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ABSTRACT

The production of sustainable green concrete is getting popularity in concrete industries. The
increasing amount of waste tires and construction and demolition (C&D) wastes mounting up
in the landfills create a concern for environmental sustainability. The construction industries
are nowadays thinking of ways to reduce and reuse these waste materials. The use of recycled
coarse aggregate (RCA) produced from the demolition of old concrete infrastructures and
waste tires of vehicles in the concrete mixture can play a vital role in providing an economical
solution. Thus, this study investigates the compressive behavior of steel-reinforced concrete
columns that are made of RCA and waste tire-derived crumb rubber (CR) along with
polypropylene (PP) fiber. A total of twenty-six short columns (KL/r = 11) having a size of
150 x 150 x 950 mm were cast and tested under uniaxial loading up to failure. Besides, from
those twenty-six columns, nine columns were used for free vibration testing before applying
compressive force. Different mechanical properties of rubberized recycled concrete (R%C) and
fiber-reinforced rubberized recycled concrete (FR3C) were also evaluated by compressive
strength test, tensile strength test, flexural test, ultrasonic pulse velocity test, surface resistivity
test, and hardened density test.

Test parameters included longitudinal reinforcement ratio (1.4% and 2.0%), tie spacing
(75 mm and 150 mm), and content of CR (0%, 5%,10%, and 15%). However, the RCA and PP
percentages were fixed at 30% and 0.5%, respectively. The axial capacity, failure mode,
influence of longitudinal and transverse reinforcement, effect of RCA, CR, and PP fiber, strain
and deflection characteristics, dilation ratio, curvature, toughness, and ductility were
examined. The free vibrational responses of columns are presented in terms of damping ratio,
time period as well as frequency. Besides, an extensive regression analysis has been carried
out based on the experimental data and a number of equations have been proposed for
predicting different mechanical properties by considering the effect of CR and fiber.
Furthermore, a cost analysis was conducted to examine the cost-effectiveness of these new
types of concrete.

The axial capacity of columns decreased with increasing CR content by up to 39.6% and 35.5%
for R?C columns and FR3C columns, respectively. However, the FR3C columns exhibited
higher axial capacity compared to the recycled aggregate concrete (RAC) column and R?C
columns. The ductility increased with increasing the CR percentage and the addition of fiber
content. Approximately 167% and 70% higher ductility was achieved in 75 mm and 150 mm
tie spaced columns by using 0.5% fiber content in the R?C mixture with 15% CR content. The
toughness value of R?C columns was initially decreased for 0%, 5%, and 10% CR content but
then increased for 15% CR content. However, all FR3C columns exhibited a higher toughness
value compared to the conventional column. From the free vibration test, it was found that the
damping ratio of all RAC, R%C, and FR®C columns were higher than that of the conventional
column. Up to 131% and 301% damping ratio was increased for R?C columns and FR3C
columns depending on the percentage of CR content. The cost analysis showed that both the
R?C and FR3C mixtures saved more energy costs and decreased fuel consumption. Considering
all the parameters, it is recommended to use up to 5% CR content with 30% RCA and 0.5%
fiber content. Finally, this study will help to develop sustainable and resilient fiber-reinforced
recycled rubberized concrete for the application in structural members.
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Chapter 1
INTRODUCTION

1.1 General

Sustainability is one of the primary concerns in this 21% century. In this regard, concrete
industries and scientific communities are devoting much effort to improving the sustainability
of civil engineering structures. Each year, close to 13000 million natural aggregates are
required for concrete construction on this planet [1]. With increasing these aggregates' demand,
the rate of construction waste is also increasing parallelly. In Canada, concrete waste occupies
the largest portion of all construction and demolition (C&D) waste [2], and this C&D waste is
almost 27.5%, 29%, and 7.5 % of total municipal solid waste in British Columbia, Ontario,
and Alberta, respectively [3]. In Europe and China, this C&D waste generation rate is near to
450 and 200 million tons each year [4, 5]. Even, in Bangladesh, the volume of demolished
concrete is increasing due to the deterioration of old concrete structures and the replacement
of many low-rise buildings with relatively high-rise buildings. For example, in 2016, Dhaka
generated around 1.28 million tons of waste (0.149 million tons of construction and 1.139
million tons of demolitions) of which the three largest proportions were concrete (60%),
brick/block (21%), and mortar (9%) [1]. Besides, according to the report of the U.S Tire
Manufacturers Association [6], approximately 1.74 million tons of tires were generated only
in the US in 2017, and among them, almost 0.65 million tons were disposed of in landfills.
Thomas et al. [7] reported that every year almost 1000 million tires reach the end of their useful
life and it will reach up to 1200 million by 2030. The disposal of these waste tires and the
demolished concrete is becoming a major concern for scientific communities. However, these
waste materials have great structural potential. The reuse of these waste materials can reduce
the use of natural aggregate, side by side eliminating its related manufacturing processes,
transportation exploration, and environmental costs as well as reduce the load on the landfill.
The use of recycled coarse aggregate (RCA) is approved by the ACI Committee 555 [8] and
also in the Canadian Standard [9]. Specifications are also included in the ASTM C33-18 [10]

for regularizing the use of RCA in concrete.



1.2 Background

The use of RCA produced from the demolition of old concrete infrastructures and waste tires
of vehicles in the concrete mixture can play a vital role in providing an economical solution
to promote a sustainable construction practice. The RCA is capable of producing concrete
with greater strength than concrete made of natural aggregate [11]. Besides, incorporating
crumb rubber (CR) particles in concrete can increase toughness, ductility [12, 13], and energy
dissipation capacity [14, 15]. The inclusion of RCA and CR in concrete reduces the strength
but it can be improved significantly by incorporating fiber into the mixture [13, 16].
Furthermore, the fibers are capable of improving the ductility and toughness of concrete [13,
16]. The types of fibers being used by researchers so far may be categorized as natural,
synthetic, glass, and steel fibers in a broad sense [17]. One of the synthetic fibers is PP fiber
which is produced from the by-product of oil refining processes. The main advantage of PP
fiber over steel fiber is that it does not suffer from corrosion as in the case with steel fiber,
and thus polypropylene (PP) fiber reinforced concrete performs better in terms of durability
[18]. Besides, the production and labor cost of PP fiber is relatively less [19], and low CO>

emissions during the process of production [20].

Choi and Yun [21] worked with reinforced concrete columns containing both recycled coarse
aggregate and recycled fine aggregate. It was observed that the axial capacity for recycled
aggregate concrete (RAC) columns decreased by almost 10% compared to natural aggregate
concrete (NAC) columns. Zhou et al. [22] showed that the RAC columns also possessed an
elastic stage, crack stage, and fracture stage like NAC columns. Andrzej and Kliszczewicz
[11] observed that RAC columns provided more ductile failure compared to NAC columns.
Hassanli et al. [23] found that the confinement effect in rubberized concrete is higher than
that of normal concrete due to the incompressible property of rubber. Besides, Son et al. [24]
reported that the curvature ductility was increased up to 90% for rubberized concrete. Xue
and Shinozuka [25] found that the average damping coefficient of rubberized concrete

columns was 62% higher compared to conventional concrete columns.

Limited studies have been conducted on the combined effect of RCA, CR, and PP fiber in
columns under uniaxial as well as dynamic loading conditions. Thus, this study investigates

the combined effect of RCA, CR, and PP fiber on the compressive behavior and free vibration
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responses of reinforced-concrete columns subjected to pure axial loads and sufficiently stocky
to ignore slenderness effects and evaluates the applicability of these newly developed
rubberized recycled concrete (R2C) and fiber-reinforced rubberized recycled concrete (FR3C)
columns by comparing them with the existing design standards developed for conventional

reinforced concrete (RC) columns.

1.3 Objectives

The present study aims to investigate the effect of crumb rubber (CR) and polypropylene (PP)
fiber on the compressive behavior and different dynamic properties of rubberized recycled
concrete (R2C) columns and fiber-reinforced rubberized recycled concrete (FR®C) columns.

Thus, the study is carried out with the following specific objectives:

1. To evaluate different fresh and hardened properties of RC and FR3C mixtures.

2. To investigate the compressive behavior of various R?C and FR®C columns under
uniaxial loading.

3. To determine different free vibration responses of R?C and FR®C columns through
free vibration testing.

4. To examine the cost-effectiveness of R2C and FR3C mixtures.

1.4 Significance

The inclusion of RCA and CR particles in the reinforced concrete columns reduces axial
capacity but improves ductility, energy absorption capacity, and lateral deformability. Besides,
PP fiber can also increase the ductility and tensile capacity of concrete. However, all past
studies investigated the individual effect of RCA, CR, and PP fiber on the compressive
behavior of reinforced concrete (RC) columns, or their combined effects were limited to the
concrete cylinders or small-scale prisms. Very few studies have been conducted with the
combination of RCA, CR, and PP fiber in the RC columns. Besides, no appropriate
methodology and design guidelines are found to be used for designing RC elements
manufactured with this type of concrete. This research aims to investigate the effect of CR and
PP fiber on the compressive behavior of R?C and FR3C columns by varying percentages of
CR, steel longitudinal reinforcement ratio, and tie spacing. The failure modes of this new type

of concrete are examined very carefully and explanations are provided for those failure



mechanisms. The compressive behavior, influence of longitudinal and transverse
reinforcement, effect of RCA, CR, and PP fiber, deflection characteristics, Poisson’s ratio,
curvature, toughness, and ductility have been examined. Besides, different dynamic properties
have been evaluated through free vibration testing. The influence of CR and fiber on the natural
frequency and damping ratio of concrete have been evaluated. An extensive regression analysis
has been carried out based on the experimental result to predict different mechanical properties
of FR3C and R2C. Finally, the test results are compared with different design formulas of
conventional concrete, which are important to incorporate this new type of concrete in design
guidelines. A cost analysis has been done to promote this new type of concrete as an eco-
friendly and cost-effective concrete. Thus, this study creates a new horizon of opportunity to
develop sustainable and resilient fiber-reinforced recycled rubberized concrete for the
application in structural members and justify their applicability to the existing design code.

1.5 Scope

The present study is limited to investigating only the uniaxial behavior of R?C and FR3C
columns under concentric compression loads. No eccentric load was applied. All the columns
were scaled down to one-third of the original size of the columns due to the lower capacity of
the universal testing machine (UTM). The RCA was used in all the columns for regularizing
the use of C&D wastes and kept the replacement level constant at 30%. The effect of the
percentage of PP fiber was ignored in this study. Production of high-strength concrete or self-
compacting concrete was not either focused on in this study. Besides, the microscopy analysis

was beyond the scope of this study.

1.6 Methodology

This research investigated the behavior of twenty-six one-third scale R?C and FR3C tied-square
columns with 150 x 150 x 950 mm size subjected to monotonic concentric compression loads.
From these twenty-six columns, nine columns were used for free vibration testing before
conducting the compression test. The investigated parameters were longitudinal reinforcement
ratio (1.4% and 2.0%), tie spacing (75 mm and 150 mm), and content of CR (0%, 5%, 10%,
and 15%) with 0.5% PP fiber and 30% RCA replacement. The percentages were selected based
on the previous studies. Choi and Yun [21] recommended using less than 30% RCA to produce

more than 21 MPa concrete. Beyond that, the concrete strength was reduced. Thus, the RCA
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replacement level was fixed at 30% for conducting this research. Ismail and Hassan [12] found
that using CR up to 10% provided a comparable strength with the control specimens and
enhanced the deformation capacity, ductility, and toughness of concrete. Keeping these in
mind, CR replacement levels were selected as 5% and 10% and for comparison purposes, a
higher percentage (15%) was also selected. PP fiber provides various advantages over other
fibers, such as reduced corrosion, greater durability, lower production, and labor costs, and
lower CO2 emissions during the manufacturing process [19,20]. However, Mohod [17]
suggested limiting the use of PP fiber up to 0.5%.

To determine the compressive strength and modulus of elasticity of concrete, 108 concrete
cylinders were cast having a diameter of 100 mm and a height of 200 mm. Besides, the concrete
cylinders were used to determine the ultrasonic pulse velocity (UPV), hardened density, and
surface resistivity of concrete. The tensile strength of concrete was determined by the direct
tensile test of dog bone-shaped concrete specimens and the flexural strength was determined

using 150 x 150 x 550 mm unreinforced concrete beams.

For the columns test, a displacement-controlled loading rate of 0.1 mm/min was applied
gradually by a Universal Testing Machine (UTM). The columns were fixed at the top and
bottom before starting the test. The applied load and its corresponding axial deformation were
collected from the UTM. Moreover, to determine the midpoint lateral deflection four additional
LVDTs were used at the mid-height of the column. Besides, three concrete strain gauges were
glued on the surface of the concrete before testing at the mid-height of the column to determine
the axial and transverse strain of concrete. Two steel strain gauges were mounted onto the
internal reinforcement (one was with longitudinal reinforcement and one was with transverse
reinforcement) before casting the concrete to determine the reinforcements strains. All data
were collected at a regular interval by an automatic data logger system. Two high-resolution

cameras were also used to capture the failure patterns of columns at different stages.

To investigate the free vibration responses of R2C and FR3C columns in comparison with the
normal concrete columns, free vibration tests were carried out. Three accelerometers were used
to collect the acceleration data. A hammer was employed to apply impact load to the mass. A
displacement sensor was also mounted horizontally at the mid-point of the top head of the

column, just opposite the hammer position. The free vibration data were recorded through a



data acquisition system. Finally, different free vibrational responses were determined from the

free vibration data.

1.7 Organization of the Thesis

The thesis work conducted for achieving the stated objectives is presented in seven chapters,
which are briefly outlined in this section. Chapter 1 introduces the topic covering the general
introduction to sustainable construction materials such as RCA and CR. Besides, the
background of this study, objectives, significance, and scope of the study, a short brief of
methodology, and the thesis outline have been summarized. Chapter 2 provides an extensive
literature review on rubberized recycled concrete (R?C) and fiber-reinforced rubberized
recycled concrete (FR®C). Different properties of R?C and FR®C along with their effect on
reinforced concrete columns have been presented in this chapter. Chapter 3 describes the
experimental procedure of this study. Physical properties of aggregates, mix design,
specimens’ preparation, and test setup are included here. Chapter 4 provides different fresh
and hardened properties of R?C and FR®C. Besides, an extensive regression analysis has been
carried out to predict different mechanical properties of R?C and FR3C considering the effect
of CR and fiber. A cost analysis has been conducted to promote this new type of concrete as a
cost-effective, sustainable, and eco-friendly concrete. Chapter 5 summarizes the uniaxial
compressive behavior of the R2C and FR®C columns. The axial capacity, failure mode,
influence of longitudinal and transverse reinforcement, effect of RCA, CR, and PP fiber,
deflection characteristics, curvature, toughness, and ductility are presented in this chapter.
Chapter 6 describes the free vibration responses of R?°C and FR3C columns. The effect of CR
and fiber on natural frequency, time period, and damping is briefly discussed in this chapter.
Finally, Chapter 7 presents the conclusions, which can be drawn out from this study, and also
discusses the research contribution, limitations of this study, and recommendations for future

research.



Chapter 2
LITERATURE REVIEW

2.1 Introduction

As the world moves on with extreme urbanization, soon there will be insurmountable damages
made to the non-renewable resources as well as to the environment. Concrete, as we know, is
one of the biggest consumed products in the world [26]. Every year, throughout the world,
almost thirteen million tons of natural aggregates are extracted for construction purposes [1].
The significant increase in aggregate demand has resulted in the depletion of natural resources
and becoming a serious concern for environmentalists. On the other side, annually, a large
amount of concrete waste is produced throughout the world during the demolition process. For
instance, China alone generates 200 million tons of concrete waste each year [4]. Similarly,
around 450 million tons of concrete waste is produced per year in European Union countries
[5]. In Canada, concrete waste occupies the largest portion of all the construction and
demolition (C&D) waste [2]. Using concrete waste as recycled coarse aggregates (RCA) has
been a subject of interest for many researchers for a long [2, 8, 16, 27, 28]. Studies conducted
in past had achieved remarkable results in the properties of concrete with the use of recycled
aggregates [21, 29-32]. Later some studies reported a reduction in compressive strength and
an increase in the water absorption capacity of concrete due to attached old mortar [28, 33, 34].
These findings and the cost involved in the processing of concrete waste demand the search

for new aggregates replacement materials.

Over the last decade, the use of crumb rubber (CR) in concrete as aggregates replacement
materials has gained popularity owing to its salient features such as low density and high
ductility [12, 14, 35, 36]. These crumb rubbers are formed during the process of recycling scrap
types and according to a report [6, 7], almost one billion tires annually reach to end throughout
the world. These scrap tire wastes need special disposal treatments as they pose a serious fire
threat. Past studies [21, 28, 30-34, 37-40] had reported the physical, mechanical, and thermal
properties of crumb rubber used as an aggregate in normal concrete. These researchers
suggested the use of crumb rubber as an aggregate replacement owing to its compatibility with

concrete.



2.2 Recycled Coarse Aggregates, Crumb Rubber, and Fiber

This section presents the possible source and production process of recycled coarse aggregate

(RCA), crumb rubber (CR), and fiber along with their advantages and disadvantages.

2.2.1 Recycled Coarse Aggregates

The source and production process of RCA and its merits and demerits over natural coarse

aggregate (NCA) is discussed below.
Source and Production of Recycled Coarse Aggregates

The recycled coarse aggregates are produced from the demolition waste of concrete buildings
and structures [2, 27]. These wastes after passing through different stages of crushing,
shedding, grinding, and sorting are used in concrete as a replacement for aggregates [8]. During
the recycling process, impurities are added to the aggregates. To make it environmentally
friendly, Oikonomou [41] reported the maximum limit of possible harmful elements as
presented in Table 2.1, for instance, zinc (Zn) and copper (Cu) need to be less than 400 and
200 (pug/1). In 2001, the ACI Committee 555 [8] approved the use of recycled coarse aggregates
in concrete while the ASTM C33 [10] and CSA A23.1 [9] standards and specifications are also
used by different countries which encourage to use of RCA. The schematic process of crushing

and sorting the RCA from demolished structures is presented in Figure 2.1.

Table 2.1 Allowable limits of various harmful elements in RCA [41].

Element-Substance Limit (png/1)
Zinc (Zn) 400
Copper (Cu) 200
Lead (Pb) 100
Nickel (Ni) 100
Chromium (Cr) 100
Arsenic (As) 50
Cadmium (Cd) 5
lodine (1) 2




(b) Removal of Contaminants & (c) Aggregates Passed Through
Dropped Inside Hopper Conveyor Belt

(a) Demolished Building

/o0

(d) Larger Partlcles Processed into (e) Gathered into a Bucket
Impact Crusher for Secondary Loader at the End of Crushing (f) RCA Used as Coarse Aggregate
Crushing Stage for Marking

Figure 2.1 Production of RCA (modified images from sources [2, 16, 42]).

Merits and Demerits of Using Recycled Coarse Aggregates

RCA is being used worldwide due to its environmentally friendly solution in opposite to the
deterioration of limited resources in concrete construction. Besides, it can reduce loads on
landfills by reusing this construction waste. In terms of physical properties of recycled
aggregates, Hossain et al. [16] and Huda and Alam [2] found lower density in comparison to
natural coarse aggregates (NCA) making it an ideal choice for lightweight as well as for
energy-efficient structures. The reduction in compressive strength and an increase in water
absorption with the addition of recycled aggregates was observed by past researchers [28, 31,
32, 43], and attached old mortar was mainly found responsible for variations in these results.
However, some of the investigations had reported higher strength as compared to NCA [21,
29, 30]. The statistics presented by the Environmental Council of Concrete Organizations
(ECCO) [33] had shown a 60% reduction in the cost with the use of RCA as compared to
NCA concrete mixtures. Similarly, Verian et al. [34] reported a cost of $2.26-$2.93/ton in the
concrete pavement with the addition of RCA. Also, had strongly encouraged the use of RCA



in concrete to preserve the natural resources as well as the environment [30]. It was found that
CO2 emission was reduced up to 40% when NCA was replaced by RCA and arc furnace slag
[44-46]. A study by Hossain et al. [47] also showed that the greenhouse gas footprints were
reduced up to 65% when RCA derived from C&D waste was used in construction.

2.2.2 Crumb Rubber

Different types of rubber aggregates and their source and production process along with their

merits and demerits over natural aggregate is described below.
Source and Production of Crumb Rubber

A huge amount of scrap tires is discarded throughout the world annually [7]. These scrap tires
are shredded into pieces to make CR. The coarser particles which are used as a partial
replacement of NCA are called chipped rubber aggregate. Secondly, the rubber particles which
are typically sized between 4.75 and 0.425 mm and known as crumb rubber are used as a partial
replacement for natural fine aggregate (NFA) [48]. The rubber aggregates passing through
sieve No. 40 (0.425 mm) are classified as fine-grained rubber while fiber rubber aggregate is
typically 8.5 - 21.5 mm long and in the form of strips <8 mm long [48-50]. The classifications
of rubber aggregate are summarized in Table 2.2. The stage-wise processing of CR derived
from scrap tires illustrated in Figure 2.2. The CR particles are generally composed of carbon
and oxygen. The details of the chemical composition of rubber particles as reported by different

researchers are presented in Table 2.3.

Table 2.2 Classifications of rubber aggregate.

Types of Rubber Aggregate

Shredded/Chipped Crumb Ground/Powdered  Fiber Rubber Reference
Rubber (mm) Rubber (mm) Rubber (mm) Length (mm)
13-76 0.425-4.75 <0.425 - Ganjian et al.[48]
13-76 0.5-5 0.15-19 8.5-21.5 Siddique and Cachim [54]
25-30 3-10 <1 - Gerges et al. [55]
- - - 8.5-21.5 Baoshan et al. [49]
- - - <8 Emiroglu et al. [50]
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Crumb rubber

Chipped rubber

Tire shredder Screening

Figure 2.2 Stage-wise process of tire-shredding (modified images from sources [40, 51-53]).
Merits and Demerits of Using Crumb Rubber

Every year almost 1 billion tires reach to end of their service lives [7]. This huge amount of
tires is generated as waste all over the world creating a great threat to the environment. The
main advantage of using rubber in concrete is to produce sustainable and eco-friendly concrete
that can also reduce the load on landfills as well as on the whole environment. It also reduces
carbon dioxide emissions to the environment. The rubber particles derived from these waste
tires have the potential for use as aggregate. The researchers had suggested the use of rubber
as the replacement of NFA over NCA [15, 16, 31, 56, 64-66]. Past studies [12, 14, 35-38, 67,
68] had reported that CR not only provides an effective solution to excessive scrap

11



management problems in the landfills but also is effective in producing concrete that possesses

higher ductility, high energy dissipation capacity, enhanced resistance for cracking and

spalling as well as improved freeze and thaw. The specific gravity of rubber is much lower
than that of NFA [16, 56], thus reducing the self-weight of the structures. Presti [69] pointed

out that a significant reduction in maintenance cost is achieved in rubberized concrete. Besides,

Mhaya et al. [51] reported that the incorporation of CR in concrete mixes can reduce CO;
emissions by 0.02%, 0.03%, 0.06%, and 0.09% for 5%, 10%, 20%, and 30% CR content,
respectively. Despite these advantages the CR tends to decrease the compressive strength,

modulus of elasticity (MoE), splitting tensile strength [56, 70-72], and increase water

absorption and permeability [73, 74]. Such drawbacks of using CR have led the researchers to

opt for pre-treated CR for a better performance of the rubberized concrete.

Table 2.3 Chemical composition of CR by different researchers.

Weight (%)

Treated
Elements Untreated 2000 10%  20% o
(Symbol) NaOH NaOH NaOH
. Gupta Mhaya Angelin Tamanna Chen  Copetti  Mufioz- | Ahmed Copetti
Me[ggaler etal. etal. etal. etal. etal. etal. Séanchez etal. Tama[ngnlei etal. etal.
[57] [51] [58] [31] [60] [61] etal. [62] [63] [61]
Carbon (C) 6995 8751 14 9150 8860 U 4430 3038 | 8888 4470 1970  60.14
Oxygen (O) 20.93 9.23 3.30 9.40 12227 6.54 8.65 29.60 57.2 5.36
Sodium (Na) 0.38 0.20 0.49 0.44
Magnesium (Mg) 0.23 0.14 0.06 0.08
Aluminium (Al) 0.71 0.08 0.95 -
Silicon (Si) 1.53 0.20 0.20 1.32 0.09 2270  22.90 0.21
Sulfur (S) 142 108 1.20 11563 0.48 <5 1.08 170
Potassium (K) 0.12 0.03
Calcium (Ca) 0.22 0.10 0.70 0.39 0.26 3.00 0.20 0.26
Iron (Fe) 243 16.42 0.27
Copper (Cu) 0.15 3.58 -
Zinc (Zn) 191 1.76 3.50 1.10 15.04 0.46 0.00 0.00 4.04
Hydrogen (H) 0.20 773122
Nitrogen (N) %:117
Acetone Extract 10
Ketonic Extract 10-20
3.84-
Ash Content 24 744 3-7
Rubber
Hydrocarbon 52
Polymers 40-55
Natural Rubber 21-42
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2.2.3 Fibers

The types of fibers commonly used in concrete are natural, synthetic, glass, and steel fibers
[17]. Among other fibers, steel fibers are most commonly used in the production of concrete
as these are capable of reducing the shear reinforcement requirement in concrete structures
[75]. One of the synthetic fibers is polypropylene (PP) fiber which is produced from the by-
product of oil refining processes. The main advantage of PP fiber over steel fiber is that it
does not suffer from corrosion as in the case with steel fiber, and thus PP fiber reinforced
concrete performs better in terms of durability [18]. Besides, the production and labor cost of
PP fiber is relatively less [19], and low CO> emissions during the process of production [20].
Besides, PP fibers perform better in decreasing segregation and increasing cohesiveness
among the ingredients [31]. Due to its lower specific gravity, the requirement of PP fibers in
the concrete is lower than that of steel fibers [76]. Over the last decade, the use of fibers in
concrete had increased significantly. Past researchers [16, 77, 78] had reported improvement
in ductility, energy absorption capacity, and the tensile and flexural strength of concrete with
the addition of fibers. Although some of the investigations had observed a reduction in
compressive strength and workability [16, 77, 78].

2.3 Properties of Concrete Containing RCA, CR, and Fiber

This section summarizes the different fresh and hardened properties of concrete containing
RCA, CR, and Fiber. Besides, their microstructural characteristics and life cycle assessment
have also been discussed.

2.3.1 Microstructure

The microscopic analysis and spectroscopic analysis of recycled aggregate concrete (RAC),

rubberized concrete (RuC), and fiber-reinforced concrete are discussed below.
Scanning Electron Microscopy Images

Past researchers [42, 56, 61, 79] employed the scanning electron microscope (SEM) technique
to understand the formation of the interfacial transition zone (ITZ) with the addition of CR,

fiber, and RCA. Previous studies [42, 56, 61] reported irregular shapes and rough surfaces of
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CR particles by using SEM images (Figure 2.3). This irregularity in shape could be the possible
reason for entrapping air during the mixing process of rubberized recycled concrete (R?C) [80].
In a recent study, Copetti et al. [61] reported a smoother surface texture of the crumb rubber
particles after being treated with Sodium Hydroxide (NaOH). Similar findings were reported
by Su [42] after treating with NaOH solution and silane coupling agent (SCA). A tight silicone
coating was observed on the surface of CR particles after being treated with SCA. Also, the
SEM micrographs showed loose attachment of NaOH crystals to the surface of CR particles
with no evidence of surface roughness alternation. To observe the bonding characteristics
between rubber particles and cement paste, Meherier [56] through SEM micrographs found
failure occurring around the CR particles. The weaker ITZ between cement paste and CR
particles could be the reason for this failure. Tamanna [31] studied the microstructure of CR
particles treated with 10% and 20% of NaOH solution by using the SEM micrographs (Figure
2.4). The author observed a significant reduction in crack size and width in ITZ between CR
and cement paste with a higher concentration of NaOH solution. Also, the improved ITZ
contributed to gaining higher compressive strength than with untreated CR and with 10%
treatment. Similar findings were reported by Ahmed et al. [63] for the CR 20% NaOH treated
particles. Although Copetti et al. [61] reported no significant changes in the ITZ after the
NaOH treatment but had observed the densification of ITZ with the addition of silica fume.
This densification which happened due to the micro filling effect of silica fume had shown

drastic improvement in the mechanical properties of R*C.

(@) | )
Figure 2.3 Micrographs of untreated CR surface: (a) Copetti et al. [61], and (b) Su [42].
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Figure 2.4 Concrete blended with 20% CR particles: (a) no pre-treatment, (b) treated with
10% NaOH, and (c) treated with 20% NaOH [31].

The interfaces of rubber-cement paste and recycled aggregate-cement paste were inspected by
Su [42]. After studying different SEM micrographs, the author reported a smooth transition
zone between RCA and cement paste as compared to rubber-cement paste (Figure 2.5). Also,
cracks were noticed at the interface between rubber and cement paste indicating poor adhesion.
In addition, Mohseni et al. [81] observed larger gaps at the interface of RCA and cement paste,
primarily due to mortar attached to the surface of RCA. Comparing the control specimen with
PP fiber reinforced concrete, Mohseni et al. [81] found that, before applying load on concrete,
several microcracks were observed at the cement matrix of the control specimen due to the
shrinkage of concrete (Figure 2.6 (a)) while a better restrain in crack propagation was observed
in fiber reinforced concrete due to the strong bond between the fiber and cement paste (Figure
2.6 (b)). Besides, plenty of well-developed cement hydrated products were produced at the
interface between the PP fiber and cement paste. No chemical reaction occurred between the
fibers and cement paste during the hydration process which indicated that the both the cement
paste and fibers were working effectively in the interfacial zone.
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Figure 2.5 Concrete blended with CR particles: (a) interface of rubber-cement paste, and (b)

interface of recycled aggregates-cement paste [42].
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Figure 2.6 Micrographs of concrete: (a) control, and (b) specimen containing PP fiber [81].

Energy Dispersive Spectroscopy Technique

The energy dispersive spectroscopy (EDS) techniques are employed to get comprehensive
information about the elements present in a material. By using this technique, Meherier [56]
found that the CR particles contained Carbon (C) and Oxygen (O) elements, whereas Sulfur
(S), Silicon (Si), Iron (Fe), and Zinc (Zn) were also present within a range of 1% to 3% by
weight (Table 2.3). Meherier [56] and Richardson et al. [82] reported that hydrophobic

elements such as Silicon (Si) and Zinc (Zn) are mainly responsible for increasing the initial
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and final setting time of R2C which eventually makes crumb rubbers water-resistant. To
improve the performance of CR particles, Tamanna et al. [31] treated with NaOH solutions
and found complete removal of Zinc (Zn) from the particles (Figure 2.7). In addition, it was
found that the reaction of CR particles and the cement paste produces oxidation elements such
as oxygen (O) and silicon (Si). Most of the researchers [31, 56, 63] had suggested pre-treatment
of CR with 20% NaOH solution for enhanced bonding between CR particles at ITZ.
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Figure 2.7 Energy dispersive spectroscopy analysis of treated CR particles in mortar

mixture: (a) treated with 10% NaOH, and (b) treated with 20% NaOH [31].

2.3.2 Fresh Properties

The effect of RCA, CR, or fiber on different fresh concrete properties such as workability and
air content is discussed below.

Workability

The decrease in the workability of concrete mixtures with the addition of RCA, CR, and fibers,
has been reported by past researchers [16, 71-73, 83]. This drop is primarily due to different
specific gravity of constituents present in the mixtures, for instance, fibers, crumb rubber, and
recycled aggregates [31, 56, 73, 83]. Recently, Marie [84] observed a slump value of 75.3 mm
for the control mixture and a decrease of 42% for R?C mixtures blended with 20% of RCA and
20% of CR. However, Henry et al. [85] reported an increase in slump values (9.5 cm to 13 cm)
for CR substitution of 25% to 50% with 100% RCA for concrete mixtures. After two years of
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Henry et al. [85] findings, Guo et al. [86] observed a decrease in slump values (132 mm to 125
mm) with 100% RCA substitution and the addition of CR dropped these values further. Also,
stable slump values were observed for the CR substitution range of 8% to 16% in concrete

mixtures.

Chen et al. [87], Hossain et al. [16], and Shahjalal et al. [13] investigated the effect of
polypropylene (PP) fiber along with CR and RCA in the concrete. Recently, Hossain et al. [16]
observed that after the inclusion of PP fiber into the concrete mixture the slump value
decreased and it decreased with increasing the percentage of PP fiber. For instance,
approximately 41% reduction in slump values for the concrete mixtures blended with 10% of
RCA, 5% of CR, and 1% of PP fibers. By increasing the PP fiber content to 2% the difference
jumped to 65.5%. Similar findings were observed by Shahjalal et al. [13] while investigating
the slump for FR3C blended with 0.5% PP fiber. Most of the researchers [16, 31, 42, 66] had
related reduction of slump values due to the high water absorption capacity of RCA and low
density of fibers and CR. Apart from normal concrete, the decrease in the workability of
rubberized recycled aggregates self-compacting concrete was also observed by Aslani et al.
[39], especially with the change in RCA content. However, Chen et al. [87] suggested the use
of RCA with a lower substitution ratio for achieving better workability results. Besides, the
loss of workability due to RCA, CR, or fiber can be addressed by using saturated surface dry
(SSD) aggregates, using water-reducing admixture, incorporating various supplementary
cementitious materials such as fly ash, slag, silica fume, metakaolin, treated CR particles with
NaOH solution [30, 31, 63, 86, 88, 89].

Air Content

Past studies [42, 56] had reported an increase in the air content value with the addition of CR
in RAC mixtures. In astudy, Tamanna [31] reported similar findings and inferred that adding
CR in higher content could significantly increase the air content. Earlier, Henry et al. [85]
observed no changes in air content values for mixtures blended with 100% RCA and CR added
in 25% and 50% ratios. Later in 2017, Marie [84] noticed a surge in the air content value as
the replacement ratio of RCA gets higher. Recently, Hossain et al. [16] attempted to investigate
the effect of PP fiber on-air content. After adding PP fiber into the concrete mixture the air

content value started to decrease. The authors found the highest values of air content for the
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FR3C mixtures blended with 1% PP fibers, 10% CR, and 30% RCA respectively. A difference
of 62% was noticed in the air content values than with normal concrete. This difference was
explained by Hossain et al. [16] due to the presence of adhered mortar in RCA particles
becoming the source for entrapping air. Besides, the CR particles entrap air in the concrete
mixture and increase the air content. Similar results were reported by Ahmed et al. [63] with
0.5% PP fibers.

