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ABSTRACT

Development of Waste Tyre Rubber Based Concrete for Structural Applications

The drastic expansion in the construction industry has created a scarcity of construction
materials. Specifically, the use of natural minerals in concrete production has created sever
environmental problems. On the other hand, non-recyclable waste production causes
hazardous problems to the environment. Waste rubber tires are one such phenomenon. Hence,
the use of waste rubber tires as a partial replacement for aggregate in concrete has been a real
concern over the past decade. It is understood that rubberized concrete (RuC) concrete
enhances properties of better energy absorption, damping ratio, impact resistance, thermal
resistivity, sound resistivity, freeze-thaw resistance, decrease in acid penetrations and chloride
penetrations. However, mechanical properties were identified to be poor compared to
conventional concrete. Implementation of RuC in structural elements could expand the real
benefit of using RuC. Hence, it is crucial to identify and develop the required parameters to
improve the mechanical properties of RuC. Investigations were carried out with numerous
modifications to the concrete matrix. Despite this, the enhancement in mechanical properties
was marginal and inconsistent. The study focused on pretreating the rubber with high reactive
graphene oxide (GO) and investigating the micro and macro-level material behavior. The
research was conducted in three phases. The optimum mix design was developed, and the
concrete properties were investigated in the first phase. Secondly, the material variation of
crumb rubber (CR) with respect to GO treatment was investigated. Investigating the optimum
CR rubber percentages and their variation with respect to different GO treatment types and
identifying the high-strength concrete properties concluded in the third phase. Non-
homogenous waste rubber tire aggregate replacement enhances the packing density and
thereby improves the mechanical properties. The maximum pretreatment time of 2 hours was
identified. The precipitation of GO around CR means to improve the bonding with the cement
matrix and a significant strength recovery of 88.18 % resulted. With reference to the three
pretreatment methods used, fully air-dried GO-treated CR shows better strength recovery, as
a result of the higher percentage of GO precipitation. Yet, 2 g/l was identified to be the
optimum GO concentration. With reference to the durability properties, the chloride ion
penetration of GO-treated RuC was identified to be very low (100 — 1000 coulombs).
However, the water penetration of GO-treated RuC is 35 % greater than the control sample.

Key words: Sustainable construction, Rubberized concrete, Pretreatment, Graphene oxide
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CHAPTER 1 INTRODUCTION

1.1 Research Background

The global expansion of the construction industry in the past decade made concrete
the most widely used construction material. As a result of that, the constituents
required in making concrete were identified to be in extreme use. Most importantly,
the natural materials used in concrete identified to be scarce and cause sever
environmental problems with the mass-scale use of it. Further, river sand was
identified to be the second most used natural resource after water as a result of the
expeditious use of concrete [1]. Hence the industry has been diverging from using

natural resources and investigating replacements for concrete constituents.

In the last two decades, the construction industry has focused on enhancing sustainable
construction in numerous ways. One of the prominent investigations is to replace
concrete aggregate with waste materials. Researchers investigate using recycled
plastic, glass, construction demolishers, waste tire rubber, natural fibers, etc. With the
evolvement of the investigations, it is found that some of the concrete properties were
enhanced while several concrete properties were diminished with respect to each
replacement. However, the development of research studies identified waste tire

rubber as an outstanding candidate in this regard.

The concrete properties such as ductility, energy dissipation, sound absorption,
damping ratio, abrasion resistance, freeze-thaw effect, and thermal resistance are
enhanced [2]-[4] with the rubber aggregate replacement. However, poor mechanical
properties were observed in RuC, such as diminished compressive strength [5]-[7],
tensile strength [8], [9], and flexural strength [9], [10]. Moreover, higher shrinkage
[11]-[13], porosity [14], [15], and water absorption [16], [17] were identified to be
negative outcomes. As a result of diminished mechanical properties, RuC has not been
utilized in structural elements. Yet non-structural applications similar to pavement
concrete, roadside barriers, running tracks, bunkers, shooting ranges, and lightweight

concrete are constructed using RuC [18]-[21].

The poor mechanical behavior of RuC is caused due to high roughness of rubber
particles, a high percentage of voids, poor boding between rubber aggregate and
cement, the hydrophobic nature of rubber, non-uniform dispersion of rubber [14],

[22]-[24]. Hence, the aforementioned reasons should be addressed by applying
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modifications to the concrete matrix. However, greeting all the possible details of RuC

is a wide research area and not efficient.

The study focused on investigating the dominant cause of poor mechanical properties,
the poor bonding behavior of rubber aggregate and cement paste. Even though there
are numerous studies investigating to overcome the issue, there is no specific
explanation or procedure. Yet, optimized concrete matrix with modification to rubber
surface identified to be viable. Hence, the study investigated identifying the optimized
concrete matrix and a pretreatment method to enhance the rubber-cement bonding,

which could lead to better mechanical properties of RuC.

1.2 Objectives
The objective of the study is to develop an optimized concrete mix design with
graphene oxide-treated crumb rubber which is sustainable and enhanced with

mechanical properties for structural concrete elements.

e To conduct a detailed literature review to identify the current status of
knowledge on Rubberized concrete.

e To identify the variation of mechanical properties of concrete mix with
replacement of aggregate by non-homogenous recycled tire rubber.

e To investigate the short-term and long-term properties of developed rubberized
concrete mix.

e To provide recommendations for practical applications of rubberized concrete

in structural elements.

1.3 Methodology

The research methodology was comprehensively divided into three phases as
represented in Figure 1.1. The study was initiated with an extensive literature review
to understand the major drawbacks of RuC and the possible modification for those.
After a comparison was made between homogenous and non-homogenous rubber
aggregate replacement to identify the better performance in mechanical properties.
Pretreatment was essential to improve the concrete properties, hence the martial
properties of rubber aggregate with suitable pretreatment methods were investigated
at micro and macro levels. Afterward, the best-suited pre-treatment technique was

selected to further develop the rubber-based concrete mix. Finally, the mix with



optimum performance will be selected and short-term and long-term properties will

experimentally be determined.

14 Research significance

The poor mechanical properties have been identified as the major drawback of RuC in
the application process. Hence, research investigations have taken place to enhance
mechanical properties in numerous ways. However, the investigations were found to

be less effective, sustainable, or consistent.

The major drawback of rubberized concrete is the weak interface between rubber and
the cement phase. Hence, a detailed literature review was conducted to identify the
possible materials or techniques that are capable of enhancing the interface between
rubber aggregate and cement paste in concrete. Among those materials, graphene
oxide (GO), containing moieties with high percentage oxygen (hydroxyl, carboxyl,
and epoxy, etc.), outstanding mechanical, electrical, thermal, and chemical properties,
high reactivity and strong adhesion with polymer membranes being prominent of

candidates to enhance the concrete properties.

Thereby, the research study was focused on enhancing the mechanical properties of
RuC by incorporating GO as a pretreatment to the crumb rubber involves in making
concrete matrix. Hence, no such studies of using GO as a pretreatment to crumb rubber

in developing RuC as per authors' knowledge to date.

1.5  Arrangement of the thesis

In this thesis, the research project has been conferred by nine chapters. The first
chapter represents the research background, objectives, and overall methodology

followed.

In the second chapter, the literature review on waste rubber tires, recycling, and
properties was reviewed. In addition, the RuC production, mix proportions, and

concrete properties were discussed comprehensively.

The investigation on replacing non-homogenous rubber aggregates was discussed in
the third chapter. In the fourth chapter, a review was conducted on pretreatment

methods and the significance of using graphene oxide.



The fifth chapter investigates the possible pretreatment methods of GO to CR and

changes that occurred to the material chemically and physically.

The sixth, seventh, and eighth chapters discuss the mechanical properties, bonding
structure, morphology, and durability properties of GO-treated RuC respectively. By
the ninth chapter, the thesis is concluded by representing conclusions and

recommendation of the research project.
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

The development of innovative construction materials emerges as a main field in the
construction industry. The concept of sustainable construction focusses on
environmentally friendly construction material. Waste rubber is identified as one such
innovative and sustainable material in the construction industry. With the rapid
expansion of the transport industry and rubber-based industries, a mountainous amount
of rubber waste is produced. The main source of rubber waste is tire waste. Raffoul et
al. [25] noted that the majority of waste rubber from waste tires and proportional to
tire production in the world yearly. The yearly tire production of 2017 is more than 2.9
billion and the International Rubber Group of Companies forecasts 2.8% growth
compounded yearly from 2017 to 2025 [26]. The heap amount of rubber waste causes
environmental hazards with a non-biodegradable property of rubber waste. As a result
of the massive negative impact on the environment, reusing and recycling rubber waste
was considered without stockpiling. Forrest [26] mentioned that 30% of rubber waste
was stockpiled while 15% was recycled, 23% reused and 60% was recovered as
energy. However, U.S. Tire Manufacturers Association and ETRMA [27], [28]
concluded that only 6% to 8% of scrap tire rubber waste is used for civil engineering

purposes in USA and EU countries while Australia used only 0.4%.

Expansion in the construction industry prevailed on focusing on environmentally
friendly construction materials. As a result, the industry is keen on finding innovative
construction materials to replace non-ecofriendly construction materials. Concrete is
the most used construction material in the world because of the extensive expansion
of the construction industry strained concrete to the extreme use at the present day.
The aggregate used in concrete such as river sand and manufactured sand causes
damage to the environment as a result of excessive use. River sand is identified as the
second most used raw material on earth with 80% of 50 billion of tons material mined
every year. The continuous demand for river sand caused severe damage to the
environment. Excessive mining of river sand caused, intrusion of sea water into the
river, the collapse of riverbank and loss of riparian lands, etc. Manufacture sand (M
Sand) is identified as a major replacement for river sand but exploiting M-sand makes

ecological imbalance causing environmental problems. Therefore, the identification of



an aggregate that is eco-friendly while enhancing the mechanical and durability
properties of concrete with the sustainable concept is a timely need. Waste rubber was
identified as a pioneer in the list to replace as fine aggregate (FA), coarse aggregate
(CA), and binder in the concrete mix. The studies [29], [30] revealed that incorporating

crumb rubber into cementitious composite can reduce CO2 emission.

For the past couple of decades, studies were conducted to identify the properties of
rubberized concrete (RuC) in different aspects. As a result of the evaluation of RuC,
research studies have been conducted to identify the properties of RuC as lightweight
concrete, resistive concrete, and structural concrete. Hence RuC shows a 14-28% of
reduction in the unit weight of concrete by replacing 10-30% of FA and CA, RuC is
advantageous as lightweight concrete [31]. Studies revealed that mechanical properties
of RuC have a negative effect where the reduction in compressive strength and
workability with increment in water absorption and shrinkage. However, literature
shows that enhancing concrete properties such as ductility, energy dissipation, flexural
strength, and sound absorption are pros points on RuC [2], [3], [32]. An optimization
of RuC was discussed by Raffoul et al. [33] concluded that 100% of rubber
replacement shows a 92% reduction in strength. Thomas et al. [34] revealed that better
resistance to water absorption and carbonation can be achieved with 12.5% of FA
replacement. Senin et al. [35] concluded that exceeding 20% rubber replacement cause
an adverse effect on desirable concrete properties. However, literature shows that RuC
can be applied in structural elements with required moderation [19], [31]. The
enhancement in the damping ratio of RuC expands the use of RuC concrete in the
industrial floor, road pavements, retaining structures, bridge sidewalks, and decks
[18]-[20], [36]. Liu et al. [21] concluded that RuC has a lower dynamic increase factor
than conventional concrete. As RuC exhibits 10 % of rubber incorporation to enhance
the energy absorption capacity. As a result of enhanced behavior in energy absorption,
RuC is implemented in running tracks and roadside barriers [37]. Ibrahim et al. [38]
concluded that abrasion resistance increases as the rubber content increases. Fine
rubber aggregate, possesses higher abrasion resistance than coarse rubber aggregate.
Such resistance to abrasion in RuC can implement in concrete highways, industrial
floors, pavements, hydraulic structures, and other surfaces subjected to abrasive forces
[16]. Richardson et al. [39] concluded that the most efficient size of CR is 0.5 mm

which accompanies the best freeze-thaw protection in RuC. Therefore, constructions



in cold climate conditions can be optimized by using RuC as a result of the positive
freeze-thaw effect [40]. Thermal resistivity is identified as an enhanced property in
RuC with an increment of 29.4%. In contrast, thermal diffusivity and thermal
effusivity were reduced by 65.1% and 37.6% respectively [41]. Therefore, in
application in which high thermal resistance and acoustic resistance is needed, RuC

can be used [42].

This study aims to identify the evaluation of RuC over the past couple of decades. The
initiative of using rubber as an aggregate in concrete to provide a balance between the
environment and construction is upheld in the study. The performances of RuC in
different conditions and the behavioral pattern is presented in this study. Providing a
fundamental background of rubber as a waste material and as a construction material
is discussed in the study. As well as to reuse of rubber environmentally wise to reduce
environmental pollution and its impact on the construction industry is critical to
discuss. Mechanical behavior, dynamic properties, and durability of RuC in different
conditions are presented in this study. However, the paper presented the moderations
applied to RuC to enhance the performance in different conditions. This review also
aims to provide compressive insight into a range of applications of RuC used in

industry and the impact on the betterment of the sustainable environment.

2.2 Waste tire rubber source

The studies revealed that a total of 300 million tires are disposed of in the USA with
an estimation that each person discards one car tire per year [43]-[45]. The disposal of
rubber tires in landfill caused damage to the environment, hence tires restoring to the
surface with time making a hazardous condition to the environment. This cause not
only environmental problems but also damages to public health and aesthetic value
[46]. To minimize the damage caused by the tires, several attempts were taken
nevertheless using waste rubber tires as a construction material can uplift the concept

of sustainability in the construction industry.

Tires can be categorized into two: automobile tires and truck tires. It is important to
identify the source of waste tire hence the shape, weight, size, and importantly the ratio
of the components of the base mixture is different [47]. On average 70-80% of tire
contains highly durable vulcanized rubber which cannot be easily recycled [48].

Siddika et al. [49] mentioned that any type of tire provides an approximate amount of



14% to 55% rubber depending upon the actual composition and thread and sidewall
parts of the tire contain most of the rubber of the extraction. Figure 2.1 represents the

raw materials of rubber tires.
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Figure 2.1: Raw material in rubber tire [50]

The composition of tire rubber is critical in the rubber extraction process. Natural
rubber, synthetic rubber, carbon black, steel, ash, fabric, textile, and fillers are
compositions consisting of different proportions. It is important to show in the
literature that the amount of rubber and other compositions can be extracted from a

tire. Table 2.1 revealed the percentages of composition in tire rubber.

Table 2.1. Composition percentage in tire rubber

Composition Percentages %
References [51] [52] [53] [54] [42] [55]
Type of tire | Car | Truck | Car | Car | Truck Not Not Not
specified | specified | specified

Natural 41- | 4145 | 21- | 14 27 - 23.1 -
rubber 48 42
Synthetic - - 40- | 27 14 - 17.9 -
rubber 55
Carbon black | 22- | 20-28 | 30- | 28 28 20-25 28 29

28 38




Streel 13- 120-27| - | 14- | 14-15 - 14.5 -
16 15

Ash - - 3-7 | - - - 5.1 5

Plasticizer - - - - - - - 10

Polymer - - - - - 40-55 - 50

Other (fabric, | 4-6 | 0-10 - - - 20-40 16.5 -

filler, textile)

2.3 The general process of rubber waste recycling from waste tire

Waste tire management is critical in social, economic, and environmental aspects.
There are several practices used in managing waste rubber tires: recycling, reusing,
recovery as energy and stockpiling are some of the methods. The estimated

percentages of waste tire managing methods [26] are provided in Table 2.2.

Table 2.2. Estimated percentages of waste tire managing method

Method Estimated amount
Recycle 15%
Reuse 23%
Recovery 60%
Stockpiled 30%

The high number of stockpiling in lands consumes lands with no benefits. The high
percentage %), hence the damping cost extensive areas and creates hazardous
environmental problems [56]. Deriving energy from the waste tire is a major concern
in the industry 43% of the scrap tire produced in the USA is derived as fuel [57].
Germany is the highest tire manufacturer in Europe union treats scrap tires as the first
country with the highest scrap treatment for energetic recovery [58]. Rather than
creating a problem, the issue of the waste tire can be transformed into an opportunity.
New tires after some periods become part-worn tires. Those tires are reusable after
regrooving or after reconditioning (retreading). Figure 2.2 illustrated the material

recovery from waste tires in the EU.
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Figure 2.2: Material recovery from waste tire in EU [59]
The recycling process that scrap tires should undergo is illustrated in the following.

Collection of waste tires: As the first step of recycling, collection of waste tires should

be done by the means of individual businesses and local authorities.

Shredding: Starts with reducing the rubber tire size by cutting them into small pieces
for easy handling and shredding the tires by using a rotating shaft. At the end of this
stage, 2-inch length rubber can be found, which can derive for fuel. Shredding can be
done in two ways. In a mechanical system, tires are scraps into smaller chips at ambient
temperature. In a cryogenic system, tires are turned into tiny particles by freezing the

rubber with the help of liquid nitrogen.

Steel liberation: This step includes the elimination and separation of tire wire from
rubber. Also, this includes the fiber and screening as well. The removed steel wire can
be used in manufacturing new wheels or as a material in concrete to improve strength

[60].

To produce crumb rubber, the grinding process is specified. Rubber must pass through
the grinding process in a dry environment including the environment temperature.

There are four types of grinding specified by Elshazly et al. [61].

In the first type, griding at surrounding temperature using mills. The second type is to
grind at the surrounding temperature in wet conditions to induce water to minimize the

high temperature. The third type is to grind at a high temperature of 130°C to produce
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grains of 1 mm to 6 mm. The fourth type is to grind after freezing rubber in a glass

case by using an impact-type mill.

24 Tire Rubber Aggregate Properties

Studies have been done on tire rubber aggregate to place in the concrete mix in
different formats. Chipped rubber, crumb rubber, and powdered rubber are the three
types of rubber forms identified by using RuC. Chipped rubber is mostly replaced as
the coarse aggregate of the concrete mix as higher dimensions possess in chipped
rubber. Due to its high irregularity character, crumb rubber was replaced as the fine
aggregate of concrete mix with lesser dimensions than the chipped rubber. Powdered
rubber is extremely small in dimensions, less than 1 mm, as collected the powdered
rubber in the crunch process of the plant as the waste rubber. This form of rubber can
be used as filler in concrete due to its small dimensions possessed [62]. The physical

properties of a rubber tire in the literature are summarized in Table 2.3.

Table 2.3. Physical properties of rubber tire

Refer Form of Size | Water | Specific | Density | Flakiness | Tension
-ence rubber (cm) | absor | gravity | (kg/m3) index strength
-ption MPa
[62] | Chipped 2.5-3.0 | - - - - -
Crumb 0.3-1 - - - - -
Powdered <0.1 - - - - -
[63] | Crumb - - - 640- - -
rubber 720
[61] | Crumb 1.3-7.6 | - - - _ _
rubber 0.0425 | - - - -
-0.475

Powdered 0.0075 | - - - - -

rubber -
0.0475
[54] | Crumb 1-2 0.80- | 1.10 480 10.4-17.5 | -
rubber 1.30
0.5-1 5.30- | 1.10 450 6.6-8.3 -
8.90

12



replace fine

aggregate

Powdered 0-0.5 |- - 400- N/A -
rubber 460

[64] | Crumb 1-2 0.80- | 1.10 0.48 - -
rubber 1.30
Crumb 0.5-1 |5.30- | 1.10 0.45 - -
rubber 8.90
Powdered 0-0.5 |- - 0.40- - -
rubber 0.46

[65] | Well graded | 0.015- | - 0.83 0.530 - -
Crumb 0.236
rubber

[66] | Crumb 0.2-0.6 | 0.65 | 1.12 0.489 - -
rubber
Crumb 0.1-0.3 | 85% | 0.54 - - 28.1
rubber to
replace
coarse
aggregate
Crumb 0.5-1 - -
rubber to

The composition contains in tire rubber influences the concrete mix chemically [67].
The general composition includes natural and synthetic rubber, polymer, carbon black,
zinc, silicon, sulfur, magnesium, aluminum, nitrogen, hydrogen, and organic

compounds. Percentages of chemical composition in rubber tire is summarized in

Table 2.4
Table 2.4. Percentages of chemical composition in rubber tire
Composition Reference
% [54] [68] [69] [22] [70] [23] [71]
Polymer 40-55 40-55 | 38.3 45 -
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Ash 3-7 5.43 - - - -
Carbon black | 20-25 30-38 | 31.3 40 91.5 87.51 | 81.2-
85.2
Zinc - - - - 3.5 1.76 -
Silicon - - - - - 0.20 -
Sulfur - 0-5 3.23 - 1.2 1.08 1.52-
1.64
Magnesium - - - - - 0.14 -
Oxygen - 33 9.23 1.72-
2.07
Aluminum - - - - - 0.08 -
Nitrogen - - - - - - 0.31-
0.47
Hydrogen - - - - - - 7.22-
7.42
Other (fillers, | 20-40 - - 15 - - -
softeners,
organic
compounds)

2.5  Pretreatment of Tire Rubber

One of the major drawbacks of RuC is the lack of compressive strength. This has been
explained as a result of a weak bond between the rubber-cement interface. To improve
the interface bonding, absorb a certain amount of water, and avoid the floatation of
rubber particles in the concrete matrix, several pretreatment methods were considered.

A summary of different pretreatment methods on the rubber is represented in Table

2.5.

Table 2.5. Pretreatment methods for rubber aggregate

Reference (taken from an

experimental investigation)

Pretreatment type

[72]-[75]

Washing with water

[76]

Polyvinyl alcohol
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[771-[81] NaOH
[82] Ca (OH)2
[83] silane coupling agents
[84] Organic Sulphur compounds
[85] Acid
[86] Partial oxidation of rubber surface
[87] Expose to UV radiation
[88] Pre-coating with cement
[89] Pre-coating with mortar
[90] Pre-coating with silica fume
[91] Using limestone
[80] Pre-coating with sand

Studies [78], [88], [89], [91], [92] revealed that the strength of RuC increased by 3-
40% as a success in rubber pretreatments. However, these measurements are not
conclusive hence, no comparison was done between pre-treated rubber and received
rubber [73], [74]. However, pretreatments are identified costly and time-consuming,

while no conclusive results to identify the enhancement of concrete properties.

Most of the studies were entertained on pretreating with water and NaOH. Treatment
with sodium hydroxide solution (NaOH) explained to soaked rubber aggregate in a
10% NaOH solution, whilst the process allows rubber particles to ingest a particular
water amount. After the treatment, the rubber aggregate needs to drain, then water
soaking and rinsing a minimum of three times in clean water is required to neutralize
the pH of the material [37]. Pham et al. [75] mentioned that to enhance the mechanical
properties of RuC by improving the bonding between rubber-cement surfaces, washing
of rubber aggregate was done and soaked for 24 h to reduce the rubber hydrophobicity.
Furthermore, the study revealed that soaking in water was chosen over NaOH
treatment, because of the simplicity of washing with water. Thus, the study [81]
concluded that specimens pre-treated with NaOH resulted in comparatively high
compressive strength than those specimens pre-treated with water. The study by Chaou
et al. [93] concluded that a 13% of strength increment was observed with rubber

particles treated with NaOH and Guo et al. [94] mentioned that a 22.9% strength
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increment was experienced using only NaOH while a 14.2% increase experienced

using the solution mixed with blended cement paste coating.

2.6 Mix Proportions

Previous studies elaborate on the fact that achieving suitable mix proportions of RuC
is difficult. Most of the literature conducted studies on considering low percentages of
rubber aggregate up to 25% [77][95][96][97][98]. However, the studies done by
previous researchers [99][100][54] mentioned that practicing small percentages of
rubber aggregate hinders the actual benefit of using waste tire rubber. The study by
Raffoul et al. [54] elaborated that not using waste rubber on large scale is a waste,
whilst waste rubber can contribute to having a positive environmental impact as well

a contribution to sustainable construction.

The difficulty of achieving suitable concrete mixes has been idolized with the concrete
properties of RuC. The high percentage of voids and porous nature of RuC were
identified as the main reasons for the poor behavior of fresh performance of RuC [101].
This was explained by the low specific gravity possessed with rubber compared to
mineral aggregate and cement, the deficient mix proportioning, hydrophobicity of
rubber, uneven shapes, rough texture, contamination interlink among the particles,
enhanced friction with cement paste, consolidation, handling or casting can create
floating of rubber at the top upon vibration [5], [102], [103][72]. Fresh concrete
properties such as workability are defined by the ease of mixing, placing, and
consolidating while maintaining adequate concrete homogeneity depending on the
overall stability (i.e., segregation and bleeding) which is proportionate to fresh RuC

mix [104].

