CAPITAL UNIVERSITY OF SCIENCE AND
TECHNOLOGY, ISLAMABAD

70133

“g

Pakigta®

Improving the Concrete
Properties by Using Hybird
Fibers for Rigid Pavement

Applications
by
Abubakar Sattar

A thesis submitted in partial fulfillment for the

degree of Master of Science

in the
Faculty of Engineering

Department of Civil Engineering

2024


www.cust.edu.pk
www.cust.edu.pk
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)

Copyright () 2024 by Abubakar Sattar

All rights reserved. No part of this thesis may be reproduced, distributed, or
transmitted in any form or by any means, including photocopying, recording, or
other electronic or mechanical methods, by any information storage and retrieval

system without the prior written permission of the author.



1

This thesis is a tribute to:

My loving parents, whose unwavering love, encouragement, and sacrifices have
been my guiding light. To my friends, for their constant support, laughter, and
shared challenges, which made this journey memorable. And to my dedicated
supervisor, whose wisdom, guidance, and belief in my abilities have been
invaluable. This achievement is a testament to the collective strength of your
influence on my life and academic journey. Thank you for being the pillars of my

SUCCESS.



@M = 9:;‘.-,,@

0"\\&1 &y,
{9
q’mmm

CERTIFICATE OF APPROVAL

Improving the Concrete Properties by Using Hybird
Fibers for Rigid Pavement Applications

by
Abubakar Sattar

(MCE213025)

THESIS EXAMINING COMMITTEE

S. No. Examiner Name Organization
(a) External Examiner Dr. Rana Muhammad Waqas UET, Taxila
(b) Internal Examiner Dr. Nafeesa Shaheen CUST, Islamabad
(c) Supervisor Dr. Mu ad Usman Farooqi CUST, Islamabad

Dr. I\Iuhampmd/Usm n\Farooqi

Thesis Supervisor
February, 2024

v ¢

S
Dr. Is'}yéq Hassan Dr. Imtiaz Ahmad Taj
Head Dean
Dept. of Civil Engineering Faculty of Engineering

February, 2024 February, 2024



v

Author’s Declaration

I, Abubakar Sattar hereby state that my MS thesis titled “Improving the
Concrete Properties by Using Hybird Fibers for Rigid Pavement Ap-
plications” is my own work and has not been submitted previously by me for
taking any degree from Capital University of Science and Technology, Islamabad

or anywhere else in the country/abroad.

At any time if my statement is found to be incorrect even after my graduation,

the University has the right to withdraw my MS Degree.

2

(Abubakar Sattar)
Registration No: MCE213025



Plagiarism Undertaking

I solemnly declare that research work presented in this thesis titled “Improving
the Concrete Properties by Using Hybird Fibers for Rigid Pavement
Applications” is solely my research work with no significant contribution from
any other person. Small contribution/help wherever taken has been duly acknowl-

edged and that complete thesis has been written by me.

I understand the zero tolerance policy of the HEC and Capital University of Science
and Technology towards plagiarism. Therefore, I as an author of the above titled
thesis declare that no portion of my thesis has been plagiarized and any material

used as reference is properly referred/cited.

I undertake that if I am found guilty of any formal plagiarism in the above titled
thesis even after award of MS Degree, the University reserves the right to with-
draw /revoke my MS degree and that HEC and the University have the right to
publish my name on the HEC/University website on which names of students are

placed who submitted plagiarized work.

P

(Abubakar Sattar)
Registration No: MCE213025



vi

Acknowledgement

All praises are due to the Almighty Allah, who has endowed me with the capability
to make a modest contribution to the vast sea of knowledge. All gratitude is
directed towards the Holy Prophet Hazrat Muhammad (P.B.U.H), an everlasting

beacon of guidance for all of humanity.

I wish to convey my deepest sense of appreciation and utmost respect to my ad-
visor, Engr. Dr. Muhammad Usman Farooqi, from Capital University of
Science and Technology, Islamabad. His guidance, benevolent supervision, unwa-
vering encouragement, invaluable counsel, and sincere assistance have been instru-
mental in the completion of this manuscript. Without the wealth of his experience,

this thesis would not have come to fruition.

I also extend my heartfelt gratitude to the esteemed Co-Supervisor, Engr. Igbal

Ahmad, for his continuous support and encouragement throughout this journey.

My profound admiration goes out to my parents, whose unwavering confidence,
trust, guidance, assistance, prayers, well wishes, and unwavering moral support
have been the driving force behind every success in my life. Their loving encour-
agement has provided me with the strength to overcome challenges and dedicate

myself wholeheartedly to the completion of this manuscript.

(Abubakar Sattar)
(Registration No: MCE213025)



Vil

Abstract

Concrete pavements are recommended for their long service life comparatively flex-
ible pavements. Micro shrinkage cracks are tiny cracks that form on the surface of
concrete in the early stages caused deterioration in rigid pavement. Both natural
and synthetic fibers can resist the appearance of minor shrinkage cracks. By uti-
lizing a combination of Hybrid Natural and Synthetic Fibers Reinforced Concrete
(HNS-FRCs) significantly reducing the appearance of micro-cracks. Jute and glass
fibers can enhance concrete performance in terms of energy absorption, while glass
fibers have high tensile strength. The overall aim of this research to develop sus-
tainable concrete to mitigate the development of macro-cracks that can enhance
the performance of concrete pavements at a later stage. To the best of the author
knowledge hybrid natural and synthetic fibers are rarely studied for such applica-
tion.

The evaluation of destructive and non-destructive tests performed on HNS-FRC
specimens. This study consists of 50mm length of jute fibers and 25mm of glass
fibers but a varying percentage of fiber content in the concrete mix. The evaluation
of microstructural analysis such as SEM and XRD have been performed to asses
the bonding effect of fibers with concrete. The use of PCC as a reference specimen
to assess the impact of jute and glass fibers on various concrete properties, includ-
ing mechanical and dynamic properties of HNS-FRCs. The multiple HNS-FRC
specimens labeled A1, A2, A3, A4, A5, and A6, with different fiber content ranging
from 1% to 4% by mass of cement. The mix design ratio for both PC and HNS-
FRCs is 1:2:3 ratio (cement: sand: aggregate) with water-cement ratio of 0.45.
Furthermore, SEM and XRD were performed to observe microstructure analysis.
This study’s results demonstrate significant improvements in compressive energy
absorption, splitting tensile strength, and flexural strength in HNS-FRCs speci-
mens. Among the tested specimens, A2, A3, A4, A5, and A6 showed a reduction
in cracks and overall enhancement in concrete performance. However, the incorpo-
ration of these fibers yielded quantifiable improvements in mechanical properties,
such as an 8.5% increase in compressive strength and a 51% increase in MoR,

with specimen A4 emerging as the most optimized mix among the considered mix
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designs. However, further research is essential to explore durability and support

the commercial use of HNS-FRCs in the construction industry.

Keywords: Rigid Pavement Application, Glass Fiber, Jute Fibers, Sustainabil-
ity, Hybrid Fiber Reinforcement, Environmental Issues, Fiber Reinforced Con-

crete.
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Chapter 1

Introduction

1.1 Background

Rigid pavements are recommended over flexible pavements because of their better
functionality and capacity to carry heavy loads. Because of their exceptional per-
formance and ability to carry heavy load, rigid pavement surfaces are suggested
as the preferred choice compared to flexible pavement. But so far, concerns like
cracking caused due to heavy loading and environmental concerns reduce the per-
formance of rigid pavement [1, 2]. Although concrete has several flaws, like low
tensile strength, weak in tension, and brittle in nature. The researcher has endeav-
ored to address these flaws effectively by utilizing various materials with partial
substitution cement. One of these materials is fiber-reinforced concrete (FRC).
It has become a promising material because of its superiority including energy
absorption, tensile strength, durability, and toughness [3]. FRC is concrete hav-
ing dispersed short discrete fibers, this makes FRC to be studied carefully taking
into consideration the functionality of fiber within the mix. Improving the prop-
erties of concrete, like flexure, tensile, and compression can enhance the overall
performance of concrete for the rigid pavement application [4, 5]. The tensile and
flexural strength exhibit improvement in post crack energies [6].

Concrete has weak in tension due to low tensile strength, rigid pavements made of
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concrete sometimes caused cracking when subjected to heavy cyclic traffic loads
flexural strength is a key feature. The use of fibers can enhance concrete’s flexural
strength and reduce the thickness of pavement [7, 8]. Flexural strength improves
due to the addition of fibers and also enhance the tensile strength of concrete
[9]. According to literature studies, the addition of fibers in concrete improve
the crack resistance ability and toughness index reduce concrete’s spalling rate
[10, 11]. Natural fibers are being used in civil engineering applications, according
to studies. There are very few studies on hybrid fibers for use in rigid pavement
applications. Hybrid fibers can be utilized in construction, as illustrated by the
literature. However, research is still needed to utilize it effectively in large-scale
construction projects [12]. This will facilitate the cost-effective construction of
rigid pavements, which is crucial for developing countries Thus, the utilization of
fibers can enhance the properties of concrete and improve the structure’s perfor-

mance.

1.2 Research Motivation and Problem Statement

Pavements are a principal mode of transportation in any country. Construction
of these pavements requires a huge amount of budget. The concrete pavements
are constructed to reduce the cost of pavements but their repair cost is quite ex-
pensive. These issues are primarily brought on by early cracking, which leads to
significant cracks and potholes later on. To overcome the damaging problems of
rigid pavements, there is a need to adopt modern methods that help in improving
the performance of rigid pavements. There is a need to enhance the performance
of concrete to reduce the appearance of cracks and improve its suitability for use
in rigid pavement effectively. Furthermore, the utilization of hybrid fibers improve
the tensile strength of concrete, increasing its ability to withstand against cyclic
loading in rigid pavement. So, the problem statement are as given:

Micro-cracks are a result of drying shrinkage and volumetric changes in the con-
crete mixture. These micro-cracks amalgamate and turned into major cracks under

traffic loading. Increased tensile stresses as a result of this phenomenon are greater
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than concrete’s tensile strength and ultimately potholes are formed on the surface
of rigid pavements. If these types of micro-cracks are not addressed at their initial

stage, that can cause structural failure.

1.3 Research Questions

1. What are the most frequently occurring rigid pavement flaws?

2. What would be the combined effect of glass fiber and jute fiber on the com-

pressive strength of concrete?

3. How the varying percentages of natural and synthetic fibers will affect the

pre and post-cracking behavior of concrete?

4. What is the effect of the hybrid fibers on the compressive toughness index,

splitting tensile toughness index, and flexural toughness index?

5. How much splitting tensile and flexural strength can be enhanced in compar-
ison to compromise with compressive strength after incorporation of natural

and synthetic fibers?

1.4 Overall Objective of the Research Program

and Specific Aim of this Research

The objective of this research program is to develop cost-effective and sustainable
rigid pavements. This will be achieved by incorporating locally sourced natural
and synthetic fibers that can serve as construction materials.

The specific aim of this MS thesis research program is to investigate the mechanical
and dynamic properties of hybrid fiber-reinforced concrete for the possibility of

rigid pavement applications.



Introduction 4

1.5 Scope of Work and the Study Limitations

The mechanical and dynamic properties will be investigated by taking the average
of three specimens for each combination of jute-glass hybrid fiber reinforced con-
crete (JGH-FRC). The dynamic properties will be studied before the investigation
of mechanical properties. The specimen will be considered as a failure after the
appearance of a fist crack due to load application. SEM and XRD will also be
performed. Table 1.1 explains the detailed breakdown of samples that are utilized
for further testing and also shows the investigated properties for these samples.
According to the table, 54 samples are prepared in total, where 36 are cylinders
and 18 are beams. This study focuses exclusively on assessing the mechanical
properties, dynamic behavior, and water absorption capabilities of specimens
composed of hybrid nat-ural and synthetic fibers (HNS-FRCs). HNS-FRCs
durability is not covered by this project. A single combination of mix design,

water cement ratio, and locally available fibers are considered.

The mechanical and dynamic properties will be investigated by taking the average
of three specimens for each combination of jute-glass hybrid fiber reinforced con-
crete (JGH-FRC). The dynamic properties will be studied before the investigation
of mechanical properties. The specimen will be considered as a failure after the
appearance of a fist crack duetoload a pplication. SEM and X RD will also be
performed. Table 1.1 explains the detailed breakdown of samples that are utilized
for further testing and also shows the investigated properties for these samples.
According to the table, 54 samples are prepared in total, where 36 are cylinders

and 18 are beams.

This study focuses exclusively on assessing the mechanical properties, dynamic
behavior, and water absorption capabilities of specimens composed of hybrid nat-
ural and synthetic fibers (HNS-FRCs). HNS-FRCs durability is not covered by
this project. A single combination of mix design, water cement ratio, and locally

available fibers are considered.



TABLE 1.1: Mix Design of PC and HNS-FRCs

Mix Investigated
Design Prop-
erties
Test PC 1% + Jt 2% Jf JBB% + Jt4% + Total Mechanical Dynamic Micro Struc-
1:2:3 Gf 4% + Gf 25% + GR2% + Gf1% + No  of Properties Proper-  tural Analysis
w/c +SP1.5% 3% + Gf2.5% SP1.5% SP1.5%  Speci- ties
0.45+SP SP1.5% + men
1.5% SP1.5%
Compression  3C 3C 3C 3C 3C 3C 18C Properties of NDT SEM, XRD
Loading
Splitting Ten- 3C 3C 3C 3C 3C 3C 18C Properties of NDT SEM, XRD
sile Loading
Flexural 3B 3B 3B 3B 3B 3B 18B Properties of NDT SEM, XRD
Loading

UOLINPOLJUT
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1.6 Rationale Behind Selected Variables

The combination of jute and glass fibers in Hybrid Natural and Synthetic Fibers
Reinforced Concrete (HNS-FRCs), are preferred over independent fibers due to
their balancing properties. Jute fibers offer enhanced energy absorption capa-
bilities [140], while glass fibers contribute high tensile strength to the concrete
mix [141]. The interaction between these natural and synthetic fibers leads to
improved overall performance, addressing both micro shrinkage and macro-crack

concerns in rigid pavements [142].

The combination allows for a more balanced and optimized concrete mix,
showcasing superior mechanical properties compared to using independent fibers
alone, making it a practical choice for enhancing con-crete durability and
performance in construction applications. These fibers have been chosen based
on availability superiority based on physical characteristics [8] in comparison to
other fibers. The inclination towards Hybrid Natural and Syn-thetic Fibers
Reinforced Concrete (HNS-FRCs), incorporating a blend of jute and glass fibers,
instead of using independent fibers, stems from the balanced charac-teristics of
the former. The 50 mm and 25 mm lengths of jute and glass fibers,

respectively, have been used in this research.

The choice of different lengths of fibers in HNS-FRCs, is grounded in the aim to
take advantage of the unique char-acteristics of each fiber type. Research
indicates that varying fiber lengths can enhance the overall performance of the
concrete matrix by optimizing the distri-bution and interaction of fibers within
the mix [143, 155]. Shorter fibers like glass contribute to improving tensile
strength [141], while longer fibers like jute aid in energy absorption and crack
control [140]. This combination of lengths ensures a more comprehensive
reinforcement effect, addressing multiple aspects of concrete behavior for
increased performance and durability [156]. Various lengths help in good mixing
[11] to achieve better-improved properties by bridging micro-cracks along with

macro cracks [12].
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1.7 Novelty of Work, Research Significance and

Practical Implementations

Concrete is characterized by its brittleness, limited strain capacity, and modest
toughness due to its inherent low tensile strength. This deficiency renders it sus-
ceptible to micro-cracking [11]. Notably, experimental investigations have indi-
cated that the inclusion of natural fibersd erived f rom a gricultural w aste into

concrete matrices enhances its capacity to withstand impact loading [12]. Fur-
thermore, the introduction of discrete, short fibers into concrete compositions has
demonstrated the potential to augment its mechanical properties [13]. Prior schol-
arly inquiries have underscored the viability of enhancing concrete’s attributes
through the integration of natural fibers, thereby bolstering its structural efficacy.
This study aims to contribute to the comprehension of hybridizing agricultural
waste fibers of 50mm 1 engths. T his u tilization o f a gricultural w aste fi bers holds

promise as ecologically sound construction materials, addressing both the ecolog-
ical ramifications of concrete utilization and the adverse implications of improper
agricultural waste disposal practices. Additionally, this research seeks to amelio-
rate concrete’s intrinsic limitations through the integration of hybridized agricul-
tural and synthetic fibers. It is noteworthy that there exists a paucity of research

concerning the hybridization of jute fiber ( JF) and glass fi ber (G F) of diverse

lengths, followed by their incorporation into concrete matrices. This study en-
deavors to bridge the research gap by elucidating the effects of divergent lengths
of hybridized JF and GF mechanical, dynamic, and absorption properties. The
anticipated outcome is the formulation of an improved construction material with

applications in civil engineering and the broader construction industry.