2.3.3 Hardened Properties

The effect of RCA, CR, or fiber on different hardened properties of concrete such as
compressive strength, modulus of elasticity, splitting tensile strength, flexural strength, impact

resistance, toughness, ductility, density, etc. are discussed below

Compressive Strength

Most of the past researchers [70-72, 90-92] had recorded a reduction in compressive strength
with the inclusion of CR and RCA. This reduction in strength was irrespective of the size,
content, and treatment of CR. In a study, Henry et al. [85] found compressive strength relating
inversely to the CR content when tested for samples with 100% RCA. Later, Feng et al. [93]
also recorded a significant drop of 27.8%, 39.2%, and 47.2% in the strength of the concrete
with 10%, 20%, and 30% of CR and 100% recycled aggregates. Next, Tamanna [31]
investigates the strength of the R?C samples in which CR was treated with 20% of NaOH and
finally, the reduction was noticed. This reduction of compressive strength is primarily due to
inadequate adhesion of CR with concrete, the low water absorption capacity of CR, and the
porous nature of RCA [16, 31, 43, 71, 72, 84, 94]. Another factor found to influence the
strength of R2C mixtures was the particle size of CR as reported by Li et al. [95]. It was
observed that as the size of the CR particles reduced the compressive strength dropped
significantly and this was regardless of CR content. Similar results were reported by Ahmed
etal. [63] but with different content of RCA. In addition, Aslani et al. [39] measure the strength
of self-compacting R?C incorporated with 20% CR but the results were not different from other
researchers' findings. This reduction was explained by the researchers [96-98] due to the
unbonded interface among recycled particles and cement paste that creates a weaker ITZ also

due to the lower stiffness of rubber particles.
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Nonetheless, some of the researchers, along with CR, and RCA tried using different fibers to
improve the compressive strength and other hardened properties. Chen et al. [87] initially
observed a decrease in the compressive strength for the samples with RCA (40%) and CR
(10%) but after incorporating 4 kg/m? of basalt fibers a rising trend was observed. Similarly,
Ahmed et al. [63] recorded compressive strength increased up to 31% compared to its
counterpart sample with no fiber. The author used 0.1% of steel wire in FR3C with RCA
(100%) and CR (20%). Similarly, when PP fibers were added approximately 26.4 % rise in
strength was noticed in FR3C [15, 16]. According to Hossain et al. [16], the higher content of
fibers was also found to enhance the strength while the optimum value of 0.5% for PP fibers
for improving the properties was recorded by Shahjalal et al. [13]. However, Su [42] reported
a decline in the compressive strength with 1 kg/m?® of PP fibers in FR3C. The author stated that
when CR was limited to 20%, the compressive strength of most of the FR3C samples exceeded

the design target strength. The same trend was also noticed by Tamanna [31].

Alfayez [66] worked with preplaced aggregate concrete (PAC) also known as “two-stage
concrete” (TSC), where coarse aggregates were firstly placed in a formwork, followed by
injecting cementitious grout mixed with chemical admixtures to fill in the void along with
RCA, CR, and fiber. It was noticed that the compressive strength of the FR3C decreased with
an increase in CR content and steel fibers. However, these findings were against the
observation of Hossain et al. [16] as a reverse trend was noticed with a higher content of PP
fibers. This phenomenon was explained by Alfayez [66] due to the obstruction posed by steel
wires to fill the gaps between aggregates thus, leading to a porous microstructure.
Nevertheless, if strength is of great concern then Guo et al. [86] suggested using 4% of CR in
FR3C. Xie et al. [99] thought of adding silica fume (SF) in FR3C specimens by replacing
cement with different substitutions. The addition of 10% SF along with 1% steel fibers and 5%
CR enhanced the interface bond with filler effect and as a result higher compressive strength
was achieved. Furthermore, Aslani and Klein [100] observed that 0.1% PP fiber and 0.75% of
steel fiber can increase the compressive strength of lightweight self-compacting rubberized
concrete by 22% and 47% respectively. From Tamanna's [31] and Ahmed et al.'s [63] studies,
it was noticed that after the treatment of NaOH and with the addition of fibers (0.1% steel and

0.5% PP) a higher strength of 15%-59% ( of control samples) can be achieved.
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Modulus of Elasticity

The reduction in modulus of elasticity (MoE) values for RAC and R?C concrete was recorded
during the investigations by different researchers even though the increased content of RCA
and CR brought no significant change in MoE results [31, 92, 101, 102]. Recently, Chen et al.
[87] reported a nominal difference in MoE values for RAC in comparison with NAC. However,
Gupta et al. [103] measured the reduction of 27% and 28% in MoE values for rubberized
concrete (RuC) and R2C samples respectively. Some of the researchers [101, 104, 105] found
that CR particles were responsible for decreasing the MoE as the participation of rubber against
external load was quite low in concrete. Tamanna [31] took a new direction and studied the
effect of RCA and CR content on MoE in R?C samples. The author reported improved results
with 50% RCA compared to 100% RCA, especially with the combination of 10% CR which
resulted in a 7.4% rise. Although, the addition of fibers was found to enhance the ductility,
toughness, and tensile properties of the RuC but MoE properties remained unaffected [31, 94].
Steel fiber reinforced R?C was studied by Xie et al. [99] and a decrease of 10% to 25% in MoE
for rubber content range of 5% to 20% was observed. Also, a decrease in the stiffness of FR3C
was noticed with higher CR content. In another study, Jian-he et al. [106] reported a decrease
of 43% in MoE value with the inclusion of steel fibers. Similar results were reported by Alfayez
et al. [66] for pre-placed RAC. However, Tamanna [31] reported a 17% increase in the MoE

value with the inclusion of 0.5% polypropylene fibers in FR3C.
Stress-Strain Relationship

Chen et al. [87] observed that the addition of RCA and CR had significantly increased the
ultimate strain of R?C and RuC while the strength remained lower in comparison with NAC.
Similar improvements were noticed by Feng et al. [93] and Su [42]. Accordingly, decreasing
curves of stress and strain were observed with the higher content of RCA and CR in R?C
mixtures by Tamanna [31]. Earlier Feng et al. [93] had reported an optimal value of 20% CR
content for strain and deflection. Other researchers [107, 108] also reported similar findings.
During the investigation, Guo et al. [86] studied the FR3C samples and observed a decrease in
the slope of the stress-strain curve with an increase in CR content. However, the addition of
basalt fiber (BF) in the proportion of 2 kg/m?® and 4 kg/m?® had resulted in improved ultimate

21



stress and strain [87]. Recently, Alfayez [66] experienced an increased ductility of FR3C with
the addition of steel fibers and the effect was pronounced with higher CR content. Jian-he et

al. [106] also reported similar results for FR3C samples but with 100% RCA replacement.
Splitting Tensile Strength

Most of the results [13, 16, 31, 39] showed that the tensile capacity of the R?C decreased as
the CR content increased. Ahmed et al. [63] reported a drop of up to 38% tensile strength for
samples replaced with RCA (0% to 100% ) and added with CR in the ratio of 0% to 20%.
Against these findings, Tamanna [31] reported that 50% of RCA and 10% of CR can increase
11% of tensile strength. Another mix showed improved strength with 100% RCA and 20% CR
compared to the concrete containing either the RCA or CR. For further enhancement in the
tensile strength, the researchers decided to add fibers along with RCA and CR. Most of the
reports [13, 16, 31, 66, 87] concluded that steel and PP fibers contribute to increasing the tensile
strength but if the RCA and CR content is increased for the same fiber ratio then the influence
of fibers remains nominal. They reported an increment in tensile capacity because fibers have
bridging characteristics hence allowing the tensile stresses to be distributed along the cracks
formed during loading [109-111].

Flexural Strength

The significant influence of CR particle size on the flexural strength of R?C has been reported
by recent and past studies. Li et al. [95] reported an increase in flexural strength as the particle
size of CR increased and this trend remained unaffected with higher CR content. However, Su
[42] observed a decrease in the flexural strength with increased particle size. This reduction
was up to 13%,11.3% and 10.9% for 3 mm, 0.5 mm and 0.3 mm (CR particles) respectively.
The author found improved strength with smaller particle sizes due to the filler effect that
increases the compactness of the concrete and consequently the likelihood of fracture reduces
[42]. Feng et al. [93] reported that the inclusion of CR particles into the concrete mixture had
resulted in a notable flexural strength reduction. However, the requirement of flexural strength
for designing aircraft movement areas was still met by using CR content up to 20% which was
greater than 4.5 MPa [93, 112]. The addition of fibers had significantly improved the flexural
strength [16, 66, 87]. Hossain et al. [16] studied the effect of PP fibers on rubberized recycled

22



concrete (R2C) and reported an increase in flexural strength. This rise was found to strengthen
further with higher fiber content. These results were expected as fibers possess an interlocking
property that helps in creating a strong bridge between the aggregate and cement paste.
Furthermore, the flexural strength of FR®C was found to weaken with the inclusion of RCA
and CR and the strength gets worse with higher replacement content [66, 87, 106, 113, 114].

Dynamic Behavior and Impact Resistance

The dynamic compressive strength of RC was found to improve by increasing CR particle
size for instance 4.04 mm [95]. Li et al. [95] also notified that increasing the strain rate
contributed to strengthening the dynamic compressive strength and this was found irrespective
of CR particle size and content. However, with a higher CR replacement level, the dynamic
compressive strength reduced but dynamic increase factor (DIF) values took the peak. This
could be due to the inherent elasticity and relatively low strength of the rubber particles which
weakens the bonds. To determine the impact resistance of fibers in R?C, Shahjalal et al. [15]
performed a repetitive drop-weight impact test on FR3C and found an increase in energy
absorption capacity. This capacity further increases by blending CR and PP fibers in higher
proportions. The reported difference for 30% RCA, 10% CR along 1% or 2% PP fiber was
2.5x times that of normal concrete [15, 59]. Similarly, enhanced capacity was reported by
Alfayez [66] where up to 40x times more impact resistance capacity was observed for steel
fibers when used in the ratio of 1.5% in FR3C. This rise in capacity is primarily due to the
ability of steel fibers to restrain crack propagation under impact loading.

Toughness and Ductility

An enhanced energy absorption capability, ductility, and toughness were observed in previous
studies in R?C after the inclusion of CR content [93, 95]. However, excessive CR content
would negatively affect the energy dissipation capacity of the R?C [36, 101]. Xie et al. [99]
noticed a 15% CR replacement as a cutoff point. Jian-he et al. [106] also found the same
observation where with the increase of CR content, the compressive toughness initially
increased and then started to decrease. Li et al. [95] investigated that the size of the CR particles
had an influence on the toughness index of R?C and reported that the toughness index was

decreased for the greater particle size of CR. Hossain et al. [16] investigated the PP fiber-
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reinforced rubberized concrete containing RCA and reported a higher toughness value than the
control samples. Moreover, the addition of fibers in higher quantity contributes further to
increasing the toughness and ductility [16, 66]. This is primarily due to the higher energy
absorption capacity of rubber improves the toughness ability which was further increased by
adding fiber content [115-117]. Besides, a strong bond between aggregate and cement was
built in the presence of fibers [16, 66]. Xie et al. [99] noticed an increase of 9% and 13.9% in
the toughness of NAC and RAC when added with 1% of steel fibers. However, researchers
suggest limiting the use of CR in FR3C up to a certain level for better toughness value. For
instance, Jian-he et al. [106] found optimal toughness with 8% of CR replacement in FR3C
while recently Hossain et al. [16] had reported 5% of CR ideal selection for increasing the
toughness in FR3C samples. Xie et al. [99] limited the CR content to 15% with 1% steel fibers.

Treatment Method

Most of the researchers [31, 118-124] had noticed a significant improvement in the
performance of RAC, R2C, and FR®C with the appropriate treatment method. The contaminants
and the attached mortar of RCA are mainly responsible for reducing the strength and increasing
water absorption of RAC [30-32, 43]. The removal of unwanted contaminants and attached
mortar on RCA can be done by crushing RCA with the appropriate type of crushers (i.e. impact
crusher and cone crusher) [125]. Besides, washing the RCA for removing fine particles [8],
and soaking in 0.1M of HCI solution for removing the old mortar [30] were also suggested.
Some other common methods are pre-soaking into acids [119], coating with silane-based water
repellent [120], and carbonation [121]. Although these methods had shown reasonable
performance, the impact on the environment had concerned many researchers. Recently, Tang
et al. [126] introduced a treatment agent based on lithium silicate. After being treated with this
agent the reported compressive strength for self-compacted samples was 18.5% (50% RCA)
and 16% (100% RCA) more than with untreated concrete. In addition, the tensile strength for
RAC with 50% RCA was found close to normal concrete.

The researchers [31, 63, 118, 122, 124] improve the performance of CR by applying different
pre-treatment methods. These treatments change the smooth textures of CR and develop a

strong bond between CR and the cement matrix. Most commonly the rubber particles are
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treated with Sodium Hydroxide (NaOH) solution for a specified period making the surface of
the CR uneven [31, 42, 56, 63, 122, 124, 127]. Meherier [56] reported that, due to the presence
of zinc and silicon, the surface of the CR is hydrophobic that resulting in a weaker bond with
the cement paste for which Mohammadi et al. [124] suggested the use of NaOH solution for
making the rubber particles surface relatively rougher. Ahmed et al. [63] found that CR treated
with 20% NaOH solution showed a reduction of 94% and 76% in the content of silicon and
zinc. Some of the researchers [42, 127, 128] had applied coating with a silane coupling agent
(SCA) while others simply washed the rubber particles with water [122, 129] (Table 2.4).

Additives of cementitious materials like silica fume also showed good results [99, 130].

Table 2.4 Summary of treatment methods adopted by researchers.

Rubber Treatment Methods References

Water washing Najim and Hall [129], Youssf et al. [122]
Ahmed et al. [63], Tamanna et al. [118],

10% and 20% concentrated NaOH solution
Tamanna [31]

10% NaOH solution for 120 min followed by water washing Youssf et al. [122]

Saturated NaOH solution for 2 hours and 24 hours Su [42], Suetal. [127]

Treatment with silica fume Onuaguluchi and Panesar [130], Xie et al. [99]
Treatment with CS; Emam and Yehia [131]

Silane coupling agent Su [42], Suetal. [127]

Coating of rubber particles with mortar Najim and Hall [129]

Some of the researchers [42, 127] had noticed a decrease in the workability of R?C with the
use of CR treated with a silane coupling agent while the NaOH solution treatment had shown
negligible effects. The researchers [42, 127] concluded that the reduction in workability by a
silane coupling agent (SCA) is primarily due to increases in the stickiness of aggregate
particles making concrete less flowable. In order to improve the hydrophilicity of the rubber
surface, Tamanna [31] used 10% and 20% NaOH solutions for 30 minutes and reported a 26%
increase in compressive strength with 20% NaOH treatment. Similarly, Emam and Yehia [131]
reported an increase of 22% in compressive strength (7 days) with the use of carbon disulfide
(CS») for treating CR. Also, Su [42] investigated the effect of surface treatment of rubber
particles on the properties of rubberized recycled aggregate concrete (R?C) with RCA being
replaced by 50% and CR by 20%. Two different methods such as NaOH solution and SCA
were used to treat the CR particles. The author revealed that soaking the rubber particles for 2

hours in NaOH solution decreased the compressive strength while soaking for 24 hours in
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NaOH showed a modest increase in compressive strength. However, SCA treatment showed
the highest increase in strength. Similar results can be noticed for the MoE and flexural
strength. The treatment of SCA creates silicone coating on the surface of CR particles
developing a strong bond in ITZ and leading to an increase in flexural strength [42]. Washing
with water is another treatment found to increase the dynamic elastic modulus but no such

change was observed on the static elastic modulus by Najim and Hall [129].
Temperature Effect

The performance of FR3C under elevated temperatures was investigated by many researchers
[86, 100, 132-134]. Most of these studies had reported a decline in the properties of FR3C in
comparison with normal conditions. For instance, Guo et al. [86] reported a significant drop in
the compressive strength, stiffness, and MoE of FR3C with an increase in temperature (25°C
to 600°C). These specimens were prepared with 100% RCA, 4-16% CR along with 1% of steel
fibers. Guo et al. [86] also reported a reduction in spalling of FR3C samples which is most
likely due to the presence of steel fiber, increasing the concrete resistance. Aslani and Klein
[100] found that steel fibers performed better than PP fibers under 900°C as 22% greater tensile
strength was recorded. However, maximum MoE was obtained at 100°C with the addition of

0.5% steel fibers but when exposed to 600°C a drop of almost 50% was recorded.

In a recent study, Guo et al. [86] observed the formation of cracks on the surface of FR®C under
elevated temperatures. The fiber-reinforced recycled concrete blended with CR was found
substantially reduce the formation of cracks under the temperature of 400°C to 600°C. Netinger
et al. [133] stated that as rubber is melted at around 170°C, therefore, water evaporates easily
without creating pore pressure. Furthermore, the toughness trend remained unchanged under
elevated temperatures. However, Guo et al. [86] stated that if toughness is of great concern
then the addition of CR up to 4% would be an optimum choice. Although this CR content is
not ideal for strength but would provide resistance to explosive spalling. In a separate study,
Guo et al. [132] explored the fracture behaviors of FR3C at different elevated temperatures
(25°C, 200°C, 400°C, and 600°C). An inverse relation was observed between compressive
strength and fracture energy of FR3C at elevated temperature. Though the compressive strength

of concrete decreased with increasing temperature, the energy dissipating capacity and fracture
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energy increased. From the experimental results, the increase of 1.80, 2.81, and 2.78 times in
the fracture energy was observed after being exposed to 200°C, 400°C, and 600°C,
respectively. According to the author, this increase in fracture energy could be due to a tortuous
pattern followed by cracks helping more dissipation of energy. In addition, the samples blended

with 8% CR showed maximum fracture energy under elevated temperature.
Density

Studies investigating the properties of RAC, R?C, and FR3C had reported lower densities and
these findings were not a surprise for researchers. As the specific gravity of RCA and CR are
lower compared to NCA and NFA. In a study, Feng et al. [93] worked with R?C concrete and
reported a reduction of 3.7% in the hardened density of RAC (100% RCA) in comparison with
NAC. Later the author incorporated CR in the ratio of 10%, 20%, and 30% and recorded a
decrease of 6.2%, 8.1%, and 10.6% respectively. Similarly, Li et al. [95] reported a decrease
in concrete density with higher CR content and also due to smaller CR particle sizes. Recently,
Hossain et al. [16] verified previous researchers' results by observing a reduction in density
with the addition of 10% CR. The authors also concluded that though the inclusion of fiber
increased the density of FR3C, it decreased with increasing the fiber content. However, this

reduction cannot be classified as lightweight concrete.
Fatigue Life

Feng et al. [93] investigated the fatigue properties and damage characteristics of rubber-
modified recycled aggregate concrete by replacing natural sand with CR content at 10%, 20%,
and 30% (by volume) with 100% RCA. The double logarithmic fatigue equation curves (S-N
curve) showed that the S-N curve for RAC was steeper than for NAC. With the increase of CR
content up to 20%, the S—N curve became steeper which means that both the RCA and CR
particles could enhance the bending fatigue life of the concrete. The fatigue strength of RAC
(with 0% CR) increased by 3.39% compared to NAC (0% RCA & 0% CR), while the fatigue
strength of rubber-modified recycled aggregate concrete containing 20% CR was increased by
6.56% compared to RAC and 9.95% compared to NAC. For a fixed N value, both the RCA
and CR particles enhanced the fatigue strength of concrete up to a certain range. Finally, the

authors recommended that the optimum CR percentage was 20% in terms of fatigue strength.
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However, the concrete containing 30% CR also showed slightly better fatigue strength than
that of normal concrete. Su [42] attempted to investigate the effect of rubber treatment on the
fatigue properties of R?C blended with RCA (50%) and CR (20%). In these samples, CR
particles treated with NaOH solution and silane coupling agent (SCA) were used. It was found
that the addition of rubber particles as well as SCA treatment improved fatigue life in

comparison with untreated or NaOH treated rubber aggregate.
Code Prediction

Previous authors [16, 135, 136] compared the experimental measured mechanical properties
of R?C and FR3C with available design equations for NAC. Recently, Hossain et al. [16]
reported that the experimental results of splitting tensile strength and flexural strength for FR3C
were close to the code predicted results such as ACI 318 [137], ACI 209 [138], EC2 [139], and
CSA A23.3 [140]. This reveals that the equations for normal concrete can also be used for
determining the splitting tensile strength and flexural strength of FR3C. In a separate study,
Mutsuddy [136] made a comparison of experimental results of MoE with theoretical values of
rubberized concrete and fiber-reinforced rubberized concrete samples and reported an
overestimation by CSA A23.3 [140] equations. Similarly, Mendis et al. [135] found that the
tensile strength values of rubberized concrete were less than 10% of the experimental results
through the codes equation of AS 3600 [141], ACI 318 [137], ACI 363 [142], and fib2010
[143]. However, EC2 [139] was found to overestimate the strength by 15%. In addition, the
code equations of AS 3600 [141], ACI 318 [137], and ACI 209 [138] were found to
overestimate the modulus of rupture values by 20% while an undervalue of again 20% was
reported with the use of ACI 363 [142], fib2010 [143] and EC2 [139] equations. For MoE,
reasonable accuracy was recorded with AS3600 [141] and ACI 318 [137] equations but
fib2010 [143] was found to overrate the value by 25%. As the equations in fib2010 [143] were
developed without considering the effect of rubber aggregate therefore this overestimation
occurred. Finally, the authors suggested that the existing design guidelines for normal concrete
can be used to predict the splitting tensile strength and MoE of rubberized concrete with

reasonable accuracy except for modulus of rupture.
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Failure Pattern/ Crack Resistance

Comparing the failure mode of RAC and R?C, Li et al. [95] observed that, the failure of RAC
occurred rapidly providing a sharp cracking sound without warning whereas R?C specimens
failed slowly and exhibited more ductility because of the elastic properties of rubber and
provided either a faintly cracking sound or not at all. Relatively wide cracks were observed in
RAC concrete while a small number of fine cracks appeared on the surfaces of the R?C
specimens. Feng et al. [93] showed that under the bending test, the NAC and RAC showed a
wide opening and deep penetration, while the crack resistance capability was improved
significantly after adding CR contents (R2C specimens) and the width and depth of the cracks
were decreased with the increase of the CR contents The same behavior was also observed by
other researchers [99, 132]. This may happen due to the anti-cracking performance of CR
particles [144, 145]. Besides, Xie et al. [99] and Richardson et al. [82] described that due to
the existence of two different materials at the interface (CR particles are organic with
hydrophobic surfaces whereas cement paste is inorganic with ionic compounds), they cannot
combine effectively because of the higher water absorbing phenomena of the cement paste
compared to that of CR particles. In addition to that, the lower MoE of the CR particles can act
as dampers and hence distribute the stress at the crack tips, resulting in a delay in the

coalescence of the cracks described previously [116, 146].

In FR3C specimens, it was observed that most of the concrete specimens containing CR and
fiber content provided ductile failure mode compared to the brittle failure of reference concrete
under compression [16, 31]. Besides, the FR3C specimens remained intact at failure due to the
confining effect of the PP fibers [31]. Hossain et al. [16] demonstrated that, under the splitting
tensile strength test, the RAC specimens showed well-defined crack lines, whereas the FR3C
specimens followed an irregular and zigzag crack pattern. After inspecting the broken flexural
specimens it was observed that the fibers were projecting outward and perpendicular to the
cross-section helping to resist the crack propagation by their bridging phenomena. Jian-he et
al. [106] found several major macro cracks in RAC specimens that crossed through the height
of the concrete cylinders. However, in FR3C specimens, only small multiple longitudinal
cracks were observed on the surfaces of the specimens. The same behavior was also observed
by Guo et al. [132]. Turatsinze et al. [116] reported that when the tip of the crack touched the
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CR particles, it could resist the crack growth like a damper. The authors also claimed that
incorporating steel fiber not only restrained crack propagation but also provided significant
residual post-peak strength. However, Xie et al. [99] reported that the inclusion of silica fume
in FR3C helped to propagate the cracks through RCA and CR particles instead of passing them
along with the interfaces. In the FR3C specimens without silica fume, the internal crack
propagation occurred along with the interface between the RCA and the cement paste
bypassing the steel fiber and rubber because the strength of the RCA itself might be higher
than the interface strength. Thus the fracture can easily occur at the interface and the failure
surface was more distinct. However, silica fume can increase the interfacial bond strength and
make a denser paste which promotes propagating the cracks through the RCA and rubber

particles because of its higher strength.
2.3.4. Life Cycle Assessment

Life cycle assessment is a process that measures the effect on the environment through carbon
emission and cost analysis during the period of the life cycle of the man-made products. The
term global warming can also coincide with carbon dioxide emission or carbon footprint.
Construction materials that will have lower environmental impacts are of prime importance
among researchers for a long time. Therefore, when R?C and FR3C are sought to be accepted
as attractive products worldwide, a thorough study of their effect on nature conservation is
necessary which is often termed as a part of the life cycle assessment (LCA) process. A
simplified illustration of the life cycle of the end life of tires and concrete elements and/or

structures is shown in Figure 2.8.
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Cost Analysis

A review by Presti [69] pointed out that the Asphalt-Rubber is an attractive option for roads
and pavement construction in terms of environmental concerns. The comparison between the
cost incurred during maintenance and usage unraveled that an Asphalt-Rubber pavement was
more cost-effective than conventional pavement. Besides, the author notified that after 10 years
of construction, the difference in maintenance cost between the conventional bituminous
pavement and Asphalt-Rubber pavement was quite significant, implying that the maintenance
required by the conventional pavement is more. Mhaya et al. [51] demonstrated that replacing
river sand with CR slightly increased the cost of modified concrete but was still less than that
of the concrete cast with OPC. The Environmental Council of Concrete Organizations (ECCO)
[33] reported that using RCA instead of NCA can save the cost up to 60%. Another study by
Verian et al. [34] reported that using RCA can reduce the cost to $2.26-$2.93/ton in concrete
pavement (without considering the savings of not using landfills). On the other hand, according
to Martinez-Lage et al. [147] the concrete with 100% mixed RCA exhibited the highest cost
considering the cost due to changes in mix proportion and the transport differences between
natural and recycled aggregates. The authors identified that the transportation distance of RCA
is a significant factor in affecting cost consumption. However, 20% replacement of RCA has

a negligible difference in cost of production.
Carbon Emission

As mentioned before, the global warming potential is mainly quantified by the assessment of
carbon emissions. Mhaya et al. [51] reported that CO2 emission was reduced by 0.02%, 0.03%,
0.06%, and 0.09% when CR was used to replace the NFA by 5%, 10%, 20%, and 30%,
respectively. Besides, when CR was used as a substitution for both NAC and NAF the emission
level of CO2 was reduced to 0.06%, 0.13%, 0.26%, and 0.41% for 5%, 10%, 20%, and 30%
CR content, respectively. The authors concluded that CR can produce sustainable rubberized
concrete having lower carbon emissions and reduced energy consumption compared to
conventional concrete. On the other hand, according to Presti [69], the National Institute for
Occupational Safety and Health (NIOSH) and Federal Highways Administration (FHWA), in

their respective studies, had reported a negligible difference in emission exposures between
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Asphalt-Rubber and conventional asphalt services. The authorities also mentioned that the
effect of CR on the emission was insignificant compared to the other factors like fueling rate
of the dryer, mix temperature and asphalt binder content. The study by Xie et al. [99] also
addressed this particular environmental concern by calculating the total CO2 emission by
FR3C. The general observation was that the CO- emission increased with an increase in the
amount of CR. For instance, the CO2 emission was 6.4%, 7.4%, 8.1%, 8.8% and 9.6% greater
for samples with CR contents of 0%, 5% 10% 15% and 20%, respectively compared to that
emitted by normal concrete. However, the authors reported that the addition of silica fume in
the FR3C mix reduced the CO, emission significantly. It was observed that, in the FRC sample
with 20% CR content, as the amount of silica fume increased from 5% to 10%, the carbon
emission was 270.1 kg/m? and 258.1 kg/m?®, respectively. As seen from experimental results,
the CO emission was reduced by more than 8% in FR3C with 5% CR and 10% silica fume,
compared to steel fiber reinforced natural aggregate concrete. The full NCA replacement by
RCA showed a slight decrease in carbon emissions. Other authors also mentioned that CO>
emission was reduced up to 40% when NCA was replaced by RCA and arc furnace slag [44-
46]. Another study by Hossain et al. [47] showed that the greenhouse gas footprints were

reduced up to 65% when RCA derived from C&D waste was used in construction.
Carbonation

The CO2 emitted by constituents in R?C and FR3C can be estimated during the process of
carbonation [148]. Carbonation is considered another aspect of LCA which quantifies the
amount of CO- absorbed by the concrete in terms of carbonation depth [149]. The carbonation
depth of a rubberized concrete was found to be greater than that of normal concrete and it
increased with an increase in CR content [73]. The resistance to carbonation was found to
reduce with an increase in CR content in a study by Gupta et al. [57], where the authors
mentioned that the carbonation depth increased with an increase in exposure to CO2. Such a
behavior can be explained by the fact that the increment of void and reduction of density due

to CR incorporation in the mix results in easier access to CO..
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Energy Consumption and Carbon Footprint

During the CO2 emission process, notable energy is consumed which leads to the importance
of assessing the energy consumption in the LCA regime. Mhaya et al. [51] mentioned that
concrete with CR replacing NFA and NAC required greater energy in the production stage.
For instance, the replacement of NCA by CR caused an increase in energy consumption with
the highest value of 1.5% for the specimen containing 30% CR. In the case of CR replacing
both NCA and NFA almost 1.7% rise in energy consumption was reported for concrete with a
30% CR replacement level. The increase in energy consumption is due to the fact that the CR
requires more electrical energy and fossil fuels during the concrete production phase than that
is required by NFA. However, Li et al. [150] mentioned that the highest impact on the
environment is due to the de-vulcanization stage in the process of production of CR as it
includes large quantities of coal burning. The second highest load on the environment is due
to the refining process primarily giving rise to electricity consumption. However, it is worth
mentioning that the preparation of the CR by chopping, slicing, grinding and screening has the
lowest environmental impact. Xiao et al. [151] studied the effect on carbon footprint due to the
incorporation of RCA and reported that when RCA was used as a structural material, up to
2.175 x 10° kgCe carbon footprint was decreased. Also, the cumulative energy demand of the
RCA structure was calculated to be 1.473 x 10® MJ which was about 12.8% lower than that of
the NCA. Their study identified that the recycling process and transportation distance were
chosen to play a vital role in reducing the embodied carbon and energy consumption which
therefore makes the use of RCA more attractive. The study by Hossain et al. [47] found that
by using RCA the energy consumption can be lowered up to 58%.

Eutrophication and Acidification

As stated by Kim and Chae [152], the substances emitted during the production of concrete do
not have an impact on global warming only, but also on eutrophication and acidification. Both
of these processes are responsible for air pollution as well as the deterioration of concrete. A
paper by Piotrowska et al. [153] pointed out that the eutrophication and acidification of car
tires are significant during production and mainly at the service stage. However, no effects on

eutrophication and acidification were observed due to the recycling of the end-of-life tires
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Martinez-Lage et al. [147] reported that the eutrophication potential increased as the mixed
RCA replacement level increased. For instance, the eutrophication of concrete with 100%
mixed RCA can be up to 12.5% higher than that of the reference concrete. It was also observed
that the global warming potential increased as the replacement level of RCA increased in the
concrete mix. The study by Moro et al. [154] also concluded that the eutrophication potential
for the concrete sample having 100% RCA replacement was the highest whereas the

conventional concrete was the lowest.

2.4 Compressive Behavior and Free Vibration Responses of Reinforced Concrete
Columns Containing RCA, CR, and Fiber

The present section discusses various compressive behaviors and free vibration responses of

different reinforced concrete columns containing RCA, CR, or fiber.

2.4.1 Compressive Behavior of Recycled Aggregate Concrete Columns

Choi and Yun [21] tested seventeen 400 x 400 mm square columns having different types,
qualities, and quantities of recycled coarse and recycled fine aggregate subjected to monotonic
concentric compression loads. It was found that the maximum load for columns with recycled
coarse aggregate tends to decrease by almost 10% compared to the maximum load for columns
with natural aggregate. This might be attributed to the lower compressive strength of the
recycled concrete. But the recycled fine aggregate did not affect the axial strength of the
columns. The ductility and cracking patterns of the recycled concrete column were almost
similar to that of columns that are made with natural aggregates. Finally, it was recommended
that the reinforced concrete columns constructed with recycled aggregate can be used as load-

bearing structural elements in compression, but needed further investigation.

Zhou et al. [22] examined the compressive behavior of twenty-seven recycled aggregate
concrete (RAC) columns including three natural aggregate concrete (NAC) columns under
large eccentric (150 mm) loading having a slender proportion of 27 and a cross-section of
300 x 300 mm. The replacement level of NCA by RCA was up to 80%. It was observed that
both the cracking load and ultimate load decreased with increasing the percentage of RCA.
The bearing capacity of the column decreased by only 28.8% for the column containing 80%

RCA. The authors also gave the same explanation as Choi and Yun [21] against this reduction.
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However, an improvement was observed for the columns containing 50% RCA. This might
happen due to the production of a good gradation of aggregates with the combining 1:1 mix-
up of NCA and RCA. In resemblance to the columns of natural aggregate, recycled concrete
columns also possessed an obvious elastic stage, crack stage, and fracture stage under eccentric

load. It was suggested to use 50% RCA in the concrete structures.

Ajdukiewicz and Kliszczewicz [155] studied with compressive and flexural behavior of
reinforced concrete members made with different amounts of recycled aggregate. No
significant difference was observed in the behavior of all columns up to failure but RAC
columns showed more ductile failure compared to normal concrete. It was concluded that
though the differences in load-bearing capacity can be disregarded, the difference in

deformability should be considered carefully.

