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Abstract

Cement concrete pavements have relatively longer life as compared to flexible

pavements. However, the use of cement in rigid pavement leads towards issues like

shrinkage cracking during the curing phase that propagate towards macro-cracks.

The appearance of cracks on the surface of pavement leads to deterioration which

effects the functionality of the pavement, this deterioration starts at an initial

service life of the pavement. Sustainable concrete, which is also known as green

concrete, is a type of concrete that is produced using environmentally friendly

materials and has a minimal impact on the surrounding environment. Fibers like;

banana fiber, have the potential to enhance the concrete performance in regard

to tensile strength and toughness while banana leaf ash increases the strength in

compression concrete. The overall goal of the research program is to develop rigid

pavements, that are more economical and have better structural performance as

compared to conventional rigid pavements, using the available agricultural waste

specifically banana leaf ash and banana fibers.

This specific study is being carried out to evaluate the mechanical properties

and water absorption properties of concrete having banana leaf ash and banana

fiber. The obtained mechanical values are then used as input for the mechanistic-

empirical design of rigid pavement to evaluate the performance of the pavement

designed using this new sustainable material. Hence it is important to find the

mechanical properties of the concrete having banana fiber and banana leaf ash.

24 samples in total are cast, and a total of four batches of concrete are cast with

each batch comprising 3 cylinders for compression testing, and 3 cylinders for split

tensile testing. The first batch includes the PC samples which are used as reference

samples and batches two, three, and four include concrete having fiber contents

of 1%, 1.5%, and 2.5%, respectively. Each of these later discussed batches also

contains 10 percent banana leaf which is used as a partial replacement for cement.

The length of the fibers used is 50mm. Using the properties of the concrete

mixes, rigid pavement is designed using the AASHTOWare MEPD software which

predicts the performance of the pavements.



ix

The addition of fibers of banana and partial replacement of cement with banana

leaf ash shows that the compressive strength decreases 8%, 9%, 22% for C1, C2 and

C3, respectively. However, the splitting tensile strength increases. The increase in

strength in splitting tensile as compared to conventional concrete is 4%, 12%, 22%

for C1, C2 and C3, respectively. Performance analysis using the AASHTOWare

MEPD shows that, rigid pavement designed using C1, C2 and C3 concrete results

in a better performing pavement, specifically C3. The failure against faulting

for PC, C1, C2, and C3 pavements is predicted to be 24, 25, 27 and 28 years.

Similarly, against IRI the failure prediction by MEPD is 34, 35, 37.5, and 40 years

for PC, C1, C2 and C3, respectively.



Contents

Author’s Declaration iv

Plagiarism Undertaking v

List of Publications vi

Acknowledgement vii

Abstract viii

List of Figures xiii

List of Tables xiv

Abbreviations and Symbols xv

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Research Motivation and Problem Statement . . . . . . . . . . . . . 3

1.2.1 Research Questions . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Overall Goal of the Research Program and Specific Aim of this MS
Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Scope of Work and Study Limitations . . . . . . . . . . . . . . . . . 5

1.4.1 Rationale behind Variable Selection . . . . . . . . . . . . . . 5

1.5 Novelty of Work, Research Significance and Practical Implementation 6

1.6 Brief Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.7 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Literature Review 9

2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Material related Flaws in Rigid Pavements, and Remedial Measures 10

2.3 Properties of Sustainable Concrete . . . . . . . . . . . . . . . . . . 13

2.3.1 Properties of Sustainable Concrete having Natural Ash . . . 13

2.3.2 Properties of Sustainable Concrete having Natural Fibers . . 17

2.3.3 Properties of Sustainable Concrete having both
Natural Fibers and Natural Ash . . . . . . . . . . . . . . . . 20

x



xi

2.4 Development and Performance of Rigid
Pavements using Sustainable Concrete . . . . . . . . . . . . . . . . 21

2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3 Experimental Program 26

3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 Raw Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.1 Banana Leaf Ash . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.2 Banana Fibers . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3 Mix Design, Casting Procedure, Fresh
Properties and Specimens . . . . . . . . . . . . . . . . . . . . . . . 29

3.4 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.4.1 Dynamic Properties Tests . . . . . . . . . . . . . . . . . . . 34

3.4.2 Mechanical Properties Tests . . . . . . . . . . . . . . . . . . 34

3.4.3 Water Absorption Test . . . . . . . . . . . . . . . . . . . . . 35

3.4.4 SEM Analysis of Damaged Surfaces . . . . . . . . . . . . . . 35

3.5 Procedure for Prediction of Rigid Pavement Performance . . . . . . 36

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4 Results & Discussions 41

4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 Dynamic Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Mechanical Properties . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3.1 Properties under Compressive Loading . . . . . . . . . . . . 43

4.3.2 Properties under Split Tensile Loading . . . . . . . . . . . . 47

4.4 Water absorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.5 SEM Analysis of Concrete Samples having Banana Leaf Ash and
Banana Fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5 Practical Application 53

5.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.2 Comparison for Optimized Mix . . . . . . . . . . . . . . . . . . . . 53

5.3 Performance of Sustainable Pavement . . . . . . . . . . . . . . . . . 55

5.3.1 Rigid Pavement Faulting Prediction . . . . . . . . . . . . . . 58

5.3.2 Rigid Pavement IRI Prediction . . . . . . . . . . . . . . . . 59

5.3.3 Comparison of pavement age for IRI and Faulting . . . . . . 61

5.4 Impact of Extreme Conditions on Material Properties and Pave-
ment Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6 Conclusion and Recommendations 65

6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66



xii

Bibliography 68

Appendix A 82

Appendix B 86



List of Figures

2.1 Schematic Diagram for Systemic Review of Literature . . . . . . . . 10

2.2 Shrinkage Cracks on Pavement. a) Shrinkage Cracking at Initial
Stage, b) Shrinkage Cracking at Later Stage c) Macro-cracks , d)
Fracture of Rigid Pavement . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Compressive Strength of Banana Leaf Ash Concrete at 7, 28, 90
days [4] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 Load Deformation Curve for Concrete having Hybrid Fibers [106] . 18

3.1 Raw Materials a) Gradation Curve b) Raw and Treated Banana
Fibers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Fresh Concrete Properties a) Concrete Slump b) Compaction Factor
C) Fresh Concrete Density . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 Test Setup a) Compressive Testing, b) Splitting Tensile Testing, c)
Water Absorption, d) Dynamic Testing . . . . . . . . . . . . . . . . 35

3.4 Mechanistic Empirical Pavement Design Procedure . . . . . . . . . 37

4.1 a) Stress - Strain Curve of Samples b) Failure Behavior c) Compar-
ison of Compressive Properties . . . . . . . . . . . . . . . . . . . . 45

4.2 a) Load Deformation Curves of Samples b) Failure Behavior c) Com-
parison of Splitting Tensile Properties . . . . . . . . . . . . . . . . . 48

4.3 SEM of Damaged Surface of C3 . . . . . . . . . . . . . . . . . . . . 51

5.1 Predicted Faulting Versus Pavement Age a) Huang Rigid Pavement
b) Current Research . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.2 Predicted IRI Versus Pavement Age a) Huang Rigid Pavement b)
Current Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.3 IRI and Faulting Relation between Pavement Age and Concrete Type 61

A1 a) Load Deflection Curves of Samples b) Failure Behavior c) Com-
parison of Flexural Properties . . . . . . . . . . . . . . . . . . . . . 84

B2 Faulting vs Pavement Age for Pavement after Exposure to Extreme
Temperatures a) for Huang Rigid Pavement b) Current Research . . 86

B3 IRI vs Pavement Age for Pavement after Exposure to Extreme Tem-
peratures a) for Huang Rigid Pavement b) Current Research . . . . 87

B4 IRI and Faulting Relation between Pavement Age and Concrete
Type after Exposure to High Temperature . . . . . . . . . . . . . . 88

xiii



List of Tables

2.1 Properties of Banana Leaf Ash [1] . . . . . . . . . . . . . . . . . . . 15

2.2 Properties of Banana Fiber as per Literature . . . . . . . . . . . . 19

2.3 Fiber Reinforced Concrete Pavement Performance [54] . . . . . . . 24

3.1 Concrete Mixtures Design Proportions (kg/m3) . . . . . . . . . . . 30

3.2 Design Considerations for Pavement Design . . . . . . . . . . . . . 36

3.3 Average Temperature Data for Islamabad [54] . . . . . . . . . . . . 38

4.1 Dynamic Properties of PC and Concrete Cylinders having Banana
Leaf Ash and Banana Fiber . . . . . . . . . . . . . . . . . . . . . . 42

4.2 Compressive Strength Properties of PC and Concrete having Ba-
nana Leaf Ash and Banana Fiber . . . . . . . . . . . . . . . . . . . 46

4.3 Split Tensile Strength Properties of PC and Concrete having Ba-
nana Leaf Ash and Banana Fiber . . . . . . . . . . . . . . . . . . . 49

4.4 Water Absorption (%) of PC and concrete cylinders having banana
leaf ash and banana fiber . . . . . . . . . . . . . . . . . . . . . . . . 50

5.1 Design Thickness Comparison . . . . . . . . . . . . . . . . . . . . . 57

5.2 IRI and Faulting Values after Completion of Design Life . . . . . . 62

A1 Linear Shrinkage (%) and Mass Loss (%) of PC and Concrete having
Banana Leaf Ash and Banana Fiber . . . . . . . . . . . . . . . . . . 82

A2 Dynamic Properties of PC and Concrete having Banana Leaf Ash
and Banana Fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

A3 Flexural strength properties of PC and Concrete having banana leaf
ash and banana fiber . . . . . . . . . . . . . . . . . . . . . . . . . . 85

xiv



Abbreviations and Symbols

A Aggregate

BF Banana fiber

BFC Banana fiber concrete

BLA Banana leaf ash

C Cement

C1 Concrete having 1% Banana fiber and 10% Banana leaf ash

C2 Concrete having 1.5% Banana fiber and 10% Banana leaf ash

C3 Concrete having 2.5% Banana fiber and 10% Banana leaf ash

CEF Compressive energy absorbed after peak load

CEP Compressive energy absorbed up to peak load

CET Total compressive energy absorbed

CTI Compressive toughness index

DEM Dynamic modulus of elasticity

DMR Dynamic Mmodulus of rigidity

Em Energy-absorption up to maximum load

FEF Flexural energy absorbed after peak load

FEP Flexural energy absorbed up to peak load

FET Total flexural energy absorbed

fl Longitudinal frequency

fr Torsional frequency

FRC Fiber reinforced concrete

FS Flexural strength

FTI Flexural toughness index

ft Transverse frequency

xv



xvi

Hz Hertz

JPCP Jointed plain cement pavement

JWSRCP Jointed wheat straw reinforced cement pavement

kg kilogram

KN kilo newton

MEPD Mechanistic empirical pavement design

mm millimeter

MoR Modulus of rupture

MPa Mega Pascal

NFRC Natural fiber reinforced concrete

PC Plain concrete

PRC Plain reinforced concrete

S Sand

s Second

SC Strength in Compression

SHTM Servo-hydraulic testing machine

SP Superplasticizer

STEP Splitting tensile energy absorbed up to peak load

STS Splitting tensile strength

TE Total energy absorbed

TSTE Total splitting tensile energy absorbed

TTI Total toughness Index

w/c Water-cement ratio

δ Stress

m3 Cubic meter

∆ Delta

ξ Damping ratio

Pmax Maximum load



Chapter 1

Introduction

1.1 Background

Rigid pavements are considered effective for heavy traffic vehicles, but the con-

struction cost is very high. Moreover, the failures occurring on rigid pavement

due to excessive loading are also an issue that needs consideration. Therefore, it

is necessary to devise a method that will reduce material usage for rigid pavement

construction. Sustainable concrete, or green concrete, is an eco-friendly build-

ing material created with environmentally conscious materials that have minimal

impact on the environment [1–3]. Modern research is focused on the usage of

cheap waste material in concrete to increase the performance of concrete. The

beam or slab action of rigid pavements, under the application of vehicular load,

makes it experience compressive and tensile stresses above and below the neutral

axis, respectively. The use of banana leaf ash as a partial replacement for cement

increases the compressive strength of concrete [4]. On the other hand, fibers in

concrete increase the strength in tension of concrete by providing an anchoring

effect [5]. According to the literature, almost 40 percent of the cracking appears

on the surface of concrete structures before the concrete actually enters the solid

state and of this 40 percent 80 percent is shrinkage cracking. Common concrete

flaws include the lower mechanical properties, and high cost of construction. Lower

mechanical properties lead towards distresses in the pavement but with the use of

1
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wastes like fibers and other materials in concrete the cost and distresses can be

reduced with increased mechanical properties.