Despite its structural deficiencies, including inadequate properties of concrete sus-
ceptibility to lateral loads, concrete also poses environmental concerns. Concur-
rently, the improper incineration or disposal of agricultural waste compounds envi-
ronmental pollution. Notably, concrete compositions reinforced with natural fibers

have exhibited superior attributes relative to PCC. The amalgamation of diverse
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natural fibers has yielded enhanced outcomes compared to singular fiber varia-
tions [14, 15].This Research initiative is to harness agricultural waste as sustain-
able construction components, thereby enhancing concrete’s attributes, mitigating
its drawbacks, optimizing rigid pavement performance, and enhancing safety con-
siderations. This research builds upon prior investigations that yielded improved
attributes for rigid pavements [10].

Prior research endeavors have primarily focused on hybridizing jute and glass
fibers across varying proportions. However, the present study seeks to leverage
the optimal fiber content combinations recommended by previous research, while
simultaneously varying the fiber lengths. This investigation strives to advance the
pragmatic utilization of agricultural waste materials to enhance the mechanical
and dynamic attributes of concrete across diverse structural applications. Upon
meticulous analysis of the findings, an array of jute-glass fiber-reinforced concrete
(JG-FRC) formulations with distinct jute length combinations can be proposed.
These recommendations will cater to specific attributes and applications pertinent
to the construction industry. Nevertheless, the current research aims to utilize the
recommended optimal combinations of fiber content from prior studies, all the

while introducing variations in fiber lengths.

1.8 Brief Methodology

In this study are investigated the intrinsic mechanical, dynamic, and absorption
attributes of two distinct concrete compositions: plain concrete (PC), the combi-
nation of jute and glass fibers. The investigation is conducted within a controlled
laboratory environment. We incorporate glass and jute fibers to manufacture
fiber-reinforced concrete (FRC) samples. The FRC preparation entails utilizing
uniform jute fibers, each measuring 50mm in length, a parameter derived from
relevant prior research [12-14]. In parallel, FRC specimens are created featuring
glass fibers measuring 25mm in length. The FRC specimens encompass various
fiber proportions 4% glass fibers combined with 1% jute fibers, 3% glass fibers
combined with 2% jute fibers, 2.5% glass fibers combined with 2.5% jute fibers,
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2% glass fibers combined with 3% jute fibers, and 1% glass fib ers combined with
4% jute fibers. T hese proportions are d etermined in relation to t he weight of ce-

ment for jute fibers, as advised by [10]. Notably, these fiber ratios align with those
employed by other researchers [25, 28].

Throughout the mixing process, tap water at ambient temperature is used in the
production for PC and all HNS-FRCs. The manufacturing process entails two
distinct water-cement ratios. For plain concrete and FRC alike, a W/C of 0.45
is adopted. Additionally, super-plasticizers are introduced at a concentration of
1.5% to enhance workability and flow characteristics. The critical role of workabil-
ity in determining the concrete’s ultimate properties, as well as its ease of handling
during placement and transport, is acknowledged [18]. Consequently, we evalu-
ate the workability of fresh plain concrete and all FRC compositions through the

implementation of the slump cone test.

In strict adherence to ASTM standards, a total of 54 specimens are meticulously
cast, encompassing both plain concrete and FRC samples. Within each FRC
combination, a set of three beamlets and six cylinders are meticulously cast.
Among these, three cylinders undergo testing to assess compressive properties,
while the remaining three employed to utilize the splitting tensile properties of
both plain concrete and FRCs. Moreover, the flexural characteristics of each
variant of FRC are examined using a three-point loading setup on the cast
beamlet specimens. The mechanical assessment is ex-ecuted employing a servo-
hydraulic testing machine, ensuring rigor and accuracy in the results. Figure

1.1 shows that detailed methodology.

2% glass fibers ¢ ombined with 3 % jute fibers, an d 1% gl ass fibers com bined with
4% jute fibers. These proportions are determined in relation to the weight of ce-
ment for jute fibers, as advised by [10]. Notably, these fiber ratios align with those
employed by other researchers [25, 28].

Throughout the mixing process, tap water at ambient temperature is used in the
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FicUure 1.1: Adopted Methodology

Prior to conducting analyses on mechanical properties and various ancillary at-
tributes such as linear shrinkage, mass loss, and water absorption, the initial focus
of investigation is directed towards dynamic properties. This inquiry is facili-
tated through the utilization of an accelerometer in tandem with a hammer. The
accelerometer is affixed to the specimens, and controlled hammer impacts are em-
ployed to elicit response frequencies along distinct orientations such as longitudinal
(RFL), transverse (RFT), and torsional (RFR). Subsequent employment involves
the leverage of these recorded frequencies to discern the dynamic characteristics
inherent to both Portland cement Concrete (PCC) compositions and the complete
spectrum of cast Jute and Glass Fiber Reinforced Concrete (JG-FRC) specimens.
Thereafter, a meticulous examination is performed on the fractured surfaces of
these specimens, aimed at scrutinizing several crucial aspects. These encompass

the dispersion of short discrete fibers in the concrete matrix, the efficacy of fiber
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bonding with the encompassing matrix, instances of fiber pull-out phenomena,
and occurrences of fiber rupture. These analyses encompass both jute and wheat

straw hybrid fibers.

1.9 Thesis Outline

The outlines of this thesis consists of six chapters.

Chapter 1 Comprises a background that encompasses various components, such
as providing context, elucidating the motivation of this research and problem state-
ment, delineating both the overarching and research objectives, defining the scope
of the study along with its limitations, outlining the research methodology, and
presenting the structure of the thesis

Chapter 2 The document encompasses a literature review that covers various
aspects, including the background information, shortcomings observed in rigid
pavements, the main concrete attributes and impact on performance of pavement,
factors related to durability of pavement and consideration for design perspective,
the efficacy of incorporating fibers to enhance concrete properties, and a summa-
rizing section

Chapter 3.Integrates the testing approach, encompassing aspects such as the
background, raw materials, fiber treatment, the processes involved in mixing and
casting PC and HNFRCs, specimen particulars, testing procedures, and a sum-
mary.

Chapter 4 Comprises the outcomes derived from examinations and their subse-
quent analysis. It provides an account of the context, material characteristics of
the blends (such as PC and HNS-FRC), mechanical attributes (CS, SS, and FS),
dynamic features, WA, and the conduct of the specimens during testing, along
with a concise overview.

Chapter 5 Comprises a conversation covering topics such as the background, the
optimization of different fiber percentages, the fiber content ratio’s role in control-
ling concrete cracking in rigid pavements, the bond mechanism between fibers and

concrete mixes, practical implementation, and a summary.
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Chapter 6 Concludes with recommendations for future actions, and it includes a

list of references.



Chapter 2

Literature Review

2.1 Background

Concrete pavements often tend to high attention in comparison to flexible pave-
ments owing to their heavy load-bearing capacity and better serviceability. How-
ever, these pavements have substantial serviceability challenges, with cracking
being a predominant issue. The appearance of cracking significantly reduce the ef-
ficiency of rigid pavements. Addressing these issues, the approach to enhance and
improve basic mechanical properties including resistance to compressive strength,
resistance to tension, and resistance to bending. A viable avenue for achieving this
enhancement involves strategically defining fibers as additives within concrete ma-
trices. Additionally, this fiber incorporation augments the dynamic properties of
concrete, with increased resistance against vibration effects. The imperative to
harness natural fibers as construction materials has gained attention due to their
cost-effectiveness, environmental-friendly, and local availability. The trend of uti-
lization of natural waste such as jute and glass fibers, both of which are locally
available by-products taken from various agriculture waste materials. These prop-
erties make them particularly utilized in Asian countries where their accessibility is
easily available. While prior research has been explored across a field of civil engi-

neering applications, comprehensive research of the mechanical, dynamic behavior

13
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of JG-FRCs remains pivotal for their practical incorporation in rigid pavements.
To the best of author knowledge, comprehensive investigations encompassing the

content of jute and glass fibers in JG-FRCs have not yet been explored.

2.2 Flaws in Concrete

2.2.1 Issues in Material properties of Concrete

Cement is experiencing a continuous surge in usage due to the readily available
raw materials, driven by the demands of the construction industry. However, the
growth of this industry comes at a significantly contributes to the emission of
carbon dioxide (CO,), a greenhouse gas that has a severe impact on our environ-
ment [129]. The released of CO4 emission directly contributes to greenhouse gases,
global warming, and ozone layer depletion. These consequences has a substantial
threats to human health and environmental stability [130]. Concrete, a widely
employed construction material, possesses inherent brittleness with low strain ca-
pacity. The susceptibility of the material to micro-cracking, by its reduced tensile
strength, makes it less resilient and durable over time. Remarkably, the volume of
carbon dioxide (CO,) emissions resulting from concrete production approximately
generated during cement manufacture process. Notably, this process demands a
substantial energy input, further compounding its adverse environmental impact
[131]. Despite its widespread use, concrete, characterized by abundant constituent
elements and diverse applications, remains burdened by certain shortcomings. Its
brittleness and compromised strain capacity, in conjunction with low toughness,
its susceptibility to abrupt failures. Compounding this is its low tensile strength,
giving rise to minor cracks even in the initial stages due to external loading. Fig-
ure 2.1 a, illustrating the mechanism of cracking in rigid pavements or slabs [132].
The concrete pavements has significant growth in developed countries from last few
decades [1-3]. Concrete pavements, in addition, exhibit robust structural dura-
bility. However, the extensive uptake of rigid pavement continues to be impeded

by the substantial costs associated with its construction [4, 5]. Plain concrete,
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prioritized by its inherent brittleness, exhibit limited strain capacity and notable
tensile strength. Consequently, rigid pavements frequently encounter fatigue fail-
ure due to their vulnerability to environmental conditions [6-8]. This vulnerability
arises due to the complex factors such as temperature curling, drying shrinkage,
volumetric changes, and temperature gradients [9]. Despite their the advantages
of rigid pavements are not exempt from limitations. Instances where the water-
cement ratio of concrete falls below 0.40 lead to insufficient water content for the
comprehensive hydration of concrete particles [10-12]. Consequently, inadequate
hydration arise shrinkage phenomena, Subsequently, this amplifies the likelihood
of concrete cracking. Figure 2.1 visually represents noticed fractures within the
solid concrete roadway surface [13, 14]. Concrete structures, particularly rigid
pavements, are vulnerable to various damaging effects throughout their opera-
tional lifespan [5, 15-17]. These effects necessitate subsequent measures for repair
and maintenance. Micro-cracks often emerge even before structural loads are ap-
plied, resulting from volumetric changes caused by the drying shrinkage mechanism

[18, 19].

a)

Micro-Cracks

Meso- cracks

FIGURE 2.1: Cracks in Rigid pavement; a) tiny cracks, b) intermediate cracks,
c) large cracks. [13, 14]

The variations in volume result from moisture evaporation on the concrete surface.
This challenge becomes particularly significant in structures exposed to external
conditions, further intensifying the potential for gradual structural degradation.
[20, 21]. This issue becomes more critical in regions with change in environmen-

tal conditions, as these conditions can lead to higher tensile stress that exceeds
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the tensile strength of concrete. Addressing such structural deterioration requires
significant investments in terms of both time and resources for corrective actions
[22-24]. Despite efforts to restore the structure, it remains vulnerable to severe
problems due to inconsistencies in the shrinkage behavior between the repaired
material and the underlying concrete. This phenomenon of shrinkage cracks leads
to increased stress within the repaired material, ultimately causing detachment
from the structural concrete matrix [25-27]. Micro-cracks within structures can
give rise to structural issues. The robust pave-ments are to impede the
propagation of these cracks [27, 28, 30]. These cracks emerge as a result of
both substantial loads exerted on the pavements and en-vironmental
influences. The inherent strength of the concrete employed in the pavements
holds significant importance, as it contributes to the durability of the pavements
under heavy loads [31, 32]. There is a growing trend in the incor-poration of
synthetic and natural fibers into rigid pavements. The utilization of these fibers
in concrete enhance the tensile strength of concrete and resist minor shrinkage
cracks [33, 34]. The integration of FRC is increasingly being adopted to improve
the ability of the rigid pavements [35]. These composites blend concrete and
fibers substantially enhance mechanical properties, fatigue resistance, impact load

resistance, and resistance to shrinkage cracks [36, 37].

Fiber-reinforced concrete offers a distinct edge over conventional concrete, and en-
hance toughness and energy absorption capacities [38]. This superiority becomes
particularly evident during assessments of split tensile and flexural strength, where
the composite containing fiber-reinforced concrete exhibits high tensile strength
as compared to plain concrete [39-41]. Concrete formulations emerge as a piv-
otal strategy to improve their structural integrity and enhance resistance against
shrinkage cracks [42, 43]. This advantage assumes particular significance within
the realm of rigid pavements. The engineering properties of concrete experience
substantial enhancement through the integration of fibers, with the customization
of these improvements by parameters depending on fiber type, quantity, orienta-
tion, geometry, and distribution [44, 45]. JG-FRCs composites assume a central

role in retarding the initiation of corrosion processes. This is attributed to their
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crack resistance capabilities, and reduction in minor shrinkage cracks appearance

[46-48].

2.2.2 Governing Properties of Concrete for Pavement Ap-

plications

Over time, the evolution of a micro-crack within concrete into a macro crack is a
phenomenon well-recognized. The enduring implications of cracking on concrete’s
material properties and structural functionality persist irrespective of the scale
of the crack [61]. Consequently, the progressive propagation of cracks inherent
strength of the concrete. It is important to note that concrete’s intrinsic properties
exert a pivotal influence on the initiation and progression of structural cracking.
Furthermore, the interplay of these concrete properties significantly molds various
aspects of concrete structure design. Given concrete’s inherent susceptibility to
tensile strength and its robustness under compressive loads, the strategic empha-
sis on flexural strength gains paramount importance to ensure superior structural
performance, particularly in the context of rigid pavements [63]. The of compres-
sive, splitting-tensile, and flexural properties forms the bedrock of rigid pavement
performance evaluation. The splitting-tensile property emerges as the foremost
determinant governing concrete’s crack formation [64].

The comprehensive assessment of concrete structural cracking relies on the two fun-
damental attributes of the material: tensile strength and tensile strain capacity.
The latter quantifies the extent to which a concrete structure can endure tensile
deformation without instigating the formation of cracks. An alternative solution
that enhances the efficacy of cracking evaluation involves the utilization of tensile
strain as a primary parameter, as opposed to relying solely on tensile strength
[72]. This approach unveils the forces at play through volumetric deformations.
Significantly, a correlation exists between the concrete structure’s capacity to bear
tensile loads and the resulting crack width under specific loading conditions. The
quantification of concrete’s tensile strain capacity on the modulus of rupture, a

technique initially embraced by engineers to gauge the material’s resilience against
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tensile strain. This approach entails the direct measurement of strains on the ex-
ternal surfaces of tensioned test specimens [71]. This method involves directly
measuring the strains on the outer surfaces of tensioned test samples.

During the initial 24 hours following the placement of concrete, micro-cracks
emerge on its surface. Within this timeframe, the concrete mix displays heightened
susceptibility to cracking. At this stage, the concrete lacks the requisite strength
to counteract stresses induced by shrinkage. The incorporation of supplementary
cementitious materials (SCMs) into the concrete mix may potentially exacerbate
the shrinkage phenomenon [112]. The liquid intake capability of cement is has-
tened by the process of hydration and the reactions involving pozzolanic materials,
resulting in constrained moisture infiltration in uncracked concrete compared to
its cracked counterpart of significant import to reinforced concrete structures is
the quantification of crack width. This parameter exhibits a close correlation with
the structural durability of the element. The width of a crack is contingent upon
the concrete’s tensile load-bearing capacity under specific loading conditions [113].
Both crack width and the structural characteristics of pores contribute to the as-
sessment of structural durability.In hostile ecological conditions, the strengthening
metal experiences decay and rust because of the existence of fissures within the
cement framework [81]. In scenarios involving damaged, unsupported concrete

structures [71, 114].

2.2.3 Possible Remedial Measures

Fiber-reinforced concrete imparts a distinct advantage over conventional concrete
by significantly enhancing toughness and energy absorption capacities, as high-
lighted in reference [38]. This superiority becomes particularly pronounced when
evaluating split tensile and flexural strength [133]. In this context, the com-
posite incorporating fiber-reinforced concrete demonstrates notably higher tensile
strength when compared to plain concrete. To elevate structural integrity and
resistance against shrinkage cracks, a pivotal strategy emerges through the incor-

poration of a hybrid mixture of jute and glass strands into concrete formulations
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[134]. Particularly in the realm of rigid pavements, this strategic integration as-
sumes paramount significance [135].

