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Table (4-24): Mechanical and Physical Properties results of concrete containing PET as a partial replacement of fine aggregate
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0 160 34.96 2.41 453 -35 155 3906 2361.4 24.72 1.374 5.08 12.5
5 140 46.86 2.60 576 -21 1.63 3900 2355.3 24.43 2.062 4.4 16.9
7.5 130 49.7 3.06 5.9 -1.1 1.65 3864 2304.1 23.47 2.746 4.17 18.3
10 120 44 .83 2.87 572 08 1.72 3845  2296.2 23.19 2.860 4.54 16.5
125 100 43.46 2.86 535 2.2 1.77 3768 22785 23.11 2862 3.76 16.2
15 80 35.56 2.43 455 304 1.9 3654  2222.1 23.10 2.617 3.39 13.6
20 60 32.76 2.32 435 325 241 3397 21935 22.15 2.614 2.44 12.6

Table (4-25): Structural Behavior results of Concrete Beams containing PET as a partial replacement of fine aggregate

Beam  Ultimate Maximum  Ductility  compressive Initial Secant Energy
load deflection Au index Strain stiffness  stiffness  absorption First crack
1.D kN (mm) kN/m kN/mm  kN.mm  loads(kN)
B 0%R 164.9 26.05 2.89 0.000197 35.83 6.33 339.24 18.4
B 5% 164.3 32.1 3.21 0.001049 33.72 5.11 515.06 28.3
B 7.5% 165.4 34.1 3.78 0.001634 32.12 4.86 578.6 31.8
B 10% 166.2 35.3 3.83 0.001742 30.21 4.70 623 34.2
B 12.5% 163.9 39.63 4.40 0.001866 28.18 4.13 785.15 35.8
B 15% 168.7 48.22 5.18 0.002208 35.56 3.49 1154.74 37.9
B 20% 171.5 50.47 5.47 0.002443 32.76 3.39 1273.6 40.7
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Chapter Five

Conclusions and Recommendations
5.1 General

In this chapter, the main conclusions from experimental work are
presented. Based on the type of results, the conclusions are divided into
three themes:
1. Mechanical and physical properties of concrete containing PET
waste as a partial substitute of sand.
2. Structural behavior of steel reinforced concrete beams containing
PET waste particles as a partial replacement of sand.
3. Structural behavior of concrete beams reinforced with PET waste

bars as the tension reinforcement.

5.2 Conclusions

5.2.1 Physical and Mechanical Properties

The experimental program of evaluation of the physical and mechanical
properties of concrete containing PET waste as a partial substitute for sand

was yielded the following conclusions

1-The workability decreases as the percentage of PET waste in the concrete
mixture increases at constant w/c. The reference mixture recorded the
highest workability, while the PET percentages 5%,10%, and 20% were
recorded a reduction of 12.5% ,25%, and 62% compared to reference

mixture respectively

2-The compressive strength, splitting tensile strength and flexural strength,
are increased as the PET percentages as a sand replacement in concrete
increased up to 15% with optimum replacement percentages 7.5%. While

the 20% PET percentage showed reduction in compressive, tensile, and
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flexural strength by (5.3%, 3.7%, and 3.97%) compared to the reference

specimens.

3- Expansion in concrete is decreased as the replacement percentage of
PET increased. Reference specimens recorded the highest expansion, while
the replacement percentages 20% showed an expansion reduction of 74.7%
compared to reference specimens respectively. Shrinkage in concrete is
decreases by increasing the PET replacement percentage up to 7.5%.
Reference specimens were recorded a highest shrinkage rate while the
lowest shrinkage rate was at the PET replacement percentage of 7.5%.
Beyond 7.5% percentage, the specimens began to expand despite drying

with amount increases with the increase of the replacement rate.

4-The density and ultrasonic pulse velocity of concrete are decreases while
the absorption increased when PET replacement percentage increased.
Reference specimens recorded a highest density and pulse velocity and
lowest absorption rate. This is an indication of the consistency of the
results, as the pulse velocity decreases with the decrease in the density and

thus the voids increases, which increases the absorption rate.

5-The shear strength decreased with increasing in the percentage of PET in
the concrete specimens. The reference specimens recorded the highest
shear strength, while the PET percentages 20% showed the lowest
reduction in shear strength by 51.96% compared to reference specimens

respectively.