The poor compressive strength of RuC has been explained by the high porosity of the
composite, the relatively high Poisson’s ratio of the rubber aggregates, and the poor
bonding behavior of the rubber-cement matrix [89][66]. The influence of rubber
percentage, size, shape, and properties with better constituent parameters and
proportions was identified as the parameters which lower the compressive strength of
RuC [95][105][102][10][106]. Therefore, the significance of achieving an improved
packing density of the concrete matrix, its rheology, durability, and mechanical
properties are identified to be highlighted in the literature [107]. Therefore, the

investigation of achieving an optimized RuC mix with high content of rubber is a
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timely need. The study [54] did an experimental study to examine the parameters
influencing the performance of RuC under an optimized RuC mix. Table 2.6 illustrates

the mixed proportions used in the literature.
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Table 2.6.

Reference mix proportions

Reference

Rubber

percentage

Cement

(kg/m’)

Water

Sand
(kg/m?)

Aggregate
(kg/m’)

Rubber
(kg/m’)

Pulverized
Fuel ash
(PFA)
(kg/m®)

Silica
fume

(kg/m?)

Plasticiser

(I/m)

Superplasticiser

(I/m>)

[54]

Optimized

mix

340

150(1/m®)

0-5Smm =

820

5-10mm =

364

10-20mm
=637

42.5

42.5

2.5

5.1

[37]

0%

15%

426

213(kg/m?)

843

<4mm=
130
4-7Tmm=

750

717

<4mm=
111
4-7Tmm=

638

Tmm=

49
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Smm=

63
30% 590 <4mm= 5-7mm
91 98
4-Tmm= 1-
525 Smm=
127
0% 843 <Smm =|-
130
<’mm =
306
<10mm =
[108] 426 205(kg/m?) 444
15% 717 <Smm =]|I1-
111 Smm=
<Tmm =45
260 5-
<10mm = | 10mm=
377 58
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30% 500 <Smm =]|1-
91 Smm=
</mm =89
214 5-
<10mm = | 10mm=
311 116
5% Gravel —|2.31
[62] 10% 38.71 16.43 41.57 87.49 4.62
15% 39.26 6.93
20% 36.95 9.24
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Based on the literature, insufficient studies on RuC performances and the impact
created by the incorporation of rubber on numerous concrete properties have hindered
the development and application of RuC in structural elements. Mainly RuC is applied
on non-structural applications such as shooting ranges, road barriers [109], thin
overlays [55], road pavements [106], [110], concrete panels [111], and as thermal and
acoustic insulation [42], [112]. Further, RuC is used as lightweight concrete with
reduced weight but improved ductility, vibration resistive, impact, and cyclic loads
[112]-[115]. Therefore, the identification of significant RuC mix proportion can

expand the value in terms of structural and environmental perspectives.

2.7 Fresh Concrete Properties of RuC
2.7.1 Density and Workability

Rubber aggregate contains a relatively low density compared to mineral aggregates,
therefore replacing it with rubber aggregate reduces the density of concrete. Voids
created in the concrete matrix as a result of very low adhesion between rubber-cement
matrices can be explained as the result of low density [116] Further, voids are created

to increase the porosity resulting in low unit weight [14][15].

The literature elaborates that density reduced with the rubber percentage in the
concrete mixture, but no specific pattern was identified by the studies for respective
rubber percentages. Noaman et al. [117] concluded that a 3% density reduction
resulted in 15% sand incorporation proportionate to coarse rubber while, a 6.9%
density reduction was observed with 50% of sand replacement by fine rubber [118§]
and a 38% reduction in density was concluded with 10% replacement of rubber
aggregate [119]. Further, studies revealed that larger density reduction was
experienced by replacing rubber aggregate with smaller particles. Replacing 50% of
fine and coarse rubber aggregates resulted in a variation of up to 75 % dry density
reduction compared to the range of 10-30% reduction for fine rubber replacement only
[120]-[123][97][124]. The study carried out by using tire chips as partial replacement
of coarse aggregate, using crumb rubber as partial replacement of fine aggregate, and
using a combination of tire chips and crumb rubber as partial replacement showed
45%, 34%, and 33% reduction in density, respectively [125]. Thereby combination of
non-homogenous replacement of CR aggregate shows improved properties in density.
However, the study shows a contradiction with the literature that replacing fine

particles resulted in a lesser reduction in density.
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Workability was identified as the main concerned fresh property of RuC as lower
workability compared to conventional concrete. Literature concluded that the slump
value of RuC diminishes proportionately to the percentage of rubber [119][126][127].

The variation in slump values is represented in Table 2.7.

Table 2.7. Slump reduction with respect to the rubber content replacement

Reference Rubber replacement Slump reduction
[10] 20%-100% 19%-93%
[123] 50% of the total aggregate 90-100%
[128] 40% of the total aggregate 90-100%
[97] 15% of coarse aggregate 60%
[54] 0-10% of fine aggregate 0%
45% total aggregate 30%

The studies have proven that there is a significant change in slump value as the form
of the rubber varies. The study by [97] elaborated with fine rubber replacement up to
15% shows an increment in slump value, coarse rubber shows the maximum decrease
in a slump at 15% replacement while the combination of fine and coarse rubber
replacement shows a small deviation up to 25% replacement. Similarly, a study [38]
concluded a maximum of 58% and 75% of reduction in a slump for 30% of fine and
coarse aggregate replacement respectively. Figure 2.3 illustrates the variation of the

slump with respect to rubber percentage and rubber form.
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Figure 2.3. Variation in slump respect to rubber content (%)

The studies [38][97] concluded that replacing with fine rubber aggregate shows less
tendency in decreasing slump while it can increase the slump by 15%. The reduction
in workability has been identified mainly because of the greater water absorption
capacity of rubber particles [129]. Further, a study [130] mentioned that the
workability is directly proportionate to the specific surface area of concrete
constituents, hence, coarser rubber aggregate shows a high possibility to have lower
workability than fine rubber particles. This condition can be explained by the high
roughness of rubber aggregate possess, the friction between the particles and concrete
increases as it requires higher energy to flow [131]. Therefore, the requirement of
water in RuC is comparatively higher than conventional concrete’s water requirement.
To improve the workability of the mixture, several experiments were done, and
recommendations were decided. Using freeze ground rubber other than ground rubber
can avoid the high roughness of ground rubber, rubber to use as a partial replacement
to avoid similar rubber grain sizes [130][129][105][56], and use suitable
superplasticizers and sufficient water to limit segregation and bleeding, to hydrate the

cement [54]

2.7.2  Rheological Properties
Rheological properties of concrete mix are defined by the flow curves, dynamic yield
stress, plastic viscosity, shear thinning behavior, and thixotropic behavior [132]. The

defined properties have a great impact on the water percentage, aggregate properties,
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gradation of aggregate, mixing time, mixing system, temperature, shape, and texture
of aggregate [49]. The investigations conducted on the variation of shear stress with
respect to shear rate curves of mortar mixed rubber fiber were studied, as the highest
shear stress resulted in a maximum rubber fiber percentage of 25% which shows an
increment with rubber content [132], further studies incorporating various industrial
fibers shows the trend of increase in shear stress with the incorporation of higher fiber
content [133][134]. This was explained by the mechanical interlocking of the fiber
with surrounding particles and amplified interlocking with higher fiber content.
Dynamic yield stress is defined as the minimum stress required to assist the flow of
cement-based mixes. Use of 0%, 10%, 15%, 20% and 25% rubber fiber mortar mixes,
the dynamic yield stress resulted in 21.61 N/mm?, 29.27 N/mm?, 46.41 N/mm?, 73.28
N/mm?, and 55.91 N/mm? Vi The pattern was to increase dynamic yield stress with
the increment of rubber content as a result of a compact concrete matrix possess with
incorporated rubber fiber as it provides ease of movement due to the anoint nature of
rubber fiber [132][135]. The viscosity of rubber-contained mixtures was observed to
decrease with higher rubber content with a change in the shear rate. This was explained
by the breakdown of the inter-particle structures and the aligning of fibers along the
flow direction which resist the flow by rubber particles [136][137][134]. Further, a
study [138] concluded that replacing fine aggregate with coarse aggregate will increase
the viscosity but a workable concrete matrix is only prepared with a high shear rate
mixing system. To minimize this negative effect of RuC, the addition of fly ash was

recommended.

The resistance within the flowing mortar quantified the plastic viscosity which may
attribute to the forces among the particles, size distribution, percentage concentration,
and particle shape [139][118]. The literature shows that as the rubber content increases
the plastic viscosity increases, as the particle shape influences the flow behavior.
Further, the incorporation of rubber constituents reduces the spatial distance of
particles and causes overlapping, which creates a network structure that increased the
resistance to flow [118][139][24]. Conversely, the study [132] concluded that the
incorporation of rubber fiber can be advantageous as the increase in plastic viscosity
may improve the uniform fiber dispersion [24] and may provide dynamic stability to
the mortar mix [140]. In the study by [132] for all mortar mixes, the rheological

behavior has been observed less than zero, which represents a shear thinning behavior
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of mixes. Further, study revealed that an increase in shear thinning intensity up to 15%
of rubber fiber and decrease as the rubber content increased. This can be explained
because of increment in non-hydrodynamic interaction [141]. However, further

clarifications are required to identify the behavior change.

2.7.3 Shrinkage properties

The literature revealed the factors of early-age tensile strength, high deformation
capacity, and resistance against fracture results series of minor cracks exposed
concrete surfaces. Therefore, increasing the ductility capacity of concrete is identified
as the task to improve the concrete cracking resistance. Rubber particles with low
elastic modulus, and high flexibility and which can undergo high deformation have
been identified as the construction material to use in the concrete mix [11][12].
However, the introduction of rubber aggregate to concrete has both positive and
negative impacts. The reduction in tensile strength can experience with rubber
indulgence while the concrete ductility increases. The degree of effect bank on the

properties and rubber incorporated percentage [13].

Shrinkage cracking is not only depending on the concrete constituents but also on the
concrete element size and geometry [142]. However, there is no test developed for
measuring the toughness of RuC, if toughness is to measure energy measuring based,
the maximum rubber content is to be identified by maximizing the area under the load-
deflection curve [143]. It was concluded that higher toughness resulted in higher
rubber content. In [13], the plastic shrinkage gradually increases after exceeding the
20-25% replacement level as represented in Figure 2.4. By contrast, previous studies
reveal that the addition of RA can increase the drying shrinkage in concrete. The study
[144] concluded that shrinkage may increase by 43% with 15% of fine aggregate
replacement. Moreover, rubber aggregate has a huge impact on concrete shrinkage,
but rubber aggregate does not provide a noticeable effect on shrinkage after a full
drying shrinkage point. The study by Yung et al. [145] concluded that powdered rubber
increases the shrinkage length by about 35% to 95% with 5% to 20% rubber

replacement.
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Figure 2.4. Drying shrinkage respect to rubber content [13]

The replacement of aggregate percentage with highly elastic rubber is to reduce the
internal restraint of concrete and lower the elastic modulus of concrete. It revealed that
lower elastic modulus led to lower thermal and shrinkage stress. Further, crumb rubber
in concrete mix trap cracks and avoid the propagation of cracks [146]. Table 2.8

represent the improvements that were identified with experimental studies.

Table 2.8. Experimental identification to improve RuC shrinkage

Reference Remark

[11] The cracking time was reduced whilst the shrinkage properties were

enhanced with less than 20% crumb rubber.

The crack resistance of the mortar contained crumb rubber with a size

of 1.5 mm improved

[147] Drying shrinkage increased with increasing rubber content

[130][148] | Increasing the fine rubber content over coarse rubber, increase the

drying shrinkage.

[82] The crack area can be reduced by using rubber-filled mortar

2.8  Mechanical properties of rubber mixed concrete

2.8.1 Compressive strength
The literature concluded that the compressive strength of RuC is comparatively lower
than that of conventional concrete [15][99][149][150]. A saturated number of studies

have been conducted to identify the effect of rubber aggregate on the compressive
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strength of concrete. Further, specifications and improvements were also investigated
to enhance the compressive strength of RuC. However, being the most critical property
of concrete from a structural perspective, the compressive strength of RuC needs to
investigate and recommended before implementation. Studies revealed that several
factors such as the rubber aggregate size, shape, mechanical properties, rubber content,

and rubber influence the compressive strength of RuC [14]. Table 2.9 illustrates the

effect of using rubber aggregate in the concrete mix.

Table 2.9. Variation of compressive strength with respect to a rubber type

Reference

Rubber type

Particle

size

Rubber

percentage

Variation in
compressive

strength

Remarks

[66][150]

Crumb

rubber

0.075-

6mm

5-50%

Reduced by
4-70%
compared to
CS strength
of 54 MPa

[75]

Crumb

rubber

10mm

0-30%

Reduced up
to 71%
from 56.33
MPa (SD =
1.65)

A
combination
of fine and
coarse rubber
aggregate

used

[25]

Crumb

rubber- fine

0-5mm

10-100%

Reduced by
13-84.4%
compared to
CS of 40
MPa

Crumb
rubber-

coarse

20mm

10-100%

Reduced by
25.6-86%
compared to
CS of 40
MPa
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Crumb 0- 40% fine- | Reduced by
rubber- a 20mm | 60% 83%
combination coarse compared to
CS of 40
MPa
[102] Chipped 19- 25-100% | Reduced up | 200 cylinders
rubber- 38mm to 85% with 150mm
Coarse compared to | in diameter
CS of 35 and 300mm
MPa in height were
experimented
with.
[38] Crumb 0.5- 10-30% Reduced by
rubber- fine | Smm- 14.4-28.6%
compared to
CS strength
of 44 MPa
Crumb 7- 10-30% Reduced by
rubber- I5mm 35.6-58.1%
Coarse compared to
CS strength
of 44 MPa
[47] Powdered 0-Imm | 5-20% Reduced by | The average
rubber 30-63 % value taken
compared to | from 4 mixed
CS strength | proportions
of 44 MPa
[81] Crumb I-7mm | 15-30% Reduced by | NaoH
rubber 47-69% for | pretreated
NaOH specimens
pretreated, | show a
51-69% for | comparatively

water
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pretreated lesser
compared to | reduction
CS strength
of 48 MPa
(SD=0.8)
[151] Crumb 1.18mm | 6-18% Reduced by | Fine rubber
rubber average 10.9-30.9 % | aggregate was
compared to | replaced
CS strength
of 55 MPa
[99] Crumb 25-100% | Reduced by | Crumb
rubber 15-60% rubbers
compared to | enhance the
CS strength | strength more
of 26 MPa | than chipped
Chipped 25-100% | Reduced by | rubber
rubber 40-75%
compared to
CS strength
of 26 MPa

Note; CS — Control sample, SD — Standard deviation

Investigating the studies, specifications on rubber percentage, rubber type,
pretreatment, and aggregate properties can be identified. Studies revealed that
exceeding 30% of rubber content in concrete cause a huge reduction in compressive
strength [75][25][47]. However, [54] concluded an optimized mix design that deducts
49% of compressive strength with 40% rubber replacement. Further, studies revealed
that replacing fine rubber aggregate instead of coarse rubber can enhance the strength
of RuC. But implementing a significant mix proportion of fine and coarse rubber
aggregate can improve the mechanical properties by 2.6 times [25]. The reduction in
compressive strength has been discussed by concerning different experimental studies.
One such major is the poor binding between rubber-cement paste, in which rubber
particles acts as voids by creating lower density in a concrete matrix [14][15]. This

was proven by the study [16] by a scanning electron microscopic (SEM) test and
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confirming the presence of voids and cracks, possessing a weak bonding behavior. As
a result of the softness of rubber particles, premature cracks are created along the
rubber and cement paste [99]. Another factor is the very wide and porous weak
interfacial transition zone (ITZ) possessed in RuC. This is explained because of the

hydrophobic nature of RA, which tends to repel cement paste [17].

To enhance the weak bonding behavior in RuC, silica fume, and pretreatments were
recommended [16][54]. As rubber aggregates contain a low specific gravity, rubber
particles rise to the upper surface of the mold. To avoid such behavior non-
homogenous matrix to use in concrete was recommended [14]. Minerals fillers such
as siliceous, limestone with the use of silica fumes, and rubber fiber are used to
enhance the strength of concrete [152][6] as ideal compaction can be achieved.
Moreover, the incorporation of required solvents, fillers, and modifiers such as
emulsion, resin, or other treatment methods on constituents are proven helpful for

enhancing the bonding of the rubber-cement matrix [68][65][54][7][153].

2.8.2 Tensile Strength

The literature shows that the tensile strength of RuC is comparatively low with respect
to conventional concrete. As rubber aggregates act as cavities due to micro-cracks
resulting on the surface of rubber and cement, tensile strength dropped in RuC [14].
The rapid failure under tensile stress is also a result of weak ITZ and stress propagates
along the ITZ. However, Akinyele et al. [154] revealed a 41% decrease in tensile
strength when 4% coarse rubber was added to the concrete as a replacement for fine
aggregate and a 58% decrease when 16% coarse rubber was used. Therefore, higher
rubber constituents resulted in lower strength. In [155] revealed that powdered rubber
shows enhancement in tensile strength than that of chipped rubber replacement in RuC.
Further, Aslani et al. [22] reported a minimum reduction in tensile strength when Smm
sized rubber aggregate was used instead of the 2mm and 10mm sized aggregate. This
behavior was explained by Gesoglu et al. [156], the smaller size rubber aggregates
isolated from one another and can produce weaker bonding with cement paste.
Conversely, the spitting failure occurs in rubber-incorporated concrete along the

aggregates or paste, rather than at ITZ.

To improve the tensile strength of RuC, studies revealed that strengthening the bond

between rubber and cement paste is to concern. Thereby, using admixtures and
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pretreating the rubber particles with NaOH were identified as enhancement methods
[154]. A hybrid construction technique was introduced in term to improve tensile
strength. This is to apply with two layers, the top layer with RuC and the bottom layer
with conventional concrete. Thereby, RuC can be used on the top layer, whilst

conventional concrete is on the bottom layer, which implies the hybrid concrete [157]

2.8.3 Flexural strength

The flexural strength of RuC does not show a specific pattern as other mechanical
properties. Literature shows a contradiction in concluding the pattern. A three-point
loading test was performed on identifying the flexural toughness [38]. The results
indicate an increase in flexural toughness by 17.6% and 39.36% for 10% fine rubber
replacement and 10% coarse rubber replacement respectively when compared to the
control mix. But, with 30% replacement, flexural toughness decreased by 21.4%.
Figure 2.5 represent the variation of absorbed energy with coarse and fine rubber

aggregate.
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Figure 2.5. Abrasion lengths versus percent replacement by fine and coarse crumb rubber

[38]

Conversely, decreasing flexural strength was concluded with rubber replacement [10].
20% of coarse rubber replacement resulted in a 25-27 % reduction in flexural tensile
strength [9]. However, sudden failure was not resulted in RuC, specifically under
bending [100], as the incorporation of rubber increases the ductile nature and
diminishes the brittle nature of concrete, where high deformation was observed in RuC
[16][155]. The parameters identified by the studies to enhance flexural strength are
represented in Table 2.10.
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Table 2.10. Enhancing parameters of flexural strength

Reference Specification
[158] Replacing coarse rubber aggregate with fine rubber aggregate
[113] Enhancement with decreased water/cement ratio and adding silica fume

to enhance the bonding

[159] Replacing with rubber fiber enhances the flexural strength

[160] Adding filling material increases flexural strength by 20%

[56] Adding silica fume decreases the flexural strength reduction

[161] Inclusion of steel or synthetic fibers in RuC to improve the flexural

strength and cracking resistance of it

2.8.4 Abrasion resistance

The abrasion resistance of RuC is comparatively enhanced than the conventional
concrete [16][155][162]. Denser concrete matrix, identified to have better abrasion
resistance, where the density of concrete increases with the addition of fine rubber
particles enhances the abrasion resistance. Using a variety of sizes of rubber particles
improves the abrasion resistance rather than including one rubber particle size [106].
Further, using rubber fiber instead of rubber powder improve the abrasion resistance
[17] which exhibits lower wear depth. The study [163] mentioned that using crumb
rubber enhances abrasion resistance, but adversely affects compressive strength.
Further, the study concluded to use of silica fume with rubber replacement to improve
the strength as well as the abrasion resistance. The study by [38] revealed that coarse
crumb rubber enhances the abrasion resistance more than the finer rubber particles
where a slight reduction in abrasion length resulted in 10 % rubber replacement, but
20% and 30% replacement of rubber shows a significant flop in abrasion length as

represented in Figure 2.6.
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Figure 2.6. Variation of the abrasion depth of RuC with rubber content [163]

The increment in abrasion resistance has explained by the soft nature of rubber, which
acts like a brush [162]. Also, rubber aggregate at the surface has more contact area for
the abrasion test rotating disc, which causes more wear on the soft surface of rubber
aggregate, hence rubber particles move to the top surface as it possesses low specific

gravity with respect to mineral aggregates in the mix [150].

2.8.5 Impact resistance

Higher impact resistance values possessed in RuC are identified as one of the main
enhanced properties of RuC. RuC has improved performance under impact loading
than static loading [157]. The study [118] concluded that resistance to impact increased
by 1.55 and 3.52 times with 10% and 50% coarse rubber replacement. Also, an 11.8%
increment was concluded with 18% fine rubber replacement [4]. Further, 20% of CR
inclusion resulted in a significant improvement of 279 % in fracture energy under
impact loading [157]. Investigating the dynamic compressive strength, Study [164]
concluded the great resistance under a high loading rate. Further, it explained that RuC
significantly slowed down crack propagation and progressive failure as compared to
conventional concrete. Similarly, RuC columns with 15% and 30% resulted in 58 %
and 63 % enhancement in impact energy absorption compared to the reference
columns, respectively [37]. In [38] revealed that 25%, 70.8%, and 150% increment in
impact resistance with 10%, 20%, and 30% fine crumb replacement. This concluded

as a result of absorbing more energy rubber particles. Further, the study compares the
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failure impact energy of fine and coarse rubber with different rubber contents as

represented in Figure 2.7.
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Figure 2.7. Initial and failure cracking impact energy versus percent replacement by fine and

coarse crumb rubber [38]

The ability to absorb sudden shock by rubber aggregates over natural aggregate is
explained by the non-brittle nature of rubber particles [68]. As rubber possesses
enhance ductility, and provides enhanced resistance to crack propagations [19]. The
study [165] heightens the requirement of having small-size CR aggregates, which
mitigates the crack initiation under impact load. Further, the increment in the damping
ratio is significant. Literature concluded that crumb rubber of 180 and 400 micro led
to the best improvement in comparison with normal concrete [166]. However,
excessive rubber is not recommended, as excessive rubber replacement causes porous

nature, hence resulting from lower impact load carrying capacity [109]

2.8.6 Resistance to Fatigue

According to ACI concrete terminology, the weakening of material by the repeated
load is defined as the fatigue of material. In the concrete matrix, fatigue depends on
material composition, loading forms, and environmental conditions. Bridges and road
pavements can be identified as crucial structures that should concern fatigue resistance
[167]. The study [168] mentioned that the number of load cycles in RuC increased by

14.39% and 16.23% from conventional concrete for stress levels 0.9 and 0.8
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respectively for 20% replacement of rubber ash. Further, the highest increment of
52.33% resulted when 10% rubber ash with 25% rubber fiber was replaced as fine
aggregate. Therefore, higher rubber content enhances the fatigue life of RuC. The
study [169] concluded that the replacement of 10% CR with an average size of 10 mm
resists the maximum number of load cycles with constant deformation. Warm mix
asphalt concrete with coarse rubber replacement has been identified to enhance the
fatigue life under repeating load [170][171], hence coarse rubber improves the
toughness, elasticity, viscosity, and aging resistance [171][67]. However, a minimum
change in pavement slab thickness was observed by increasing the rubber content
[172] (see Figure 2.8). Further studies are recommended on incorporating non-
homogenous CR in the concrete matrix and its behavior with respect to hydration
products at the interphase between cement paste and rubber particles. Also, no studies
have been conducted to investigate on fatigue performance of the material under higher

strain loads [169].
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Figure 2.8. Fatigue life variation of RuC with varying rubber content [173]

2.9  Dynamic Properties

2.9.1 Dynamic modulus of elasticity

The modulus of elasticity of RuC shows a comparatively lesser value than
conventional concrete. Further, with the increment of rubber replacement, the modulus
of elasticity shows a decrease in pattern [122]. As illustrated in Figure 2.9 ground
rubber shows a higher modulus in elasticity than crushed rubber. Hence, the rubber

replacement improved from 15% to 45%, the dynamic modulus was reduced from
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5.7% to 28.6% with respect to conventional concrete [122]. Thereby, the study
revealed that the crushed rubber effect is superior to ground rubber impact in both
dynamic and static modulus of elasticity of rubberized concrete. It is important to
mention that the dynamic modulus of elasticity was found by both the beam element
method and the elastic wave method. The study concluded that results obtained by the

two methods have a very small deviation which is less than 10%.
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Figure 2.9. Comparison of dynamic and static modulus of elasticity [122]

2.9.2 Damping ratio

The damping ratio was identified as one of the enhanced dynamic properties of RuC
[66][126][173]. As the damping ratio improved with rubber content, RuC can absorb
more vibrational energy than conventional concrete [174]. The study [175] mentioned
that the increment in the damping ratio is signed up to the early stage of the load cycle.
Thereby, delaying crack initiation and rebar fracture under seismic loading can
experience and will lead to lower demand for rebar [175]. The studies revealed that a
13% higher hysteretic damping ratio has resulted and a significant 150% energy
dissipation but lesser viscous damping than conventional concrete [176] [177].
Further, the damage controlling, delaying, and reducing in RuC columns under seismic
loading ate highlighted even though a 91.5% drift level has resulted in the study [176].
The study by [122] highlighted the comparison of ground rubber and crushed rubber

with different rubber content and concluded the following points (see Figure 2.10).

e The ground rubber and crushed rubber concrete resulted to have 75.3% to 144
% increment in damping ratio at the first 40 cycles with reference to

conventional concrete.
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e Crushed rubber concrete enhances the damping ratio more significantly than
ground rubber concrete.

e The damping properties of rubberized concrete are more sensitive to vibration
response amplitude than plain concrete and enhancing the maximum response
amplitude improves the damping ratio.

e Even though the damping ratio increased considerably with higher rubber
content, the relationship is not linear.

e The optimal content of rubber concluded as 30% to get the standard static and
dynamic properties hence, improving the rubber percentage can drastically

reduce the modulus of elasticity of RuC.