Islam et al. [156] and Choudhury et al. [157] examined the dilation effects of the square and
circular columns of different sizes containing brick, recycled brick, recycled stone, and natural
stone chips. The columns were confined with fiber-reinforced polymer (FRP) to distribute the
confining pressure uniformly and the stress-strain and post-peak failure processes were
investigated with digital image correlation technique (DICT) measurements at the failure
location. Both the brick aggregate concrete (BAC) and RAC columns exhibited greater dilation
under axial compression loading compared to the NAC columns. The BAC and RAC columns
showed a distinctly higher lateral strain compared to NAC columns due to the former’s dilation
property. The results showed that the circular columns could restrain the dilation-induced

phenomena more effectively compared to square columns.

Breccolotti and Materazzi [158] performed a reliability analysis of reinforced concrete
columns made with RAC. It was reported that, though RAC provides higher scattered
compressive strength, they can be safely used in structural components even with a full
replacement of NAC if they exhibit higher strength. However, it was suggested to adopt an
appropriate adjustment in design procedure when dealing with RAC for structural use, such as

a proper modification of the partial safety factor of concrete.

36



2.4.2 Compressive Behavior of Rubberized Concrete Columns

Hassanli et al. [23] worked with twenty-seven fiber-reinforced polymer (FRP) confined
expansive rubberized concrete (RuC) columns with a size of 100 mm in diameter and 200 mm
in height under axial compression where the FRP confining layer was pre-stressed by using an
expansive agent (EA). The percentages of CR used in this study were 0, 20, and 40 of the
volume replacement of sand, and the EA was used as a partial replacement of cement by 0%,
7.5%, and 15% of the weight. From the result, it was seen that the confining effect in
rubberized concrete was higher than that of normal concrete due to the incompressible property
of rubber with a Poisson ratio of about 0.5. However, the lateral stress provided by the FRP
confinement and the expansive agent can increase the axial stiffness significantly. Besides, this
phenomenon can also mitigate the typical strength reduction of rubberized concrete and also
increase the interaction and interface friction between the rubber particles and cement paste by
reducing the porosity.

Son et al. [24] tested twelve rubberized columns having a size of 200 mm wide x 300 mm deep
x 1600 mm long to investigate the deformability and energy absorption capacity of RC
columns. The variations considered in that study were concrete compressive strength (24 MPa
and 28 MPa), the particle size of waste tire rubber (0.6 mm and 1 mm), and the percentage of
rubber content (weight fraction of 0.5% and 1%). Results indicated that though the
compressive strength, modulus of elasticity, and axial load carrying capacity were slightly
lower than that of conventional concrete, the curvature ductility was increased up to 90%.
Besides, rubberized concrete columns were capable of undergoing more than two times lateral
deformation before buckling failure compared to the conventional concrete columns. The
authors also concluded that this rubberized concrete is more suitable for seismic applications

in structures due to its good energy dissipation capacity and ductility.

Eltayeb et al. [159] investigated the feasibility of using CR particles (8.5% of the total volume
of concrete) with lightweight foam concrete as an infill material in double-skinned profiled
composite walls. For this instance, five profiled steel-concrete composite walls with
100 x 550 x 600 mm (width x length x height) were tested under axial compressive loads. The
DICT was used to determine the strains and deformations. Results showed that the concrete

strength and modulus of elasticity of lightweight foam concrete (LFC) and lightweight foam
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rubberized concrete (LFRC) decreased by 19% and 20.1%, respectively. Due to this strength
reduction, the axial capacity of the LFRC walls was reduced by 16.8% compared to LFC walls.
However, the LFRC walls showed relatively fewer cracks than that of LFC walls due to the
higher ductility of rubberized concrete.

2.4.3 Compressive Behavior of Fiber-Reinforced Concrete Columns

Raza et al. [160] investigated the structural behavior of fiber-reinforced (steel fiber and
polypropylene fiber) concrete columns having both steel bars and GFRP (Glass Fiber
Reinforced Polymer) bars as structural reinforcement. Six fiber-reinforced GFRP columns had
been constructed with a diameter of 250 mm and height of 1150 mm and compared with six
fiber-reinforced steel columns under both concentric and eccentric (30 mm and 60 mm) loading
conditions. The experimental results revealed that the fiber-reinforced GFRP columns showed
lower axial capacity (8.68%) than those of fiber-reinforced steel columns. However, the GFRP
columns provided higher ductility (19.71%) compared to the steel columns. The lateral
confining pressure and the ductility index were increased after decreasing the vertical spacing
of spirals. On the other hand, the axial capacity decreased by 23.9% and 57.4% after applying
the eccentricity of 30 mm and 60 mm for six fiber-reinforced steel columns having 38 mm
spiral spacing. The same trend was also observed for 75 mm spiral spacing as well as GFRP
columns. In addition, they noted that both GFRP columns and steel columns showed similar

failure modes.

Chao et al. [161] tested two full-scale columns, one with normal strength concrete and the other
with ultra-high-performance fiber-reinforced concrete (UHP-FRC) under simulated
earthquake loads to evaluate their damage-resistance ability, deformation capacity, and failure
mechanism. Experimental results showed that the use of UHP-FRC changed the failure mode
of RC columns as it can improve the confinement and shear capacity, as well as can prevent
concrete from crushing. Besides, the UHP-FRC column exhibited a higher peak strength, a
greater deformation capacity, and limited damage even at large drift ratios compared to the
normal-strength RC column. Finally, the authors concluded that the UHP-FRC will result in

great post-earthquake functionality and considerable cost savings in repairs for structures.
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2.4.4 Free Vibration Responses

Xue and Shinozuka [25] conducted a free vibration test of rubberized concrete columns with
three different CR replacement levels such as 5%, 10%, and 15%. The CR was replaced with
NCA. It was found that the average damping ratio of rubberized concrete columns was 62%
higher compared to conventional concrete columns. The damping ratio of rubberized concrete
columns varied from 5.9% to 8.3%. The following trend was also observed by other researchers
[68, 162]. Moustafa and ElGawady [68] investigated the dynamic properties of rubberized
concrete with the replacement of fine aggregate up to 30%. It was found that though the
damping was found to increase with the increase of CR content, beyond 20%, the effect on
damping was insignificant. Besides, the fracture energy was found to increase with the increase
of CR content up to 20%. In terms of natural frequency, the frequency decreased with the
addition of rubber. However, this reduction was not significantly affected by the rubber
content. From another study of Moustafa et al. [163], it was observed that the fundamental
period of the rubberized column containing 20% CR content was 7% higher than that of the
RC column due to the lower stiffness of the rubberized column. Besides, the cumulative

dissipated energy was increased by 16.5% in the rubberized column.

Zheng et al. [162] worked with two different types of rubber such as ground rubber and crushed
rubber. It was found that the dynamic modulus elasticity of rubberized concrete was lower than
that of plain concrete. However, the crushed rubber had more effects on both dynamic and
static modulus of elasticity of rubberized concrete than ground rubber. The dynamic modulus
of elasticity was approximately 50% higher than the static modulus of elasticity for rubberized
concrete. The damping ratios of rubberized concrete beams with rubber contents of 15%, 30%,
and 45% were found 1.86, 2.35, and 2.26 times higher than that of ordinary concrete beams.
However, this damping ratio decreased when the rubber content was more than 30%. Another
study by Pitilakis et al. [164] also suggested limiting the use of CR by up to 30%. For 30%
rubber content, a significant modification in the dynamic properties had been noticed. A
decrease of about 50% in the fundamental frequency and an average reduction of 40-60% in

the structure’s response was observed which was comparatively much higher than 10% CR.

Youssf et al. [165] tested three circular RC columns having 240 mm diameter and 1500 mm
shear span under incrementally increasing reversed cyclic loading. The results indicated that
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the use of CR content at 20% increased the hysteretic damping ratio and energy dissipation of
the columns by 13% and 150% respectively but decreased the viscous damping ratio compared
to a conventional concrete column. The viscous damping was decreased by 49% compared to
conventional concrete. Besides, the rubberized column was able to sustain a lateral load and
ultimate drift of about 98.6% and 91.5%, respectively, of those sustained by the conventional
column. The authors suggested not to use rubber aggregate in concrete in large-scale structural

applications.

Mo et al. [166] investigated the effects of polypropylene (PP) fiber and rubber powder on the
damping capacity of concrete. It was found that the damping ratio was increased by about 60%
when the mass ratio of PP fiber increased from 0.4% to 1.5%. This was due to the bridging
action of PP fiber in concrete which was more obvious for a higher content of fiber. Besides,
this bridging action led to absorbing more energy in the process of bonding, sliding, and pulling
out between fiber and concrete matrix. With the addition of rubber powder, the damping
capacity was also increased in fiber-reinforced rubberized concrete. The degradation rate of
the bending dynamic stiffness of fiber-reinforced rubberized concrete beams slowed down with
the increase of PP fiber content and accelerated with the addition of rubber powder.

2.5 Summary

Upon reviewing the existing literature, it is clear that very few studies have been conducted on
the combination of RCA, CR, and PP fiber in reinforced concrete columns. The RCA is capable
of producing concrete with the same or greater strength than the concrete made by NCA.
Besides, the CR is helpful to improve the impact resistance, and shock absorption capacity as
well as enhancing the dynamic properties of concrete such as damping ratio, natural time
period, dynamic stiffness, and energy dissipation capacity. As concrete is a brittle material and
weak in tension, its ductility, toughness, and tensile strength can be increased by incorporating
PP fiber into concrete. So far, the flexural properties of concrete incorporating a combination
of all these three have been assessed previously but the compressive behavior and free
vibration test have been done in limited studies. The inadequacy of available test data makes
it difficult to identify the compressive behavior of reinforced concrete made of RCA, CR, and
PP fiber. Thus, this research will investigate the compressive behavior and different dynamic
properties of reinforced concrete R2C and FR3C columns.
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Chapter 3
EXPERIMENTAL DETAILS

3.1 Introduction

A detailed experimental investigation of the behavior of twenty-six one-third scale rubberized
recycled concrete (R?C) and fiber-reinforced rubberized recycled concrete (FR3C) tied-square
columns with 150 x 150 x 950 mm size subjected to monotonic concentric compression loads
are presented in this chapter. The free vibration test of columns is also discussed. Besides, the
test procedure for investigating different mechanical properties of R?C and FR3C is presented.
The investigated parameters included longitudinal reinforcement ratio (1.4% and 2%), tie
spacing (75 mm and 150 mm), and content of CR (5%, 10%, and 15%) with 0.5% PP fiber and

30% RCA replacement. A detailed description of the experimental program is presented below.

3.2 Materials

Nine different types of concrete mixtures were prepared for this study which were composed
of Portland composite cement (PCC), natural fine aggregate (NFA), natural coarse aggregate
(NCA), recycled coarse aggregate (RCA), crumb rubber (CR), and polypropylene (PP) fiber.
The aggregates used in this study are shown in Figure 3.1. The RCA was obtained from an
eight years old demolished building which was then crushed with a crusher machine at four
different sizes such as 19 mm, 12.5 mm, 9.5 mm, and 4.75 mm. The particles less than 4.75
mm were removed through sieving. After that, the RCA was washed several times to dispel
the impurities adhered to the surface of them. The physical properties of the RCA were
determined using the same procedure followed for NCA. Many countries have specific
guidelines for the use of recycled aggregate as a construction material. According to the Korean
standard [167], the specific gravity of RCA should be more than 2.5, the water absorption rates
should be less than 3% and the abrasion value should be less than 40%. The properties of RCA

used in this study complied with these limits.

The CR was produced after shredding the waste tire with a shredder machine having a nominal
maximum size of 4.75 mm. The maximum size of NCA and NFA was 19 mm and 4.75 mm,
respectively. The gradation curves of NCA, RCA, NFA, and CR are presented in Figure 3.2.

It is seen that the gradation curves of all the aggregates comply satisfactorily with the range
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specified by ASTM C33 [10]. The PP fiber having a length of 12 mm was collected from China
and its specification provided by the company is presented in Table 3.3. Mild steel was used
as longitudinal and transverse reinforcement. The stress-strain behavior of mild steel is
presented in Figure 3.3. The properties of all materials were determined according to ASTM

standards and summarized in Table 3.1 to Table 3.5.

Figure 3.1 Aggregates used in concrete: (a) RCA (b) CR (c) PP Fiber.

Table 3.1 Chemical and physical properties of Portland composite cement.

Componerft _ PCC (% Mass) Standard
Chemical Composition
SiO, 20.60
Al,O3 4.74
Fe,0s 3.28
CaO 64.82
MgO 1.84 ASTM C114 -18 [168]
SOs 2.40
Na,O 0.21
K20 0.38
Loss on ignition (LOI) 1.73
Physical Properties Standard
Specific Gravity 2.95 ASTM C188-17 [169]
Blaine Fineness (m?/kg) 367 ASTM C204-18 [170]
Normal Consistency (%) 27.6 ASTM C187 -16 [171]
Initial Setting Time (min) 140
Final Setting Time (min) 195 ASTM C191-19 [172]
Mechanical Properties Standard
3 Days 20.3
Compressive Strength (MPa) 7 Days 24.8 ASTM C109-13 [173]
28 Days 37.3
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Table 3.2 Physical properties of aggregates.

Variables NCA RCA NFA CR Standard
Nominal Maximum Size (mm) 19 19 4.75 4.75 ASTM C125-20 [174]
Apparent Specific Gravity 2.84 2.72 2.65 -
Bulk Specific Gravity (SSD) 2.82 2.59 2.59 1.12
Bulk Specific Gravity (OD) 281 251 255 - ASCT1'\2/|8?1152E1_%&53’ f%'\"
Absorption Capacity (%) 0.33 2.97 1.40 1.10 '
% of Effective Absorption 99 99 99 99
Fineness Modulus 6.73 6.73 248 3.12 ASTM C136-14 [177]
Loose Condition Unit Weight (kg/m?) 1460 1380 1540 -
Compact Condition Unit Weight (kg/m3®) 1580 1430 1620 -
Loose Condition % of \VVoids 48 43 40 - ASTM C29-17 [178]
Compact Condition % of Voids 44 41 37 -
Abrasion Value (%) 17 32 - - ASTM C131-20 [179]
Elongation Index (%) 21 28 - - BS 812-105.2 [180]
Flakiness Index (%) 19 22 - - BS 812-105.1 [181]
Table 3.3 Specifications for polypropylene fiber.
Variables Polypropylene fiber
No. of Denier 03
Specific gravity (g/cm?) 0.91
Fiber Length (mm) 12
Tensile Strength (MPa) 480
Elastic Modulus (GPa) 7.0

Table 3.4 Mechanical properties of rebar (modulus of elasticity and yield strength).

E; (GPa) fy (MPa)
Unit

Bar Onominal . Jactua As .
SN Weight 2 Minimum Standard

Type (mm) (kg/m) i(mm)  (mm?) Tested Average Tested Average (A615-60)
1 Steel 0.40 8.09 51 206 431
2 8mmd 8 0.43 8.36 55 215 210 448 441
3 0.42 8.22 53 210 445
4 Steel 0.62 10.02 79 209 447 ASTM
5 ommg 10 0.62 1000 79 216 213 451 451 420 A615-20
6 0.62 10.01 79 214 455 [182]
7 Steel 0.92 12.21 117 240 492
8 12;:1@ 12 0.93 12.29 119 234 227 476 484 420
9 0.93 12.29 119 208 484

Table 3.5 Mechanical properties of rebar (ultimate strength and strain).

Bar  drominal fu(MPa) Elongation (%)

SN Type  (mm) Tested Average fu/fy & (mm/mm) Tested ?ﬁ\'gl'?gg; Standard
1 562 0.00202 23

2 8?;‘;?'@ 8 539 553 1.25 0.00212 o5 .

3 557 0.00214 25

4 el 551 0.00218 18 ASTM
5 10mma@ 10 545 543 1.20 0.00214 16 9 A615-20
6 532 0.00212 15 [182]
7 556 0.00213 15

g vl 12 565 558 1.15 0.00218 12 9

12mm@
9 555 0.00217 13
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Figure 3.2 Gradation curve of (a) NCA and RCA; (b) NFA and CR.

Stress (MPa)
N w S
o o o
o o o

100 -

0.00 0.05 0.10 0.15 0.20 0.25 0.3
Strain (mm/mm)

Figure 3.3 Tensile test of mild steel: a) Test set-up, b) Stress-strain relationship.

3.3 Concrete Mix Proportions

The percentages of NCA, RCA, NFA, CR, and PP fiber were varied during the mix design in
this study. To investigate the effect of RCA, CR, and PP fiber on column compressive
behavior, nine different concrete mixes were prepared with a design compressive strength of
30 MPa at 28 days. Some standards allow the complete replacement of NCA by RCA to make

concrete with compressive strength up to 60 MPa [183, 184] and some standards allow to
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produce of only 10 MPa concrete by using 100% RCA [185]. Due to this uncertainty of
recycled aggregate concrete (RAC) strength, Choi and Yun [21] suggested using RCA where
the required concrete compressive strength is less than 27 MPa. It was recommended to use
less than 30% RCA to produce concrete strength of more than 21 MPa to less than 27 MPa
[21]. Besides, some previous researchers had pointed out that replacing the NCA with RCA by
more than 30% by weight gradually decreased the mechanical properties of RAC [13, 21, 186-
189]. Thus, the RCA replacement level was fixed at 30% of the weight of NCA for conducting
this research.

The NFA was replaced with CR in 5%, 10%, and 15% proportions by volume. Meherier [56]
and Ismail and Hassan [12] found that using CR up to 10% provided a comparable strength
with the control specimens and enhanced the deformation capacity, ductility, and toughness of
concrete. Keeping these observations in mind, CR replacement levels were selected as 5% and

10% and for comparison purposes, a higher percentage (15%) was also selected.

In addition, the PP fibers were added to the concrete mixture by 0.5% of the concrete volume
as suggested by Mohod [190]. The PP fiber was selected instead of steel fiber because it does
not suffer from corrosion like steel fiber, and thus PP fiber-reinforced concrete performs better
in terms of durability [18]. As the surface of the columns is exposed to the environment, they
may have the chance to be corroded. Besides, the production and labor cost of PP fiber is

relatively less [19], and low CO2 emissions during the process of production [20].

The coarse and fine aggregates were used in saturated surface dry (SSD) conditions. The mixed
proportions of materials per cubic meter are presented in Table 3.6. Each mix design is
designated with a unique name for ease of referencing within the text. For example, in the
combination of R3CisFos 2.0-150 Where R means RCA; 30 is % of RCA replacement; C is CR;
15 is % of CR replacement; F is polypropylene fiber; 0.5 is % of PP fiber; 2.0 is % of
longitudinal reinforcement ratio and 150 is the tie spacing. No water-reducing admixture was

used throughout the study.
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Table 3.6 Mix proportion for 1 m3concrete.

Coarse Fine
Batch RCA CR FIiDbF;r wie ~Water  Cement Aggregate Aggregate F?bF;r Remarks
Code (%) (%) ko) (ko) (kg) (kg)
(%) (k9)
NCA RCA NFA CR
RoCoFo 0 0 0 979.6 - 7314 - - NAC
R30CoFo 30 0 6857 2939 7314 - - RAC
R30CsFo 30 5 0 685.7 2939 6948 159
R3oC1oFo 30 10 0 6857 2939 6583 318 - R2C
RaoC1sFo 30 15 0 045 2050 4560 6857 2939 621.7 477 -
RsoCoFos 30 0 05 6857 2939 7314 - 455 FR2C
R30CsFos 30 5 0.5 685.7 2939 6948 159 455
RsoCwoFos 30 10 05 6857 2939 6583 318 455 FR3C
RsoCisFos 30 15 05 685.7 2939 6217 477 455

Note:

NAC = Natural Aggregate Concrete/Control, RAC = Recycled Aggregate Concrete, R?C = Rubberized Recycled
Concrete, FR?C = Fiber-Reinforced Recycled Concrete, and FR3C = Fiber-Reinforced Rubberized Recycled
Concrete.

3.4 Specification and Fabrication of Specimens

The following section presents the specifications and fabrication procedures of different
specimens for this study.

3.4.1 Specimens Specifications for Mechanical Properties Test

One hundred and eight (108) concrete cylinders having 100 mm diameter and 200 mm height
were cast following the ASTM C31-19 [191] standard to determine the compressive strength
and modulus of elasticity (MoE) of concrete. Hardened density, Ultrasonic Pulse Velocity
(UPV), and surface resistivity data were collected from the concrete cylinders before the
compressive strength test. To determine the direct tensile strength of concrete, dog
bone-shaped specimens were prepared following Liu et al.[192]. Two smooth transitional
zones were created between the end regions and the critical region of dog bone specimens to
mitigate potential stress concentrations at those zones. The cross-section of the dog bone
specimens is shown in Figure 3.4 (a). The flexural strength of concrete was determined using
150 x 150 x 550 mm size concrete prism beams. The specimen size was adopted from the
Japan Concrete Institute Standard [193] for fiber-reinforced concrete which is shown in Figure
3.4 (b).
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Figure 3.4 Dimensional details of specimens for (a) direct tension test of dog-bone-

shaped specimens, and (b) flexural strength test of the concrete beam.

3.4.2 Column Specimens for Compression Test

Twenty-six square columns were fabricated according to ACI 318/318R [194] guidelines, each
with a cross-section of 150 x 150 mm and a length of 950 mm. The columns were designed
with haunched column heads of 250 x 250 x100 mm. This modification of the design of the
column ends was adopted from Manzur et al. [195] to eliminate any chance of premature failure
due to excessive stress concentration at the column end regions and to ensure the crack
propagation along the weak zone of the column. The columns had the minimum amount of
longitudinal reinforcement (1%) and the maximum tie spacing mandated by ACI 318/318R
[194]. Eighteen columns were reinforced with a 1.4% (four rebars of 10 mm diameter)

longitudinal reinforcement ratio and four columns were reinforced with a 2.0% (four rebars of
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12 mm diameter) longitudinal reinforcement ratio and the rest four were un-reinforced columns

(plain concrete).

Two tie spacing were selected such as 75 mm and 150 mm center to center distance. According
to ACI 318/318R [194], the vertical spacing of ties should not exceed 16 times of longitudinal
bar diameters (to restrain rebar buckling), 48 times of tie diameters (to assure sufficient tie area
to prevent the lateral displacement of the longitudinal rebars), or the least lateral dimension of
the column (to develop the maximum strength of the concrete core). Thus, 150 mm tie spacing
was selected for this study which corresponds to the requirement to develop the maximum
strength of the concrete core. The other spacing (75 mm) was selected as the minimum practical
spacing as well as the viewpoint of seismic provision which corresponds to half of the least
lateral dimension of the column. A 25 mm spacing was provided at the end zones of columns
to provide additional lateral support to eliminate any chance of disruption of concrete at those

zones. For all columns, 8 mm diameter steel bars were used as transverse reinforcement.

Two electrical resistance steel strain gauges were mounted onto the internal reinforcement (one
was with longitudinal reinforcement and one was with transverse reinforcement) before casting
the concrete to determine the reinforcements strains. Besides, three concrete strain gauges were
glued on the surface of the concrete before testing at the mid-height of the column to determine
the axial and transverse strain. The detailed test matrix is listed in Table 3.7. The cross-section

of the columns and reinforcement configurations are shown in Figure 3.5 and Figure 3.6.
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Table 3.7 Test matrix for compression test of columns.

Length x Width x

Heiah Longitudinal Transverse
ght : :
Reinforcement Reinforcement
SN Column (mm)
Code . .
Top & Main p Top & Main pt
Bottom Bod Rebar (%) Bottom Bod (%)
Head y 0 Head Y
1 | RoCoFo 0-0
2 | R3oCoFos5 00 ) } i} - R
3 | RaoCisFo 00
4 | R30CisFos_0-0
5 | RoCoFo 1.4.75
6 | R30CoFo 1475
7 | RsoCsFo 1.475
8 | Ra0CioFo 1.4.75
9 | RsoCisFo_ 1475 4-10mme 1.4 Smme@25  8mme@75 0.22
mm c/c mm c/c
10 | RsoCoFos 1475
11 | R30CsFos5 1.4-75
12 | RsoCioFos5 1475 250 150
13 | R30CisFos 1475 X x
14 | RoCoFo_1.4-150 250 150
X X
15 | RsoCoFo 1.4-150 100 750
16 | R30CsFo 1.4-150
17 | RsoCaoFo_1.4-150 g @s 8 @150
) mme mme
18 | R3oCisFo_1.4-150 4-10mme 1.4 mm c/c mm c/c 0.22
19 | R30CoFo5 1.4-150
20 | R30CsFos5 1.4-150
21 | R3oCuoFos5 1.4-150
22 | R30CisFo5_1.4-150
23 | RoCoFo 20-150
24 | R3oCsF .
30Csk0.5_2.0-150 4-12mmo 20 8mme@25 8mmoe@150 0.2
25 | R30C10Fo5 20-150 mm cfc mm cfc
26 | R30CisFos5 2.0-150
Note:

For RsoCisFos 20-150 combination, R is RCA,; 30 is % of RCA replacement; C is crumb rubber; 15 is % of CR
replacement; F is polypropylene fiber; 0.5 is % of PP fiber; 2.0 is % of longitudinal reinforcement ratio and 150
is tie spacing.
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(c) All Columns After Installation of Strain Gauges

Figure 3.6 Preparation of columns before casting.

3.4.3 Column Specimens for Free Vibration Test

The columns having 150 mm tie spacing were used for the free vibration test before conducting
the compression test. The effect of RCA, CR, and PP fiber on different free vibrational
responses was evaluated. The detailed test matrix and the configuration of the reinforcement

were shown in Table 3.8 and Figure 3.7.
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Table 3.8 Test matrix for free vibration test of columns.

Length x Width x Longitudinal Transverse
Height ; .
Reinforcement Reinforcement
SN Column (mm)
Code Top& 0. Top & Main
Bottom Bod Rebar (50 ) Bottom Bod ((1’2)
Head y Head Y
1 RoCoFo_1.4-150
2 R30CoFo_1.4-150
3 R30CsFo_1.4-150
250 150
4 R30C10Fo_1.4-150 ¥ <
i 8mme@25 8mmo@150
5 R30CusFo_1.4-150 250 150 4-10mme 1.4 mm o/c mm c/c 0.22
6 R30CoFo.5 1.4-150 - -
R 100 750

7 R30CsFo5_1.4-150
8 R30C10F05 1.4-150
9 R30C15Fo.5_1.4-150

E i 250mm. i

2 L_. m

' 250mm i
T ——lof 4<10mm®
NEEE el
“|___&mm@@]50mm clc
150mm
E Section X-X
= t-

Lotng Section

Figure 3.7 Longitudinal and transverse reinforcement configuration for free

vibration testing columns.
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3.4.4 Fabrication of Specimens

The mixing procedure of CR and PP fiber in the concrete mixture was adopted from Shahjalal
et al. [13]. At first, the CR was mixed manually with NFA. Then, the PP fiber was thoroughly
mixed with the designed cement content by hand to ensure uniform distribution. In addition,
to ensure uniform distribution of fibers, molds were filled with fresh concrete from one end in
a single layer. The concrete mixtures were prepared in the concrete laboratory using a concrete
mixture machine and after mixing the fresh concrete was poured on a dry surface. At first, the
designated amounts of NCA and RCA were inserted into the mixture machine. Then the
combined ingredient of CR and NFA were added followed by the addition of the mixture of
cement and PP fiber with the last ingredient being water. A vibrator was used during the casting
of the specimens. The fabrication of the different specimens is shown in Figure 3.8. The
columns and other specimens were moist cured under wet jute fibers layer for 28 days which

is a common practice of curing different structural members in Bangladesh (Figure 3.9).

BT L

(a) Preparation of Columns Molds (b) Casting of Columns Specimens
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(d) Casting of Dog Bone Specimens and Cylinders

(e) Preparation of Beam Molds (f) Casting of Beam Specimens

Figure 3.8 Fabrication of the specimens.

Figure 3.9 Curing of specimens.
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3.5 Test Setup and Procedure

The following section describes the detailed setup and procedures of different tests of this

study.

3.5.1 Test Setup for Mechanical Properties of Concrete

The fresh concrete was used to determine the slump value, air content, and fresh density of
concrete. ASTM C143-15 [196] was used to determine the slump value whereas ASTM C231-
17 [197] was used for determining the air content. The compressive strength was done as per
ASTM C39-18 [198] using a compression machine of 2000 kN capacity. To determine the
MOoE of concrete, two concrete strain gauges were attached at the mid-height of each concrete
cylinder (Figure 3.10). The longitudinal and transverse strains of concrete cylinders were
collected by those strain gauges through a data logger using a loading rate of 0.3 kN/s which
is displayed in Figure 3.11 (a). the test was conducted as per ASTM C469-14 [199]. Before
the test, the top and the bottom surface of the concrete cylinder were leveled with a grinding
machine to eliminate the eccentricity of loading. For the direct tensile strength test of concrete,
a customized steel fixture was prepared to hold the specimens in UTM shown in Figure 3.11
(b). A displacement rate of 0.05 mm/min was used in the tensile test.

The ultrasonic pulse velocity (UPV) of concrete was determined following ASTM C597-16
[200] (Figure 3.11 (c)). To determine the surface resistivity of concrete against chloride ion
penetration, the surface resistance value was determined. Before the test, the cylinder was
cleaned up very carefully. Then, with the help of the surface resistivity meter, the value of
surface resistance was recorded at the right angle around the cylinder. After that, the value was
linked with the chloride ion penetrability chart that is guided in AASHTO TP 95 [201]. The
test setup is presented in Figure 3.11 (d). The hardened density of concrete was determined
according to ASTM C642-13 [202]. The flexural strength was determined using a three-point
bending test on the notched beam and the setup was adopted from the Japan Concrete Institute
Standard [193] for fiber-reinforced concrete (Figure 3.11 (e)). A constant loading rate of 0.075
mm/min was given using a UTM. All the test set up for determining different mechanical
properties of concrete is summarized in Figure 3.11. The standards and duration of conducting

different tests is summarized in Table 3.9.
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Installation of Strain Gauge on Concrete Cylinders

Figure 3.10 Installation of strain gauge.
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(a) Compressive Strength Test of Concrete Cylinders (b) Direct Tensile Test of Concrete
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Figure 3.11 Test setup for determining different mechanical properties of concrete.

3.5.2 Compression Test of Reinforced Concrete Columns

All the columns were whitewashed and the surfaces were gridded with small square boxes to
get an idea of the crack lengths which is shown in Figure 3.12 (a). Three concrete strain gauges
were glued on the mid surface of the column before starting the test. Among them, two were
mounted longitudinally and one was transversely Figure 3.12 (b). All the column specimens
were tested under uniaxial loading up to failure by using a Universal Testing Machine (UTM)
with a capacity of 1000 kN. A displacement-controlled loading rate of 0.1 mm/min was applied
gradually until failure. The columns were fixed at the top and bottom before starting the test.
The top and bottom ends of the columns were leveled evenly during the casting and testing

process to ensure a uniform distribution of loading throughout the cross-section. Special care
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was taken to set the column specimens at the center of the machine so that no eccentricity was
produced. The applied load and its corresponding axial compression were taken from UTM.
Moreover, to determine the midpoint lateral deflection four additional LVDTs were used at the
mid-height of the column. The longitudinal/axial and transverse strains of reinforcement and
concrete columns were collected by steel and concrete strain gauge. All data were collected at
a regular interval by an automatic data logger system. The formation of cracks and their
corresponding loads were noted very carefully. A high-resolution camera was also used to
capture the failure patterns of columns at different stages. The total arrangement of the

instruments is presented in Figure 3.13.

(b) Installation of
(a) Whitewashed and Gridded the Columns' Surfaces Concrete Strain Gauge
on Column Surface

Figure 3.12 Column preparation before testing.
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Figure 3.13 Test set-up for uniaxial compression test of columns.
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3.5.3 Free Vibration Test of Reinforced Concrete Columns

To investigate the energy dissipation capability of the rubberized concrete and fiber-reinforced
rubberized concrete free vibration test was carried out in this study for different combinations
of concrete. As shown in Figure 3.14 (a), a 2.5 kg hammer was employed to apply impact load
to the mid-point of the top head of the column. Three different impact energy was generated
by changing the horizontal length of the hammer arm by 30 cm, 35 cm, and 40 cm. Thus three
different impact energy was generated such as 1.54 N.m, 2.13 N.m, and 2.83 N.m, respectively.
Three accelerometers were used to collect the acceleration data. Among them, two were glued
on the midpoint of the top surface of the top head and another one was at the top surface of the
bottom head as presented in Figure 3.14 (b). A displacement sensor was also placed
horizontally at the same level as the hammer but on the opposite surface of the column. The
free vibration data were recorded through a data acquisition system. The positions of the
accelerometers and the displacement sensor are shown in Figure 3.14 (b). Each test was
repeated three times and the average result was presented. The full test setup for the free

vibration test is displayed in Figure 3.14 (c).

Table 3.9 Standards and duration of conducting different tests.

Test Conducted on

SL Name of Test Code/ Standard/Reference (Days)
1  Slump ASTM C143-15 [196] 0

2 Air Content ASTM C231-17 [197] 0

3 Compressive Strength ASTM C39-18 [198] 7,28, 56
4 Modulus of Elasticity ASTM C469-14 [199] 56

5  Tensile Strength Liu et al.[192] 56

6  Flexural Strength Japan Concrete Institute Standard [193] 56

7 Ultrasonic Pulse Velocity ASTM C597-16 [200] 7,28, 56
8  Surface Resistivity AASHTO TP 95 [201] 56

9  Hardened Density ASTM C642-13 [202] 7,28, 56
10 Compression Test of Columns - 56

11  Free Vibration Test of Columns - 56
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3.6 Summary

Using 9 concrete proportions a total of 108 concrete cylinders, 36 dog bone specimens, and 36
prism beams were cast to determine the different mechanical properties of concrete. Portland
composite cement (PCC), natural fine aggregate (NFA), natural coarse aggregate (NCA),
recycled coarse aggregate (RCA), crumb rubber (CR), and polypropylene (PP) fiber, mild steel
rebar were used as materials. To determine the compressive behavior of reinforced concrete
R?C and FR3C columns 26 columns were fabricated by varying the percentage of CR content
at 0%, 5%, 10%, and 15%, tie spacing at 75 mm and 150 mm as well as longitudinal
reinforcement ratio at 0%, 1.4%, and 2.0%. However, the RCA was fixed at 30% in all
combinations. In FR®C combinations, 0.5% PP was used additionally. From those 26 columns,
9 columns having the tie spacing of 150 mm were used for the free vibration test before
conducting the compression test. All the tests had been performed as per standards at their

specified ages.
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Chapter 4
MECHANICAL PROPERTIES OF CONCRETE

4.1 Introduction

The present chapter describes the fresh and hardened properties of different rubberized
recycled concrete (R?C) and fiber-reinforced rubberized recycled concrete (FR3C). The fresh
properties contain slump value, air content, and fresh density whereas hardened properties are
presented in terms of compressive strength, modulus of elasticity, tensile strength, flexural
strength, hardened density, ultrasonic pulse velocity, and surface resistivity. Besides, an
extensive regression analysis has been carried out and proposed different equations for
predicting various mechanical properties considering the effect of crumb rubber (CR) and
fiber. A cost analysis has been done for establishing R2C and FR®C as cost-effective and eco-

friendly concrete.

