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Abstract

The abundant availability of plant fibres, around the globe, seeks researcher’s at-

tention on their potential use as construction materials. There is a need to explore

the structural integrity of concrete reinforced with such plant fibres. To start with,

among all plant fibres, wheat straw is selected to be studied for its possible use

as a construction material. As, out of 731 million tonnes global annual wheat

production, Pakistan produces 26 million tonnes. Accordingly, 22 million tonnes

wheat straw i.e. agricultural waste/by-product of wheat crop, is produced annu-

ally in Pakistan, depicting its abundant availability. On the other hand, the usage

of rigid pavements has become more frequent over the past decades in developing

countries. As per AASHTO pavement design guide, the serviceability of concrete

pavements is almost 15% more than that of asphalt pavements for an averaged

design life of 20 years. However, its more extensive use is still prevented due to its

higher initial cost, mainly due to the cost of cement and reinforcement. Moreover,

plain concrete is an inherently brittle material with low tensile strength and strain

capacity. Accordingly, the pavement distresses, like early-age micro cracking and

punch-outs etc., usually occur in rigid pavements, particularly in developing coun-

tries. These premature distresses can be minimized by using dispersed fibres in

concrete. Therefore, the overall aim of this research program is to have the devel-

opment of economic and durable design and/or construction techniques for new

rigid pavements by using locally available natural fibres in concrete. However,

natural fibres reinforced concrete pavements are slightly explored yet. Further-

more, to the best of author’s knowledge, wheat straw is not studied yet for rigid

pavement applications. Accordingly, the specific aim of this doctoral study is to

explore, in detail, the potential of wheat straw reinforced concrete for structural

applications i.e. rigid pavements.

In this research program, in-depth investigation is made to evaluate the structural

capacity of wheat straw reinforced concrete (WSRC) in terms of optimization,

durability, and structural performance. The effect of pre-treatment and content

of wheat straw on the energy absorption capability of concrete has been studied
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by evaluating its static properties. Almost 25 mm long soaked, boiled, and chem-

ically treated straw having content of 1%, 2%, and 3%, by mass of wet concrete,

are considered. The durability of concrete having straw is determined, in terms

of residual behaviors, after its exposure to room, climatic, and alternate wetting

and drying conditions for 4-years. The contribution of wheat straw in improving

the behavior and capacity of reinforced concrete for structural applications is also

studied. WSRC beam-lets with varying flexure and shear rebars are experimen-

tally investigated. The structural performance of jointed WSRC pavement is also

evaluated by constructing its test section. The laboratory and field investigations

are made to determine the compressive properties, deflection measurements and

cracks progression, after the exposure of test section to vehicular movement for

18-months. The properties of plain concrete (PC) specimens and test section are

taken as reference. Micro-structural analysis is also done to verdict the straw

behavior at all the stages.

Concrete, having soaked straw with 1% content, is optimized in terms of en-

hanced and durable properties. Splitting-tensile toughness index of concrete with

1% soaked straw is increased significantly by 105%. Optimized WSRC shows 79%

residual flexural strength under natural weathering. Structural and/or load carry-

ing capacity of WSRC having flexural and shear re-bars is enhanced up to 7.5%,

along with the delayed crack initiation due to crack arresting mechanism provided

by the presence of dispersed straw. WSRC pavement test section shows 34%

higher energy absorption capacity, as compared to that of plain concrete section.

Micro-structural analysis reveals that proper bonding between durable straw and

concrete matrix is resulted is come out with enhanced properties. The structural

performance of WSRC pavement (with 7% less design thickness as compared to

PC pavement), in terms of load transfer efficiency, is also enhanced up to 16%.

Accordingly, the construction cost and carbon emissions of WSRC pavements can

be reduced up to 14% and 28%, respectively. Hence, WSRC is recommended for

economical and sustainable rigid pavements.