To overcome the negative effect of high rubber content in the damping ratio, the
inclusion of RuC in steel tubes was discussed hence the rubber possesses enhanced
absorption capacity and ductile behavior [149]. However, the literature pointed out
that, the damping ratio of RuC needs further experimental investigation for a better

understanding of the variation of properties with high rubber inclusions.
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Figure 2.10. Decrease in damping ratio with the vibration of rubberized concrete [122]
2.10 Durability Properties

2.10.1 Resistance to carbonation
Reinforced RuC is identified to be a broad topic with the effect of corrosion, and is

defined by carbonation. The RuC shows high carbonation with respect to plain
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concrete as higher depth in carbonation has resulted in increasing proportions of rubber
aggregate [130]. The study [130] mentioned that the replacement of 15% of coarse
rubber increases the carbonation depth by 56%. The study [81] did a comparative study
on the carbonation of RuC based on two different pretreatment methods. Results
concluded that at 28 days, an average depth of carbonation of 2.8 mm and 6.0 mm
was obtained for 15% and 30% NaOH pre-treated rubberized specimens, respectively.
The 15% and 30% water pre-treated specimens exhibited a carbonation depth of 3.9
mm and 7.2 mm, respectively. Further concluded that results show a linear relationship
between the depth of carbonation and rubber content with high correlation factors as

represented in Figure 2.11.

Several factors are identified as causing higher carbonation depth. The increment in
void volume increased as mineral aggregate was replaced with rubber particles are
different in both size and shape. This causes an increment in porosity, resulting in an
increment in carbonation depth [81]. However, it is mentioned that ideal packing and
denser mix can improve resistance to carbonation [16]. This explains by avoiding CO2
to infiltrate the concrete matrix resistance to carbonation can be increased [81]. A study
[17] also confirmed the fact that rubber aggregate repels cement and thereby forms a
porous matrix with weak ITZ in concrete. To improve the resistance to carbonation, a
study [81] strongly concluded that pretreat rubber aggregates using NaOH. The results
are heavily favored in inhibiting the penetration of CO; with non-treated RuC.
However, carbonation resistance has a direct influence on strength, which explains that

higher-strength concrete possesses high resistance to carbonation[178].
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Figure 2.11. Relationship between the depth of carbonation and rubber content [81]

2.10.2 Water absorption

RuC possesses higher water absorption value with respect to plain concrete
[16][17][155]. The comparative water absorption value is identified as a marginal
increment, as a maximum of 1% difference was identified [81]. However, a diversity
of conclusions can identify regarding water absorption, while both reduction and

increment concluded in the literature. Table 2.11 represent the concluded studies on

water absorption.

Table 2.11. Variation of water absorption with the variation of rubber replacement

Reference Rubber Rubber Water absorption
replacement | aggregate size | Increased by Reduced by
(mm)
[130] 5-15% FA 04 3—-14%
[179] 0-12% FA 5-23%
[180] 0-7.5% FA 04 0-1.7%
10-20% FA 0-2.5%
[14] 5-10% CA 2-10 2.75-3.95%
[181] 0-30% FA 5.9-7.2%
[81] 0-30% 1-7 6.69% -7.72%
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It is concluded that water absorption of RuC increases with rubber content [182][81].
As a result of voids created in concrete and more voids within the concrete cause
greater water weight in the concrete specimen. The study [183] revealed a correlation
between water absorption and chloride attack for plain concrete. Further, the study
mentioned that the chloride ion diffusion coefficient increases the water absorption,
and exponential variation was noted among the two parameters. As the water
absorption capacity of RuC depends on the rubber aggregate content, size, and water-
cement ratio of the mixture, it is important to identify the significant proportions of the
mixture. [ 184]. Further, the pretreatment of rubber particles with NaOH is considered
to be more resistant to water penetration as represented in Figure 2.12 and

recommended to use over other pretreatment methods.
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Figure 2.12. Water absorption of all the specimens [81]

2.10.3 Chloride ion penetration and Acid/sulphate properties

Corrosion of steel reinforcement is one of the major which influences on chloride ion
penetration. The literature shows contradicting conclusions regarding the chloride ion
penetration of RuC. The study [185] concluded an increment in chloride ion
penetration with rubber replacement. The experiment was concluded for 0%,15%, and
25% rubber replacement and found maximum chloride ion penetration at 25%

replacement with a 57% increment with respect to plain concrete. Similar results were
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reported in [130] showing an increment in chloride diffusion coefficient for 15%
rubber replacement. Conversely, the studies by [180] and [186] concluded that mixing
rubber aggregate up to 7.5% and 15% showed a reduction in chloride ion penetration
by 5% and 35.85% respectively. Figure 2.13 illustrate the variation of chloride ion
penetration with respect to different rubber contents [186] developed an electrical
resistance method and recorded the chloride ion penetration. One of the factors
revealed by [187] for chloride penetration was the total volume of permeability voids
in RuC. The percentage of voids created in the specimen results the chloride ion
penetration. This was confirmed by the studies [130][188] that ideal internal packing
density will enhance the resistance to chloride ion penetration. Further, the finer size
of rubber aggregate results in a closely packed matrix because of the filler effects of
the rubber content. Conversely, increasing the size of the aggregates can increase
porosity and subsequently increase chemical and water absorption. Similarly, study
[16] concluded that CO; ingress through voids created on the RuC path, hence a dense
concrete mixture is essential to mitigate the chloride penetration. To overcome the
higher chloride penetration, short curing period was recommended and  addition of

silica fume with concrete was also recommended [185][189].
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Figure 2.13. Variation in chloride penetration in RuC [182]

The other factor affecting the corrosion of reinforcement is the acid and Sulphate
attack. This phenomenon creates negative impacts on cement aggregate with

deterioration, cracking, and expansion. The study [9] concluded that RuC is enhance
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the resistance to acid and sulphate attack. This is supported by the study [145], which
explained that the incorporation of 5% tire rubber as fine aggregates led to a 15%
increased resistance to sulfate corrosion. Moreover, a sulphuric acid attack was
identified as more disastrous than a sulphate attack, as the RuC retained 12% higher
strength and 14% more weight compared to that of traditional concrete [180]. The
removal of the top layer has occurred as a result of sulphuric acid action. However, the
top layer wasn’t affected by 20% of crumb rubber [188]. The ideal rubber replacement
was concluded as 5% which passed through the number 30 sieve and had the best

sulfate media resistance [145].

2.10.4 Sound absorption

RuC improves the sound absorption property with rubber content. As per the literature,
sound absorption depends on the percentage of rubber content and the rubber type
[18][116][190][42]. However, the sound absorption is resulted as marginal at 5S00Hz
over pain concrete, but significantly greater at frequencies above 1000Hz and similar
to that of plain concrete at 125-250 Hz [191]. The study [42] confirmed that the
improvement of the sound absorption capacity of RuC is noticeable in the range of 500
Hz to 1000 Hz compared with conventional concrete. Further, a 33-48.6%
improvement in sound absorption has resulted in the frequency range 800-1000 Hz
with 80-100% replacement of fiber and coarse aggregate [192]. The study [193]
revealed that mortar containing 25% CR enhances sound resistivity compared to
conventional concrete. The reason explained for high sound absorption is given as the
enhanced damping coefficient observed in RuC. The vibration produced from the
sound wave was rapidly dampened and the sound was absorbed shortly [194]. In most
practical structures, the frequency level is above the critical region, which is between
250-500 Hz. In that case, the dominant transmission mechanism is identified as the
resonant vibration. Therefore, a reduction in resonant behavior has resulted in an
increased damping ratio in RuC [116]. By proving that RuC is a good sound absorber,
rubber incorporation diminishes the velocity of the ultrasonic pulse and ultrasonic

modulus [97] (refer to Figure 2.14).
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Figure 2.14. The effect of rubber content on the velocity of ultrasonic pulse [97]

2.11 Functional properties

2.11.1 Fire resistance and thermal conductivity

Under fire, rubber is a combustible material, therefore RuC is not safe as plain concrete
in direct contact with fire [195][196]. The evaporation causes a loss in mass which
lead to a decrease in compressive strength. Further, the study explained that at 300 °C,
concrete starts to shrinkage, above 400C C-S-H gels start to decay, and above 530 °C
cracking starts, and a decrease in compressive can experience [197][198]. In [195]
concluded that by replacing 5%,10%, and 15% with crumb rubber at 800C for 1 hour,
the compressive strength was reduced by 37.3%, 55.4%, and 69.5% of the control
specimens. Therefore, increasing rubber content can cause a higher reduction in the
fire resistance of concrete. Moreover, coarser rubber shows a higher reduction in fire
resistance. The study [199] shows an average mass loss in concrete with 30% and 40%
crumb rubber size between 5—10 mm is almost double the mass loss in concrete with

2—5 mm sized crumb rubber.

Due to the low thermal conductivity of rubber, RuC possesses better thermal insulation
properties than plain concrete. Studies [49][200] revealed that rubber aggregate
contains thermal conductivity in a range of 0.1 and 0.25 W/mK while mineral aggerate
contains thermal conductivity of approximately 1.5 W/mK. Therefore, the thermal
conductivity of RuC can be reduced by 50% of rubber aggregate [116], and this
reduction continues with the finer size of rubber aggregate [52]. The study [116] on

precast RuC concluded that low heat transfer ability whilst also being lighter in weight.
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This was confirmed by the study with reference to the variation of [201] numerous
rubber particle sizes, hence, the rubber content and size proportion to the variation in
thermal conductivity. The same observation was also found by the study [94], which
recorded decreased thermal conductivity for increasing rubber aggregate percentages.
However, the studies highlighted the loss of mass, compressive strength, static
modulus, and flexural strength of RuC at elevated temperatures. The study [202]
highlighted the reduction of compressive strength variation with the exposure duration
to heat, 30 min and 120 min, that the variation is increases but not significant in RuC.
Further, reduction in static modulus was recorded as 46.1%, 49.2%, and 45.7% for 5%
replacement, 25% replacement, and normal concrete, respectively at 300C for 120
minutes. However, with enhanced thermal insulated properties, RuC can be utilized in

construction, where thermal resistance is critical in the building structure.

2.11.2 Electrical resistivity

Electric resistivity is defined as the ability to resist the flow of an electrical current. As
rubber is a dielectric material and is used as an insulator for different purposes.
Thereby RuC had shown better performance in electric resistivity compared to plain
concrete. The study [166] concluded a 47% increment in electric resistance compared
to the control specimen. Similarly, the study [81] confirmed that RuC generates
improved positive potential than normal concrete, highlighting that high electrical
resistivity caused less corrosion damage. As rubber is a nonconductive material for
electricity, increasing the rubber percentage, enhances the electric resistivity and
becomes more corrosion resistive [81]. As represented in [203], non-conducting
electricity reduces the chances of steel getting corroding. The effect of rubber
percentage on standard potential and the probability of corrosion is represented in

Figure 2.15.
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Figure 2.15. Standard potential for all mixes [81]

It is highlighted that the pretreatment of rubber aggregate can enhance the electric
resistance [20]. Further, with increasing period RuC shows high resistance to
electricity, however, the creation of calcium silicate hydrate produced in the hydration
process act as a barrier to the electrical charges [113]. Moreover, the study

recommends adding silica fume to enhance the electrical resistance.

2.11.3 Freeze-thaw resistance

RuC enhances the freeze-thaw resistance compared to plain concrete [6][204][162]. A
comparison study [205] concluded the high freeze-thaw resistance possessed by RuC,
as the results show that the dynamic modulus of elasticity achieved from RuC is after
150 cycles, while the conventional concrete achieves the same dynamic modulus after
50 cycles. Similar results were shown by the study [162] and further explained that the
size of the rubber aggregate adversely affects freeze-thaw resistance. The study on
finding the effect of optimum rubber size on freeze-thaw resistance [39], concluded
that particle size less than 5 mm performance is the most effective. Moreover, it is
identified that the finer particle creates high air entrain to the concrete matrix which
generates higher freeze-thaw resistance over conventional concrete. Hence the use of
finer rubber is more acceptable, with respect to freeze-thaw protection. The study [19]
explained that micro cracks are generated as a result of water entering the porous
concrete matrix and becoming ice at freezing temperatures. Thereby, the increment of
volume and the pressure created in voids generate micro-cracks. However, to avoid
micro-cracks, modification to the concrete mix is essential, and the use of fillers,

admixture, and air void-reducing additives is possible [19].
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2.12 Utilization of RuC

2.12.1 Non-structural application

Implementation of RuC in the construction field is the ultimate target of these research
findings. One such area to utilize RuC is lightweight concrete. As rubber aggregates
are less in weight than mineral aggregates, the density of the RuC possesses a lower
value. According to EN standard [206], concrete was classified under the base of
density class. Namely, lightweight concrete (LWC), normal concrete (NC), and
heavyweight concrete (HWC) as shown in Table 2.12. Also, the code further sub-
divide LWC into six classes namely: D1.0, D1.2, D1.4, D1.8, and D2.0 as shown in
Table 2.13. Further, [207] classified lightweight under density and the respective

compressive strength as shown in Table 2.14.

Table 2.12. Classification of concrete by density [210]

Types of concrete Density (Kg/m3)
Lightweight concrete 800-2000
Normal weight concrete 2001-2600
Heavyweight concrete >2600

Table 2.13. Classification of lightweight concrete by density [210]

Density class Density range
DI1.0 800-1000
D1.2 1001-1200
D1.4 1201-1400
DI1.6 1401-1600
D1.8 1601-1800
D2.0 1801-2000

Table 2.14. Classification of lightweight concrete [211]

Properties Low-density Moderate strength | Structural concrete
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Bulk density | 320-800 801-1349 1350-1920
(Kg/m3)
Compressive 0.69—-6.89 6.90-17.23 17.24-41.36
strength (N/mm?2)

To identify the significant properties of RuC as lightweight concrete, it is essential to
focus on concrete properties such as fresh properties, hard properties, and physical and
chemical properties. The study [208] introduce block types, specified as a lightweight
blocks, but the poor mechanical properties were highlighted as the product is not
suitable for structural application. Further study concluded, even though mechanical
strengths are poor, the energy absorption and flexible nature of blocks create possible
applications[106]. Moreover, the study concluded that the aim of using waste crumb
rubber in lightweight concrete was satisfied. Similarly, to use RuC in concrete
pavements, proceed with good performance, with the replacement of 20% and 25%

rubber in concrete at a water-cement ratio of 0.45 and 0.40 respectively.

The results of the study [209] on compressive strength gave a positive side of the
research work because the 28 days compressive strength for the M16 concrete mix is
higher than the recommended compressive strength of 15 N/mm2 for reinforced
lightweight concrete as represented in Figure 2.16. Hence concluded that rubber
crumbs can conveniently replace fine aggregate in concrete by up to 16% for

lightweight concrete.
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Figure 2.16. Compressive strength test [213]

The uncompacted density of lightweight RuC can be improved by replacing more
crumb rubber with fine aggregate in concrete. As crumb rubber possesses low density,
it is important to have significant compacted density. To achieve a well-compacted
mix, the study [204] revealed an ideal packing of concrete by introducing an optimized
mix portion. Further, the mix proportion enhances not only the density but the

hardened concrete properties of RuC.

As a result of enhanced properties of absorption of impact energy and dynamic
properties, RuC was identified to use in the protective structure against blast and
impact loading [210]. Further, RuC can be helpful to reduce the impact force by up to
50% with an extended impact duration. Another application of RuC is to implement
roadside barriers. The practical application of this can be seen in Thailand [211]. The
study concludes that the accident costs can be reduced significantly, as the damage can
mitigate from the server to a substantial stage. Similarly, the study [37] concludes the
same results as it mitigates the accident cost. However, the modeling and feasibility

should be further investigated.

2.12.2 Structural application
Reduction in compressive strength of rubberized concrete is a major concern when
RuC to utilize in structural elements. However, investigations are carried out on

overcoming the challenge of using rubberized concrete in structural elements. Studies
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[212][164][213][25][37] discuss the enhancement of the strength of RuC under
modifications. In less than 18% of rubber replacement, the behavior of stress-strain is
similar to that of conventional concrete, but the reduction in axial strain is observed in
RuC, which can be severe with high rubber percentages [25]. The increment in rubber
content will lead to a reduction in axial strains was accompanied by a premature onset
of localized micro-cracking. The dynamic responses of structural RuC are also a
concern for researchers. Improving the mechanical strength by incorporating fiber
reinforcement polymers is under investigation, hence the variation under impact
loading is identified to increase significantly [37]. Enhancing the importance of CFST
and CFDST methods, the study [213] mentioned the use of single and double steel

tube use with the RuC improves the possible chances of use in structural elements.

The homogenous rubber replacement was found to be investigated, hence the variation
in mechanical strength is significant with respect to coarse and fine rubber
replacements[25]. Hence, investigating the non-homogenous rubber replacement is
crucial, where the studies highlighted the enhanced concrete properties of high
deformability and required workability. The following significant improvements were

highlighted with confined FRP-confined rubberized concrete [25].

e Replacing aggregates with rubber increases the lateral deformation capacity of
RuC by up to 300% over the plain mix.

e Confining such RuC with two and three layers of aramid FRP increased the
compressive strength by up to 10.1 times over the control mix.

e Achieving significant enhancement, more than 14 times normal concrete.

With respect to the enhanced properties, Confined RuC is recommended for structural
applications where high deformability is required. Moreover, RuC columns can be able
to undergo more than two times lateral deformation without buckling failure compared
to the control sample [214]. Prestressed member elements are also under concern, as
it was proven that the negative effect of RA addition in concrete at the structural level
is not as much as the material level [215]. The literature confirms the application of
RuC is feasible with the proper modification to the concrete matrix and investigation
of'the critical parameters, where the RuC can be implemented not only in static loading

but by extreme dynamic loading conditions[65], [176], [214], [216]-[219].
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2.13  Future research needs
RuC is a prominent research material in the past decade. Researchers have investigated

numerous concrete properties of RuC. However, most of the studies utilized CR as the
replacement rubber type in the concrete matrix. Only a few studies have investigated
the concrete properties with respect to other rubber types, hence it is important to
compare the variation with respect to different material types. In addition, the physical
properties and chemical properties of different rubber types are required to be
investigated. Specifically, the element composition affects the concrete properties

differently.

Even though literature discusses macro-level concrete properties, micro-level
investigations are very less. To identify and overcome the actual burden of rubberized
concrete, micro-level investigations are essential. It will help to modify the concrete
matrix comprehensively. The dynamic properties of RuC were identified to be
significant (refer to section 2.9), but no such application was implemented. Hence a
comprehensive investigation of dynamic behavior with respect to different loading is
crucial. Similarly, the durability properties of RuC are also not well discussed. Before
the implementation of a structural element, the water penetration, chloride penetration,
and impact under different weather conditions are essential to investigate. These areas

need to be investigated comprehensively to explore the new dimensions of RuC.
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CHAPTER 3 INVESTIGATION OF REPLACING
AGGREGATE WITH NON-HOMOGENOUS WASTE TIRE
RUBBER AGGREGATE IN CONCRETE - PHASE 1

3.1 Introduction

In the approach toward the sustainable construction industry, the use of waste material
in concrete was identified as a turning point in innovative construction design. The use
of waste tire rubber as a replacement for mineral aggregate is a viable way to reuse
waste tire rubber through extensive-scale recycling projects [209]. Further, it is an
approach of environmentally friendly and cost-effective. With respect to the variation
of concrete properties, the range of applications of RuC has been identified. Table 3.1

represents the application of RuC with respect to the variation of concrete properties.

Table 3.1. Application of RuC

Properties Application

Lower density [209] As lightweight concrete

Industrial floor

Pavement concrete
High damping ratio [20]

Bridge sidewalks and decks

Retaining structures

Roadside barriers

High energy absorption [220] Running tracks

Bunkers and shooting ranges

Concrete highways and pavements
High abrasion resistance [16]

Hydraulic structures

High freeze-thaw protection

[19]

Construction in a cold climate
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3.1.1 Dominant Reasons and Modifications on RuC

It is understood that the diminished mechanical properties of RuC restrict the
implementation of structural elements. Therefore, identifying the dominant reasons for
diminished mechanical properties and systematically addressing them is a crucial part

of enhancing RuC properties.

e The high roughness of rubber particles creates higher friction between particles
in the concrete mix and requires larger energy to flow, diminishing the
workability and flowability of the concrete mix [22], [130].

e A high percentage of voids in the matrix creates a loss in strength and increases
the porosity of the matrix [14], [15], [155].

e Poor adhesion between rubber aggregate and cement paste and lower density
in the matrix as rubber acts as voids result in lower strength [14], [15], [116].

e A weak interfacial transition zone (ITZ) due to the hydrophobic nature of
rubber creates poor bonding between rubber aggregate and cement resulting in
a high rate of initial cracking [23], [66], [89].

e Non-uniform dispersion of rubber due to the same particle size and shape
creates poor packing density creating a high percentage of voids that results in
weak concrete strength [129].

e The rising of rubber aggregate to the top of the concrete mix due to the low
specific gravity of rubber results weak interface layer of the matrix that affects

the strength negatively [66], [89].

The aforementioned concerns are addressed through modifications to the design
matrix and aggregate to enhance the RuC. Pretreatment of rubber particles was
identified as one way of improving the rubber aggregate properties. To remove dust
contains on the rubber surface and to reduce the roughness, divergent methods of
pretreatment are used. Pretreating with Sodium Hydroxide (NaOH), Sulphuric Acid
(H2S04), Hydrogen Peroxide (H>0O>), Calcium Chloride (CaCl,), thermal treatment to
rubber particles, and ultraviolet (UV) treatment are considered methods which thermal
treatment idealized from the lot [221]. To achieve a well-packed matrix with enhanced
density, the use of fillers, binders, and non -homogeneous rubber particle sizes and
shapes in the concrete mix has been identified [6], [152]. Introducing solvents, resins,
or medication to the matrix enhances the bonding behavior of rubber particles with

cement paste [7], [52], [65], [68]. Further, to improve the workability, and limit
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segregation and bleeding, superplasticizers are introduced [54], [56], [129]. It is
identified by the literature, RuC properties can be enhanced by modifying the concrete

mix.

3.2 Experimental program
The rubber aggregate properties and mechanical properties of RuC were investigated
experimentally using three series of concrete batches. A total of 12 cubes (150 x 150

x 150 mm) were cast from three different mixes.

3.2.1 Materials

All the mixtures were cast using Portland cement CEM 1 42.5 N. Commercial high
range water reducing admixture was used. The fine aggregates were river-washed sand
with a fineness modulus of 2.75 and a size range of 0-5 mm. The coarse aggregate was

washed gravel with a size range of 5-10 mm and 10-20 mm.

The rubber particles were obtained from outdated vehicular tires through the process
of mechanical shredding. The obtained rubber particles were separated into three
ranges of sizes; a) fine rubber particles (0-5 mm) to replace fine aggregate, b) coarse
rubber particles (5-10 mm), and c) (10-20 mm) to replace gravel. The particle size
distribution of rubber aggregate was conducted according to ASTM C136 [222] and
Figure 3.1 represents the particle distribution curve. To identify the rubber aggregate
properties, density, water absorption, and bulk density experiments were carried out
following Annex C of BS EN 1097-6 [223] (lightweight aggregate) and BS EN 1097-
3 respectively [224]. However, these tests were not conducted for rubber aggregate
size (0-5 mm) as it floats in water and agglomerate due to surface tension and inter-
particular forces [25]. The test setup for investigating lightweight aggregate properties

is represented in Figure 3.2.