The values of modulus of elasticity and modulus of rupture is associated with the

performance of the pavement, and increasing these properties results in a bet-

ter performing pavement. Increasing the compressive strength can help in better

performing pavements and modulus of rupture can be calculated using tensile

strength. Kanning et al. [6] studied the compressive strength of PC and lime-

based mixtures of banana leaf ash. It was found that banana leaf ash meets the

requirements i.e. if the grinding time is for 30 minutes duration. These require-

ments include pozzolanic reactivity and uniform particle size distribution. These

are met when grinding time is 30 minutes as per [4]. Another study on BLA re-

vealed that using BLA 10-20 percent gives a higher value of compressive strength

than the ordinary reference samples. Concrete samples with 10 percent BLA gave

a compressive strength of 25 percent higher and samples with 20 percent BLA

showed 40 percent higher compressive strength as compared to samples with 0

percent BLA content [7]. For pavement application, BLA concrete is a potential

material that can help in developing sustainable rigid pavements, but there is also

a need to increase the tensile strength of the concrete. It is evident that the use of

BLA in concrete is very limited and the use of natural fibers with BLA needs to

be studied to investigate the mechanical properties of this mixture. This scenario

shows that the research gap needs to be filled on this topic. It is estimated that al-

most 4 giga tons of ordinary Portland cement were consumed during the year 2019

in the construction industry, mainly consumed by China, USA, India and Europe.

About half of this OPC was consumed by China alone [9]. Using banana leaf ash

in concrete increases the strength in compression of concrete hence, enhancing the

elastic modulus of concrete. Moreover, using natural fibers in concrete results in

an increase in tensile strength and toughness.

Mechanistic-Empirical pavement design is a method used for the evaluation of

the pavement performance on the basis of the physical behaviour of the material

and the empirical observations i.e. data from real world pavement performance.
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MEPD takes into account climatic conditions, traffic loads, and pavement ma-

terials. This software can be used for assessing the performance of pavements

designed using the properties of modern modified materials. A number of research

is available on the usage of the MEPD approach. This approach has been used

with the objective to evaluate the performance of rigid pavement concrete having

different materials like fibers for the development of sustainable pavements. The

aim of this research is to assess the influence of natural fibers and banana leaf ash

on the mechanical and micro-structural properties of concrete for optimizing the

structural performance of rigid pavements. The use of BLA also promotes the use

of agricultural waste having low cost and having the capability to be used as the

material of construction ultimately pushing the industry towards sustainability as

the cement takes 10-15 percent volume of the concrete, making it one of the most

widely used materials for construction [8]. The performance of the pavement can

be analyzed for different sustainable concretes using the MEPD software which

takes into account the IRI, faulting and the slab cracking.

1.2 Research Motivation and Problem Statement

Concrete roads are usually constructed to bear loads of heavy vehicles like trucks,

busses, and trollies etc. However, these roads experience cracks from the very

first day and serve for a design life of 25 years. It is important to mention that

using fibers in concrete can delay the crack initiation as well as bridging the crack

upon generation. The combined use of both (i.e. ash and fibers) is likely to

have improved composite properties for better performance of concrete road. In

addition, the partial replacement of cement with waste is a sustainable approach

with less cost e.g. per 50 kg bag of cement costs Rs.1100/- whereas 50 kg binder

(i.e. 45 kg cement and 5 kg waste ash) costs around Rs.1015/-. One can imagine

the reduction in cost on a larger scale.:

To increase the performance of concrete pavements along with the promotion of

sustainable materials, the construction industry is continuously seeking innova-

tive solutions. In this context, sustainable materials like ashes and natural fibers
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present an intriguing opportunity. However, there is a significant gap in research

and practical application regarding the use of banana fibers and banana leaf ash in

concrete for improving performance of rigid pavements.

1.2.1 Research Questions

Following are research questions which are explored in this study:

• What is the effect of banana leaf ash and banana fiber on the dynamic

properties of concrete?

• What is the combined effect of banana leaf ash and banana fiber on the

mechanical properties of concrete?

• What is the effect of banana fibers and banana leaf ash on the water absorp-

tion property?

• What does the SEM imaging reveal about the behavior of the fibers in the

fractured surface?

• How much of the pavement life increases or decreases against IRI and fault-

ing, if the performance is evaluated using the properties of the sustainable

concrete having banana fibers and banana leaf ash?

1.3 Overall Goal of the Research Program and

Specific Aim of this MS Thesis

The overall goal of the research program is to develop new concrete having waste

with no or minimum compromise on its properties for structural application.

The specific aims of this MS thesis are to experimentally study the effect of different

proportions of banana fibers on concrete having constant banana leaf ash, and to

predict the performance of rigid pavement using software.
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1.4 Scope of Work and Study Limitations

The mechanical, dynamic and water absorption properties are determined for plain

cement concrete and sustainable concrete having banana fiber and banana leaf ash

concrete. SEM imaging is also carried out to observe the behavior of banana fibers

at fractured surface. The relevant properties from mechanical testing are then first

used for the design of rigid pavement and then for predicting performance using

software.

The study is limited to determination of mechanical, dynamic, and water absorp-

tion properties of sustainable concrete having three fiber contents, having constant

length, with fixed content of banana leaf ash. Physical validation is outside the

scope of current research work. Abrasion test and freeze and thaw impact are out

of the scope of this study as the main focus of the study is to find the mechanical,

dynamic, and water absorption properties Only IRI and faulting are considered

as performance indicators. The geographic scope of the study is limited. The op-

timized sustainable concrete tends towards homogeneity that is why homogenous

layer is assumed in software.

1.4.1 Rationale behind Variable Selection

Banana leaf ash is selected based on its pozzolanic nature, potential to increase

compressive strength and easy availability. On the other hand, fibers are selected

on the basis of their property to oppose the crack formation and propagation

with the enhancement of mechanical properties. Moreover, addition of both of

these materials reduce the content of cement. 10% partial replacement of cement

with banana leaf ash is selected based on optimization for improved mechanical

properties by Tavares et al. [3]. 50 mm length of banana fibers is used for better

performance as recommended by Akinyemi and Dai, [63]. Huang design example is

used for comparison of design thickness and pavement performance as this example

is a well-established reference in the field of pavement design [48].IRI and faulting

are selected as the pavement performance indicators in current work because these

provide valuable information regarding the ride quality and presence of distresses

on the rigid pavement as indicated by [92].
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1.5 Novelty of Work, Research Significance and

Practical Implementation

To the best of the author’s knowledge, there is a need to understand the properties

of concrete that contains both banana leaf ash as partial replacement of cement

and discrete reinforcement composed of banana fiber. At the same time, the main

focus of this study is on the effects of different banana fiber percentages and con-

stant partial cement substitution with banana leaf ash on concrete characteristics.

Furthermore, AASHTOWare software is used to predict field performance, which

includes IRI and faulting, in order to potentially apply the sustainable concrete

under investigation to rigid pavement.

In the event that this research yields positive outcomes, the materials under in-

vestigation will help in the production of concrete that has enhanced properties

as compared to conventional concrete, and its usage for pavement application can

result in the reduction of cement usage for construction purpose with better per-

formance. The abundant availability of banana leaves and the easy extraction of

banana fiber, with their ability to enhance the mechanical properties of concrete,

makes it a very good material to be used in the construction industry.

This research is a step forward for developing sustainable rigid pavements that will

have better performance as compared to the conventional rigid pavement. These

pavements will be containing lesser cement because of incorporation of banana leaf

ash and banana fiber hence reducing the cost of construction and rehabilitation.

1.6 Brief Methodology

This experimental study consists of determination of mechanical, dynamic proper-

ties, water absorption, SEM imaging and pavement performance evaluation. The

mechanical properties include compression testing and split tensile testing of the

concrete. For each type of mechanical testing, three samples have been cast for
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each batch of concrete respectively. Three batches of concrete samples having ba-

nana fiber content 1, 1.5, and 2.5% are cast, each of these batches also contains 10

percent partial replacement of cement with banana leaf ash. The fiber length used

is 50mm. Dynamic testing is performed on the concrete samples to find the damp-

ing ratio of the concrete along with the determination of the dynamic modulus of

rigidity, dynamic modulus of elasticity, and the dynamic poisson’s ratio. Water

absorption testing include the testing of the cured concrete samples to check the

potential of water absorption of the concrete. SEM imaging of the broken samples

will be carried out to study the effect of fiber in concrete along with the effect of

banana leaf ash in the enhancement of the properties of concrete. On the basis of

the results acquired from the mechanical testing, pavement performance analysis

is performed using the AASHTOWare ME pavement design software to assess the

performance of the rigid pavement under different climatic and loading conditions.

This performance is then compared with the performance of existing rigid pave-

ment, constructed using conventional concrete, by using the design parameters in

ME design software.

1.7 Thesis Outline

There are five chapters in this thesis, which are listed below:

Chapter 1: Chapter 1 is the introduction. This chapter explains the background

about the thesis research, the motivation behind the research, the problem state-

ment,research program’s overall goal and the specific aim of the MS thesis, the

scope of work, study limitations, methodology for the research and the outline of

the thesis.

Chapter 2: Chapter 2 consists of the review of literature regarding the prob-

lems associated with rigid pavements, remedial measures for these flaws and their

contribution towards pavement performance, properties of sustainable concrete

having natural fibers and properties of sustainable concrete having natural ash,

and development and performance of rigid pavements using sustainable concrete.
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Chapter 3: Chapter 3 consists of the methodology regarding the specimen’s test-

ing. It covers the background, raw materials used, and treatment of the banana

fiber. The mixing and casting procedure, details regarding the specimen, and

methodology for testing of PC and concrete having banana fiber and banana leaf

ash. At the end of the chapter the summary of chapter 3 has been included.

Chapter 4: Chapter 4 includes the results obtained after the testing. Moreover,

analysis of the testing results has been mentioned in this chapter. It contains

the background regarding the testing, characteristics of the different mixes that

is the reference concrete and concrete having banana fiber and banana leaf ash,

mechanical properties (SC and SS), dynamic properties, SEM analysis, and water

absorption. At the end of the chapter a brief summary has been included.

Chapter 5: Chapter 5 consists of the discussions regarding the optimization of the

mixes, pavement performance in terms of IRI and faulting using the mechanistic-

empirical design approach. Moreover, the relationship between the banana fibers

percentage and the performance of the pavements has been discussed. At the end

of this chapter the whole discussion has been summarized.

Chapter 6: Chapter 6 is composed of the conclusions that are deduced after the

analysis of the tests and the pavement performance results. Moreover, recommen-

dations have been provided based on the conclusions. Chapter 6 is succeeded by

references.



Chapter 2

Literature Review

2.1 Background

Due to the high load-carrying capacity rigid pavements are preferred over asphalt

pavements. However, because of the high cost of construction and the distresses

that appear on the rigid pavement like shrinkage cracking and bottom-up cracking

these pavements are only constructed for heavy vehicular traffic. Enhancing the

concrete’s mechanical properties can help in the reduction of the crack generation

probability. A simple method of doing this is to use additional materials in concrete

that can result in the performance enhancement. Therefore, cutting down the

overall cost of the concrete pavement by reducing the time of maintenance period.

Currently, natural ashes are being investigated for their usage in concrete and

results show enhanced strength properties by partial replacement of cement. This

also helps in the reduction of usage of cement while usage of fibers help in stopping

the initiation of cracks and enhanced mechanical properties, ultimately leading to

cost saving.

There is a growing need for usage of these materials considering the cheap price and

easy availability. Pakistan has an abundance of natural fibers specifically banana

fibers. Separate studies are available on the use of banana fibers and banana leaf

ash in concrete but no study comprising of both materials has yet been conducted.

Therefore, thorough understanding of mechanical properties, and linear shrinkage

9
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behavior of banana fibers and banana leaf ash used in concrete is important, for

using it in cement concrete roads. Figure 2.1 shows the schematic diagram of

the literature carried out in this chapter. The literature has been divided into

three main aspects converging from the material related flaws to the performance

evaluation using sustainable materials.

LITERATURE REVIEW

Properties of 
Sustainable Concrete

Properties of 
Sustainable Concrete 
having Natural Ash

Properties of 
Sustainable Concrete 
having both Natural 

Fibers and Natural Ash

Properties of 
Sustainable Concrete 
having Natural Fibers

Development and 
Performance of Rigid 

Pavements using 
Sustainable concrete

Material related 
Flaws in Rigid 
Pavement, and 

Remedial Measures

1. Material related
Flaws in Rigid 
Pavement

2. Remedial
Measures

2. Performance of
Rigid Pavements
using Sustainable
concrete

1. Development of
Rigid Pavements 
using Sustainable 
concrete

Chapter

Main Heading

Sub Heading

Paragraph

LEGEND

Figure 2.1: Schematic Diagram for Systemic Review of Literature

2.2 Material related Flaws in Rigid Pavements,

and Remedial Measures

Material related flaws in rigid pavement include macro cracking due to shrinkage

cracks, faulting and spalling. Moreover, the expensive nature is also a flaw. Ce-

ment concrete is usually used for the construction of Rigid Pavements. Owing to

better serviceability the usage of cement concrete pavements has grown to a greater

extent over the past few years in developing countries [7]. Because of its potential

to bear heavy vehicles and prolonged life, it is widely used, but this type of pave-

ment is expensive in comparison with the flexible pavement.The curing phase of
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concrete shrinkage and cracks appear due to multiple reasons ranging from tem-

perature variation to humidity variation. These shrinkage cracks once generated,

can lead towards cracking and compromises the durability of the pavement [31].