Engineering properties of concrete undergo substantial augmentation through the
synergistic amalgamation of both jute and glass fibers. The customization of these

enhancements hinges upon various parameters, including fiber type, quantity, ori-
entation, geometry, and distribution [135]. In this regard, steel fibers bring their
remarkable reinforcing effects t o b ear, c ontributing t o e nhanced t ensile strength

and crack resistance [136]. Similarly, the inclusion of polypropylene fibers in-

stills superior toughness and mitigates the development of minor shrinkage cracks
[137]. Polyester fibers, on t he other h and, o ffer th e distinctive ca pability of fur-

ther improving fatigue resistance and durability, especially within rigid pavement

applications [138].

Nylon fiber play a pivotal augmenting the performance of FRCs for rigid pave-
ments [139]. Their incorporation contributes to improved impact resistance and
overall load-bearing capacity. Furthermore, the introduction of JG-FRCs stands
out as a central strategy for retarding the onset of corrosion processes [49]. This
notable benefit can be attributed to their exceptional crack resistance capabilities,
effectively reducing the occurrence of minor shrinkage cracks, as detailed in refer-
ences [46-48]. The utilization of numerous varieties of fibers, encompassing steel,
polypropylene, polyester, and nylon, in the formulation of FRCs holds tremendous
potential for enhancing the performance of rigid pavements. By harnessing the
distinct attributes of these fibers, such as enhanced tensile strength, crack resis-
tance, and durability, engineers can significantly improve the structural integrity
and longevity of pavements, ensuring their resilience against various forms of stress

and deterioration over time [136-140].

The integration of jute, and glass fibers into concrete has gained attention as a
strategic approach towards sustainable development. This method involves the
utilization of JG-FRCs to enhance the capacity of rigid pavements to withstand
against both dynamic and static loading conditions [49-51]. The primary aim is to

establish a bridging mechanism within the concrete matrix, thereby augmenting
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its crack-resistance capabilities [52, 53]. Although the application of these fiber-
reinforced concretes (JG-FRCs) has shown promise in enhancing rigid pavement
performance [54]. Combining synthetic and natural fibers, however, has demon-
strated effectiveness in mitigating environmental pollution due to concrete matri-
ces. This approach serves to enhance the tensile strength of rigid pavements [55—
57]. To enhance the inherent toughness of concrete, while using dispersed fibers
plays a pivotal role by creating a bridging effect that significantly contributes to
crack resistance [58]. The integration of fibrous materials, within concrete along-
side thoughtfully chosen supplementary enhancements, possesses the capacity to
improve characteristics of structure. [59]. The intentional incorporation of jute
fibers (J-FRC) and glass fibers (G-FRC) into concrete presents a promising
strategy for both repurposing waste materials and generating environmentally-
friendly, cost-effective construction elements [60, 61]. These elements effectively
mitigate the occurrence of minor shrinkage cracks in rigid pavements. The
strategic introduction of fibers, particularly hybrid fibers with uniform lengths
such as the combination of glass and jute fibers (JG-FRCs), has demonstrated
enhancement of cementitious composites [62, 63]. Contemporary civil engineering
practices prioritize sustainability in construction methodologies. Over the last
decades, numerous people have diligently pursued methodologies to reduce
cement consumption in concrete formulations without compromising the

material’s inherent structural strength parameters.

The judicious integration of waste materials, both from industrial and agricultural
sources, into concrete formulations represents a noteworthy advancement towards
sustainable development objectives [64]. This integration is particularly focused
on enhancing early-age concrete strength and mitigating the occurrence of minor
shrinkage cracks in rigid pavements [65]. Due to concrete’s intrinsic susceptibil-
ity to low tensile strength, the incorporation of reinforcing constituents becomes
imperative to bolster its overall structural performance [66]. The assessment of
cracks in rigid pavement systems is intricately linked to the strength capacity of
concrete [67]. Tensile strain capacity denotes the magnitude to which a concrete

rigid pavement can endure tensile deformation [68]. Consideration of tensile strain
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is imperative in conjunction with tensile strength when scrutinizing the crack ini-
tiation process, as the former parameter more precisely elucidates the stresses

induced by fluctuations [69].

2.3 Fiber Reinforced Concrete

In the contemporary era, the paramount consideration revolves around sustain-
able development. Each stride taken towards achieving the paramount goal of
sustainable development carries distinct significance. Within this global endeavor
to attain sustainable solutions, the primary parameter lies in waste , a pivotal fac-
tor contributing to the overarching issue of global warming. Presently, the focal
point rests upon reusing and recycling, engrossing the attention of individuals in
tackling issues pertinent to the environment [56-59]. Over the past few years, a
remarkable surge in interest has emerged concerning the utilization of both natu-
ral and synthetic fibers in cement composites, as a means to procure alternative
sustainable and ecologically-friendly construction materials [35]. Both natural and
synthetic fibers hold s ubstantial p otential for serving as r einforcement elements,
mitigating the traditional weaknesses observed in concrete structures. By inte-
grating agricultural waste-derived natural fibers and commercially manufactured
synthetic fibers, brittle cementitious composites can be fortified to enhance capa-
bilities [60]. Numerous researchers have explored the application of these fibers in

various contexts, considering them as viable alternatives.

The array of natural and synthetic fibers harnessed in cementitious composites in-
cludes but is not limited to bamboo, banana, vakka, palm, jute, hibiscus cannabi-
nus, abaca leaf, sisal, coir, date, malva, pineapple leaf, as well as glass, ny-
lon, polypropylene, and steel fibers [56-59, 136-140]. Natural fibers offer cost-
effectiveness and abundant local availability in numerous nations, while synthetic
fibers are commercially accessible. These fibers can be instrumental in enhancing
the properties of cementitious composites, constituting a renewable and econom-

ical construction material [101]. Beyond their affordability and availability, these
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fibers are easy to handle both superior outcomes, as corroborated by [111]. More-
over, their application can actively contribute to sustainable development due to
their economical nature and possession of desired attributes that render them com-
patible with cement composites [62]. In the realm of rigid pavement applications,
the integration of specific materials steel fibers, polypropylene fibers, polyester
fibers, and nylon fibers merits elaboration [136-138]. Steel fibers, renowned for
their exceptional strength and durability, can be effectively incorporated into ce-
ment composites for rigid pavements. These fibers reinforce the concrete matrix,
augmenting its load-bearing capacity and crack resistance. Similarly, polypropy-
lene fibers, characterized by their inherent flexibility and resistance to chemical
degradation, a pivotal to improving the toughness and durability of rigid pave-
ments [1]. These fibers enhance the concrete structure, increasing its ability to
bear loads and resist cracks. Likewise, polypropylene fibers, play a crucial role in

enhancing the toughness and longevity of rigid pavements.

2.3.1 Steel/Artificial Fiber Reinforced Concrete

Within the realm of civil engineering, the utilization of advanced materials and
techniques has brought about a profound revolution in the construction of trans-
portation infrastructure [141]. An integral element of road networks, rigid pave-
ments necessitate robust solutions that can effectively withstand the formidable
forces imposed by heavy traffic loads, temperature fluctuations, and other dynamic
impacts. A pioneering and ingenious approach in this regard entails the incorpora-
tion of fibers in the concrete mix, thereby elevating the performance and longevity
of rigid pavements to unprecedented levels [142]. The assimilation of steel fibers
within the concrete composition for rigid pavements engenders remarkable en-
hancements in structural integrity [143]. These minuscule reinforcements of steel
seamlessly disperse throughout the concrete matrix, functioning as diminutive yet
robust load-bearing components [126]. This even dispersion serves to effectively
counteract the propagation of cracks, thereby elevating the pavement’s resilience

against fatigue and dynamic loading. As a result, the pavement system is capable
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of enduring substantial vehicular loads without succumbing to premature deterio-
ration[144].

The challenge of cracking in rigid pavements persists as a significant concern, with
the potential to undermine both their lifespan and functionality [145]. Herein,
steel fibers play an instrumental role in mitigating cracking and fracture due to
their exceptionally high tensile strength. Under the influence of imposed loads,
the steel fibers intricately distribute stress and strain in a more uniform manner,
thus inhibiting the inception and progression of cracks. This not only elongates
the service life of the pavement but also diminishes the necessity for frequent main-
tenance and reparative interventions [146]. Rigid pavements frequently confront
dynamic forces stemming from heavy vehicular traffic and impact loads. In this
context, steel fibers assume the role of reinforcement agents, profoundly augment-
ing the pavement’s capacity to withstand impacts and distribute loads effectively.
These fibers adeptly disperse and transmit the energy arising from impact loads,
thereby mitigating the concentration of stress in localized areas. Consequently, the
pavement retains its resilience even under demanding traffic conditions, thereby
diminishing the likelihood of surface deterioration and distress [147].
Rigid pavements have consistently served as foundational components of trans-
portation infrastructure due to their exceptional strength and high load-bearing
capacity. However, the escalating demands placed on these pavements have
driven the exploration of innovative strategies to further enhance their
performance [82, 83]. One such promising approach involves the deliberate
incorporation of glass fibers into the concrete matrix utilized during rigid
pavement construction. The utilization of glass fibers to reinforce concrete’s
structural integrity is not a novel concept [73]. Originating as early as 1931,
glass fibers have been systematically employed to augment concrete’s
mechanical properties. This process intricately involves the intertwining of
multiple individual glass filaments, meticulously pro-duced by drawing molten
glass through specialized pores [84]. The outcome is a composite material
characterized by exceptional mechanical attributes. The incorporation of glass

fibers into rigid pavements offers a multitude of advan-tages. Chief among these



Literature Review 24

concrete, particularly crucial within pavements subjected to heavy vehicular loads
[85]. This heightened strength mitigates the propensity for cracking and structural
deterioration, thereby operational of the pavement for frequent maintenance [86].
Moreover, the domain of glass fiber-reinforced concrete (GFC) presents an intrigu-
ing avenue for advancing rigid pavement performance. GFC exhibits heightened
resilience and reduced density when compared to conventional concrete formu-
lations [77]. For a comprehensive representation of glass fiber attributes Table

2.2.

TABLE 2.1: Fresh & Mechanical Properties of Glass Fiber Reinforced Concrete

References Glass Compressive Flexural
Fibers Strength Strength
(MPa) (MPa)
0% 63 bt
0.25% 62 6.5
Kizilkanat et al.[41] 0.50% 62 6.5
0.75% 67 6
0.25% 64 6.3
0% 54.8 -
Asokan et al.,[42] 5% 66.17 -
15% 59.77 -
0% 39.85 3.02
Kumar et al.,[81] 0.5% 34.07 3.76
1% 41.63 6.63
1.5% 36 6.48

These attributes hold paramount significance within the realm of rigid pavements.
GFC’s ability to withstand temperature fluctuations, resist corrosion, and effec-
tively manage solar radiation positions it as an astute choice for enduring the

adverse environmental conditions inherent to road networks. A comprehensive



Literature Review 25

assessment of the economic implications of integrating glass fibers into rigid pave-
ments reveals a nuanced perspective [87]. While the initial costs associated with
adopting GFC may experience a marginal increment, the prolonged service life and
diminished requirement for ongoing maintenance translate into substantial cost
savings over the long term. Additionally, GFC’s minimal water absorption and
fortified durability collectively confer heightened resistance against environmental
degradation, thereby substantiating its sustained functionality over extended pe-
riods [88]. The compilation of research, illustrated through the work conducted by
Khan and Ali [40], seeks to elucidate the latent advantages presented by the incor-
poration of glass fiber reinforcement within pavement frameworks. Their findings
underscore augmented resistance against fissures and heightened flexural strength.
These attributes synergistically enhance a pavement’s load-bearing capacity, con-
currently impeding the onset of micro-cracks [89]. This dynamic equilibrium signif-
icantly amplifies the overall robustness of the pavement structure. The integration
of glass fibers into rigid pavements introduces a wealth of potential aimed at el-
evating their performance [90]. This strategic trajectory seamlessly aligns with
multifaceted considerations encompassing structural integrity, environmental re-
sponsibility, and economic viability. As the trajectory of research and innovation
continues to ascend, the utilization of glass fibers within concrete matrices stands
as a testament to the unceasing pursuit of optimal pavement solutions. This serves
as an emblem of the harmonious synthesis between strength, sustainability, and

enduring functionality in pavement engineering [91].

2.3.2 Natural Fiber Reinforced Concrete

Agricultural waste, often referred to as agro waste, constitutes surplus or byprod-
ucts from crops and is notably abundant in developing nations. These residual
materials require significant land for disposal, and approximately 9% of the total
energy production can be attributed to agrowaste. Conversely, agro wastes con-
tribute to about 36% of overall energy dissipation [92]. Global crop production

reaches approximately 2.9 billion tons annually, with roughly 66% of these waste
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being utilized for energy generation through combustion. However, the practice of
open burning of jute fibers raises concerns due to valuable implications, threats to
road traffic safety, and potential adverse effects on human health [93]. The diverse
spectrum of agricultural waste encompasses materials such as bagasse straw, olive
stones, grape seeds, cotton stalks, pine sawdust, pecan, almond, hazelnut shells,
sunflower s hells, j ute, w heat s traw, r ice s traw, r ice h usk, ¢ orncob, a nd cassava
rhizome [94]. Studies highlight that rice crop residues consist of approximately
59% rice straw and 20% rice husk, underscoring their substantial presence within

the composition of agricultural waste [95].

Over recent years, a notable upsurge in interest has been observed in the incor-
poration of natural fibers and agro-residues into cementitious products, focus has
shift to environmentally friendly sustainable materials [96]. Simultaneously, the
substantial potential of natural fibers as effective reinforcements for mitigating
conventional vulnerabilities inherent to concrete rigid pavement structures has
gaine Agricultural waste-based natural fibers are adeptly assimilated into inher-
ently brittle cementitious matrices, thereby conferring augmented toughness and
energy dissipation characteristics. researchers have diligently undertaken extensive
investigations into these natural fibers, probing their viability and efficiency across
diverse applications. Illustrative instances of such agricultural waste-based natu-
ral fibers integrated into cementitious materials, such as bamboo, banana, vakka,
palm, jute, hibiscus cannabinus, abbaca leaf, sisal, coir, date, malva, pineapple
leaf, hemp, ramie bast, wheat straw, sansevieria leaf, and kenaf bast [97-108].

The utilization of waste material in concrete has reduce the cost of construction.
Sustainable construction is the key facto to secure environment. In terms of aug-
menting the mechanical attributes of cementitious matrices, of agricultural waste-
based natural fibers emerges as a compelling avenue, facilitating the development
of renewable, economically viable construction materials. The amalgamation of di-
verse natural fibers has demonstrated the propensity to yield synergistic outcomes,
substantiated by empirical research endeavors. A noteworthy illustration can be
found in an empirical study investigating the utilization of agricultural waste from

date palm trees to engineer sound-absorbing construction materials [107, 109].
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Natural fibers inherently possess properties that render them amenable to syner-
gistic incorporation within cementitious matrices. A comprehensive compendium

of the properties pertinent to select natural fibers is elucidated in Table 2.3.

TABLE 2.2: Composition of Jute and Glass Fibers

SR No Natural Properties References
Fibers
1 Wheat Straw  High energy absorption, high M.U Fa-

toughness index, strong, high wa- rooqi and
ter absorption capacity, easily M.Ali[111]
available.

2 Jute Fibers Lighter than steel, higher break- Won et
ing strength, easily available, high al.,[69]
energy absorption

3 Coconut High toughness index, high Lucia et

Fiber damping ratio, economical, good al.,[64]
flexural strength

4 Flax High tensile strength, elonga- Mahmoud

Fiber(%) tion property up to 2.7-3.2%, et al.,[70]

biodegradable, cost-effective

Another facet of scholarly inquiry delved into the dynamic and mechanical at-
tributes of coir fiber-reinforced concrete [110]. Optimal content determination
revealed a zenith at 5%, optimized fiber length of 5 cm. This deliberate inclu-
sion into a notable enhancement, as evidenced by the substantial augmentation in
compressive toughness exhibited by the coir fiber-reinforced concrete matrix [78].
The strategic incorporation of bamboo fiber within the realm of asphalt road con-
struction yielded transformative results, conferring heightened road performance
through ameliorated resistance against cracking, fatigue, and dynamic modulus-

related challenges. The blending of diverse natural fibers has proven promising, as
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it can generate synergistic outcomes. This phenomenon is substantiated by empir-
ical research endeavors, suggesting that when different natural fibers are combined,
their unique properties can complement each other, leading to improved perfor-
mance, durability, and versatility in various applications. The amalgamation of a
variety of natural fibers has shown great potential, as it has the ability to produce
collaborative and advantageous results. Empirical research supports the concept
that blending diverse natural fibers can enhance their distinct attributes, resulting
in superior performance, increased durability, and enhanced adaptability across a

range of applications.