4.2 Fresh Properties

The following section presents various fresh properties of different concrete mixtures.

4.2.1 Slump Value

The slump value of different concrete mixtures is presented in Figure 4.1. Overall, it is seen
that all the rubberized recycled concrete (R?C) mixtures and fiber-reinforced rubberized
recycled concrete (FR3C) mixtures exhibit a reduced slump compared to the control mix of
165 mm. This drop is primarily due to different specific gravity of constituents present in the
mixtures, for instance, fibers, crumb rubber (CR), and recycled coarse aggregate (RCA). After
the inclusion of 30% RCA, the slump is reduced to 150 mm as a result of the increased
absorption capacity of RCA. The same trend is also observed when CR is introduced in the
mix design. The slump value begins to decrease with an increase in amounts of CR in the
mixture. As the surface of the CR particles is too rough, they create internal friction between
the ingredients of the concrete which leads to a decrease in the slump value. The slump values
of R?C containing 0%, 5%, 10%, and 15% CR content are decreased by 9.1%, 21.2%, 45.5%,
and 54.5%, respectively compared to the control mixture. Besides, from Figure 4.1, it is distinct

that when an additional 0.5% PP fiber is added the workability of concrete reduces further. The
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slump values of FR3C containing 0%, 5%, 10%, and 15% CR content are found to be decreased
further by 43.3%, 42.3%, 33.3%, and 33.3%, respectively compared to R?C combinations. As
CR is a porous material, more water is required to overcome inter-particle friction which
reduces the workability. Besides, this reduction in workability can also be greatly attributed to
the increased density and the apparent dryness imparted by PP fiber. Moreover, fiber creates
higher interlocking between aggregates which drastically reduces the workability. Batch-9

(R30C1sFo.5) exhibits the lowest slump which is 69.7% lower than that of the control mixture.

Slump value is used to quantify the degree of workability and the slump class. The correlation
between the workability and slump value and the slump class is presented in Table 4.1. The
slump value of all R?C mixtures falls within the range of 60/80 - 120/150 which complies with
the "High" degree of workability and slump class of S3. Thus, the workability will not
significantly drop for CR content. On the contrary, the slump value of FR3C mixtures complies
with the "Medium" degree of workability and slump class of S2. However, though the slump

value decreases with RCA, CR, and fiber, it still provides a medium degree of workability.
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Figure 4.1 Slump value of different concrete mixtures.

Table 4.1 Degree of workability and class of slump

Bartos et al. [203] EN 206-1 [204]
Slump (mm) Degree of workability Slump (mm) Class
0 No Slump, Zero Slump

0-10 Very Low 10-40 S1
10-30 Low 50-90 S2

30 - 60/80 Medium 100-150 S3
60/80 - 120/150 High 160 S4

120/150 — collapsed Very High
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4.2.2 Air Content

The air content of different concrete mixtures is summarized in Figure 4.2. Overall, it is seen
that the air content of concrete mixtures with the addition of RCA, CR, and fibers, is increased.
After replacing the NCA with 30% RCA, the air content of recycled aggregate concrete (RAC)
is found to increase by 10.0% compared to natural aggregate concrete (NAC). The presence of
adhered mortar in RCA particles becomes the source for entrapping air. Besides, the air content
is also found to increase as the CR content increases. The CR particles are irregular in shape
which could be one of the possible reasons for entrapping air during the mixing process.
Besides, due to the lower specific gravity and porous nature of CR, it cannot mix properly with
the other ingredients, thus providing a higher value of air content. The air content of RC is
increased by 10.0%, 20.5%, 27.3%, and 34.1% for 0%, 5%, 10% and 15% CR content,
respectively compared to the control mixture. However, from Figure 4.2 it is clear that adding
PP fiber to concrete slightly decreases the air content value as it creates a strong interlocking
between the aggregates. The air content values of FR3C containing 0%, 5%, 10%, and 15%
CR content are found to be decreased by 2.9%, 9.4%, 10.0%, and 11.9%, respectively
compared to R2C combinations but still higher than that of control mixture. This result is
consistent with the previous study [16].
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Figure 4.2 Air content of different concrete mixtures.

65



4.2.3 Fresh Density

Figure 4.3 demonstrates the fresh concrete densities of different concrete mixtures. In general,
it is seen that the fresh density decreases after the inclusion of RCA CR, and fiber. Due to the
reduced specific gravity and unit weight of RCA, CR, and PP fiber in comparison to NCA,
NFA, and cement, the concrete density reduces. With increasing the percentage of CR content
in the R?C mixture the density reduces 2.5%, 6.3%, 7.1%, and 8.3% for 0%, 5%, 10%, and
15% CR content, respectively compared to the control mixture. Besides, the inclusion of fiber
in R2C further decreases the density. In FR3C, these reduction percentages increase to 4.5, 7.5,
8.6, and 11.0 for 0%, 5%, 10%, and 15% CR content, respectively compared to the control
specimen. The density range varies from 2200 kg/m? to 2400 kg/m?® for R?C, and 2100 kg/m®
to 2350 kg/m? for FR3C, whereas, the control specimen density is almost 2430 kg/m®. Thus,
relatively lightweight concrete can be produced by incorporating RCA, CR, and PP fiber in the
concrete mixture which can reduce the self-weight of the concrete.
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Figure 4.3 Fresh density of different concrete mixtures.
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4.3  Hardened Properties

The following section presents the effect of RCA, CR, or fiber on various mechanical

properties of different concrete mixtures.

4.3.1 Compressive Strength

The compressive strength of different concrete batches is summarized in Figure 4.4. In general,
the concrete strength increases with increasing age. Approximately 49% of strength has been
gained at 7 days and at 56 days the average strength has been increased by 14% compared to
28 days’ strength in rubberized concrete (RuC). As the CR particles are hydrophobic in nature,
proper hydration cannot be done at an early age. Thus, the strength gaining is comparatively
slower than that of normal concrete or recycled aggregate concrete (RAC). From Figure 4.5 it
is clearly seen that all RuC exhibits comparatively lower compressive strength. With increasing
the percentage of CR content, the compressive strength of R2C specimens’ decreases. The
decreasing percentages are 11.7%, 18.5%, 25.8%, and 40.1% for 0%, 5%, 10%, and 15% CR
content, respectively compared to the control mixture. As CR is a porous material and has a
lower specific gravity and absorption capacity than NFA, it creates a weaker bond within the
concrete matrix, thus creating a weaker 1TZ (Interfacial Transition Zone). This strength
reduction may also happen because of the various impurities presented in CR. However, higher
than 25 MPa concrete can be produced by using 15% CR content, and it can be 30 MPa if the
CR content is limited to 10%.

The inclusion of fiber in R2C increases the compressive strength of FR3C specimens.
Approximately 15.9%, 13.6%, 9.7%, and 25.9% compressive strength can be increased at 56
days by adding 0.5% PP fiber in R?C mixtures along with 0%, 5%, 10%, and 15% CR content,
respectively. The same trend is also observed for 7 days and 28 days. Fiber can strongly bridge
the cement paste and aggregate which needs additional strength to break, thus providing a
higher strength of concrete. From the results of BN-1 and BN-2, it is observed that the
replacement of NCA by RCA reduces the compressive strength since RCA induces a higher
porosity that creates a weaker bond thereby a lower strength. Besides, the increased water
absorption capacity and higher Los Angeles abrasion value (32%) of the RCA is the reason for
its lower strength compared to natural aggregate concrete (NAC). BN-6 (R30CoFo5) provides

the highest compressive strength which is 2.3% more than that of the control batch because it
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is a fiber-reinforced concrete without any CR content. However, more than 40 MPa concrete
can be produced using 30% RCA and 5% CR content along with 0.5% PP fiber.
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Figure 4.5 Effect of CR and PP fiber on compressive strength at 56 days.

4.3.2 Tensile Strength

Figure 4.6 represents the direct tensile strength of different concrete batches at 56 days. The

tensile strengths are approximately 8% of the corresponding compressive strength. The

splitting tensile strengths of FR3C specimens are higher than that of R?C specimens which

implies that with the addition of fiber content the tensile strength increases. This is evident

68



from the comparison between BN-2 (R30CoFo), BN-6 (R30CoFo.s); BN-3 (R30CsFo), BN-7
(R30CsFo.s), BN-4 (R30C10Fo), BN-8 (R30Ci0Fo.5), and BN-5 (RsoCisFo), BN-9 (RsoCisFo.s).
Approximately 12.3%, 2.9%, 5.2%, and 16.7% tensile strength is increased by incorporating
0.5% PP fiber in R2C mixtures with 0%, 5%, 10%, and 15% CR content, respectively. Fiber
has a good tensile capacity and it bridges the aggregate and cement paste strongly, thus
providing a higher concrete tensile strength. On the contrary, the concrete tensile strength drops
with the increasing percentage of CR owing to the fragility of CR in tension. The hydrophobic
nature of CR increases the amount of water content and air voids in the concrete mixture
resulting in a lower strength for concrete. The tensile strength is decreased by 6.0%, 11.8%,
27.0% and 3.3%, 7.2%, 14.9% containing 5%, 10%, and 15% CR content in R?C and FR3C
specimens, respectively compared to the control. As per ASTM C330-17 [205], the tensile
strength of concrete with the combination of normal and lightweight aggregates should be a
minimum of 2.3 MPa for a maximum density of 1840 kg/m?, 2.1 MPa for a maximum density
of 1760 kg/m* and 2.1 MPa for a maximum density of 1680 kg/m?. All the combinations can
satisfy this requirement.

Comparing BN-1 (RoCoFo) and BN-2 (R30CoFo) it is seen that the tensile strength is decreased
by 4.9% for 30% RCA. The attached mortar on the surface of RCA creates a higher porosity
that weakens the bonding capacity between the RCA and cement paste thereby providing a
lower strength. Besides, the increased water absorption capacity and higher Los Angeles
abrasion value of the RCA is another reason for lower strength compared to NAC. BN-6
(R30CoFo.s) provides the highest tensile strength which is 6.7% higher than that of the control.
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Figure 4.6 Tensile strength of different concrete batches.

69



4.3.3 Stress-Strain Behavior

The stress-strain behavior of NAC, RAC, R2C, and FR3C cylinder specimens under
compression and dog bone specimens under direct tension are presented in Figure 4.7. Besides,
the stress-strain responses of different concrete mixtures are summarized in Table 4.2. All the
concrete specimens show a similar pattern of the stress-strain curves. All the compression
curves are divided into three stages: elastic stage, elastoplastic stage, and fracture stage. The
curves are linearly varied up to the elastic limit. After the elastic limit, the elastoplastic stage
starts and is considered up to the ultimate point of stress. After that, the fracture stage starts
and remains up to the breaking point. However, the dog bone specimens do not show any

distinct fracture stage but rather suddenly break after reaching their ultimate point.

A significant difference is observed between R?C and FR3C specimens in strain capacity.
Considering the compressive stress-strain behavior, the strain capacity increases with
increasing the CR content, and it further increases with the addition of fiber. The axial strain
corresponding to the peak stress is 0.00212, 0.00212, 0.00261, and 0.00279 for 0%, 5%, 10%,
and 15% CR content in R%C cylinders. After adding 0.5% PP fiber in R?C mixtures, this strain
exhibits as 0.00273, 0.00295, 0.00309, and 0.00325, respectively. In terms of fracture strain
and transverse strain, a similar trend is also observed. Due to the soft nature of rubber particles
and inherent mechanical properties compared to sand, they can experience higher deformation
under compressive loading conditions. Besides, fiber can take the additional load and
corresponding strain by making a strong bridging between the aggregates. The FR3C
specimens exhibit comparatively ductile behavior. As no aggregate spalling has occurred in
the FR3C specimens, it can take extra strain before fracture by providing a ductile behavior.
Besides, the lower MoE of FR3C specimens compared to R2C specimens is another reason for
this higher strain value (Figure 4.8). Fiber delays the first crack formation across the crack and
retards visible cracking. So, larger deformation, and higher energy absorption can be achieved
with the concrete containing rubber and fiber combinations. The transverse to axial strain ratio
for R?C is 0.28 whereas for FR3C it is 0.23. Due to the strong bonding phenomena of fiber, it
is effective in preventing a higher lateral strain.

From Table 4.2 it is observed that R2C shows high Poisson’s ratios due to its soft nature and

enhanced energy absorption capacity. The Poisson’s ratio increases with the increasing
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replacement level of rubber, which signifies better deformability and energy absorption
capacity. On the contrary, it is seen that the Poisson’s ratio decreases after adding PP fiber into
the RC mixtures, which represents that fiber creates the concrete comparatively stiff. The
Poisson’s ratio of R2C specimens varies from 0.24 to 0.30 and for FRC specimens it varies
from 0.20 to 0.27 depending on the replacement level of CR content. Comparing RoCoFo and

R30CoFo it is seen that the Poisson’s ratio is increased after incorporating RCA into the mixture.

Considering the stress-strain behavior of dog bone specimens under tension, it is seen that an
average 6.5% tensile strain is exhibited in the tensile test compared to axial strain. The tensile
strain corresponding to peak stress is decreased with increasing the CR content. The tensile
strain at the peak stress is 0.00019, 0.00017, 0.00014, and 0.00012 for 0%, 5%, 10%, and 15%
CR content in R%C specimens. After adding 0.5% PP fiber in R2C mixtures, the strain capacity
increases to 0.00025, 0.00020, 0.00017, and 0.00015, respectively. As fiber is strong in tension

it provides higher tensile capacity. On the contrary, rubber is weak in tension.

Table 4.2 Summary of stress-strain responses of different concrete batches.

Batch No BN-1 BN-2 BN-3 BN-4 BN-5 BN-6 BN-7 BN-8 BN-9
Batch Name RoCoFo R30CoFo R30CsFo R30C10Fo R30C1sFo R30CoFo.s R30CsFo.s R30C10Fo.5 R30Ci15Fo.s
Peak Compressive Stress 465 414 392 347 273 472 432 37.2 36.1
(MPa)

Modulus of Elasticity (GPa) 25.0 20.0 19.8 185 12.5 28.5 21.7 19.3 14.6
Axial Strain at Peak

Compressive Stress 0.00203  0.00212 0.00239 0.00261 0.00279 0.00273 0.00295 0.00309 0.00325
(mm/mm)

k’n']%”/‘;tfn)compress“’e Strain 000213 000220 000247 000278 000293 000281 000312 000335  0.00344
Transverse Strain at Peak

Compressive Stress 0.00045  0.00051 0.00061 0.00071 0.00084 0.00054 0.00067 0.00074 0.00086
(mm/mm)

Poisson’s ratio 0.22 0.24 0.25 0.27 0.30 0.20 0.23 0.24 0.27
Peak Tensile Stress (MPa) 3.50 3.27 3.20 3.05 2.42 3.78 3.48 321 2.83

Tensile Strain at Peak Tensile

Stress (mm/mm) 0.00022  0.00019  0.00017  0.00014 0.00012 0.00025 0.00020 0.00017 0.00015
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Figure 4.7 Stress-strain behavior of different concrete batches: (a) under

compression, and (b) under direct tension.
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4.3.4 Modulus of Elasticity

The variation in concrete modulus of elasticity (MoE) for various combinations are presented
in Table 4.2 and Figure 4.8. The MoE mostly depends on the compressive strength, density,
and CR content in the mixture. In general, the RuC specimens provide lower MoE compared
to the control specimens. With increasing the CR content, the MoE decreases. The MoE of
concrete containing 0%, 5%, 10%, and 15% CR content is 20 GPa, 19.8 GPa, 18.5 GPa, and
12.5 GPa. As CR is a soft material, it can deform easily and exhibits a lower stiffness which is
the main reason for this reduction of MoE with CR content. This may also be due to the reduced
density of R?C specimens. However, after adding 0.5% PP fiber into the concrete mixture, the
concrete becomes stiffer and exhibits a higher MoE. The MoE is increased by 42.5%, 9.4%,
4.5%, and 16.6% after adding fiber with 0%, 5%, 10%, and 15% CR content, respectively.
Comparing BN-1 (RoCoFo) and BN-2 (R30CoFo) it is seen that the RAC specimens provide
20.1% lower MoE compared to NAC. BN-6 (Rs0CoFo.s) provides the highest MoE which is
13.9% higher than that of control specimens as this is a fiber-reinforced concrete containing

no CR content.
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Figure 4.8 Modulus of Elasticity of different concrete batches.
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4.3.5 Flexural Strength

The result of the quasi-static flexural strength is presented in Figure 4.9. Most of the concrete
mixes show lower flexural strength than the control mix. The flexural strength is slightly
decreased after incorporating RCA into the concrete mix by 0.5% (RoCoFo & R30CoFo). With
the incremental increases in CR replacement level, the flexural strength decreases. CR creates
a weaker bond within the aggregate and cement paste, weakens the ITZ, and does not react
uniformly with the matrix. The flexural strength is decreased by 14.1%, 20.5%, and 22.6%
with the CR replacement level of 5%, 10%, and 15%, respectively. However, an increased
flexural strength can be found after the inclusion of fiber in the concrete mixture. This occurs
because fiber creates a good bridge between the aggregate and cement paste. After the beam
was broken, it is seen that the bridging fibers are projecting outward and perpendicular to the
cross-section. Approximately 8.6%, 16.0%, and 12.6% strength can be increased after adding
0.5% PP fiber. R30CoFo.s Shows the highest flexural strength of 19.5% more than the control.
As this is a fiber-reinforced concrete combination without any rubber particles, a strong bond

is produced between aggregate and cement paste.

Figure 4.10 shows the load versus deflection responses at the mid-point of the different prism
beams. From the figure, it is seen that the load-deflection curves R?C and FR3C beams are
slightly different from the control one. The control specimen breaks suddenly and provides a
lower deflection capacity in its plastic zone. On the contrary, load-deflection curves of R°C
and FR3C specimens extend far beyond their plastic zone, thus providing a ductile behavior.
However, this phenomenon is more prominent in FR3C specimens compared to R?C
specimens. As fiber can form a bridge inside the densified concrete matrix on either side of the
crack and can resist load against a larger deflection after it has reached its ultimate failure
point. Thus, the load-deflection graph extends far beyond. Besides, fiber also creates a strong
bond between aggregate and cement paste and acts as a barrier against crack propagation.

74



< ------ W/O Fiber
z -4~ With Fiber
= 6 Control
C .\.
re) ~
o N
< h ~
S 54— \
22 I R Rt RiE A
g [
S 4 R S
@
o
3 T T
0 5 10 15
Rubber Content (%)
Figure 4.9 Flexural strength of different concrete batches.
14 - 16 -
(@ RoCoFo (b) RoCoFo
12 - AN RsoCoFo I I | RaoCoFo.s
," I‘.‘ ———— R30CsFo 12 ‘,' | Tt R30CsFo.s
2 10 1 /‘,"IY“\‘ ‘ "\ —-—= R30C10Fo = 10 ,'//'.‘,/.’*.\f‘l'g. : ___ Emgloio.s
R A \ —_—— 7 N/ S () 3oL 15I00.5
X 8 - it / '\X : R30CisFo § ’.:/ A |\‘.
5 fTPA = 8 Ny ARy
c 64 L/ /W N '% YRR
o AN 64 /7
| FE7 W 9 Y 1\
41 4 B\ 44 S AN
f) \ \< 1, ! \ \.
2 T //"/ \ \S~”::\ 2 T ,l /// \\ ‘\“.\ '~
i T e A4 ST im
0 . . T‘~=:'_ """" :I 0 T — E—— 1
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
Deflection (mm) Deflection (mm)

Figure 4.10 Load-deflection responses of different concrete beams under flexure test.

4.3.6 Hardened Density

Figure 4.11 compares the different concrete batches in terms of hardened concrete. Overall, it
is observed that for all batches, the density is decreased compared to the control mixture. As
the specific gravity of RCA, CR, and PP fiber is very low compared to NCA, NFA, and cement,
they can produce a lower density concrete. The density increases with the maturity of concrete.
When concrete is being cured, it assembles closer and the volume reduces as a result of the
loss of water. Thus, the density increases. However, this incremental percentage is not

significant. Approximately 1.5% and 0.5% density has been increased at 56 days compared to
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7 days and 28 days. For the recycled aggregate concrete containing 0%, 5%, 10%, and 15%
CR content, the density is decreased by 0.6%, 2.6%, 4.2%, and 8.1%, respectively at 56 days
compared to control specimen. It is also found that the addition of PP fiber along with CR
further reduces the concrete density. In that case, a reduction in density is 1.9%, 3.4%, 5.8%,
and 8.7% observed, respectively. The same pattern is also observed at 7 days and 28 days. BN-
5 (R30Ci5Fo) provides the lowest density among all R?C specimens and BN-9 (R:oCisFo.s) is the
lowest one among the FR3C specimens.
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Figure 4.11 Hardened density of different concrete batches.

4.3.7 Ultrasonic Pulse Velocity

The ultrasonic pulse velocity (UPV) technique is used to examine the quality of concrete
without any apparent damage to the concrete. Although there is no direct relationship exists
between the compressive strength and the UPV value, the value of UPV is used for predicting

the compressive strength [206].
Effect of Age on Ultrasonic Pulse Velocity

Figure 4.12 demonstrates the effect of age on UPV for various concrete batches. With
increasing the maturity of concrete the UPV value increases. However, as noticed from the

figure, the UPV values increase faster during the 7 to 28 days period. However, the incremental
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rate decreases with age until it levels off in later days. This phenomenon was also observed by
Albano et al. [207]. As the hydration reaction is more prominent at the initial stage, more
physical-chemical changes occur in the concrete at that stage. And with the increasing age, the
hydration reaction occurs slowly, thus decreasing the propagation of pulse. Approximately

32% and 6% UPV value has been increased at 56 days compared to 7 days and 28 days.
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Figure 4.12 Variation in UPV values at different ages for different concrete batches:
(a) without fiber and (b) with fiber.

Effect of Aggregate Type on Ultrasonic Pulse Velocity

Observing Figure 4.13 it is seen that all the combinations provide a lower UPV value than that
of the control specimen. The inclusion of RCA, CR, and fiber reduces the UPV. According to
Jones and Facaroau [208], the UPV is a function of elastic properties. When the wave passed
through lower elastic materials, the UPV value decreased [207]. Thus, the UPV decreases for
RAC, R2C, and FR3C due to their lower MoE and lower density. Besides, with increasing the
CR content, the UPV decreases. The UPV is decreased by 31.6%, 42.2%, 48.6%, 54.3% and
11.9%, 36.4%, 43.9%, 51% containing 0%, 5%, 10%, and 15% CR content in R?C and FR®C
specimens, respectively at 56 days. The UPV depends on the porosity, aggregate type, the
density of the materials, etc. The surface of the CR particles is relatively smooth which does

not provide significant frictional resistance between the aggregate particles, thus creates a
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higher void between the concrete mixes. Besides, the hydrophobic nature of CR increases the
amount of water content and air voids in the concrete. These voids developed by the CR

particles enfeeble the transmitted pulse because of the acoustic impedance.

However, the concrete containing fiber content provides a higher UPV value than that of
specimens without any fiber. This is evident from the comparison between BN-2 (R30CoFo),
BN-6 (R30CoFo.5); BN-3 (R30CsFo), BN-7 (R30CsFo.s), BN-4 (R30C10Fo), BN-8 (R30C1oFo.5), and
BN-5 (R30C15Fo), BN-9 (R30Ci5Fo.5). Approximately 28.8%, 14.1%, 9.0%, and 7.1% UPV is
increased by incorporating 0.5% PP fiber in R?C mixtures with 0%, 5%, 10%, and 15% CR
content, respectively at 56 days. As fiber reduces the air void into the concrete mixture the
pulse velocity increases. Comparing BN-1 (RoCoFo) and BN-2 (R30CoFo) it is seen that at 56
days the RAC specimen exhibits approximately 31.6% lower UPV than that of the control due
to the lower MoE and lower density of RAC.
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Figure 4.13 Effect of RCA, CR, and PP fiber on UPV at 56 days.

4.3.8 Surface Resistivity

The surface resistivity value of different concrete mixtures has been determined as per
AASHTO TP 95 [201] and then correlated with the AASHTO TP 95 [201] guideline to get an
idea about the chloride ion penetrability. Figure 4.14 presents the surface resistivity value of
different concrete mixes. The result is consistent with the air content result. The inclusion of

CR content into the concrete mixture increases the value of surface resistivity and it increases
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with increasing the percentage of CR content. The value is increased by 20.6%, 26.1%, 48.2%,
63.2% and 4.7%, 10.7%, 36.3%, 40.4% containing 0%, 5%, 10%, and 15% CR content in R?C
and FR3C specimens, respectively. However, comparing the FR3C specimens with R*C
specimens, the fiber-reinforced concrete provides a comparatively lower surface resistivity
value. This is evident from the comparison between BN-2 (R30CoFo), BN-6 (R30CoFo.5); BN-3
(R30CsFo), BN-7 (R30CsFo.s), BN-4 (R30C10Fo), BN-8 (R30C10Fo.5), and BN-5 (RsoC:5Fo), BN-9
(R30CisFo.5). Approximately 13.2%, 12.2%, 8.1%, and 14% value is decreased by incorporating
0.5% PP fiber in R?C mixtures with 0%, 5%, 10%, and 15% CR content, respectively.
Comparing BN-1 (RoCoFo) and BN-2 (R:0CoFo) it is seen that the RAC specimen exhibits
approximately 20.6% higher surface resistivity than that of the control one. Comparing the
surface resistivity value with Table 4.3, the value for all combinations falls within the range of
37-254 kQ.cm. Thus the chloride ion penetrability is assumed to be very low.
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Figure 4.14 Surface resistivity of different concrete mixtures.

Table 4.3 Chloride ion penetrability classification as per AASHTO TP 95 [201].

Chloride lon Penetrability Specific Resistance (R) (kOhm-cm)
High <12
Moderate 12-21
Low 21-37
Very Low 37-254
Negligible >254
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4.3.9 Failure Mode

The failure pattern of the concrete cylinder under the compression test is presented in Figure
4.15. Most of the rubberized recycled concrete (R?C) cylinders showed shear failure whereas
maximum fiber-reinforced rubberized recycled concrete (FR3C) cylinders provided cone and
shear failure. However, concrete cylinders with CR and fiber showed slow and gradual failure
compared to the brittle failure of natural aggregate concrete (NAC) and recycled aggregate
concrete (RAC). The failure of fiber-reinforced recycled concrete (FR?C), R?C, and FR3C
specimens were not as extensive as that of conventional concrete. The physical appearance of
FR3C specimens significantly differs from NAC, RAC, and R?C samples. Several micro-cracks
were observed on the surface of the FR3C specimens as presented in Figure 4.15 (g-i). No
visible macro-cracks were pointed out and provided no morphological change on the surface.

On the contrary, the NAC, RAC, and R2C specimens provide a number of macro-cracks.

Figure 4.15 Failure pattern of the different concrete cylinders under compressive strength
test at 56 days: (a) NAC, (b) RAC, (c-e) R?C, (f) FR?C, and (g-i) FR3C.
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The concrete cylinders are broken manually to examine the failure lines and the distribution of
different aggregates. The failure lines propagate through the RCA and CR particles. The RCA
particles contain attached mortar which weakens the ITZ and the CR particles are
comparatively soft and relatively compressible compared to natural aggregates. Thus, when
the cracks reach the tip of either RCA or CR, they can initially restrain due to higher strain
capacity, and then the cracks are passed through them as shown in Figure 4.16 (a). On the other
hand, fiber is too strong to prevent crack because it creates a strong bonding between aggregate
and cement paste and holds the aggregate particle together to resist cracking (Figure 4.16 (b)).

Figure 4.16 Inspection of RCA, CR, and PP fiber in the concrete.
81



Under the tensile strength test, the NCA, RAC and R2C specimens failed suddenly whereas, in
the FR3C specimens, the fiber made a bridge between the aggregates and cement paste as
presented in Figure 4.17 (e). Thus, the FR3C specimens can take the additional load and resist
more deformation. The failure pattern of the unreinforced concrete beams under the flexural
strength test is presented in Figure 4.18. All the specimens provide flexural failure patterns.
During the test, the control specimens suddenly split into two pieces. Thus, a sudden drop in
the load-deflection curve is observed. However, the beams with CR and fiber, especially the
fiber-reinforced beams didn’t break completely upon reaching the maximum load and more
ductile failure is observed. It can be concluded that concrete containing fiber is more ductile
with higher toughness values compared to control concrete mixes. Later on, those beams are
broken manually to examine the failure surfaces and found that the fibers are projecting

outward & perpendicular to the cross-section as shown in Figure 4.18 (e).

@ (b)

Figure 4.17 Failure pattern of dog-bone specimens under direct tensile strength test: (a)
NAC, (b) RAC, (c) R?C, and (d-e) FR3C.
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Figure 4.18 Failure pattern of the different concrete beams under flexural strength test: (a)

RAC, (b) R%C, and (c-€) FR®C.

4.3.10 Prediction of Strength Equation using Regression Analysis

It is useful to have different empirical equations to predict various strengths of concrete.
Though there are some available equations in various codes to predict different types of
strength of concrete, none of them incorporate the effect of recycled aggregate like RCA and
CR or any type of fiber. Using the experimental data regression analyses are performed and
several equations are proposed to assess different mechanical properties of recycled concrete

while considering the effect of CR and PP fiber.
Relationship Between Compressive and Tensile Strength

Analysis of experimental data reveals that the tensile strength mostly varied with the
percentage of CR and inclusion of fiber content similar to the trend observed for the
compressive strength. Therefore, an attempt is made to propose empirical equations to predict
the tensile strength from the data of compressive strength while considering the effect of CR

particles and fiber content. Two equations are developed for rubberized recycled concrete
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(R?C) without fiber (Eq. 4.1) and with fiber (Eq. 4.2) using multiple regression analyses of the

experimental data.

Proposed Equation for RCA with CR (Without Fiber) : ficr = 0.51,/f.'—0.0076CR (4.1)

Proposed Equation for RCA with CR (With Fiber)  : ficre= 0.53,/f.'—0.012CR (4.2)

ACI 318-14 [137] fy = 0.556V/f. (4.3)
fib2010 [143] £ = 0.3(f0) (4.4)
EC2 [209] - fi=0.556 ag, V. (4.5)

where f; = tensile strength in MPa, f; = compressive strength of concrete in MPa, asp= 0.9, and

CR is the volumetric percentage of crumb rubber.

The experimental results are compared with the proposed equations and available design
guidelines such as ACI 318-14, fib2010, and EC2 as presented in Eq. 4.3 — EQ. 4.5. It is to be
noted that the reported equations (Eq. 4.1 and Eq. 4.2) are valid only for the prediction of
tensile strength for R2C and FR®C within the range of CR between 0% to 15% and a constant
RCA percentage (30%) and PP fiber content (0.5%). From Figure 4.19 it is seen that, though
EC2 can predict the tensile strength with a low deviation, ACI 318 and fib2010 overestimate
(theoretical vs experimental ratio is greater than 1) it by approximately 10%. However, the
proposed equations can predict the tensile strength of R2C and FR3C more accurately. A good
correlation is found between the experimental data and proposed equations, where the
coefficients of determination (R?) are 0.991 and 0.997 for R?C and FR3C, respectively.

4 4
—_ (@)  R?=0.991 (W/O Fiber) < (b)
& R2=0.997 (With Fiber) 2
= <
£ 3 3 A
© A E A A
< A0 S L0
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= 2 A s 2 A
= &
£ =
= 14 . 5 14 .
Q Awj/o Fiber S Aw/o Fiber
] & With Fiber W ® With Fiber
0 T T T 0 T T T
0 1 2 3 4 0 1 2 3 4
Proposed Equation (MPa) ACI Prediction (MPa)
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Experimental Value (MPa)
Experimental Value (MPa)

Figure 4.19 Comparison of experimental tensile strength with (a) proposed model, (b)
ACI 318-14, (c) fib, and (d) EC2.

Relationship Between Compressive and Flexural Strength

The flexural strength also depends on the percentage of CR and the inclusion of fiber content
like tensile strength. Thus, using the multiple regression analysis two equations are proposed
for R?C and FR3C (Eq. 4.6 and Eq. 4.7), where the flexural strength is a function of
compressive strength and CR percentage. The equations are valid for the range of CR content
from 0% to 15% and for a constant RCA percentage (30%) and PP fiber content (0.5%). Figure
4.20 provides the comparison between the experimental data and forecasted values of flexural
strength. As shown in the figures, the ACI 318 and CSA A23.3 underestimate (theoretical vs
experimental ratio is less than 1) it by approximately 20% whereas the fib2010 overestimates
it by approximately 12%. The proposed equations can predict the flexural strength more
accurately. Good correlations are found with coefficients of determination (R?) of 0.998 and
0.995 for RC and FR3C, respectively.

Proposed Equation for RCA with CR (Without Fiber) : frcr =0.744/ f.'—0.015CR (4.6)
Proposed Equation for RCA with CR (With Fiber)  : frcrr=0.82/f.'—0.044CR 4.7
ACI 318-14 [137] = 0.62Vf) (4.8)
fib2010 [143] fi= %}’f)) (4.9)
CSA A23.3-14[140]  f= 0.64/f/ (4.10)
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where f;

0-7
0.06hj

1+0.06h)7"

volumetric percentage of crumb rubber.

= flexural strength in MPa, f; = compressive strength of concrete in MPa, an =

ho = beam depth in mm, A = 1.0 for regular density concrete, and CR is the
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Figure 4.20 Comparison of experimental flexural strength with (a) proposed model,
(b) ACI 318-14, (c) fib, and (d) CSA.