6- The axial strain increased and modulus of elasticity decreased as the
PET replacement percentage increased. The PET percentages 20% vyielded
highest axial strain increment of 76.7% compared to reference specimens ,
while it recorded an elastic modulus less than reference specimens by
22.48%.
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7- The energy absorption increase as PET content in concrete increased,
but with varying proportions, The PET percentages 10% and 12.5%
showed the optimum absorbed energy, higher than reference specimens by

108.28% respectively.

8- The failure mode in the various tested specimens showed that the
reference specimens were completely destroyed and divided into parts,
while the specimens that containing PET replacement percentages particles
showed stability in the shape and the failure was limited to the small cracks
appearance whose numbers and lengths decreased as the percentage of

replacement increased.
5.2.2 Structural Behavior of Steel Reinforced Concrete Beams

Structural behavior of steel reinforced concrete beams containing PET
waste particles as a partial replacement to sand was studied via seven

reinforced concrete specimens and the following conclusions were obtained

1-The ultimate failure load of all concrete beams with or without PET were
closed. The beams B5%, B7.5%, B10%, and B12.5% were closed to
control beam while beams 15% and 20% recorded a failure load increment

of 2.3% and 4.0% compared to reference specimens respectively.

2-The deflection and ductility index were increased as the percentage of
PET waste in the reinforced concrete beams increased, where the beam
B20% recorded a maximum deflection and ductility index increments of

97% and 91.37 compared to control beam respectively.

3-The compression strain at failure load and energy absorption were clearly
increased with increasing of PET replacement percentages in the reinforced

concrete beams. The beam B20% yielded an axial strains and energy
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absorption increments greater than control beam by 1140% and 275.4%)

respectively.

4-The initial stiffness and secant stiffness are decreased with increasing of
PET content in concrete beams, where the beam B20% achieved lowest
initial and secant stiffness with reduction of 38.4 % and 46.44% compared

to the reference specimen respectively.

5- The load at which the first crack is appeared was increased gradually
with the increasing of PET content in concrete beams, where the beam
B20% recorded highest load at which first crack were appeared with
increment of 121.19% compared to the reference beam.

6- The lengths of cracks decrease slightly, as the PET content increases in
the concrete beams. It's observed that cracks tend to be less in lengths when

PET percentage increased.
5.2.3 Structural Behavior of Concrete Beams Reinforced with

PET Waste Bars as Tension Reinforcement

1-The concrete beams reinforced with PET bars BP1, BP2, and BP3 were
achieved an ultimate failure load less than that of control specimen of

reinforced concrete beam RC by 22%, 19.4%, and 24.5% respectively.

2- The maximum deflection of the five concrete beams was varied. The
highest deflection was demonstrated at the steel-reinforced concrete beams
RC while the lowest was deflection for beams CC, BP2, and BP3 which
was closed. The concrete beam BP1 was close to the steel reinforced

reference beam, but it is reduced by 50% when the load was released.

5.3 Recommendations

The following recommendations are suggested for future studies.
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1-

Due to good participation of PET waste when it used as a partial
replacement of sand in improve concrete characteristics and structural
behavior of beams, so it’s strongly recommended to investigate its
Impact on the behavior of other structural members like slabs and of
concrete filled steel tubes CFST under biaxial bending and uniaxial
bending.

As a result of PET impact on increasing the ductility of concrete, we
recommend studying the effect of its use in different proportions with
steel fibers on the production of concrete with high or ultra strength and
evaluating that effect from several sides.

Study the effect of PET waste used as sand replacement on R.C. beams
under impact, cyclic and dynamic loadings.

Study the behavior of hybrid reinforced concrete beams included large
percentages of PET as sand replacement in tension zone.

Study the behavior of concrete slab reinforced with PET bars to resist
shrinkage and temperature stresses.

Study quality control, compaction mechanism, and workability
improving for concrete containing PET waste as a partial sand

replacement.

127 -



References

[1] “The State of the World’s Cities Report 2001,” United Nations

Center for Human Settlements, New York, June 2001.

[2] Mehta, P. K., “Reducing the Environmental Impact of Concrete,”
Concrete International, V. 23, No. 10, Oct. 2001, pp. 61-66.