Shrinkage cracking in concrete in the early phase leads towards cracking issues

hence reducing the durability of the pavement [82]. Figure 2.2 shows the shrink-

age cracks at different stages from the initiation to the fracture of the pavement

due to the increase in the crack width over time. The risk of

Figure 2.2: Shrinkage Cracks on Pavement. a) Shrinkage Cracking at Initial
Stage, b) Shrinkage Cracking at Later Stage c) Macro-cracks , d) Fracture of

Rigid Pavement

cracking in concrete is higher when shrinkage cracking takes place and this can lead

towards the failure of the pavement [83]. Faulting is another type of flaw because

of low tensile strength of concrete which causes curling hence resulting in faulting

of rigid pavement [30]. Excessive curling and warping of concrete due to vehicular
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loading causes faulting in rigid pavements [78]. Thermal stresses on rigid pavement

causes warping and curling of rigid pavements due to the low tensile strength

of concrete which results in faulting of the pavement [79]. Water absorption in

rigid pavements cause spalling of concrete due to the freeze and thaw cycle [84].

Water vapor pressure in concrete at high temperatures causes the spalling of the

concrete [85]. Rigid pavements experience shrinkage cracking ultimately resulting

in cracking, faulting due to the curling and warping of concrete, and spalling due

to the absorbed water. All of these flaws lead towards the roughness issue hence

compromising the riding quality of the pavement.

The remedial measures for avoiding the type of material related flaws include

using different types of materials in concrete. Fiber reinforced concrete has gained

much attention in the recent times due to its high tensile strength capacity which

leads towards lesser linear shrinkage hence decreasing the chances cracking in

rigid pavements [77]. When fibers are used in concrete, shrinkage cracks can be

controlled to some extent because of the anchoring nature of fibers of concrete [86].

Vehicular load is transferred to the lower and upper surface of cracks which leads

to the reduction of stress concentration at the tip of the crack. Hence, restricting

the crack propagation gives the concrete ability to withstand the loads [13]. Usage

of natural fibers in concrete result in the reduction of shrinkage cracks[8]. Addition

of cellulose fibers in concrete result in reduction of formation of shrinkage cracks

due to the enhancement of tensile strength [87]. Rambabu et al [34] performed an

experimental investigation on the usage industrial waste like fly ash, rice husk ash

and blast furnace slag for the production of sustainable concrete. It was concluded

from the study that adding these materials to concrete increases the resistance to

shrinkage cracking, adds to the durability and increases the resistance to abrasion.

Fibers incorporated in concrete also increase the mechanical strength of concrete

[9] which can result in higher resistance to curling and warping of concrete hence

decreasing the faulting of pavement. Using glass fibers to enhance the mechanical

strength can reduce the chances of faulting in concrete pavements [88]. Spalling

in rigid pavements can be reduced using basalt fibers which give the bridging

effect and resist the formation of micro cracks developed by the pore pressure [80].

Fibers used in concrete have a positive effect on spalling of concrete [81]. To avoid
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problems like shrinkage cracking, faulting and spalling different fibers can be used.

These fibers and ashes can enhance the properties of the concrete and ultimately

reduce the chances of formation of the above mentioned flaws.

2.3 Properties of Sustainable Concrete

Sustainable concrete, also referred as green concrete [1–3], is concrete that has

been made using eco-friendly materials and have minimal impact on environment.

An extensive research is available on the usage of natural ash in concrete for the

enhancement of mechanical properties mainly the compressive strength. Moreover,

natural ash can partially replace cement and reduce the cost as well as increase

the compressive strength due to the pozzolanic nature of ash. The fine nature

of ash makes is a very fit material to be used in concrete as a replacement of

cement. On the other hand natural and artificial fibers have become a main focus

for enhancement of properties of concrete. The anchoring effect of discrete fibers

and the improved toughness they offer make them a suitable material to be used

in concrete. Artificial fibers usually offer better performance but these fibers are

expensive. On the other hand natural fibers are cheap and are easily available due

to their use in agricultural industry.

2.3.1 Properties of Sustainable Concrete having Natural

Ash

Concrete having waste materials has acquired a significant amount of attention

with the advancement in the sustainable concrete technology. In the industry of

construction the use of fly ash, bagasse ash, husk ash of rice and banana leaf ash

has gained significant amount of attention [14]. Issues regarding the production

of cement like fossil fuel consumption can be resolved by using ashes of agricul-

tural waste from power plants that use biomass. The nature of these ashes is

cementitious therefore these can be used as partial replacement to cement [15].
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Byproducts of agricultural industries like corncob, rice husk ash, banana leaf ash,

and sugarcane bagasse ash can be utilized as additive material because of the

Figure 2.3: Compressive Strength of Banana Leaf Ash Concrete at 7, 28, 90
days [4]

pozzolanic nature of these ashes. Natural ashes usually contain calcium oxide

(CaO), silicon oxide (SiO2), the presence of silicon oxide is very significant be-

cause of its potential to form the additional calcium silicate hydrate (C-S-H) by

reacting with the calcium hydroxide that is formed during the hydration of cement

which results in the formation of additional calcium silicate hydrate (C-S-H) [50]

which results in the enhancement of mechanical properties of concrete. Natural

ashes have tendency to increase the mechanical properties of concrete due to its

composition.

Using banana leaf ash in concrete as partial replacement is an emerging research

in modern times and its preparation is a significant part. 10 % banana leaf ash

partially replaced with cement yielded in a higher strength in compression, this

ash is prepared by heating banana leaves in furnace at a temperature of 900 degree

Celsius to burn the inorganic substance and then it is ground in ball mill to obtain

fine ash having a fineness of 593.3 m2/kg, which will have more surface area hence

enhanced reactivity [4]. The pozzolanic nature and the filler effect of banana leaf
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ash along with the capacity of absorbing lesser water makes it worth for enhancing

the strength in compression of concrete. Moreover, mechanical testing revealed

better performance of sample with ash as partial replacement than PCC [8].Using

banana leaf ash in concrete as a binder demonstrated strength of 7.9 MPa [10].

The application of BLA can enhance the properties up to some extent however,

the use of natural fibers along with BLA can help stop the initiation of shrinkage

cracks. Figure 2.3 shows the relationship between the compressive strength and

the mix proportion of the banana leaf ash at different curing time duration. It can

be seen in the figure that the maximum compressive strength achieved is 10 MPa

more than that of reference sample after 90 days of curing. With the increased

curing more strength can be observed for all other mixes. 10 percent of banana

leaf ash, used as partial replacement of cement, gives the optimum compressive

strength.

Natural ashes other than BLA also have tenancy to be used as partial replacement

to cement. Tahir et al. [35] conducted a review of the literature on the usage

of industrial based geo-polymers like the alkali activated fly ash. It has been

concluded that fly ash can be used as a partial replacement of cement and using

fly ash can enhance the compressive strength of concrete. Abbass and Singh [36]

used fly ash based geo-polymer in concrete by using an alkali activator and basalt

fibers, at the end of the experimental study it was found that using 10 percent fly

Table 2.1: Properties of Banana Leaf Ash [1]

CaO Al2O3 SiO2 MgO Fe2O3 K2O Na2O P2O5 Others

23.6 2.14 54.9 5.5 1.18 5.3 1.3 1.80 0.44

ash enhances the durability of the concrete and also the water absorption hence

making it suitable for rigid pavement construction purpose. Mildawati et al. [37]

conducted a study to find the mechanical performance of concrete having corn

stalks ash. The experimental program included using corn stalks ash as different
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percentages and it was found that using 7 percent of this ash can increase the

compressive strength of concrete up to 15 percent with no significant effect on the

flexural strength of concrete. Trincal et al. [38] performed an extensive study to

develop different strategies to reduce the shrinkage caused by the use of fly ash

based geo-polymer and it has been suggested in the study that using fly ash based

concrete decreases the durability of concrete but incorporation of admixtures or

discrete fibers can reduce the probability of shrinkage up to 35 percent. Schrfl et

al. [39] performed an experimental study to investigate the relationship between

the absorption kinetics and retention for this reason the roller compacted fly ash

concrete was also considered and it was found that the performance of this con-

crete against freeze and thaw was significant. Along with BLA, other ashes also

has potency to increase the compressive strength but BLA is easily available as

compared to other ashes.

The composition of BLA can help in deciding the effectiveness of it to be used as

partial replacement of cement. Table 2.1 shows the properties of banana leaf ash.

Banana leaf ash is basically the composition of calcium oxide (CaO), Silicon Oxide

(SiO2) and it is classified as class F pozzolanic material [10]. Class F pozzolanic

materials are typically high-calcium, low-silica materials that react with calcium

hydroxide (Ca(OH)2) in the presence of water and form cementitious compounds

[4]. These materials are commonly used as supplementary cementitious materials

in concrete, and they can improve the durability, strength, and workability of

concrete. Class F pozzolanic materials include fly ash, rice husk ash and silica

fume. fly ash is a fine powder and it is formed by the burning of pulverized coal

in electric power plants [101]. It is the most commonly used pozzolanic material,

rice husk ash is a byproduct of rice milling that is produced when rice husks are

burned at high temperatures. It is known for its high silica content and ability to

improve compressive strength and reduce shrinkage in concrete. Silica fume is a

fine powder produced by the combustion of silica or ferrosilicon alloys in electric

arc furnaces [95]. The presence of silicon oxide is very significant because of its

potential to chemically react with the calcium hydroxide which is produced during

the cement hydration which results in the formation of additional calcium silicate

hydrate (C-S-H) [50] which results in the enhancement of mechanical properties of
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concrete. The test used to determine the pozzolanic activity of banana leaf ash is

the Chapelle’s test [4], which is a test method for measuring the pozzolanic activity

of fly ash and other pozzolans [10, 96, 102, 103]. The test involves preparing a

cement paste blend of a standard Portland cement and the pozzolan being tested,

molding the paste into prisms or cubes, curing them in a moist environment for

28 days, and then testing the samples for compressive strength. The pozzolanic

activity index (PAI) of the material is then calculated based on the compressive

strength of the test sample compared to a control sample containing only Portland

cement. Hence, the composition of BLA is such that it has tendency to be used

as partial replacement to cement and this can be verified by the PAI of the ash.

PAI is determined using the Chapelle’s test. Moreover, banana leaf ash has the

potential to enhance the compressive strength by 10 % with 28 days of curing with

optimum dosage.

2.3.2 Properties of Sustainable Concrete having Natural

Fibers

It is a common practice in rural areas to use natural fibers for construction pur-

poses. Natural fibers are not only used in concrete but also with soils to increase

the stability due to the anchoring effect. These fibers are cheap in nature and are

easily available. Jute fiber incorporated in concrete results in enhanced economy

and effectiveness of concrete [16]. Jute fiber also increases the tensile toughness of

the concrete having these fibers [17]. Bamboo fiber is effective in preventing the

initiation and propagation of cracks in concrete [18]. Bamboo fiber also increases

the thermal properties of concrete [19].Comparison of concrete having coir fiber

with reference concrete shows an enhanced splitting tensile strength and compres-

sive strength [20].Using natural fibers in concrete like bamboo, coir and jute fiber

is an effective way of increasing concrete properties.

Banana fiber, due to its superior properties has also been used in concrete. In-

corporation of banana fiber in concrete results in enhanced mechanical properties

[21]. Usage of banana fiber in concrete for enhancing the mechanical properties
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is a sustainable way [22]. Extraction of natural fibers is usually done from plants

and trees and these are environmentally safe. Using these natural fibers in con-

crete result in an enhanced flexural and tensile strength [23]. Workability of the

concrete reduces

Figure 2.4: Load Deformation Curve for Concrete having Hybrid Fibers [106]

concrete reduces when these fibers are incorporated in concrete. The Lignocellulose

nature of the natural fiber increases water absorption resulting in a decreased

workability [24]. Increasing the content of banana fibers in concrete increases

the tensile strength and impact resistance of concrete [25]. Harki et al. [40] has

stated that rigid pavements have high compressive strength and low modulus of

rupture that is why thick slabs are constructed. As per the study adding hybrid

steel fibers can increase the compressive strength and also modulus of rupture

of concrete hence making it possible to reduce the overall thickness of the rigid

pavement. Using natural fibers in concrete increases the mechanical properties of

concrete due to the anchoring effect. However, using low density fibers decreases

the compressive strength of the concrete.

Along with single type of natural fibers, a combination of fibers has been also

evaluated against mechanical performance. The different properties of different

fibers help in the enhancement of the mechanical strength of the concrete. Affan

and Ali [41] performed and experimental investigation on the effect of freeze and
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thaw on concrete having jute fibers for pavement application the study concluded

with the results that using jute fiber results in reduced pavement thickness and

Table 2.2: Properties of Banana Fiber as per Literature

Parameter Range Reference

Cellulose (Percentage) 62 - 67 [51], [59], [60]

Moisture (Percentage) 10 - 11 [51], [59]

Elongation at break (Percentage) 4 - 9 [51], [60]

Young’s Modulus (GPa) 1.5 - 5 [59], [60]

with the reduced thickness the performance is not compromised. In figure 2.4 the

load-deformation curves of plain cement concrete and concrete having hybrid fibers

has been shown. The maximum load is taken by JWS-FRC5 and the splitting

tensile strength is more in all the fiber reinforced concrete samples due the bridging

effect of fibers [106]. Diaz et al. [42] performed a study on polymeric fibers for

improving the tenacity of the material. It was concluded that polymeric fiber

concrete performs better than conventional concrete for pavement slabs. Santhosh

et al. [43] performed an investigative study on the usage of polypropylene fibers

in concrete for the fatigue performance evaluation of the concrete. Almost 50-

90 percent of structural failure is due to the fatigue. Fiber reinforced concrete

involves fibers that increase the integrity of the concrete. The study concluded

that using polypropylene fibers not only increase the mechanical properties but

also has a positive effect on the fatigue performance of the concrete. Khan et

al. [44] performed an experimental study on the usage of silica fume with coconut

fiber for its application in rigid pavement. It was concluded at the end of the study

that using these materials reduces the overall thickness of rigid pavement up to 8

percent. Rashid et al. [45] carried out an experimental investigation on the use of

steel fibers and polypropylene fibers in concrete for the enhancing the durability

and it was found out that fiber reinforced concrete is more resistant to long term
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weathering action as compared to conventional concrete. Ali et al. [46] performed

and extensive review on the usage of coir fiber in concrete and compared it with

other types of natural fibers. The study concluded that pine apple fiber shows the

best performance after banana fiber in terms of compressive strength. Moreover,

the toughness increases significantly after the incorporation of fibers in concrete.