Relationship Between Compressive Strength and Modulus of Elasticity

The MoE not only depends on the CR and fiber content but also depends on the density of
concrete. Incorporating this issue, a linear relationship is being made among the MoE, the
compressive strength, the percentage of CR, and the density of concrete. Two proposed
equations for R2C and FR3C are presented in Eq. 4.11 and Eq. 4.12. Figure 4.21 presents the
comparison between the tested and predicted values of MoE. It is seen that all the available

code equations overestimate the MoE of R?C and FR3C significantly (approximately 50%).
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The proposed equations can predict the MoE with the R? value of 0.999 and 0.998 for R%C and
FR3C, respectively.

1-5
Proposed Equation for RCA with CR (Without Fiber) : Ecr= 13.7 fc’—(ﬁ) +0.076CR (4.11)

140

1-5
Proposed Equation for RCA with CR (With Fiber  : Ecr r=5.7 fc’—(ﬂ) -0.58CR  (4.12)

455

ACI 318-14 [137] L E= welS 0.043vVf (4.13)
- e fe\3
fib2010 [143]  E= Eoag (£) (4.14)
1-5
CSA A23.3-14[140] LE=(3300,/F7 + 6900) (15)  (4.15)

where E = modulus of elasticity in GPa, w. = density of concrete ranges from 1440 kg/m?® to
2560 kg/m® for ACI 318-14 and 1500 kg/m® to 2500 kg/m® for CSA A23.3-14, f! =
compressive strength of concrete in MPa, Eo ay is 21500 MPa, and CR is the volumetric

percentage of crumb rubber.
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Figure 4.21 Comparison of experimental MoE with (a) proposed model, (b) ACI
318-14, (c) fib, and (d) CSA.
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Prediction of Compressive Strength from Ultrasonic Pulse Velocity

The UPV depends on the porosity in concrete, elastic properties of the medium, size of
ingredients, and the density of the materials. Considering that the compressive strength of R2C
and FR3C can be predicted from the UPV, percentage of CR, and the density of concrete
without any destructive testing. Most of the previous studies expressed the compressive
strength of concrete as an exponential function of UPV [210-212]. Eq.16 and Eq. 4.17 have
been proposed to predict the compressive strength of R?C and FR3C, respectively considering
the UPV as an exponential function, concrete density, and the percentage of CR content. The
R? value of the proposed equations is 0.998 and 0.996, respectively. It should be noted that the
equations are valid for the range of CR content from 0% to 15% and for a constant RCA
percentage (30%) and PP fiber content (0.5%).

Proposed Equation for RCA with CR (Without Fiber) : focr=0.30e” + % + 0.042CR (4.16)

Proposed Equation for RCA with CR (With Fiber)  :fccrr=0.024e" + g -0.34CR (4.17)

where f; = compressive strength of concrete in MPa, V = ultrasonic pulse velocity (UPV) in

km/s, wc = density of concrete in kg/m?, and CR is the volumetric percentage of crumb rubber.
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Figure 4.22 Comparison of compressive strength between experimental

and regression models for R?C and FR3C.
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Eq. 4.18 — Eq. 4.23 are used for determining statistical parameters for the proposed equations

and Table 4.4 summarizes the statistical parameters of the proposed equations.

Performance factor, PF =

fexp

pre

Coefficient of Variation, COV (%)= ]’:S“ﬂ x 100

avg_PF

Covariance =

2—:(fexp _fexp _avg) X (fpre_fpre_avg)

n-1

Mean Absolute Error, MAE = %2|pr€ - fexpl

Average Absolute Percentage Error, AAPE = = %Z

— 2
Root Mean Squared Error, RMSE = /M

Table 4.4 Statistical parameters of the proposed equations.

fexp _fpre |
fexp

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

PF
Proposed  Aggregate . )
Equation Type  Variables 00T o T ooy covariance MAE AAPE RMSE R
PF PF (%)
Tensile  RCA/CR 1.00 0.09 9.32 0.10 022 007 030 0.991
f. and CR
Strength RCF?B;R' i 100 006 568 005 013 004 017 0997
Flexural  RCA/CR 1.00 005 5.07 0.23 020 005 022 0.998
f. and CR
Strength RCF'?};&?R' ’ 1.00 007 6.70 0.19 028 006 034 0.995
Modulusof RGP CR fe, 1.00 005 4.95 19.17 066 004 072 0.999
. Density,
Elastioity  RCACR. e 100 005 495 3221 081 004 095 0998
RCA,CR  ypy 100 005 508 22.54 138 3070 157 0.998
Compressive -
5”2”9”‘ RCA,CR,  Density 1.00 007 6.98 13.79 201 3598 244 099
Fiber and CR : . . . . 5. ) )
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4.4  Cost Analysis

A cost-sensitivity analysis is carried out for R?C and FR3C mixtures to identify whether these
new types of concrete are cost-effective or not. The cost and emission rate analysis are
estimated based on a square column with a 15 cm width. The main variables in cost analysis
are NCA, RCA, NFA, CR, and PP fiber. The prices of cement remain the same in all
combinations. The cost of water is neglected for this comparison purpose. Besides, as RCA
and CR is waste material, it is free of charge. Only the transportation and preparation cost is
considered. As the PP fiber is not locally produced in Bangladesh, the fiber is imported from
abroad. The cost of PP fiber is approximate US$12/kg. A 10% operation cost and 15% profit

are considered from the total cost of all ingredients of the control mix.

The net present value (NPV) is calculated to determine the optimum mix design of all mixes
based on initial cost and thermal resistance. The empirical equation (Eq. 4.24) proposed by
Marie [84] is adopted to determine the thermal conductivity (1) of different rubberized concrete
mixtures. Then the thermal resistance (R) of the column per m? is calculated using Eq. 4.25
[213].

A = 0.0733¢00011wc (4.24)

R= (4.25)

L
2
Here 4 is the thermal conductivity in W/m.K, wc is the density of concrete in kg/m?, R is the

thermal resistance in m2.K/W, and L is the width of the column in meter.

The electrical energy cost is calculated to determine the payback period and net present value
using Eq. 4.26 to Eq. 4.30 adopted from Al-Osta et al. [213]. The energy consumed by air-
conditioning (E) can be calculated as follows:

_0.024 xD
T RxC

E

(4.26)

Here E is the energy consumed by air-conditioning in kWh/m?, D is the degree-days (D was
taken as 1431K for the study location of Dhaka city of Bangladesh), R is the thermal resistance
of concrete in m2.K/W, and C is an air-conditioning thermal efficiency coefficient (C = 2.16
adopted from Al-Osta et al. [213]).
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Then the estimated energy is converted to energy costs (EC) which is estimated as follows:
EC=ETxE (4.27)

Here, ET is the energy tariff of the electricity in $/kWh (1kWh =0.105$ for Bangladesh), and

E is the annual air conditioning system energy usage (KWh/m?).

The payback period is determined by dividing the increased concrete cost by annual energy
saving. Finally, the overall cost for a 15 cm wide concrete column per annum, involving initial

and operating costs per m? is determined as follows:

NPV = PWF x EC + BC (4.28)
_ 1 4 _ lten ;

PWF =— (1= () )Yfore #i (4.29)

PWF =n(i+e)fore=1i (4.30)

Here, PWF (dimensionless) is the present worth factor, BC is the concrete column price per m?
($/m?), i = 2.5% (interest rate), e = 2% (energy inflation rate), and n = 30 years (concrete

lifetime) is considered for calculating the NPV.

The cost analysis for one square meter of a column with different batches is summarized in
Tables 4.5 and Table 4.6. Besides, the comparison of the total cost of 1 m® concrete for different
mixtures is presented in Figure 4.23. It is observed that the inclusion of both CR and fiber
increases the cost of concrete. The preparation cost of CR is comparatively high for
manufacturing a small quantity. However, it is expected that for producing a bulk amount of
CR, this cost will be decreased. Besides, the cost of PP fiber is much higher compared to other
materials. Thus, the FR3C mixtures provide a higher cost. Though the FR3C mixtures exhibit

higher costs, they can be more effective in terms of energy saving.

The annual energy cost for FR3C mixtures varies from 8.79 $/m? to 10.49 $/m? whereas for
R?C mixtures it varies from 8.92 $/m? to 10.84 $/m?. The FR3C mixtures can save more energy
compared to R?C mixtures as presented in Figure 4.24 (a). Approximately 207.4%, 28.9%,
34.8%, 6.2% cost of energy can be saved by incorporating 0.5% PP fiber in R?C mixtures with
0%, 5%, 10%, and 15% CR content, respectively. The cost associated with energy-saving is

increased with increasing the percentage of CR content. The recycled concrete containing only
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0%, 5%, 10%, and 15% CR content can save 0.17 $/m2, 0.72 $/m?, 1.15 $/m?, 2.09 $/m? energy
and the recycled concrete containing fiber can save 0.53 $/m?, 0.93 $/m?, 1.55 $/m?, 2.22 $/m?
energy, respectively. As FR3C mixtures provide higher cost, a payback period of
approximately 45 years, 26 years, 16 years, and 11 years is estimated for FR*C mixtures
containing 0%, 5%, 10%, and 15% CR content. On the contrary, no payback period may
require for RAC as well as R?C mixture containing 5% CR content. The NPV for R2C mixtures
varies from 260.49 $/m? to 311.38 $/m? whereas for FR3C mixtures it varies from 265.11 $/m?
to 309.85 $/m?. From Figure 4.24 and Table 4.7, it is seen that with increasing the CR content
the NPV decreases. Approximately 1.8%, 6.3%, 9.8%, 17.8% and 2.2%, 5.5%, 10.7%, 16.4%
NPV is decreased with 0%, 5%, 10%, 15% CR content in R?C and FR3C mixtures,
respectively. However, the difference in NVP between R?C mixtures and FR3C mixtures
having a fixed amount of CR content is insignificant.
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Figure 4.23 Comparison of the total cost of 1 m® concrete for different mixtures.
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Table 4.5 Cost analysis for rubberized recycled concrete (R?C).

Materials RoCoFo R30CoFo R30CsFo R30C10Fo R30CisFo
Units $/kg kg/m® $/m?3 kg/m® $/m? kg/m® $/m?3 kg/m?® $/m® | kg/m®  $/mé
Cement 0.108 456.0 49.25 4560  49.25 | 4560  49.25 4560  49.25 | 4560 49.25
Water 0.000 205.0 0.00 205.0 0.00 205.0 0.00 205.0 000 | 2050 0.0
NCA 0.030 979.6 2955 6857 2068 | 6857  20.68 6857 2068 | 685.7 20.68
RCA 0.010 0.0 0.00 293.9 2.98 293.9 2.98 293.9 298 | 2939 298
NFA 0.012 7314 8,51 7314 8.51 694.8 8.08 658.3 766 | 6217  7.23
CR 0.240 0.0 0.00 0.0 0.00 15.9 3.82 318 763 | 477 1145
PP Fiber 12.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 | 000 000
> 2372 87.30 2372 8142 | 2351 8481 2331 8820 | 2310 9159
g‘gflrﬁg‘zg) 8.73 8.73 8.73 8.73 8.73

aprofit ($) 13.10 13.10 13.10 13.10 13.10

Total Cost ($/m°) 109.13 103.24 106.63 110.02 113.41

Compressive

Strength at 56 47.27 41.73 38.50 35.07 28.33

days (MPa)

(Esi?gr?é?g/énc?si;( 0.433 0.404 0.361 0.319 0.250

®Cost of a

Column with 15 16.37 15.49 15.99 16.50 17.01

cm Width ($/m?)

Table 4.6 Cost analysis for fiber-reinforced rubberized recycled concrete (FR3C).

Materials RoCoFo R30CoFo.s R30CsFo.s R30C10Fo.s R30CisFo.s
Units $/kg kg/m? $/m? kg/m? $/m? kg/m? $/m? kg/m?® $/m® | kg/m®  $/m?3
Cement 0.108 456.0 49.25 4560  49.25 | 4560  49.25 4560  49.25 | 4560 49.25
Water 0.000 205.0 0.00 205.0 0.00 205.0 0.00 205.0 000 | 2050 0.0
NCA 0.030 979.6 29.55 685.7 2068 | 6857  20.68 685.7 2068 | 6857  20.68
RCA 0.010 0.0 0.00 293.9 2.98 293.9 2.98 293.9 298 | 2939 298
NFA 0.012 7314 8,51 7314 8.51 694.8 8.08 658.3 766 | 6217 7.23
CR 0.240 0.0 0.00 0.0 0.00 15.9 3.82 318 763 | 477 1145
PP Fiber 12.0 0.00 0.00 455 54.60 455 54.60 455 54.60 | 455  54.60
3 2372 87.30 2377 13602 | 2356  139.41 2335 1428 | 2315  146.2
g@f/rr?go(;) 8.73 8.73 8.73 8.73 8.73

aProfit ($) 13.10 13.10 13.10 13.10 13.10

Total Cost ($/m?) 109.13 157.84 161.23 164.62 168.01

Compressive

Strength at 56 47.27 48.37 43.73 38.48 35.67

days (MPa)

(Esctﬁgr?gt‘%’/'c”f;;( 0.433 0.306 0.271 0.234 0.212

®Cost of a

Column with 15 16.37 23.68 24.18 24.69 25.20

cm Width ($/m?)

Note:

3 Operating cost/m? and Profit were considered 10% and 15% from the total cost of all components in the control

mixture. Thus, these values were fixed and used for other mixes.

b The cost and emission rate analysis were estimated based on a 15 cm wide square column.
All the materials were collected from a local market, from December 2020 to March 2021, using local currency

(BDT). For the analysis purpose, the local currency was converted to USD, as 1 BDT = 0.012 USD.
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Figure 4.24 Comparison between R?C mixtures and FR3C mixtures in terms of (a)

annual energy saving, and (b) NPV.

Table 4.7 Economic analysis for different batches of concrete.

Annual

gIncrease

oY g T Al O o G T S ey
sampi Ty % comuy RS Cry Sl GGl o foi ()

(kg/my) @ (Wm. (MKW) - (Whim) e @) @) o yn) yrs)
RoCoFo 2366 0.99 0.152 10490 1107 000 16.37 0.00 000 31695
RsoCoFo 2352 0.97 0.154 10326 10gq 017 15.49 0.00 000  311.38
RsoCsFo 2305 0.92 0.162 9804 1959 072 15.99 0.00 000  296.90
RsoCioFo 2266 0.89 0.169 93.96 087 115 16.50 1650 1437 28575
RsoCisFo 2175 0.80 0.187 84.97 8.0 2.0 17.01 17.01 813  260.49
RsoCoFo.s 2321 0.94 0.159 9987 1949 053 23.68 2368 4484 30985
RsoCsFo.s 2286 0.91 0.166 9605 1009 093 24.18 2418 2603 29941
RsCioFos 2229 0.85 0.176 90.16 947 155 24.69 2469 1596  283.04
RsCisFos 2161 0.79 0.190 83.73 879 222 25.20 2520 1134 26511
Note:

@ Energy saving and increase in concrete cost were acquired with respect to the control mixture. The cost of

electricity is 0.105 $/kWh.

® NPV = Net present value was examined over 30 years with discount rate and energy inflation rate equal to i =

2.5% and e = 2%, respectively.

Cost and energy values were also standardized to a 15 cm wide square column.
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45  Emissions of Fuel Consumption

Increasing the thermal resistance of any structural element can minimize heat transfer,
minimizing fuel consumption and air pollution. The present study evaluates the fuel

consumption (mg,) and the emission combustion rate of CO2 (M¢o,) and SO2 (Mg, ). The
equations for calculating the ms,, M¢o,, and Mg, are adopted from Yildiz et al. [214] and Al-

Osta et al. [213] (Eq. 4.31to Eq. 4.40).

CaHp0aSeNy + @.X. (05 +3.76N;) = a.co, + (2).Hy0 +Y.0, + .50, + ZN,  (431)

X=a+(3)+e—(5) (4.32)
Y=(a-D(a+i+e—3) (4.33)
_ b a\ |, f

Z=376a-1(a+2+e—3)+1 (4.34)
a.CO, __

Mco, == = kgCO,/kg fuel (4.35)

Mo, = % = kgS0,/kg fuel (4.36)

Mco, = 447“ " (4.37)

MSOZ = % mfA (438)

M=12.a+b +16.d + 32.¢ +14.f (4.39)
86400D

MfA = R inva, (4.40)

Here, M¢o,, Mgo,, and my, are in kg/m2.yr, M is the weight of mol for fuel in kg/k.mol, D is
the degree-days in Kelvin of the study location, R is the thermal resistance of column in
W/m?.K), LHV is the lower heating value for oil fuel in J/kg, and 7 is the space heating system

efficiency. Table 4.8 shows the values of all parameters that were used in emission calculation.

Table 4.8 The parameters used in emission calculation [213].

Parameter Value
Chemical Formula of Fuel-Oil C7.3125H10.40700.04S0.026N0.02
LHV 40.604 x 106 J/kg
s 82 (%)
Degree-Days 1431 K
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The oil fuel consumption and emission gases (CO2 and SOz emissions) are predictable via the
annual heating load obtained from dynamic methods. The yearly fuel consumption rate for
different concrete mixtures is presented in Figure 4.25. The annual consumption of fuel is
decreased with increasing the CR content. The inclusion of CR content by 0%, 5%, 10%, and
15% in R2C mixture, the fuel consumption decreases 1.6%, 6.5%, 10.4%, 19.0% and for FRC
mixture, it is decreased by 4.8%, 8.4%, 14.0%, 20.2%, respectively compared to the control
mixture. Besides, it is also clear that incorporating fiber content can also decrease the fuel
consumption rate by 3.3%, 2.0%, 4.0%, and 1.5% compared to R2C mixtures with 0%, 5%,
10%, and 15% CR content, respectively. Comparing BN-1 and BN-2 is seen that the inclusion
of 30% RCA can also decrease the fuel consumption by 1.6% compared to NAC.

In terms of CO2 and SO emission, it is seen that with increasing the CR content both the
emissions decrease, and they further decrease after incorporating fiber content as presented in
Figure 4.26. The CO; emission vary from 63.91 kg/m2.yr to 77.67 kg/m?.yr and the SO;
emission vary from 0.33 kg/m2.yr to 0.40 kg/m2.yr for RC mixture which are higher than that
of control mixture of 78.90 kg/m2.yr and 0.41 kg/m?.yr, respectively. On the other hand, adding
fiber content in R?C mixtures can further reduce emissions. For FR3C mixtures, the CO-
emission vary from 75.12 kg/m?.yr to 62.97 kg/m?.yr and the SOz emission vary from 0.33
kg/m?.yr to 0.39 kg/m?.yr. Besides, the RCA can also decrease the emission rate. The RCA,
CR, and fiber emit the lowest CO2 and SO, emissions due to their higher thermal resistance
compared to the control mixture. Up to 19.0% and 20.2% emissions can be reduced using CR

content without any fiber and with 0.5% fiber content, respectively.

25

23

21

19

17

Annual Consumption of
Fuel (kg/m2.yr)

15 nn T T T T T T T T
ROCOFO R%OCOFO R30C5F0 R30C10F0 R30C15F0 R30COF0.5 R%OCSFO.S R30C10F0.5R3OC15F0.5

Figure 4.25 Annual fuel consumption due to different concrete types.
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Figure 4.26 Annual emissions rate of different concrete mixes: (a) CO2 emission,

and (b) SOz emission.

4.6 Summary

To summarize, the inclusion of RCA, CR, or fiber decreases the slump value of the concrete
mixture. The air content value of R2C and FR3C mixtures is comparatively higher than that of
the control mixture. The compressive strength is decreased with increasing the CR percentage
but the addition of fiber content can increase it. However, more than 40 MPa concrete can be
produced using 30% RCA and 5% CR content along with 0.5% PP fiber. Though the R?C and
FR3C specimens provide a lower modulus of elasticity (MoE), the FR3C specimens exhibit
comparatively higher MoE than that of the control specimen. All the R2C and FR3C specimens
exhibit lower tensile strength and flexural strength. However, a marginal reduction is found in
FR3C specimens containing up to 5% CR content which is only 3.3% and 6.8% lower
respectively than that of the control one. Approximately 8% density reduction can be achieved
in R%C and FR3C depending on the percentage of CR and fiber content. Furthermore, the
surface resistivity test reveals that for all the combinations of R2C and FR3C specimens, the
chloride ion penetrability may be very low. With increasing the CR percentage level the UPV
decreases but the addition of fiber content slightly increases the value. Both the R?C and FR3C
mixtures save more energy cost and decrease the fuel consumption but the FR3C mixtures can

save more compared to R?C mixtures.

97



Chapter 5
COMPRESSIVE BEHAVIORS OF COLUMNS

5.1 Introduction

The present chapter presents the uniaxial compressive behavior of a total of 26 rubberized
recycled concrete (R2C) columns and fiber-reinforced rubberized recycled concrete (FR3C)
columns. The results are presented in terms of failure modes, load-deformation responses, axial
capacity, strain in concrete and steel, contribution of concrete on axial capacity, volumetric
strain, ductility, toughness, dilation ratio, influence of longitudinal reinforcement, influence of

tie spacing, moment-curvature, and code provisions.
5.2  Cracking and Failure Mode

The post-failure overview of different tested columns is represented in Figures 5.1 to 5.4.
Different failure modes were observed based on the inclusion of RCA or CR or fiber or
transverse reinforcement spacing. Generally, the failure mode of R?C columns followed this
progression: (1) yielding of the longitudinal reinforcement, (2) crushing of concrete cover with
a major or minor spall out, and (3) buckling of the longitudinal reinforcement or transverse
reinforcement whereas the FRC columns did not experience any spalling of concrete.

Figure 5.1 displays the crack pattern of the columns containing 1.4% longitudinal
reinforcement with 75 mm tie spacing. In the control column and recycled aggregate concrete
(RAC) column, as the axial load increased, cracking initiated at the mid-height of the columns
and then started to propagate towards the heads. The concrete cover spalled off for these
columns after the longitudinal reinforcements yielded. Subsequently, the longitudinal
reinforcement buckled at failure. Though in most of the columns, the cracking initiated from
the mid-height of the columns, except for a few that were subjected to unintended eccentricities
during loading. For these unintended eccentricities, the concrete was crushed locally near the
heads of the specimens such as RsoC1oFo-1.4-75 and Rz0CsFo.s-1.4-75. The rubberized recycled
concrete (R?C) columns faced a little concrete separation from the surfaces. Besides, some
distinct cracking lines were also observed. The propagation of the cracking lines represents the
shear failure mode in R2C columns. A higher crack length was also visualized. However, no

concrete cover separation occurred in FR3C columns. A zigzag failure pattern was followed by
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FR3C columns. The enhancement of bridging capacity due to fiber resisted a well-defined
cracking width. Besides, the crack length was comparatively lower than that of RC columns.

No distinct shear failure mode was observed in FR3C columns.
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Figure 5.1 Failure mode of columns containing 1.4% longitudinal

reinforcement with 75 mm tie spacing: (a) control column, (b)

R2C columns, and (c) FR®C columns.
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Figure 5.2 shows a photograph of a failed specimen of the columns containing 1.4%
longitudinal reinforcement with 150 mm tie spacing. Upon attaining the peak load level, the
large tie-spaced (150 mm) control column and R?C columns failed suddenly and were
accompanied by an explosive noise. Excessive buckling of the longitudinal and transverse
steel bars occurred. Once the peak load was attained, the load dropped almost instantly without
an early warning. The failure occurred in the entire lower half of these specimens, as shown in
Figure 5.2 (a). Figure 5.4 (b) shows a close-up photograph of the failure area where a
significant portion of concrete was spalled out from the surface of the columns, and the
longitudinal bars are buckled and frayed. Besides, the concrete core was damaged. On the other
hand, the specimens with smaller tie spacing (75 mm) experienced an increase in axial
deformation without crushing the concrete core due to the confining action exerted by the
closely spaced ties as displayed in Figure 5.4 (a). No visual buckling of the longitudinal

reinforcement had observed along with a little concrete cover separation.

The FR3C column specimens provided a ductile failure mode without separating any concrete
cover as shown in Figure 5.2 (b). The failure modes were almost identical to the smaller tie-
spaced columns. The cracking lines followed a zigzag pattern. Besides, no visible buckling of
the longitudinal reinforcement had occurred. However, the FR3C column containing a higher
percentage of crumb rubber (CR) provided a large crack width compared to the column
containing lower CR content. It can be concluded that, though rubberized concrete provides a
brittle failure with a significant concrete spalling, it can be minimized by incorporating fiber

into the concrete mixture.

To examine the effect of longitudinal reinforcement in FR3C columns, 4 columns were tested
with a higher percentage (2.0%) along with a large tie spacing (150 mm). The crack patterns
of the columns after the failure are presented in Figure 5.3 (a). A comparatively small number
of cracking lines were observed in the columns with a higher reinforcement ratio. The
comparison between the failure mode of the column with a lower reinforcement ratio (1.4%)
and a higher reinforcement ratio (2.0%) is presented in Figure 5.4 (e & f). No macro-crack was

visualized in the higher reinforced concrete column. Only some hair-crack were observed.

The failure mode of unreinforced plain concrete columns is displayed in Figure 5.3 (b). The

fiber-reinforced concrete exhibited gradual damage, while the control specimen and rubberized
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concrete (RuC) specimen provided a brittle failure mode. The RuC specimen was just divided
into two pieces without providing any warning after reaching peak stress. A shear failure mode
was observed as presented in Figure 5.4 (g) whereas higher energy was accumulated by the
FR3C specimen. A significant difference in post-peak behavior of the FR®C specimen was
observed compared to the RuC specimen.
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Figure 5.2 Failure mode of columns containing 1.4% longitudinal

reinforcement with 150 mm tie spacing: (a) control column

and R2C columns, and (b) FR3C columns.
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Figure 5.3 Failure mode of (a) control and FR3C columns containing 2.0%

longitudinal reinforcement with 150 mm tie spacing, and (b) plain

concrete columns.
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Figure 5.4 Close observation of crack patterns of the columns with different combinations.

5.3  Load Deformation Responses

The load-deformation curves of different reinforced concrete (RC) columns are presented in
Figure 5.5. The curves are divided into three segments. The first segment corresponds to the
behavior until the peak load, which is similar to the plain concrete column as shown in
Figure 5.6, implying that transverse reinforcement does not affect this phase. The concrete
cover was visually free of cracks in this segment, yet the peak load varies depending on the
inclusion of CR and fiber content, longitudinal reinforcement ratio, and tie spacing. The second
segment is very short and is characterized by a rapid drop in axial load. This starts once the
load reaches the peak point, and finishes with passive-confinement activation (deformation
increases in the transverse reinforcements). Transverse reinforcement plays a significant role
in this phase. Thus, a cabalistic difference is observed among the curves of the columns with

75 mm tie spacing and 150 mm tie spacing in this stage. In stage is not so distinct for the curves
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of the columns containing 150 mm tie spacing due to the comparatively lower confinement
effect. However, basically, in this phase, cracks began growing in the concrete cover, leading
to gradual spalling that reduced the load-resisting cross-sectional area and resulted in strength
degradation. The third phase is characterized by activation of transverse reinforcing associated
with complete spalling of concrete cover and ended with the total failure of the column. The
curves associated with the larger tie-spaced columns go straight down and the load drops

abruptly whereas the lower tie-spaced columns’ curve provides a more ductile phenomenon.

Table 5.1 summarizes the test result of the compression test of all RC columns. From the table,
it is clear that the deformation capacity increases with increasing the CR content. For instance,
in the R?C columns with a longitudinal reinforcement ratio of 1.4% and tie spacing of 75 mm,
the deformation corresponding to the peak load are 7.60 mm, 9.98 mm, 11.19 mm, and
11.56 mm for 0%, 5%, 10%, and 15% CR content, respectively which is a clear indication of
higher deformation capacity of rubberized concrete. As rubber is a soft material with a lower
elastic modulus, it can deform more compared to conventional concrete. However, the
inclusion of fiber content in R?C columns further increases the deformation capacity of FR3C
columns. For these FR3C columns, the deformation corresponding to the peak load is 7.68 mm,
10.58 mm, 11.91 mm, and 11.97 mm for 0%, 5%, 10%, and 15% CR content, respectively
which is 1.1%, 6.0% 6.4%, and 3.5% higher than that of corresponding R?C columns. The
bridging action of fiber can enhance the deformation capacity of the concrete. The same

phenomenon is also observed in the case of ultimate deformation.

The tie spacing also affects the deformation capacity. The 150 mm tie-spaced columns exhibit
comparatively lower deformation than those of 75 mm tie-spaced columns. Approximately
25%, 39.8%, 40.3%, and 28.8% lower deformation is found corresponding to peak load for
150 mm tie-spaced R?C columns compared to 75 mm tie-spaced R?C columns with 0%, 5%,
10%, and 15% CR content, respectively. For FR®C columns, these reduction percentages are
12.1, 20.9, 26.4, and 26.2, respectively. With a higher tie spacing, the columns cannot resist
higher deformation, rather they reach their peak points or fracture points by providing a lower
deformation capacity. On the other hand, the increase in the longitudinal reinforcement ratio
provides a positive impact on deformation capacity. The deformation corresponding to the

peak load of the columns with a 2.0% longitudinal reinforcement ratio is increased from
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8.77 mm and 8.83 mm to 9.88 mm and 11.21 mm for 10% and 15% CR content, respectively

compared to the 1.4% longitudinal reinforcement ratio. However, for 5% CR content it is
slightly decreased from 8.37 mm to 8.13 mm.
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Figure 5.5 Load-deformation relationship of columns: (a) p = 1.4% with 75 mm
tie spacing, (b) p = 1.4% with 150 mm tie spacing, and (c) p = 2.0%

with 150 mm tie spacing.

Table 5.1 Test results of uniaxial compression test of RC columns.

Column Name Ppeak (KN)  Prcrack (KN) Pau (KN) Apeak (MmM) Ay (mm)  Au(mm)
RoCoFo_1.4 75 971.7 449.1 724.7 6.79 3.95 8.02
R30CoFo_1.4 75 891.2 301.7 555.5 7.60 4.34 8.59
R30CsFo_1.4 75 685.7 147.7 509.6 9.98 4.90 10.52
R30C10Fo_1.4 75 636.1 51.4 390.8 11.19 5.41 13.03
Rs0CisFo_1.4 75 608.1 24.0 334.1 11.56 5.89 15.48
Rs0CoFo.s_1.4 75 968.3 384.9 525.8 7.68 431 9.55
R30CsFo.s_1.4 75 707.2 47.3 361.7 10.58 3.98 13.89
R30CioFo.s_1.4 75 652.1 97.0 464.1 11.91 3.72 14.65
R30CisFo.s 1.4 75 626.4 68.7 422.0 11.97 3.26 17.35
RoCoFo_1.4 150 902.0 416.1 317.2 5.73 3.42 6.66
R30CoFo_1.4 150 840.6 404.5 260.4 5.70 3.42 6.93
R30CsFo_1.4 150 625.8 306.6 130.2 6.01 3.41 7.18
R30Ci10Fo_1.4 150 575.1 218.3 85.1 6.68 3.85 8.74
Rs0Ci1sFo_1.4 150 545.0 141.2 401.1 8.23 4.63 11.64
R30CoFo.s_1.4 150 9139 497.2 385.4 6.75 4.30 7.83
R30CsFo.s 1.4 150 688.8 175.4 150.6 8.37 4.49 10.23
R30CioFo.s 1.4 150 636.6 41.5 128.8 8.77 3.19 10.72
R30CisFo.s 1.4 150 604.3 52.0 91.9 8.83 3.06 10.91
RoCoFo 2 150 987.5 847.2 588.0 7.93 6.83 8.07
R30CsFo.s 2 150 776.1 154.7 218.7 8.13 3.82 9.46
R30Ci0Fo.s 2 150 727.9 136.9 351.3 9.88 3.8 11.8
Rs0CisFo.s 2 150 671.9 141.2 309.3 11.21 4.55 14.24

Note:

Ppeak = Peak Axial Load, Pr.crack = Load Corresponding to First Crack, P, = Load at Failure Point, Apeak

= Deformation Corresponding to Peak Axial Load, Ay = Deformation Corresponding to First Crack, and ~ Ay=
Deformation Corresponding to Failure Point.
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Figure 5.6 Comparison of load-deformation curves of RC columns with plain
concrete columns: (a) NAC, (b) R?C, (c) FR?C, and (d) FR®C.

54  Axial Capacity

Figure 5.7 compares the axial load carrying capacity of different RC columns as a function of
CR content. Overall, it is seen that RAC, R2C, and FR3C columns provide lower axial capacity.
However, it mostly depends on the percentage of CR content, longitudinal reinforcement ratio,
and tie spacing. Figure 5.7 indicates that the compressive load-carrying capacity of column
specimens decreases with an increase in CR content. For instance, the axial capacity of RC
columns with a longitudinal reinforcement ratio of 1.4% along with 75 mm tie spacing
decreases by 8.3%, 29.4%, 35.5%, and 37.4% after adding 0%, 5%, 10%, and 15% CR content
into the R2C mixture, respectively compared to the control column. However, the inclusion of
0.5% PP fiber in the same R?C mixture increases the axial capacity by 8.7%, 3.1%, 2.5%, and
3.0% with 0%, 5%, 10%, and 15% CR content, respectively but still lower than the control
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one. Similarly, in columns with 150 mm tie spacing, the reduction percentage corresponding
to 0%, 5%, 10%, and 15% CR content is 6.8%, 30.6%, 36.2%, and 39.6%, respectively for
R2C mixtures whereas for FR3C mixtures these reduction percentage is slightly decreases. For
FR3C mixtures the axial capacity is increased by 8.7%, 10.1%, 10.7%, and 10.9% for 0%, 5%,
10%, and 15% CR content compared to corresponding column with R?C mixture. This is in
agreement with the results obtained from the compressive strength of tests as discussed in the
previous chapter. Comparing 75 mm and 150 mm tie-spaced columns it is observed that the
higher tie-spaced columns exhibit averagely 6.2% lower compressive load-carrying capacity
due to the lower confinement of concrete. On the other hand, increasing the longitudinal
reinforcement ratio from 1.4% to 2.0% increases the axial capacity of FR3C columns by 9.5%,
12.7%, 14.3%, and 11.2% with 0%, 5%, 10%, and 15% CR content, respectively.
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Figure 5.7 Axial capacity of RC columns: (a) p = 1.4% with 75 mm
tie spacing, (b) p = 1.4% with 150 mm tie spacing, and (c)

comparison between p = 1.4% and p = 2.0%.
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55 Strain in Concrete and Reinforcement

The midpoint lateral deformations for different surfaces of column specimens and the typical
axial load—strain curves are presented in ANNEX B. The locations of the LVDT and the strain
gauges are discussed in the experimental details chapter (Figure 3.13). The points on the
negative side of the graphs mean compression whereas the positive side’s points are in tension.
In terms of lateral deformation, all columns face both tension and compression in different
faces. In terms of strain, the strain gauges in the longitudinal direction faced the compressive
force whereas the transverse directional strain gauges faced either tensile force or compressive

force.