3.2.2 Mix Design

The literature stated that to achieve enhanced fresh and hardened properties with a high
rubber percentage in concrete the RuC mix should be modified. Further, to diminish
the large-scale segregation and lack of cohesion, an optimized RuC mix with
modification should be introduced. Raffoul et al. [54] introduced an optimized
concrete mix with improved fresh and hardened concrete properties. It is mentioned
that when compared to 100% fine aggregate replacement, the optimized mix was 2.6

times stronger. However, changes were made to the introduced optimized mix, as the
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used cement was 52.5 N and both plasticizers and superplasticizers were used. This

was changed to a convenient Sri Lankan context by using Portland cement 42.5 N and

only a superplasticizer as shown in Table 3.2.
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Figure 3.1. The particle distribution curve of rubber particles

The materials used in the concrete were mixed in the following procedure.

1.

All minerals and rubber aggregates were saturated surface dried, and both were
drily mixed for 30 seconds,

Half of the amount of mixing water was added and mixed for one minute, 3)
The mixed was rested for three minutes,

The remaining half of the water and the binder materials were added with the
gradual addition of admixtures, and

The concrete mix was mixed for another three minutes. The cubes were cast in
three layers and vibrated for 15-20 seconds per layer on a vibrating table.
When the cast is finished, specimens were kept under laboratory conditions for
24 hours. After the cubes were de-molded and kept in a water curing tank for

27 days.

- 8 |

Figure 3.2. Instrumental setup for investigatig rubber
particle properties of size 5-10 mm and 10-20 mm
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Table 3.2. Mix design [68][65]

Material Quantity (kg/m®)
Cement 340
Silica Fume 42.5
Fly ash 42.5
Fine aggregate (0-5 mm) 820
Coarse aggregate (5-10 mm) 364
Coarse aggregate (10-20 mm) 637
Water 150
Superplasticizer 7.66

3.2.3 Test Series and Instrumentation

The design mix was prepared to achieve high flowability as the water binder ratio is
0.35 with relatively high cement content. Three series were considered with respect to
literature to obtain the highest mechanical properties with suitable rubber aggregate
proportions. Rubber content varied from 0 to 20% of total aggregate by volume as 0%
rubber replacement (Series 1), 20% fine aggregate replacement only (Series 2), and
20% total aggregate replacement by both 10% fine and 10% coarse aggregates (Series
3).

All cubes were subjected to compressive load using a 2000 KN capacity compressive
machine. The cubes were tested at a rate of 0.6 MPa/s up to failure. Before the
compressive strength testing, the specimens’ dimensions and density were measured
to identify the rubber distribution and the density variation with respect to rubber

content. Figure 3.3 shows the final setup during the test.
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Figure 3.3. General view of the instrumental setup of compressive strength testing of sample

3.3 Results and Discussion

specimen

Identification of the physical properties of rubber aggregate was a critical part of the

experimental procedure, hence, to compare the variation with the literature an

optimized design mix was used. Table 3.3 represents the physical properties of rubber

aggregates. It was identified that the physical properties of rubber aggregate are almost

the same or in the provided range by the literature.

Table 3.3. Physical properties of rubber aggregate

Property Rubber (0-5 | Rubber (5-10 | Rubber (10-20
mm) mm) mm)

Apparent density (g/m?) - 933.1 1105.8

Oven dry density (g/m?) - 935.07 1120.65

SSD density (g/m?) - 967.1 1050.4

Water absorption (%) - 6.18 1.25

Specific gravity - 1.10 1.10

Loose bulk density (g/ml) 0.38 0.42 0.47

Rodded bulk density (g/ml) 0.47 0.54 0.62
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3.3.1 Rubber Aggregate Properties

It is identified that the overall density of rubber particles has increased with rubber
size. The comparison between loose bulk density and rodded bulk density shows a
19.14%, 22.2%, and 24% increment in each rubber size of 0-5 mm, 5-10 mm, and 10-
20 mm, respectively. This can be explained by the higher percentage of voids created
with larger sizes of rubber particles. Water absorption of coarser rubber particles
showed a drastic reduction relative to fine rubber particles. It is understood that the
surface area of the fine rubber aggregate is large respective to coarse rubber aggregate
for a given mass. Therefore, the water absorption percentage is high in fine rubber

aggregates.

3.3.2 Density and Compressive Strength

The mass of the rubber aggregate is very low compared to mineral aggregate. As low
density was experienced in RuC samples over control samples. As the study focused
on using various rubber sizes rather than using one particle size, approaching a well-

packed matrix was studied.

It is observed that the dry density was reduced in RuC relative to the control sample
as illustrated in Figure 3.4. But importantly using diverge rubber aggregate sizes
enhanced the density over using only fine rubber aggregate. With respect to the control
sample, a 9.07% and 3.39% reduction in density was experienced in Series 2 and Series
3 respectively. But an enhanced density of 5.88% was observed in Series 3 over Series

2.
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Figure 3.4. The average dry density variation of three Series of RuC specimens

It is identified that inadequate mix proportioning of aggregate causes a high impact on
density reduction. The generation of a high percentage of voids in the matrix can be
diminished by introducing non-homogeneous rubber aggregates. It is obvious from the
results that the implementation of different rubber sizes reduced voids percentage and
approached the ideal packing. Further, achieving a well-packed matrix improves the
RuC properties such as compressive strengths, and tensile strength, and diminishes

chloride ion penetration, porosity, and shrinkage.

The poor mechanical behavior of RuC is identified as the main drawback of RuC in
using structural behavior. As represented in Table 3.4 compressive strengths were
reduced with the inclusion of rubber aggregate. With respect to the control sample,
33.33% and 22.83% reductions were experienced in Series 2 and Series 3 respectively.
However, compressive strength was enhanced by 10.5% in Series 3 over Series 2. The
effect of non-homogenous rubber aggregate with adequate mix proportioning
enhances the compressive strength of RuC. Further, it can be identified that
compressive strength depends on the rubber content, size, shape, well-mixed
parameters, and proportions of the concrete mix. The average 28-day compressive

strength variation is shown in Figure 3.5.

The failure mode of RuC specimens showed a similarity, as specimen failure
experienced from the top layer or bottom layer. This can be a result of the rising of
rubber aggregate to the top layer of the concrete matrix due to the low specific gravity

of rubber. Further, non-dispersion of rubber aggregate in the mix cause layer failures
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in the specimen. Figure 3.6 represents the failure patterns observed in Series 2 and

Series 3.
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Figure 3.5. The average 28-day compressive strength of three series of RuC specimens

Based on the above discussion, it is evident that the divergent rubber aggregates
enhance the density and compressive strength. However, premature failure can be

experienced with non-disperse of rubber aggregate and more work is required to avoid

the rising of rubber aggregate to the top layer.

Figure 3.6. Observed failure pattern of Series 2 and Series 3 specimens

3.4  Summary

This chapter investigates the properties of rubber aggregate and the advantage of
implementing different rubber particle sizes with a modified design mix to enhance
the properties of RuC. Based on the results of this study, the following conclusions

have been made:
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The density of rubber aggregate increases with the particle size, while coarse
aggregate shows enhanced rodded bulk density than fine aggregate.

Water absorption of rubber aggregates results in high-value respect to mineral
aggregate and smaller size of the rubber particles, showing higher water
absorption. This enhancement is accompanied by the higher surface area
created by a high amount of rubber particles.

The density of RuC specimens with respect to the control sample is
considerably less, but the combined replacement of fine and coarse rubber
aggregate was concluded as the best option to improve density.

The design mix achieved the targeted strength and enhanced the compressive
strength of RuC. A modified optimum concrete mix design is the best solution
to improve the properties of RuC.

The compressive strength was reduced with the rubber inclusion, but the
combined replacement of fine and coarse rubber aggregate is the best option to

maximize compressive strength over a homogenous replacement of rubber.
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CHAPTER 4 INVESTIGATION OF PRETREATMENT
METHODS TO ENHANCE THE RUBBER MIXED CONCRETE
PROPERTIES — A REVIEW

4.1 Introduction

The literature revealed that compressive strength results in lower values with the
addition of rubber particles into the concrete [152], and it is mentioned that
compressive strength further decrease with the increase of rubber content [4], [33],
[170]. Similarly, tensile strength also shows poor behavior with rubber implements
[154],[155] and poor tensile behavior increased with further replacement of rubber
[22]. It was identified by the literature that there are several reasons such as; the high
roughness of rubber particles [131], a high percentage of voids in the matrix [15], poor
adhesion between rubber aggregate and cement, poor bonding behavior of rubber
particles [116], weak ITZ due to hydrophobic nature of rubber [31] and non-uniform
dispersion of rubber due to same particles size [24] effect on the poor mechanical
behavior of rubber mixed concrete. The researchers have investigated to minimize and
overcome the aforementioned reasons by considering an optimized concrete mix
design [54], introducing plasticizers and superplasticizers [225], introducing fillers,
and binders to reduce the voids [125], applying solvents, emulsion, resin or medication
to improve the bonding of rubber particles [154], using non-homogenous rubber
aggregates to diminish the void percentage and to improve the density [106]. However,
mentioned improvising technics do not show a constant variation in improving the

mechanical properties of rubber-mixed concrete.

It is revealed by the literature, the lack of proper bonding between the rubber particles
and the hardened cement matrix is the major reason for diminished mechanical
properties. Further, as a result of the hydrophobic nature of rubber, which repels water
and entraps air on its surface leading to the ITZ between rubber particles and the
hardened cement matrix and increasing the porosity of the composite [226][227].
Moreover, rubber particles entrain air bubbles during the mixing, increasing the
number of minor flaws within the matrix [228][229]. Therefore, research
investigations are taking place to modify rubber surfaces by introducing different
pretreatment methods and techniques, to improve the bonding between rubber and

harden the cement.
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Researchers have investigated using of chemical treatments, thermal treatments, and
physical treatments on the rubber surface. The chemical treatments such as Sodium
Hydroxide (NaOH), Sulphuric Acid (H2SO4), Hydrogen Peroxide (H>O2), Sodium
bisulfite (NaHSOs3), Calcium Chloride (CaCl,), Silane coupling agent (SCA), and
Potassium permanganate (KMnOs) were investigated [230]. However, the study
revealed that the results were inconsequential in improving the mechanical properties
of the concrete matrix. Further, the variation resulted in a strength range of -2% to 10%
for all the treatment types [230]. Washing the rubber particles with water is also
considered a type of pretreatment. Pham et al. [75] chose washing with water over

NaOH pretreatment as no conclusive variation resulted from NaOH pretreatment.

It is observed that the crumb rubber (CR) was treated thermally, as to enhance the
capacity of bonding with hardening the cement. Abd-Elaal et al. [231] heated the
rubber constituents to 200 °C before using rubber in the concrete mix. The study
revealed a massive improvement of 60.3% in compressive strength over non -treated
concrete matrix with rubber. Similarly, several physical treatments like UV treatment
[87], pre-coating with cement paste and mortar [89], pre-coating with limestone
powder [91], oxidizing the CR using KMnO4 followed by sulfonating using NaHSO3

[232] are investigated on rubber surface to improve bonding with the cement matrix.

Even though numerous methods were investigated, the bonding issue between rubber
particles and the cement paste is not still addressed. As a result that the rubber mixed
concrete still does not show enhanced mechanical properties. It is understood by the
literature, a diverse number of research studies were focused on finding a feasible
pretreatment method on rubber to improve the bonding. Hence, it is important to
identify the effect of crucial parameters like, the time, size of rubber particles, amount
of rubber particles, cost, accessibility, practicality, and safety of the pretreatment but

not only the type of pretreatment method and its outcome.

4.2 Reasons for poor mechanical properties

The major drawback of rubber-mixed concrete is its poor mechanical properties.
Hence, rubber-mixed concrete is still not applied in structural elements, but it is
revealed and implemented on non-structural elements like, road pavements [16], road
barriers [211], shooting ranges, sidewalks, bridge decks, and retaining structures [18]—

[20], [36]. It 1s obvious and critical to improve the mechanical properties of rubber
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mixed concrete, hence it will break the limitation of the construction industry and

success towards sustainability.

In generally, the compressive strength results poor behavior with the rubber inclusion.
Further, the increment of rubber percentage diminishes the compressive strength [17],
[99], [152]. By replacing only fine aggregate only respect to three proportions (2.5%,
5%, 7.5%) by CR, a gradual reduction is observed in compressive strength [233].
Replacing only coarse aggregate, a study [234] revealed a massive decrease of 83% in
compressive strength with 30% rubber replacement. However, it can be observed that
coarse rubber replacement shows a larger decrease in compressive strength rather than
fine rubber replacement [29][235]. The decrease in the compressive strength was
attributed to the poor bonding behavior of rubber aggregates and harden the cement,
the lower density posed by the concrete matrix, the weaker ITZ created between rubber
aggregate and cement, impurities, dust, and the smooth texture of rubber particles lean
to poor boding between constituents. Further, it is observed that the high variation in
rigidity between rubber aggregate and cement made high-stress concentration at the
ITZ. Hence this leads to generating paths of least resistance to the load defamation to
form cracks in the concrete matrix [233]. However, the literature concludes that the
poor bonding between the rubber particles and cement matrix thereby creates weak
ITZ attributes on poor compressive strength. Further, it is understood that the treatment
of rubber particles is essential to improve the interfacial bond in rubber mixed

concrete.

The resulting tensile strength of rubber-mixed concrete is comparatively low respect
to conventional concrete. It is observed that 41% and 58% reduction in tensile strength
with 4% and 16% of rubber replacements [ 154]. Further, the study revealed that a high
percentage of micro-crack and premature failure occurs due the weak ITZ. The
literature explains variations that occur with different rubber types, as powdered rubber
shows improved tensile strength over chipped rubber replacement [155], and using
non-homogenous rubber particle sizes improves the tensile strength [22]. Hence, the
literature recommended to have modification to the concrete matrix, but importantly,
treatment of rubber is critical to enhancing the bonding between rubber and cement.
Similarly, flexural strength is also affected by the introduction of rubber aggregate.
Unlikely both compressive strength and tensile strength, variation in flexural strength

does not imply constant variation in rubber mixed concrete. The replacement of 10%
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fine rubber aggregate enhanced flexural strength by 17.6% [38]. Conversely, the study
[9] concluded that 25-27% reduction in flexural strength with 20% coarse aggregate
replacement. The literature revealed that, with the rubber inclusion brittle nature of the
concrete matrix diminished. Hence, the ductility index of rubber-mixed concrete was
reported to be improved with a high percentage of rubber [236]. Further, to improve
the flexural strength, studies were investigated on using steel fibers [237] and cement
replace with zeolite [238] are considered a success with the enhance flexural strength
of rubber mixed concrete. However, the initial origination of micro-cracks develops at
the macro level as the quantity of rubber increased [239]. Moreover, the originated
cracks transmitted from tensile to shear cracks as the load was applied, which implies

the poor bonding behavior of concrete constituents in rubber-mixed concrete.

In general, the abrasion resistance of rubber-mixed concrete is higher than that of
conventional concrete. Further, using non-homogenous rubber particles improves the
abrasion resistance by the improving of well-packed concrete matrix resulting in high
density [40]. Using three different sample sizes of rubber with varying percentages
(25% of 2-4 mm, 35% of 0.8-2 mm, and 40% of powdered rubber) resulted in better
abrasion resistance [16]. It was concluded that CR particles acted as confinement as a
result of the high flexibility possessed by rubber [16]. However, controversial results
are also reported, as rubber aggregate containing 4, 4.5, 5, and 5.5% of 0.6 mm CR
shows the wear of depth increased with the rubber percentage [240]. Similarly, Ridgley
et al [241] observed increasing in wear depth with an increment of rubber percentage
in the mixture. It is revealed that the reduction in the abrasion resistance resulted by

the means of poor bonding in the ITZ between rubber and cement paste [190], [240].

It is well defined by the literature, the mechanical properties of rubber-mixed concrete
are poor with respect to conventional concrete. As the main reason, the studies
highlighted the poor bonding possess by the rubber particles and the cement. Further,
rubber repels water and entraps air on the surface as a result of the hydrophobic nature
of rubber, leading the concrete matrix to the weak ITZ [26][242]. Therefore, it is
essential to investigate innovative approaches to enhance the bonding mechanism of

rubber particles with concrete constituents.
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4.3 Types of Treatment on Rubber Particles

4.3.1 Washing with water or Water soaking

It is identified that one of the main reasons to have poor mechanical properties is the
entrapped air in rubber particles as a result of the hydrophobic characteristics of rubber.
Further, the impurities and dust include in the rubber surface weaken the bonding of
concrete constituents and rubber particles [233]. The researchers have investigated
several procedures of water soaking, out of which Mohamadi et al. [12] investigated
introducing rubber particles in a wet process. (i) 20% of the required water for the
concrete mix was measured and mixed with CR. (ii) in certain intervals of 5 min, 12
hours, and 24 hours, stirring the mixture was taken place. (iii) any water loss occurs
was measured at a 24-hour stirring interval and the water amount was adjusted (iv)
The water-treated rubber solution was added to the concrete mixture with the
remaining amount of 80% of water. The study concluded that increments of 22% and
8% in compressive strength and flexural strength respectively than the untreated

samples.

However, the failure pattern was described as, no major cracks responsible for the
failure, but the number of cracks together on the surface failed [12]. Hence, this can
be identified as the poor ITZ of rubber mix specimens resulting number of surface
cracks. Therefore, the major reason for weak bonding between rubber particles and
hardened cement was not overcome by water soaking, hence improving the bonding

should be further investigated.

4.3.2 Sodium hydroxide treatment

Introducing sodium hydroxide (NaOH) solution to the rubber aggregate to remove oil
and other chemical adhering to the CR and to remove dust [243]. The hydrophilicity
and roughness of the rubber surface can be increased by introducing NaOH solution
by changing the polarity of the rubber surface [80], [244], [245]. Moreover, NaOH
reacts with the zinc stearate of the rubber layer to enhance the bonding of concrete
constituents [33], [79], [244]. As a result of the aforementioned behavior of NaOH
solution with rubber, most of the investigations were adhere to NaOH pretreatment.
The literature has explained that increasing hydrophilicity and roughness increase the

adhesion between the CR and the cement paste, but roughness should be maintained
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to a certain level as increasing roughness could increase the entrapped air in concrete

[246]

Natural rubber is mainly composed of carbon is-polyisoprene, hence carboxylic acid
group could form on the surface of rubber particles with the effect of aging. The effect
of the chemical reaction between the acid carboxylic group with alkaline components
of cement cause damage to concrete structure (i.e. Ca(OH)? and C-S-H) [244]. But,
with the treatment of NaOH, the hydrogen ion on the acid functional group can be
replaced by Na". Hence, the structure creates can provide a weak interfacial zone near
the rubber aggregate and cement [94]. The method of introducing NaOH solution to
the concrete matrix is by washing rubber aggregate with NaOH solution. To remove
the impurities and dust, rubber particles are washed with NaOH solution. Hence, to
maintain the pH 7, the treated rubber particles are washed with water to maintain
adherence pH value. As well as, the final washing of rubber particles prevents the

negative effect on concrete strength [78], [247]-[249].

The improvement of flexural strength, fracture energy, and good wear resistance was
observed with NaOH-treated samples [250]. Similarly, the durability was improved by
using 15% and 25% NaOH-treated CR. The drying shrinkage was reduced as a result
of improved adhesion between rubber particles and cement. Further, NaOH-treated
particles reduce the loss of moisture due to the low transport connection of rubber
aggregate [187]. However, from the literature, it is observed that several factors such,
as rubber type, rubber size, the rate of pretreatment, and solution concentration makes
the difference in mechanical properties. Further, it is explained that particle size and
surface dirt of the rubber is varying with the source, which results inconstant in
mechanical properties [243]. Similarly, the effect of different NaOH solution
concentrations affects the roughness of the rubber surface [251] which can cause an

adverse effect on the performance of rubber-mixed concrete.

The studies revealed that the surface modification of rubber by NaOH enhances the
bond between rubber and cement and overall mechanical and durability properties
improved [238]. However, controversy results are observed, as treatment with NaOH
solution decreases the strength of rubber-mixed concrete [245], [252]. Moreover, some
studies do not show significant variation in mechanical properties with the treatment

of NaOH solution [89], [187], [252]. Therefore, it is obvious that no constant variation
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occurs with the treatment of NaOH solution and hence no conclusion can be made
regarding the effectiveness of NaOH treatment. Further, rather than removing
impurities, and dust and making the rubber surface rough, the crucial issue of poor
bonding between rubber and cement is not addressed by NaOH treatment. Hence,
further investigations are in need of improving the machinal properties of NaOH

treatment on rubber.

4.3.3 Treating with an acid solution

The idea of treating with an acid solution is to remove the impurities and to convert
the hydrophobic to the hydrophilicity of rubber [253], [254]. Further, the roughness
and shape of the rubber particle surface can be modified using acid treatment [68],
[244], [255]. Importantly, enhancing the roughness of rubber surface to improve the
adhesion between rubber and cement matrix was identified to be a positive affect
[244], [256]. Literature shows that there have been investigated several acidic
solutions like HOS4, CH3:COOH, HNOs3, HCI, and HCIOs. It is found that the HoSO4
treatment decreases the WCA of rubber and enhances the compressive strength of the
foam concrete with acid-treated rubber by 56% [244]. Likewise, most of the literature
revealed that treating with H2SO4 shows a significant strengthening of the mechanical
properties of rubber-mixed concrete [249], [256], [257]. It is shown by optical
micrographs, introducing H2SO4 indicating corrosion in the rubber surface and the
presence of zinc sulfate Sulphur crystals. Hence, zinc stearate and H>SOj4 react with

each other to improve the adhesion between the rubber and cement matrix [253].

The study which compared the effects of HoSO4 and HNO; revealed that HoSO4
improves the damping and strength of cementitious-rubber composites. The 1 mol/L
H>SO4 was used to treat the rubber and the surface energy, and the damping was
increased by 16% and 250% respectively over non-treated rubber samples [257].
Further, rubber treated with H>SOs and CH3COOH solutions improves water
absorption, compressive strength, and flexural strength [68]. Similarly, Colom et al.
[254] revealed that 5% of H2SO4 and 5% CH3COOH show significant improvement
in compressive strength, elastic modulus, and fracture modulus of rubber mixed molar.
But HCI (5%) treatment did not strengthen the rubber-mixed concrete and 35% of HCI
reduced the strength by 75%. This can be explained by the deformation of the rubber
particles. The HCI solution deforms the corners of the rubber particles and reduces

their irregularities which is essential to the anchoring bond between rubber and cement
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matrix [258]. Therefore, it is identified that H>SO4 and CH3COOH enhance the
mechanical strength of rubber-mixed concrete while HNO3, HCI, and HCIO4 reduce
the strength of mechanical strength of concrete, hence not suitable for surface
treatment. In generally, acid solution treatment can dissolve esters, lactones, or

carboxylic compounds on the rubber surfaces, which increases the hydrophilicity of

rubber [253][254].

After the treatment of rubber with acid, the acidity of the concentration should be
investigated. Further, studies revealed that after the acid treatment, the rubber should
be washed with water to neutralize the rubber components [244][257]. Moreover,
explained that to react with water in a concrete matrix, the pH value should be
neutralized. However, the effect of acidity on the concrete matrix should investigate

further, cause the effect on concrete durability is not discussed in the depth.

4.3.4 Oxidation and Sulphation

The oxidation of rubber is to diminish its hydrophobic nature while inducing the
formation of hydrophilic functional groups on the surface of the rubber. Thereby
enhancing the hydration of cement and improving the mechanical strength of rubber-
mixed concrete [86][259]. The same concept was explained by He et al. [232] as to
create a chemical bond between rubber and cement by providing strong polar groups
to the CR surface. Further, this is to reduce the contact angle between the rubber and

water.

The CR was treated by oxygen to nitrogen ratio conditions at different temperature
levels [86]. The optimum temperature level was identified as 250 °C with an oxygen-
to-nitrogen ratio of 0.04 or lower which results increased compressive strength,
flexural strength, and splitting tensile strength of 153%, 63%, and 83% respectively.
Similarly, the rubber is partially oxidized with an oxygen-nitrogen ratio of 0.25 [259],
forming a hydrophilic S-O functional group on the rubber surface. The study revealed
that the treatment changes the rubber-water contact angle, and enhances the bond

between rubber and C-S-H.
The surface modification procedure followed by He el at. [232] is mentioned below.

1. CR was immersed in a 5% NaOH solution for 24 hours

2. CR was washed with tap water to neutralize the CR
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3. CR was cured by 5% KMnO4 and sulfuric acid was used to maintain the pH
between 2 and 3

4. 60 °C thermal curing was used for 2 hours, and stirring was used to achieve
better oxidation

5. To maintain the 60 °C temperature, CR was immersed in a saturated sodium

bisulfite for 0.5-1 hour

The study revealed that the contact angle was reduced from 95° to 90.5° by oxidation.
But 1-hour Sulphonation resulted reduced contact angle of up to 71°[232]. Thereby,
the maximum adhesion between rubber and cement resulted in 41.1%. Similar results
were obtained by the increment of compressive strength by 50% than the untreated
rubber mixed concrete, which concluded that the bond between CR and C-S-H was

enhanced by 23% [260].