2.4 Hybrid Fiber Reinforced Concrete

The hybridization of natural and synthetic fibers represents a deliberate strategy
aimed at harnessing synergistic effects resulting from the coexistence of two or
more distinct fiber types [55]. This strategic approach involves the integration
of both natural and synthetic fibers into concrete formulations, with the overar-
ching objective of enhancing specific properties inherent to the concrete matrix.
The inclusion of jute and glass fibers in HNS-FRCs is favored over using separate
fibers because of their corresponding properties. Jute fibers excel in absorbing
energy [140, 158], while glass fibers add considerable tensile strength to the con-
crete elements [141, 160]. When combined, these natural and synthetic fibers work
together to enhance overall performance, effectively tackling both micro-shrinkage
and macro-cracking issues in rigid pavements [142, 165]. This combination results
in a more balanced and optimized concrete mix, demonstrating superior mechan-
ical properties compared to using individual fibers independently. Consequently,
HNS-FRCs prove to be a practical choice for improving concrete performance in
various construction applications [166, 167]. Another investigation encompasses a
diverse array of fibers, including polyester, polypropylene, glass, and jute, span-
ning varying lengths of 5mm, 10mm, 20mm, 25mm, and 50mm [31]. The ex-
perimental results yield compelling insights into the impact of hybridization on

the flexural properties of concrete. Of particular significance is the discernible
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improvement observed when glass and jute fibers are introduced through the hy-
bridization process [32]. Remarkably, the most noteworthy elevation in flexural
strength is achieved through the hybridization of fibers with lengths spanning
25mm and 50mm. In the context of fiber-reinforced concrete (FRC), formulations
encompassing fiber lengths ranging from 5mm to 50mm exhibit an appreciable
enhancement in flexural strength, showcasing improvements of up to 18% [14].
Notably, compositions characterized by fiber lengths within the range of 25mm to
50mm display even more remarkable gains, exhibiting a substantial 38% increment
in flexural strength. Consequently, it becomes evident that FRC compositions in-
corporating fiber lengths within the 25mm to 50mm range emerge as superior
candidates for augmenting flexural attributes [18]. Delving further into the in-
vestigation, a comprehensive exploration of hybrid fibers was undertaken, varying
the proportions at 0.3%, 0.4%, and 0.5%. Strikingly, the findings underscore
that the optimal inclusion of hybrid fibers at the 0.3% proportion leads to the
most pronounced enhancements in strength. Expanding on the scope of inquiry,
the study encompassed the hybridization of natural and synthetic fibers, involv-
ing two distinct fiber lengths [21]. Empirical evidence unequivocally establishes
that the hybridization of these fibers yields a discernible enhancement in flexural
strength when contrasted with conventional concrete compositions. The collective
influence exerted on concrete performance post-hybridization is intrinsically tied
to the specific chemical composition and inherent attributes resident within the
constituent fibers. A comprehensive elemental analysis, showcased in Table 2.4,
provides insight into the constituent elements within glass fiber and jute fibers,
further illuminating their potential contributions to the hybridization process [22].
Hybridizing natural and synthetic fibers within concrete introduces an advanced
paradigm, where the resulting hybrid fiber-reinforced concrete becomes an adept
substitute for plain concrete (PC). The strategic inclusion of macro fibers serves
a dual purpose: addressing macro-cracks and significantly augmenting the con-
crete’s overall toughness. An in-depth analysis ventures into remedial strategies
through the integration of natural and synthetic fibers of varying lengths pro-

viding multifaceted solutions. In the domain of hybrid synthetic and natural
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fiber-reinforced c oncrete, a p rofound i nterplay o f f orces e merges a cross cracks,
stemming from both the aggregate’s contribution and the reinforcing fibers [23].
The progression of crack propagation involves intricate phenomena, encompassing

and the occurrence of de-bonding within the fiber-matrix interface.

The physical presence and the nuanced surface attributes of the fibers play a
central role in modulating energy dissipation patterns and the subsequent
deformation phenom-ena post-cracking [38]. Particularly significant is the
phenomenon of fiber pull-out, a mechanism that engenders a ductile response in
concrete, ascribed to the energy dissipation facilitated during the post-cracking
phase. Embedded within the con-text of fiber-reinforced concrete, the structural
integrity persists until the fibers themselves eventually undergo fracture. The

structural integrity remains intact until the fibers themselves undergo eventual

fracture.
TABLE 2.3: Composition of Jute and Glass Fibers

Fibers Elements Weight (%) Reference

Glass Fibers Si02 55-71 Shah et al.,[7]
AL203 8-25 Zhong et al., [19]
CaO 14-18 Arooj and ali [14]
MgO 3-10 Arooj and Ali[14]
Na20 0.3-8.5 Shah et al.,[7]
K20 0.2 Zhang et al.,[19]
Li20 5-7 Zhang et al., [19]

Jute Fiber Moisture 12.6 [70]
Pectin 0.2 Zhong et al., [70]
Wax 0.5 Khalid et al.,[71]
Ash 0.5-2 Todor et al.,[72]
Cellulose 61-71 Yamada et al.,[7§]
Hemicellulose  13.6-20.4 Zhong et al.,[70]

Lignin Dec-13 Phoung et al.,[79]
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Using jute and glass fibers in concrete production can help reduce carbon emis-
sions in several ways [145]. Firstly, jute fibers come from natural sources and
require less energy-intensive processing compared to synthetic fibers, which re-
duces the carbon footprint associated with fiber production [146]. Additionally,
incorporating these fibers into concrete mixes probably improves the durability
of structures [147], leading to reduced maintenance needs over time. This means
less frequent repairs, which typically involve energy-intensive processes and thus
contribute to carbon emissions. Moreover, addition of jute fibers will result in less
consumption of raw materials i.e. cement and coarse aggregates. Overall, the use
of jute and glass fibers supports sustainability efforts in the construction industry
by promoting more environmentally friendly practices [148, 149]. A comprehensive
experimental study has been conducted, involving a hybrid combination of jute,
polypropylene, polyester, sugarcane, coconut, flax, and glass fibers. The incorpo-
ration of cellulosic natural fibers, notable for their inherent characteristics, exhibits
a noteworthy elevation in all properties of FRC [44]. This strength enhancement is
contingent upon the precise ratio of these fibers integrated. Particularly intriguing
are the findings associated with the hybridization of jute and glass fibers, show-
casing remarkable enhancements of 11.6% and 22.2% in compressive strengths,
respectively [46]. These outcomes underscore the immense potential of these hy-
brid fiber combinations, substantiating their applicability in critical areas such as

pavements and flooring slabs [67].

2.5 Summary

Enhancing the performance of rigid pavements hinges significantly on the mitiga-
tion of cracks. The occurrence of cracks can be effectively managed through the
amelioration of the mechanical attributes of concrete. Mitigating the occurrence
of cracks in rigid pavements can be facilitated by minimizing linear shrinkage val-
ues. Previous researchers have demonstrated the notable improvements in concrete
properties by the incorporation of fibers. The individual effect of each fiber type

was considered in the literature of this study. However, the preference for hybrid
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fibers, such as the mix of jute and glass fibers in HNS-FRCs, was emphasized over
the use of separate fibers. This preference aims to balance the properties offered
by hybrid fibers. Jute fibers are known for their excellent energy absorption ca-
pabilities, while glass fibers contribute significant tensile strength to the concrete
mixture. By combining these natural and synthetic fibers, the overall performance
of the concrete is enhanced, effectively addressing both micro-shrinkage and macro-
cracking concerns in rigid pavements. This mixture results in a more balanced and
optimized concrete mix, showcasing superior mechanical properties compared to
using individual fibers alone. These enhancements exert a positive influence on the
overall structural performance. Within this chapter, a comprehensive exploration
of various facets pertinent to rigid pavements is undertaken. This encompasses
the identification and assessment of weaknesses inherent to rigid pavements, an
in-depth comprehension of the pivotal properties of concrete and their profound
repercussions on rigid pavement behavior, meticulous consideration of factors en-
compassing design and durability, and an extensive examination of the efficacy of

integrating fibers into concrete to bolster the performance of rigid pavements.



Chapter 3

Experimental Methodology

3.1 Background

The construction industry has gaining interest to utilize waste material such as
natural and synthetic fibers for application purposes from past few years. This at-
tention gains due to their cost-effectiveness, environmental friendly characteristics,
ease of manipulation, commendable mechanical properties, and easily availability.
Among the fibers subjected to scrutiny within this study are jute and glass fibers.
These fibers have good mechanical properties, such as efficient energy absorption,
low density, and high tensile strength at breaking points. Notably, a comprehen-
sive overview into the compatibility of hybrid natural-synthetic fiber reinforced
composites (HNS-FRCs) with a diverse assessment of fiber types for rigid pave-
ment applications has not been explored yet as well as in previous chapters they
conducted research approaches has concluded that the utilization of hybrid natu-
ral and synthetic fibers improves properties of concrete products. In this chapter
examination of the mechanical and dynamic properties inherent to HNS-FRCs.
Moreover, due regard is accorded to parameters encompassing linear shrinkage,
water absorption, and mass loss. The current chapter upon the methodological
approach that explores this research endeavor, encompassing the aspects such as

raw material selection, fiber treatment method techniques governing the mixing
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and casting of PC and HNS-FRCs, specification delineation for specimen configu-

ration, and a comprehensive outline of testing protocols.

3.2 Raw Materials

The preparation of ordinary Portland cement concrete involves several key ma-
terials: typical Portland cement, Lawrencepur sand, coarse aggregates with sizes
maximum of 12.5 mm and below, and water. The selection of fibers, including
both jute and glass, constitutes a crucial step in this process, influenced by factors
such as local availability and material suitability. Choosing fibers, encompassing
both jute and glass, is a pivotal aspect of this process, influenced by factors such
as local accessibility and material appropriateness. When produce Hybrid Natural
and Synthetic Fiber-Reinforced Concrete (HNS-FRC), the goal is to maintain uni-
formity in the constituents while adjusting the proportions of jute and glass fibers.
In the mixture, jute fibers are introduced at a length of 50mm, while glass fibers
are incorporated at a length of 25mm. The decision to use these specific fiber
lengths is likely based on their mechanical characteristics, which are presented in
Tables 3.1 and Table 3.2. These tables likely provide information on the tensile
strength, modulus of elasticity, and other relevant mechanical properties of both
jute and glass fibers [113]. The incorporation of both natural and synthetic fibers

into concrete has gained significant traction in various industrial applications.

TABLE 3.1: Mechanical Properties Jute Fiber

Variables Jute Fiber Reference
Diameter (um)  21-210 Dittenber et al. [122]
Density (kg/m?) 1250-1495 Mittal et al.[123]
Tensile Modulus 310-810 Li et al.[124]

(MPa)

Young Modulus 10-80 Dittenber et. [122]
(GPa)

Max Elangation 1.5-2.5 Dittenber et. [122]
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TABLE 3.2: Mechanical Properties Glass Fiber

Variables Jute Fiber Reference

Density (kg/m?3) 258 Palani  kumar et
al.,[123]

Stiffness 72 Atewi et al.,[124]

Tensile Modulus 70 Kizilkanat et al.,[125]

(MPa)

Young Modulus 77 Asokan et al.[126]

(GPa)

Fiber strength  6-18 Atewi et al.,[124]

3.2.1 Preparation of Fibers

The methodology employed for fiber treatment in this specific study revolves
around a water treatment approach, a technique that fibers selected due to its
easy availability and has been extensively reported by different researchers [149].
Within this context, the raw jute and glass fibers undergo careful cutting to attain
precise lengths of 50mm and 25mm, respectively. The criteria for selecting fiber
lengths, with jute fibers chosen at 50mm and glass fibers at 25mm in HNS-FRCs,
were primarily based on achieving a balanced ratio that aligns with the desired
performance targets of the concrete mix. This selection was guided by consider-
ations such as practicality in manufacturing processes, cost-effectiveness, and en-
suring an appropriate distribution of fibers within the concrete matrix to achieve
optimal reinforcement effects. Additionally, the chosen lengths aimed to strike a
balance between maximizing the benefits of each fiber type while minimizing any
potential drawbacks associated with excessive fiber lengths or densities [144]. The
50mm length of jute fibers is come out with favorable outcomes, as reported in
literature [157-159]. Similarly, the 25mm length of glass fibers is derived with fa-
vorable outcomes, as reported in literature [160-162]. Accordingly, the procedure

for cutting the jute fibers involves a combination of combing and straightening to
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ensure a uniform length distribution. Following this, the cut fibers are immersed
in water for a period approximately 24 hours. Visual representations include the
untreated fibers, fibers prepared for treatment, and the respective cut lengths for
both jute and glass fibers. The selection of fiber lengths, namely 50mm and 25mm,
is founded upon the hypothetical halving of these lengths. This selection plays
a pivotal role in exploring the resistance forces exhibited by fibers against tensile
failure, encompassing both the fiber pull-out force and fiber breakage. Figures
3.1[a] and Figure 3.1[b] provide depictions of the jute and glass fibers, accom-
panied by the treatment procedure specifically applied to the jute fibers. In the
formulation of Fiber-Reinforced Concrete (FRC), both jute and glass fibers are in-
tegral components. The preparation of FRC involves employing 50mm jute fiber
lengths, while HNS-FRCs incorporate glass fibers with lengths of 25mm. The
proportions of glass fiber, maintained at levels of 1%, 2%, 2.5%, 3%, and 4% in
relation to jute fibers across all JWG-FRCs, adhere closely to recommendations

set forth in [10].

FIGURE 3.1: Considered Natural and Synthetic Fibers; a) Jute Fiber, b) Glass
Fibers

For the production of Plain Concrete (PC) and all JWG-FRCs, conventional tap
water at room temperature is utilized. Employing consistent water-cement ratios,

coupled with a 1.5% superplasticizer content, facilitates the creation of distinct
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specimen categories. A water-cement ratio of 0.45, in accordance with findings
from [12], is employed for fabricating PC specimens. A consistent ratio is rigor-
ously maintained across all specimens of Jute and Glass Fiber-Reinforced Con-
crete (JG-FRC). The same ratio is meticulously upheld in all samples of Jute
and Glass Fiber-Reinforced Concrete (JG-FRC). The deliberate adjustment of
the water-cement ratio within JG-FRC formulations, coupled with the incorpora-
tion of superplasticizers, is driven by the objective of enhancing water absorption
characteristics intrinsic to jute and glass fibers. This precise adjustment aligns
with established findings in the literature, providing empirical support for the ne-
cessity of fine-tuning the mixture to effectively exploit the unique water-absorbing
attributes of these fibers in the context of JG-FRC [16, 17]. It is important to note
that an elevated water-cement ratio has the potential to induce concrete bleeding
and, subsequently, could lead to a reduction in Compressive Strength (CS), as

highlighted by [112].

3.3 Preparation of Concrete

3.3.1 Mix Design

The preparation of PCC specimens involved adhering to a mix design ratio of 1:2:3
(cement:sand:aggregate), accompanied by a consistent water-cement (w/c) ratio
of 0.45. It is worth noting that the inclusion of superplasticizers was calibrated
at 1.5% relative to the cement weight. The incorporation of the superplasticizer
”Sikament-520” in the mix significantly enhances both the workability and strength
of the concrete mixture [152]. SPs like Sikament 520 are known for their ability to
improve flowability without increasing water content, facilitating easier placement
and compaction while maintaining the desired water-cement ratio. This improve-
ment in workability is crucial for achieving proper consolidation and reducing the
risk of segregation during construction. Additionally, the use of SPs promotes
better particle dispersion and reduces interparticle friction within the concrete

matrix, leading to enhanced packing density and improved bond between



TABLE 3.3: Quantities of each mix

P.C.C A2 A3 A4 A4 A5
Cement (Kg) 428 395 394.25 393.87 393.52 392.7
Sand (Kg) 720 711.50 710.25 709.61 709 707.76
Aggregate (Kg) 1045 1032.12 1030.26 1029.31 1028.38 1026.50
Jute Fibers (Kg) 0 4.28 8.56 10.70 12.84 17.12
Glass Fibers 0 17.12 12.84 10.70 8.56 4.28
(Kg)
Super- 6.42 6.42 6.42 6.42 6.42 6.42
Plasticizers
(Lit)
Water (Kg) 192.6 192.6 192.6 192.6 192.6 192.6

fibojopoygopy vyudwitiodxsy

8¢
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cementitious materials and aggregates. Consequently, the inclusion of this super-
plasticizer optimized the overall performance of concrete, ensuring not only ease
of construction but also long-term durability and structural integrity. Superplas-
ticizers were employed in all compositions, including PC specimens, contributing
to the enhanced performance of the specimens. This improvement corresponds
to varying percentages of cement replacement with fibers, ranging from 1% to
4%. JG-FRCs, a combination of jute and glass fibers, were utilized, each with
fiber lengths of 50mm and 25mm, respectively, proportional to the cement weight.
The use of superplasticizers not only improves workability but also enhances the
strength of concrete specimens. The determination of an optimized water-cement
(w/c) ratio for JG-FRCs, as utilized by different researchers, helps prevent unde-
sired bleeding, a potential consequence of additional water content. In this study,
the correlation between the inclusion of jute and glass fibers is considered in rela-
tion to the mass of cement, strategically aimed at improving bonding properties.
Researchers have extensively employed natural fibers from agriculture along with
synthetic fibers from commercial waste, with a focus on enhancing the pozzolanic
reaction to optimize concrete strength while conserving natural resources. The
incorporation of fibers into the concrete matrix serves a dual purpose: partial
cement replacement and the enhancement of overall structural performance. The
selection of natural and synthetic fiber lengths, as well as the water cement (W/C)
ratio, was reported in published literature [30, 61, 67], with the overarching objec-
tive of sustainable construction techniques, improve energy absorption capacity,

and improve the aggregate toughness indices.