Keywords: Natural fibres; Wheat straw; Wheat straw reinforced concrete; Dura-

bility; Residual strength; Structural performance; Rigid pavements.
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Chapter 1

Introduction

1.1 Theoretical Background

Road networks are key consideration in any country as its socio-economic progress

is based on it. Accordingly, the design, construction, maintenance and/or re-

habilitation, of pavements demand more attention. Pavements aim to sustain

the vehicular and pedestrian movements and are broadly classified as flexible and

rigid pavements, based on load distribution mechanism. In flexible pavements, the

magnitude of vehicular load diminishes over a larger area while its transmission

towards sub-grade through wearing, base and sub-base course. However, in rigid

pavements, the high strength cement concrete slab, due to its rigidity and high elas-

tic modulus, resists and distributes the traffic load over a wider area of subgrade.

Increased traffic volume (i.e. Heavy Traffic) and less stable natural soil strata

demands pavements with long structural life and more durability. Conventional

concrete pavements have longer structural life and superior durability as com-

pared to the asphaltic concrete pavements. Therefore, the rigid pavements, due

to lower maintenance and reduction in lifetime energy consumption, can provide

more sustainable solution [1]. However, the combination of drying shrinkage, tem-

perature gradients, built-in temperature curls, and moisture gradients increase the

1



Introduction 2

number of locations which can be prone to many distresses (i.e. early age micro-

shrinkage-cracking, fatigue failure, bottom-up and top-down transverse cracking,

and punch-outs etc.) in concrete pavements. The use of concrete pavements has

increased over the past decades in developing countries like Pakistan. But, due

to poor construction practices and measures to control the quality, many types of

early age distresses and premature failures have been observed in the newly con-

structed rigid pavements. The commonly observed flaws in the rigid pavements of

developing countries are in the form of micro-shrinkage cracking, full depth lon-

gitudinal and transverse cracking, durability cracking, punchouts, and settlement

cracking etc. Lack of understanding some fundamental concepts regarding behav-

ior of concrete in pavements is one of the reasons behind rigid pavement failures.

Concrete is the most widely used civil engineering construction material by far,

and its usage in various civil engineering applications is raising all over the globe.

The only issue of concrete is that it is basically a brittle material i.e. poor resis-

tance to crack opening and propagation and relatively low tensile strength. Due

to this, a number of distresses (as mentioned earlier) occur in the rigid pavements,

and steel reinforcement is usually required in concrete for providing resistance

to various types of cracks. Hence, the initial cost of concrete pavements is very

much higher than that of asphalt pavements, therefore, its extensive use is still

prevented.

Fibres play an important role in reducing the brittleness of conventional concrete,

when used as dispersed reinforcement. For strengthening the brittle matrices,

straw and horsehair have been used since Biblical times. Romualdi, for the very

first time in his two papers [2, 3], introduced the steel fibres as the dispersed

reinforcement in concrete. The addition of dispersed fibres in concrete enhances

the energy absorption capability and crack resistance in the conventional brittle

natured plain concrete [4, 5]. Erdogmus [6] summarized his findings of 10 years

of research on usage of fibre reinforced concrete in structural rehabilitation and

masonry construction. A technique, named “FRC retrofit technique”, was also

proposed in this study to rehabilitate two-way slabs of reinforced concrete.
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Sustainable development is a key consideration in current era. Each and every step

to achieve sustainable development goals has its own significance. In this global

effort to get the sustainable solutions, the focus is on reduction of biodegradable

materials and to minimize the waste, which ultimately contributes in global warm-

ing. Saving, re-using, and re-cycling are paramount concerns now a days, which

are gaining the attention of researchers to cater the environmental issues [7–10].

In recent years, considerable interest has been developed in using the natural

fibres in the cement composites for having the alternate sustainable, economi-

cal, and eco-friendly building materials. Natural fibres have the potential to be

used as reinforcement for overcoming the conventional deficiencies in the concrete.

Researchers have used natural fibres in concrete for various applications as an

alternative economical replacement of artificial or steel fibres. The benefit of nat-

ural fibres over artificial fibres may also include their flexibility in form of easy

handling. Natural/vegetable fibres are cheap and available in surplus in tropical

and sub-tropical regions. Hence, for improving the properties of composites, the

use of plant based natural fibres as a low-cost flexible and renewable construction

material can contribute towards sustainable development. Ramakrishna and Sun-

drajaan [11] reported that the use of natural fibres can lead to sustainable devel-

opment. The natural fibres, figured out as reinforcement in cement composites for

civil engineering applications are; coir, sisal, sugarcane, banana, bamboo, malva,

date, vakka, kenaf bast, jute, palm, hemp, pineapple leaf, flax, ramie bast, abbaca

leaf, hibiscus cannabinus, elephant grass, wheat straw and sansevieria leaf [12–19].