In general, the deformation and strain value increases with increasing the load and the steel
yields before the concrete crushes. From Table 5.2 it is seen that the failure of all the specimens
seems to be ultimately caused by the buckling of the longitudinal bars rather than the crushing
of the concrete core. The strain profiles reveal that the columns remain in compression in the
middle section. Besides, in the comparison of the longitudinal compressive strain of concrete
on two different sides of the columns, it is found that the tested columns were overall buckled
either in the z—x plane or z—y plane. The pattern of all curves is identical and independent of
RCA, CR, PP fiber, longitudinal reinforcement ratio, and tie spacing, and found that the sample
for each type of column had a good consistency. Therefore, it can be confirmed that the
materials used, the production of the specimens, and the test procedure were all well controlled.
However, from Table 5.2 it is seen that the lateral deformation and concrete strain increase
with increasing the CR content and it further increases after the inclusion of PP fiber in R?C
mixtures. As rubber is a soft material it can deform more compared to conventional aggregates.
Besides, fiber improves the cementitious properties of the concrete which further increases the
deformation capacity. In 75 mm tie-spaced columns, approximately 24% and 28% lateral
deformation capacity can be increased using 15% CR content in RAC containing without any
fiber and with 0.5% PP fiber, respectively compared to the control one. For 150 mm tie-spaced
columns, these incremental percentages are 22% and 25%, respectively. This implies that
rubber-mixed concrete columns are capable of absorbing a higher amount of energy before

failure.
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The lower confinement effect of 150 mm tie-spaced columns shows higher deformation and
concrete strain compared to 75 mm tie-spaced columns. Approximately 5.6%, 6.2%, 2.8%,
3.0% and 3.6%, 4.9%, 2.7%, 2.2% higher lateral deformation can be found for 0%, 5%, 10%,
15% CR content containing without any fiber and with 0.5% PP fiber, respectively. The same
trend is also observed for concrete strain. On the other hand, by increasing the longitudinal
reinforcement ratio from 1.4% to 2.0%, the lateral deformation is decreased by 7.0%, 12.1%,
15.8%, and 16.9% for 0%, 5%, 10%, and 15% CR content, respectively. The axial strain of
concrete in R%C specimens varies from 0.00263 to 0.00330 for 75 mm tie-spaced columns and
0.00259 to 0.00315 for 150 mm tie-spaced columns. For FR3C columns it is varied from
0.00269 to 0.00339 and 0.00264 to 0.00328 for 75 mm and 150 mm tie-spaced columns,
respectively. The average lateral strains are approximately 26% and 28% of the axial concrete
strain for 75 mm and 150 mm tie-spaced columns, respectively.

Both the axial and lateral strain of the reinforcing bar increases with increasing the CR content.
The axial strain in the reinforcement of R>C specimens varies from 0.00205 to 0.00267 for 75
mm tie-spaced columns and 0.00236 to 0.00274 for 150 mm tie-spaced columns. For FR3C
columns it is varied from 0.00203 to 0.00252 and 0.00227 to 0.00264 for 75 mm and 150 mm
tie-spaced columns, respectively. It is found that the inclusion of fiber can slightly decrease
the strain in reinforcement. Approximately 2.6% axial strain is decreased in 75 mm tie-spaced
columns using 0.5% PP fiber whereas for 150 mm tie-spaced columns this reduction is about
3.2%. This may happen due to the higher strain resisting capacity of fiber which can lead to
taking comparatively lower strain in the reinforcement. The same trend is also observed for
lateral strain in the transverse reinforcing bar. The reinforcement in the larger tie-spaced
columns (150 mm tie spacing) faces comparatively higher strain which is approximately 7.6%
and 6.9% higher for R?C columns and FR®C columns compared to the smaller tie-spaced

columns (75 mm tie spacing).
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Table 5.2 Deflection and strain on concrete and steel bar corresponding to peak load.

Lateral Deflection on Mid-Point of

Column (mm) Axial Strain on Concrete Surface (mm/mm) SI'Eraatier:—%ln . Ax_ial S';f;ﬁ:’%'ﬂ . ’
Column Name Concrete train on Trans Pmss‘.’n s
- No of . No of Surface Long Bar Bar ratio
Min — Max Avg Readings | ™" Max Avg Readings mm/mm) | MMM mm)

RoCoFo_1.4 75 1.96 5.73 3.80 4 0.00211 0.00298 0.00254 2 0.00057 0.00221 0.00055 0.22
R30CoFo_1.4 75 1.98 6.23 3.81 4 0.00211 0.00315 0.00263 2 0.00062 0.00205 0.00045 0.24
R30CsFo_1.4 75 2.10 4.64 4.02 4 0.00244  0.00344 0.00294 2 0.00077 0.00229 0.00061 0.26
R30Ci0Fo_1.4 75 2.79 5.87 4.37 4 0.00292 0.00311 0.00301 2 0.00082 0.00239 0.00063 0.27
R30CisFo_1.4 75 2.09 6.27 4.71 4 0.00251 0.00408 0.00330 2 0.00095 0.00267 0.00080 0.29
R30CoFo.s_1.4 75 3.06 5.28 3.96 4 0.00297 0.00241 0.00269 2 0.00063 0.00203 0.00040 0.23
R30CsFo.s 1.4 75 2.50 5.58 412 4 0.00385 0.00252 0.00319 2 0.00080 0.00218 0.00049 0.25
R30CioFo.s 1.4 75 2.19 6.01 4.56 4 0.00310 0.00349 0.00329 2 0.00086 0.00243 0.00059 0.26
R30CisFo.s 1.4 75 2.22 6.76 4.88 4 0.00359 0.00318 0.00339 2 0.00097 0.00252 0.00073 0.28
RoCoFo_1.4 150 2.10 6.00 3.99 4 0.00215 0.00282 0.00249 2 0.00062 0.00235 0.00068 0.25
R30CoFo_1.4 150 3.12 5.21 4.02 4 0.00211 0.00307 0.00259 2 0.00067 0.00236 0.00076 0.26
R30CsFo_1.4 150 2.39 5.28 4.26 4 0.00228 0.00354 0.00291 2 0.00081 0.00246 0.00084 0.28
R30CioFo_1.4 150 3.42 5.86 4.50 4 0.00244  0.00345 0.00295 2 0.00085 0.00252 0.00089 0.29
R30CisFo_1.4 150 3.33 6.42 4.85 4 0.00280 0.00350 0.00315 2 0.00095 0.00274 0.00095 0.30
R30CoFo.s 1.4 150 3.19 6.27 4.10 4 0.00223 0.00305 0.00264 2 0.00069 0.00227 0.00066 0.26
R30CsFo.s 1.4 150 3.00 5.40 4.32 4 0.00246  0.00372 0.00309 2 0.00084 0.00238 0.00078 0.27
R30CioFo.s_1.4 150 2.93 6.21 4.69 4 0.00289 0.00354 0.00321 2 0.00091 0.00246 0.00083 0.28
R30CisFo.s 1.4 150 2.15 7.10 4,99 4 0.00289 0.00366 0.00328 2 0.00099 0.00264 0.00088 0.30
RoCoFo 2 150 1.73 5.61 3.71 4 0.00221 0.00246 0.00234 2 0.00051 0.00228 0.00058 0.22
R30CsFo.s 2 150 5.36 2.45 3.80 4 0.00287 0.00316 0.00301 2 0.00070 0.00230 0.00066 0.23
R30Ci0Fo.s 2 150 1.23 6.06 3.95 4 0.00241 0.00399 0.00320 2 0.00081 0.00248 0.00072 0.25
R30CisFo.s 2 150 2.04 6.30 4.14 4 0.00258 0.00392 0.00325 2 0.00089 0.00255 0.00077 0.27
RoCoFo 0 0 1.39 5.30 2.57 4 0.00241 0.00257 0.00249 2 0.00050 - - 0.20
R30CisFo_ 0 0 1.21 5.18 2.79 4 0.00234 0.00267 0.00250 2 0.00068 - - 0.27
R30CoFo.s 0 0 1.35 4.49 2.67 4 0.00225 0.00247 0.00236 2 0.00050 - - 0.21
R30Cis5Fo.s 0 0 441 2.46 2.86 4 0.00326  0.00290 0.00308 2 0.00085 - - 0.27
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5.6  Contribution of Concrete on Axial Capacity

Table 5.3 summarizes the contribution of concrete and steel to the axial capacity of different
RC columns. The table reports the following results for each column: peak axial load Ppeak; the
axial strain on longitudinal reinforcement corresponding to peak load es-peak; l0ad carried by
the reinforcement Ps_peak (COmputed by multiplying the area of longitudinal reinforcement by
the strain and modulus of elasticity of the bar material); the ratio between the load carried by
the reinforcement and the peak load Ps.peak /Ppeak; 10ad carried by the concrete Pc-peak (COmputed
as the difference between the peak axial load and the load carried by the reinforcement); the
ratio between the load carried by the concrete and the peak load Pc-peak /Ppeak; and normalized
concerning the net area of concrete multiplied by the average concrete compressive strength
Pc-peak /f cAc.

In control columns and RAC columns with 75 mm tie spacing, the concrete compressive stress
at the peak is approximately 0.80fc’ (last column in Table 5.3), which is close to the value of
0.85fcas defined in ACI 318-14 [137]. However, for 150 mm tie-spaced columns, this value
is reduced to about 0.72fc’. This may happen due to the comparatively larger tie spacing in the
columns. However, for R2C and FR3C specimens, this ratio has been reduced further and varies
from 0.52t0 0.68 and 0.52 to 0.78, respectively depending on the percentage of CR, tie spacing,
and longitudinal reinforcement ratio. Thus, this is a clear indication of the inappropriateness
of the existing equation of the normal concrete column. The existing equation needs some
modification for rubberized concrete or fiber-reinforced rubberized concrete columns. From
Figure 5.8 and Table 5.3 it is seen that the contribution of concrete to axial capacity decreases
gradually with increasing the percentage of CR content. Besides, increasing the tie spacing
can further decrease the concrete contribution and thus increase the steel contribution on axial
capacity. For R2C specimens, the concrete contribution varies from 70.5% to 84.6% of the
peak load for 75 mm tie-spaced columns and 66.3% to 81.2% for 150 mm tie-spaced columns.
However, incorporating the fiber content can slightly increase the concrete contribution and
decrease the load on steel. For FR3C specimens, the concrete contribution varies from 73.0%

to 86.0% for 75 mm tie-spaced columns and 70.8% to 83.4% for 150 mm tie-spaced columns.

With increasing the longitudinal reinforcement ratio, the contribution of concrete decreases,
and increases the steel contribution. The load carried by the longitudinal reinforcement ranges

112



between approximately 23.2% to 29.2% of the peak load for the FR®C columns of p =1.4%,

whereas for the columns with p =2.0% it varies from 30.4% to 39.0% of the peak load. The

results discussed previously are based on the assumption that the modulus of elasticity of a

reinforcing bar in tension and compression are similar. The contribution of concrete to axial

capacity is also validated with respect to plain concrete columns and presents the summary of

the test results in Table 5.4. The variation in concrete contribution as calculated from strain

gauge data and plain concrete data is lower than 10%.

Table 5.3 Summary of concrete and steel contribution on axial capacity of RC columns.

Ppeak &ES-peak PS-peak PS-peak /Ppeak PC-peak Pc-peak /Ppeak PC-peak /f ’cAc

ColumnName Ny (mmimm)  (kN) (%) KN) (%) (%)
RoCoFo 1.4 75 971.7 0.00221 148.2 15.2 823.6 84.8 78.5
R30CoFo_1.4 75 891.2 0.00205 137.1 154 754.0 84.6 81.4
R30CsFo 1.4 75 685.7 0.00229 153.6 224 532.1 77.6 62.3
R30CioFo_1.4 75 636.1 0.00239 160.1 25.2 476.0 74.8 61.2
R30CisFo 1.4 75 608.1 0.00267 179.1 29.5 429.0 70.5 68.2
R30CoFo.s 1.4 75 968.3 0.00203 135.6 14.0 832.6 86.0 77.6
R30CsFo.s 1.4 75 707.2 0.00218 145.9 20.6 561.3 79.4 57.9
R30CioFo.s 1.4 75 652.1 0.00243 162.6 24.9 489.5 75.1 57.3
R30CisFo.s 1.4 75 626.4 0.00252 168.9 27.0 457.5 73.0 57.8
RoCoFo 1.4 150 902.0 0.00235 157.3 17.4 7447 82.6 71.0
R30CoFo_1.4 150 840.6 0.00236 158.1 18.8 682.5 81.2 73.7
R30CsFo_1.4 150 625.8 0.00246 164.9 26.3 460.9 73.7 54.0
R30Ci0Fo_1.4 150 575.1 0.00252 168.7 29.3 406.4 70.7 52.2
R30CisFo_1.4 150 545.0 0.00274 183.6 33.7 361.3 66.3 57.5
R30CoFo.s_1.4 150 913.9 0.00227 152.1 16.6 761.8 834 71.0
R30CsFo.s 1.4 150 688.8 0.00238 159.7 23.2 529.1 76.8 54.5
R30Ci0Fo.s 1.4 150 636.6 0.00246 165.0 259 471.6 74.1 55.2
Rs0CisFo.s 1.4 150  604.3 0.00264 176.6 29.2 427.7 70.8 54.1
RoCoFo 2 150 987.5 0.00228 2344 23.7 753.1 76.3 72.3
R30CsFo.s 2 150 776.1 0.00230 236.2 304 539.9 69.6 56.0
R30Ci0Fo.s 2 150 727.9 0.00248 254.7 35.0 473.2 65.0 55.8
R30CisFo.s 2 150 671.9 0.00255 262.0 39.0 409.9 61.0 52.1

Note:

Ppeak = Peak Axial Load, espeak = AXxial Strain on Longitudinal Reinforcement Corresponding to Peak Load, Ps.
peak = Load Carried by Reinforcement, Pc.peak = LOad Carried by Concrete, /= Compressive Strength of Concrete,
and A = Cross-Sectional Area of Concrete.
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Figure 5.8 Contribution of concrete and steel on axial capacity of columns: (a) p

= 1.4% with 75 mm tie spacing, (b) p = 1.4% with 150 mm tie

spacing, and (c) p = 2.0% with 150 mm tie spacing.
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Table 5.4 Contribution of concrete on axial capacity of different RC columns concerning plain
concrete column.

Contribution of Concrete (%)

Column Name ek Pc-peak (KN) W.R.T. Plain From Strain Variation
(kN) (%)
Concrete Column Data

RoCoFo 0 0 769.9 769.9 100.0 -
RoCoFo_1.4 75 971.7 823.6 79.2 84.8 7.0
RoCoFo 1.4 150 902.0 7447 85.3 82.6 -3.3

R30Ci5Fo 0 0 402.5 402.5 100.0 -
R30CisFo_1.4 75 608.1 429.0 66.2 70.5 6.6
R30CisFo 1.4 150 545.0 361.3 73.9 66.3 -10.2

Rs0CoFo.s 0 0 787.2 787.2 100.0 -
R30CoFo.s_1.4 75 968.3 832.6 81.3 86.0 5.8
R30CoFo.s 1.4 150 913.9 761.8 86.1 83.4 -3.2

R30CisFo.s 0 0 425.0 425.0 100.0 -
Rs0CisFo.s_1.4 75 626.4 4575 67.8 73.0 7.7
R30CisFo.s 1.4 150 604.3 427.7 70.3 70.8 0.6

5.7 Volumetric Strain

The true behavior of confined concrete can be captured by examining its volumetric response.
In a triaxial state of stress, volumetric strain &, is defined as the volume change per unit volume

as follows:

&, = g4 + 2¢; (5.1)
where g, is the axial strain; and ¢, is the lateral strain of the column. It is assumed that a positive

volumetric strain indicates volume reduction, whereas a negative value indicates expansion.

The volumetric strain response of different columns is shown in Figure 5.9 to Figure 5.11. The
effect of CR, fiber, longitudinal reinforcement ratio and tie spacing is presented. In the figures,
the initial slope of all curves is close to (1 — 2v).ea (Where v is the Poisson’s ratio of the concrete
assumed to be equal to 0.20 and ¢, is the axial strain of concrete), which corresponds to the
perfectly elastic condition. The curves deviate from this line and reach their maximum as the
load approaches its peak value. This point corresponds to the onset of uncontrolled crack

growth leading to failure.

From Figure 5.9 it is seen that the volumetric strain curve of plain concrete columns is almost
close to the perfectly elastic curve. However, for the reinforced concrete columns, these curves

deviate from the perfectly elastic curve. The larger tie-spaced columns show comparatively
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higher volumetric strain compared to smaller tie-spaced columns. Besides, the columns with
larger tie spacing, the curve rapidly develops into failure. On the other hand, in the case of
smaller tie spacing, the curves are more stable as presented in Figure 5.10. As the small spacing
of the ties provides a lateral constraint against the cracked concrete core it delays unstable
crack propagation. From Figure 5.10, it is also seen that the volumetric strain of rubberized
recycled concrete (R?C) columns are comparatively higher than that of recycled aggregate
concrete (RAC) columns. The same case also happens for fiber-reinforced recycled concrete
(FR?C) columns and fiber-reinforced rubberized recycled concrete (FR3C) columns. Figure
5.11 demonstrates that the columns containing a higher reinforcement ratio provide a lower

volumetric strain and a more stable curve compared to the lower reinforcement ratio.
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Figure 5.9 Effect of tie spacing on volumetric strain response: (a) control columns,
(b) R2C columns, (c) fiber-reinforced recycled concrete (FR2C)
columns, and (d) FR3C columns.
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Figure 5.10 VVolumetric strain response of (a) R?C columns with 75 mm tie spacing,
(b) FR3C columns with 75 mm tie spacing, (c) R?C columns with 150
mm tie spacing, and (d) FR3C columns with 150 mm tie spacing.

0.004 0.004
] RoCoFo_1.4_75 (@) e 1 RsoCsFo.s_1.4_75 (D)
1 —— ReCoFo_ 1.4 150 £ ] — =" RsCsFo.s_1.4_150
0.003 1 — — - RoCoFo 2 150 E 0.003 1 — — - RsyCsFos 2 150
] = ]
0.002 (1-2) % i £ 0.002 - (1-20)€sia
] Ug) : -~ "-‘i:’
] e 5 ] T
i = j<5) ] P
0.001 - e £ 0001 T
] /_/—"/-/ ©° ] .'/' T
1. > : './;”/,;”
0000 ot b b 0.000 i
0.000 0.001 0.002 0.003 0.004 0.000 0.001 0.002 0.003 0.004
Axial Strain (mm/mm) Axial Strain (mm/mm)

117



0.004 - 0.004 -

'g Jormeee RaCioFos 1475 (c) T ] RuCisFos 1475 (d)
= ]—+— RaoCioFo.s_1.4_150 é ] == RuCisFos_1.4_150
£ 0.003 :_'_"R30C10F0.5_2_150 £ 0003: —'—"R30C15F0.5_2_150
£ : = '
£ 0.002 1 (1-2W % i g
N J o~ n
2 1 P Py 2
£ 0.001 T g
E P s E
) 1 z= =)
> 0.000 4 > 0.000 &=y . .
0.000 0.001 0.002 0.003 0.004 0.000 0.001 0.002 0.003 0.004
Axial Strain (mm/mm) Axial Strain (mm/mm)
Figure 5.11 Effect of longitudinal reinforcement on volumetric strain of columns
with (a) 0% CR, (b) 5% CR, (c) 10% CR, and (d) 15% CR content.
5.8  Ductility

The ductility value of different columns is determined from the load-deformation curves using
the displacement ductility method proposed by Pessiki and Pieroni [215] and Choi and Yun
[21]. The displacement ductility is the ratio of the axial deformation of the column under an
axial load up to 85% of the maximum axial load on the descending portion of the load-
deformation curve, i.e., Aq g5 to the deformation corresponding to the yield point, A,,.

p=sp (5.2)
Figure 5.12 and Table 5.5 present the ductility value of different RC columns. Overall it is seen
that the R2C and FR3C columns exhibit comparatively higher ductility than that of the control
one. However, the ductility of RAC columns is almost similar to that of NAC columns. With
increasing the CR content, the ductility value increases and it further increases after the
inclusion of fiber content into the concrete mixtures. For R2C columns with the longitudinal
reinforcement ratio of 1.4% and 75 mm tie spacing, the ductility value increases 12.3%, 15.7%,
and 20.2% for 5%, 10%, and 15% CR content, respectively compared to the control column.
After adding 0.5% PP fiber the ductility value is increased almost 1.20, 1.52, 1.99, 2.67 times
for 0%, 5%, 10%, and 15% CR content, respectively compared to the control specimen which
is approximately 23.0%, 35.7%, 72.2%, and 122.3% higher than that of corresponding R?C
specimens. The same trend is also observed for 150 mm-tie spaced columns. As fiber can form

a bridge inside the densified concrete matrix on either side of the crack it can resist load against
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a larger deflection after its yielding point. Fiber also creates a strong bond between aggregate
and cement paste and acts as a barrier against crack propagation. Thus, the ductility value
increases and resulted in a change in the failure mode by limiting the progression of cracks and

enhancing the aggregate interlock along failure planes.

Due to the lower confinement effect of 150 mm tie-spaced columns, the ductility value is
slightly decreased compared to 75 mm tie-spaced columns. This reduction is near to 1.1%,
8.0%, 4.9%, 2.8% for R2C specimens and 17.3%, 27.6%, 22.9%, 39.7% for FR3C specimens
for 150 mm tie-spaced columns with 0%, 5%, 10%, 15% CR content, respectively. This lower
ductility of larger tie-spaced columns also affects the failure mechanism. The larger tie-spaced
columns failed suddenly without providing any significant warning compared to the smaller
tie-spaced columns. From Figure 5.12 (c) it is seen that no significant difference has occurred

in ductility after increasing the longitudinal reinforcement ratio from 1.4% to 2.0%.

5 - A 4
&--- W/O Fiber @_ .~ ®--- W/O Fiber (b)
4 | A With Fiber - — A— With Fiber
Control ,/A/ 5 Control
?3_ Y - o - A
= - + = -
- S T &
1 A a
0 T T 1 T T
0 5 10 15 0 5 10 15
Rubber Content (%) Rubber Content (%)
5
(©
4 4
>
2 39  a e
= I by
= A
224 il
1 :/ ---@--- pv=1.4% & Spacing=150 mm
— A& pv=2.0% & Spacing=150 mm
0 T T
0 5 10 15

Rubber Content (%)

Figure 5.12 Variation in ductility of RC columns: (a) p = 1.4% with
75 mm tie spacing, (b) p = 1.4% with 150 mm tie

spacing, (c) comparison between p =1.4% and p = 2.0%.
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Table 5.5 Summary of ductility and toughness value of different RC columns.

Column Name Ay (Mm)  Apeak(MM)  Aosgs (MM)  Apea/Ay y7i Toughness (kN.mm)
RoCoFo 1.4 75 3.95 6.79 7.20 1.72 1.83 3202
R30CoFo 1.4 75 4.34 7.60 7.78 1.75 1.79 2510
R30CsFo 1.4 75 4.90 9.98 10.08 2.04 2.06 2537
R30Ci0Fo 1.4 75 5.41 11.19 11.48 2.07 2.12 2596
R30CisFo_1.4 75 5.89 11.56 12.99 1.96 2.21 3529
R30CoFo.s_1.4 75 431 7.68 9.50 1.78 2.20 3221
R30CsFo.s 1.4 75 3.98 10.58 11.13 2.66 2.80 3364
R30CioFo.s 1.4 75 3.72 11.91 13.61 3.20 3.66 4741
R30CisFo.s 1.4 75 3.26 11.97 15.98 3.67 4.90 5535
RoCoFo 1.4 150 3.42 5.73 6.00 1.67 1.74 2315
R30CoFo 1.4 150 3.42 5.70 6.06 1.67 1.77 2297
R30CsFo_1.4 150 3.41 6.01 6.46 1.76 1.89 2025
R30CioFo_1.4 150 3.85 6.68 7.78 1.73 2.02 2144
R30CisFo_1.4 150 4.63 8.23 9.93 1.78 2.14 2317
R30CoFo.s_1.4 150 4.30 6.75 7.83 1.57 1.82 2690
R30CsFo.s_1.4 150 4.49 8.37 9.09 1.86 2.02 2324
R30CioFo.s_1.4 150 3.19 8.77 9.00 2.75 2.82 2417
R30CisFo.s 1.4 150 3.06 8.83 9.05 2.88 2.96 2548
RoCoFo 2 150 6.83 7.93 8.01 1.16 1.17 3073
R30CsFo.s 2 150 3.82 8.13 8.58 2.13 2.25 2563
R30CioFo.s 2 150 38 9.88 10.23 2.63 2.73 3164
RaoCisFo.s 2 150 4.55 11.21 13.73 2.46 3.02 4677

Note:

Ay = Deformation Corresponding to First Crack/Yielding Point, Apeak = Deformation Corresponding to Peak
Axial Load, Aogs = Deformation Corresponding to 85% of the maximum axial load on the descending portion,
and u = Ductility.

5.9  Toughness

The toughness of the RC columns is calculated by summing up the area under the axial load
versus the axial deformation curve up to 85% of the maximum axial load on the descending
portion. The toughness value of different RC columns is summarized in Table 5.5 and
presented in Figure 5.13. Overall it is seen that the R?C columns exhibit comparatively lower
toughness than that of the control specimens. However, adding fiber content into the concrete

mixture improves the toughness value.

For R?C columns with the longitudinal reinforcement ratio of 1.4% and 75 mm tie spacing, the
toughness value is decreased by 21.6%, 20.8%, 18.9% for 0%, 5%, and 10% CR content, and
then increased by 10.2% for 15% CR content compared to control specimen. As the axial

capacity of R?C specimens is comparatively lower than that of control columns, the area under
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the curves is reduced. However, though most of the R2C specimens provide lower toughness,

it increases with increasing the CR content. Thus, the columns with 15% CR content exhibit a

higher toughness value than that of the control one due to the incremental tendency of

deformation capacity with increasing the CR content. After adding 0.5% PP fiber the toughness
value is increased almost 1.01, 1.05, 1.48, 1.73 times for 0%, 5%, 10%, and 15% CR content,

respectively compared to the control specimen which is approximately 28.3%, 32.6%, 82.6%,

and 56.8% higher than that of corresponding R2C specimens. The same trend is also observed

for 150 mm tie-spaced columns as presented in Table 5.5 and Figure 5.13.
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Figure 5.13 Variation in toughness of RC columns: (a) p = 1.4% with

75 mm tie spacing, (b) p = 1.4% with 150 mm tie spacing,

and (c) comparison between p = 1.4% and p = 2.0%.
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Comparing the 75 mm tie-spaced columns with 150 mm tie-spaced columns it is observed that
the toughness value of larger tie-spaced columns is decreased significantly. The reduction
percentage is almost 8.5, 20.2, 17.4, 34.4 for R?C specimens and 16.5, 30.9, 49.0, 54.0 for
FR3C specimens for 0%, 5%, 10%, 15% CR content, respectively. On the other hand, an
improved toughness value has been achieved by increasing the longitudinal reinforcement ratio
from 1.4% to 2.0% as presented in Figure 5.13 (c). For the FR3C columns having p = 2.0%,
the toughness value is increased by approximately 32.8%, 10.3%, 30.9%, and 83.5% compared
to p = 1.4% for 0%, 5%, 10% and 15% CR content, respectively.

5.10 Dilation Ratio

The dilation ratio is defined as the ratio between the transverse strain and the axial strain of the
column under any specific axial load. And this ratio corresponding to the peak load is termed
Poisson's ratio (v).

=& (5.3)

€a
Where g is the lateral strain and ¢, is the axial strain of the column.

The dilation ratio vs axial strain of different columns is presented in Figure 5.14 and the
variation in Poisson’s ratio of different RC columns is shown in Figure 5.15. As seen in Figure
5.14, the dilation ratio for all the reinforced concrete columns ranges between 0.10 and 0.33
up to the peak axial strains of approximately 0.0035 whereas for plain concrete columns it
varies between 0.10 and 0.30. In most cases, the dilation ratio increases with increasing the
axial strain or axial load. However, from Figure 5.15 (a & b) it is seen that with increasing the
CR content the Poisson’s ratio increases which signifies better deformability and energy
absorption capacity. On the contrary, the inclusion of fiber content makes the concrete
comparatively stiff and as a result the Poisson’s ratio slightly decreases. The Poisson’s ratio of
R2C columns with the longitudinal reinforcement ratio of 1.4% and 75 mm tie spacing is 0.24,
0.26, 0.27, and 0.29 for 0%, 5%, 10%, and 15% CR content, respectively whereas for FR3C
columns this ratio is 0.23, 0.25, 0.26, 0.28, respectively. In the case of the specimens with
larger tie spacing, the Poisson’s ratio increases compared to the smaller tie spacing. Having
the longitudinal reinforcement ratio (1.4%), the Poisson’s ratio of R?C columns with 150 mm
tie spacing is 0.26, 0.28, 0.29, and 0.30 for 0%, 5%, 10%, and 15% CR content, respectively
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whereas for FR3C columns this ratio is 0.26, 0.27, 0.28, 0.30, respectively. Investigating the
effect of longitudinal reinforcement ratio on Poisson’s ratio it is found that the Poisson’s ratio
decreases for a higher reinforcement ratio. The Poisson’s ratio of FR®C columns having a
longitudinal reinforcement ratio of 2.0% and 150 mm tie spacing is 0.22, 0.23, 0.25, and 0.27
for 0%, 5%, 10%, and 15% CR content, respectively as presented in Figure 5.15 (c). From
Figure 5.15 (d) it is noticed that the plain concrete columns provide a comparatively lower

Poisson’s ratio than that of RC columns.
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Figure 5.15 Variation in Poisson’s ratio of different RC columns: (a) p = 1.4% with
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5.11 Curvature Ductility

The moment-curvature relationships of different reinforced concrete columns are investigated
by using software named Response 2000 [216]. The moment vs curvature graphs of different
columns is presented in Figure 5.16. From the moment-curvature curves, the curvature ductility
is calculated. The curvature ductility, i, is determined by using Eq. 5.4 which is an appropriate
performance criterion for the seismic assessment of structural elements [24, 217]. It’s a
sectional property of the reinforced concrete column. The results of different sectional

properties are summarized in Table 5.6.

— Pu
e =" (5.4)

where, ¢,, and ¢,, are ultimate curvature and yield curvature, respectively.

From Figure 5.16 it is seen that all the curves exhibit the same pattern up to the yield point.
But after the yield point, the R%C and FR®C columns provide higher ductile phenomena. These
curves go far longer compared to the control one after reaching their yield moments or even
ultimate moments. From Figure 5.16 and Table 5.6 it is seen that the ultimate curvature
moment decreases with increasing the CR content. However, the inclusion of fiber content can
further increase the moment capacity. The longitudinal reinforcement ratio has a positive
impact on the ultimate curvature moment. On the contrary, the tie spacing does not have any
significant effect on the ultimate moment rather than the yield moment. The larger tie-spaced

columns reach their yield point comparatively earlier than the smaller tie-spaced columns.

The variation in curvature ductility of different RC columns is presented in Figure 5.17. The
results indicate that tire rubber concrete specimens can develop considerably higher curvature
ductility compared to similar conventional concrete columns. Besides, the inclusion of fiber
content into the rubberized concrete can further increase the curvature ductility. For 75 mm tie
spaced columns with p = 1.4%, the curvature ductility of R?C columns containing 5% CR
content is the same as the control one but then increases by 10% and 21% for 10% and 15%
CR content. For FR®C columns having the same p and tie spacing, this incremental percentage
is 21.0, 33.1, and 33.1 for 5%, 10%, and 15% CR content, respectively. The larger tie-spaced
(150 mm) columns provide lower curvature ductility compared to smaller tie-spaced (75 mm)
columns. All 150 mm tie-spaced columns exhibit an average of 9% lower ductility compared

to 75 mm tie-spaced columns. Moreover, the curvature ductility may further decrease for
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increasing the p value from 1.4% to 2.0%. The decreasing percentage is 24.9, 24.9, and 17.4
for 5%, 10%, and 15% CR content. Comparing the control column with the RAC column it is
seen that the inclusion of RCA reduces the curvature ductility value. From the test results, it
can be concluded that an enhancing curvature ductility can be achieved by maintaining a lower
tie spacing along with a higher percentage of CR content which may further increase by
incorporating fiber content into the column specimens. Having higher curvature ductility is
usually accompanied by better seismic performance and less structural damage during strong
earthquakes. Therefore, the rubberized concrete or fiber-reinforced rubberized concrete is

shown to be a potentially suitable material for seismic applications.

Table 5.6 Summary of curvature ductility of different RC columns.