Natural fibers increase the tensile strength and the energy absorption capacity of

the concrete and out of these banana fiber shows better properties in terms of

lesser water absorption and good tensile strength. Table 2.2 shows the properties

of banana fiber. Different properties have been shown and their range values have

been written based on the literature. Using artificial fibers like steel fibers also

increase the compressive strength along with other properties but due to their

expensive nature they are not considered sustainable. Moreover, the combined

use of different natural fibers also increases the mechanical properties of concrete.

2.3.3 Properties of Sustainable Concrete having both

Natural Fibers and Natural Ash

Using fiber in concrete increases the tensile strength of concrete and decreases the

compressive strength and using natural ash in concrete increases the compressive

strength of concrete. Hence it is important to discuss the addition of both of

these materials in concrete and the behavior concrete exhibits after the addition

of these materials. Akid et al. [52] conducted an experimental study on the

usage of polypropylene fiber and fly ash in concrete for enhancing the mechanical

properties of the concrete. Fly ash was used as partial replacement of cement

in proportions 15 percent and 30 percent. On the other hand three different

proportions of the polypropylene fiber was used. It was concluded that using 15

percent of fly ash and 0.12 percent of polypropylene increases the compressive

strength of the concrete along with the enhancement of the durability of concrete.

Jain et al. [53] used waste plastic bag fiber and fly ash in concrete. Addition of

waste plastic bag fiber in concrete increased the split tensile strength of concrete

with a reduction of compressive strength and fly ash increased the compressive

strength of concrete. The combined usage of both waste plastic bag fiber and fly
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ash enhanced the durability and mechanical properties of concrete. Using natural

fibers and natural ash in concrete helps in increasing the mechanical properties

of concrete. Concrete having banana leaf ash leads to increase in the compressive

strength[1, 9, 10] on the other hand concrete having banana fiber leads to increase

in splitting tensile strength [21–23]. Considering the property of natural fiber to

increase the tensile strength and energy absorption capacity and the property of

natural ash to increase the compressive strength of concrete, a combination of

both of these materials can have impact on the overall properties of concrete.

2.4 Development and Performance of Rigid

Pavements using Sustainable Concrete

The development of sustainable pavements is a need of this era. Sustainable pave-

ments can be constructed using sustainable concrete and in order to validate the

results modern tools can be used. The incorporation of fibers in concrete reduces

the content of other materials. Moreover, banana leaf ash can be used as a par-

tial replacement for cement, this results in the reduction of CO2 emissions by

reducing the amount of cement and incorporating waste agricultural material [1].

Using natural fibers results in enhanced mechanical properties[22]. Similarly, the

usage of banana ash will result in a higher modulus of elasticity. This increase

in the modulus of elasticity, when incorporated into the cement concrete pave-

ment design equation, will result in a lesser thickness of the pavement or a better

performance with the same thickness. Use of sustainable materials in concrete

pavements will result in sustainable pavements as the cost of the pavement will

be reduced. Moreover, the global warming potential of rigid pavement is 21 per-

cent higher than for flexible pavement [26].Reducing the material consumption for

cement concrete pavement will also help in reducing the global warming potential.

Reduced pavement thickness can be achieved using natural fibers in concrete.

Using wheat straw in concrete for the construction of rigid pavement results in 7
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percent lesser design thickness as compared to conventional concrete pavements

[27]. For the design of rigid pavement as per AASHTO, equation 2.1 i.e. the

conventional 1993 empirical equation is used. This is an empirical equation and

it has limited accuracy and is limited to experimental data accuracy. However,

Farooqi [54] introduced an incremental factor to the modulus of rupture in this

equation to account for the tensile strength given by the addition of wheat straw

as given in the form of S(wsrc) in equation 2.2. Huang design example parameters

have been used by [41, 48] to calculate the design thickness and then compare it

with pavement thickness of sustainable concrete. The huang’s design example acts

as a bench mark for studies considering pavement thickness reduction. Further-

more, it is found that the modulus of rupture plays a governing role as compared

to the elastic modulus of concrete. To evaluate the performance of rigid pavement

using sustainable materials, mechanistic empirical pavement design approach is

considered an accurate method because it considers the response of the pavement

against loading and environmental conditions. Moreover, this approach can con-

sider new materials like high performance concrete and fiber reinforced concrete

[94]. The use of waste and other easily available materials can be used for the

development of rigid pavement and for their design MEPD has superiority over

the empirical design approach.

(2.1)

(2.2)
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The performance of rigid pavement includes the performance of the pavement

under vehicular and environmental loading conditions along with the properties

of materials. The pavement response prediction is based on the combination of

material data, climatic data and the traffic data that results in the predictive

models of IRI and joint faulting and transverse cracking [90]. The pavement

structure performance prediction in MEPD is based on the mechanical properties

and the load distribution which result in the design indices including faulting and

IRI [91]. Pavement cracking, spalling and faulting are functions of International

roughness index. equation 2.3 [109] shows the relation between different distresses

predicted by the AASHTOWare MEPD software and the International roughness

IRI = IRII+0.013·CRK+0.007·SPALL+0.005·TFAULT+0.4·C1·FT (2.1)

where: IRI = Predicted IRI, in./mi, IRII = Initial smoothness measured as IRI,

in./mi, CRK = Percent slabs with transverse cracks (all severities),

SPALL = Percentage of joints with spalling (medium and high severities),

TFAULT = Total joint faulting cumulated per mi, in., C1 = 0.8203 (constant

value),

FT = International Roughness Index (IRI) faulting index, in./mi

index. The prediction of the values like spalling is related with the age of the pave-

ment and the scaling factor which is related to the climatic conditions. Faulting

is calculated based on the rainfall frequency and the properties of material [89].

As reduced IRI means the reduction in the formation of the distresses in the rigid

pavement. IRI and faulting are the two performance indices given as output by

the MEPD which depicts the field performance of the pavement[92]. IRI, faulting

and cracking are distresses models given by the MEPD approach for the analysis

of the pavement performance [93]. Structural response includes the performance of

the pavement against loading and climatic conditions in terms of distresses formed

and this response is indirectly related with roughness of pavement in mechanistic-

empirical design approach.

Performance of the pavement is a significant factor as the safety of the road users
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and the durability of the pavement is related with it. A better performing pave-

ment requires lesser amount of repairs. Farooqi [54] constructed the first fiber

reinforced concrete and monitored the performance as shown in table 2.3. The

results indicated that Jointed Wheat Straw Reinforced Cement Pavement (JWS-

RCP) show better performance as compared to Jointed Plain Cement Concrete

Pavement (JPCP). Modern methods include modeling of pavement via mechanis-

tic empirical pavement design approach by using sustainable concrete properties,

this approach helps in evaluating the performance of pavement in terms of IRI and

faulting. Rainfall frequency and tensile strength of concrete have significant im-

pact on the formation of faulting distress and increase in faulting [97]. Roughness

is an important performance indicator in pavements and this roughness is related

with the environmental factors and the deterioration of the pavement [98]. IRI is a

key factor in assessment of the performance of a pavement [99]. Abdalfattah et al.

[47] performed an experimental study on the usage of polyethylene for pavement

construction and with the help of mechanistic empirical pavement

Table 2.3: Fiber Reinforced Concrete Pavement Performance [54]

Test

Section

Crack Progres-

sion

28-

days

6 Mos 12 Mos 18 Mos

1 2 3 4 5 6

1JPCP Width Avg(mm) - 0.11 0.14 0.16

Length Max (m) 0.08 0.18 0.27 0.33

Spacing Avg (m) 3.6 2.9 2.1 1.1

Cluster (no.) 1 5 12 19

Punch-out (no.) - 2 4 9

2JWSRCPAvg. Width (mm) - - 0.09 0.12

Length Max (m) 0.03 0.08 0.12 0.19

Spacing Avg (m) 4.6 4.1 3.3 2.1

Cluster (no.) - - 3 6

Punch-out (no.) - - - -

1JPCP: Jointed Plain Cement Pavement
2JWSRCP: Jointed wheat straw reinforced cement 
pavement
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design approach the performance of the pavement was studied. It was concluded

that using the mechanistic empirical pavement design approach helps in assessing

the performance of new sustainable materials. Khan et al. [48] performed an ex-

perimental study on the usage of hair and wave polypropylene fibers in concrete

for pavement application, the study concluded with a better performance of pave-

ment. Hasani et al. [49] performed an experimental study on the usage of discrete

natural fibers in concrete overlays and through numerical modeling the design of

the pavement was optimized with 15 percent reduction in the thickness of the

pavement due to the incorporation of the fibers in concrete. . Cho et al. [100]

used low cost graphene oxide nano flakes to improve the performance of the pave-

ment and it was concluded at the end of the study that this sustainable concrete

results in better performance as compared to conventional pavement. The devel-

opment of sustainable pavement is possible by using waste materials. Moreover,

the validation of the results show that the performance of the pavements designed

using these sustainable materials can result in better performance in terms of lesser

roughness and faulting.

2.5 Summary

Reducing the potential of crack initiation and crack propagation can result in the

enhancement of rigid pavements. This can be done by enhancing the concrete’s

mechanical properties. The mechanical properties can be enhanced using agricul-

tural waste that includes banana fibers and banana leaf ash. With the enhance-

ment of mechanical properties there is probability of reduction in the thickness

of the pavement with improved performance this can prove to be very beneficial

in terms of sustainability. In this chapter, the flaws in rigid pavements and their

remedial measures, properties of concrete having banana fiber and banana leaf

ash and development of sustainable pavements by the incorporation of fibers and

banana leaf ash has been briefly reported.



Chapter 3

Experimental Program

3.1 Background

Organic ash, along with the use of natural fibers, have gained significant amount

of attention in the concrete research domain because of the enhanced mechanical

properties, easy availability, environment friendly nature and extremely low cost.

The fiber that has been used in this research is the banana fiber due to its capability

to enhance the mechanical properties of concrete and the ash used is banana leaf

ash because of the reason that banana ash enhances compressive strength and

this ash can be used as partial replacement of cement. As mentioned in the

previous chapter it is important to study the behavior of concrete having banana

leaf ash and banana fiber to use it in the design of rigid pavement to ensure that

this concrete results in a more sustainable pavement. Therefore, the mechanical

properties, dynamic properties, water absorption properties, and SEM imaging of

concrete having banana leaf ash and banana fiber are considered. This chapter

discusses the raw materials used in this research, treatment of banana fibers, the

procedure of preparation and casting of plain concrete specimens, and, concrete

specimens having banana leaf ash and banana fibers along with the methodology

for testing these specimens and using the material properties for the design of rigid

pavements using the mechanistic-empirical design approach.

26
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3.2 Raw Materials

The materials used for preparing the reference concrete i.e. PC samples include

Portland cement, sand, coarse aggregates. Cement used in this study is ordinary

portland cement obtained from a local manufacturer i.e. Askari cement having

61.7% Cao, 21% SiO2, 5.04% Al2O3, 3.24% FE2O3, 2.56% MgO and 1.51% SO3.

The maximum size of fine aggregate used was 4.8 mm and the type was quartz

sand having a bulk density of 1527 kg/m3. On the other hand the coarse aggregate

used was 12.5mm having a bulk density of 1506 kg/m3. Whereas, the preparation

of sustainable concrete banana ash isused as partial replacement to cement and

banana fiber is used as an addition. Figure 3.1 (a) shows the gradation curve for

sand and gravels.

3.2.1 Banana Leaf Ash

Banana leaf ash is obtained from local market and similar procedure, as mentioned

in literature, was adopted for the production of banana leaf ash used in this study.

The fineness of BLA determined by the Blaine air-permeability apparatus using

the ASTM C204 resulted in a fineness value of 586 m2/kg. The resultant ash

consisted of crystalline phase as well as amorphous phase. The crystalline phase

included calcite and quartz. Furthermore, the amorphousness degree is more than

80 percent for BLA. A value of 7.6 MPa was revealed by the determination of

pozzolanic activity index using Chapelles test. As per the vendor the class of

banana leaf ash as per ASTM 618-12 is class F and the chemical composition of

the used banana leaf ash consists of aluminum oxide, silicon dioxide, iron oxide,

calcium oxide and sulfur trioxide.

3.2.2 Banana Fibers

The locally available banana fiber, purchased from a local vendor, is used which

is extracted from the banana plant. The percentage of cellulose is usually almost
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62 to 67 percent which results in the degradation of the fiber over time hence it is

important to treat the fiber before its use to remove the cellulose from the fiber.