Even though there were comparisons between treated and untreated rubber-mixed
concrete there is no such positive increment in mechanical properties with respect to
conventional concrete. Therefore, it is obvious to achieve the required mechanical
strength by investigating pretreatment methods further. As well as one of the draw
backs of oxidation and sulphation is the release of harmful gases, such as Sulphur

dioxide and Nitrogen dioxide.

4.3.5 Silane coupling agent (SCA) treatment

The idea of introducing SCA treatment to rubber is to enhance the adhesion between
rubber and cement since SCA acts as an adhesion promoter at the interface between
materials [83][94]. The studies revealed that SCA shows significant reactions on the

organic or inorganic interface to combine the rubber and cement matrix strongly

[92][261].

Different methods of SCA treatment have been used by the researchers, while Dong
et al. [92] introduced a method of treatment to coat SCA on rubber with a combination

of thermal treatment. The procedure is as follows:

1. Aqueous ethyl alcohol solution was prepared in selected concentrations.
2. Silane added solution was stirred for 10 min using a magnetic stirrer.
3. The solution was followed up by adding rubber particles and the mixture was

stirred for 20 min.
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4. The mixture was heated up to 80 °C and cooled to room temperature while
stirring the mixture.

5. The treated rubber was rinsed with alcohol by filtration and dried at 110 °C for
12 h.

It is reported that the stiffness and tensile strength improved [253][262] which was
explained by the modified microstructure of the ITZ and enhanced bonding between
rubber and cement [263][264]. The compressive strength and flexural strength were
found to be increased by 43% and 20% [265]. Moreover, SCA agents of Z-6020 and
7Z-6040 were used to pretreat the rubber and revealed that bonding strength improved
in rubber and cement aggregate [94]. In the process of cement hydration, the methoxy
groups of SCA convert to hydroxyl groups (OH), which will bond chemically to

inorganic cement paste in dehydration condensation [94].

The sol-gel technique was used in studies as a new technique to modify rubber with
reactive precursors TEOS and SCA [266]. The idea is to promote the swelling of the
precursor TEOS to the surface of rubber by implementing SCA. Thereby, introducing
OH groups to react with cement paste. Further, it is revealed that the sol-gel technique
1s more efficient than using conventional SCA treatment. Another technique used was
treating rubber in two stages process, in which rubber particles were washed with
saturated NaOH solution and then treated with SCA on the rubber surface [267].
Results show a 73% increment in treated specimens over the non-treated specimen in

compressive strength and significant enhancement in thermal conductivity.

4.3.6 Plasma polymerization

The target of achieving an improved reaction between rubber and water has been
investigated by using the method of plasma polymerization. The idea of the
investigation is to decrease the contact angle between rubber and water, thereby
achieving enhanced bonding [268]. The study was conducted to identify the properties
of rubber mixed concrete with the effect of plasma polymerization of ethanol on the
surface of CR particles. The low-temperature plasma (LTP) treatment and

polymerization of rubber method were used and listed below.

1. CR was kept inside the chamber by maintaining the pressure at 10 Pa.
2. At a flow rate of 60 standard cubic centimeters per minute, the chamber was

injected with oxygen.
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3. The variety of power levels (60,80, 100, 120 W) and durations (60, 150, and
300 s) were considered.
4. Before CR was introduced to the plasma reactor, the Ethanol was injected into

the vaporizer chamber.

The literature claims that the plasma surface treatment improves the surface free
energy, surface toughness, and surface wettability of polymers [269]. Further, as a
physical treatment on rubber, plasma polymerization is widely used in modification
polymers. The consists of charge particles (i.e., electrons and ions), neutral particles,
photons, free radicals, and other activated molecules to improve the surface as required
[270][271]. The study on the high-temperature performance of rubber mixed concrete
conveyed significant enhancement in high-temperature performances, regardless of
base asphalt source, CR size, and aging state [272]. Further, improved thermal storage

stability, phase angle, and rotational viscosity were exhibited by the statical analysis.

The hydrophilicity was investigated by the sedimentation and contact angle tests. It
appeared to be 95% of the LTP-treated rubber CR particles settled down [268]. A
significant reduction in contact angle was reported for a power of 120 W for a duration
of 300 s arrangement. The contact angle was reduced from 122° to 33° [268]. Even
though literature discussed asphalt made up of rubber mixed, there are no specific
conclusions on mechanical properties with respect to the plasma polymerization

treatment of rubber.

4.3.7 UV treatment

The modification of polymers is a range of mechanisms, such as photo-oxidation,
generating free radicals, cross-link polymers, and reducing toughness [87]. The
literature explained that the presence of radical species, polar groups, and dangling
bonds created surface-free energy which was identified to be the reason for enhanced

adhesive bonding of the surfaces [273][274].

The treatment method was conducted using a simple light box apparatus. Treatment
was taken place spreading the CR on a reflective metal substrate to an even thickness.
10-minute intervals of UV treatments were undertaken to cast the rubber-mixed
concrete specimen. Further, a minimum time elapsed is attributed for the rubber

particles to return to ambient temperature after the UV treatment [87].
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The UV radiation in the presence of allamine results in reducing the WCA of rubber
and enhancing the roughness of the rubber particles. Moreover, concluded that the
wavelength and processing time influenced the rubber mixed concrete [275]. The study
by Ossola et al. [87] revealed an optimum of 253.7 mm wavelength and an exposure
time of 40 hours which was classified to obtain the best results. The improvement in
bonding between rubber and cement matrix has resulted which leads to enhanced

compressive and flexural strengths.

The study by [87] concluded that the enhancement in ITZ between rubber and cement
matrix reduced the loss of mechanical properties. The pretreatment process can be
optimized by arranging the wavelength and by modifying the apparatus to obtain
uniform treatment, which leads to enhanced mechanical properties. However, it is
concluded that alternative methods should be investigated on pretreatment to improve

the obtained results which influence the rubber cement interface [87].

4.3.8 Thermal Treatment

The idea of thermal treatment on CR is to treat the surface by removing the dust and
the impurities of the rubber particles. Hence to improve the bonding between rubber
and cement matrix [276]. The literature revealed significant enhancement in
mechanical properties resulting in almost 100% strength recoveries. However, the
critical part is that the comparisons were made with respect to conventional concrete

strengths. The strength recoveries were listed in Table 4.1

Table 4.1. Summary of strength recovery by thermal treatment

Rubber percentage Compressive strength Tensile strength
10% 93% 106%
20% 60% 82%
0% 47% 57%

The researcher pointed out two resulting factors claiming the significant increment of
thermal pretreatment. (i) impurities were removed from the rubber surface, and this
was justified by the SEM images, (ii) A hard shell was developed by the rubber particle
surface. These effects enhance the ITZ and stress transfer between rubber and cement

matrix [277]. However, it is important to identify the optimum time of thermal
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treatment, hence, several reactions could harm the rubber texture and concrete

afterward. The study by [276] concluded an optimum heating duration of 1.5 hours.

The rubber size and duration of treatment are crucial in achieving the optimum result
of pretreatment. It is identified that, the smaller size of the CR, the higher enhancement
of mechanical strength [231]. The samples made with 0.425, 0.6, 1-3, and 2-5-mm
rubber particles resulted 40%, 28%, 18%, and 3% strength increments with respect to
untreated samples. Hence, this shows that a smaller size is more beneficial in rubber-

mixed concrete [231].

Even though thermal treatment can be identified as superior in recovering mechanical
strengths, a full-strength recovery was not achieved by the investigated pretreatment
methods. However, researchers claim that numerous construction applications which
do not require high-strength concrete can implement rubber-mixed concrete with
resulting strengths. But it is be found that rubber-mixed concrete should be further

investigated in implementing structural elements.

4.4 Shortcomings of Pretreated Rubber

It is observed that several treatment methods were utilized to improve the mechanical
properties of rubber-mixed concrete. The treatment methods have been divided into
chemical and physical treatments. The idea of removing the impurities, dust, and
lubricants precipitated on the rubber surface is the expected outcome of the
pretreatment. Idolizing the rough texture of rubber particles is a purpose of
pretreatment to enhance the bonding between rubber and cement matrix. However, the
spotlight on enhancing the bonding of rubber mix concrete with respect to

conventional concrete should be further investigated regarding pretreatment methods.

The study by Raffoul et al. [33] concluded that the variation in performance of concrete
properties of the samples with pretreated particles compared to samples with as-
received rubber particles shows a similar standard variation with respect to
conventional concrete. Further, the study claims that using pretreatment methods is
costly, time-consuming, and aggressive to the concrete and rubber particles, and
pretreatment does not exhibit significant gain to the concrete samples. However, this
contradicts the results shown by the studies, as pretreatment enhances the concrete

properties over as-received samples. The disquiet is not achieving the target strength
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to comply with the conventional concrete. Table 4.2 represent the variation of

pretreated rubber mixed concrete with respect to its control sample.

Table 4.2. Percentage of strength reduction with respect to the control sample

Reference | Pretreatment type | Percentage of reduction with respect to control
mix
Compressive Tensile Flexural
strength strength strength
[230] Water wash 23.45 6.92
NaOH 45.21
H>0» 48.4
CaCl 45.4
H>S04 48.59
SCA 45.77
[87] UV exposure for | 0.23 5.84
40 min
[278] Cement pre- | 60.82 59.41
coating
Water Soaking for | 18.75 20
24 hrs
[279] NaOH (5% rubber | 59.79 27.10
replacement)
[12] SCA (5% rubber | 61.87 30.84
replacement)
[68] NaOH treated | 12.82 1.5 (increased)
mortar
H>S0O4 treated | 20.51 7.81
mortar (increased)
Ca(OH), treated | 15.38 4.68
mortar
CH3COOH treated | 33.33 7.81
mortar
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It is recognized by the studies that the pretreatment methods have not achieved the
strength reciprocated by conventional concrete. But it is examined that the treatments
to rubber particles have enhanced the mechanical properties of as-received rubber
specimens. Hence, the general detriments of pretreatment methods are identified in

Table 4.3

Table 4.3. general detriments of pretreatment methods

Pretreatment method Detriment Reference
Washing with water Poor significant enhancement [12], [72], [74],
[89], [280]
Pre-coating with cement | Complex in use [33], [80], [281],
Time-consuming [282]

Poor significant enhancement

NaOH Complex in use [80], [94], [146],
Time-consuming [243], [283]
Negative effect on the
environment

SCA Negative effect on the [83], [92], [279],
environment [283], [284]

Complex in use

Acid treatment Complex in use [256]-[258]

Time-consuming

May be harmful to the concrete

Partial oxidation May damage to rubber surface | [86][259]

with high temperature

May harm the environment

Time-consuming

uv Poor significant enhancement [87]

Soaking with acetone Toxic to the direct use [153]

May harm the environment

Complex in use
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4.5  Significance of Graphene Oxide

In recent, the investigation of using nanomaterials in the construction industry is
identified to be increased. Out of several candidates, GO is promising with exquisite
mechanical properties and enhanced dispersibility [285]. GO is a carbon-based
nanomaterial, which was introduced by Benjamin C Brodie in 1859 [286]. GO
possesses a similar aromatic structure to any other derivation of graphene, but the
covalent bonds were broken as a result of chemical reactions occurred. Hence, the
functional groups of epoxy, carbonyl, hydroxyl, phenol, etc. are attached to the sp?
aromatic monolayer structure of GO [287][288].

In correspondence to functional groups, GO resultant to be highly reactive which
produces outstanding mechanical, electrical, thermal, and chemical properties
[289][290]. Further, the affluence of functional groups causes GO compatible with the
rubber matrix [291]. The enhanced properties of GO can be identified with the
interaction of cement. The easy absorption of free radicals of water from cement
resulted due to the hydrophilic nature of functionalities and the peculiar layer structure
also effect immensely in modifying cement-based material [292]. GO shows
preeminence over other nanomaterials because of the easy dispersion in water. This
behavior also resulted in the oxidative functionalities possessed in GO [292]. The
literature concluded that the concrete properties are enhanced with the use of GO.
Table 4.4 represents a summary of the mechanical properties of concrete incorporated

with GO.

Table 4.4. Summary of mechanical properties of concrete incorporated with GO

Reference Property Description
[293] Compressive strength For 0.03% of GO replacement by
Tensile strength cement weight, a 40% increment
resulted.
[294] Compressive strength For 0.05% of GO replacement by

cement weight, a 15-33% strength

increment resulted.

Flexural strength For 0.05% of GO replacement by
cement weight, a 41-59% strength

increment resulted.
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[295] Compressive strength For 1% of GO replacement by
cement weight, a 63% strength

increment resulted

[296] Compressive strength For 0.04% of GO replacement by
cement weight, a 15.1% strength

increment resulted

[297] Compressive strength For 0.06% of GO replacement by
cement weight, a 21-55% strength

increment resulted

Tensile strength For 0.06% of GO replacement by
cement weight, a 16-38% strength

increment resulted

[221] Compressive strength For 1 mg/ml of GO pretreatment on
rubber, a 50.3% strength increment

resulted

Flexural strength For 1 mg/ml of GO pretreatment on
rubber, a 70.4% strength increment

resulted

Tensile strength For 1 mg/ml of GO pretreatment on
rubber, a 68.3% strength increment

resulted

A comprehensive behavior was identified in the enhanced mechanical properties,
hence GO acts as a filler [298], added nucleation sites were provided in the cement
hydration process [299] and adjusting the production of the cement hydration process
[300]. However, an optimum amount of GO should be identified, because the
mechanical properties of cementitious material may diminish by exceeding the
optimum amount, by forming clusters [301]. This can be explained by the larger
surface area of GO which tends to absorb higher water amounts. Hence, create clusters

of GO in the concrete matrix [302][303]. Further, this results in poor workability.

With respect to the significant properties owned by GO, it is a prominent candidate to
enhance the mechanical properties of rubber mixed concrete, as to enhance the

bonding between rubber particles and cement.
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4.6  Summary
The poor mechanical properties of RuC were identified as the main drawback of the

novel material. Rubber aggregate does not possess equal bonding properties as mineral
aggregates, hence poor bonding between rubber and cement is highlighted by the
literature. In addition, the weak ITZ creates due to poor bonding leads to diminished
mechanical strength. Therefore, improvement in bonding between concrete

constituents is essential.

e The bonding between rubber and cement should be enhanced to improve the
mechanical strength of RuC.

e Surface change to waste rubber is crucial to enhance the bonding behavior with
concrete constituents. Hence, pretreatment methods are introduced to improve
the bonding between rubber and cement.

e NaOH pretreatment was identified as the most utilized pretreatment method in
studies. The pretreatment method improves the mechanical properties, but the
variations are inconsistent.

e Thermal treatment identified as the most effective method used thus far,
improving the compressive strength by 98% with respect to untreated RuC.

e Several shortcomings such as pretreatment methods are costly, time-
consuming, and aggressive to the concrete and rubber particles. Further,
pretreatment does not exhibit significant gain to the concrete samples.

e The significant characteristics of high reactivity, outstanding mechanical,
electrical, thermal, and chemical properties, and affluence of high functional

groups identified GO as a prominent candidate for the pretreatment of CR.
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CHAPTER 5 GRAPHENE OXIDE PRETREATMENT ON
WASTE RUBBER AGGREGATE - PHASE 2

5.1 Introduction

For the past couple of decades, researchers investigated using waste tire rubber as a
replacement for coarse aggregate in the concrete matrix. As the massive population of
waste tire rubber keeps increasing annually, it is critical to identify sustainable
approaches to using waste tire rubber to safeguard the environment. A 2.8%
compounded growth was forecasted annually to the year 2025 [25] and an estimated
value of 5 billion annual waste tire rubber by 2030 [226], [304]. If the issue is
abandoned, this will lead to hazardous environmental conditions [46], [226], [304].
The inclusion of CR in concrete matrix enhances the properties of concrete; energy
absorption, damping ratio, impact resistance, thermal resistivity, sound resistivity,
freeze-thaw resistance, decrease in acid penetrations and chloride penetrations [226],

[246], [305].

Even though numerous advantages were reported, poor mechanical properties hinder
the expansion of rubber mix concrete. Compressive strength was identified to be
decreased with the percentage of rubber in the concrete matrix. A 71%, 13%, and 60%
reduction in compressive strength were reported with 30%, 10%, and 100% rubber
replacement, respectively [306] [25][99]. However, the compressive strength of
concrete mix varies with rubber percentage, type, particle sizes, and shape [62].
Akinyele et al. [4] reported that 41% and 58% reduction in tensile strength with 4%
and 16% rubber replacement, respectively. However, the non-homogenous rubber
particles show enhanced tensile properties[131]. Flexural strength does not show a
certain pattern in strength variation. Hence 17.6% flexural strength was increased by
10% fine rubber particles, whilst 30% rubber inclusion indicated a 21.4% decrease in
flexural strength [38]. Further, sudden failure has been avoided with the diminishing
brittle nature of concrete matrix [16][100]. Several reasoning has been concluded by
researchers for the poor mechanical behavior such as the high roughness of rubber
particles, a high percentage of voids, and non-uniform dispersion of rubber
[131][24][16]. However, the loss of mechanical strength is directly associated with
poor adhesion between CR and cement matrix. This is due to the hydrophobic nature

of rubber which entrapped a high percentage of air on its surface, drives off the water,
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and leads to a weak interfacial transition zone between CR and the hardened cement

matrix [226][246][17].

It is understood that the surface of rubber has to be incorporated with a surface
treatment to enhance the bonding between CR and cement matrix, hence researchers
investigated distinctive pretreatment methods. Mohamadi et al. [15] investigated
introducing rubber particles in a wet process. The water-treated rubber particles
responded with 22% and 8% increments in compressive strength and flexural strength
with respect to untreated concrete samples. However, the study indicated the
appearance of cracks as a result of ITZ. An enhancement in durability, flexural
strength, fracture energy, and wear resistance were observed with 15% and 25%
NaOH-treated samples [250][187]. However, Chou et al. [93] concluded diminished
mechanical properties with NaOH-treated samples, hence, no certain variation was
identified. Sulphuric acid (H2SOs) treatment overruled the other types of acid
treatments. The study by Kashani et al. [244] shows a 56% enhancement in
compressive strength relative to untreated concrete samples. Similarly, Leung et al.
[257] concluded that 16% and 250% increment in surface energy and damping with 1
mol/L of H>SO4 treatment. However, the chemical treatments were identified to be
varying the mechanical strength by -2% to 10% [221]. These techniques are not
successful, may result in durability problems in service, and are also practically not
feasible. The physical treatments of rubber aggregates such as thermal treatment,
ultraviolet (UV) treatment, pre-coating with cement paste, oxidization, sulphation,
silane coupling agent treatment (SCA), and plasma polymerization were investigated
by the researchers. Abd-Elaal et al. [277] claimed that thermal heating recovers the
strength over other treatment methods saying that 60.3% recovery strength at 20%
rubber replacement. Further, the study revealed that other physical treatment recovers

the strength in the range of 4% to 48.79% [277].

It is obvious from the literature; a 100% strength recovery was not achieved thus far.
The use of chemicals and washing and drying process of these treatments are time-
consuming and practically not feasible. In addition, added alkalinity or acidity may
cause long-term problems in concrete. Further, the poor bonding between CR and
cement matrix has not been expounded and the pretreatment investigations are
continuing. This study focuses on implementing GO as a pretreatment method to

enhance the mechanical properties of rubber-mixed concrete. The GO draws the

80



attention of researchers because of its significant mechanical, electrical, thermal, and
chemical bonding [289][290]. The sp? (the mix of one s and two p atomic orbitals)
aromatic monolayer structure composed of functional groups of epoxy, carbonyl,
hydroxyl, phenol, etc. results the high reactivity of GO [287][288]. The functional
groups produce modified cement-based materials, by easily absorbing free radicals of
water from cement by concluding high interaction with the cement matrix [292].
Hence, the research paper aims to investigate the effectiveness of using the GO
pretreatment method on CR in enhancing the mechanical properties of rubber-mixed

concrete, especially for high-strength structural applications.

5.2 Materials and experimental program

5.2.1 GO treatment on CR

A range of GO concentrations relative to the literature, 0.5, 1.0, 2.0, and 3.0 mg/ml
concentrations were used for the pretreatment of crumb rubber. Diverse GO
concentration solutions were prepared using highly dispersed graphene oxide. In
preparation for GO samples, X-ray powder diffraction (XRD), RAMAN analysis, and
Fourier Transformed Infrared Spectroscopy (FIIR) were tested by the producer (refer
to Annex 3). The element composition obtained from X-ray photoelectron

spectroscopic (XPS) analysis of GO is elaborated in Table 5.1.

Table 5.1. The element composition obtained from XPS analysis of GO

Element Oxygen Carbon Sulphur Chloride
Concentration 30.62 67.30 1.63 0.44
(%0)

To identify the effective time of pretreatment, pH testing was conducted for all GO
concentrations separately. Then the CR was immersed in GO solutions for two hours
of time which was the effective time of pretreatment obtained from pH testing (see
5.3.1). The treated CR samples were poured into a tray by spreading out as represented
in Figure 5.1(a) and left for water to be evaporated by means of air dry (see Figure
5.1(b)). The GO-deposited CR particles were examined in Fourier transform infrared
spectroscopy (FTIR) and Scanning electron microscopy (SEM) tests as shown in
Figure 5.7. Since the study is focused on obtaining the maximum effective results by

using GO, three series of treated crumb rubber with graphene oxide (CR-GO) were
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introduced. Implementation of CR-GO after the solvent is fully airdried (S3),
implementation of CR-GO only after 2 hours without the remaining GO solution (S4),
implementation of CR-GO only after 2 hours with the remaining GO solution by

replacing water amount (S5).

(b)

Figure 5.1. (a) Air drying the treated CR, (b) air-dried CR

5.2.2 Analytical tests

The reaction of GO and CR needs to be analyzed to identify the behavior of the two
constituents comprehensively. Hence, pH testing was carried out to identify the
optimum settlement time where the pH value become constant. Measurements were
taken of five samples, four CR-GO mixed concentrations, and distilled water mixed
CR for a better comparison, as represented in Figure 5.2. Ion chemometric (IC) test
was performed to identify the ion concentration of the treated CR-GO mixture with
respect to as received GO samples and distilled water mixed CR. Further, the test was
crucial to separate the reaction between solvent and CR material. Figure 5.3(a)
represents the filtering of the solutions, (b)filtered samples and (c)conducting the IC

test.
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(b)

Figure 5.2. pH testing on GO concentrations

The variation in the functional group of GO-treated CR was checked by the FTIR. As
received CR, four concentrations of GO-CR, and acetic acid-treated CR were tested to
compare the functional behavior and variation in structure due to acidic treatment by
using the Perkin Elmer FTIR spectrometer set up at 400 cm™ to 4000 cm™! infrared
spectrum range. To identify the physical evidence of changes that appeared on the CR
surface with GO treatment, SEM has been performed on selected samples. The

samples were coated with a gold sputter for better imaging.

(a) (b) (©

Figure 5.3. (a) Filtration of the solutions, (b) filtered samples and (c) conducting the IC test
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5.3  Results and discussion

5.3.1 pH test

The prepared GO solutions were identified to be acidic, hence the reaction with CR is
crucial to analyze the material and functional behaviors. Further. pH test is essential
to identify the minimum time required for the settling of the pH value of CR-GO
solution. Figure 5.4 depicts the variation of pH value with 15 min time intervals and

optimum pH values obtained.
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Figure 5.4. pH value variation of different GO concertation with time

The pH test results revealed that the addition of CR to GO solution increases the pH
value from the high acidic to neutral range. All four GO concentrations of 0.5, 1, 2,
and 3 g/l settle their pH value at 5.96, 6.01, 5.8, and 4.74 respectively. Importantly, it
is identified that a minimum of 2 hours is necessary to complete the reaction between
GO and CR, hence it is decided that the minimum pretreatment time is 2 hours. With
the significant variation in pH, it is identified to have an obvious reaction between CR

and GO. Therefore, identifying the chemical behavior is crucial.

5.3.2 Ion chemometric (IC) test

As a result of a definite chemical reaction, GO solution, GO treated CR solution, and
distilled water mixed CR solution were compared to identify ion concentrations of
solvents. Moreover, the IC test is crucial to identify and separate the chemical reactions
among materials and solvents. Table 5.2 represents the ion concentrations of three

solutions.
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Table 5.2. Ion concentration of as received CR, CR-GO solution, and DI mixed CR

Component name Concentration (ppm)
As received GO CR-GO solution DI-CR solution
solution
Floride 0.023 - 0.026
Chloride 0.823 0.014 0.133
Bromide 0.047 - 0.041
Sulfate 1.129 0.191 0.212

The three solutions result in the same ion components of fluoride, chloride, bromide,
and sulfate in different concentration levels. Comparing the distilled water mixed with
CR solution with GO solution does not represent a significant variation in
concentration levels. Hence, it is understood that there is no possible reaction between

the solvent used to dilute GO and CR.