Yield Yield Ultimate Ultimate

Column Name Moment Curvature Moment Curvature CDuur(\:/gItiL,:;e
(KN.m) (rad/m) (kKN.m) (rad/m)

RoCoFo_1.4 75 7.33 0.0258 8.95 0.098 3.80
R30CoFo_1.4 75 7.19 0.0274 8.73 0.094 3.45
R30CsFo 1.4 75 7.25 0.0261 8.59 0.099 3.80
RoCioFo_1.4 75 7.13 0.0270 8.41 0.113 4.18
RoCisFo_1.4 75 6.84 0.0270 7.99 0.124 4,59
R30CoFo.s_1.4 75 7.17 0.0298 9.01 0.125 4.18
R30CsFo.s_1.4 75 7.14 0.0273 8.81 0.126 4.60
R30CioFo.s 1.4 75 7.09 0.0277 8.59 0.140 5.05
R30CisFo.s 1.4 75 7.01 0.0277 8.45 0.140 5.05
RoCoFo_1.4 150 7.39 0.0286 9.50 0.099 3.45
R30CoFo_1.4 150 7.32 0.0314 8.73 0.099 3.14
R30CsFo_1.4 150 7.18 0.0287 8.59 0.099 3.45
RoCioFo_1.4 150 7.02 0.0297 8.41 0.113 3.80
RoCisFo_1.4 150 6.91 0.0297 7.99 0.124 4.18
R30CoFo.s_1.4 150 7.23 0.0328 9.01 0.125 3.80
R30CsFo.s_1.4 150 7.11 0.0326 8.82 0.136 4.18
R30CioFo.s_1.4 150 6.97 0.0304 8.59 0.140 4.59
R30CisFo.s 1.4 150 6.90 0.0305 8.45 0.140 4.60
RoCoFo 2 150 11.17 0.0315 12.72 0.074 2.36
R30CsFo.s 2 150 10.72 0.0331 12.40 0.104 3.14
R30C1oFo.s 2 150 10.57 0.0335 11.99 0.116 3.45
R30CisFo.s 2 150 10.17 0.0305 11.74 0.116 3.80
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Figure 5.16 Moment—curvature relationships of different columns: (a)

R2C with p = 1.4% and 75 mm tie spacing, (b) FR3C with p
= 1.4% and 75 mm tie spacing, (c) R2C with p = 1.4% and
150 mm tie spacing, (d) FR3C with p = 1.4% and 150 mm
tie spacing, (e) FR3C with p = 2.0% and 150 mm tie spacing.
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Curvature Ductility
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Figure 5.17 Variation in curvature ductility of RC columns: (a) p = 1.4%
with 75 mm tie spacing, (b) p = 1.4% with 150 mm tie spacing,
and (c) comparison between p = 1.4% and p = 2.0%.
Influence of Tie Spacing

Though the nominal capacity equation for conventional concrete ignores the tie-spacing effect,

the behavior of R?C and FR®C columns significantly depends on it. Two different tie spacing

has been considered such as 75 mm and 150 mm to maintain the same longitudinal

reinforcement ratio of 1.4%. The large tie-spaced R2C columns failed suddenly by providing

an explosive noise. Besides, an excessive buckling of the longitudinal and transverse steel bars

occurred. The concrete cover was spalled out from half of the entire specimens and the

buckling of the transverse reinforcement was clearly visualized. Besides, the concrete core
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was damaged. On the contrary, the specimens with smaller tie spacing experienced no visual
buckling of transverse reinforcement. Besides, no significant concrete core crushing has been
observed due to the confining action exerted by the closely spaced transverse reinforcement.
However, for FR3C columns, the failure modes were almost identical to the smaller tie-spaced
columns. The cracking lines followed a zigzag pattern. Besides, no visible buckling of the
longitudinal reinforcement had occurred. From the load-deformation curves of larger tie-
spaced columns, it is observed that once the peak load is attained, the load drops almost
instantly without an early warning. Besides, the axial deformation capacity, as well as axial
concrete strain, are also reduced. The 150 mm tie-spaced columns exhibit 25%, 39.8%, 40.3%,
28.8% and 12.1%, 20.9%, 26.4%, 26.2% lower peak point deformation for R?C columns and
FR3C columns compared to 75 mm tie-spaced columns with 0%, 5%, 10%, and 15% CR
content, respectively. The axial concrete strain in R?C specimens varies from 0.00263 to
0.00330 for 75 mm tie-spaced columns and 0.00259 to 0.00315 for 150 mm tie-spaced
columns. For FR3C columns it is varied from 0.00269 to 0.00339 and 0.00264 to 0.00328 for
75 mm and 150 mm tie-spaced columns, respectively.

In terms of axial capacity, the axial capacity slightly decreases for larger tie-spaced columns.
Approximately 5.7%, 8.7%, 9.6%, and 10.4% peak axial load is decreased for 0%, 5%, 10%
and 15% CR content for R?C columns and for FR®C columns this reduction is about 5.6%,
2.6%, 2.4%, and 3.5%, respectively. However, the average reduction is near 6% due to
increasing the tie spacing from 75 mm to 150 mm. Besides, increasing the tie spacing can
decrease the concrete contribution and increase the steel contribution on axial capacity. Though
the axial deformation capacity decreases for larger tie-spaced columns, the lateral deformation,
and corresponding lateral concrete strain increase. The lateral deformation corresponding to
the peak axial load is increased by 5.6%, 6.2%, 2.8%, 3.0% and 3.6%, 4.9%, 2.7%, 2.2% for
0%, 5%, 10%, 15% CR content containing without fiber and with 0.5% PP fiber, respectively.

Due to the lower confinement effect of larger tie-spaced columns, the ductility is decreased by
1.1%, 8.0%, 4.9%, 2.8% for R?C specimens and 17.3%, 27.6%, 22.9%, 39.7% for FR3C
specimens for larger tie-spaced columns compared to lower tie-spaced columns with 0%, 5%,
10%, 15% CR content, respectively. The same pattern is also observed in toughness value and

curvature ductility value. In terms of the Poisson’s ratio, it increases for larger tie-spaced
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columns compared to the smaller tie spacing. The Poisson's ratio varies from 0.22 to 0.29 for
75 mm tie-spaced columns whereas for 150 mm tie-spaced columns it varies from 0.25 to 0.30.

depending on the percentage of CR content or inclusion of fiber content.

5.13 Influence of Longitudinal Reinforcement Ratio

In general, the longitudinal reinforcement ratio has a significant effect on different uniaxial
compressive behaviors of RC columns. To investigate the effect of longitudinal reinforcement
ratio in FR3C columns, four RC columns were prepared with a longitudinal reinforcement ratio
of 2.0%. In terms of failure mode, a comparatively small number of cracking lines were
observed in the columns compared to a lower reinforcement ratio. Only a small number of
hair-crack were observed. No macro-crack were visualized in the higher p reinforced concrete
column. Thus, the deformation capacity is increased. As expected, the axial capacity is
increased by 9.5%, 12.7%, 14.3%, and 11.2% with 0%, 5%, 10%, and 15% CR content,
respectively by increasing the longitudinal reinforcement ratio from 1.4% to 2.0%. thus, the
contribution of longitudinal reinforcement is increased on axial capacity and simultaneously
decreased the concrete contribution. The axial load carried by the longitudinal reinforcement
ranges between 30.4% to 39.0% for the columns with p =2.0% whereas for the columns with

p =1.4% it varies from 23.2% to 29.2% of the peak axial load.

In terms of volumetric strain and dilation ratio, the columns containing a higher reinforcement
ratio provide a lower volumetric strain and Poisson's ratio compared to the lower reinforcement
ratio. The Poisson's ratio for 2% longitudinal steel-reinforced columns varies from 0.22 to 0.27
depending on the percentage of CR content whereas for 1.4% steel-reinforced columns it varies
from 0.25 to 0.30. However, no significant difference has been observed in the ductility. On
the contrary, the toughness value is increased by approximately 32.8%, 10.3%, 30.9%, and
83.5% for 0%, 5%, 10% and 15% CR content, respectively compared to the columns with p
=1.4%. As the axial capacity and deformation capacity, both increase for 2% steel-reinforced
columns. The area under the load-deformation curve is also increased. In terms of curvature
ductility, it decreases for higher steel-reinforced columns. Approximately 31.7%, 24.9%,
24.9%, and 17.4% curvature ductility is decreased for 2% steel-reinforced columns having 0%,

5%, 10%, and 15% CR content, respectively compared to 1.4% steel-reinforced columns.
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5.14 Code Provision for Ultimate Capacity

The compressive strength of plain concrete columns is generally lower than the compressive
strength measured on standard 150 x 300 mm concrete cylinders. A reduction factor of 0.85 is
suggested by the ACI 318 [137] or a; by CSA A23.3-14 [140] which is mainly attributed to
the differences in size and shape of RC columns and the concrete cylinder. The nominal peak
axial load RC column P, is defined as the sum of the forces carried by the concrete and the

steel, as given by the following equations of Eq. 5.5 and Eq. 5.6.

ACI 318-14 [137] 1 Py = 0.85f (A, — As) + f,/As (5.5)
CSA A23.3-14[140] Py = ayf (Ay — As) + fAs (5.6)
a, = 0.85 — 0.0015f > 0.67 (5.7)

Where P, is the nominal peak axial load in N, £, is the compressive concrete strength in MPa,

A, is the gross area of the column in mm?, A, is the total area of longitudinal reinforcement in

mm?, and fy is the yield strength of the longitudinal reinforcement in MPa.

From Figure 5.18 it is seen that the existing equations can predict the nominal capacity of
uniaxial loaded conventional columns and RAC columns accurately but overestimate the R?C
and FR3C columns. The equations overestimate up to 40% depending on the percentage of CR,

the inclusion of fiber content or not, tie spacing, and longitudinal reinforcement ratio.

From the previous discussion in the section “Contribution of Concrete on Axial Capacity”, it
is seen that the concrete contribution varies from 0.52 to 0.68 and 0.52 to 0.78 for R?C and
FR3C specimens, respectively. Thus, this variation in predicting axial capacity mainly
happened due to the variation in compressive strength of R?C and FR3C. Besides, the tie
spacing may provide a significant role in the axial capacity of R2C and FR3C columns. Thus,
the existing equations have been modified and incorporate the effect of CR and tie spacing.
Eq. 5.8 has been proposed for R?C columns and Eq. 5.9 has been proposed for FR3C columns.
In these equations, the reduction factor has been changed to 0.74 from 0.85. It should be noted
that the equations are valid for the range of CR content from 0% to 15%, tie spacing from 75
mm to 150 mm, and for a constant RCA percentage (30%) and PP fiber content (0.5%).
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CR S

Proposed Equation for RCA with CR (W/O Fiber): P, = 0.79f; (A, — As) + 1.20f,A; — ooss " ooor; (5.8)
Proposed Equation for RCA with CR (With Fiber): P, = 0.71f/ (A, — As) + 1.20f, A, — OOCO};” - 00219 (5.9)

Where CR is the volumetric percentage of crumb rubber, and S is the tie spacing in mm.

From Figure 5.18 it is seen that the proposed equations can predict the axial capacity of R°C
and FR3C columns with good accuracy. The coefficients of determination (R?) are found at
0.992 and 0.991 and coefficients of variation (COV) are found at 8.58% and 6.65% for R*C
and FR3C columns, respectively. Thus, by reducing the reduction factor and considering the
effect of CR and tie spacing it is possible to accurately predict the peak axial load of R*C and

FR3C columns.
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Figure 5.18 Comparison of nominal axial loads to experimental loads
(@) 75 mm tie-spaced columns with p = 1.4%, (b) 150 mm
tie-spaced columns with p = 1.4%,, and (c) 150 mm tie-

spaced columns with p = 2.0%.

5.15 Summary

In conclusion, the axial capacity decreases with increasing the CR content and it is decreased
by up to 37.4% and 35.5% for R?C and FR®C columns with 75 mm tie spacing and 39.6% and
33.0% for 150 mm tie-spaced columns. Though RAC, R2C, and FR3C columns provide lower
axial capacity than that of the conventional column, the FR3C columns exhibit comparatively
higher axial capacity. Besides, the FR3C columns provide more ductile phenomena without
separating any concrete cover. Excessive buckling of the longitudinal and transverse steel bars,
as well as the crushing of concrete core, occurs in larger tie-spaced columns. The lateral
deformation and concrete strain are increased with increasing the CR percentage and after the
inclusion of fiber content. In terms of ductility, the NAC and RAC columns exhibit almost
similar ductility. However, the R?C and FR3C columns exhibit comparatively higher ductility
than that of the conventional one and it is increased with increasing the CR percentage and the
addition of fiber content. Approximately 167% and 70% higher ductility can be found using
0.5% fiber content in 75 mm and 150 mm tie spaced R?C columns with 15% CR content. No
significant variation in ductility is observed due to changing the longitudinal reinforcement
ratio. The toughness value of R?C columns is initially decreased for 0%, 5%, and 10% CR
content but then increased for 15% CR content. On the contrary, all FR3C columns exhibit a

higher toughness value compared to the conventional column or R*C columns.
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Chapter 6
FREE VIBRATION RESPONSES OF COLUMNS

6.1 Introduction

This chapter presents the free vibration responses of different reinforced concrete (RC)
columns containing recycled coarse aggregate (RCA), crumb rubber (CR), and fiber. Among
twenty-six columns, nine columns having the longitudinal reinforcement ratio of 1.4% and tie
spacing of 150 mm are used for the free vibration test. The effect of RCA, CR, and fiber on
damping curve, damping ratio, damping coefficient, natural frequency, damping frequency,
natural time-period, damping time-period, and horizontal displacement are investigated.

6.2  Data Acquisition and Processing

The accelerometer received time and acceleration arrays in the units of seconds and m/s?,
respectively. Therefore, no unit conversion of the raw data was required. Relative acceleration
(between the top head acceleration and the bottom head acceleration) arrays were prepared
from the raw acceleration output of the accelerometer. Before analyzing the results, noise
cancellation of the raw data was required. For this purpose, first, the time series was truncated
to a size equal to the power of 2. This will facilitate the frequency domain process that will be
applied later. Then a “Bandpass” filter was designed with corner/ limiting frequencies that
minimize the low and high-frequency noise while conserving the desired frequency range of
concern. After removing the noise contamination of the raw data, Fast Fourier Transform
(FFT) was applied to the acceleration data series. From the FFT analysis, the fundamental
frequency and time period were obtained. The chosen filter’s appropriateness and its cut-off
frequencies were checked, and the filtering process was repeated if deemed necessary. The
acceleration vs time data series obtained after noise cancelation was used to calculate the
damping ratio. After that, from the filtered acceleration vs time data series, velocity vs time
data series was obtained by integrating the acceleration data over time. Similarly, by the
integration of velocity over time, displacement vs time data series was obtained. Figure 6.1

describes the whole data processing system.
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Figure 6.1 Flowchart of the data processing system.

6.3  Damping Curve

The acceleration vs time, velocity vs time, and displacement vs time responses of the columns
for different combinations are shown in Figure 6.2. For better understanding, a small range of
time is shown in Figure 6.3. From Figure 6.3 (a & b), it is evident that by using crumb rubber
(CR) in recycled aggregate concrete (RAC) and fiber-reinforced recycled concrete (FR?C), the
damping is increased significantly compared to the columns containing no crumb rubber. The
same phenomena can also be explained by Figure 6.4, where normalized peak acceleration
values are plotted against the number of vibration cycles. It is observed that with increasing
CR percentage (5%, 10%, and 15%) the acceleration response of the columns decreases
quickly compared to the control column. Therefore, the damping curves quickly converge to
zero acceleration which indicates a better damping property. From Figure 6.3 (c), it is seen that
the RCA can also increase the damping property. However, a significant improvement in the
damping curve is observed in Figure 6.3 (d) due to the addition of fiber content in rubberized

recycled concrete (R%C).
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Figure 6.4 Decay of the acceleration of different columns: (a & c¢) as measured and
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6.4 Maximum Acceleration

The value of the maximum acceleration of different columns under different impact energy is
presented in Figure 6.5. Three different impact energy such as 1.54 N.m, 2.13 N.m, and 2.83
N.m has been imposed on the top head of the columns. As depicted in the figure, the
acceleration amplitude is increased with increasing the impact energy. However, conventional
concrete and recycled aggregate concrete (RAC) are not very sensitive to induced energy. No
significant difference (less than 2%) is observed in acceleration amplitude for different
imposed energy. On the contrary, the R?C and FR®C specimens are more affected by the

imposed energy. As rubber is a soft material, it can displace more compared to conventional
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aggregate under the same impact force. Besides, due to the inherent damping properties of
rubber, it can dissipate higher energy. For R?C columns having 0%, 5%, 10%, 15% CR content
the acceleration amplitude is increased by 6%, 10%, 6%, 21% and 22%, 23%, 27%, 36% when
the imposed energy is increased from 1.54 N.m to 2.13 N.m and 2.83 N.m, respectively. For
FR3C columns this amplitude is increased by 41%, 4%, 20%, 11% and 66%, 17%, 48%, 11%
for 2.13 N.m and 2.83 N.m, respectively.
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Figure 6.5 Effect of impact energy on the maximum acceleration of columns.

6.5  Maximum Horizontal Displacement

The horizontal displacement of columns is consistent with the behavior of acceleration. The
horizontal displacement value is increased by incorporating CR into the concrete mixture and
it increases with increasing the CR content. After the inclusion of fiber content in the R°C
mixtures, it further increases for FR3C mixtures. The displacement value corresponding to 2.83
N.m impact energy is increased by 12%, 17%, 91% for R?C columns and 14%, 138%, 153%
for FR3C columns with 5%, 10% and 15% CR content, respectively compared to control one.
As rubber is a soft material with a lower elastic modulus, it can deform more compared to
conventional concrete. Besides, the fiber also creates the concrete more flexible. However, for
the RAC column, the displacement value is decreased by 21%. The same trend is also observed
for 1.54 N.m and 2.13 N.m. As expected, the displacement value associated with higher impact
energy is comparatively higher than that of lower impact energy. However, this incremental
percentage is comparatively lower for conventional concrete and RAC than that of R?C and

FR3C columns. For instance, for the control column and RAC column, the displacement value
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is increased by 20% and 18% when the impact energy is increased from 1.54 N.m to 2.13 N.m,
and for 2.83 N.m it is increased by 33% and 37%. On the contrary, for R?C columns, it
increases up to 24% and 45%, and for FR3C columns it increases up to 54% and 97 % for 2.13
N.m and 2.83 N.m impact energy, respectively depending on the percentage of CR content.
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Figure 6.6 Effect of impact energy on the maximum horizontal displacement of

columns.

6.6  Natural Frequency

The natural frequency of the column is calculated from the received acceleration data by using
Fast Fourier Transform (FFT). The frequency curves for different combinations of columns
are shown in Figure 6.8. The experimental natural frequency is then compared with the

theoretical frequency. The theoretical natural frequency is calculated using Eq. 6. 1 to Eq. 6.3.

f=o (6.1)
Wy =\/§ (6.2)
k= % (6.3)

Where f is the natural frequency in Hz, w,, is the angular frequency in rad/sec, k is the stiffness
of column in N/m, m is the mass of the column in kg, E is the modulus of elasticity of concrete
in MPa, I is the moment of inertia of area of the column in m*, and L is the length of the column

in m.
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The variation in natural frequency among the specimens is summarized in Table 6.1 and for
the comparison purpose, the natural frequency of various columns against 2.83 N.m impact
energy is presented in Figure 6.7. Overall it is seen that the natural frequency of most of the
columns is lower than that of control specimens. The figure also depicts a decrease in the
natural frequency with the addition of CR content. On the contrary, the inclusion of fiber
increases the natural frequency. The stiffness of the rubberized concrete is comparatively lower
than that of fiber-reinforced concrete and the stiffness has a proportional relation with the
frequency (Eq. 6.2). Thus, the R2C columns provide a lower natural frequency than those of
FR3C columns. Under the impact energy of 2.83 N.m, the natural frequency is decreased by
4%, 25%, and 43% for 5%, 10%, and 15% CR content for R?C columns compared to the 0%
CR content. For FR3C columns, it is decreased by 1%, 7%, and 15%, respectively. On the other
hand, after the inclusion of 0.5% PP fiber into the concrete mixture the natural frequency of
FR3C is increased by 12%, 16%, 40%, and 67% compared to the corresponding R?C columns
with 0%, 5%, 10%, and 15% CR content, respectively. The same pattern is also observed with
other impact energy. However, changing the impact energy does not significantly affect the
natural frequency. The variation is found less than 5% which implies that the natural frequency
of any structure does not depend on the external force rather it is an inherent property of a
structure. Comparing the experimental result with the theoretical result it is found that the
theoretical equation overestimates the natural frequency. The reason for this diversity is the
difficulty to apply a frictionless impact load as the load is applied manually by a hammer.

70 ~ H= Experimental
60 A B Theoretical

20

10

Natural Frequency (Hz)

o

ROCOFO R30COF0 R30C5F0 R30C10F0 R30C15F0 R3OCOFO.5 RSOCSFO.S R%OCIOFO.S R%OCISFO.S

Figure 6.7 Natural frequency of different combinations of columns.
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Table 6.1 Summary of different frequencies of various columns.

Batch No BN-1  BN-2 BN-3 BN-4 BN-5 BN-6 BN-7 BN-8 BN-9
Batch Name RoCoFo  R:0CoFo  RsCsFo  RsCioFo  RsCisFo  R:CoFos  RsCsFos  RaoCioFos  RaoCisFo.s

Exp E=154N.m | 39.63 3546 35.22 26.08 20.89 40.07 40.41 38.84 35.99

Natural | Exp_E=2.13N.m | 39.65  35.95 34.46 26.57 21.04 39.59 38.82 38.72 36.03
Frequency

(fu) (Hz) | Exp E=2.83N.m | 37.76 35.77 34.22 26.69 20.49 40.20 39.84 37.37 34.14

Theoretical 4735 4244 42,68 41.54 34.88 50.98 44.81 42.79 37.78

Exp E=154N.m | 249.02 22281 22131 16388 13128  251.80 253.87 244.03 226.14

Fﬁeg%iﬁgy Exp E=213N.m | 249.14 22588 216,55 16695  132.18  248.76 243.90 243.26 226.39

(ré((ju/g()ec) Exp E=2.83N.m | 237.26 22473 21501  167.72 12873  252.60 250.31 234.83 214,50

Theoretical 29748 26667 26819  261.02 21914  320.32 281.52 268.87 237.35

Damping | EXP_LE=154N.m | 24899  222.78 22127 16384 13124 25177 253.73 243.80 225.84

Fre(qat’:;‘:y Exp E=213N.m | 24911 22584 21648 16689  132.13  248.74 243.68 243.02 225.90

(rad/sec) | Exp E=2.83N.m | 237.22 22468 21492 16763 12862  252.49 250.05 234,55 213.98

6.7  Damping Frequency

Using the natural frequency (f) or angular frequency (w,,) the damping frequency (w, ) can be

determined using Eq. 6.4.

Wg = wpJ1—¢2

(6.4)

Where w, is the damping frequency in rad/sec, w,, is the angular frequency in rad/sec, and ¢

is the damping ratio.

The variation in damping frequency among different columns and the effect of impact energy
on it is presented in Figure 6.9. As the damping frequency mostly depends on the natural
frequency, the result is consistent with the natural frequency. No significant effect is observed
due to the variation in impact energy. However, the CR and fiber content plays the main role
in changing the damping frequency. The addition of CR content decreases the damping
frequency and this decreasing percentage is increased with increasing the CR content. On the
contrary, the inclusion of fiber increases the damping frequency. In Eq. 6.4, the effect of ¢ is
quite small as the ¢? value is «1. Thus, the percentage variation is similar to that of natural

frequency.
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Figure 6.9 Damping frequency of different combinations of columns.

6.8  Damping Ratio

The damping in a single degree of freedom system can be classified into two damping
mechanisms such as viscous damping and hysteretic damping. In this study, the viscous
damping is discussed that can be determined using two common methods namely, the
logarithmic decrement method and the half-power bandwidth method. The logarithmic
decrement technigque obtains the damping properties of a structure from a free vibration test
using data in the time domain. However, the half-power bandwidth method uses the transfer
function of the structure to determine the amount of damping using data in the frequency
domain. Eq. 6.5 and Eq. 6.6 are used to calculate the damping ratio using the logarithmic
decrement method and half-power bandwidth method, respectively. More details for each
method can be found in Chopra 1995 [218].

{=—1InX (6.5)

2nn Xp

where ( is the damping ratio, X, is the initial amplitude of acceleration in the free vibration
response decay in the time domain, and %,, is the amplitude of acceleration after n cycles.

(= f_g;:a (6.6)

where f;, and f, are the frequencies associated with the half-power points (A—”) on either side

V2
of the peak amplitude (4,) in the frequency domain, and f, is the natural frequency of the

structure in Hz.
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The average damping ratio for three tests of different columns is presented in Figure 6.10 and

Table 6.2. Figure 6.2 and Figure 6.3 show that the actual response of the columns is not strictly

exponential; hence, variation in the value of the damping ratio occurs with the change in the

number of cycles used to calculate the damping. In the current study, a base of 5 and 10 cycles

is used to define the damping ratio and is denoted by (s and Cio. The logarithmic decrement

damping ratio is denoted as s-log. Dec O C10-log. Dec and half-power bandwidth damping ratio is

denoted as Chaif-power. From Figure 6.10, it is seen that the values of both damping ratios are

very close. The effect of CR, fiber, the number of vibration cycles, impact energy and

maximum amplitude is discussed in the following sub-sections.

Table 6.2 Damping ratio and damping coefficient of different combinations of columns.

Batch No BN-1 BN-2 BN-3 BN-4 BN-5 BN-6 BN-7 BN-8 BN-9
Batch Name RoCoFo R30CoFo R30CsFo R30C10Fo R30CisFo R30CoFo.s R30CsFo.s R30C10Fo.s R30CisFo.s
Exp_E =
154 N.M 1.00 1.16 1.24 2.10 2.30 1.36 2.22 241 2.95
C5'|(003 )DeC- 5)](.2_[\';: :1 1.16 1.24 2.10 2.15 2.35 147 2.35 2.56 2.94
o A3N.
Exp_E =
283 N.m 1.26 1.55 2.23 2.27 2.40 1.58 2.55 2.80 3.77
. Exp_E =
Damping 154 N.m 1.38 1.73 1.91 2.15 2.43 1.40 3.33 4.35 5.11
Ratio Exp E =
Cm—(log.)Dec_ 2 lg_N m 1.68 1.83 2.44 2.54 2.64 142 4.25 4.48 6.58
% A3N.
Exp_E =
283 N.m 1.73 2.14 3.00 3.15 4.00 2.95 451 4.89 6.94
C“aig}zswe' | 200 209 3.19 331 4.10 3.01 4,69 5.05 6.90
fég—ﬁ; 289.44 300.29 312.06 384.66 325.05 392.59 635.51 646.71 713.90
Cs b | 3350 32410 51587 40123 33389 41751 64586 685.12 711.93
(N.sec¥m) ’ :
AP o | 3956 40496 54620 42577 33334 45579 72163 725.37 865.59
Damping ) )
Coeff AT | 40093 ass90 48073 39371 34407 40443 95436 116057 123643
Cio Eig_NE; 486.83 479.38 600.40 475.17 376.38 403.94 1169.38 1199.64 1594.43
(N.sec¥m) ' ’
;gg—'\%; 477.25 557.69 733.29 591.03 555.11 852.22 1274.02 1266.04 1594.46
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Figure 6.10 Damping ratio of different combinations of columns.

6.8.1 Effect of Crumb Rubber on Damping Ratio

The effect of CR on the damping ratio of different columns is summarized in Table 6.2. For
the comparison purpose, the damping ratio against the impact energy of 2.83 N.m is presented
in Figure 6.11. The figure shows an increasing trend of the damping ratio ({) with the increase
in CR content. The (s Value is increased by approximately 23%, 77%, 80%, and 90% for 0%,
5%, 10%, and 15% CR content, respectively in R?C columns compared to the conventional
concrete whereas for FR®C columns these incremental percentages are 25, 102, 122, and 199,
respectively. In the case of (i, these percentages are 24%, 73%, 82%, and 131% for R?C
columns and 71%, 161%, 183%, and 301% for FR3C columns, respectively. The same trend is
also observed for other impact energy (1.54 N.m and 2.13 N.m). As rubber is a soft material
with high damping properties, the rubberized concrete can dissipate more energy and return to
its initial position quickly compared to conventional concrete. A higher damping ratio of

concrete would improve the seismic safety of concrete structures such as bridges and buildings.

6 - a 8 b
= Al 00 ® = A 9o ®) ®
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o 41 ® =0 . ¢
g ¢ : N A
g 2g A 2, A A
o o
& &
a) 0 T T 1 @] 0 - T T 1
0 5 10 15 0 5 10 15
Rubber Content (%) Rubber Content (%)

Figure 6.11 Effect of CR on damping ratio of concrete: (a) without fiber and (b) with
fiber.
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6.8.2 Effect of Fiber on Damping Ratio

The effect of fiber on the damping ratio of different columns under different impact energy is
summarized in Table 6.2 and the value against the impact energy of 2.83 N.m is presented in
Figure 6.12. Though the CR content increases the damping ratio, it can be further increased by
incorporating fiber content into the concrete mixture. The z; value of FR3C against the impact
energy of 2.83 N.m is increased by 2%, 14%, 23%, and 57% compared to R2C with 0%, 5%,
10%, and 15% CR content, respectively. At the same time, the (o value is increased by 38%,
50%, 55%, and 74%, respectively. The same trend is also observed with other the impact
energy. This was due to the bridging action of PP fiber in concrete. Besides, this bridging
action leads to absorbing more energy in the process of bonding, sliding, and pulling out
between fiber and concrete matrix. With the addition of rubber content, the damping capacity

is also increased in fiber-reinforced rubberized recycled concrete (FR3C).
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Figure 6.12 Effect of fiber on damping ratio of concrete: (a) {s, and (b) Cuo.

6.8.3 Effect of Impact Energy on Damping Ratio

To investigate the effect of impact energy on free vibrational responses of R?C and FR3C
columns three different impact energy such as 1.54 N.m, 2.13 N.m, and 2.83 N.m has been
imposed on the top head of the columns. As illustrated in Figure 6.13, a variation has occurred
in the damping ratio for different imposed energy. This effect of the imposed energy on the
damping ratio can be expressed by the variation of the maximum amplitude of the received
accelerations. The damping ratio is increased with increasing the impact energy. As depicted

in the figure, the conventional concrete and recycled aggregate concrete (RAC) are not very
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sensitive to the induced energy. The R?C and FR3C specimens, on the contrary, is more affected
by the imposed energy. The (s value of R?C specimens is increased by an average of 15% and
24% for increasing the impact energy from 1.54 N.m to 2.13 N.m, and 2.83 N.m, respectively.
For FR3C specimens, these incremental percentages are 15% and 50%, respectively. The same
trend is also observed for the Cio value. Approximately 4% and 20% higher (.o value is found
for 2.13 N.m and 2.83 N.m impact energy compared to 1.54 N.m energy for R2C specimens
and 18% and 36% for FR3C specimens, respectively.

BOExp_E =154 N.m
71 BExp E=2.13N.m
BExp E=2.83N.m

Damping Ratio (%)
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Figure 6.13 Effect of impact energy on damping ratio (Ci0) of different columns.

6.8.4 Effect of Number of Vibration Cycles on Damping Ratio

Previous researchers have found that the calculated damping ratio depends on the number of
cycles used in the calculations, i.e. n parameter in Eq. 6.5 [68]. In this study, the damping ratio
is calculated using 5 and 10 vibration cycles. Though conventional concrete and some R?C
specimens provided more than 15 vibration cycles against a single impact, FR3C specimens
did not provide more than 12. Thus for damping calculation, the n value is limited to 10. Figure
6.14 shows the change in damping ratio with changing the number of vibration cycles from 5
to 10. As shown in the figure, the damping calculations are sensitive to the number of vibration
cycles which is increased for 10 cycles compared to 5 cycles. However, for FR3C columns this
variation is comparatively higher than those of R2C columns. Approximately 38%, 35%, 39%,
67% and 87%, 77%, 75%, 84% variation is observed for R?C and FR3C columns with 0%, 5%,
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10%, and 15% CR content, respectively against 2. 83 N.m impact energy. On the other hand,
for normal concrete, this variation is only 37%. The same behavior is also observed with other
impact energy. As FR3C specimens belong to a higher damping property, they try to come back
to their original position comparatively faster by providing a higher energy dissipation. Thus,
a higher slope is created in acceleration-time curves. That’s why this higher variation may

occur for FR3C specimens.
8 1 —a— RoCoFo
—&— R30CoFo
6 - —4A— RsoCsFo
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A— R30CisFo
—a&— R30CoFo.s

—A— R30C5F0.5

Damping Ratio (%)
N
>

—hA— R30C10F0.5

—h— R30C15F0.5

0 T T 1
0 5 10 15

Number of Vibration Cycles

Figure 6.14 Effect of the number of vibration cycles on damping ratio of columns.

6.8.5 Effect of Amplitude on Damping Ratio

The effect of acceleration amplitude on the damping ratio of concrete under impact energy of
2.83 N.m is presented in Figure 6.15. From the figure, it is seen that the higher CR reinforced
concrete column provides a higher amplitude and the column providing a higher amplitude
exhibits a higher damping ratio. For R°C columns having 0%, 5%, 10% and 15% CR content
the acceleration amplitude is 0.230 m/s?, 0.397 m/s?, 0.427 m/s?, and 0.464 m/s?, respectively
and their corresponding damping ratio ({io) is 2.14%, 3.0%, 3.15%, and 4.0%. And for FR3C
columns, the acceleration amplitude is 0.349 m/s?, 0.405 m/s?, 0.530 m/s?, and 0.729 m/s?, for
0%, 5%, 10%, and 15% CR content and their corresponding damping ratio is 2.95%, 4.51%,

4.89%, and 6.94%, respectively. The same behavior is also observed for other impact energy.
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Figure 6.15 Effect of acceleration amplitude on damping ratio of concrete: (a) without
fiber and (b) with fiber.

6.8.6 Repeatability of Test

The effectiveness of dynamic testing is determined by its repeatability. For this purpose, under
a fixed impact energy, the hammer is dropped three times, and the average value is reported.
Thus, for three impact energy, a total of nine drops of the hammer are imposed on one column.
So, the total number of hammer drops is eighty-one for nine columns. Good repeatability has
been found for all columns. For instance, Figure 6.16 checks the variation in damping ratio
under the repeatability test at 2.83 N.m energy induced in the column and for the different
number of cycles. The figure shows that the variation in damping ratio among the drops is not
significant. The average coefficient of variance (COV) for (s is found at 17% and 19% for R2C
and FR®C columns and for (io this COV is 12% and 13%, respectively. The reason for this
diversity is due to the difficulty in eliminating the effect of amplitude in such a test where the
impact load is applied manually by a hammer.
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Figure 6.16 Repeatability of the tests for (a) normal concrete (i.e. RoCoFo), (b) R?C (i.e.
R30C15F0), and (C) FRSC (1e RsoCsFo.s).

6.9  Damping Coefficient

The damping coefficient is a material property that can be measured from the damping ratio

and angular frequency by using Eq. 6.7. The coefficient indicates whether a material will
bounce back or return energy to a system.

C =2mw,( (6.7)
Where C is the damping coefficient in N.sec?/m, m is the mass of the column in kg, w,, is the

angular frequency in rad/sec, and ¢ is the damping ratio.