Raw  Fibers  Treated Fibers

a)

b)

Figure 3.1: Raw Materials a) Gradation Curve b) Raw and Treated Banana
Fibers
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The elastic modulus of the banana fiber ranges from 1.5 to 5 GPa. However, the

elastic modulus of the used banana fiber is 4.3 GPa with a tensile strength of 36

MPa. The density of the fibers used in this study is 788 kg/mm3 as provided by

vendor. Researchers have used different methods for enhancing the properties of

banana fiber for its usage in concrete. The fact that banana fiber is organic in

nature makes it decomposable over time hence it is important to treat the fiber

before using it in concrete. The treatment includes both chemical and physical

treatment of the fibers. One way of removing the cellulose from the fibers is to soak

the fibers in a calcium carbonate solution. The method adopted in this study is

first cutting the fibers into the length of 50mm. Fiber cutting is done by combining

the fibers together and cutting them in order to avoid variation in the length.

Afterwards, the fibers are cleaned by soaking it in water and then soaking the

cleaned fibers in a calcium carbonate solution having a concentration of 5 percent

by weight. The fibers are soaked in solution for 24 hours and then it is washed

using distilled water. Cellulose content reduced to 14% after treatment. The

pictorial depiction of raw fiber and treated fiber has been shown in figure 3.1 (b).

The treatment of the fiber is important because of the presence of cellulose which

results in the degradation of the fiber over time. The water absorption of banana

fibers used in this study is 63.5%. Length of 50mm is used on the assumption

that theoretically half of the length of the banana fiber will remain embedded in

the concrete matrix to resist small-scale cracks if the concrete undergoes ultimate

failure.

3.3 Mix Design, Casting Procedure, Fresh

Properties and Specimens

For the preparation of the concrete the mix design ratio used is 1:1.3:2.3 (C : S

: A) this mix design is based on trial mixes to achieve a compressive strength

of 30 MPa. The water cement ratio used is 0.48. The curing was done for 28

days and then water absorption test was carried out. Afterwards, dynamic and

mechanical tests were performed. The current research is based on relative, i.e.
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the reference specimens of plain concrete are tested under the same conditions as

that of concrete having banana leaf ash and banana fibers. In addition strength

properties at 60 and 90 days are out of the scope of work. The same mix design

and water cement ratio is used for reference concrete as well as the concrete having

banana fibers and banana leaf ash. Moreover, a superplasticizer has been used for

increasing the workability of the concrete as the water cement ratio is kept very

low. In case of sustainable concrete, 10% of cement has been partially replaced

with banana leaf ash along with addition of 1%. 1.5%, and 2.5% of banana fiber

Table 3.1: Concrete Mixtures Design Proportions (kg/m3)

Sample C

(kg)

S

(kg)

A

(kg)

Water

Cement

ratio

SP (%) Banana

Leaf Ash

(kg)

Banana

Fiber

(kg)

PC 312.96 432.07 751.19 0.48 1 - -

C1 281.7 432.07 751.19 0.48 1 31.27 2.81

C2 281.7 432.07 751.19 0.48 1 31.27 4.22

C3 281.7 432.07 751.19 0.48 1 31.27 7.042

in C1, C2 and C3 samples respectively. The fiber content for C1, C2 and C3 is

added with respect to cement mass. The length of banana fibers is 50mm. Banana

fibers are added by the weight of binder in the concrete. It should be noted here

that banana fibers are used as an addition and not a replacement. Table 3.1 shows

the proportions of banana fiber, banana leaf ash and water cement ratio in each

batch of concrete. Plain concrete is referred as PC while concrete incorporated

with banana fiber and banana leaf ash is denoted by C1, C2 and C3.
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For the production of both PC and concrete mixes having banana leaf ash and

banana fiber, motor powered concrete mixer is used. To prepare the conventional

concrete, water and the raw materials are dumped into the concrete mixer and then

this mixer is made operational for three minutes. Afterwards, the concrete slump

is determined using the slump cone apparatus. Moreover, using the compaction

factor test, the compaction factor values are determined. In order to prepare the

concrete having banana fibers and banana leaf ash, the material is dumped into

the concrete mixer in different parts, specifically in three different parts. One third

of the material is dumped into the mixer and the mixer is turned on for the dry

mixing of the materials. Once the dry mixing has been achieved one third part

of water is added to the mixer. Similarly, other parts of materials and the water

is added into the mixer. After dumping each part into the mixer, the mixer is

rotated for three minutes. Once the concrete is prepared it is poured into an open

tray and workability tests are performed. These include the slump test and the

compaction factor test. Once these tests are performed the molds are filled, each

mold is filled in three layers with each layer being compacted using the rod by

tamping 25 times. The diameter of the tamping rod is 16 mm and for compaction

the tamping rod is dropped from a specific height. In case of the concrete having

banana fibers and banana leaf ash, the molds are lifted and dropped to achieve

proper compaction of the concrete. The drop height is almost 170-230mm which

helps in reducing the air voids in the fiber reinforced concrete. Once the molds

are filled they are kept for a single day to set and after 24 hours the molds are

opened and the samples are kept in the curing tank for 28 days to gain maximum

strength.

ASTM C143/C143M [67] standard has been used to determine the workability of

plain concrete and C1, C2 and C3 in the fresh state. With the increase in the

content of banana fiber in concrete decrease in workability trend. PC showed the

maximum slump of 85mm. However, the values of slump for C1, C2 and C3 is

78mm, 71mm, and 38mm. The interlocking effect of banana fibers might be the

cause of reduction in slump this is why a significant deviation in slump values

is seen. A study conducted in CUST on concrete having banana fiber showed a

declining trend of workability [64]. Similarly, another study conducted on the fresh
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properties of concrete having banana fiber showed a decrease in workability [104].

Ali et al. [105] conducted a study on the properties of banana fiber reinforced

concrete and a decreasing trend in workability was observed. On the other hand

using banana leaf ash in concrete results in the increase of workability. Mim et al.

[10] conducted a study on concrete having banana leaf ash and it was observed

that the workability increases with the use of banana leaf ash. Attia and Shymaa

[65] also conducted a study on the properties of concrete having banana leaf ash

and they reported a decreasing trend in workability with increased banana fiber

content. The percentage reduction in the slump values i.e. workability is 8.2%,

16.4% and 55.3% for C1, C2 and C3 as compared to the PC. The minimum slump

observed is for C3 as high content of banana fiber was used. Due to the retention

and the confinement provided by fibers a decreasing trend is observed.

Both compaction factor test and slump cone test was performed on the PC, C1,

C2, and C3 to get a robustness about the workability of investigated concrete.

The compaction factor values observed for C1, C2, C3 and PC are 0.86, 0.84,

0.77 and 0.91. ASTM C642-13 standard is used for the determination of the fresh

density of the PC and other concretes as well as no standard is available for fiber

reinforced concrete. The densities observed are 2310 kg/m3, 2294 kg/m3, 2286

kg/m3, 2278 kg/m3 for PC, C1, C2 and C3, respectively. The percentage decrease

in the fresh density as compared to plain concrete is 0.69%, 1.03%, and 1.4% for

C1, C2 and C3, respectively. The presence of banana fibers can be the reason

behind the decreasing density as these fibers have lower density. Hence, C3 shows

the minimum density as highest amount of fiber is used in this concrete. These

tests were performed to find robustness about the trend. Figure 3.2 shows the

trends of tests performed on the fresh concretes.

For the splitting tensile and strength in compression concrete cylinders having a

height of 200 mm and diameter of 100 mm are used. Moreover, for the water

absorption test these very cylinder samples are used. For the research purpose,

24 samples are cast in total which consist of 24 cylinders. Each batch consists

of 3 cylinder for compression test and 3 cylinders for split tensile test. Each

specimen has been distinguished using markings on the samples. The current
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research is based on relative approach to check the effectiveness of banana leaf ash

and banana fibers on concrete, i.e. the reference specimens of plain concrete are

tested under the same conditions as that of concrete having banana leaf ash and

banana fibers.
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Figure 3.2: Fresh Concrete Properties a) Concrete Slump b) Compaction
Factor C) Fresh Concrete Density

3.4 Procedure

The mechanical properties and water absorption are determined for the reference

concrete as well as for C1, C2, and C3. All of these tests are performed as per the

ASTM standards. In order to avoid the errors in the results mean values of two
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readings for each type of test has been taken. The testing setup has been shown

in the figure 3.3a, 3.3b, and 3.3c for the performance of the test.

3.4.1 Dynamic Properties Tests

ASTM standards of C215-14 [69] the frequencies, damping ratio, dynamic pois-

son ratio, dynamic modulus of rigidity, and dynamic modulus of elasticity are

determined. For the determination of the mentioned values cylinders are used.

Longitudinal, transverse, and transverse frequencies are determined and based on

the frequency other parameters are calculated. Figure 3.3. (d) shows the testing

setup for dynamic testing

3.4.2 Mechanical Properties Tests

Compressive and splitting tensile tests have been performed as per ASTM C39

[70], and ASTM C496 [71], respectively using relevant test fixtures in STM. Com-

pressive testing has been conducted on cylinders having a diameter of 100mm

and height of 200mm. For the determination of strength in compression, the be-

havior under compressive loading, the energy absorbed before the peak load and

the energy absorbed after the peak load till failure , the value of strain against

the peak value of stress, the toughness indices for both the reference concrete

and the concrete having banana fibers and banana leaf ash is in compliance with

the ASTM C39 / C39M-17. In order to determine the splitting tensile strength,

specimens having 100mm diameter and 200mm height are used and placed in the

testing machine in horizontal direction for application of splitting tensile load .The

behavior under splitting tensile loading, the energy absorption from initial load

to peak load and the energy absorption from the peak load till failure, and the

splitting tensile toughness indices for both the reference concrete and the concrete

having banana fibers and the banana leaf ash, the followed standard is ASTM

C496/C496M-11. Figure 3.3 (a) shows the test setup for compressive, figure 3.3

(b) shows the test setup for splitting tensile and figure 3.3 (c) shows the test setup

for water absorption test.
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3.4.3 Water Absorption Test

Water absorption test is conducted for all types of concrete mixes. For conducting

of the test the samples are first dried until constant mass is achieved. Afterwards,

this sample is placed in ventilated room having room temperature, then the water

absorption is calculated similar method is used for the determination of the water

absorption of the concrete having banana fibers and banana leaf ash. Figure 3.3

(c) shows the samples placed in the tank to absorb water in order to determine

the water absorption test of the samples.

a) b) c)

d)

Figure 3.3: Test Setup a) Compressive Testing, b) Splitting Tensile Testing,
c) Water Absorption, d) Dynamic Testing

3.4.4 SEM Analysis of Damaged Surfaces

For conducting the SEM analysis, a broken piece from the broken sample is used.

Using the scanning electron microscope, imaging is done in order to find the fail-

ure mechanism of the concrete matrix. SEM also helps in determination of the

behavior of the fibers during the failure. Three possible events can happen in case
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of natural fiber concrete. Either the fibers break during the test, pulled out of the

matrix or provide bridging effect and results in ductile failure.

3.5 Procedure for Prediction of Rigid Pavement

Performance

Mechanistic empirical pavement design approach uses the properties of the con-

crete material as input along with the load conditions, design life and weather

conditions. MEPD allows for the inference of design which is difficult to justify

based on the limited traffic levels and design which are covered by the road test.

Table 3.2: Design Considerations for Pavement Design

Parameter(s) Value(s)

Equivalent Standard Axle Loads (W18) 12.67 x 10E6 ESALs

Reliability 95 %

Standard Deviation 0.35

Concrete Elastic Modulus Variable for PC, C1,

C2, C3, Book Design

Modulus of Rupture of Concrete Variable for PC, C1,

C2, C3, Book Design

Seasonal k-value 550 psi/in

Drainage Coefficient 1

Initial serviceability 4.5

Terminal serviceability 2.5

∆ PSI 2
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Mechanistic Empirical Design 

Climatic conditions Materials properties Traffic conditions 

Pavement performance prediction 

Figure 3.4: Mechanistic Empirical Pavement Design Procedure

Mechanistic deals with the physical causes of the stresses and the empirical part

deals with determination of distresses based on the observed relationships. Figure

3.4 shows the procedure of mechanistic empirical pavement design procedure. First

the traffic conditions and the average weather data are fed into the software along

with design inputs. The average weather data of Islamabad has been shown in

table 3.3. The rigid pavement is designed using the elastic modulus obtained from

the mechanical testing of the specimens and the modulus of rupture obtained

from empirical relation between splitting tensile strength and flexural strength.

In the software part, a section of rigid pavement is modeled by inputting various

parameters like thickness and mechanical properties of concrete. The model is

based on the layered elastic model which assumes that the pavement layer is

homogenous.

Based on these input values the AASHTOWare software performs the mechanistic

empirical design and then predicts the performance of the pavement in the form

of distress models and the predicted design life of the pavement. In MEPD, on

trial basis, the design of the pavement structure is assumed initially along with

the climatic conditions and traffic conditions. MEPD has the capability to predict

the performance of the pavement against different climate and loading conditions.
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Table 3.3: Average Temperature Data for Islamabad [54]

- Jan Feb March April May June July Aug Sept Oct Nov Dec

Avg. Temp C 9.2 C 11.5 C 16.2 C 21.7 C 27.2 C 29.9 C 28.2 C 26.8 C 25.3 C 21.2 C 15.4 C 10.9 C

Min. Temp C 3.5 C 5.7 C 9.8 C 14.7 C 19.5 C 23.1 C 23.8 C 22.9 C 20 C 14.9 C 9.5 C 5.1 C

Max. 