[3] Naik, T. R. (2008). Sustainability of Concrete Construction. Practice
Periodical on Structural Design and Construction, 13(2), 98-103.
https://doi.org/10.1061/(asce)1084-0680(2008)13:2(98).

[4] Obla, K.H. (2009). “What is Green Concrete ?”’. The Indian Concrete
Journal, April, 26-28.

[5] Suhendro, B. (2014). Toward green concrete for better sustainable
environment. Procedia Engineering, 95(Scescm), 305-320.
https://doi.org/10.1016/j.proeng.2014.12.190.

[6] Ashish R. Mishra, Shweta A. Mishra, and Anurag V. Tiwari. “SOLID
WASTE MANAGEMENT - CASE STUDY™. International Journal of
Research in Advent Technology,. 7(4S), 184-192. (2019).

[7] Gourmelon, G. (2015). Global Plastic Production Rises, Recycling
Lags | Worldwatch Institute. WorldWatch Institute, 1-7.

[8] Lebreton, L., & Andrady, A. (2019). Future scenarios of global plastic
waste generation and disposal. Palgrave Communications, 5(1), 1-11.
https://doi.org/10.1057/s41599-018-0212-7.

[9] Larrivee, R., Ergastolo, M., & Robledo, L. EARTH DAY NETWORK
® Plastic Pollution Primer and Action Toolkit END PLASTIC
POLLUTION EARTH DAY EARTH DAY NETWORK (2018).

https://www.earthday.org/wp-content/uploads/Plastic-Pollution-Primer-

-132 -


https://doi.org/10.1057/s41599-018-0212-7

and-Action-Toolkit.pdf,

[10] Gilmore, W. J.,, & Gilmore, W. J. An Introduction to PHP. A
Programmer’s Introduction to PHP 4.0, 3—-30 (2001).
https://doi.org/10.1007/978-1-4302-0856-3 1.

[11] Li-Na, J. (2013). Study on preparation process and properties of
polyethylene terephthalate (pet). Applied Mechanics and Materials, 312,
406-410. https://doi.org/10.4028/www.scientific.net/ AMM.312.406.

[12] Choudhary, R., Kumar, A., & Murkute, K. (2018). Properties of
waste polyethylene terephthalate (PET) modified asphalt mixes:
Dependence on PET size, PET content, and mixing process. Periodica
Polytechnica Civil Engineering, 62(3), 1-9.
https://doi.org/10.3311/PPci.10797.

[13] Handbook, C. E. Polyethylene Terephthalate ( PET ) Solid-State
Resins. (March). (2018).

[14] Report on the state of the environment in Irag. Ministry of Health and

Environment.2017.

[15] Ochi. T., Okubo, S., Fukui, K., 2007. Development of recycled PET
fiber and its application as concrete-reinforcing fiber. Cement and Concrete
Composites 29, 448-455.

[16] Kim S.B., Yi N.H., Kim H. Y., Kim J.H..J., and Song Y.C. “ Material
and structural performance evaluation of recycled PET fiber reinforced

concrete ““ Journal of cement & Concrete Composites, Elsevier, Vol.32,

PP.232-240,2010.

[17] Oliveira L.AP.D. and Jodo P. Castro-Gomes “Physical and

mechanical behavior of recycled PET fiber reinforced mortar “Journal of

- 133 -



Construction and Building Materials, Elsevier, Vol.25, PP.1712-1717,
2011.

[18] Fraternali F., Ciancia V., Chechile R., Rizzano G., Feo L., and
Incarnato L. “Experimental study of the thermo-mechanical properties of
recycled PET fiber-reinforced concrete “Journal of Composite structures,
Elsevier, Vol.93, PP.2368-2374,2011.

[19] Cordoba, L.A., Berrera, G.M., Diaz, C.B., Nunez, F.U., Yanez, A.L.,
2013. Effects on mechanical properties of recycled PET in cement-based

composites. International Journal of Polymer Science 2013, 1-6.

[20] Fraternali, F., Spadea, S., & Berardi, V. P. (2014). Effects of recycled
PET fibres on the mechanical properties and seawater curing of Portland
cement-based concretes. Construction and Building Materials, 61, 293—
302. https://doi.org/10.1016/j.conbuildmat.2014.03.019.

[21]Khalid, F. S., Irwan, J. M., lbrahim, M. H. W., Othman, N., &
Shahidan, S. (2018). Performance of plastic wastes in fiber-reinforced
concrete beams. Construction and Building Materials, 183, 451-464.
https://doi.org/10.1016/j.conbuildmat.2018.06.122.