The effect of artificial fibres in concrete composites, for rigid pavements, has also

been investigated by many researchers [20–36]. Generally improved behavior of

fibre reinforced concrete, for rigid pavement applications, has been observed com-

pared to that of plain concrete. The incorporation of steel fibres in concrete

pavement improves the mechanical properties of concrete, resulting in significant

increase in its load carrying capacity even after cracking [37]. The presence of fi-

bres resists the formation of first crack. In addition to the formation of first crack,

the crack propagation phenomenon is also delayed due to the arresting of cracks

by fibres. Accordingly, the capacity of fibre reinforced concrete, in terms of load
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carrying, is enhanced. The addition of fibres in concrete can also lead towards

high tensile strength and strain capacity allowing reduction of pavement layer

thickness [38]. Sinha et al. [26] reported that the use of fibres can lead towards

reduction in pavement depth also by reducing the reinforcement and thus reducing

the overall costs. As far as use of natural fibres for concrete pavement applications

is concerned; as discussed earlier, natural fibre reinforced concrete is comparable

with artificial fibre reinforced concrete and steel fibre reinforced concrete. But, to

the best of author’s knowledge, natural fibres have been investigated for concrete

pavements, but with limited scope so far.

However, the durability of natural fibres is a matter of concerns; as some deficien-

cies/degradation of agricultural/plant fibre reinforced cement composites in terms

of durability have been observed along with the enhanced behavior. This might

be due to the mineralization of fibres and alkali attacks under the exposure of

climatic/environmental conditions [39]. Natural fibres are prone to deterioration

under the exposure of moisture depicting their moisture sensitivity. The chemical

and mechanical properties of natural fibres are highly affected considering their

exposure to moisture/alkaline environments. Therefore, when natural fibres bring

in contact with alkaline matrix of cement, the phenomenon of alkaline hydroly-

sis occurs, which results in deterioration of natural fibre thereby affecting their

durability[11, 40–42]. Hence, in construction industry, application of natural fi-

bres is still quite limited. The limited use of natural fibres for civil engineering

applications is due to the lack in understanding the techniques for improving the

durability while making ductile materials [43–45]. Accordingly, the durability eval-

uation studies on natural fibre reinforced concrete are made after exposing it in

different environmental and ageing conditions [11, 15, 16, 46–50]. A number of so-

lutions (i.e. immersion in fresh water, slurried silica fume, NaOH, Ca (OH)2, and

H2SO4 solutions; carbonation of studied matrix; cement replacement with calcined

clay and metakaoline etc.) were proposed and studied by various researchers to

increase the durability of natural fibres [11, 15, 48, 51, 52]. Thus, the durability of

natural fibres does not provide much hindrance for civil engineering applications.

But the durability should be given proper consideration due to organic nature of
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fibres. Concrete pavements are mostly used for airfield runways, bridge decks, road

surfaces, and parking lots. These pavements are exposed to dynamic loading and

are also subjected to rigorous environmental conditions. It has been a technical

and significant issue to enhance the durability and to prolong the design service

life of concrete pavements in the world [53]. Therefore, the long-term durability

of WSRC pavements should be investigated in detail as pavements are directly

exposed to climatic conditions.

1.2 Research Motivation and Problem Statement

Conventional concrete pavements have longer structural life and superior dura-

bility as compared to the asphalt pavements. However, its more extensive use

is still not common due to its higher initial cost, mainly due to the cost of ce-

ment and reinforcement. Moreover, concrete is basically a material having brittle

nature with minimum strain-capacity and ultimately low toughness. Therefore,

the fatigue failure and cracking can potentially be exhibited at more locations

in concrete pavements due to the combination of temperature gradients, mois-

ture gradients, drying shrinkage, and built-in temperature curl, as pavements are

directly exposed to environmental conditions. Accordingly, the motivation for con-

ducting this research is to have improved and better road network in Pakistan for

the prosperity (Figure 1.1(a)). And the development of economical, durable de-

sign and/or construction techniques for new cement concrete pavements by using

locally and abundantly available natural fibres (Figure 1.1(b)).