However, the CR-GO solution compared to the GO solution showed a significant
reduction in every ion component. Since there is no reaction between the solvents, the
momentous reduction in ion concentration is due to the GO reaction with CR material.
This is due to the GO being acidic and activating the rubber polymer, hence the

reduction in ion concentrations is due to the reaction of CR material with the GO.

5.3.3 FTIR of GO-CR

The variation of functional groups of CR due to the GO treatment is crucial to
understand the structural changes as well as the effect of different concentrations.
Figure 5.5 reveals the interaction of GO with CR. Further, to compare the effect of

acid with CR, acetic acid treatment was analyzed.
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Figure 5.5. FTIR test results of GO and CR-GO samples at different GO concentrations

The peaks of spectra revealed that there is a minimum change in the structure of as
received CR and CR-GO since the peaks resulting from FTIR of the two components
are almost similar. However, a variation in transmittance percentage was identified as
the GO concentration level increased. It can be identified that the higher transmittance
level is due to the higher GO deposition on the CR surface. It is understood that GO
concentration levels have a direct effect on enhancing the CR-cement bonding, as
higher GO deposition reveals higher reactivity and hydrophilic nature of the CR-

cement matrix.

The specific variation observed from GO treatment and acetic acid treatment is the
structural changes that occurred in CR due to acetic acid treatment as shown in Figure
5.6. As most of the studies follow acid as a pretreatment, the variation in CR structure
was not discussed. Moreover, GO being an exception of acid treatment, neither the

structural changes nor acidic nature is possessed in CR-GO.
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Figure 5.6. FTIR test results of as-received CR and acetic acid-treated CR

5.3.4 SEM imaging

Figure 5.7 (a), (b), (c), and (d) represent the received CR and samples treated with
different GO concentrations respectively. By revealing physical evidence of GO
deposition on CR surfaces as depicted in (b), (c), and (d), wrinkle-bright areas and
flaky areas are known to be GO particles implanted on CR surfaces [221], [307], [308].
Further, the sharp contrast and flaky areas to the non-reflective surface reveled the

deposition of GO nanoparticles around the CR surface.
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Figure 5.7. SEM images of (a) as received CR (b) CR-GO treated by 0.5 g/l GO (d) CR-GO
treated by 2 g/l GO and (¢) CR-GO treated by 3 g/l GO

By comparing (b), (c), and (d), the density of wrinkle and flaky areas has been
enhanced with the increment of GO concentrations. This implies that the pretreating
with higher GO concentrations results higher GO deposition on the CR surface, hence
enhancing the bonding between the CR and cement to increase the performance of the

concrete composite.

5.4  Summary

The effect of CR-GO with different concentrations with respect to different
pretreatment methods on the compressive strength was experimentally investigated. In
addition, the material behavior of CR with GO pretreatment was comprehensively

investigated in this chapter. The findings of this research grant are summarized below.

e (Graphene oxide produces strong adhesion between polymer membranes due to
the high Van der Waals forces, hence can be used as a pretreatment method for
crumb rubber to improve the mechanical strength of rubberized concrete.

e The acidic nature of graphene oxide is diminished by reacting with crumb
rubber. It takes a minimum of two hours to settle the pH value, whereas the

minimum time of pretreatment is two hours.
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There is no reaction between the solvents, whereas the graphene oxide directly
reacts with crumb rubber and neutralizes the solution. Graphene oxide creates
no structural changes to crumb rubber and creates no changes to the structure,
unlike other acid treatments.

Pretreatment cause the deposition of GO around CR and enrich the density of

deposition of GO with the increment of using higher GO concentrations.
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CHAPTER 6 MECHANICAL PROPERTIES OF GRAPHENE
OXIDE TREATED RUBBERIZED CONCRETE - PHASE 3

6.1 Introduction

The partial replacement of rubber in concrete creates poor mechanical behavior.
Instead of several improvements in concrete properties, such as abrasion resistance,
impact resistance, energy dissipation, chloride ion penetration, resistance to fatigue,
damping ratio, elasticity, etc., the mechanical properties as compressive strength,

tensile strength, and flexural strength shows a declined trend in RuC.

Research studies have identified several reasons that accompany the poor mechanical
behavior of RuC. High roughness of rubber particles, poor adhesion between rubber
aggregates, poor bonding behavior of rubber and cement, weak interfacial transition
zone due to the hydrophobic nature of rubber, and non-uniform dispersion of rubber
die to same particle size and shape have been identified as the prominent reasons.
Hence, there is a requirement to address the identified issue. This study has introduced
a high reactive nano material as a pretreatment method to strengthen the bonding
properties of rubber aggregates and concrete constituents. As the study requires
physical verifications to identify the effect of GO pretreatment, the compressive
strength test, tensile strength test, and flexural strength test have been conducted on 9

different series.

6.2 Experimental program

6.2.1 Materials

The ordinary Portland cement (OPC) of strength class 42.5 N/mm? in accordance with
BS EN 197 incorporated with chemical properties of Sulphur trioxide (SO3) < 2.8%,
Chloride <0.05% and LOI (Ci5Hi1sN6OS2) < 3.0% was utilized. As a fine aggregate,
river sand, and CR were used in respective proportions. Two different CR sizes were
incorporated in the range of 0-5 mm (fine aggregate) and 5-10 mm (coarse aggregate)
as shown in Figure 6.1 and the physical properties of CR are represented in Table 6.1.
The CR density, water absorption, flakiness index, and bulk density were gained with
respect to Annex C of BS EN 1097-6 (lightweight aggregate) [222], BS EN 933-3
[223], and BS EN 1097-3 [224]. Commercial high-range water-reducing admixture

and silica fumes were added as an additive to the rubber-added concrete matrix.
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Figure 6.1. As received CR (a) 0-5 mm (b) 5-10 mm

Table 6.1. Physical properties of CR

Rubber (0-5 Rubber (5-10 Rubber (10-20
Property
mm) mm) mm)
Apparent density (g/m®) | - 933.1 1105.8
Oven dry density (g/m*) |~ 935.07 1120.65
SSD density (g/m?) - 967.1 1050.4
Water absorption (%) - 6.18 1.25
Specific gravity - 1.10 1.10
Loose bulk density 038 0.42 0.47
(g/ml)
Rodded bulk density 0.47 0.54 0.62
(¢/ml)

6.2.2 Mixing and testing procedure

As the previous literature [309] indicated that the replacement of rubber could lead to
poor concrete behaviors including mechanical properties, a high percentage of

segregation, and poor cohesion, hence, the study focused on an optimized concrete
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mix outlined by Raffoul et al. [33]. The mix was designed to be high-strength concrete

with high cement content to water ratio (w/b = 0.31). The rubber was replaced by 20%

of aggregate by weight considering two categories, 0-5 mm and 5-10 mm since non-

homogenous rubber replacement show enhanced RuC properties over homogenous

rubber replacement [310]. Table 6.2 summarizes the rubber and mineral aggregate

proportions, and mix design with the pretreatment method used in this study.

The concrete constituents were mixed in the following procedure.

1.

The aggregates (both mineral and CR) were dry-mixed for 30 s, with respect
to the pretreatment series.

Half of the mixing water was added and mixed for another minute (the
remaining GO solvent was mixed with water and added).

The mix was kept still for three minutes.

The binder materials and the remaining water was added followed by the
gradual addition of the admixtures.

The mixture was mixed for another three minutes. The 100 mm cubes were
cast in two layers and vibrated using a vibration table. After 24 hours in

laboratory condition, the specimens were cured in a curing tank for 28 days.

Figure 6.2. Preparation of sample cubes

With reference to the specifications provided by BS EN 12390-3, the compressive

strength was determined by using three samples of 100 mm cubes in each mix at 7, 14,

and 28 days. The tensile strength was conducted under specification to the code ASTM

C496/C496 -04. 18 cylinders of length 300 mm and diameter 150 mm were cast with

reference to 03 series and tested at 7 and 28 days.
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Figure 6.3. Preparation and testing of splitting tensile cylinders

Table 6.2. GO-treated RuC mix proportioning and quantities of materials used

Type | GOC | CR-GO Materials (kg/m®)
(mg/m (%) CR | CR | Mas | Mas | Mas | Wat | Remaini | Ceme
1 (0- | (5- | sof | sof | sof | er ng GO nt F
5 10 | CA | CA | FA solution
m | m | (5- | (10-
m) | m) | 10 | 20
mm | mm
) )

Contr | - - - - 355 | 848 | 666 | 140 | - 450 2
ol 7
S1)
Non- | - Plain 66. | 35. | 319. | 848 | 599. | 140 | - 450 2
treate CR 6 5 5 4 7
d
rubbe
r only
(82)
S3-1 | 0.5 10F&1 | 66. | 35. | 319. | 848 | 599. | 140 | - 450 2

0C 6 5 5 4 7
S3-2 |1 10F&1 | 66. | 35. | 319. | 848 | 599. | 140 | - 450 2

0C 6 5 5 4 7
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S3-3 |2 10F&1 | 66. | 35. | 319. | 848 | 599. | 140 | - 450 2 19
0C 6 5 5 4 7
S3-4 |3 10F&1 | 66. | 35. | 319. | 848 | 599. | 140 | - 450 2 19
0C 6 5 5 4 7
S4 2 10F&1 | 66. | 35. | 319. | 848 | 599. | 140 | - 450 219
0C 6 5 5 4 7
S5 2 10F&1 | 66. | 35. | 319. | 848 | 599. | 63 77 450 219
0C 6 5 5 4 7

Since the study is focusing on identifying the most effective way of GO pretreatment

(refer to 2.2), the efficiency of GO reacted with CR should be measured. As a result of

that, a mass analysis was conducted for the 2 hours treated GO-CR and for the

remaining solution of it. In the process, the following sequence was followed and

shown in Figure 6.2.

1.

A rubber was selected and sieved through the 0.075 mm sieve size by
repeatedly washing with distilled water until no rubber fine particles pass
through the sieve.

The remained rubber particles were oven dried to evaporate the water and
measured the weight of the dried sample was.

The dried rubber sample was treated with respective GO amount by the means
of a shaker for 2 hours.

The treated CR with GO was sieved through the 0.075 mm sieve and washed
with distilled water to make sure only treated CR particles remains in the sieve.
Before the passed GO solution was filtered, the filter paper was oven-dried and
taken measurements of it.

The passed GO solution was filtered using oven-dried filter paper to extract the
GO particles from the solution.

The filter paper with GO particles was oven dried to measure the amount of

GO extracted from the remaining solution.
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Figure 6.4. Process of GO mass analysis after pretreatment (a) measuring the oven-dried
rubber sample, (b) measuring the oven-dried filter paper, and (c) extraction of GO by

filtering

6.3 Results and discussion

6.3.1 Workability and dry density

Good working performance is proportional to the workability of the concrete mix.
Since the developed mix design incorporated rubber and GO, the workability of the
matrix is a concern. The water absorption of rubber was found to be higher (refer to
Table 6.1) in finer rubber particles due to the higher surface area. Further, the
implementation of GO reduces the free water content of cement slurry [311].GO is
identified to absorb a high percentage of water, because of its hydrophilic nature and
higher surface area [294]. Hence, GO incorporated RuC should result poor workability

measurements.
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Figure 6.5. The slump of concrete series
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Figure 6.3 depicts that the workability of every series has been diminished compared
to the control sample, hence the results are in line with the aforementioned behavior
of CR and GO implementation to the concrete. However, the workability results are in
the range of normal workable concrete [312], with only 1.08%, 3.78%, and 10.81%
reduced in respective S3, S4, and S5 series compared to S1. The enhancement of
workability results due to the implementation of a naphthalene-based superplasticizer
and incorporation of silica fume [313], which emphasize that the incorporation of
superplasticizer and silica fume is crucial to avoid the loss of workability in the GO-

incorporated RuC concrete matrix.

Figure 6.4 represents the dry density variation of the series, and the use of CR to
concrete reduces the density due to the low mass of rubber with respect to the mineral
aggregate. A significant reduction of 5.40%, 5.28%, and 5.07% in density was
observed in every series compared to control samples. However, the densities are
around the value quoted by AS 3600:2018 [314]. A marginal increment resulted from

the inclusion of GO, as it is in line with previous literature [315][316].
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Figure 6.6. The dry density of concrete series

6.3.2 Compressive strength
The compressive strength laid as the base for investigating the effect of GO treatment
on the mechanical properties of RuC. In this regard, 9 series were investigated to

identify the most suitable pretreatment method and the most efficient concentration of
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GO. It is critical to identify an efficient way of implementing GO to CR since the cost
of GO is a concern in the long run. Figure 6.5 depicts the compressive strength results
of three series. As desired, the compressive strength has been increased in all three
methods with the implementation of GO. With respect to the non-treated rubber-only
mixture (S2), 21.17%, 43.47%, and 88.18% enhancements were observed in S1, S2,
and S3 series respectively. The highest compressive strength resulted in the full
evaporation of the GO solution, with the deposition of GO nanosheet around the CR
surface. It is understood that the implementation of 2 hours of treated CR-GO is not
efficient as the maximum deposition of GO is not experienced by having the remaining
solvent in the mixture. It is found that 31.10% reduction in compressive strength with
respect to the S3 series. Hence, the study was focused on using the remaining solvent
as a replacement for water, as to optimize the use of GO solution in the concrete mix.
However, the compressive strength of the S5 series is reduced by 55.23% compared
to S3. Therefore, the maximum deposition of GO nanosheet resulted in the fully air-

dried condition, hence identified to be the most efficient method.
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Figure 6.7. Compressive strength of control sample, non-treated and treated GO-RuC

With respective the most efficient pretreatment method (S3), the compressive strength
varying with respective GO concentrations is represented in Figure 6.6. Although there
was a notable increase in compressive strength as the GO concentration increases, the
S3-3 mixture with 2 g/l GO concentration shows the highest compressive strength over

other GO concentrations. With respect to the S2 series, 37.38%, 61.02%, 94.47%, and
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58.34% were observed in S3-1 to S3-4 respectively. However, a marginal reduction of

6.35% was observed in the S3-3 series compared to the control sample.
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Figure 6.8. Compressive strength of control sample, non-treated and treated with various GO

concentrations RuC

It can be seen that the GO concentration is not directly proportional to the compressive
strength of RuC. Hence, it reduces the compressive strength by increasing GO
concentration from 2 g/l to 3 g/l. Further, exceeding the GO concentration will not
only reduce the concrete performance but effect the concrete in the opposite way [317].
It is not the amount of GO that enhances the performance, but the excellent dispersion
is crucial for better performance of concrete. Moreover, higher GO will agglomerate
in cement paste, due to the higher reactivity with Ca*? [318]. This will create a cluster
in the concrete matrix which results worst boding behavior with cement paste.

Ultimately poor concrete properties will experience due to high GO concentration.

6.3.3 Tensile strength

The tensile strength was identified as a prominent parameter in waste rubber-
incorporated concrete. Hence, the sudden failure of conventional concrete has been
diminished with the incorporation of rubber. Further, the stress-strain behavior of RuC
is crucial to measure. The study assembled to 03 series with reference to the results
obtained from compressive strength. Since, the splitting tensile strength was measured

for S1, S2, and S3-3. Testing was carried out for 7 days and 28 days.
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As expected, the rubber incorporation has reduced the tensile strength as well.
However, the GO pretreatment has enhanced the tensile strength with respect to non-
treated RuC specimens. Figure 6.7 represents the variation of splitting tensile strength
into 7 days and 28 days. With respect to the control sample, GO-treated and non-
treated RuC samples show 43% and 22% strength reduction respectively. Hence, the
reduction is obvious and in line with the pattern of compressive strength variation. But
a significant improvement was shown by the GO-treated RuC samples as it enhances

the splitting tensile strength by 36% with respect to non-treated RuC.
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Figure 6.9. Splitting tensile strength

The enhancement of tensile capacity is due to the possible improvement in bonding
between CR and cement paste, as a result of enhanced reactivity in the CR surface.
Hence, the improved bonding behavior results in high-stress transfer at the interfaces
which raised the tensile capacity of GO-treated RuC. In addition to surface treatment,
GO particles can act as fillers and densify the concrete matrix. However, the effect is

unreliable.

6.4  Summary
e Water absorption is increased with the graphene oxide treatment; however
good working performance resulted only in a 10% deviation in slump value

with respect to the control mixture.
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The dry density reduces significantly with the inclusion of crumb rubber
aggregates. But the dry density increases with the inclusion of graphene
oxide and enhances with higher concentration.

The air-dried pretreated crumb rubber was identified to be the most
efficient and effective method of pretreatment, because of the highest
graphene precipitation on crumb rubber. Two hours of pretreatment shows
less than 50% precipitation of graphene oxide, while more than 50% of
graphene oxide remains in the solution.

Concrete with air-dried graphene oxide treated crumb rubber capable of
achieving high strength, resulting in only a 9.42% reduction with respect
to the control mixture. In addition, a significant enhancement of 88.18%
was obtained over non-treated crumb rubber concrete.

The compressive strength increases with a high concentration of graphene
oxide, but a graphene oxide concentration of 2 g/l is identified to be
optimum as exceeding the optimum concentration reduces the compressive
strength. The poor behavior of compressive strength is due to the
agglomeration of graphene oxide. Hence, excellent dispersion and the
appropriate amount of graphene oxide are crucial for the enhancement of
concrete strength.

Rubber incorporation reduced the split tensile strength of concrete.
However, the GO treatment significantly reduced the strength loss. A
significant enhancement of 36% resulted from GO treatment compared to

non-treated RuC samples.
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CHAPTER 7 BONDING STRUCTURE AND MORPHOLOGY
— PHASE 3

7.1 Introduction

The major concern for the reduction of strength in RuC is the poor bonding behavior
between CR and the cement matrix. The incorporation of GO as a pretreatment method
to CR has improved the strength parameters (refer to 6.3.2 and 6.3.3) with respect to
non-treated RuC. Hence, it is crucial to identify the changes that occurred to the

bonding of CR and cement interfaces through physical evidence.

The study by Noor Azlin et al. [319] concluded that less ITZ has resulted from NaoH
and metakaolin treatment to CR. Further, low pressure of capillary suction in the
concrete was ensured with better binder agglomeration. In addition, a poorly packed
concrete matrix results poor strengthening. Especially, incorporating a lightweight
aggregate, CR, into the concrete matrix requires special attention. Hence, the bonding
between CR and the cement matrix and the density of concrete constituents should be

evaluated by physical imaging.

The literature highlighted the enhanced nature of ductility with the incorporation of
rubber [170][4]. In addition, the nature of the failure is distinct with respect to the
failure of conventional concrete. RuC avoids sudden failures and creates a high
percentage of micro cracks [320]. With respect to the specific characteristic, unit mass
analysis GO pretreatment, SEM imaging, and crack patterns were observed and

investigated.

7.2 Experimental program

The variation of strength occurred with respect to different pretreatment types. Hence,
it is required to identify the effect of GO with respect to pretreatment methods. As is
highlighted, the concentration of GO precipitated on the CR surface is the major reason
for improving the strength of concrete. Therefore, the amount of GO needs to be
analyzed to identify the effect of GO comprehensively and the percentage precipitated
on the GO surface. Hence, the following sequence was followed to conduct the unit

mass analysis.
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A rubber was selected and sieved through the 0.075 mm sieve size by
repeatedly washing with distilled water until no rubber fine particles pass
through the sieve.

The remained rubber particles were oven dried to evaporate the water and
measured the weight of the dried sample was.

The dried rubber sample was treated with respective GO amount by the means
of a shaker for 2 hours.

The treated CR with GO was sieved through the 0.075 mm sieve and washed
with distilled water to make sure only treated CR particles remains in the sieve.
Before the passed GO solution was filtered, the filter paper was oven-dried and
taken measurements of it.

The passed GO solution was filtered using oven-dried filter paper to extract the
GO particles from the solution.

The filter paper with GO particles was oven dried to measure to identify the

amount of GO extracted from the remaining solution.

| A

Figure 7.1. Conducting unit mass analysis for pretreated CR

The structural variation of occurred in rubber and cement matrix has to be investigated

to identify the bonding behavior in the concrete matrix. Hence, the SEM imaging was

performed on selected control samples, treated and non-treated RuC samples.

Results and discussion

7.3.1 Mass analysis of GO pretreatment

The significant variation between the air-dried pretreatment method and the other two

pretreatment methods needs to be analyzed. The remaining solution after 2 hours of

pretreatment, an emphasis that the full amount GO has not precipitated or reacted with

CR with respect to the compressive results. Therefore, it is crucial to identify the GO
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amount that reacted with CR and precipitated on the CR surface. Table 6.3 represents

the weights at each condition of the test.

Table 7.1. Weight at each condition of mass analysis

Weight (grams)
The weight of the oven-dried CR sample 15
The weight of GO used to pretreat the CR sample 0.06
The weight of oven-dried filter paper 0.7625
The weight of oven-dried filter paper with extracted GO 0.7986
The weight of GO extracted on filter paper 0.0361
The weight of GO reacted with CR after 2 hours of treatment | 0.0239

The concentration of the GO solution used was 2 g/1, hence identifying the mass of
GO dissolved in the respective amount used for the analysis. It is understood by the
results that the remaining solution of GO after pretreatment time contains GO with it,
further washing with distilled water removes the GO which is not reacted with CR and
precipitated well. It resulted that only 39.83% precipitated on CR while 60.16%
remains in the solution. By this analysis, the reduction of compressive strength in the
S4 and S5 series can be concluded. Hence, the significant enhancement in the S3 series
is due to the higher percentage of GO precipitation with the air-dried method used and

identified to be the most efficient method.

7.3.2 SEM imaging

It is identified that the strength parameters, compressive strength, and tensile strength
have been enhanced by the GO pretreatment with respect to non-treated RuC. Hence,
it is crucial to observe the changes that occurred in the bonding of CR and cement

interface.

Figure 7.1 (a) represents the interface bonding of the non-treated CR surface and
cement surface, which implies a clear separation between the two surfaces, hence the
poor adhesion. In addition, Figure 7.1 (b) provides the improved adhesion between the

rubber surface and the cement interface. As the study anticipated, GO pretreatment on
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rubber has improved the interfacial boding between CR and cement matrix, which is

carried out for better permeance in strength.
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Figure 7.2. SEM images of interfacial surfaces of (a) non-treated CR and cement matrix (b)

treated CR and cement matrix

7.3.3 The crack pattern of concrete specimens

The behavior of crack widths and propagation is significant in RuC compared to
conventional concrete. As most studies incorporated rubber, observed and concluded
the propagation of micro-cracks which is contrasting to conventional concrete cracks

[319][320].

Figures 7.2, 7.3, and 7.4 represents the crack propagations of control samples, and non-
treated and treated RuC samples respectively. Hence, it is observed that the samples
with rubber incorporation propagate micro-cracks while the control sample with a
major crack. Further, the high-strength concrete fails as a blast and it is conventional
in high-strength concrete. However, the rubber mixed samples have not shown a such

type of blast failure, but with a high percentage of micro cracks.

Figure 7.3. Major cracks and blasting in control sample

104



Figure 7.4. Micro crack propagation of non-treated RuC

Figure 7.5. Micro crack propagation of treated RuC

With respect to the crack patterns, the ductility of RuC has improved compared to
conventional concrete. Hence, the RuC possesses a larger deformation ability under
equal loading conditions. In addition, RuC enhances energy dissipation. With
reference to the crack width sizes, the micro-cracks help to understand the structural
disorder with specific and uniform cracks. Hence, the crack behavior of RuC is

beneficial in forecasting element failures.

74  Summary

The effect of pretreatment methods was investigated by identifying the percentage of
GO precipitation. With respect to the strength variation that occurred, the investigation
of CR and cement matrix bonding was carried out through SEM imaging. In addition,
the propagation of cracks on the concrete surface was observed. The findings of those

parameters are concluded as follows.
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Only 40% of GO will precipitate on the CR surface after 2 hours of GO
treatment. Whilst the reduction of strength occurs due to the less percentage of
GO precipitation.

A clear separation between CR and cement matrix was observed in non-treated
RuC samples as it shows poor strength respective to treated RuC.

An improved bonding behavior has resulted between CR and cement matrix,
hence the reduction of ITZ resulted in GO-treated RuC specimens.

The blasting and major crack propagation of high-strength concrete have
reduced with the CR incorporation; hence CR enhances the toughness and
ductility of concrete.

Propagation of definitive crack patterns on concrete surface states RuC as a

forecasting mechanism of structural failure
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CHAPTER 8 DURABILITY PROPERTIES OF GRAPHENE
OXIDE TREATED RUBBERIZED CONCRETE - PHASE 3

8.1 Introduction

It is critical to investigate the durability properties of RuC, hence application of
concrete is concentrated on the effect on properties in the longer run. Further,
modification to concrete constituents created an impact on concrete durability, and the
incorporation of waste substituent, waste tire rubber, enhances the necessity of
investigating the durability properties of RuC. However, the durability properties of

RuC have not been investigated thoroughly as much as mechanical properties.