[22] Bui, N. K., Satomi, T., & Takahashi, H. (2018). Recycling woven
plastic sack waste and PET bottle waste as fiber in recycled aggregate
concrete: An experimental study. Waste Management, 78, 79-93.
https://doi.org/10.1016/j.wasman.2018.05.035.

[23]Al-hadithi, A. I., & Ahmed, M. (2019). The Effects of Adding Waste
Plastic Fibers on the Mechanical Properties and Shear Strength of

Reinforced Concrete Beams. (January), 0-15.

_134 -


https://doi.org/10.1016/j.conbuildmat.2014.03.019
https://doi.org/10.1016/j.conbuildmat.2018.06.122
https://doi.org/10.1016/j.wasman.2018.05.035

[24] Hamsa M. Adnan and Abbas O. Dawood. “Flexure behavior and
properties of reinforced concrete beams using recycled plastic wastes”
M.Sc Thesis, Misan University,20109.

[25] Choi, Yun-Wang and Moon, Dae-Joong and Chung, Jee-Seung and
Cho, Sun-Kyu, "Effects of waste PET bottles aggregate on the properties
of concrete” .Cement and concrete research journal, Elsevier, v35, 4,
p(776-781), 2005.

[26] Ismail Z.Z., and AL-Hashmi E.A. “Use of waste plastic in the
concrete mixture as aggregate replacement “Journal of Waste Management,

Elsevier, Vol.28, PP.2041-2047, 2007.

[27] Albano, C., Camacho, N., Hernandez, M., Matheus, A., Gutierrez, A.,
2009. Influence of content and particle size of per waste bottles on concrete
behaviour at different w/c ratio.Waste Management (oxford) 29, 2707-
2716.

[28] Akcaozoglu, S., Atis, C. D., & Akgadzoglu, K. (2010). An
investigation on the use of shredded waste PET bottles as aggregate in
lightweight concrete. Waste Management, 30(2), 285-290.

[29] Frigione, M. (2010). Recycling of PET bottles as fine aggregate in
concrete. Waste Management, 30(6), 1101-1106.
https://doi.org/10.1016/j.wasman.2010.01.030.

[30] Rahmani, E., Dehestani, M., Beygi, M.H.A., Allahyari, H., Nikbin,
[.M., 2013.010n the mechanical properties of concrete containing waste
PET particles. Construction and Building Materials 47, 1302—-1308.

[31] P. Ganesh Prabhu, C. A. K. R. P. P. R. & L. S. K. (2014). Study on
Utilization of Waste Pet Bottle Fiber in Concrete. IMPACT: International

- 135 -



Journal of Research in Engineering & Technology (IMPACT: IJRET),
2(5), 233-240.
http://www.impactjournals.us/journals.php?id=77&jtype=2&page=14

[32] Khanna, P. A., Singla, P. S., & Jain, E. Y. (2015). Investigation of the
Mechanical Properties of Concrete by Replacing Fine Aggregates Partially
with Pulverized Waste Plastic Bottle Fibers. 5(6), 128-134.

[33]Azhdarpour, A. M., Nikoudel, M. R., & Taheri, M. (2016). The effect
of using polyethylene terephthalate particles on physical and strength-
related properties of concrete; A laboratory evaluation. Construction and
Building Materials, 109, 55-62.
https://doi.org/10.1016/j.conbuildmat.2016.01.056

[34] G. T. (2014). Recycled Plastic Used in Concrete Paver Block.
International Journal of Research in Engineering and Technology, 03(21),
33-35. https://doi.org/10.15623/ijret.2014.0321009.

[35] Jalgaon, S. C. (2014). INNOVATIVE TECHNIQUES OF WASTE
PLASTIC USED IN CONCRETE MIXTURE Compressive Strength for 7
Days. International Journal of Research in Engineering and Technology,
2319-2322.

[36] Islam, M. J., Meherier, M. S., & Islam, A. K. M. R. (2016). Effects of
waste PET as coarse aggregate on the fresh and harden properties of
concrete. Construction and Building Materials, 125, 946-951.
https://doi.org/10.1016/j.conbuildmat.2016.08.128.