Whereas, the problem statement is as follows:

The frequent movement of overloaded heavy traffic vehicles causes the generation

of continuous distresses in flexible pavements which demands high maintenance ac-

tivities. To cater this issue, dedicated lanes of rigid pavement are high in demand

for accommodation of heavy commercial traffic and weak soil strata. However, the

high initial cost of rigid pavements is still the point of concern in developing coun-

tries like Pakistan. In addition, the poor construction practices and brittle nature
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(a) (b)

Figure 1.1: Research motivation (a) Improved road network and (b) Econom-
ical and durable design and construction of rigid pavements

of cement concrete leads towards early age deterioration of newly constructed rigid

pavements. The use of dispersed steel/artificial fibres reinforcement in concrete for

improving the load carrying capacities, crack resistance, and post cracking behavior

is reported by many researchers. The results of natural fibre reinforced concrete are

comparable with artificial fibre reinforced concrete. However, the in-depth knowl-

edge on wheat straw as dispersed fibre in cement concrete composites is missing.

Therefore, there is a need to investigate wheat straw reinforced concrete in de-

tail. Natural fibre reinforced concrete can be used for construction economical and

durable rigid pavements. But, it has not been explored yet in that way for pavement

applications. Hence, the wheat straw reinforced concrete needs to be evaluated for

pavement applications. However, wheat straw is an organic material and pave-

ments are directly exposed to climatic conditions (i.e. variation in temperature,

rainfall, snow-fall etc.). Accordingly, for such applications, the durability of wheat

straw reinforced concrete needs to be examined. Pavements are live in nature due

to their exposure to vehicular loading and real environmental conditions all the

time. Therefore, the true behavior of pavements, in terms of performance, needs

to be evaluated.

Accordingly, the research questions of this doctoral study are:

• What are the major flaws or distresses in rigid pavements?

• What are the main distresses observed in rigid pavements of developing

countries?
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• How can these issues in concrete pavements be resolved?

• How the brittleness of concrete can be reduced?

• Do the capacities and behavior of concrete improve with the addition of

fibres?

• Can the behavior of wheat straw reinforced concrete be improved?

• How can the durability of wheat straw reinforced concrete be examined?

• What can be the possible ageing conditions to study the durability of wheat

straw reinforced concrete?

• Can wheat straw reinforced concrete have better residual strength after ac-

celerated ageing?

• Can crack initiation in pavements be delayed by using wheat straw in con-

crete?

• Can post cracking behavior of concrete pavement be improved by using

straw?

• Can capacity of wheat straw reinforced concrete be enhanced?

• Can performance of wheat straw reinforced concrete test sections be better?

• Can incorporation of wheat straw result in reduction of pavement thickness?

• What can be the effect on cost and sustainability of wheat straw reinforced

concrete pavement?

1.3 Overall Aim of the Research Program and

Specific Goal of this Doctoral Study

The overall aim of the research program is to develop durable and economic de-

sign and/or construction techniques for new rigid pavements by using locally and
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abundantly available natural fibres in concrete. The main focus of this doctoral

research is to explore the suitability of wheat straw for the said aim.

Accordingly, the specific goals of this doctoral study are:

• To identify the current flaws in rigid pavements and future recommendations

for betterment of rigid pavements in developing countries.

• Optimization of wheat straw reinforced concrete mix.

• Long-term durability of wheat straw reinforced concrete to be used in con-

crete pavements.

• Structural capacity of wheat reinforced concrete to be considered for pave-

ment design.

• Performance evaluation of wheat straw reinforced concrete pavement.