The literature has highlighted several reasons for the variation that occurred in the
durability properties of RuC. The high percentage of voids created in RuC due to the
size and shape of rubber aggregate, the poor development of ITZ, the porous nature of
RuC, the high-water absorption percentage of rubber aggregate, the hydrophobic
nature of rubber, and the lower density of rubber are significant criteria [14][22][129].
However, the variation in RuC does not provide a pattern with respect to previous
studies. In addition, the study has developed a modified concrete mix incorporating a
nano material pretreatment, hence the study requires investigating the durability
properties. As a result of that, the study has focused to conduct the water penetration

and rapid chloride penetration test on RuC.

8.2 Experimental program

8.2.1 Materials

The exact same materials were used to cast the concrete samples to test the durability
properties. OPC cement of strength class 42.5 N/mm?, river sand as fine aggregate (0-
5 mm), mineral rocks as coarse aggregate (5-20 mm), and waste tire rubber aggregate
was used in proportion in two different sizes (0-5 mm and 5-10 mm) by replacing
aggregates. Silica fume and water-reducing admixture were included in the modified
mixture. Refer to Table 6.2 for the mix design used and for further details, refer to
Section 6.2.1.

8.2.2 Mixing and testing procedure
The rapid chloride ion penetration test was conducted by casting cylinders of 50 mm

thickness and 100 mm diameter. A total of 6 cylinders were cast under the specification
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provided by ASTM C 1202-12 [321]. The test was analyzed by monitoring the amount
of electrical current passed through cylindrical samples for 6 hours period. The

following steps were followed in conducting the experiment.

1. A total of 6 cylinders were cast by following the exact procedure referred to in
section 6.2.1.

2. Specimens were removed after 56 days of curing, blotted off excess water, and
transferred to a sealed container. The relative humidity was maintained at
greater than 95%.

3. A high-viscosity specimen-cell sealant was mounted hence, the specimen was
set onto the screen and applied sealant around the specimen-cell boundary.

4. The exposed surface was covered by plastic sheeting to restrict moisture
movement.

5. Specimen mounting was taken place by keeping 100 mm outside diameter by
75 mm inside diameter by 6 mm thick circular vulcanized rubber gasket in each
half of the test cell.

6. The top surface containing the negative terminal was filled with 3 % NaCl
solution while the positive terminal was filled with 0.3 N NaOH solution.

7. The posts of the apparatus were attached by lead wires and electrical
connections were given to the voltage application and data readout apparatus.
The power supply was set at 60.0 = 0.1 V and the initial current reading was
recorded.

8. A reading was recorded every 30 minutes for 6 hours. Each half of the test cell
was maintained at fill with the appropriate solution for the entire period of the

test.
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Figure 8.1. Specimen preparation and setting the specimen in the apparatus for rapid
chloride penetration test

The depth of water penetration was measured under pressure in hardened concrete
which has been water cured by the water penetration test. The test has been conducted
with the code BS EN 12390-8 [322]. 6 cubes of 150 mm dimensions were cast with

reference to the 03 series. The following steps were followed in the experiment.

1. Immediately after the specimen was de-molded, the surface exposed to water
pressure was roughened with the use of a wire brush.

2. The specimen was placed in the apparatus and applied water pressure of (500
* 50) kPa for 72 hours.

3. The specimen was removed from the apparatus after 28 days old. The excess
water was wiped off and a specimen was spilled to half, perpendicularly to the
face on which the water pressure was applied.

4. After the splitting surface was dried where the water penetration front can be
seen, the depth of water penetration was marked. Hence, the maximum depth

of penetration under the test area was recorded to the nearest millimeter.
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Figure 8.2. Conducting the water penetration test

8.3  Results and discussion
8.3.1 Water penetration test
The water penetration measurements are crucial in the research project, of the
incorporation of waste tire rubber aggregates in the concrete mix design. Further, it is
essential to investigate, as the water absorption of rubber aggregate is significantly

high. Figure 8.3 represents the marked area of water penetration of three samples.

Water penetration mark

Figure 8.3. Water penetration test results (a) S1 (b) S2 (c) S3-3

As expected, the water penetration of RuC is high compared to the control sample. The
peak penetrated depth, represented in Figure 8.3, resulted in 78 mm (average) in the
S2 series, whereas the control sample (s1) resulted in a penetration depth of 31 mm.
In addition, the series S3-3 observed the highest penetration depth of 106 mm.
Comparing the non-treated and treated samples, the incorporation of GO results in
more penetration, a 35% increment. This can be due to the result of more water

absorption created with GO precipitation, a high percentage of pores, poor compaction
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of concrete matrix, and higher water absorption of waste rubber and not been

investigated thus far.
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Figure 8.4. Water penetration results of samples

As a result of higher penetration, the application of RuC in structural elements must
be investigated. Further, micro-level concrete matrix investigation is required for

better understanding.

8.3.2 The rapid chloride penetration test

It is essential to identify the ability to resist chloride penetration in concrete,
specifically in reinforced concrete. In addition, the requirement of assessing the
chloride ingress is critical since the replacement was done to the concrete matrix. Table

8.1 represents the electric charge passed through each sample in 6 hours.

Table 8.1. The electric charge passed through sample specimens

S1 S2 S3-3
Channel | Charge (C) | Average Charge | Average Charge | Average
©) (©)
CHI1 615 560 838 629 604 559
CH2 517 532 609
CH3 550 518 464
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Figure 8.5 represents the variation of electric current (mA) with time in the control
sample. The average of three channels results in only 560 coulombs, whereas chloride
penetration results in very low classification (100 — 1000 coulombs) according to

ASTM C1202. Hence, the control sample exhibits the anticipated result.

35
30 -—‘Akl—h”-’.“~“‘
25
<
£ 20 ]
-
[
&) .
:515i
=}
© ]
10 3
5 7
o ]
O N < OV O AN VDO AN VWO NS VWO NS VOO AN O 0 O
"N N <O N OO AN M WM OO A NS W!MONOOWMOHdANMS O
™ A A A AN AN AN AN AN AN AN AN O OO N oM
Time (min)
— CH 1 CH?2 CH3

Figure 8.5. RCPT results of the S1 sample

RCPT results of the S2 series are represented in Figure 8.6 and show the highest of
629 coulombs out of the three samples. Hence, incorporating rubber has increased
chloride penetration. However, according to ASTM C1202, sample classification is in
the region of very low and acceptable for a concrete application. Significantly high
chloride penetration resulted in channel 1 compared to the other two channels. This
crucial variation can be a reason for CR floating on the concrete matrix, since channel
1 refers to the top of the specimen, the lower specific gravity of CR causes higher

chloride penetration compared to mineral aggregates.
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Figure 8.6. RCPT results of the S2 sample

The treated GO rubber incorporated sample shows the lowest out of the three series,
an average of 559 coulombs. The treatment of GO has diminished the chloride ion
penetration, but further investigations are required. Mostly, the improvement in
packing density with GO diminishes the chloride penetration. In addition, an 11.12 %
reduction occurred in S3-3 compared to the S2 series. The contrast shown in the top
channel of the S2 sample has vanished in the S3-3 sample, even though S3-3 has
incorporated rubber. The difference can be explained by the GO treatment, hence the
improvement in rubber-cement bonding diminishes the floatation of rubber in

preparation for GO-treated RuC.

113



35 -
30 1 WP T
h e -"~‘Wv"’-""w N
] iy LR
ZS:M
< ]
£ 20 7
- ]
S ]
S 15 S
=] ]
Q 1
10 -
5 1
o 1
A NO M VW OOANWNOO A TN OMOAONLLO AdASTNOMm OO N
AN D ONOOD O I NN OO AN N ONOWO AN M Wn
™ A A AN AN AN AN AN AN AN OO N
Time (min)
e—CH 1 CH 2 CH3

Figure 8.7. RCPT results of the S3-3 sample

84  Summary

Investigation of the durability properties of waste tire rubber-incorporated concrete is
crucial. Importantly, the replacement of the waste product or a novel constituent to
concrete matrix could create sever durability issues. Hence, this chapter investigates
the durability properties of developed concrete matrices in selected experiments. With

reference to the investigations, the following conclusions were made.

e A significant increase in water penetration resulted from rubber incorporation.
The high percentage of water absorption of CR, and the poorly packed nature
of RuC are the major reasoning for high water penetration.

e GO treatment to rubber increases water absorption compared to non-treated
rubber-only concrete. Hence, 35 % of water penetration has resulted in the S3-
3 sample over S2. However, the micro-level material investigation is critical
and essential.

e All three samples show chloride ion penetration in a very low classification
range under the ASTM C1202. Hence, the RuC application is feasible.

e Pretreatment of CR with GO reduces the chloride ion penetration and is
identified to be the lowest of the three series. This can be a result of improved
packing density with GO treatment.

e Non-treated rubber floats on the top surface due to low specific gravity, hence,

creating higher chloride penetration with respect to bottom channels. However,
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further investigations are required to clarify the specific material changing and

its distribution.

CHAPTER 9 CONCLUSION AND RECOMMENDATION

The objective of this research project is to develop an optimized waste tire rubber
incorporated concrete mix design with enhanced mechanical properties. The bonding
behavior of rubber and cement matrix was investigated, and GO was used as a
pretreatment method to enhance the material bonding. In addition, the short- and long-

term mechanical and durability properties were examined.

9.1 Conclusions
The following conclusions were made from the detailed research program in

developing an optimized rubber-incorporated concrete mix design.

e The water absorption of CR is significantly high compared to natural minerals
aggregates and the finer particles enhance the water absorption further, as the
surface area increases.

e The density of RuC is comparatively less as a result of the low specific gravity
possessed by CR, but the non-homogenous rubber replacement improves the
specimen density compared to homogenous specimens.

e The inclusion of rubber decreases the compressive strength of concrete. But
the non-homogenous rubber replacement was identified to be the prominent
replacement with a 10.5 % strength increment over homogenous rubber. This
could be a result of improved packing density in the concrete matrix.

e (GO possesses exquisite mechanical properties and enhanced dispersibility. The
oxidative functionalities found in GO create easy absorption of free radicals of
water and the peculiar layer structure also effect immensely in modifying
cement-based material.

e Graphene oxide produces strong adhesion between polymer membranes due to
the high Van der Waals forces, hence can be used as a pretreatment method for
crumb rubber to improve the mechanical strength of RuC.

e The alkaline nature of rubber diminishes the acidic nature of GO and
neutralizes the rubber mix GO solution. A minimum of two-hour pretreatment

is required as the pH value of the mixture settles after 120 minutes.
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Graphene oxide creates no structural changes to crumb rubber, unlike other
acidic treatments. Further, GO pretreatment deposits GO around CR and
enriches the density of deposition of GO results with the increment of using
higher GO concentrations.

The loss of dry density in RuC can be enhanced with GO pretreatment. Hence,
precipitated GO results as fillers in the concrete matrix to improve the dry
density.

The air-dried pretreated crumb rubber is the most efficient and effective
method of pretreatment, as a concrete matrix with air-dried graphene oxide-
treated crumb rubber resulting only a 9.42% strength reduction with respect to
the control mixture. In addition, a significant strength enhancement of 88.18%
was obtained over non-treated crumb rubber concrete.

The compressive strength increases with a high concentration of graphene
oxide, but a graphene oxide concentration of 2 g/l was identified to be optimum
as exceeding the optimum concentration reduces the compressive strength as a
result of the agglomeration of GO. Hence, excellent dispersion and the
appropriate amount of graphene oxide are crucial for the enhancement of
concrete strength.

A clear separation between CR and cement matrix was observed in non-treated
RuC samples as it shows poor strength compared to GO-treated RuC. GO
precipitation around CR enhances the bonding of CR and the cement matrix
and reduces the ITZ.

The inclusion of rubber aggregate increases the water penetration significantly,
Hence the durability of RuC in the structural application is a real concern. The
GO results in higher absorption and thereby enhances the water penetration by
35% compared to non-treated RuC.

The water absorption of CR, as well as the GO with respect to a mineral
aggregate increase the water penetration significantly. Hence, further research
studies require to identify the mitigation of water absorption.

All three samples show chloride ion penetration in a very low classification
range under the ASTM C1202. However, pretreatment of CR with GO reduces
the chloride ion penetration and is identified to be the lowest of the three series.

This can be a result of improved packing density with GO treatment.

116



9.2  Recommendations
The scarcity of natural aggregates and the rapid expansion of construction has created

the requirement of finding environmentally friendly aggregates. Waste tire rubber is
one such prominent candidate to replace mineral aggregate with enhanced concrete
properties. Hence, investigating rubber-incorporated concrete matrices is
recommended. However, the poor mechanical properties hinder the application of
RuC, where the novel concrete mix should be developed. In addition, the major
reasoning for poor bonding behavior between rubber and cement paste should be

addressed.

The incorporation of nanomaterial into the concrete matrix was identified to improve
the mechanical properties of concrete. Hence the pretreatment with GO is
recommended as a result of the enhanced mechanical strength. However, it is
recommended to identify the optimum GO concentration, or else the concrete strength

reduced drastically.

Even though GO pretreatment increases the mechanical strength, the application of
RuC in reinforced structures should be investigated further. The diminished durability
properties were identified to be the main reasoning, specifically the significant
enhancement in water penetration. Hence, further research studies are essential on the
durability properties of GO-treated RuC. In addition, micro-level material behavior
investigations are recommended, which identify the chemical and physical changes of

concrete constituents.

With new investigations and overcoming the limitations, rubber-incorporated
modified concrete mix is an appropriate candidate for structural application with the

necessary investigation and identifying the required limitations.
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APPENDICES

Appendix A — IC test results
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Appendix B — FTIR test results
Sample 01 — As received rubber aggregate.
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Sample 02 — Pretreated rubber samples with GO 0.5 g/1
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Sample 03 - Pretreated rubber samples with GO 1 g/l
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Sample 04 - Pretreated rubber samples with GO 2 g/l
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Sample 05 - Pretreated rubber samples with GO 3 g/1
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Sample 06 - Pretreated rubber samples with Acetic acid (5%)
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Appendix C — Rapid chloride ion penetration test

Project description — Research project — Venuka — UOM
Name: i2i con 661 56d

Date: 2023/02/21 - 10:25:06 AM

Test Method: ASTM C1202

Operator: Mr. Indika

Sample ID: 121 CON 661 01, 02, 03

S1 S2 S3-3
Channels Channels Channels
1 2 3 1 2 3 1 2 3
Ro Relativ | Curre Curre Curre Curre Curre Curre Curre Curre Curre
w eTime | nt nt nt nt nt nt nt nt nt
ID (min) (mA) (mA) (mA) (mA) (mA) (mA) (mA) (mA) (mA)
1 0 22.2 16.9 29.2 27.6 9.4 24.4 25.2 24.9 22.5
2 1 254 21.7 27.6 35.9 23.6 23.1 25 26.9 20.8
3 2 25.5 21.9 27 35.7 23.6 22.8 25 27.9 20.5
4 3 25.5 21.9 26.5 35.6 23.5 224 24.9 27.7 20.3
5 4 25.4 22 26 35.8 23 22.2 24.9 27.6 20
6 5 25.5 22.4 25.4 35.7 23.4 21.8 25.1 27.8 19.7
7 6 25.7 22.1 25 36.3 235 21.7 253 27.4 19.6
8 7 25.8 22.1 24.4 36 23.6 215 253 27.5 19.4
9 8 25.8 22.1 24 36.2 23.7 215 25.3 27.7 19.2
10 9 25.9 22.2 23.6 36.1 23.6 21.3 254 28.4 19
11 10 25.9 22.2 23.1 36 24 21.2 254 27.4 18.9
12 11 25.9 22.2 22.8 36.4 24 21 254 27.9 18.8
13 12 25.9 22.3 22.3 36.2 24.1 20.8 254 27.9 18.7
14 13 26 22.2 22.2 36.3 23.9 20.7 25.5 28.3 18.6
15 14 26.1 22.3 21.8 36.5 24 20.5 25.5 27.9 18.5
16 15 26.1 22.3 21.5 36.5 23.9 20.5 254 27.4 18.3
17 16 26.1 22.4 21.4 36.5 23.7 20.5 25.5 28 18.2
18 17 26 22.4 21.2 36.2 24.1 20.6 25.5 28.2 18.2
19 18 26 22.5 21.1 36.5 24.2 20.3 25.5 29 18.1
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21 20 26.1 22.5 20.7 36.5 24 20.1 25.5 28.8 18.1
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23 22 26.2 22.8 20.2 36.6 24.2 19.7 25.6 29 17.9
24 23 26.3 22.8 20.2 36.1 24.2 19.6 25.6 29.2 17.9
25 24 26.2 22.6 20 36.5 24.2 19.5 25.6 29.1 17.8
26 25 26.2 22.6 19.7 36.5 24 19.5 25.6 29.1 17.8
27 26 26.2 22.8 19.7 36.5 241 19.5 25.6 29 17.8
28 27 26.3 22.7 19.5 36.6 241 19.4 25.6 28.5 17.8
29 28 26.4 22.7 19.4 36.6 24.2 19.4 25.7 28.8 17.9
30 29 26.2 22.7 19.2 36.8 24.2 19.3 25.7 29.1 17.8
31 30 26.2 23 19.1 36.6 24.3 19.3 25.7 29.2 17.8
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32 31 26.5 22.5 19.1 36.5 24.3 19.4 25.7 29.2 17.9
33 32 26.3 22.7 19 36.8 24.4 194 25.8 29.2 17.8
34 33 26.4 22.8 19.1 36.4 24.3 19.3 25.8 29.1 17.9
35 34 26.3 22.5 19.2 36.5 24.3 194 25.7 29.1 18.2
36 35 26.5 23 19.1 36.5 24.2 19.4 24.5 29.2 18.1
37 36 26.5 22.9 19 36.9 24.4 19.4 25 29.1 18.1
38 37 26.5 22.7 19.2 36.5 24.4 19.4 254 29.2 18.3
39 38 26.6 22.7 19.2 36.2 24.5 19.6 25.3 29.2 18.3
40 39 26.6 22.3 19.2 37.1 24.6 19.6 25.8 29.1 18.7
41 40 26.6 22.5 19.2 37 24.7 19.8 25.7 29 18.8
42 41 26.5 22.6 19.2 37.1 24.6 19.8 25.3 29 18.9
43 42 26.5 22.7 19.1 37.1 24.8 20 25.7 28.6 18.8
44 43 26.6 23.1 19.1 37.1 24.7 20.2 25.6 28.6 18.9
45 44 26.6 22.8 19.2 37.1 24.8 20.2 25.9 28.3 19.1
46 45 26.7 22.8 19.3 37.1 24.7 20.2 25.9 28.6 19.3
47 46 26.7 22.8 19.3 37.1 24.7 20.1 25.9 28.4 19.7
48 47 26.7 22.6 19.4 36.5 24.8 204 25.7 28.2 19.7
49 48 26.7 22.7 19.5 36.5 24.8 20.3 25.9 27.9 19.6
50 49 26.7 22.6 19.5 36.5 24.8 20.3 25.8 28.3 19.8
51 50 26.8 22.7 19.7 36.6 24.7 20.3 25.8 27.8 20
52 51 26.8 22.7 19.6 36.5 24.2 20.5 25.9 27.4 19.9
53 52 26.8 22.7 19.6 36.5 24.1 20.3 26 27.9 20
54 53 26.8 22.8 19.5 36.9 24.3 20.5 26.1 27.8 20.2
55 54 26.8 22.8 19.4 36.8 24 20.5 25.8 27.5 20.2
56 55 26.8 22.8 19.6 36.8 23.8 20.8 25.9 27.7 20.3
57 56 26.9 22.7 19.6 36.7 24 20.8 25.9 27.5 20.1
58 57 26.9 22.8 19.6 36.9 24.1 20.9 26 28.9 20.2
59 58 26.9 22.7 19.7 36.9 23.8 21 26.1 28.8 20.2
60 59 26.9 22.7 19.7 37 23.4 21 26.1 29 20.1
61 60 26.9 22.7 19.6 36.9 23 21 26 28.8 20
62 61 26.9 22.7 19.7 37 234 21.1 26 26.9 19.8
63 62 27 22.7 19.6 36.9 23.7 21.3 26 28.4 19.8
64 63 27 22.6 19.6 37 24.3 21.5 26.2 27.9 19.6
65 64 27 22.6 19.7 37 244 214 26.4 27.7 19.4
66 65 26.9 22.6 19.6 37.2 23.7 21.3 26.4 27.4 19.3
67 66 27 22.5 19.5 37.1 23.9 21.4 26.4 27.2 19.3
68 67 27 23 19.6 37.1 22.9 215 26.1 27.9 19.4
69 68 27.1 23 19.5 37.1 24.1 215 26.5 27.7 19.2
70 69 27.1 23 19.5 37.2 24.2 21.6 26.4 27.1 19.1
71 70 27.1 22.3 19.4 37.2 23.8 215 26.3 27.5 19
72 71 27.1 22.5 19.5 37.2 23.2 215 26.3 27.6 19.2
73 72 27.1 22.3 19.4 37.2 23.4 21.6 26.3 27.3 19.4
74 73 27.2 22.2 19.5 37.2 23.2 21.8 26.3 27.2 19.2
75 74 27.2 22.4 19.5 37.2 23.1 21.6 26.3 27.1 19.1
76 75 27.2 22.5 19.4 37.3 23.6 21.7 26.5 27.6 19
77 76 27.2 22.4 25.1 37.2 24 21.2 26.5 27.2 19.1