[37] Reddy, I. V. R., Sasidhar, C., & Kumar, M. L. A. (2014).
Experimental Investigations on The Flexural Strength of PET Reinforced
Concrete. 4(2).

- 136 -


https://doi.org/10.15623/ijret.2014.0321009
https://doi.org/10.1016/j.conbuildmat.2016.08.128

[38] Foti, D. (2013). Use of recycled waste pet bottles fibers for the
reinforcement of concrete. Composite Structures, 96, 396-404.
https://doi.org/10.1016/j.compstruct.2012.09.019.

[39] Baldenebro-Lopez, F. J. (2014). Influence of continuous plastic fibers
reinforcement arrangement in concrete strengthened. I0SR Journal of
Engineering, 4(4), 15-23. https://doi.org/10.9790/3021-04411523.

[40] Foti D. and Paparella F. “Impact behavior of structural elements in

concrete reinforced with PET grids “Journal of Mechanics Research

Communications, Elsevier, Vol.57, PP.57-66, 2014.

[41] IQS 5/1984 “Portland cement Central Organization for
Standardization and Quality Control Iraq” (in Arabic).

[42] IQS 45/1980 “Aggregates from Natural Sources for Concrete and
Building Construction. Central Organization for Standardization and

Quality Control”. Iraq (in Arabic).

[43] ASTM C494-99, "Standard Specification for Chemical Admixtures for
Concrete", Annual Book of ASTM Standards, 2005.

[44] ASTM A615/A615M-13, "Standard Specification of Deformed and
Plain Carbon Steel Bars for Concrete Reinforcement”, (ASTM A615M-13),
ASTM International West Conshohocken. (2013).

[45] ASTM (C881 standard, "Standard specification for epoxy-resin-base
bonding systems for concrete}, author: ASTM, journal: C881/C8381M,
(2015).

_137-


https://doi.org/10.1016/j.compstruct.2012.09.019

[46] ISSN 1813-7822,"The relationship between gravimetric and
volumetric mixing ratios of concrete mixtures With the development of
tables for the assessment of concrete materials”, journal: Engineering and
Development Magazine, volume: 12, number: 4, (December 2002) (in
Arabic).

[47] Balaguru, Perumalsamy and Dipsia, Michael G. "Properties of fiber
reinforced high-strength semi-lightweight concrete”, journal: Materials
Journal, volume : 90, number: 5,pages:399-405,(1993).

[48] ASTM C143, “Standard Test Method for Slump of Hydraulic Cement
Concrete”, 2000.

[49] B.S.1881, Part 116, “Method for Determination of Compressive
Strength of Concrete Cubes”, British Standards Institution, 1989.

[50] ASTM C496, “Standard Test Method for Splitting Tensile of
Cylindrical Concrete Specimens”, American Society for Testing and

Materials, 2006.

[51] ASTM C78, "Standard Test Method for Flexural Strength of

Concrete", American Society for Testing and Materials, (2002).

[52] Iraqgi Standard Specification No. 54, 10S 54/1970 {Determination of
initial and final drying shrinkage and moisture movement for
concrete},UDC 666.97:620.192.5.

[53] ASTM C642 standard,"Standard test method for density, absorption,
and voids in hardened concrete"”, C642--13, (2013).

[54] ASTM C597," Standard test method for pulse velocity through
concrete”, journal; ASTM International, West Conshohocken, (2009).

- 138 -



[55] ASTM C469 standard, "Standard test method for static modulus of
elasticity and Poisson’s ratio of concrete in compression”, journal: Annual

book of ASTM Standards ,volume :(4),pages:(469), (2002).

[56] ACI 318-14, "Building Code Requirements for Structural Concrete

and Commentary ", (American Concrete Institute), (2014).

[57] BSI, Method for Determination of Compressive Strength of Concrete
Cubes, British Standards Institution, London, BS 1881, 1983, Part116.

[58] Indian Standard, IS 456:" Plain and Reinforced Concrete Code of
Practice (4th revision)", journal: New Delhi, (2000).

[59] Sullivan, T. J., Calvi, G. M., & Priestley, M. J. N. Initial Stiffness
Versus Secant Stiffness in Displacement Based Design. 13th World
Conference on Earthquake Engineering, (2888). (2004).