3.3.2 Specimens

To conduct compressive strength tests, cylinders having 200 mm in height and
100 mm in diameter are cast across six different batches. These batches feature
varying percentages of jute and glass fibers, aiming to optimize the content of the
Hybrid Fiber Reinforced Concrete Mix. In addition, for the flexural strength test,

beam-lets with dimensions of 100 mm width, 100 mm depth, and 450 mm length
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are cast. Each combination is represented by three cylinders and three prisms.
The average of three readings is utilized to determine the properties of hardened

concrete, a methodology consistently adopted by other researchers as well

3.4 Test Methods

3.4.1 Non-Destructive Testing

The dynamic testing procedure precedes the destructive evaluation of the speci-
mens in accordance with ASTM standard 215-14, delineated within Table 3.3. In
Figure 3.2b, an intricate process unfolds, revealing the intricate measurement of
response frequencies governing rotation (RFR), lateral displacement (RFT), and
transverse movement (RFL). These dynamic attributes are meticulously quantified
through the strategic utilization of an accelerometer and a hammer. A pivotal as-
pect of the investigation involves the application of this technique to both beamlet
and cylinder specimens. In this context, a specialized accelerometer is meticulously
affixed to one side of each specimen, meticulously capturing the manifestation of
lateral motion. Simultaneously, the opposing side is subjected to the controlled
impact of a hammer, effectively gathering a cascade of measurements that are
subsequently relayed to a computer infrastructure seamlessly integrated with the
accelerometer. The procedural framework governing the deduction of RFT and
RFR values, underscored by the intricate positioning of the accelerometer in con-
junction with the precise point of hammer impact, evolves distinctly for beamlet
and cylinder specimens. This pivotal step within the non-destructive assessment
meticulously mandates the attachment of an accelerometer to a designated side,
thereby unveiling the latent manifestations of lateral motion. Concomitantly, the
symmetrical side of the specimens experiences the calculated impact of a hammer,
instigating a responsive cascade of measurements. In this orchestrated interplay,
the discerning accelerometer functions as a sentinel, skillfully recording the nu-
anced frequencies that underlie the specimens’ dynamic response.

A critical element of the study revolves around employing this method on both
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beamlet and cylinder specimens. In this scenario, a specialized accelerometer is
precisely attached to one side of each specimen, carefully recording the expression
of lateral movement. At the same time, the opposite side experiences a controlled
impact from a hammer, efficiently co llecting a se ries of me asurements th at are
then seamlessly transmitted to a computer infrastructure integrated with the ac-
celerometer.For cylinder specimens, the precise positioning of the accelerometer
becomes in RF'T measurements. This strategic placement mandates adherence
to a fixed distanceofatleast 25 cm from t he e dge, e nsuring a ccurate readings.
In tandem, the application of the hammer precisely targets this designated side,
orchestrating an impact aimed at the central region of the cylinder’s length-facing
surface. However, the RFR measurement protocol deviates subtly in its execu-
tion. An accelerometer, meticulously installed along the uppermost facet of the
cylinder, mirrors the spatial parameters governing RFT. This nuanced alignment
facilitates a perpendicular orientation relative to the cylinder’s length, enabling
strategic hammer strikes from the opposing side. In the realm of beamlet testing,
the orchestrated choreography assumes a nuanced execution. The accelerometer’s
strategic placement, aligned with the corresponding distance parameters estab-

lished for the cylinder, becomes a pivotal determinant in RF'T measurements.

The orchestration of a hammer strike, precisely targeted at the midpoint of this
aligned side, becomes the focal point. In contrast, the application of the hammer
on the opposing side manifests as a precise, calculated impact at the bottom cor-
ner. This strategic maneuvering engenders a geometric alignment that positions
the hammer’s impact point and the accelerometer in a fashion that reflects the
diagonal axis of the corresponding rectangle. This tactical maneuver results in a
geometric alignment that situates the impact point of the hammer. The deliberate
positioning of the accelerometer, in harmony with the defined distance parameters
for the cylinder, plays a crucial role in RF'T measurements. The focal point is the
orchestrated hammer strike, precisely aimed at the midpoint of this aligned side.
In contrast, the impact of the hammer on the opposing side is a meticulously cal-
culated strike at the bottom corner. The critical aspect lies in a precisely targeted

hammer strike at the aligned midpoint, serving as the focal point.



TABLE 3.4: Studied Parameter and Testing Standard

Test

Allowed Stan-
dards

Focused Parameters

Additional Parameters Considered for the Study

Compressive strength

Splitting-tensile prop-
erties

Flexure properties

Dynamic Properties
Dynamic Properties
Dynamic properties

Water absorption and
mass loss test

ASTM C39

ASTM C496

ASTM C78
ASTM C1609

ASTM (C215-14

ASTM C215-14

ASTM-C1548

ASTM C622-13

Compressive strength

Split-tensile strength

Flexure strength

RFL, RFT and RFR, damp-
ing ratio

RFL, RFT and RFR, damp-
ing ratio

modulus of rigidity, and
Poisson ratio

Water absorption and den-
sity

Curves depicting stress-strain relationships, energy ab-
sorption during compressive pre-cracking (CE1), energy
absorption after cracking in compression (CE2), over-
all energy absorption in compression (CTE), toughness
indices in compression (CTI), and the modulus of elas-
ticity (MOE).

(STS) and the load-deformation curves, as well as the
energy absorption before cracking in split-tensile tests
(SE1), energy absorption after cracking (SE2), total en-
ergy absorption (STE), and toughness indexes in split-
tensile tests (STI).

Load-displacement graphs, energy absorbed before flex-
ural cracking (FE1), energy absorbed after flexural
cracking (FE2), total energy absorbed during flexu-
ral testing (FTE), and measures of flexural toughness
(FTT).

No additional parameter studied.

No additional parameter studied.
No additional parameter studied

No additional parameter studied

fibojopoygopy vyudwitiodxsy
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The extracted frequencies, an intricate embodiment of the dynamic behavior un-
der examination, form the foundational basis for the computation of critical engi-
neering parameters. The ensuing calculation encompasses the damping ratio, the
dynamic modulus of rigidity, and the Poisson’s ratios. This analytical pathway,

resolute in its scientific rigor, yields insights of paramount significance.

3.4.2 Mechanical Testing

3.4.2.1 Compressive Strength Test

A Universal Testing Machine (UTM) is utilized for the evaluation, with a high-
precision displacement transducer with a measurement range from 0-1500 mm
and a resolution of 0.001 mm. This apparatus is utilized to measure the compres-
sive strength, absorbed compressive energy, energy absorption until the peak load
(CBE), energy absorption after the peak load (CPE), and compressive toughness
index (CTI) of cylindrical specimens. The compression testing of the cylinders
with ASTM C39/C39M-20 standard, specifically outlined for assessing the com-
pressive strength of cylindrical concrete specimens. The configuration of the test

setup is illustrated in Figure 3.2a.

a)

Longitudinal Transverse Torsional

FIGURE 3.2: Tests Arrangement; a) Mechanical Properties b) Dynamic Prop-
erties
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3.4.2.2 Splitting Tensile Strength Test

To perform the Splitting Tensile Strength test on 18 cylinders, ASTM C496 stan-
dards are followed. Firstly, we shift the sample to the Universal Testing Machine
lab. Then position the samples in a line on the floor according to their combina-
tions. Following that have start the UTM machine and connect it to a computer
system. After that, clear the UTM machine using a brush to remove dust par-
ticles. Subsequently and change the loading plates on the UTM. Following the
plate change, calibrate the machine and apply the load gradually. Finally, we
recalibrated the machine. The technician handles the machine through the com-
puter system, while the researcher observes any cracks on the sample. A universal
testing machine is employed to assess the tensile behavior, measuring Splitting
Tensile Energy before peak failure (SE1), Splitting Tensile Energy after peak fail-
ure (SE2), and the Splitting Tensile Toughness Index (STI). The experimental

arrangement is illustrated in Figure 3.2a.

3.4.2.3 Flexural Strength Test

To carry out the flexural strength test on the 18 beams, we employ ASTM C293
(Standard Test Method for Flexural Strength of Concrete - Using Simple Beam
with Centre-Point Loading). Initially, we transfer the beam sample to the Uni-
versal Testing Machine (UTM) lab for the flexural strength test on concrete beam
specimens. Once in the lab, the beam samples are systematically arranged in a
line on the floor according to the specified combination. Subsequently, we con-
nect supports on both sides and carefully position the beamlet specimens. The
application of load at the center point follows, revealing initial cracks in the beam
specimens from the weak portion. After placing the beam samples into the UTM
machine, we establish a connection with a computer system for monitoring and
control. With the samples in place, we proceed to clear the UTM machine using
a brush, ensuring the removal of any dust particles that might affect the accuracy

of the test. After this cleaning process, we switch the loading plates on the UTM
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and embark on the calibration of the machine. Calibration involves the grad-
ual application of load while meticulous adjustments are made to ensure precise
measurements. Once the machine is calibrated, the technician takes charge, ma-
nipulating it through the computer system. Concurrently, the researcher closely
observes the samples, keenly noting any further cracks or changes in response to

the applied load Figure 3.2a

3.5 Microstructural Analysis

3.5.1 Scanning Electron Microscopy (SEM) Test

The optimized HNS-FRCs are subjected to micro-structural analysis to investi-
gate their interaction with concrete through the utilization of scanning electron
microscope (SEM) imaging. This testing procedure aims to delve into the bond
between fibers and the matrix, the pull-out behavior of fibers, and the underly-
ing nature of failure and cracking mechanisms. Employing the VEGA3 TESCAN
SEM operating at a voltage of 10 kV facilitates the imaging process with high
precision and detail. Prior to conducting the imaging tests, the samples undergo
a plasma coating procedure to enhance their surface characteristics and ensure

accurate results.

3.5.2 X-Ray Diffraction Analysis (XRD) Test

The methodology of X-ray diffraction (XRD) testing for specimens of fiber rein-
forced concrete involves subjecting the material to X-rays, subsequently examining
and interpreting the resultant diffraction patterns. This sophisticated technique
facilitates not only the discernment but also the quantification of crystalline phases
present within the concrete matrix, thereby providing valuable insights into its ele-
mental composition and underlying structural characteristics. Through meticulous

analysis of the peak positions and intensities apparent in the diffraction pattern,
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one can extract profound understanding concerning the mineralogical constitution,
phase distribution, and crystallographic attributes.

XRD testing stands as a pivotal tool for the comprehensive assessment of the
impact of fiber incorporation on the intricate microstructure of the concrete and
its holistic performance metrics. This assessment, in turn, contributes signifi-
cantly to an elevated comprehension of the complex interplay between fibers and
the concrete matrix, consequently fostering avenues for refining and optimizing

formulations of fiber-reinforced concrete.

3.6 Summary

The mechanical properties, encompassing both compressive and flexural charac-
teristics, as well as dynamic attributes including resonant frequencies, damping
ratios, dynamic modulus of elasticity, dynamic modulus of rigidity, and Poisson’s
ratio of Portland Cement (PC) and Hybrid Natural Synthetic Fiber-Reinforced
Composites (HNS-FRCs), are meticulously determined. This determination is
achieved using a composite blend of cement, sand, and coarse aggregate, adher-
ing to a precisely balanced water cement (w/c) ratio of 0.45 along with 1.5% of
superplasticizers. Furthermore, varying proportions of 50mm long jute fibers and
25mm long glass fibers are incorporated into the mixture, with the fiber content
varying by weight relative to the cement quantity. Subsequently, a comprehensive
analysis encompassing Scanning Electron Microscopy (SEM) and X-ray Diffraction
(XRD), is conducted to systematically evaluate the obtained results in accordance
with the rigorous standards outlined by the ASTM. These analytical techniques
provide insightful details regarding the micro structural characteristics, crystallo-
graphic properties, and thermal stability of the PC and HNS-FRCs composites.
The extensive findings derived from these rigorous testing procedures are elabo-
rately presented and critically discussed in Chapter 4 of the research. This chapter
serves as a platform for interpreting the outcomes, unveiling meaningful insights,

and drawing scientifically sound conclusions.



Chapter 4

Results and Analysis

4.1 Background

The study follows ASTM standards for mechanical and dynamic testing. It ex-
plores the mechanical properties of HNS-FRCs compared to traditional PC, in-
cluding fresh and post-curing properties, along with mechanical analysis. Non-
destructive dynamic characteristics and micro-structural analysis are examined
for both PC and HNS-FRCs. To assess matrix bonding in HNS-FRCs, advanced
techniques like SEM and XRD are systematically employed

4.2 Fresh Properties

4.2.1 Workability Test

For plain concrete, superplasticizers were introduced, and a minimum water-
cement (w/c) ratio of 0.45 was upheld for optimal strength, leading to a minimum
slump value in JG-FRCs specimens. Conversely, for HNS-FRCs mix designs, a

distinct approach was taken. To offset fiber water absorption tendencies, 1.5%
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superplasticizer was incorporated.A concrete slump test serves the purpose of an-
alyzing the consistency of a concrete batch, allowing us to determine its flow char-
acteristics [13]. In the case of plain concrete, superplasticizers were added, and
a minimum water-cement (w/c) ratio of 0.45 was maintained to achieve optimal
strength. This approach resulted a minimium slump value in JG-FRCs speci-
mens. Conversely, when considering HNS-FRCs mix designs, a different strategy
was employed. To counteract the water absorption tendencies of the fibers, 1.5%
super-plasticizer was included. The value of the slump is measured carefully shown
in Figure 4.1 To the best of the author’s knowledge, there is not any standard test
available for the determination of the workability of HNS-FRC fresh properties.
Hence, the same procedure and test standard are used for the determination of
the workability of all HNS-FRCs combinations. Table 4.1 illustrates the labeling
of specimens along with the ratio of aggregates, which is consistently maintained
at 1:2:3 in all combinations.

The percentages of jute and glass fibers vary from 0% to 4%, with a noticeable
trend as the percentage of jute fibers increases, the percentage of glass fibers
decreases. The water-cement ratio held constant at 0.45 in all combinations, and
super-plasticizers has utilized the same percentage in all specimens. The slump
value decreases as the percentages of jute and glass fibers increase. The highest
slump value observed is 16mm for PC. Conversely, specimens with higher fiber
percentages experience a reduction in slump values. The decrease in slump with
the increase of jute fiber content can be attributed to the tendency of jute fibers
to absorb water from the concrete mixture, leading to a reduction in its fluidity
and workability [150, 163]. This phenomenon is well-documented in the
literature, where it has been observed that the presence of natural fibers like jute
can act as water absorbers, thereby reducing the water available for lubri-
cating the concrete particles and facilitating flow [151, 164]. Consequently, higher
concentrations of jute fibers result in greater water absorption, leading to a de-
crease in slump and making the mixture less fluid. This observation aligns with
previous studies on fiber-reinforced concrete, where the addition of natural fibers
has been shown to decrease slump values due to water absorption properties. The

hardened density of concrete is calculated based on the wet weight of specimens,
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and it also decreases as the fiber percentage increases. In terms of slump, the
concrete exhibited a value of 16mm, 12mm, 9mm, 4mm, Omm and Omm for A1l to
A6, respectively. This indicates that slump is decreasing along with the increase
in content of jute fiber. This reduction in slump values due to addition of jute
fiber is well supported by literature [172, 173]. Whereas, in terms of workabil-
ity, the concrete demonstrated good to adequate workability, except A5 and A6
which shown zero slump, facilitating ease of placement and compaction during
construction activities. This favorable workability can be attributed to the use
of superplasticizer and the optimal mix design. Moreover, the water absorption
of the concrete was measured at 10%-12%. This value falls within the acceptable
range for ASTM C1585 [174], indicating that the concrete possesses adequate re-
sistance to moisture ingress, which is crucial for its long-term durability. Overall,
the fresh properties of concrete, including its slump, workability, and water ab-
sorption, contribute to its suitability for pavement application, ensuring proper

placement, compaction, and long-term endurance.