Two different damping coefficients have been calculated such as Cs and Cio considering two
damping ratios of (s and . The calculated damping coefficient of different columns is
summarized in Table 6.2. For the comparison purpose, Cio values are presented in Figure 6.17.
As shown in the figure, the damping coefficient is increased with increasing the impact energy
due to the higher damping ratio for higher impact energy. Besides, the damping coefficient for
R2C is increased up to 5% CR content and then decreased for 10% and 15% CR content but
still higher than the control one. As already mentioned, the damping coefficient depends on
the damping ratio, mass as well as frequency. Though the damping ratio is increased for CR
content, the mass and frequency are decreased. Thus, for a higher CR content the damping

coefficient decreases. On the contrary, FR3C columns exhibit a higher damping coefficient
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compared to control column and R?C columns and it increases with increasing the CR content.
This may happen due to the much higher damping ratio of FR3C columns compared to others.
Approximately 79%, 165%, 167%, and 234% higher damping coefficient (Cio) is found
compared to control one for 0.5% PP fiber with 0%, 5%, 10% and 15% CR content under 2.83
N.m impact energy. On the contrary, for R2C columns, these incremental percentages are only
17%, 54%, 24%, and 16%, respectively. Thus, the FR3C columns can easily diminish the
response of unwanted vibration or shock due to this higher damping coefficient in the material.

HExp E=154 Nm
1400 4 BHExp_E=213N.m
BExp E=2.83N.m
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Damping Coefficient, Cio
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Figure 6.17 Damping coefficient of different combinations of columns.

6.10 Natural Time Period

The time period is an inherent property of a building or structure that is mainly controlled by
its mass (m) and stiffness (k). The experimental and theoretical time period of the columns is

determined from the natural frequency or angular frequency using Eqg. 6.8 and Eq. 6.9.

T =+ (6.8)
fa=32 (6.9)

Where T, is the natural time period in sec, and f,, is the natural frequency in Hz.

The natural time period of different columns under three impact loading is summarized in

Table 6.3. However, for the comparison purpose, the time period against 2.83 N.m impact
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energy is presented in Figure 6.18. As the time period is inversely proportional to the frequency
it follows the opposite trend of the natural frequency. The figure depicts that an increasing time
period can be achieved by using CR content in the concrete mixture. Approximately 4%, 32%,
75% and 0%, 8%, 16% time period is increased with 5%, 10%, 15% CR content compared to
0% CR content for R?C and FR3C columns under 2.83 N.m impact energy. As previously
mentioned that the time period depends on the stiffness and mass of any structure. Due to the
softness of the rubber particles, the rubberized concrete provides a lower stiffness in the
column. Besides, the rubber particles also reduce the mass of the column. Thus, the time period
increases. However, the change in time period along with CR content is more prominent for
R?C than that of FR3C. Besides, the addition of fiber content decreases the time period. As
fiber creates the column stiffer, thus time period reduces. Comparing the R2C columns with
FR3C columns, the FR3C columns provides 11%, 14%, 27%, and 41% lower time period for
0%, 5%, 10%, and 15% CR content, respectively. The same trend is also observed with 1.54
N.m and 2.13 N.m impact energy.

No significant variation is observed due to the change in impact force. Almost the same value
or less than 4% variation is observed for changing the impact energy which implies that the
natural time period does not depend on the external force rather it only depends on the mass
and stiffness of the system. Comparing the experimental time period with the time period
calculated by theoretical equations, it is found that the theoretical equation overestimates the
natural frequency. The overestimation factor is comparatively less for FR3C columns
compared to R2C columns. As previously mentioned that the reason for this diversity is the
difficulty to apply a frictionless impact load as the load is applied manually by a hammer.
Finally, it is recommended that an improved time period can be achieved by using either R?C

or FR3C mixture in any structure compared to the conventional concrete.
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Figure 6.18 Natural time period of different combinations of columns.

Table 6.3 Summary of different time periods of various columns.

Batch No BN-L  BN-2  BN-3  BN-4 BN BN-6 BN-7 BN-8 BN-9
Batch Name RoCoFo R30CoFo R30CsFo R30C10Fo R30CisFo R30CoFo.s R30CsFo.s R30C1oFo.s R30CisFo.s
pr—E - 0.025 0.028 0.028 0.038 0.048 0.025 0.025 0.026 0.028
54 N.m
Natural Exp E =
Time 2 )](.g_N — 0.025 0.028 0.029 0.038 0.048 0.025 0.026 0.026 0.028
Period : T
(Tw) Exp_E = 0.026 0.028 0.029 0.037 0.049 0.025 0.025 0.027 0.029
(sec) 2.83N.m
Theoretical 0.021 0.024 0.024 0.024 0.029 0.020 0.022 0.023 0.026
Damping fgg—ﬁ; 0025 0028 0028 0038 0048 0.025 0.025 0.026 0.028
Time Exp_E =
Period | sa3nm | 0025 0028 0.029 0.038 0.048 0.025 0.026 0.026 0.028
(To) Exp_E =
(sec) 283 N.m 0.026 0.028 0.029 0.037 0.049 0.025 0.025 0.027 0.029

6.11 Damping Time Period

Using the damping frequency as described previously the damping time period is calculated

using Eg. 6.10.
21
T; = o (6.10)

Where T, is the damping time period in sec, and w, is the damping frequency in rad/sec.

The effect of impact energy on the damping time period and its variation among different
columns are presented in Figure 6.19. As the damping time period depends on the damping

frequency and they are inversely proportional to each other, it follows the opposite trend to the
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damping frequency. No significant variation is observed due to the change in impact energy.
However, the CR and fiber content plays the main role main in changing the d damping time
period. The FR3C columns belong comparatively lower damping time period than those of R*C
columns. As the stiffness of the FR3C columns is higher due to the inclusion of fiber content,
the time period reduces. However, due to the softness of the rubber particles, the time period
increases with the addition of CR content. The column containing 15% CR content provides
the maximum damping time period which is approximately 90% higher than that of the control

column.
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Figure 6.19 Damping time period of different combinations of columns.

6.12 Summary

To summarize the free vibrational responses, the damping ratio of all RAC, R?C, and FR3C
columns are higher than that of the conventional column. With increasing the CR content, the
damping ratio increases and it is increased further with the addition of fiber. Up to 131% and
301% damping ratio is increased for R2C columns and FR3C columns depending on the
percentage of CR content. The natural frequency is decreased with the addition of CR content
and subsequently, the time period is increased. Though the addition of fiber content decreases
the time period of FR3C columns, it is still higher than that of the conventional column. No
significant effect is observed in natural frequency and time period due to changing the impact
force whereas increasing the imposed energy from 1.54 N.m to 2.13 N.m and 2.83 N.m the
damping ratio is increased by an averagely of 4%, 18% and 20%, 36% for R?C and FR3C

columns, respectively.
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Chapter 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 Introduction

Concrete is the 2" most consumed substance in the world behind water. The scarcity of natural
aggregates has led researchers to find out alternative sustainable solutions. Every year huge
amount of waste concrete is generated from concrete structures which cause environmental
degradation. On the other hand, a large amount of waste tires is reached their end life,
consequently increasing environmental loads. Thus, the necessity for research on alternative

materials arises.

This study investigates the combined effect of recycled coarse aggregate (RCA) derived from
the waste building structures, crumb rubber (CR) from waste tires, and polypropylene (PP)
fiber on the mechanical properties of rubberized recycled concrete (R2C) and fiber-reinforced
rubberized recycled concrete (FR3C). Besides, using these new types of concrete, twenty-six
one-third scale tied reinforced concrete columns were prepared to investigate the uniaxial
compressive behavior of columns. The columns were sufficiently stocky by ignoring the
slenderness effects. The failure pattern, load-deformation responses, axial capacity, ductility,
toughness, the influence of tie spacing, and longitudinal reinforcement ratio were investigated.
Besides, the applicability of these newly developed R?C and FR3C columns was evaluated by
comparing them with the existing design standards developed for conventional reinforced
concrete columns. An extensive regression analysis has been carried out to predict different
mechanical properties of R?C and FR3C considering the effect of CR and fiber and the axial
capacity of reinforced concrete (RC) columns made with these new types of concrete. Finally,
different free vibration responses such as damping ratio, natural frequency, and time period
were determined through a free vibration test of these R?C and FR3C columns. This chapter
summarizes the conclusion of this study. Besides, research contribution, limitations, and

recommendations for future study are also presented.
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1.2

Conclusions

Based on experimental programs carried out in this research the following conclusions can be

drawn:

7.2.1

1.

Mechanical Properties of Concrete

Both the RC and FR3C mixtures exhibited a reduced slump compared to the control
mixture. The slump value was decreased by up to 54.5% and 69.7% for R2C and FR3C
mixtures depending on the percentage of CR content.

The highest air content value was found at 2.95% and 2.60% in R?C and FR3C mixtures
with 15% CR content whereas the control one exhibited 2.20% air content.

The addition of RCA and CR decreased the compressive strength and the decreasing
percentage was increased with increasing the CR content both in R?C and FR3C
specimens. However, the inclusion of fiber content in R2C mixtures positively
increased the compressive strength. More than 40 MPa concrete can be produced using
30% RCA and 5% CR content along with 0.5% PP fiber.

Though all the R2C and FR3C specimens provided comparatively lower tensile strength
and flexural strength, the FR3C specimens containing only 5% CR content showed a
marginal reduction which was merely 3.3% and 6.8% lower respectively than that of
the control one.

The R2C and FR3C specimens had a lower modulus of elasticity (MoE) than that of the
control specimen. The MoE was decreased by 20.7%, 26.1%, 49.9% and 13.3%,
22.8%, 41.5% for R?C and FR®C specimens with 5%, 10%, and 15% CR content,
respectively compared to the control one.

Approximately 8% density reduction can be achieved in R%C and FR3C depending on
the percentage of CR and fiber content. Furthermore, the surface resistivity test
revealed that for all the combinations of R?C and FR3C specimens, the chloride ion
penetrability would be very low.

All the R?C and FR3C specimens exhibited lower UPV values than that of conventional
concrete. However, though increasing the percentage of CR content simultaneously
decreased the UPV, the addition of fiber increased it by approximately 28.8%, 14.1%,
9.0%, and 7.1% for 0%, 5%, 10%, and 15% CR content mixtures, respectively.
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10.

7.2.2

The FR3C specimens exhibited comparatively ductile behavior without providing any
aggregate spalling. Besides, no visible macro-cracks were pointed out after the
compression test and provided no morphological change on the surface. Fiber delayed
the first crack formation across the crack and retarded visible cracking. On the contrary,
the NAC, RAC, and R?C specimens provided several macro-cracks.

All available equations for predicting the tensile strength, flexural strength,
compressive strength, or MoE of conventional concrete under-predicted or over-
predicted the experimental results of R?C and FR®*C. However, the proposed equations
can predict these mechanical properties of R?C and FR3C more accurately as they
consider the effect of RCA, CR, and fiber.

The total cost of R%C was quite similar to the conventional concrete. On the contrary,
due to the higher production cost of both CR and fiber compared to the conventional
aggregates, FR3C mixtures exhibited higher costs. However, both the R2C and FRC
mixtures save more energy costs and decrease the fuel consumption but the FR3C
mixtures can save more compared to R2C mixtures. No payback period was required
for RAC as well as R?C mixture containing up to 5% CR content.

Compressive Behaviors Columns

For 75 mm tie-spaced columns, the NAC and RAC columns faced a large concrete
separation from the surfaces whereas no significant spalled-off of concrete cover
occurred in R?C and FR3C columns. However, in 150 mm tie-spaced R?C columns,
almost half of the entire column was damaged. Excessive buckling of the longitudinal
and transverse steel bars, as well as the crushing of the concrete core, occurred. On the
other hand, in both cases, the FR3C columns provided more ductile phenomena without
separating any concrete cover. The columns with a higher reinforcement ratio (2.0%)
exhibited a higher crack resisting capacity.

The axial deformation corresponding to the peak point was increased up to 70% and
76% for R?C and FRC columns compared to the control column depending on the
percentage of CR content in 75 mm tie-spaced columns. For 150 mm tie-spaced

columns, it was increased up to 44% and 54%, respectively.
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. The axial capacity was decreased by up to 37.4% and 35.5% for R°C and FR*C columns
with 75 mm tie spacing and 39.6% and 33.0% for 150 mm tie-spaced columns
depending on the percentage of CR content. However, the FR3C columns exhibited
comparatively higher axial capacity than those of R?C columns. Besides, increasing
the longitudinal reinforcement ratio from 1.4% to 2.0% the axial capacity was increased

on average by 10%.

. The axial strain of the longitudinal reinforcement was decreased by an average of 2.6%
and 3.2% due to the addition of 0.5% PP fiber in 75 mm and 150 mm tie-spaced FR3C

columns.

. The strength reduction factor for R2C and FR3C specimens varied from 0.52 to 0.68
and 0.52 to 0.78, respectively depending on the percentage of CR, tie spacing, and

longitudinal reinforcement ratio.

. The NAC and RAC columns exhibited almost similar ductility. However, up to 167%
and 70% higher ductility was found in 75 mm and 150 mm tie-spaced FR3C columns
depending on the percentage of CR content. No significant variation in ductility was
observed due to changing the longitudinal reinforcement ratio.

. The toughness value of R?C columns was decreased for 0%, 5%, and 10% CR content
compared to the control one but then increased by 10.2% and 0.5% for 15% CR content
in 75 mm and 150 mm tie-spaced columns. However, all FR®C columns exhibited a
higher toughness value and it was increased up to 1.73 times and 1.16 times for 75 mm

and 150 mm tie-spaced columns depending on the percentage of CR content.

. The plain concrete columns provided a comparatively lower Poisson’s ratio than that
of RC columns. Besides, the higher reinforcement ratio decreased the Poisson’s ratio

but the larger tie spacing increased it.

. Though the existing equations can predict the nominal capacity of NAC and RAC

columns accurately, they overestimate R?C and FR®C columns by an average of 38%.
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7.2.3

Free Vibration Responses of Columns

The acceleration amplitude was increased by up to 21% and 41% for R?C and FRC
columns with increasing the imposed energy from 1.54 N.m to 2.13 N.m. And for 2.83
N.m it was increased by 36% and 66%, respectively. On the other hand, for the NAC
and RAC columns, this increasing percentage was less than 2%.

All the R’C and FR3C columns had a lower natural frequency than that of the
conventional column. For 5%, 10%, and 15% CR content the natural frequency was
decreased by 4%, 25%, and 43% for R2C columns and 1%, 7%, and 15% for FRC
columns, respectively compared to the 0% CR content. The magnitude of the impact
energy did not have any significant effect on the natural frequency.

The damping ratio of RAC, R?C, and FR3C columns were higher than that of the
conventional column. With increasing the CR content, the damping ratio was increased
and it was further increased for the fiber content. Approximately 131% and 301%
higher damping ratio ({i0) was found with 15% CR content in R2C and FR3C columns.
With increasing the imposed energy from 1.54 N.m to 2.13 N.m the damping ratio (Cio)
was increased by an average of 4% and 18% for R%C and FR3C columns whereas for
2.83 N.m it was increased by averagely 20% and 36%, respectively.

The damping coefficient for RC was increased up to 5% CR content and then
decreased for 10% and 15% CR content but still higher than the control one. On the
contrary, FR3C columns exhibited a higher damping coefficient compared to control
column and R%C columns and it was increased with increasing the CR content.

No significant variation (less than 4%) was observed in the time period for changing
the impact force. An increasing time period can be achieved with the addition of CR
content in the concrete mixture and it was increased with increasing the CR content.
The change in time period along with CR content was more prominent for R2C columns
than that of FR3C columns. Though the addition of fiber content decreased the time
period of FR3C columns compared to RC columns, it was still higher than that of the

conventional column.
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7.3 Research Contribution

This experimental work investigates the acceptability of using different waste materials such
as recycled coarse aggregate (RCA), crumb rubber (CR) along with polypropylene (PP) fiber
in structural members. Based on the experimental results, it can be concluded that though
different mechanical properties of concrete degrade after incorporating CR particles into the
concrete mixture, it can be improved by using PP fiber content. More than 40 MPa concrete
can be produced using 30% RCA and 5% CR content along with 0.5% PP fiber. Besides, a
marginal reduction in other properties is found in this combination. Using the fiber content in
the rubberized recycled concrete (R?C) column significantly changed the failure mode. A
higher ductility, toughness as well as an improved damping property is found for fiber-
reinforced rubberized recycled concrete (FR3C) columns. As the available equations for the
conventional concrete either underestimate or overestimate different properties of R?C and
FR3C or the axial capacity of R?C and FR3C columns, the proposed equations can predict them

more accurately.

This study will facilitate engineers to determine the suitability of different combinations of
RCA and CR with or without fiber depending on their intended use in practical applications.
As this type of concrete can offer excellent vibration damping it can be used in foundation pads
for heavy machinery, railway stations, as well as runway where a higher energy absorption and
impact resistance capacity is required. Furthermore, the roadside barriers of highways and
bridges, bridge piers, and bridge abutments may also be the application fields where toughness,
ductility as well as energy dissipation are the primary concerns. Moreover, this study will
effectively contribute toward alleviating the concerns regarding the disposal of waste materials
along with mitigating the demand for natural aggregates and the associated environmental

Costs.

7.4  Limitations of This Study

Because of the unavailability of proper equipment, materials, and time restriction, this study

has the following limitations:

1. Due to the lower capacity of UTM, all the columns were converted to a one-third scale.

However, large-scale columns should be tested to predict their actual behaviors.
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7.5

. The CR used in this study was untreated. The CR particles should be treated with NaOH

solution.
Due to time limitations, the number of combinations had to be reduced in this study.
For obtaining the more optimum result further extensive study is needed.

. The SEM (Scanning Electron Microscopy) test should be done to identify the actual

phenomena at ITZ (Interfacial Transition Zone).

. The proposed equations are valid for the range of CR content from 0% to 15% and for

a constant RCA percentage of 30% and PP fiber content of 0.5%.

Recommendations for Future Research.

As RCA and CR have the structural potential for use as aggregate, they can use as sustainable

construction materials. Since the application of fiber-reinforced rubberized recycled concrete

(FR3C) is an almost new concept in construction industries, therefore it needs more research

on the different properties of R?C and FR3C before establishing them as safe and viable

alternatives to natural aggregate concrete. Some future research may include:

Shake table testing should be performed to investigate different seismic performances
of various structural elements and frames made with R2C and FR®C before using them
in earthquake-resistant buildings.

Extensive investigation should be needed on the compressive behavior of R?C and
FR3C columns under different eccentric loading conditions.

Long-term mechanical behavior of R?C and FR3C as well as their performance in high-
strength concrete should be investigated.

. Various durability properties under severe environmental exposure conditions along

with their actual influence on the life cycle are required to be studied to assess the
feasibility of using such waste as an environmentally friendly alternative to traditional
materials.

Fire and blast resistance of R?C and FR3C based concrete structures should be
investigated.

Shear behavior of reinforced concrete beams made with R?C and FR3C are needed to
be studied.
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7. No extensive investigation on bond behavior between steel and R?C & FR3C has been
done. Thus, the future researcher can focus on it.

8. Incorporating machine learning (ML) techniques such as artificial neural network
(ANN), random forest, and support vector machines the mechanical properties of R?C
and FR3C like compressive strength, tensile strength, and MoE can predict. It is high
time to conduct future research on ML techniques as very few publications have
addressed this region so far [219-221].

9. Studying the possibility of optimizing the production process of RCA and CR particles
need to be investigated to accomplish essential adjustments in their physical
characteristics, like angularity, rough surfaces, flakiness, elongation, density,

hydrophobicity, and impurities.
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APPENDIX A

Table A.1 Summary of fresh properties of different concrete mixtures.

Batch No BN-1 BN-2 BN-3 BN-4 BN-5 BN-6 BN-7 BN-8 BN-9
Batch Name RoCoFo R30CoFo R30CsFo R30Ci10Fo R30CisFo R30CoFo.s R30CsFo.s R30Ci0Fo.s R30CisFo.s

165.0 150.0 130.0 90.0 75.0 85.0 75.0 60.0 50.0

Slump (mm)
% Change 9.1 -21.2 -45.5 -54.5 -48.5 -54.5 -63.6 -69.7
Air Content 2.20 242 2.65 2.80 2.95 2.35 2.40 252 2.60
(%) % Change 10.0 205 273 34.1 6.8 9.1 14.5 18.2
DFres'rt] 2427 2366 2275 2254 2225 2317 2246 2218 2161

ensity

(kg/m®) % Change -2.5 -6.3 -7.1 -8.3 -4.5 -7.5 -8.6 -11.0

Table A.2 Summary of compression test results of different concrete batches.

Batch No BN-1 BN-2 BN-3 BN-4 BN-5 BN-6 BN-7 BN-8 BN-9
Batch Name RoCoFo R30CoFo Ri0CsFo Ri0CioFo R3CisFo  RsoCoFos  R30CsFo.s  RiCioFo.s  RsoCisFous
22.20 19.80 14.60 10.60 11.90 21.00 16.30 14.50 14.10
Individual 19.90 18.30 14.60 12.90 10.40 21.80 15.70 14.80 12.40
19.60 19.50 16.50 13.80 11.00 20.40 14.50 15.20 15.00
Average 28.90 24.20 15.23 12.43 11.10 29.08 15.50 14.83 13.83
7 SD 0.30 0.79 1.10 1.65 0.75 0.19 0.92 0.35 1.32
Days cov 0.01 0.03 0.07 0.13 0.07 0.01 0.06 0.02 0.10
% Change -16.3 -47.3 -57.0 -61.6 0.6 -46.4 -48.7 -52.1
e Coemd CHRT g s s e Cgemd Cpemd Coend
Failure Type Combined Combined  Combined  Combined = Combined  Combined  Combined =~ Combined Combined
44.60 38.23 32.00 32.70 24.60 44.20 38.30 34.70 31.20
Individual 41.30 35.30 34.70 30.70 23.30 43.50 38.80 33.20 31.90
42.70 34.70 34.80 28.10 24.10 43.00 41.70 31.93 30.40
Average 42.87 36.08 33.83 30.50 24.00 43.57 39.60 33.28 31.17
28 SD 1.66 1.89 1.59 231 0.66 0.60 1.84 1.39 0.75
Days cov 0.04 0.05 0.05 0.08 0.03 0.01 0.05 0.04 0.02
% Change -15.8 -21.1 -28.8 -44.0 1.6 -7.6 -22.4 -27.3
e Copmd Conmd g OO ger coumar R counar O
Failure Type Combined Combined  Combined  Combined  Combined = Combined  Combined = Combined Combined
48.20 43.50 37.50 36.70 29.60 49.20 42.30 39.30 35.20
Individual 46.50 41.40 39.20 34.70 27.30 47.20 43.20 37.20 36.10
47.10 40.30 38.80 33.80 28.10 48.70 45.70 38.93 35.70
Average 47.27 41.73 38.50 35.07 28.33 48.37 43.73 38.48 35.67
56 SD 0.86 1.63 0.89 1.48 117 1.04 1.76 112 0.45
Days cov 0.02 0.04 0.02 0.04 0.04 0.02 0.04 0.03 0.01
% Change -11.7 -18.5 -25.8 -40.1 2.3 =75 -18.6 -24.5
Fracture Cone and Shear Shear Columnar Shear Cone and Columnar Cone and Shear

Type Shear Shear Shear

Failure Type Combined Combined  Combined  Combined  Combined  Combined  Combined  Combined Combined
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Table A.3 Summary of tensile test results of different concrete batches.

Batch No BN-1 BN-2 BN-3 BN-4 BN-5 BN-6 BN-7 BN-8 BN-9
Batch Name RoCoFo  R30CoFo  Rs3CsFo  R3CiwFo  R30CisFo  Rs30CoFo.s  R30CsFo.s  RsoCioFos  RsoCisFo.s

3.50 3.48 3.34 2.93 2.42 3.57 3.28 3.16 2.83

Individual 3.62 3.27 3.22 3.18 2.59 3.73 3.27 3.27 3.08

3.253 3.12 3.20 3.05 2.56 3.78 3.48 3.21 2.93

Average 3.46 3.29 3.25 3.05 2.52 3.69 3.34 3.21 2.94

SD 0.19 0.18 0.08 0.13 0.09 0.11 0.12 0.05 0.12

cov 0.05 0.05 0.02 0.04 0.04 0.03 0.04 0.02 0.04

% Change -4.9 -6.0 -11.8 -27.0 6.7 -3.3 -7.2 -14.9

Table A.4 Summary of flexural test results of different concrete batches.

Batch No BN-L  BN-2 BN-3  BN4  BN5 BN-6 BN-7 BN-8 BN-9
Batch Name RoCoFo  RwCoFo  RsoCsFo  RsuCioFo RsiCisFo  RsoCoFos  RsoCsFos  RsoCioFos  RsoCisFous
485 513 420 412 3.92 6.15 487 467 438
Individual 515 495 4.45 3.95 3.85 5.87 4.70 481 4.44
5.20 5.04 4.40 402 4.00 6.15 4.60 455 4.43
Average 5.07 5.04 4.35 4.03 3.92 6.06 4.72 4.68 4.42
SD 0.19 0.09 0.13 0.09 0.08 0.16 0.14 0.13 0.03
cov 0.04 0.02 0.03 0.02 0.02 0.03 0.03 0.03 0.01
% Change 05 141 205 226 195 6.8 77 128

Table A.5 Summary of the hardened density of different concrete batches.

Batch No BN-L BN2 BN3  BN-4  BN-5 BN BN-7 BN-8 BN-9
Batch Name RoCoFo  R30CoFo  R30CsFo  R30Ci0Fo  R30CisFo  R30CoFo.s  R30CsFos  R30Ci0Fo.s  R30CisFo.s
Ladeneg 2353 2302 2173 2172 2100 2280 2189 2206 2001
Density 2327 2320 2266 2270 2216 2336 2132 2158 2108
7Days  (ko/m) 2355 2316 2331 2194 2173 2275 2343 2189 2146
Average 2345 2313 2257 2212 2166 2297 2221 2184 2115
% Change 1.4 38 57 756 2.0 53 68 98
e 2329 2361 23271 2218 2279 2333 2263 2193 2153
Density 2304 2338 2283 2219 1985 2273 2284 2220 2064
28Days KoM 2346 2339 2275 2329 2234 2325 2276 2243 2212
Average 2356 2346 2295 2255 2166 2310 2275 2219 2143
% Change 04 26 43 8.1 20 35 58 9.1
Cdeneq 2358 2351 2301 2280 2253 2362 2274 2161 2169
Density 2411 233 2318 2217 2063 2248 2357 2224 2128
56 Days Y m’) 2330 2368 2295 2343 2208 2354 2227 2300 2187
Average 2366 2352 2305 2266 2175 2321 2286 2229 2161
% Change 06 26 42 8.1 19 34 58 8.7
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Table A.6 Summary of ultrasonic pulse velocity of different concrete batches.

Batch No BN-1 BN-2 BN-3 BN-4 BN-5 BN-6 BN-7 BN-8 BN-9
Batch Name RoCoFo  R3CoFo  R30CsFo  R30CioFo  Rs:CisFo  Ri0CoFos  Ri0CsFos  R30CioFos  RsoCisFo.s

6.40 5.19 3.67 2.70 244 4.79 3.55 3.79 2.18

Individual 6.20 3.69 3.95 2.57 2.39 5.66 3.50 3.20 2.24

7 Days 6.09 3.56 2.04 2.50 231 5.66 4.53 3.08 291
Average 6.23 4.15 3.22 2.59 2.38 5.37 3.86 3.36 2.44
% Change -33.42 -48.32 -58.41 -61.79 -13.79 -38.07 -46.09 -60.82

7.40 5.19 3.82 3.70 3.18 5.79 3.55 3.79 3.44

Individual 7.20 5.30 3.95 3.57 3.24 6.20 4.50 3.80 3.39

28 Days 7.09 4.56 4.04 3.50 312 6.66 5.53 4.08 331
Average 7.23 5.02 3.94 3.59 3.18 6.22 4.53 3.89 3.38
% Change -30.62 -45.57 -50.33 -56.03 -14.00 -37.41 -46.18 -53.25

7.62 6.29 4.03 3.92 3.49 5.88 3.82 3.89 3.74

Individual 7.52 5.05 4.18 3.90 3.52 6.97 481 4.15 3.65

56 Days 7.34 4.04 4.33 3.75 3.26 6.95 5.68 4.56 3.62
Average 7.49 5.12 4.18 3.86 3.43 6.60 4.77 4.20 3.67

% Change -31.6 -44.2 -48.6 -54.3 -119 -36.4 -43.9 -51.0

Table A.7 Summary of surface resistivity of different concrete mixtures.

Batch No BN-1 BN-2 BN-3 BN-4 BN-5 BN-6 BN-7 BN-8 BN-9
Batch Name RiCoFo  RswCoFo  RsuCsFo  RsoCioFo  RsoCisFo  RsoCoFos  RsoCsFos  RsoCioFos  RsoCisFous
111.0 134.0 138.6 164.6 188.0 1195 122.8 151.1 167.8

S“rfa(clfgceiiti""y 120.0 148.0 170.1 169.6 170.0 115.7 127.0 150.0 165.4
114.0 134.0 126.4 1771 205.0 126.0 132.1 169.0 151.1

Average 1150 1387 145.0 170.4 187.7 120.4 127.3 156.7 161.4

% Change 20.6 26.1 48.2 63.2 4.7 10.7 36.3 40.4
renenabiiy Vow  Low  Low  Low  Low Veylow Veylow Verylow Verylow

Table A.8 Summary of emissions of fuel consumption.

Annual Consumption

M Thermal Resistance Mco2 Msoz
SampleType  q omol)  (R) (m2K/W) Of(lz;‘/fr']z(r;‘:)“) (kgimzyr)  (kg/mZyr)

RoCoFo 0.152 24.50 78.90 0.41
R30CoFo 0.154 24.12 77.67 0.40
R30CsFo 0.162 22.90 73.73 0.38
R30C10Fo 0.169 21.94 70.67 0.37
R30CisFo 99.91 0.187 19.84 63.91 0.33
R30CoFo.5 0.159 23.32 75.12 0.39
R30CsFo.s 0.166 22.43 72.24 0.37
R30C10Fo.5 0.176 21.06 67.81 0.35
R30Ci5Fo.s 0.190 19.55 62.97 0.33
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Figure B.1 Lateral deformations and strain value for different columns with p = 1.4%
and 75 mm tie spacing: (a) Lateral deformation at the midpoint of the

columns on different surfaces and (b) axial load vs strain curves.
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Figure B.2 Lateral deformations and strain value for different columns with p = 1.4%

and 150 mm tie spacing: (a) Lateral deformation at the midpoint of the

columns on different surfaces and (b) axial load vs strain curves.
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Figure B.3 Lateral deformations and strain value for different columns with p = 2.0%

and 150 mm tie spacing: (a) Lateral deformation at the midpoint of the

columns on different surfaces and (b) axial load vs strain curves.
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Figure B.4 Lateral deformations and strain value for different plain concrete columns:

(a) Lateral deformation at the midpoint of the columns on different surfaces

and (b) axial load vs strain curves.
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Table B.1 Prediction of axial load carrying capacity of different RC columns.

Column Name Ppeak (kN) Paci (kN) PACI/Pexp Pcsa (kN) PCSA/Pexp Ppro/Pexp
RoCoFo 1.4 75 971.7 1033.0 11 958.6 0.99 0.97
Rs0CoFo_1.4 75 891.2 928.6 1.04 870.7 0.98 0.95
R30CsFo_1.4 75 685.7 867.7 1.27 818.3 1.19 1.12
Rs0CioFo_1.4 75 636.1 802.9 1.26 762.0 1.20 1.08
Rs0CisFo_1.4 75 608.1 676.0 1.11 649.2 1.07 0.89
R30CoFo.5_1.4 75 968.3 1053.7 1.09 975.9 1.01 0.92
R30CsFo.s 1.4 75 707.2 966.4 1.37 902.7 1.28 1.12
R30CioFo.s 1.4 75 652.1 867.2 1.33 818.0 1.25 1.04
R30CisFo.s 1.4 75 626.4 814.2 1.30 771.9 1.23 0.96
RoCoFo_1.4 150 902.0 1033.0 1.1 958.6 1.06 0.98
R30CoFo_1.4 150 840.6 928.6 1.10 870.7 1.04 0.94
RsoCsFo_1.4_ 150 625.8 867.7 1.39 818.3 131 1.14
R30Ci0Fo_1.4 150 575.1 802.9 1.40 762.0 1.32 1.09
R30CisFo_1.4 150 545.0 676.0 1.24 649.2 1.19 0.89
RsoCoFo.s 1.4 150 913.9 1053.7 1.15 975.9 1.07 0.93
R30CsFo.s_1.4 150 688.8 966.4 1.40 902.7 1.31 1.09
R30Ci0Fo.s_1.4 150 636.6 867.2 1.36 818.0 1.28 1.00
RsoCisFo.s 1.4 150 604.3 814.2 1.35 771.9 1.28 0.93
RoCoFo 2 150 987.5 1104.7 1.12 1030.9 1.04 0.99
R30CsFo.s 2 150 776.1 1038.5 1.34 975.3 1.26 1.08
R30Ci0Fo.s 2 150 727.9 940.0 1.29 891.1 1.22 1.00
R30CisFo.s 2 150 671.9 887.4 1.32 845.3 1.26 0.97
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APPENDIX C

Table C.1 Summary of max acceleration and horizontal top displacement of columns.

Batch No BN-1 BN-2 BN-3 BN-4 BN-5 BN-6 BN-7 BN-8 BN-9

Batch Name RoCoFo R30CoFo R30CsFo R30Ci10Fo R30CisFo R30CoFo.s R30CsFo.s R30C10Fo.s R30CisFo.s

Exp_E =
1p.§4 0.309 0.189 0.324 0.337 0.342 0.210 0.347 0.357 0.654
N.m

Max Exp_E =

Acceleration, 213 0.309 0.200 0.358 0.356 0.415 0.296 0.361 0.430 0.728
% (m/sec?) N.m

Exp_E =
2.83 0.314 0.230 0.397 0.427 0.464 0.349 0.405 0.530 0.729
N.m

Exp_E =
1.54 0.587 0.453 0.603 0.652 1.125 0.589 0.634 0.942 1.151
N.m

Max Exp_E =

Horizontal 2.13 0.707 0.534 0.743 0.806 1.370 0.699 0.747 1.447 1.609

Disp. (mm) N.m

Exp_E =
2.83 0.781 0.619 0.876 0.916 1.495 0.795 0.891 1.855 1.976
N.m
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