160




78 77 27.1 22.3 23.3 37.6 22.9 21.2 26.5 27.5 18.9
79 78 27.2 21.9 21.6 37.3 22.4 21.2 26.4 27.4 19.1
80 79 27.2 22.2 21.2 37.2 23 21.3 26.6 27.1 19
81 80 27.3 21.9 20.5 37.3 22.9 21.3 26.5 27.4 19
82 81 27.2 22.3 20.6 37.8 23.3 21.4 26.5 27.4 19.2
83 82 27.2 21.7 20.8 37.8 23.4 21.3 26.6 27.9 19.4
84 83 27.3 22.1 20.4 37.7 22.8 21.4 26.6 27.7 19.4
85 84 27.4 21.8 20.3 37.7 23.5 21.4 26.6 27.6 19.7
86 85 27.3 21.6 20.2 37.6 23.6 21.4 26.6 26.7 19.7
87 86 27.4 21.7 20.2 37.7 23.4 21.6 26.7 28.5 19.6
88 87 27.5 22.1 20.2 37.7 23.1 21.6 26.7 28.7 19.8
89 88 27.4 21.6 20.3 37.8 23.1 21.5 26.7 28.6 19.8
90 89 27.5 22 20.3 37.8 23.8 21.9 26.7 27 19.8
91 90 27.5 21.4 204 37.8 23.9 21.8 26.7 26.7 19.9
92 91 27.4 21.9 204 37.7 24 21.8 26.7 26.2 19.8
93 92 27.5 21.9 204 37.9 23.9 21.8 26.7 27.5 20
94 93 27.5 22.1 20.5 37.8 23.1 21.9 26.8 27.8 20
95 94 27.5 21.6 20.5 37.3 23.9 22.1 26.8 27.9 20
96 95 27.5 21.5 20.4 37.6 24.1 22.3 26.7 28.5 20.1
97 96 27.6 21.6 20.5 37.2 24.3 22.5 26.8 28.9 20.1
98 97 27.6 21.8 20.5 37.5 23 22.5 26.8 29.8 20.3
99 98 27.6 21.8 20.6 37.5 23.6 22.6 26.7 28.4 20.1
100 99 27.6 21.8 20.5 37.8 23.4 22.8 26.8 28.4 20.1
101 100 27.6 21.9 20.5 37.9 23.2 23.1 26.8 28.9 20.2
102 101 27.6 21.9 20.6 37.7 24.1 23 26.8 27.8 20.2
103 102 27.7 22.1 20.7 37.8 24.1 23.1 26.9 27.7 20.3
104 103 27.7 21.3 20.8 37.9 23.5 23 26.8 28 20.3
105 104 27.7 21.2 20.8 38 23.7 23 26.9 27.6 20.3
106 105 27.7 22.7 20.9 37.8 24.1 23 26.9 27 204
107 106 27.8 22.8 20.9 37.9 24.2 23.1 26.9 28 20.3
108 107 27.8 22.7 21.1 37.7 23.7 23.5 26.9 26.9 20.4
109 108 27.7 22.4 21.1 37.8 24.2 23.4 26.9 27.7 20.5
110 109 27.8 23.1 21.1 38 244 23.2 26.9 27.3 20.5
111 110 27.9 22.7 21.2 37.9 24.5 23.2 26.2 27.2 20.5
112 111 27.8 22.7 21.3 38.2 24.5 23.2 27 28.1 20.5
113 112 27.8 23.7 215 38.2 23.3 23.1 27 28.1 20.6
114 113 27.9 23.6 215 38.2 23.6 23.1 27.1 27.9 20.7
115 114 27.8 23 215 38.2 22.9 23.1 27.3 27.3 20.5
116 115 28 23.5 21.6 38.2 23.1 23 27.3 27.4 20.5
117 116 28 24 21.6 38.3 23.3 23.1 27.3 28.4 20.5
118 117 28 24.1 21.7 38.3 23.4 23.1 27.3 26.3 20.5
119 118 28 24.2 21.7 38.3 23 23.1 27 27.2 20.7
120 119 28.1 24.1 21.7 38.3 23.4 23 27 27.3 20.5
121 120 28 24.2 21.8 38.3 23.6 23.2 27.2 27.9 20.4
122 121 28 24.1 21.7 38.3 23.5 23.2 27.4 27.7 20.4
123 122 28 24.2 21.8 38.4 23.5 23.2 27.2 27 20.5
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124 123 28 24.2 21.8 38.4 22.4 23.3 27 26.6 20.4
125 124 28.1 24.2 21.9 38.4 23 23.1 27.3 27.7 20.3
126 125 28.1 24.1 21.9 38.4 23.1 23.1 27.1 26.7 20.2
127 126 28 24.2 21.9 38.4 23.4 23.1 27.5 26.7 20.1
128 127 28 24.2 21.9 38.5 23.8 23.1 27.4 26.4 20
129 128 28.1 23.7 21.9 38.5 23.9 23.2 27.5 27.9 20
130 129 28.1 24.2 22 38.5 24.3 23.3 27.6 28.4 20
131 130 28.1 24.2 22.1 38.5 24.2 23.2 27.1 27.9 19.9
132 131 28.1 24.2 22.1 38.5 24 23.2 27.3 28.8 20
133 132 28.2 24.2 22.1 38.5 24.5 23.3 27.6 27.7 20.1
134 133 28.2 24.3 22.2 38.6 24.6 23.3 27.3 28.1 20.1
135 134 28.2 24.3 22.2 38.6 24.6 23.2 27.1 28.8 20.1
136 135 28.2 24.4 22.4 38.6 24.3 23.3 27.6 28.4 20.2
137 136 28.2 24.4 22.3 38.6 24.4 23.2 27.4 27.9 20.2
138 137 28.3 24.4 26.1 38.6 24.4 23.3 27.5 28.8 20.3
139 138 28.3 24.4 25.3 38.7 24.3 23.4 27.6 27.6 20.3
140 139 28.3 24.4 23.5 38.6 24.4 23.3 27.5 28.2 20.3
141 140 28.3 24.4 23.3 38.6 24.1 23.3 27.6 28.7 20.3
142 141 28.3 24.4 27.3 38.6 24.2 23.3 27.7 27.9 20.3
143 142 28.3 24.3 25.6 38.6 24.4 23.4 27.6 27.8 20.4
144 143 28.3 24.3 25 38.7 24.6 23.4 27.6 28.2 20.3
145 144 28.3 24.3 24.6 38.5 24.6 23.3 27.8 28.3 20.4
146 145 28.4 24.4 24.4 38.4 24.5 23.4 27.9 28.6 20.4
147 146 28.4 24.4 24 38.5 24.6 23.3 27.9 27.9 20.5
148 147 28.4 24.5 23.8 38.8 24.3 23.3 27.9 29.4 20.6
149 148 28.5 24.5 23.8 38.6 24.1 23.3 27.6 28.8 20.6
150 149 28.5 24.3 24 38.7 24 23.2 27.8 29.1 20.7
151 150 28.5 24.2 24 38.6 23.8 23.3 27.9 29.1 20.8
152 151 28.4 24.4 23.9 38.7 24.2 23.2 27.8 28.7 20.7
153 152 28.4 24.3 24.6 38.7 24.1 23.1 27.6 28.9 20.7
154 153 28.5 24.4 27.1 38.5 24.1 23.2 27.6 27.7 20.8
155 154 28.5 24.2 25.8 38.4 23.8 23 28 27.7 20.8
156 155 28.4 24 25.6 39 24.1 23.1 27.5 28.4 20.8
157 156 28.5 23.9 25.3 38.9 244 23.1 27.4 28.4 20.8
158 157 28.6 24 24.8 38.8 24.8 23.2 27.6 26.6 20.9
159 158 28.6 23.9 24.5 38.8 24.8 23.3 27.4 28.7 20.9
160 159 28.5 24.1 24.4 38.7 24.7 23.3 28.1 28.9 20.9
161 160 28.6 24.4 25.2 38.8 24.7 23.4 28.1 25.7 21
162 161 28.6 23.7 25.3 38.6 24.7 23.4 28.2 28.3 20.9
163 162 28.6 24 25.2 38.9 24.7 23.5 28.2 28.2 21
164 163 28.6 24.7 25.2 38.9 24.6 23.5 28.2 28.9 21
165 164 28.6 24.4 24.9 38.8 24.8 23.5 28.2 25.5 21.1
166 165 28.7 23.8 24.9 39 24.8 23.7 28.2 26.5 21.1
167 166 28.7 24.1 24.8 38.7 24.7 23.8 28.3 27.6 21.1
168 167 28.7 24 25.4 38.7 24.5 23.8 28.3 28.2 21.2
169 168 28.7 24.2 27 39.1 24.6 23.8 28.3 27.7 21.2
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170 169 28.7 24.3 26.2 38.7 24.7 23.6 28.3 26.8 21.2
171 170 28.7 24.6 25.7 39.1 24.7 23.6 28.3 28.5 21.3
172 171 28.7 24.6 25.5 38.9 24.8 23.7 28.3 28.4 21.3
173 172 28.7 24.7 25.3 38.9 24.7 23.7 28.2 28.1 21.3
174 173 28.7 24.7 25.1 39 25.1 23.8 28.3 27.2 21.3
175 174 28.7 24.6 25 39.1 25.2 24 28.3 27.1 21.4
176 175 28.7 24.1 25 39 25.1 24 28.3 26.8 21.4
177 176 28.8 24.1 27.1 39.1 25.2 24 28.4 26.5 21.4
178 177 28.8 23.9 26.2 39.1 25.1 24 28.4 29.7 21.6
179 178 28.8 24.4 26 39.1 24.9 24.1 28.3 26.5 21.7
180 179 28.8 24.6 25.8 39.2 24.6 24 28.3 27.6 21.7
181 180 28.8 24.1 25.7 39.2 24.7 24.1 28.3 27.6 21.8
182 181 28.9 23.7 25.6 39.1 24.4 24.2 28.3 27.4 21.8
183 182 28.9 23.7 25.7 39 24.5 24.3 28.4 29.3 21.9
184 183 28.9 23.8 25.7 39.1 25.2 24.4 28.4 29.4 22
185 184 28.9 23.8 25.6 38.9 25.3 24.4 28.4 29.6 21.9
186 185 28.9 24 25.6 39.2 25.2 24.5 28.4 29 21.8
187 186 29 24 25.7 39.1 25.3 24.5 28.4 29.3 21.8
188 187 28.9 24.4 25.5 39.3 25.2 24.4 28.5 28.4 21.8
189 188 28.9 24.2 25.3 39.3 254 24.3 28.5 28.3 21.9
190 189 29 24.1 25.3 39.3 25.4 24.4 28.4 27.8 21.8
191 190 29 24 25.3 39.4 25.4 24.6 28.5 27.7 22
192 191 29 24.2 25.3 39.4 25.4 24.7 28.5 28.2 21.9
193 192 28.9 24.1 25.2 39.5 25.5 24.6 28.5 27.8 22.1
194 193 29 23.9 26.9 394 254 24.8 28.5 28.4 22.1
195 194 29 24.2 26.5 39.5 254 24.9 28.6 28.1 22.1
196 195 29 24.2 26.5 39.5 254 24.9 28.5 27.7 22.3
197 196 29.1 24.2 26.4 39.5 25.5 24.9 28.5 27.9 22.3
198 197 29 24.2 26.4 39.5 25.5 24.8 28.2 27.3 22.3
199 198 29 24 26.3 39.5 254 24.8 28.1 28 22.4
200 199 29 24.2 26.3 39.6 254 24.8 28.1 27.9 22.3
201 200 29.1 23.3 26.5 39.6 25.3 24.8 28.6 27.7 22.3
202 201 29.1 23.6 26.7 39.5 25.2 24.9 28.5 27.8 22.2
203 202 29.1 23.6 26.7 39.6 25 24.8 28.4 27.9 22.3
204 203 29.2 23.2 26.8 39.6 24.9 24.9 28.6 27.7 22.4
205 204 29.1 23.6 26.7 39.6 25.2 25 28.6 27.3 22.4
206 205 29.2 23.5 26.9 39.6 24.6 25.1 28.5 27.8 22.6
207 206 29.2 23 26.7 39.7 24.5 25.1 28.6 27.1 22.5
208 207 29.2 22.9 26.7 39.7 24.7 25.1 28.6 27.1 22.6
209 208 29.2 24.3 26.8 39.5 24.8 25.1 28.8 29.6 22.6
210 209 29.2 24.6 28.6 39.5 24.8 25 28.8 29.7 22.5
211 210 29.2 24.7 27.8 39.5 24.8 25.1 28.8 29.1 22.6
212 211 29.3 24.2 27.6 39.3 24.9 25.1 28.8 28.2 22.7
213 212 29.3 24.3 27.3 39.2 24.9 25 28.9 29 22.7
214 213 29.2 24.3 27.1 39.7 25.2 25 28.9 27.4 22.7
215 214 29.2 24.2 27.3 39.6 25.2 25.1 28.9 27.5 22.8
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216 215 29.2 24.2 27.3 39.7 25.2 25.1 28.9 28.7 22.8
217 216 29.3 24.4 27.5 39.7 25.2 25.1 28.9 27 22.8
218 217 29.3 24.2 27.7 39.8 25.4 25.2 28.9 28.6 22.8
219 218 29.3 24.3 27.6 39.7 25.3 25.1 28.9 28 22.8
220 219 29.4 24.4 27.8 39.7 25.1 25.1 29 28.5 22.8
221 220 29.3 24.6 27.7 39.7 25.3 25.1 29 27.7 22.8
222 221 29.3 24.4 27.9 39.8 25.2 25.1 28.9 27.8 22.8
223 222 29.3 24.4 27.9 39.7 254 25 28.9 28.6 22.8
224 223 29.4 24.4 27.9 39.8 25.6 25.1 28.9 25.5 22.6
225 224 29.4 24.4 28.1 39.6 25.5 25.1 28.9 26.1 22.8
226 225 29.3 24.4 28.1 39.8 254 25.1 28.9 27 22.7
227 226 29.4 24.2 28.1 39.9 25.3 25.1 28.9 26.6 22.7
228 227 29.5 24.1 27.8 39.8 25.4 25.2 28.9 26.2 22.7
229 228 29.5 24.8 27.4 39.7 25.3 25 28.4 27.3 22.7
230 229 29.4 24.7 27.3 39.8 254 25.1 28.4 26.4 22.6
231 230 29.4 24.8 28.4 39.8 254 25.1 28.3 26.5 22.6
232 231 29.5 24.8 28 39.7 25.5 25.1 29.1 28.9 22.7
233 232 29.5 24.6 28.3 39.8 25.5 25.2 28.9 29.2 22.6
234 233 29.5 24.5 28.6 39.7 25.5 25.3 28.3 27 22.7
235 234 29.5 24.7 28.2 39.8 25.4 25.3 29 27.3 22.7
236 235 29.5 24.6 29 39.7 25.5 25.3 28.3 29 22.6
237 236 29.5 24.7 28.9 39.7 25.4 25.2 29 28 22.7
238 237 29.5 24.7 28.5 39.7 25.4 25.2 29.1 28.6 22.7
239 238 29.5 24.6 28.1 39.8 25.4 25.3 29.2 29.2 22.8
240 239 29.6 24.8 29.2 39.9 25.1 25.3 29.1 28.7 22.7
241 240 29.6 24.4 29 39.8 25.1 25.3 29.2 28.6 22.7
242 241 29.5 24.6 29.1 39.9 25.1 25.3 29.2 28.9 22.8
243 242 29.6 24.6 29.3 39.9 25.1 25.3 29.2 29 22.8
244 243 29.6 24.6 29.1 39.8 25.1 25.2 29.1 28.9 22.9
245 244 29.6 24.7 29.1 39.8 25.1 25.3 29.2 28.9 22.8
246 245 29.6 24.8 28.3 39.9 25.3 25.3 28.5 29.1 22.9
247 246 29.6 24.6 28.3 39.9 254 25.4 29.1 29 23
248 247 29.6 24.5 29.6 39.9 25.2 25.3 29.2 28.8 23.1
249 248 29.6 24.5 29.2 40 254 25.3 28.5 28.2 23.1
250 249 29.7 25 28.9 40 254 25.3 29.3 28.4 23.1
251 250 29.7 24.5 29.8 40 254 25.3 29.3 26.4 23.1
252 251 29.7 24.9 29.7 39.9 25.5 254 28.6 27.6 23.2
253 252 29.6 24.7 29.9 40.3 25.4 254 29.1 28.5 23.2
254 253 29.7 24.7 29.8 40.1 25.5 254 29.3 28.5 23.2
255 254 29.7 24.7 29.7 40.1 25.5 254 29.1 28.7 23.2
256 255 29.7 24.9 29.3 40.1 25.5 254 29.3 28.8 23.2
257 256 29.7 24.9 30.1 40 25.4 25.4 29.3 27.5 23.1
258 257 29.7 24.4 29.9 40.3 25.6 25.4 29.1 28.8 23.2
259 258 29.8 25.1 29.4 40.1 25.4 25.4 29.2 28.1 23.2
260 259 29.7 24.1 29.8 40.1 25.6 25.5 29.3 28.3 23.3
261 260 29.7 25 29.4 40 25.5 25.6 29.3 28.9 23.3
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262 261 29.7 24.9 30.3 39.9 25.6 25.5 28.6 29.1 23.3
263 262 29.8 24.9 30.4 39.9 25.6 25.6 29.1 27.3 23.3
264 263 29.8 24.9 30 40.1 25.6 25.7 29.4 27.7 23.2
265 264 29.8 24.9 29.5 39.9 25.6 25.6 29.3 27.3 23.3
266 265 29.8 24.9 29.8 40.1 25.6 25.6 29.1 28 23.4
267 266 29.8 23.6 29.8 40 25.5 25.6 29.3 28 23.4
268 267 29.8 24.6 29.3 40.1 25.1 25.7 29.4 27.6 23.3
269 268 29.8 24.2 30.2 39.9 25.1 25.8 29.2 27.5 23.4
270 269 29.9 24.3 29.5 39.8 25.6 25.9 29.4 28 23.2
271 270 29.9 24.5 29.6 40.1 25.6 26.1 29.2 27.1 23.3
272 271 29.8 24.4 29.4 40 25.8 26 29.4 28.3 23.4
273 272 29.8 25.5 30.1 40.5 25.7 26 29.5 27.4 23.4
274 273 29.8 25.5 29.5 40.4 25.7 26.1 29.4 28.3 23.6
275 274 29.9 25.5 29.7 40.6 25.6 26.2 29.5 28.4 23.4
276 275 29.9 25.6 30.1 40.6 25.5 26.2 29.4 26.7 23.5
277 276 29.9 25.6 29.7 40.4 25.6 26.1 29.6 27.9 23.5
278 277 29.9 25.6 29.4 40.5 25.6 26.2 29.5 27.3 23.4
279 278 29.9 25.6 30.5 40.5 25.8 26.2 294 27.8 23.5
280 279 29.9 25.5 30.5 40.5 25.8 26.3 294 27.9 23.5
281 280 29.9 25.6 30.6 40.4 25.8 26.5 294 28 23.5
282 281 29.9 25.6 30.5 40.3 25.7 26.4 28.9 28.6 23.5
283 282 29.9 25.6 30.4 40.6 25.8 26.4 28.8 27.8 23.5
284 283 29.9 25.6 30.6 40.2 25.6 26.5 29.7 28.1 23.7
285 284 29.9 25.6 30.5 40.2 25.7 26.6 29.8 28.2 23.6
286 285 30 25.6 30.6 40.1 25.5 26.6 29.8 28.2 23.5
287 286 30 24.3 30.6 40.9 25.5 26.5 29.8 29 23.6
288 287 30 24.3 30.4 40 25.7 26.5 29.9 28.6 23.5
289 288 30 25 30.5 40.5 25.5 26.6 29.8 27.3 23.6
290 289 30 24.3 30.3 40.6 25.5 26.7 29.8 28.9 23.5
291 290 30 24.9 30.5 40.5 25.6 26.7 29.8 28.6 23.6
292 291 30 24.3 30.4 40.4 25.6 26.7 29.8 30.2 23.5
293 292 30 25.3 30 40.6 25.2 26.7 29.9 29.8 23.4
294 293 30 24.7 30.7 40.6 25 26.7 29.8 28.8 23.6
295 294 30 25.3 30.5 40.3 24.6 26.7 294 29.6 23.4
296 295 30 25.5 30.4 40.5 24.7 26.7 29.9 29.6 23.4
297 296 30 25.2 30.4 40.4 25.2 26.7 29.8 28.3 23.4
298 297 30.1 25.2 30.3 40.4 25 26.8 29.9 29 23.4
299 298 30.1 22.3 29.8 40.7 24.8 26.8 29.8 28.8 23.4
300 299 30.1 25.5 30.9 40.6 25.3 26.6 29.8 29 23.5
301 300 30 24.4 30.7 40.2 25.5 26.7 29.8 28.8 23.5
302 301 30.1 24.6 30.5 40.5 25.4 26.7 29.8 29.2 23.5
303 302 30.2 24.8 30.1 40.4 25.4 26.7 29.7 29.1 23.5
304 303 30.1 21.6 29.8 40.7 25.5 26.7 29.8 29.7 23.5
305 304 30 24.7 30.6 40.6 25.5 26.8 29.7 29.7 23.5
306 305 30.1 24.6 30.6 40.7 25.5 26.9 29.6 29 23.6
307 306 30.1 24.5 30.5 40.5 25.5 27 29.7 29.3 23.5
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308 307 30.1 23.9 30.5 40.7 25.5 26.9 29.8 29.6 23.6
309 308 30.2 254 30.4 40.4 25.6 26.9 29.7 29.4 23.5
310 309 30.1 25.1 30.5 40.7 25.6 26.9 29 29.3 23.7
311 310 30.2 25.1 30.4 40.5 25.4 26.9 29.9 29.6 23.7
312 311 30.1 25.1 30.4 40.7 25.5 27 30 28.7 23.6
313 312 30.2 24.6 29.8 40.5 25.6 27.1 30.1 28.7 23.7
314 313 30.2 25.7 30.8 40.6 254 27 29.9 28.4 23.7
315 314 30.2 25.9 30.8 40.6 254 27 30 29.5 23.7
316 315 30.2 25.9 30.7 40.6 25.6 27 30.2 28.4 23.8
317 316 30.2 25.9 30.3 40.5 25.6 27.1 30.2 28.5 23.7
318 317 30.2 25.9 30.4 40.5 25.6 27.2 30.2 28.3 23.9
319 318 30.2 25.9 30.6 40.6 25.6 27 30.2 29.3 23.8
320 319 30.2 25.9 304 40.6 25.7 27.2 30.1 30.1 23.7
321 320 30.3 25.9 30 40.6 25.5 27.1 30.2 29 23.8
322 321 30.2 25.9 30.7 40.8 25.7 27.2 30.1 29.5 23.9
323 322 30.2 26 30.4 40.6 25.7 27.1 30.1 29.4 23.9
324 323 30.2 25.9 30.1 40.6 25.8 27 30 28.9 23.8
325 324 30.2 25.9 30.6 40.6 25.6 27 30 28.7 23.8
326 325 30.2 25.9 30.5 40.6 25.6 27 29.3 29.1 23.9
327 326 30.2 25.9 30.3 40.6 25.6 27.2 30.1 26.5 23.8
328 327 30.2 26 30 41 25.5 27.3 29.9 28.5 23.9
329 328 30.2 25.9 30.4 41.1 25.7 27.3 30.2 28.9 23.9
330 329 30.2 25.9 30.3 41 24.9 27.3 30.2 27 24
331 330 30.2 25.9 30.7 40.7 24.8 27.3 30.2 27.9 23.9
332 331 30.3 25.9 30.6 40.9 25.1 27.3 30.2 30.9 24
333 332 30.7 26 30.5 40.9 254 27.4 30.3 30.4 24
334 333 30.2 25.9 30.4 41.1 25.7 27.4 30.3 30.5 24
335 334 30.2 25.9 30.1 41.1 25.7 27.4 30.3 30 24.1
336 335 30.3 25.9 30.5 41.1 26 27.4 30.3 30.2 24.1
337 336 30.3 25.9 30.2 41 25.9 27.5 30.3 294 24.3
338 337 30.2 25.9 30.8 41 25.8 27.5 30.1 30.4 24.2
339 338 30.3 25.9 30.6 41 25.9 27.6 29.5 31.3 24.2
340 339 30.3 25.9 30.3 41 26 27.6 29.6 30.8 24.3
341 340 30.3 25.9 30.7 40.7 25.9 27.6 30.1 30.1 24.3
342 341 30.4 25.9 30.4 40.6 26.1 27.6 30.1 30.4 24.3
343 342 30.3 25.9 30.8 41 26.1 27.6 30 31.1 24.3
344 343 30.4 25.9 30.6 40.8 26.2 27.7 30.1 313 24.4
345 344 30.3 26 30.4 40.9 26.2 27.6 30.1 28 24.5
346 345 30.3 25.9 30.6 40.5 26.1 27.7 29.9 31.6 24.4
347 346 30.3 26 30.2 41.1 26 27.8 30.1 29.9 24.4
348 347 30.4 26 30.8 41 25.9 27.6 30 30 24.5
349 348 30.4 26 30.3 40.8 25.9 27.7 29.9 30.6 24.4
350 349 30.3 26 30.2 41 26 27.7 30.4 29.6 24.5
351 350 30.3 26 30.5 41.2 25.6 27.7 30.3 29.3 24.5
352 351 30.4 26 30.4 40.9 26 27.6 29.9 30.3 24.4
353 352 30.4 26 30.6 40.8 25.6 27.7 30.1 29.1 24.4
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354 353 30.4 26 30.5 41 25.5 27.7 30.4 29.8 24.5
355 354 30.4 26 30.2 41.3 25.9 27.8 30.3 28.6 24.5
356 355 30.5 26 30.8 41.3 25.4 27.6 30.3 29.3 24.5
357 356 30.4 26.1 30.5 41.3 25.9 27.6 30.3 29.5 24.5
358 357 30.4 26 30.6 41.1 25.6 27.7 30.3 29.5 24.6
359 358 30.5 26 30.6 41.2 26.2 27.8 30.3 28.1 24.5
360 359 30.4 26.1 30.3 41.2 26.2 27.7 30.4 28.5 24.5
361 360 30.5 26 30.1 41.2 26.2 27.8 30.3 29.6 24.5
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Appendix D — Product test report — graphene oxide dispersion

PRODUCT TEST REPORT

Graphene Oxide Dispersion (GO Disp.)

CGT_GO_102

Name of the Client : University of Moratuwa

Ordered Quantity : 1 L fromeach0.5¢g/L, 1 g/L, 2 g/L, 3 g/L dispersions
Batch Number : CGT-GO-102

Date of Production :15™ February 2022
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Equipment used

XRD : BRUKER D8 Focus X-ray diffractometer
RAMAN : BRUKER SENTERRA Il -Confocal Raman Microscope
FTIR : BRUKER Vertex80 FTIR microscope (Hyperion)

Sample Details

Start-up Graphite : Sri Lanka - C99+ Vein Graphite, Particle size range: 63-90 um
Appearance : Brown color dry powder

Analysis and Results

X-ray powder diffraction (XRD)

The sample was mounted on sample holder. Parameters were set as follows, Cu Ka

radiation (A= 0.154 nm) over a 26 range of 5-60° with a step size of 0.02° and a step time
of 10 s.
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RAMAN Analysis

The sample was drop casted on the microscopic glass slides. Three different spots were
analyzed. Parameters were set as follows, 532 nm; green laser was used with 50X optical

zooming.

Average ld/lg ratio: 1.043
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Fourier-transform infrared spectroscopy (FTIR)

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra of the graphene

oxide were recorded in the region 800 to 4000 cm™' at a resolution of 4 cm™.
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Analysis and Results of GO Dispersion
Form Aqueous Solution
Color Dark brown
Dispersibility Dispersed in Water
Odor Odorless
Concentration (g/L) 0.59/L,14gl/L, 2g/L, 3 g/L
pH range (at 25 °C) 3-4

Tested by & for further Information:
Maheshika Premarathna

Quality Assurance Executive

Mob: +94 770835632 Email: maheshikap@lolc.com
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