1.4 Research Significance, Perceived Innovation

and Utilization as a Product

1.4.1 Significance of this Study

Road network is the backbone of the economy of any country. So, the better

road network to accommodate the wide variety of traffic, including heavy freight

vehicles, is always high in demand. To meet the said needs, efforts are made

to increase the serviceability of pavements. Rigid pavements depict more service

life as compared to that of flexible one, however, their high construction cost

poses much hindrance in their use. Moreover, the construction of pavements de-

mands huge amount of materials due to which bulk quantity of fossil fuels and

natural resources are consumed to get the materials from cradle to site and then

transformation into a product. Which is ultimately contributing to environmental

degradation at a larger scale. Heading towards the sustainable development, in
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pursuance of United Nation Development Programme (UNDP) sustainable goals,

the increasing environmental pollution (which is depleting the ozone layer), needs

to be addressed. The said major portion of environmental/air pollution has been

the result of burning agricultural wastes in tropical and sub-tropical regions. Sim-

ilarly, as mentioned earlier, the consumption of natural resources and fossil fuels,

which is increasing day by day to meet the requirements of construction industry,

is also contributing towards environmental degradation. In order to achieve these

sustainable goals, the current study can significantly play its role by using agri-

cultural waste/plant fibres (i.e. wheat straw) as a dispersed reinforcing material

in concrete, for concrete pavements. This will contribute not only in reducing the

high initial cost of concrete pavements by consuming low-cost, which is negligible

with respect to other construction materials, natural fibres to address the economic

crisis, but it will also reduce the consumption of conventional materials, ultimately

reducing the consumption of natural resources. Furthermore, the environmental

pollution in terms of CO2 emissions, caused by burning of that particular agri-

cultural wastes/plant fibres can also be reduced up to a large extent. Hence, the

usage of wheat straw as a construction material in concrete roads can significantly

lead towards green, sustainable and economical development.

1.4.2 Perceived Innovation from this Study

Wheat is globally the most widely cultivated crop. The annual world wheat pro-

duction (i.e. for 2018-2019) is 731.46 million tons as reported by United States

Department of Agriculture (USDA). The grain to straw yield ratio for wheat crop

is 0.94, which is shown as a result of regression analysis reported by [54–56]. How-

ever, the actual grain yield ratio is usually less than that of theoretical estimates.

The less extraction of straw in field may be due to the economic and environ-

mental factors (rain etc.), along with straw collection machinery, and other field

specific factors. Therefore, the actual wheat grain yield ratio is approximately 0.85

based on the statistics reported by Bakker et al. [56]. These statistics provide an

idea of average lump sum 55 − 45% (grain-straw%) per wheat crop cultivation,
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which is ultimately concluded with surplus availability of wheat straw in most

of the tropical and sub-tropical regions of the world. Out of 731.46 million tons

global annual wheat production, Pakistan produced 25.6 million tons (2018-2019)

as reported by United States Department of Agriculture (USDA). Accordingly, 22

million tonnes wheat straw, i.e. agricultural waste/by-product of wheat crop, is

produced annually in Pakistan, depicting its abundant availability. This agricul-

tural waste, i.e. wheat straw, is usually generated during harvesting process [57].

These crop residues (i.e. wheat straw) are usually considered as waste but actu-

ally these are valuable natural resources which are somewhat used for livestock

feed and some other non-technical applications. Therefore, the commercial cost

of wheat straw is PKR 10/- per kg which is minimal, when compared to that of

artificial/steel fibres, i.e. ranges from PKR 285/- to 335/- per kg. The portion of

wheat straw production, which is surplus to said applications (including livestock

feed), is considered as waste material and is usually burnt for disposal, that ad-

versely effects the environment. Henceforth, the incorporation of low-cost wheat

straw in concrete pavement, as dispersed reinforcement, can significantly play its

role in reduction of construction cost and environmental degradation (in terms

of natural resources consumption and less CO2 emissions). This will ultimately

be contributing towards 12,131 km length of major highways, motorways and ex-

pressways etc. out of 263,775 kms of Pakistan total road network, as reported by

National Highway Authority (NHA). These highways carry 65% of total commer-

cial freight that demands dedicated rigid pavement lane on both ends throughout

the length, to accommodate the heavy traffic loading. Therefore, wheat straw

are considered for their potential utilization in cement concrete composites, for

possible civil engineering structural application i.e. rigid pavement. Thus, the

perceived innovation from this study is as follows:

• Use of wheat straw in cement concrete composite in civil engineering domain.