FIGURE 4.1: Measuring Value of Slump of HNS-FRCs



TABLE 4.1: Labeling of Specimens, percentage of fibers, water-cement ratio, Slump Values and harden densities

Labeling of C:S:A  Jute Fiber(%) Glass fibers(%) W/C Super- Slump values Density
Specimen Ratio  Plasticizers(%) (mm) (Kg/m?)
PCC 1:2:3 0 0 0.45 1.5 16 2344.2
A2 1:2:3 1 4 0.45 1.5 12 2337.186
A3 1:2:3 2 3 0.45 1.5 9 2336.4
A4 1:2:3 2.5 2.5 0.45 1.5 4 2328.2
A5 1:2:3 3 2 0.45 1.5 0 2238.8
A6 1:2:3 4 1 0.45 1.5 0 2210.86
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4.3 Dynamic Properties

The dynamic properties of Jute-Glass Fiber Reinforced Composites (JG-FRCs)
have been thoroughly investigated in order to assess the impact of hybridizing
glass and jute fibers on the concrete specimens’ characteristics. To determine the
dynamic properties of plain concrete (PC) samples, ASTM standard C215-14 has
been employed [23]. However, due to the absence of a specific standard for assessing
the dynamic properties of JG-FRCs, the same ASTM standards have been adopted
as a reference for evaluating the dynamic properties of JG-FRCs. Figure 4.2
illustrates the typical graphical responses recorded by the accelerometer during

the testing process.

The comprehensive overview of the calculated dynamic properties for both PC
and all JG-FRCs as shown in Table 4.2. To ensure accuracy, an average of three
specimens obtained values has been taken for each JG-FRC specimen combina-
tion to yield representative results for each corresponding dynamic property [29].
Notably, the difference in damping ratio between PC and the A2 specimen, which
comprises 4% glass fiber and 1% jute fiber (JG-FRC1), is increased by 125% for
cylinder specimens. Similarly, A3 (3% glass fibers and 2% jute fibers - JG-FRC2)
exhibits a 75% increase, A4 (2.5% jute and glass fibers - JG-FRC3) shows a 34%
increase, A5 (2% glass fibers and 3% jute fibers - JG-FRC4) experiences a 128%

increase.

A6 (1% glass fibers and 4% jute fibers - JG-FRC5) demonstrates a 108%
increase in damping ratio compared to PC. Furthermore, the modulus of elastic-
ity has witnessed improvements in all specimens containing hybrid fibers, with
A2, A3, A4, A5, and A6 showing increases of 30%, 20%, 32%, 30%, and 34%,
respectively. In a similar way, the modulus of rigidity has shown considerable im-
provement in all specimens containing hybrid fibers. Specifically, when compared
to plain concrete (PCC), the modulus of rigidity has improved by 53% for A2,
7% for A3, 12% for A4, 16% for A5, and 20% for A6. The Poisson ratio has also
exhibited notable enhancements, with respective increases of 90% for A2, 20% for

A3, 31% for A4, 10% for A5, and 16% for A6.



TABLE 4.2: Dynamic Properties of PC and HNS-FRCs

Concrete Studied Pa-
Specimens rameter
RFL (HZ) RFT (HZ) RFR (HZ) (% RD (GPa) ED (GPa) Poisson Ratio

()

Cylinder

PCC 5203 3545 3767 4 4.75 4.3 0.45

A2 4794 4184 1394 9 6.13 6.58 0.54

A3 3480 3585 3425 7 5.7 4.58 0.51

A4 3355 3407 3244 5.35 6.24 4.8 0.7

A5 3305 3297 3294 9.09 6.19 4.97 0.47

A6 3355 3412 3439 8.33 6.29 5.13 0.5

Beams

PCC 3371 3268 3346 1.78 13.8 4.06 0.41

A2 3463 3289 3339 3 20 5.04 0.58

A3 3289 3200 1786 4.35 22.3 7.06 0.64

A4 4119 2517 3396 3.81 24.51 5.18 0.69

Ab 3820 1997 3576 5.26 26.8 4.64 0.77

A6 3545 2012 3332 5.15 28.16 6.38 0.81
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It is important to note that PC serves as the reference specimen for these
properties, as depicted in Figure 4.3. The damping ratio in concrete refers to
the measure of energy dissipation during vibration or dynamic loading, indicating
the material’s ability to dampen oscilla-tions and resist excessive vibrations [153].
A higher damping ratio signifies better energy dissipation and greater damping
capacity, which are desirable character-istics for structures subjected to

dynamic loads or seismic events [154].

In our study, mix A5 exhibited the maximum damping ratio due to its
optimized com-bination of jute and glass fibers, which effectively enhance energy
absorption and damping properties within the concrete matrix. The presence of
both fiber types contributes to enhanced damping capacity by promoting crack
bridging, fiber pull-out mechanisms, and fiber-matrix interactions, all of which

dissipate energy and mitigate vibrations effectively.
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FIGURE 4.2: Dynamic Properties of Cylinder Specimens
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The damping ratio value has increased due to inclusion of natural and synthetic
fibers because fibers have ability to improve the interfacial transition zone [20]. In
the case of beamlets, the damping ratios for A2 (JG-FRC1), A3 (JG-FRC2), A4
(JG-FRC3), A5 (JG-FRC4), and A6 (JG-FRC5) are significantly enhanced, with
increases of 68%, 145%, 114%, 190%, and 180%, respectively. Notably, JG-FRC4
exhibits the most substantial increase among all combinations of JG-FRCs. This
increase in damping ratios signifies a substantial improvement in the resistance of

these specimens to dynamic loading [20] Figure 4.4
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FIGURE 4.3: Dynamic Properties of Beamlet Specimens

Furthermore, specimens containing 25 mm glass fibers demonstrate an increase in
dynamic loading resistance with the extension of jute fiber length. Remarkably,
the performance of jute fibers at a length of 50 mm surpasses that of specimens

with 25mm of glass fibers

4.4 Mechanical Properties

4.4.1 Properties under Compressive Loading

The stress-strain relationships for PC, A2 (JG-FRC1), A3 (JG-FRC2), A4 (JG-
FRC3), A5 (J-FRC4), and A6 (JG-FRC5) are illustrated in Figure 4.5. In this
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figureitise videntt hat P Cand A 6 ( JG-FRC5) e xhibit t he h ighest compres-

sive strength (C-S) when compared to all types of JG-FRCs [26]. Specifically,
the compressive strength of A2 (JG-FRC1), A3 (JG-FRC2), and A5 (JG-FRC4)
has reduced by 22%, 18%, and 2%, respectively, when compared to PC. On the
other hand, A4 and A6 have shown an increase in compressive strength by 8.5%
and 7.5%, respectively, compared to PC, and they boast the highest compressive
strength among all other JG-FRC variants. When utilizing 50 mm jute fibers in

JG-FRCs, we observed a 8.5% and 7.5% increase in compressive strength compared
to PC, which includes 25 mm glass fibers. In contrast, JGS-FRC1, JG-FRC2, and

JG-FRC4 demonstrated reductions in compressive strength by 26%, 21%, and
6%, respectively, when compared to JG-FRC3. A similar trend was noticed in
JG-FRC5, with a 30% reduction in compressive strength compared to JG-FRC3.
However, when JG-FRC5 incorporated 1% glass fiber in addition to 50 mm jute

fibers, there was a 7% increase in compressive strength compared to PC, which
utilizes 25 mm glass fibers.

This shift towards higher jute fiber percentages and lower glass fiber percentages
resulted in increased compressive strength, with the highest recorded value in
A6 (JG-FRC5). The inclusion of glass fibers had a diminishing effect on
compressive strength overall [31]. Notably, JG-FRC3 and JG-FRC5 exhibited
higher compressive strengths than JG-FRC1, JG-FRC2, and JG-FRC4. The
modulus of elasticity (MOE) values for plain concrete (PC) and all JG-FRCs
indicate noticeable differences. Specifically, A2 (JG-FRC1), A3 (JG-FRC2), and
A5 (JG-FRC4) demonstrate lower MOE than PC. In contrast, A4 and A6 exhibit
MOE values that are 4% and 8% higher than PC, respectively. This is likely due
to the presence of longer jute fibers, specifically 50 mm in length, which act as
more effective crack arrestors [37]. JG-FRC3 and JG-FRC5 incorporated 2.5%
and 4% jute fibers, alongside 25 mm glass fibers. Table 4.3 presents the
modulus of elasticity (MOE) values for PC and all JG-FRCs. It is evident that the
MOE of A2 (JG-FRC1), A3 (JG-FRC2), and A5 (JG-FRC4) is lower than that
of PC. Conversely, A4 and A6 exhibit MOE values 4% and 8% higher than PC,
respectively. The modulus of elasticity (MOE) values for Jute and Glass Fiber-
Reinforced Concretes (JG-FRCs) reveal distinct variations. A2 (JG-FRC1), A3
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(JG-FRC2), and A5 (JG-FRC4) exhibit lower MOE compared to plain concrete
(PC). In contrast, A4 and A6 display MOE values 4% and 8% higher than PC,

respectively.

TABLE 4.3: Compressive Loading Variation of PCC and HNS-FRCs

Speci- MOE CS CE1l CE2 CTE CTI
mens (GPa) (MPa) (MJ/m3) (MJ/m?) (MJ/m3) (-)

Al 30 17.19 0.068 0.0363 0.104 1.539
A2 23.45 14.2 0.061 0.18 0.24 3.959
A3 24.85 14.74 0.066 0.085 0.149 2.289
A4 31.2 18.02 0.088 0.063 0.152 1.71
A5 29.4 20.22 0.12 0.055 0.171 1.471
A6 32.25 21.244 0.086 0.073 0.159 1.85

The MOE of JG-FRC1, JG-FRC2, and JG-FRC4 is more reduced compared to
other JG-FRC3 and JG-FRC5 variants. This difference can be attributed to the

presence of 50 mm jute fibers.

FIGURE 4.4: Typical compressive failure of PCC and JG-FRCs

Figure 4.6 shows typical compression failures of PC and JG-FRCs. The values

for compressive pre-crack absorbed energy (CE1), compressive post-crack absorbed



Results and Analysis 57

energy (CE2), compressive total absorbed energy (CTE), and compression tough-
ness index (CTI) is represented in the above table which are, calculated according

to the method described by [99] and [100].
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FI1GURE 4.5: Compressive response of PCC and JG-FRCs

There is a reduction of 10%, and 26%, respectively, and increase CE1 as8%, 35%
and 30% in CE1 for JG-FRC2, JG-FRC3, JG-FRC4, when compared with PC.
On the other hand, CE2 exhibits significant increases of 394%, and 33%, and re-
duced in A3, A4 and A5 by 53%, 25% and 15% respectively, compared to PC.
The compressive total energy (CET) values have consistently increased across
all combinations of JG-FRCs by 131%, 1%, 12% and reduced in A2 and A6 by
38% and 7%, respectively, when compared to Portland Cement Concrete (PCC).
Simultaneously, the compressive toughness index (CTI) exhibited remarkable en-
hancements of 157%, and 25%, in A2 and A6 respectively, in combinations of
JG-FRCs compared to PCC specimens. These findings are visually presented in
Figure 4.7, which illustrates the comparative behavior of compressive strength
properties among all FRC specimens, with PCC serving as the reference specimen.
This notable increase can be attributed to the presence of hybrid agricultural and

commercial waste components, specifically glass fibers and jute fibers, within the
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JG-FRCs [40]. In contrast to PCC, which tends to exhibit spalling under com-
pressive loading, the JG-FRC specimens displayed diagonal and shear cracks of
particular interest is the observation that JG-FRCs containing 25mm glass fibers
and 50mm jute fibers consistently demonstrated the highest CTI values. This in-
dicates that the inclusion of 50mm long jute fibers has a positive impact on CTI,

suggesting their significant contribution to enhancing the compressive toughness

of the composite.

EaA XAl B Ad EZmAS A6 = = PCC

[ ]
2
£
T
B

Percentages (%)
[*1)
2
£
1

CEl CE2
Properties

FI1GURE 4.6: Comparative Behavior of Compressive Strength Properties Among
All FRCs Specimens

4.4.2 Properties under Splitting Tensile Loading

The load-deformation curves, illustrating the relationship between applied load
and deformation, are presented in Figure 4.8 for various concrete mixtures, in-
cluding Portland Cement (PC), A2 (JG-FRC1), A3 (JG-FRC2), A4 (JG-FRC3),
A5 (JG-FRC4), and A6. Notably, Figure 4.8 clearly demonstrates that A6 (JG-
FRC5) exhibits the highest load-carrying capacity among these formulations [129].
This superior load-bearing capability can be primarily attributed to the bridging
effect generated by the inclusion of both jute and glass fibers within the JG-FRC

matrix [123]. Table 4.4 provides a comprehensive analysis of various splitting
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tensile properties, which include Splitting Tensile Strength (STS), Splitting Ten-
sile Pre-crack Absorbed Energy (SE1), Splitting Tensile Post-crack Absorbed En-
ergy (SE2), Splitting Tensile Total Absorbed Energy (STE), and Splitting Tensile
Toughness Index (STT).

TABLE 4.4: Splitting Tensile Loading Variation of PCC and HNS-FRCs

Speci- STS SE1 SE2 STE STI
mens (MPa) (MJ/m?) (MJ/m3) (MJ/m?)

Al 2.2 11.33 0 11.33 1
A2 2.1 35.81 29.2 64.94 1.82
A3 2.033 15.53 33.43 48.96 3.2
A4 2.045 13.12 20.12 33.24 2.54
A5 2.896 21.044 10.694 31.74 1.51
A6 1.88 30.81 20.74 51.54 1.68

Comparative analysis reveals substantial reduction in JG-FRCs except A5 in the
STS value for A5, as 34% when compared to the baseline PC. It is worth noting
that A5 (JG-FRC5) stands out with the highest STS values, and this notable per-
formance can be attributed to its carefully optimized jute fiber content [100]. The
observed reduction in STS across all JG-FRC formulations can predominantly be
attributed to the reinforcing influence imparted by the incorporated fibers [132].
In particular, SE1 experiences a remarkable 216% increase in the case of A2, 37%
in A3, 16% in A4, 86% in A5, 172% in A6 when contrasted with PC. Conversely,
PC demonstrates no post-crack energy absorption characteristics, invariably frac-
turing into two separate pieces under peak loading conditions. The JG-FRCs
consistently display the capacity for post-crack energy absorption, to the pres-
ence of both agricultural and commercial fibers (JF and GF) embedded within
the concrete matrix [120, 121]. Moreover, it can be reasonably inferred that the
JG-FRCs demonstrate superior resistance to tensile loading when jute fiber with
PC. This enhanced resistance primarily stems from the crack-retarding attributes

of the incorporated fibers, which actively impede the propagation of cracks [12].
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Notably, JG-FRC5, characterized by its optimal combination of 50mm jute fibers
and 2bmm glass fibers, exhibits the highest energy absorption capacity among all
formulations. Additionally, the toughness indexes of JG-FRC1 through JG-FRC5
consistently surpass those of PC. Visual representations of typical splitting tensile
failure modes for both PC and JG-FRC are provided in Figure 4.9. The JG-FRC2
exhibits the highest toughness index because it possesses the maximum pre-crack
and post-crack energies [19]. The comparison of splitting tensile strength with
plain cement concrete (PCC) reveals that JG-FRC2 exhibits superior toughness.
This superiority is attributed to its remarkable pre-crack and post-crack energy
levels. This could potentially be attributed to the inclusion of longer jute fibers,
which effectively halted crack propagation following tensile loading. Figure 4.10
illustrate that the comparison behavior of splitting tensile strength compares to
PCC. The JG-FRC2 demonstrates superior toughness due to its exceptional pre-
crack and post-crack energy levels, resulting in the highest toughness index among

the materials tested.