Tempera-ture C 

15.8 C 17.7 C 22.7 C 28.4 C 34.1 C 35.8 C 32.5 C 30.9 C 30.7 C 28.3 C 22.6 C 18.3 C

Precipitation /

Rainfall mm (in)

70 123 127 83 36 65 174 162 73 31 29 39

-2 -4 -5 -3 -1 -2 -6 -6 -2 -1 -1 -1

Humidity(%) 65% 65% 59% 49% 38% 43% 69% 77% 67% 53% 58% 61%

Rainy days (d) 5 7 8 6 5 6 14 14 7 3 2 3

avg. Sun hours

(hours)

8.3 8.7 10 11.4 12.4 12.4 10.2 9.7 10.3 10.1 9.2 8.6
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Based on this prediction the usage of the new material for the pavement appli-

cation can be assessed.”AASHTOWare” ME design software is used to assess the

performance of the rigid pavement under different climatic and loading conditions.

Design inputs have been shown in table 3.2 for performing performance evaluation.

This performance is compared with the performance of existing rigid pavement,

constructed using conventional materials, by using the design parameters in ME

design software. The values of parameters used are shown in table 3.2. Mate-

rial properties used are from the results obtained after the mechanical testing of

the specimens, rest of values are taken from the AASHTO rigid pavement design

manual. Both the rigid pavements are designed using these parameters in the

”AASHTOWare” software to analyze the performance of the pavements designed

using these materials under traffic loading. The climatic conditions used as input

for the analysis have been shown in table 3.3 taken from [54]. This table contains

the climatic data for all months of the year. The average temperature, rainfall,

humidity and average sun hours for each month are entered into the ”AASHTO-

Ware” software. Furthermore, the traffic data is entered in the form of ESAL’s

taken from the AASHTO-II 45 design example as mentioned in the table 3.2.

The output will be given as IRI and faulting prediction. High IRI value means

increased roughness and decreased performance. Similarly, high level of faulting

indicate that corrective actions are required like slab replacement of join sealing.

3.6 Summary

For the preparation of the reference concrete and the concrete having banana fibers

and banana leaf ash the mix design used is 1:1.3:2.3. Water cement ratio used is

0.48 for both the reference concrete and concrete having banana fiber and banana

leaf ash. The proportion of fiber in concrete is 1%, 1.5%, and 2.5 % by mass

of cement, while the content of banana leaf ash is 10 percent which is partially

replaced with Portland cement, with the same fiber length of 50mm banana fiber.

The number of samples cast for this research include 12 beam-lets, 24 cylinders

which make a total of 36 specimens. The conducted tests included fresh concrete
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tests i.e. slump test, compaction factor test, fresh density determination, hard

concrete tests which include water absorption test and mechanical tests include

compressive testing and split tensile testing of concrete. The results and analysis

of these results are discussed in chapter 4.



Chapter 4

Results & Discussions

4.1 Background

For the casting of reference concrete and the concrete having banana fiber and

banana leaf ash, the mix design ratio of 1:1.3:2.3 is used. The water cement ratio of

0.48 is used for all concrete mixes. For preparing the concrete having banana fiber

and banana leaf ash (C1, C2 and C3), 10 percent cement is replaced with banana

leaf ash and banana fibers are added in three different percentages i.e. 1 percent,

1.5 percent, and 2.5 percent by cement mass for C1, C2 and C3, respectively.

Fibers used are of 50mm for banana fiber. Chapter 4 includes the detailed analysis

of the results of testing done on the reference concrete and concrete having banana

fiber and banana leaf ash.

4.2 Dynamic Properties

To find the effect of impact loading on the concrete, dynamic testing of reference

concrete and concrete having banana fibers and banana leaf ash has been car-

ried out. For the determination of dynamic testing, ASTM C666/C666M-15 and

ASTM C215-14 standards have been used. The same standards have been used

to determine the dynamic properties of concrete having banana fiber and banana

41
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Table 4.1: Dynamic Properties of PC and Concrete Cylinders having Banana Leaf Ash and Banana Fiber

FL (Hz) FT (Hz) FTR (Hz) Damping

ratio (%)

DME

(GPa)

DMR(GPa) Poisson

ratio(-)

PC 5696±310 3564±465 3407±234 3.81±0.24 4±2.23 4.43±1.43 0.45±0.19

C1 5302±279 3475±387 3369±221 5.35±0.32 5.36±1.78 4.89±2.43 0.54±0.25

C2 3408±264 3401±321 3294±201 7±0.36 6.43±1.65 5.72±1.04 0.56±0.13

C3 3305±255 3302±295 1294±145 9±0.42 9.93±1.77 6.53±0.67 0.76±0.23
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leaf ash due to non-availability of any specific standard. For obtaining appropriate

and accurate results, two readings have been taken. Table 4.1 shows the dynamic

properties of all batches of concretes. The damping ratio of C1 is 40% more than

the reference cylinders. Similarly, for the damping ratio is increasing almost 83%

in case of C2 cylinders and for C3 the the increase in the damping ratio is 136%.

However, it is to be observed here that the damping ratio of C3 is more than all

the other samples.The drastic change in frequency values and the damping ratio

of C3 concrete can be attributed to the fiber distribution, and high percentage of

fiber, affecting the response to dynamic loading. Furthermore, high fiber content

results in higher energy dissipation within the material leading towards increased

damping.

The increase in damping ratio with 1% addition of banana fiber and 10% banana

leaf ash shows that the samples are capable of sustaining impact loads. However,

with the increase in the content of fiber the damping ratio increases and 2.5%

of fiber shows the maximum damping ratio. The dynamic modulus of elasticity

increases up to 85% with the addition of 1% of banana fibers. With the increase

in the content of banana fibers the dynamic modulus of elasticity increases as

compared to the PC. The increase of dynamic modulus of elasticity in case of

C1, C2 and C3 is 34, 60.43 and 148.25%, respectively. The dynamic modulus

of rigidity also increases with the increase in the content of banana fibers.The

results of dynamic testing conclude that the overall performance of C3 is better

as compared to the reference concrete, C1 and C2. However, as compared to the

reference concrete, C1 and C2 also perform well. This means that C3, C2 and C1

can increase the dynamic characteristics of the the rigid pavement.

4.3 Mechanical Properties

4.3.1 Properties under Compressive Loading

The stress strain curve has been shown in the figure 4.1 (a) on the other hand figure

4.1 (b) depicts the behavior of fracture of the specimens i.e. reference concrete
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and the concrete having banana fiber and banana leaf ash, under compression

load. The phenomenon has been shown in three different stages which includes.

The first stage is where the first crack appears, the second stage is where the

specimens experienced the peak load and the third stage is where the ultimate

load was experienced by the specimens. The first crack on the surface of reference

sample and concrete samples having banana fiber and banana leaf ash that is

C1, C2, and C3 is at 81 percent, 85 percent, 87 percent and 89 percent of their

respective peak loads.

The width of cracks observed in the C1, C2 and C3 samples were significantly

lesser than that of reference samples. The observed crack width is 82 mm, 73 mm,

71 mm, and 64 mm in reference samples and C1, C2, and C3, respectively. It can

be seen clearly in the figure 4.1 (b) that the reference concrete sample splits into

two parts with the appearance of cracks on the surface. However, C1, C2 and C3

samples remained together even after the appearance of cracks due to the bridging

effect provided by the fibers. The strength in compression and respective strain

along with the CEP, CEF, CET and CTI values have been shown in table 4.2.

The strength in compression shown by the PC sample was 30.5 MPa while the

C1, C2 and C3 samples showed 28 MPa, 27.7 MPa, and 23.7 MPa. The reduction

in the CS values for C1, C2 and C3 are 8.19 percent, 9.18 percent, and 22.29

percent. Concrete having banana leaf ash only lead to increase in the compressive

strength[1, 9, 10]. However, in case of concrete having banana fibers and banana

leaf ash the compressive strength is decreasing. The reduction in the values of CS

is due to the incorporation of low density fibers. However, the reduction is not

significant for the C1 and C2 due to the usage of lesser content of banana fibers.The

mild slope of C1, C2, and C3 as compared to PC shows the reduced elastic modulus

in concrete. This reduction in elastic modulus along with increment of modulus

of rupture can lead the C1, C2 and C3 concretes to have reduced thickness of

pavements. The values of strain for the PC, C1, C2 and C3 are 0.0021, 0.0023,

0.0028, and 0.0036, respectively. The highest strain value is for C3 having a

peak strain of 0.0036. The strain for the PC sample is minimum due to the high

compressive strength of the sample however, with the reduction in the compressive
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strength the strain values are increasing. C2 and C3 samples show a significant

increase in the strain values which shows that they have high elongation property

(a)

(b)

(c)

Figure 4.1: a) Stress - Strain Curve of Samples b) Failure Behavior c) Com-
parison of Compressive Properties

and due to this reason these samples can withstand shattering force and keep the

matrix together during the loading. The increased strain value in the C1, C2 and
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C3 samples can probably be because of the slippage effect of the fibers. When

the fibers slip within the matrix under loading conditions, the deformation in the

vicinity of fibers is different from overall deformation of the matrix which results in

localized strain concentration leading to increased overall strain. The CEP values

of reference concrete, C1, C2, and C3 are 0.028 MPa, 0.0318 MPa, 0.040 MPa

and 0.045 MPa, respectively. Comparing these values show that the compressive

energy at peak load is minimum for the PC where as the value is increasing for

the C1, C2 and C3.

Table 4.2: Compressive Strength Properties of PC and Concrete having Ba-
nana Leaf Ash and Banana Fiber

Sam-

ple

CS

(MPa)

Strain (-)   CEP

(MPa)

CEF

(MPa)

CET

(MPa)

CTI(-)

PC 30.5±1.46 0.0021±0.0007    0.028±0.01  0.00435±0.004   0.032±0.0157   1.15±0.08

C1 28± 0.09 0.0023±0.0002   0.0318±0.0003  0.00346±0.0007    0.035±0.0003   1.10±0.007

C2 27.7±0.16 0.0028±0.0001 0.040±0.0028  0.0049±0.0003      0.045±0.0006    1.12±0.09

C3 23.7±0.54 0.0036±0.0012  0.045±0.003   0.0125±0.0003   0.057±0.001     1.27±0.07

The CEF values for PC is 0.0435 and the CEF values of C1 is lesser than PC

whereas the CEF value of C2 is more than PC. The CEF value of C3 is maximum.

The CEF values of C1, C2 and C3 are 0.00346 MPa, 0.0049 MPa, and 0.0125

MPa. The increase in the values of CEF is because of the energy absorption after

the crack appearance due to the availability of banana fibers. This is why these

samples outperformed the PC samples in the post crack energy absorption. The

Values of CET are in increasing order from PC to C3. The value of C1 is lesser

than that of C2 and C2 value is lesser than C3. The CET values for PC, C1, C2

and C3 are 0.032 MPa, 0.035 MPa. 0.045 MPa, 0.057 MPa. The increased value

is mainly due to the post-crack energy absorption and to some extent because of

the energy absorption pre cracking for C1, C2 and C3. The Value of compressive
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toughness index for PC, C1, C2, and C3 are 1.15, 1.10, 1.12, and 1.27. Figure

4.1 (c) shows the comparison of strength and total compressive energy of different

mixes.

4.3.2 Properties under Split Tensile Loading

Figure 4.2 (a) shows the curve of load-deformation under the loading in splitting

tensile, while the figure 4.2 (b) depicts the behavior of cracking of the specimens i.e.

reference concrete and C1, C2, and C3 under the split tensile load. The cracking

pattern shown are for initial cracks, crack at peak load and cracking pattern at

the ultimate load. The specimens of PC and concrete having banana fiber and

banana leaf ash depicts cracking at the corresponding peak loading values of 100

percent, 98 percent, 94 percent and 92 percent, respectively.

The width of the cracks of C1, C2, and C3 are much lesser than that of PC

samples. The length of cracks observed for C1, C2 and C3 are 73 mm, 68 mm

and 61 mm, respectively. However, the PC samples breaks into two pieces with

the appearance of first crack on the surface. On the other hand the C1, C2 and

C3 samples remains intact after the formation of the cracks It can be seen that

the width of the cracks is less for the C1, C2 and C3 samples. At the peak load

the width of the cracks increased to 78 mm, 72mm, 66 mm for the C1, C2 and

C3 samples, respectively. Specimens containing banana fiber and banana leaf ash

showed expansion of the cracks even at the ultimate loads .The crack width at the

ultimate loads are 83 mm, 76 mm, 71 mm, for C1, C2 and C3, respectively.

The addition of fiber reduces the concrete’s brittle behavior by lowering the crack

width and due to the bridging effect the samples are not broken into two pieces

after the appearance of the first crack. Therefore, it can be said that addition of

fibers in concrete can help in enhancing the post crack behavior of the concrete

mainly in the split tensile loading. The samples were intentionally broken into

two pieces after the test to see the failure mechanism of the specimens. For the

determination of the strength in splitting tension (STS), the maximum value of

load is considered. The area under the curve before the peak load is defined as
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the pre-crack absorbed splitting tensile energy (STEP), while the energy absorbed

after the peak load is called the energy absorbed post crack splitting tensile energy

(a)

(b)

(c)

Ductile/Tough BehaviorBrittle Behavior

Figure 4.2: a) Load Deformation Curves of Samples b) Failure Behavior c)
Comparison of Splitting Tensile Properties

(STEF). It is significant to observe that the STEP value and the TSTE values
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are same for the PC samples because the total energy absorbed by the PC was

before the peak load and at peak load the sample was split into two pieces. The

ratio between the TSTE and the STEP value gives the Splitting Toughness Index

(STI).