- 139 -



G 4y ) ggan
ol a5 Mol agheil) 55155
Autigh) 208 / s daals
Tl Ausigh and

NS 5 el Aladatal) ddlu Al (ailad

(i) i pail) do W juilig bl (A gl
iag b
da 0 o Jgand) cldhia (e 5 38 Gl draly duidigh) 408 1) dadia
LAY / Adaal) Laigh agle b iualal
Ji e
@lé O &S

2002 4xide dudin (g ) SIS

il iy
JJ\J 3439 w\.}ﬁée\

aly e pla 2



4
uadlall

G2 (PET) <y i cpbitl (ol s ahasiad 535 Ge (g oaill o5 4l all o2a 8
e La il il Aol Al 450 5udl) 5 SlSsall Gl s Al ol adall Ja 1 53
Jisbiiy o) 3ol 45D ) A ial) Al ) e a3 ALK Al Al ciliiall iy & sl
LSSl ol pall e PET cilélie el jag desll a0 Jlasin) 5l Js¥) s sall
<710 ¢ 77.5 ¢ 7.5 Sl pall oda 8 Jlasind o A ladl o3 G ¢ il Al 400 Sl
Lasi 28 514 57 slael Al Al 4SSl ciboa sadll o) ja) i, 720 ¢ %15 < £12.5
) ALY ¢ Al 5 A0 g ) Jalaa g £ LY 5 jUa 5 g JalacaiV) il gad (o
At pall (358 Ao pudl 5 el uSU (LS 5 el pnill 5 ZEUSIS 4l ) <l Laay)
Of bl & yedal o jall aa 8 Al Al padll daglie jasd a8 LaS ¢ GalaiaV)
Om sl Bl el (712.5 - 75) Om sl i o Dla) s e 4 gisall il
Al 5 Ll A lia (3 (730.2- 718.1)¢ (%26.9- 718.6)+(%.43.64- 7.26.8)
) JIai a1 A Sy A el il a4 e ¢ sl e s LY
4i PET G sime ) slaty Ladie ASulSuall (ol g8l (dsi55 77,5 4 PET @ jal
A 5 yall Jalra (alasil g A00al) L saly ) giliill ¢ jelal LS ae bl alS Sl e JiaS 715
oo JS5 Dlu jall APET (s st 53 ) e iS5 (aill 548

Gslull e aclill ol 5 3a S PET @il alaaind 53l U ¢ 5l J sl
5 il el ey Al A& e Al pand o3 dalua) il all cliall lisy)
dall ) ALYl PET 4w JS1saal sdiic a8l 5 2w2300 * 300 * 150 bl
¢ gl Jsdagll s ¢ Jusall ad¥) Juaall JOA (e p jall HLidl 23 Gaea sl Ayl jall
s i Gl Al ja a8 el Jladil g ¢ Al 3G s ¢ A0kl ¢ A8Uall aliaial
PET lli 5l il dymas jall diinll an L e o ¢ gl Jaai g J ) 330 Jas Jaii
b YU, cp L) sl) il (g sina a5 o bl < pelal | SLEY) LS sl e
sl Hbas o Slglll Jsaglly ¢ Jadll adY) Jasll 32l I ool Al A ciliial)
712.13) « (£93.7 - 723.2 )¢ (Vb - 7.0) 0 5 s Jdnay A8l aliaial 5 ¢« LY
Al b aladsl B o3 ety M5l e (7275- 751) «(%1139- 7432)¢ (7.93-
Sl e (746.4-719.2 ) 5(738- 7.5) o 7 s i ¥ anay 4530 5 dilaiay)

Al Al Gilal) @ 458 L PET Glala ) bl e\dﬁu\ ).\.\L\ GlAl ¢ el J gl
o= ,PET (lad JS55 (8 aadind Ay 5ha Jail ) 3S PET cilala ) SUls S dale) o
1ia b axiin) a8y adl ddhie 8 40V sl Gluzaill G 53 sadiall PET (ludad addius
o bole Leie Gl ¢ ale (1400 * 200 * 150) ol Al ja cilic Tl ¢ 3l
AU (LAY AN il sall A5 g ¢ b s G55 praluaill dds ae aSa3 () e
Jea PET Ol dalial) ciliall gaa) s 3350840 PET (laad (ga ddlise JISS]

Y g Gl e (5 giat 3 el Jidl Jea (g0 725 () Juaay il Jud