JG-FRC
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FIGURE 4.7: Typical Failure of Splitting Tensile Strength
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FI1GURE 4.9: Splitting Tensile Properties Among PC and All HNS-FRCs Spec-

imens

4.4.3 Properties under Flexural Loading

The load-deformation curves for a variety of materials, including Portland Cement

(PC), A2 (JG-FRC1), A3 (JG-FRC2), A4 (JG-FRC3), A5 (JG-FRC4), and A6
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(JG-FRC5), are depicted in Figure 4.11, offering a visual representation of how

these materials respond to applied loads. While ASTM standard C78 recommends
a loading rate of 1.03 MPa/min for testing, our study employs a loading rate of
1 kN/sec to assess their dynamic performance under flexural 1 oading conditions

[111]. Notably, in Figure 4.11, JG-FRC4 exhibits the highest load-carrying ca-
pacity, indicating exceptional resistance to flexural 1 oading, | ikely o wing t o the

reinforcing effect of jute and glass fibers within the JG-FRCs [7 8]. Detailed flex-

ural properties, encompassing flexural strength (F-S), flexural pre-crack absorbed

energy (FE1), flexural p ost-crack absorbed energy ( FE2), flexural total absorbed

energy (FTE), and flexural t oughness index ( FTI), are c oncisely s ummarized in

Table 4.5, providing comprehensive insights into the mechanical behavior of these
materials. In comparison to PC, the various JG-FRCs demonstrate significant im-

provements in F-S except A3, with JG-FRC4 standing out due to its highest F-S,

potentially attributed to its optimized blend of jute and glass fibers [ 44]. This over-

all enhancement in F-S across all JG-FRCs can be attributed to the fiber bridging

effect, w here fi bers eff ectively rei nforce the con crete mat rix. Offe ring thorough

insights into the mechanical characteristics of these materials, the diverse Jute
and Glass Fiber-Reinforced Concretes (JG-FRCs) exhibit notable enhancements
in flexural s trength ( F-S) w hen c ompared t o p lain c oncrete ( PC). N otably, JG-

FRC4 distinguishes itself with the highest F-S, potentially owing to its optimized
combination of jute and glass fibers.

Furthermore, FE1 for A2, A3, A4, A5, A6 as 90%, 14%, 69%, 79% and 42%
respectively increase compared to PC, emphasizing its substantial energy
absorption capacity. In contrast, PC exhibits no flexural post-crack energy
dissipation due to its inherent brittle behavior, while JG-FRCs display post-
crack absorbed energies, primarily due to the presence of agricul-tural and
commercial waste fibers that act as effective crack arrestors [48]. The toughness
indices of JG-FRC1, JG-FRC2, JG-FRC3, JG-FRC4, and JG-FRC5
consistently surpass those of PC, with JG-FRC4 having the highest toughness
index to its significant pre-crack and post-crack energy absorption capabilities,
possibly attributed to the presence of jute fibers, known for their superior crack

arrest properties [58]. The non-linear pre-crack behavior observed in concrete can
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be attributed to the uniform length of natural fibers, leading to an incremental in-
crease in load-bearing capacity as deflection increases [48]. The toughness indices
of JG-FRC1, JG-FRC2, JG-FRC3, JG-FRC4, and JG-FRC5 consistently exceed
those of plain concrete (PC). In regions characterized by robust fiber bridging
effects and strong fiber-matrix bonding, specimens exhibit superior load-bearing
capacity and delayed crack propagation, highlighting the impact of fiber reinforce-
ment on crack resistance. Figure 4.12 illustrates typical flexural failure modes
observed in both PC and JG-FRC specimens. The toughness indices of JG-FRC1,
JG-FRC2, JG-FRC3, JG-FRC4, and JG-FRC5 consistently outperform those of
plain concrete (PC). Notably, this superiority becomes evident in regions marked

by robust fiber bridging effects and strong fiber-matrix bonding.

TABLE 4.5: Flexural Loading Variation of PCC and HNS-FRCs

Speci- FS FE1 FE2 FTE FTI
mens (MPa) (MJ/m?) (MJ/m?) (MJ/m?)

Al 2.54 3.39 0 3.386 1

A2 3.5 6.5 0.46 6.88 1.07
A3 2.5 3.88 1.5 0.4 1.38
A4 3.85 D.72 2.23 7.95 1.4
A5 4.3 6.1 0.67 6.73 1.109
A6 3.0855 4.821 1.94 6.76 1.41

FIGURE 4.10: Typical Failure of Flexural Strength
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FIGURE 4.11: Flexural response of PCC and JG-FRCs

Provides the diverse properties, specifically o bserved u nder ¢ ontrolled a nd uni-
form flexural loading ¢ onditions. This graphical representation succinctly presents
a thorough overview of the performance characteristics exhibited by the investi-
gated materials. Significantly, precise measurements of strength p arameters were
undertaken, unveiling a substantial and consistent enhancement in the flexural
loading capabilities across all tested HNS-FRC specimens. Figure 4.13 offers a
detailed visual comparison of various properties, specifically observed under con-
trolled and consistent flexural 1 oading ¢ onditions. T his g raphical representation
serves as a concise yet comprehensive overview of the performance characteristics
exhibited by the materials being investigated. Notably, precise measurements of
strength parameters were conducted, revealing a substantial and consistent en-
hancement in the flexural loading capabilities of all t ested HNS-FRCs specimens
[70]. The superior mechanical properties of the A4 and A6 mixes can be attributed
to optimized fiber combinations, uniform dispersion, strong fiber-matrix bonding,
and synergistic effects b etween j ute and glass fi bers. Th ese fa ctors collectively
enhance reinforcement within the concrete matrix, improve load transfer mecha-
nisms, and resist crack propagation, resulting in higher strength and toughness
compared to other formulations. This visual depiction effectively highlights the
superior flexural p erformance of these materials within t he context of the study’s

controlled testing conditions.
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FI1GURE 4.12: Flexural Properties Among All PC FRCs Specimens

4.5 Micro structure analysis Tests

4.5.1 Scanning Electron Microscopic Test (SEM)

SEM analysis of the A4 sample, which contains equal quantities of jute and glass
fibers (i.e. 2.5% each), provides insights into its superior strength compared to
other samples. The SEM images reveal a denser and more homogeneous mi-
crostructure in the A4 sample, with both types of fibers evenly distributed through-
out the concrete matrix. This uniform dispersion of fibers ensures efficient load
transfer mechanism and enhances the bond between the fibers and the surrounding
matrix. As a result, the A4 sample exhibits improved resistance to crack initia-
tion and propagation, leading to higher compressive strength. Additionally, SEM
analysis also indicate the absence of voids and defects within the microstructure
of the A4 sample, further contributing to its enhanced strength. Overall, the SEM
results highlight the role of uniform fiber distribution and strong fiber-matrix in-
teraction in enhancing the mechanical properties of the A4 sample. SEM analysis
of optimized mix design is performed to examine the pull-out behavior of fibers. In
Figure 4.14, beginning from the top-left corner of glass fiber and jute fibers are
visible exhibiting the balling effect of GF with JF [150]. This might have happened
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due to the improper mixing of fibers leading to an uneven distribution in the mix-
ture [149]. The image in the middle shows the extraction of fibers, with glass fiber
having a bridging effect due to its extended length compared to jute fibers [25].
At the top right, the slippage of concrete is visible, likely due to the presence of a
smooth surface and round-shaped aggregates in the concrete mix on the bottom
left, cracking in the mortar is evident, and at the bottom, right, cavities and voids
are discernible likely caused by inadequate mixing or compaction during casting.
Figure 4.14 illustrates the micro-structure analysis of fiber-reinforced compos-
ite. In hybrid composites, the flexural properties are significantly influenced by
the presence of glass fibers [129]. These fibers predominantly bear the load, and
upon their failure, the residual load is shifted to the jute fibers. Examining the
provided image, it becomes apparent that irregularities in the results stem from
factors such as voids, inadequate bonding between the fibers and matrix, and

improper blending.

Developed
cavity

Fiber Bond

with concrete

Crack Fiber Fiber
surface | | Stretch || pull out

Fiber twisting
Air vouds
Stretch fiber
Fiber roughness due to load

FIGURE 4.13: Scanning Electron microscopic Analysis (SEM)
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4.5.2 X-ray Diffraction Analysis Test (XRD)

X-ray diffraction (XRD) analysis was meticulously conducted on a concrete spec-

imen incorporating 2.5% jute fiber and 2 .5% g lass fi ber to in terrogate it s crys-

talline structure and mineral composition. The XRD pattern clearly exhibited
diffraction p eaks t hat correlated with well-established crystalline p hases inherent

to concrete, notably including calcium silicate hydrates (C-S-H), calcium hydrox-
ide (CH), and calcium carbonate (C,CO3) [81, 83, 86]. These phases are funda-
mental constituents intricately linked to the cement hydration mechanism [92].

Significantly, it was observed t hat t he inclusion of b oth jute and glass fi bers did

not introduce novel crystalline phases nor substantially modify the mineral com-
position of the concrete specimen [88].

This observation strongly implies that the fibers primarily played a mechanical
role, augmenting the concrete’s mechanical attributes without inducing
significant alterations in its mineralogical constitu-tion [103].These stages are
essential components intricately interconnected with the process of cement
hydration. Figure 4.15 illustrate the XRD analysis of the concrete specimen,
featuring 2.5% jute and 2.5% glass fiber, yielded valuable insights into its
crystalline framework, confirming the presence of customary con-crete phases.
Simultaneously, it underscored the fibers’ mechanical enhancement without
materially affecting the mineral composition. The XRD analysis revealed that the
inclusion of both jute and glass fibers in the concrete specimen did not
introduce novel crystalline phases or substantially modify the mineral composi-
tion. This finding aligns with the mechanical and dynamic testing results, which
demonstrated significant improvements in mechanical properties such as compres-
sive strength, modulus of rupture, and fracture toughness due to the addition of
HNS-FRCs. The absence of significant changes in mineral composition indicates
that the fibers primarily played a mechanical role in augmenting the concrete’s
performance, confirming the correlation between the XRD findings and the ob-
served enhancements in mechanical properties. Figure 4.15 presents the XRD
analysis of the concrete specimen, incorporating 2.5% jute and 2.5% glass fiber.

This analysis provides valuable insights into the crystalline framework.
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FIGURE 4.14: X-ray Diffraction Analysis (XRD)

4.6 Summary

Comprehensive testing was conducted on a range of concrete specimens, including
plain concrete and HNS-FRCs. These tests encompassed evaluation of mechanical,
dynamic, slump cone, and various mechanical properties, providing a comprehen-
sive analysis of the material behaviors. The mix design employed a precise ratio of
1:2:3 for aggregates, cement, and sand, with a targeted water cement (w/c) ratio
of 0.45. Additionally, superplasticizers were thoughtfully incorporated to enhance
workability and performance. The addition of HNS-FRCs significantly improves
various mechanical properties, such as energy absorption, toughness index, and
overall strength, thereby enhancing structural performance. The observed en-
hancements in mechanical properties of specimen A4, having equal quantities of

fiber i.e. 2.5% jute+2.5% glass, compared to PC reflect the effective reinforcement
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provided by hybrid natural and synthetic fibers. Despite an apparent deviation be-

tween mix design and results, these improvements underscore the adaptability and
resilience of concrete mixtures, wherein variations in material properties can lead
to unexpected enhancements in structural performance. Moreover, the SEM anal-
ysis supports these findings by revealing a d enser microstructure with improved

fiber-matrix bonding in A4, further supporting its superior mechanical properties.

Thus, while probable deviations from mix design may occur, the significant im-

provements observed in A4 highlight the potential for optimizing concrete mixtures
through careful consideration of material interactions and structural performance.

In terms of compressive strength, A2, A3, and A5 experience a decrease of 22%,
17.46%, and 2% compared to PC, while A4 and A6 show an increase of 8.5% and
7.5%, respectively, due to fiber ¢ ontent. M OE d ecreases by 2 3.6%, 1 7.46%, and

2.6% in A2, A3, and A5, but increases by 3% in A4 and 7% in A6. CE1 values
decrease by 8%, 35%, and 30% in A3, A4, A5 and A6 exhibits an increase in HNS-
FRCs, CTE in A2, A4, and A5 is observed at 131%, 1%, and 12%, respectively,
compared to PC, CTI increased by the same percentages relative to PC. STS value
increases by 34% in A5 compared to PC, and STI an increase 81%, 215%, 153%,

51%, and 67% in A2, A3, A4, A5, and A6, respectively, in HNS-FRCs relative to
PC.

Modulus of Rupture (MOR) demonstrates an increase of 38%, 51%, 69%, and 21%
in A2, A4, A5, and A6 compared to PC, while FTE increases by 103%, 58%,
135%, 99%, and 100%, respectively. FTI exhibits an increase of 7%, 38%, 39%,
11%, and 40%, respectively, in HNS-FRCs compared to PC. The damping ratio in
HNS-FRC cylinders increases by 125%, 75%, 35%, 128%, and 108% compared to
PC. In a previous study, adding 50mm jute fiber to concrete with a mix of 1:3:1.5
resulted in a significant 36% reduction in compressive strength [168]. Similarly,
a decrease in compressive strength was observed in recycled aggregate concrete
as the jute fiber content exceeded 0.5%, attributed to inadequate dispersion and
bonding between fibers and the matrix [169]. Whereas, current investigation re-
veals a contrasting outcome, with the optimized mix showing an 8.5% increase in
compressive strength through the utilization of hybrid fibers. Previous research

utilizing 50mm glass fibers in concrete with a composition of 1:3.33:1.67 showed
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a 5% increase in MoR [170], while another study reported a 20% increase in MoR
with a 1% glass fiber content compared to plain concrete [171]. In contrast, this
study demonstrates a considerable increase of 51% in MoR with the optimized
mix employing hybrid fibers. This divergence highlights the effectiveness of hy-
brid fiber reinforcement in enhancing mechanical properties compared to single
fiber. Moreover, glass fibers especially show greater resistance to tensile forces
than jute fibers as represented in SEM test. The superior mechanical properties of
the A4 and A6 mixes can be attributed to optimized fiber combinations, uniform
dispersion, strong fiber-matrix bonding, and synergistic effects between jute and
glass fibers. These factors collectively enhance reinforcement within the concrete
matrix, improve load transfer mechanisms, and resist crack propagation, resulting

in higher strength and toughness compared to other formulations.



Chapter 5

Discussion and Guidelines for
Practical Implementation in

Rigid Pavements

5.1 Background

The experimental samples utilized in the study yielded quantitative outcomes re-
garding the impact of length of jute and glass fibers on the characteristics of jute
and glass fiber strengthened concrete. The mechanical properties of concrete were
demonstrated through stress strain, load deflection, and load deformation curves,
which revealed the effect of hybrid jute and glass fibers’ lengths. The data re-
quired from dynamic and mechanical testing was then employed to establish the
most suitable fiber length combinations for jute and glass fibers. Using data from
dynamic and mechanical testing, the research identified the most suitable combi-
nations of fiber lengths for both jute and glass fibers in concrete reinforcement.
This chapter extensively discusses the practical application of this research and

recommends the use of JG-FRC for rigid pavement implementation in real-life.
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5.2 Optimized Combinations of Jute and Glass
Fibers

This comprehensive study indicates that, in the context of flexural members such
as beams and rigid pavements, their behavior closely resembles that of a slab.
Initially, A5 and A6 can be supported for optimized mix. Whereas A5 and A6
exhibit zero slump, indicating poor workability of mix. Hence, on careful analysis
of testing data reveals that A4 emerges as the optimized mix. Through meticulous
examination of mechanical and dynamic properties, it becomes evident that A4
shows superior performance compared to other mixes. Factors such as fiber con-
tent, distribution, and matrix-fiber interaction play crucial roles in determining
concrete properties. A4 demonstrates an optimal balance, exhibiting enhanced
strength, toughness, and energy absorption capabilities, making it the preferred
choice for rigid pavement applications. By prioritizing data-driven analysis, A4
emerges as the optimized mix, showcasing the importance of comprehensive evalu-
ation in concrete mix design. Table 5.1 displays the extreme values obtained from
an array of mechanical and dynamic tests. The introduction of hybrid natural and
synthetic fibers exerts a positive influence on both splitting tensile and flexural
strength [53]. Conversely, the incorporation of hybrid natural and synthetic fibers
derived from agricultural and commercial waste has a detrimental impact on the
compressive strength of concrete. Figure 5.1 graphically represents the influence
of varying hybrid fiber lengths on the properties of JG-FRCs. From a toughness
perspective, A5 (JG-FRC4) emerges as the preferred choice for both compres-
sion and tensile loading scenarios due to its superior toughness characteristics. In
contrast, for flexural loading applications, A6 (JG-FRC5) takes precedence as it
exhibits the highest toughness levels under such loading conditions. The addition
of hybrid fibers with varying lengths has significantly improved the CTI |, STT ,
and FTI in JG-FRCs compared to conventional plain concrete. These percentage
variations in strengths, absorbed energies, and toughness indices are graphically
depicted in Figure 5.1. Notably, there is a substantial increase in absorbed ener-

gies in the case of JG-FRC5, especially in the context of splitting tensile loading.
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Based on the detailed analyzation of the testing data, the overall optimized mix
in this study appears to be specimen A4. This specimen exhibited an increase
in compressive strength by 8.5% compared toPC, indicating enhanced strength.
Additionally, A4 demonstrated an increase in MoE by 3%, MoR by 51%, FTE
by 135%, and FTI by 39% compared to PC. These improvements in mechanical
properties suggest that the addition of HNS-FRCs in specimen A4 effectively en-
hances the overall strength of the concrete mix. Furthermore, the damping ratio
in A4 cylinders increased by 128% compared to PC, indicating improved dynamic
behavior and potential resistance to vibrations, which are crucial for structural
integrity. The inclusion of hybrid fibers, combining both natural and synthetic
elements, enhances both splitting tensile and flexural strength in concrete. In
contrast, the integration of hybrid fibers from agricultural and commercial waste,
which encompass both natural and synthetic components, adversely affects the

compressive strength of the concrete.
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FiGURE 5.1: Optimized Percentage of Hybrid Jute and Glass Fibers