The data obtained from the load deformation curve is provided in table 4.3. The

values of STS, STEP, STEF, TSTE and STI have been given for PC, C1, C2 and

C3 samples. The values of STS for PC, C1, C2 and C3 are 4.06 MPa, 4.26 MPa,

4.56 MPa, and 4.98 Mpa, respectively. It can be seen that the values of STS are

in increasing order with the increase in the content of the banana fibers in con-

crete. Using banana fiber in concrete results in an increase in the splitting tensile

strength and this strength increases with increased amount of fiber in concrete

[21–23, 25, 110]. The value of STS for C1 has increased 4 percent, whereas for the

C2 specimens the value has increased upto 12 percent and for C3 the value has

increased up-to 22 percent. This shows that with the addition of banana fibers

the splitting tensile strength of the concrete increases.

Table 4.3: Split Tensile Strength Properties of PC and Concrete having Ba-
nana Leaf Ash and Banana Fiber

Sample STS

(MPa)

STEP

(N.m)

STEF

(N.m)

TSTE

(N.m)

STI (-)

PC 4.06±0.02 36.18±0.02 - 36.18±0.02 1±0

C1 4.26±0.01 50.03±0.09 32.53±0.06 82.56±0.06 1.65±0.01

C2 4.56±0.04 69.51±0.05 20.07±0.04 89.59±0.01 1.28±0.03

C3 4.98±0.03 80.82±0.04 20.03±0.07 100.85±0.07 1.24±0.07

The values of STEP for PC, C1, C2, and C3 are 36.18 N.m, 50.03 N.m, 69.51 N.m,

and 80.82 N.m. The value of STEP is increasing for C1, C2 and C3. This increase

in the STEP value is due to the energy absorption capacity of the natural fibers

i.e. banana fibers. The values of STEF for the PC is zero because of the reason

that no energy was absorbed after the peak load and the sample was broken into
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two pieces. However, the STEF values of C1, C2, and C3 exist because of bridging

effect of fibers. The STEF value of C1 is more than C2. However, the STEF value

of C3 is greater than C1 and C2.

The values obtained for the TSTE for PC, C1, C2 and C3 are 36.18 N.m, 82.56

N.m, 89.59 N.m, and 100.85 N.m, respectively. Comparing the results of PC and

C1 it can be seen that more than 136% of the total splitting tensile energy has

increased. Similarly, the C2 value is 147% more than the value of PC. C3 values

are more than all of the samples. The banana fibers act as reinforcement, as the

percentage of fibers increase the tensile stresses are effectively distributed making

the concrete more resistant to cracking with increased energy absorption. Energy

absorption after peak load is due to bridging effect of fibers. The ductile/tough

failure behavior is also shown in figure 4.2, here it can be seen that the PC sample

break into two parts after peak load whereas C1, C2 and C3 show a ductile/tough

behavior because of the bridging effect of banana fibers. The toughness index

for PC is 1 whereas the STI values for C1, C2 and C3 are 1.65, 1.28, and 1.24.

Figure 4.2 (c) shows the comparison of tensile strength and total tensile energy of

different mixes.

4.4 Water absorption

The absorption of water is actually the movement of water into the concrete sam-

ples due to the capillary action because of the pores in the concrete. The water

absorption is the mass of the water absorbed by the sample divided by the mass

Table 4.4: Water Absorption (%) of PC and
concrete cylinders having banana leaf ash and banana fiber

Parameters PC C1 C2 C3

Water Ab-

sorption

2.23% 2.51% 2.63% 2.72%
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of the dry sample which is dried till constant mass is achieved. The values of the

water absorption are depicted in the table 4.4. The water absorption values for

PC, C1, C2 and C3 are 2.23%, 2.51%, 2.63% and 2.72%, respectively. The increase

in the water absorption in case of C1 as compared to reference concrete is 12%, for

C2 the increase is 17% and in case of C3 the increase in water absorption is 21%.

The water absorption values for C2 and C3 are significantly higher as compared

to PC. The increase in water absorption is not favorable especially for the case

of rigid pavement as the absorbed water might damage the pavement due to the

freeze and thaw effect. However, the increase in tensile strength due to banana

fibers can potentially resist the cracking due to freeze and thaw effect.

4.5 SEM Analysis of Concrete Samples having

Banana Leaf Ash and Banana Fiber

The imaging of the broken samples using the SEM technique shows that the con-

crete matrix has few air voids present. Moreover, the fiber breakage can be seen

Figure 4.3: SEM of Damaged Surface of C3
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in figure 4.3. similarly, the fiber pullout can also be seen in the figure 4.3. The

SEM imaging also shows the formation of ettringite (Aft) which is actually a

needle like structure that helps in the setting of the concrete during the hydration

process. Image taken at 10 micro-meter zooming shows the pullout of fiber from

the concrete matrix, which is due to the slippage of fibers from the concrete matrix.

It is evident from the image that banana fibers provide bridging effect and provide

higher tensile strength.

4.6 Summary

The properties under mechanical testing and water absorption have been deter-

mined. The mechanical testing reveals that the compressive strength reduces

but for C1 and C2 the reduction is not significant. Similarly, the splitting tensile

strength increases with the increase in the content of banana fibers. Water absorp-

tion test shows that due to the fibers in concrete the water absorption increases.

The SEM analysis shows that fibers are either broken or pulled out of the concrete

matrix.



Chapter 5

Practical Application

5.1 Background

The results of the tests conducted on the samples developed the basis for the

practical application of the sustainable concrete to develop sustainable pavements.

This is done by the comparison of the mixes for obtaining the optimized mix

among all the mixes. The design of pavement using the AASHTOWare mechanistic

empirical pavement design approach is then done using the values obtained for

each mix, as it is very important to find relation between the obtained values

and the pavement performance. This chapter discusses the optimization of mixes

and then their implementation for designing pavements for studying the structural

performance of these pavements.

5.2 Comparison for Optimized Mix

Concrete is a major civil engineering material that has wide application in real life.

Concrete is generally used as structural material which bears different mechanical

loads. The mechanical properties of the concrete are related to the performance

of the concrete. Optimized mix is a mix having increment in large number of

properties i.e. mostly governing for a specific application, with little compromise

53
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in few number of properties. In this study different parameters have been stud-

ied ranging from mechanical performance to performance of pavement. For the

application of concrete in rigid pavements, mainly two aspects are considered i.e.

the modulus of rupture and the modulus of elasticity. Moreover, other factors like

water absorption and dynamic properties are also important. With the increase in

both the values i.e. elastic modulus and modulus of rupture, the performance can

enhance significantly. Moreover, the shrinkage cracking in rigid pavement leads

towards the formation of other distresses in rigid pavement. Water absorption is

another factor as water absorption can lead towards the early deterioration of the

pavement due to the freeze and thaw effect of the infiltrated water [55]. For con-

trolling the cracks in concrete and specifically in concrete pavements, it is required

to increase the tensile strength such that the values increases the induced stresses,

this way the cracks in the concrete pavement can be reduced [56]. Faulting is

another issue that is caused by many factors but considering the curling effect of

concrete it is important to mention the tensile strength of the concrete plays a

significant role in the process of faulting. This is why it is important to consider

all these parameters and suggest an optimized mix based on the results obtained

in the previous chapter.

The performance of the specimens C1, C2 and C3 is better than the reference

concrete in terms of splitting tensile strength and dynamic properties. However, in

terms of compressive strength C1 shows comparatively better results as compared

to C2 and C3, hence resulting in a higher value of modulus of elasticity. In case of

tensile strength C3 shows the best performance. The strain values are also more

for C3 as compared to the C1 and C2 samples. Similarly, the dynamic properties of

C3 are better than other types. Increase in the values of concrete properties results

in the formation of rigid pavements that are better performing. Farooqi and Ali

[58] developed the first ever rigid pavement containing natural fibers and assessed

the performance of this fiber reinforced concrete pavement, field evaluation of

this pavement showed a better performance as compared to reference concrete

pavement. This shows the practical application of fiber reinforced concrete and

possibility of construction of rigid pavements using natural fibers concrete.
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For the design of rigid pavements, the material properties that are used include,

modulus of elasticity of the concrete and the modulus of rupture of the concrete,

both of these properties are calculated directly from the compressive strength and

tensile strength, respectively. Modulus of elasticity is a function of compressive

strength and hence a concrete with higher compressive strength would be more

feasible for its usage in rigid pavement. The mechanical testing revealed that due

to the low density of the fibers the compressive strength of the concrete reduces

with the increment in the content of fiber. On the other hand the modulus of

rupture for C1, C2 and C3 increased significantly. Considering all the results on

the specimens C2 can be considered an optimized mix as the compressive strength

is reducing only 9.18% as compared to PC, the tensile strength is more than PC

and C1. Moreover, the dynamic properties are comparatively better than PC and

C1.

5.3 Performance of Sustainable Pavement

The prediction of the performance of the pavement is a significant factor in the

analysis and design process. Therefore, MEPD software i.e. AASHTOWare soft-

ware is used to predict the performance of the jointed plain concrete pavement

(JPCP) by using the values obtained from the testing of the PC, C1, C2 and C3

samples. The prediction of the distresses in the form of international roughness

index (IRI) and mean joint faulting. The development of cracks in continuously

reinforced concrete pavement (CRCP) can develop similar type of distresses like

JPCP. The design and analysis on the pavements was conducted for a design life of

50 years of service life. The input parameters given to the AASHTOWare include

the climatic conditions, traffic inputs, design criteria and material inputs. AADT

of 15000 vehicles per day with a rate of growth of 5% which equals Equivalent

Single Axle Loads (ESALS) of about 12.67 million at the very end of design life of

50 years. The climatic conditions were fed into the software, this data has been

shown in table 3.3. The pavement design is carried out for both PC and concrete

having banana fiber and banana leaf ash i.e. C1, C2 and C3. The elastic modulus
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and modulus of rupture values used for this design are shown in table 5.1. The

thickness of the pavement used for pavement performance evaluation is 270 mm

for PC, C1, C2, and C3. It can be seen that PC thickness is more than the rest

of the concretes. As discussed in section 2.4, Huang’s concrete is considered as

a bench mark in this study to show that despite the higher compressive strength

of Huang’s concrete as compared to the PC, C1, C2 and C3, the design thickness

is least for C3 by using the same parameters which tells us that the modulus of

rupture plays more vital role in design as compared to the elastic modulus.

The equation for the calculation of splitting tensile strength from the compressive

strength of the concrete as given by ACI 318-05 [108] is as follows:

ftensile = 0.56 ·
√
fc

Similarly, the equation for calculation of flexural strength of concrete from the

compressive strength as given by ACI 318R-14 [107] is as follows

fflexural = 0.62 ·
√
fc

Using equation 5.1 from ACI 318-05 [108] and equation 5.2 from ACI 318R-14

[107] equation 5.3 is derived i.e.

fflexural = 1.11 · ftensile

This equation can be used to calculate the flexural strength from the tensile

strength. The tensile strength is determined by performing the mechanical tests

on the specimens and then using the above given equation, the flexural strengths

are calculated. This flexural strength and the elastic modulus, calculated from the

compressive strength, are used for designing rigid pavements and then the perfor-

mance is evaluated using the AASHTOWare MEPD software. It can be seen in

table 5.1 that the compressive strength of each concrete type has been written

based on the compressive testing performed on the samples. Using this compres-

sive strength the elastic modulus of concrete has been calculated. Similarly, the

splitting tensile strengths of concrete batches mentioned in this table is also from

(5.1)

(5.2)

(5.3)
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Table 5.1: Design Thickness Comparison

Concrete

Type

CS

(MPa)

Elastic

Modulus

(MPa)

STS

(MPa)

MoR (MPa) 1.11 ∗ ftensile Pavement Thick-

ness (mm)

Reference

PC 30.5 25956 4.06 4.51 270 current study

C1 28 24870 4.26 4.73 260 current study

C2 27.7 24736 4.56 5.06 250 current study

C3 23.7 22880 4.98 5.53 240 current study

Huang De-

sign Exam-

ple

53 34216 - 4.51 270 [62]
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the splitting tensile strength test performed on the samples. Using this splitting

tensile strength the modulus of rupture is calculated using the equation 5.3 1.11 ∗

ftensile which is derived from equation 5.1 and equation 5.2. Both the equations

5.1 and 5.2 used are from ACI codes.

5.3.1 Rigid Pavement Faulting Prediction

Figure 5.1 (b) depicts the performance of each pavement designed in AASHTOware

using the mechanistic empirical design approach. The red line shows the terminal

or the threshold value for the corresponding distress or index value as given by

a)

b)

Figure 5.1: Predicted Faulting Versus Pavement Age a) Huang Rigid Pave-
ment b) Current Research
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AASTHO [76]. It can be seen that the predicted faulting of the pavement designed

using the reference material shows a significant amount of faulting at a very early

stage of the design life whereas the C1, C2 and C3 show higher performance as

compared to the reference concrete. Faulting predicted in pavement designed using

the C3 concrete shows superior results as compared to other pavements. The

faulting considered is in fact due to the curling and warping of rigid pavement

that generates flexural stresses in the pavement. Due to higher calculated flexural

strength of C3 concrete, the faulting predicted in the pavement is lower than all

other mixes. The trend shows that with the increase in the flexural strength

the predicted faulting age increases. It is to be noted here that the faulting is

caused due to the curling of slab and not because of the soft sub-grade or pumping

action. The prediction analysis shows that rigid pavement designed using reference

concrete fails after 24 years whereas, C1, C2 and C3 fails after 25, 27 and 28 years,

respectively. As shown in figure 5.1 (a), the pavement designed using Huang’s

design example shows that the failure happens at the age of 34 [62]. The modulus

of elasticity for Huang’s concrete is more as compared to reference concrete values

in this study. However, the value of modulus rupture is equal to PC as shown in

table 5.1. This concrete can be compared with reference concrete of this study.

The percentage increase in age as compared to PC for C1, C2 and C3 is 4.16%,

12.50%, and 16.66%, respectively.

5.3.2 Rigid Pavement IRI Prediction

The International Roughness Index (IRI) prediction values show some what of

similar trend as discussed in the previous section. The International Roughness

Index increases with the appearance of other distresses on the rigid pavement. Due

to the fact that C1, C2 and C3 showed lower compressive strength as compared to

reference concrete. Moreover, due to the calculated higher modulus of rupture of

C1, C2 and C3 concrete the possibility of other distresses also decreases. Hence,

increasing the age to reach the threshold IRI of the pavement. Figure 5.2 (b)

shows the relationship between IRI and the pavement age of the current study.

The red line shows the threshold value as given by AASHTO [76]. It is evident



Practical Application 60

from the graph that with the increase in the content of fiber the pavement age

values are increasing. All of the mixes show almost similar behavior till the first

16-17 years of the design life. However, after 17 years the mixes show variating

trend. The longest life predicted is for the C3 due to higher values of mechanical

characteristics hence, lower chances of other distresses in this pavement. In terms

of IRI the pavement failure prediction is 34, 35, 37.5, and 40 years for PC, C1, C2

and C3, respectively. Moreover, figure 5.2 (a) shows the IRI vs pavement age for

pavement designed using values of Huang’s design example, this pavement

a)

b)

Figure 5.2: Predicted IRI Versus Pavement Age a) Huang Rigid Pavement b)
Current Research
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crosses the threshold at 45 years. Considering the high values of modulus of elas-

ticity as compared to the MoE of PC used in this study, the pavement age is more.

IRI is a function of different distresses of rigid pavement. Hence, reduction in the

IRI means reduction in the formation of distresses along with better performance

in terms of ride quality.

5.3.3 Comparison of pavement age for IRI and Faulting

The performance prediction shows that the age for reaching faulting threshold

increases with increase in the fiber content. Furthermore, as compared to IRI,

faulting criterion showed a lesser life of the pavement. Due to the curling of slabs,

faulting is a function of strains. All the batches containing banana fiber and

banana leaf ash showed more life of the pavement as compared to the reference

concrete. However, C3 shows more age against IRI prediction as compared to C1

and C2 i.e. the use of 2.5% banana fiber and 10% banana leaf ash showed

Figure 5.3: IRI and Faulting Relation between Pavement Age and Concrete
Type
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relatively longer life of 40 years, whereas the batches C1 and C2 showed a life

of 35, and 37.5 years against IRI. The increase in the life of the pavement is an

additional benefit along with environmental benefits and lower cost of construction.

The improvement in the performance of the pavement is due to the higher value

of the modulus of rupture. However, the reduction in the compressive strength

did result in compromise in the performance of the pavement. From strength

point of view C3 batch achieved the longest life span as compared to C1 and C2

batch. The longest life achieved for the pavement was from C3 that is 28 and

40 against faulting and IRI, respectively. This can be due to the higher flexural

strength, calculated from the splitting tensile strength, as compared to C1 and

C2. It can be seen in figure 5.3 that the failure age of the pavements increases

with the increase in the content of banana fiber with constant amount of banana

leaf ash. The failure age is higher in terms of IRI as compared to failure age in

terms of mean joint faulting. Both of the factors have significance but faulting

will be limiting factor as the failure age is achieved earlier in this case, calling

for a rehabilitation of the pavement [92]. The increase in failure age for C3, is

significant as compared to PC considering the partial replacement of cement with

ash and reduction in the quantity of cement due to the usage of banana fiber.

Table 5.2: IRI and Faulting Values after Completion of Design Life

Concrete Type IRI (m/Km) Faulting (mm)

PC 3.1 5.1

C1 3.0 4.9

C2 2.9 4.6

C3 2.8 4.4

Huang Design Example 2.74 4.0
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Table 5.2 shows the values of IRI and faulting for all type mixes used in this

study. IRI and faulting are related as IRI is a function of faulting. Increase in

the roughness causes impact loading on the pavement which can exacerbate the

development of faulting on pavement [109]. This tabular comparison helps in

identifying the best performing mix. Considering the deviation from the values of

PC, C3 can be considered the best performing mix among C1, C2, and C3.

5.4 Impact of Extreme Conditions on Material

Properties and Pavement Performance

Performance evaluation has also been conducted on samples exposed to extreme

conditions. After exposing the samples to extreme conditions, dynamic tests,

mass loss test, linear shrinkage test, and flexural test have been performed. The

results of these tests have been shown in annexure A. The linear shrinkage and

mass loss values are shown in table A1.The linear shrinkage values decrease with

the increasing content of banana fibers. On the other hand the mass loss values

increase with the increasing content of banana fibers having banana leaf ash in

fixed proportion. Table A2 shows the dynamic values of the concrete exposed to

extreme conditions. It can be seen that the damping capability increases with the

increasing content of banana fibers having banana leaf ash in fixed proportion.

Figure A1 shows the behavior of concrete exposed to extreme conditions under

flexural loading. It can be seen that PC shows a brittle behavior and splits into

two pieces at peak load whereas C1, C2 and C3 shows tough/ductile behavior due

to bridging effect of fibers. C1, C2 and C3 show an increasing order of flexural

strength and energy absorption capacity. These values have been shown in table

A3, the deflection, maximum load, energy before and after peak have also been

shown in this table. In annexure B, the performance of this concrete has been

shown in the form of figures. In figure B1 (b) it can be seen that the performance

of C1, C2 and C3 is in increasing order due to the increasing trend of flexural

strength. Similarly. as shown in figure B2 the performance against IRI is also in



Conclusion and Recommendations 64

increasing order for C1, C2 and C3 considering the increasing modulus of rupture.

Figure B3 depicts the comparison failure age of all mixes against IRI and faulting.

5.5 Summary

The optimization of the mixes reveals that C2 exhibits superior properties com-

pared to PC, C1 and C3. This is attributed to its higher splitting tensile, dynamic

properties in comparison to C1 and little reduction in compressive strength, lesser

water absorption as compared to C3. Furthermore, in terms of performance, C3

demonstrates better results as it has a longer service life compared to the other

mixes. In terms of IRI the pavement performance prediction shows that the life of

PC, C1, C2 and C3 till failure is 34, 37.5, 36, and 40 years, respectively. Similarly,

the performance prediction against faulting shows that the life of pavement till

failure is 24, 25, 27 and 28 years, respectively. Comparison of pavement failure in

terms of IRI and faulting shows that the with the increase of banana fibers and

the use of banana leaf ash, the pavement life increases. The life of pavement in

terms of IRI is more as compared faulting.



Chapter 6

Conclusion and

Recommendations

6.1 Conclusions

For the development of a sustainable concrete and then a sustainable pavement,

banana leaf ash is used as partial replacement of cement and banana fibers are

used in three different proportions i.e. 1%, 1.5%, and 2.5%. The mix design used

is 1:1.3:2.3 with a water cement ratio of 0.48. Dynamic, mechanical, and water

absorption are performed along with the micro-structural analysis. Moreover, the

mechanistic-empirical pavement design software has been used for the evaluation of

performance of the pavement designed using the sustainable concrete and following

conclusions are drawn:

• The dynamic testing reveals that the damping ratio of C3 concrete is more

as compared to the reference concrete, C1 and C2.

• Mechanical testing of the specimens reveal the strength in compression, split-

ting tensile strength, compressive toughness index,and splitting toughness

index.The conclusions are discussed below

– C1 shows the maximum compressive strength after PC. The reduction

in compressive strength as compared to PC is 8%, 9% and 22%.

65
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– The splitting tensile strength of C1, C2 and C3 increased as compared

to the reference specimens. The increase observed is 4%, 12% and 22%

for C1, C2 and C3, respectively.

• Water absorption test reveals that water absorption increases 12%,17% and

21% for C1, C2, and C3 as compared to PC. C3 showed the maximum water

absorption and PC showed the minimum water absorption.

• The SEM imaging of fractured surface reveals that some of the fibers broke

during the failure and other were pulled out from the concrete matrix.

• Mechanistic empirical design approach reveals the performance of PC, C1,

C2 and C3 samples. The performance of the pavements is as follows

– In terms of IRI the pavement performance prediction shows that the

life of PC, C1, C2 and C3 till failure is 34, 35, 37.5, and 40 respectively.

– The performance prediction against faulting shows that the life of pave-

ment till failure is 24, 25, 27, and 28 years for PC, C1, C2 and C3,

respectively.

– Comparison of pavement failure in terms of IRI and faulting shows that,

with the increase of banana fiber the design life increases. The life of

pavement in terms of IRI is more as compared to faulting.

Hence, based on the above results, concrete having banana leaf ash and banana

fiber has great potential to be used in rigid pavements for more sustainability and

better performance. The partial replacement can save the overall cost of the rigid

pavement construction. Moreover, the use of banana leaf ash and banana fiber

will result in pavements having performance better than normal concrete.

6.2 Future work

Based on the conclusions deduced from this research work, following are the rec-

ommendations for future work:
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• Banana leaf ash should be used in different proportions by keeping the con-

tent of banana fiber constant, in order to find out an optimized dosage of

banana leaf ash for better compressive strength.

• Prototype development using the concrete having banana fiber and banana

leaf ash should be done in order to validate the real time performance using

laboratory equipment.

• More natural ashes should be explored which have a similar nature to banana

leaf ash in order to develop sustainable concrete.

• Properties of concrete having banana fibers and banana leaf ash should be

evaluated for higher age i.e. 90 days of curing.

• The same combination should be used but different samples should be cast

for mechanical testing and water absorption and mass loss test.

• Impact of abrasion and freeze and thaw in optimized sustainable concrete

pavement should be evaluated.
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Appendix A

Table A1: Linear Shrinkage (%) and Mass Loss (%) of PC 
and Concrete having Banana Leaf Ash and Banana Fiber

Parameters PC C1 C2 C3

Linear

Shrinkage

0.082 0.073 0.069 0.064

ML (%) at

Temp 50(C)

-0.028 -0.037 -0.049 -0.053

ML (%) at

Temp 75(C)

-0.039 -0.052 -0.065 -0.079

ML (%)

at Temp

100(C)

-0.098 -0.113 -0.127 -0.139
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Table A2: Dynamic Properties of PC and Concrete having Banana Leaf Ash and Banana Fiber

Concrete FL (Hz) FT (Hz) FTR (Hz) Damping

ratio (%)

DME

(GPa)

DMR(GPa) Poisson

ratio(-)

PC 3865±423 3529±463 3446±523 1.76±0.43 2.12±1.24 3.96±1.53 0.26±0.26

C1 3408±401 3298±432 3337±504 3.12±0.24 5.23±1.43 4.04±1.24 0.65±0.21

C2 3376±352 3165±397 2304±495 3.33±0.19 6.11±1.32 4.15±1.32 0.73±0.16

C3 2064±284 1667±353 1251±385 4.34± 0.17 6.57±1.27 4.31±1.43 0.76±0.14
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(a)

(b)

(c)

Ductile/Tough BehaviorBrittle Behavior

Figure A1: a) Load Deflection Curves of Samples b) Failure Behavior c) Com-
parison of Flexural Properties
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Table A3: Flexural strength properties of PC and Concrete having banana leaf 
ash and banana fiber

Sample MoR

(MPa)

∆

(mm)

FEP

(N.m)

FEF

(N.m)

FET (N.m) FTI(-)

PC 6.81±0.44 1.00±0.02 4.98±0.58 - 4.98±0.58 1±0.00

C1 7.44±0.01 1.05±0.31 6.41±1.68 4.24±4.68 10.65±8.54 1.66±1.68

C2 7.54±0.07 1.82±0.09 8.33±0.21 2.75±0.84 11.07± 1.04 1.33±0.10

C3 7.61±0.07 1.74±0.57 11.21±3.12 3.45±1.53 14.66±1.59 1.31±0.23
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a)

b)

Figure B2: Faulting vs Pavement Age for Pavement after Exposure to 
Extreme Temperatures a) for Huang Rigid Pavement b) Current Research
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a)

b)

Figure B3: IRI vs Pavement Age for Pavement after Exposure to 
Extreme Temperatures a) for Huang Rigid Pavement b) Current Research
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Figure B4: IRI and Faulting Relation between Pavement Age and 
Concrete Type after Exposure to High Temperature
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