TABLE 5.1: Optimization of HNS-FRCs Specimens

Speci- MOE CS CTE CTI STS STE STI MOR FTE FTI % ED
mens (GPa) (MPa) (MJ/m?) (MPa) (MJ/m?) (MPa) (MJ/m?) (GPa)
Al 30 1765 0.103 1 2.2 11.33 1 2.5 3.4 1 4 4.75
A2 2345 14.2 0.24 3.95 2.07 64.9 1.81 3.4 6.87 1.06 9 6.13
A3 2485 1474  0.15 2.28 2.03 48.9 3.15 2.49 5.4 1.38 7 2.3
A4 31.2 18.02  0.1521 1.7 2.04 33.2 2.53 3.8 7.9 1.4 9.35 6.24
A5 29.4 20.22  0.17 1.48 2.89 31.7 1.5 4.2 6.7 1.109  9.09 6.19
A6 32.25 21.24  0.17 1.84 1.86 51.5 1.67 3.08 6.8 1.4 8.33 6.29
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5.3 Design and Operational Strategies of Rigid

Pavement

In the domain of rigid pavement design, the determination of concrete thickness
hinges upon two fundamental factors the modulus of elasticity and the modulus
of rigidity [63]. These critical parameters find extensive use in pavement design
through software systems such as AASHTO and American Concrete Pavement As-
sociation (ACPA) Street Pave [70]. Modifying the parameters of elasticity modulus
and rupture modulus, while holding all other variables same, presents an opportu-
nity to strategically reduce the necessary thickness of the concrete pavement [109].
As emphasized by Delatte [110], AASHTO recommends deriving the modulus of
elasticity derived from the compressive durability of samples of concrete, given its
limited influence on pavement thickness. Consequently, this modulus can be de-
termined through testing the crushing strength for concrete specimens. The data
table, Table 5.2, provides computed thickness values for HNS-FRC specimens
in comparison to PCC. Notably, the values of the MOR and MOE exhibit vari-
ations depending on the specific concrete mix under consideration. The manual
calculation of concrete pavement thickness employs the AASHTO pavement equa-
tion where Ec denotes the Elastic Modulus of Concrete (in psi), Sc represents the
Flexural Strength of Concrete (in psi, determined empirically), W18 signifies the
Traffic Load in Equivalent Standard Axle Loads (5.1 X 10% ESALSs), Zp is standard
normal variation, Sy is overall Standard deviation, ;8 is predicted number of load
18kips ESAL, D is the thickness of concrete pavement, E. is elastic modulus of
concrete, Sc id modulus of rupture, J is load transfer coefficient, Cy is a drainage
Coefficient. In the domain of rigid pavement construction, it is imperative to note
that specimens A2, A3, A4, A5, and A6 exhibit significantly reduced thickness val-
ues in comparison to conventional Portland cement (PC) pavement. Among these
specimens, A5 and A4 stand out for achieving the most substantial reduction in
thickness while simultaneously demonstrating superior mechanical and dynamic
performance characteristics. It is essential to emphasize that A2, A3, and A6 also

display reduced thickness profiles relative to PC, albeit slightly higher than those
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observed in A4 and A5. This discrepancy can be explained by the elevated jute
fiber content incorporated into these specific specimens, resulting in an increase in
the Modulus of Rupture (MOR). The variation can be accounted for by the higher
presence of jute fibers in these particular samples, which leads to an elevation in

the Modulus of Rupture (MOR).

10g10[0PST /(4.5 — 1.5)]
1+ [(1.624 x 107) /(D + 1)346]

+(4.22 — 0.32P))logio { SOl BT 139075 _ [18.42/(E, /)] ) }

lOglowlg = ZRSO + 735[0910<D + 1) —0.06 +

(5.1)
Equation 5.1 shows the AASHTO design equation for rigid pavements. The
AASHTO design equation for rigid pavement, outlined in the AASHTO Guide
for Design of Pavement Structures, provides a systematic approach for determin-
ing the required thickness of rigid pavements based on various design parameters
such as traffic loading, material properties, and environmental conditions. The
equation incorporates empirical factors and structural analysis principles to en-
sure pavement performance and durability under anticipated traffic loads and
environmental stresses. It considers factors such as traffic volume, axle loads,
sub-grade strength, concrete properties, and climatic conditions to calculate the
required thickness of the pavement section. The equation provides comprehensive
approach to pavement design by extensive research and empirical data, making it a
widely accepted and reliable methodology for designing rigid pavements that meet
safety, performance, and longevity requirements in transportation infrastructure
projects. Figure 5.2 illustrate that the comparison of hybrid fiber with reference
PCC specimens. Thus, the heightened jute fiber content within the concrete ma-
trix definitively improves the performance characteristics of solid road surfaces,
including both cost-effectiveness and structural durability. This imperative to ad-
vance pavement engineering is particularly salient in the context of developing
nations. Improving the performance characteristics of solid road surfaces holds
a critical role in creating more sustainable transportation infrastructure. This

enhancement, which focuses on aspects such as cost-effectiveness and structural
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durability. The pivotal role played by MOR in thickness reduction is substanti-
ated by the empirical evidence presented in Table 5.2. The augmented jute fiber
content within the concrete matrix definitively enhances the performance charac-
teristics of rigid road surfaces, encompassing both cost-effectiveness and structural
durability. This imperative holds heightened significance in the context of devel-
oping nations, emphasizing the critical role of pavement engineering advancement.
Elevating the performance of solid road surfaces plays a pivotal role in establishing
more sustainable transportation infrastructure. The empirical evidence presented
in this context substantiates the crucial influence of Modulus of Rupture (MOR)

in thickness reduction.
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FIGURE 5.2: Improvement in Performance of Rigid Pavement with Utilization
of Hybrid Fiber



TABLE 5.2: Pavement thickness design of rigid pavement using AASHTO equation

Material Flexural Compressive Modulus of Thickness from increase Decrease
Strength Strength Elasticity AASHTO equation (%) (%)
FS (MPa) CS (MPa) MOE (MPa) (h1) (mm)

Al 2.5407 17.65 30 2174 - -

A2 3.4974 14.2 23.5 185.23 37 -

A3 2.4918 14.74 24.9 219.11 - 2

A4 3.8442 18.02 31.2 176.8 51 -

A5 4.2915 20.22 29.4 167 68 -

A6 3.0855 21.244 32.3 197.2 21 -
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5.4 Practical Implementations

In various civil engineering applications, concrete structures are subjected to a
range of loads, encompassing both dynamic and mechanical forces. These burdens
place considerable pressure on the effectiveness and functionality of concrete, with
factors such as tensile and compressive strengths playing pivotal roles. Within the
domain of rigid pavement applications, the genesis of cracks predominantly arises
from factors including linear shrinkage, water absorption, and tensile strength.
Conventionally, the strategy for mitigating concrete cracking involves harnessing
the tensile and flexural properties of concrete [ 111]. E ffective control of concrete
cracking necessitates ensuring that induced stresses remain below the concrete’s
tensile strength threshold [112].

Furthermore, cracking stemming from differen-tial settlement can be addressed
through augmentations in the flexural strength of the concrete. Hence, it is
imperative to meticulously consider both mechani-cal and dynamic loading
scenarios to safeguard concrete structures [104]. In this study, we conducted a
comprehensive assessment of the performance character-istics of Portland
Cement (PC) and High-Performance Natural Fiber-Reinforced Concretes (HNS-
FRCs), incorporating varying proportions of jute and glass fibers. Our findings
reveal that specimens labeled A2, A3, A4, A5, and A6 exhibit su-perior
performance attributes suitable for pavement applications, as they enhance the
mechanical properties of concrete in comparison to traditional PC. Notably,
specimens A4 and A5 outperform other HNS-FRC variants. Furthermore, speci-
mens A2, A3, A4, A5, and A6 demonstrate the potential to reduce crack formation
due to their heightened flexural and tensile strength properties. This observation
is further substantiated through an analysis of the relationship between Values for
the coefficient of damping and values for the dissipation of energy, obtained from
experimental data. Given that resonant responses during seismic events can pre-
cipitate structural failures, the augmented damping ratios observed in HNS-FRCs
underscore their capacity to mitigate oscillations, owing to their superior energy
absorption characteristics compared to PC. The improved properties of HNS-FRCs

in crack reduction imply that the practical adoption of this investigated material
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can lead to elevated functionality, longevity, and efficiency of pavements. It is
worth noting that Farooqi and Ali[28] pioneered the integration of wheat straw
fiber in concrete, resulting in the development of the first fiber-reinforced rigid
pavement, thus confirming its practical viability and performance. Additionally,
researchers such as K. Arooj and M. Ali [128] have explored the use of hybrid
natural fibers in concrete to drive enhancements in the performance of rigid pave-
ments.

Figure 5.3 provides a comprehensive visual representation, meticulously detailing
the process of placing and constructing FRC. The successful realization of rigid
pavement empirically validates the effectiveness of integrating fibers within this
application, substantiating their profound impact on critical structural properties.
In today’s construction landscape, fibers have garnered unparalleled attention and
are widely utilized as essential additives in concrete formulations. This preemi-
nence is due to their ubiquitous availability, easy handling characteristics, and
their demonstrable capacity to significantly enhance the mechanical and durabil-

ity attributes of concrete.

Surface preparation Concrete lying Concrete leveling Prepared pavement

FIGURE 5.3: Wheat straw fiber reinforced concrete pavement [28]

However, the primary obstacle to their widespread practical deployment remains
their limited availability in forms suitable for large-scale implementation, empha-
sizing the pressing need for readily processed fiber materials. Facilitating the
accessibility of these processed fibers to the construction sector, along with a ro-
bust educational campaign, has the potential to effect substantial reductions in the
utilization of various natural resources [89]. The concomitant reduction in resource
consumption would invariably lead to a commensurate decrease in the overall costs

associated with construction projects, while concurrently engendering significant
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enhancements in structural performance and longevity. This salutary effect is
particularly conspicuous in the domain of rigid pavements, where the synergistic

benefits of fiber reinforcement can be optimally harnessed.

5.5 Summary

The test specimens employed in the investigation produced measurable results
concerning how the length of jute and glass fibers affects the properties of con-
crete reinforced with these fibers. The mechanical characteristics of the concrete
were illustrated using stress-strain, load-deflection, and load-deformation curves,
providing insights into the influence of the lengths of both jute and glass fibers.
The information gathered from dynamic and mechanical tests was subsequently
used to determine the most optimal combinations of fiber lengths for both jute
and glass fibers. In this chapter, there is an in-depth exploration of the practical
applications of this research, along with a recommendation for utilizing JG-FRC

for the construction of rigid pavements in real-world scenarios.



Chapter 6

Conclusions and Future

Recommendations

6.1 Conclusions

The present study investigates the mechanical behavior of Hybrid Natural and
Synthetic Fiber Reinforced Concretes (HNS-FRCs) featuring diverse fiber content
compositions, which combine jute and glass fibers. These variations in fiber con-
tent serve as parameters for evaluating the optimal fiber-to-cement ratio with the
aim of mitigating crack propagation within rigid pavements. Plain cement con-
crete (PCC) properties are employed as the benchmark for comparative analysis.
To produce the HNS-FRC specimens, we systematically introduced fiber contents
of 1%, 2%, 2.5%, 3%, and 4% by mass of cement. Jute fibers, measuring 50 mm
in length, and glass fibers, measuring 25 mm in length, were selected for inclusion
in the mix. A consistent mix design ratio of 1:2:3 was applied for both PCC and
HNS-FRCs, ensuring uniformity in testing conditions. The following conclusions

emerge from the study’s findings:

e The incorporation of fibers within hybrid natural and synthetic fiber-reinforced

concrete (HNS-FRC) significantly enhances various mechanical properties,
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including energy absorption, the toughness index, and overall strength, thereby

improving structural performance.

e Compressive strength (CS) experiences a decrease of 22%, 17.46%, and 2%
in A2, A3, and A5 when compared to plain concrete (PC).

e A4 and A6 demonstrate an increase of 4% and 7.5% in compressive strength,

respectively, due to optimal fiber content.

e Modulus of elasticity (MOE) registers a reduction of 23.6%, 17.46%, and
2.6% in A2, A3, and A5 but an increase of 3% in A4 and 7% in A®6.

e CE1 values decrease by 8%, 35%, 30%, in A3, A4, and A5 due to the use
of less dense fibers, whereas A6 exhibits an increase owing to the higher

strength of the fibers.

e CTE in HNS-FRCs A2, A4, and A5 is observed at 131%, 1%, 12%, re-
spectively, compared to PC. Concurrently, the CTI increases by the same

percentages relative to PC.

e STS increases by 34% in A5 compared to PC.

e STI experiences an increase of 81%, 215%, 153%, 51%, and 67% in A2, A3,
A4, A5, and A6, respectively in HNS-FRCs relative to PC.

e Modulus of Rupture (MOR) demonstrates an increase of 38%, 51%, 69%,
and 21%, in A2, A4, A5, and A6 compared to PC, while Fiber FTE increases
by 103%, 58%, 135%, 99%, and 100%, respectively.

e FTI exhibits an increase of 7%, 38%, 39%, 11%, and 40%, respectively in
HNS-FRCs compared to PC.

e The damping ratio in HNS-FRC cylinders increases by 125%, 75%, 35%,
128%, and 108% compared to PC.

e Glass fibers exhibit greater resistance to pull-out forces than jute fibers due

to their extended embedded length and increased frictional surface area.
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The presence of fibers in HNS-FRCs leads to an increase in voids and the

formation of air bubbles within concrete specimens.

e A2 A3, A4, A5, and A6 specimens demonstrate a reduction in rigid pave-

ment thickness due to an enhanced modulus of rupture.

e The improved properties of HNS-FRCs specimens make them economically
and durably suitable for practical applications, particularly in developing

countries.

e Among the various HNS-FRC compositions investigated, A2, A3, A4, A5,
and A6 exhibit enhanced efficiency in controlling cracking within rigid pave-
ments, possibly due to the optimized bonding between fibers and specific

concrete content.

6.2 Future Recommendations

Therefore, jute and glass, when combined in hybrid configurations within fiber-
reinforced concrete, hold promise for improving concrete properties by adjusting
their proportions in the concrete mix. The following tasks should be taken into
account for future research efforts aimed at gaining a more comprehensive under-
standing of the behavior of Hybrid Natural-Synthetic Fiber-Reinforced Concretes
(HNS-FRCs):

e [t is essential to investigate HNS-FRCs using various fiber lengths while

maintaining a constant fiber content.

e The enhancement of rigid pavement performance involves the utilization of

wheat straw fiber, combined with the hybridizing effect of glass fibers.

e To improve the performance of rigid pavement, researchers have incorporated
alternative filler materials such as ceramic waste, marble waste, etc., by

partially replacing cement in HNS-FRCs.
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e The introduction of additive filler materials like fly ash into HNS-FRCs has

been explored to enhance rigid pavement performance.

e There is a need to explore the long-term durability of jute and glass fibers

in concrete under various environmental conditions.

e One strategy for improving rigid pavement performance is to employ a hybrid

effect by combining poly-propylene fiber with glass fiber.

e Research efforts should encompass empirical studies and the development of

finite element models using HNS-FRC specimens.

e Investigating fiber decay within concrete mixtures is crucial for assessing

performance under varying environmental conditions over time.

e It is advisable to conduct a Life Cycle Cost Analysis (LCCA) of agricultural
and commercial waste materials, such as glass fibers and jute fiber reinforced
concrete, including processing and construction costs. This analysis will shed

light on the economic aspects of their utilization as products.
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