• Wheat straw reinforced concrete as an alternative civil engineering construc-

tion material, for structural and non-structural applications, in Pakistan.
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• Wheat straw reinforced concrete for rigid pavement applications for better

road network system in Pakistan.

1.4.3 Utilization of Current Study as a Product

Sustainable development is a key concern now a days. In pursuit of this, the

rapid depletion of ozone layer due to global warming and environmental degra-

dation is also a major issue. Degradation in environment is mainly due to the

excessive consumption of fossil fuels and natural resources. Considerable amount

of this consumption is related to construction industry. The development of a

civil engineering construction project, from cradle to grave, is all about utilization

of natural resources in terms of naturally occurred raw materials and excessive

burning of fossil fuels for production of manufactured materials. Cement is the

most widely used construction material but its manufacturing consumes 1.6 MWh

against one-ton production of cement and exhales almost one-ton of CO2 emissions

that contributes towards environment degradation. Currently, 7% of worldwide

CO2 emissions are contributed only by the cement industry [58–62]. Furthermore,

transportation of materials and all the construction processes also contribute to-

wards fossil fuel burning. Road networks are the backbone of any country’s econ-

omy. Therefore, it demands extra attention whether in terms of brainstorming or

fiscal budgetary allocations. So, the bulk portion of fiscal budget in any country

is usually reserved for development, including design, construction, maintenance

and/or rehabilitation, of pavements. The violation of overloading rule is usually

observed in different countries particularly developing ones, i.e. Pakistan, which

ultimately results in frequent maintenance and rehabilitation cycles of asphaltic

pavements. Accordingly, the trend is shifting from usage of asphalt pavements to

rigid pavements, in order to bear more load and to strengthen the poor subgrades.

However, the development/construction of rigid pavements in developing coun-

tries is still restricted due to higher initial cost and early age distresses in concrete

pavements as well. The higher initial cost is due to the usage of materials in bulk

quantities up to the large extent of lengths in kilometers. Therefore, the need is to
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economize the construction of rigid pavements, whether in terms of construction

cost or reduction in occurrence and rapid propagation of distresses.

Hence, the usage of natural fibres can lead towards sustainable and economic de-

velopment. Use of natural fibres enables saving of approximately 20-50% of energy

and CO2 emissions as per Life Cycle Assessment done by [63–65]. Wheat straw

is an agricultural waste/by-product of wheat crop, the major portion of which is

burnt to waste otherwise. The annual production of wheat is up to 731.6 million

tons which yields almost 695 million tons production of wheat straw as per 0.85

grain to straw ratio. The cost of wheat straw is almost nothing when compared to

that of high cost cement concrete ingredients. Moreover, 7% reduction in thickness

of concrete layer in rigid pavements with comparable improved performance will

accumulate with significantly less requirement of material(s) when considered in

kilometers of length. Accordingly, the construction cost and maintenance activi-

ties can be economized by using low-cost, flexible and abundantly available wheat

straw. Secondly, the productive utilization of wheat straw instead of wastage,

will ultimately result in sustainable development. Therefore, the possible appli-

cation of wheat straw reinforced concrete is the construction of sustainable rigid

pavements.

1.5 Scope of Work and Study Limitation

1.5.1 Scope of this Doctoral Study

The scope of this work is set in line with the specific aims of the current doctoral

study. Firstly, the types and functions of rigid pavements, their behavior under the

application of vehicular movement and the distresses, major or minor, occurring

in cement concrete pavements have been explored through detailed literature. In

addition to that, the governing parameters for these distresses and their possible

remedial measures have also been explored through literature. Out of these, the
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literature review regarding usage of fibre reinforced concrete for pavement appli-

cations, with the focus on usage of natural fibres, has also been conducted. The

data regarding pavements of Pakistan are also collected from NHA.

Secondly, wheat straw reinforced concrete is considered to be explored for struc-

tural applications. Accordingly, the optimization for mix design of wheat straw

reinforced concrete i.e. contents and pre-treatment techniques of straw to be incor-

porated in cement concrete composite, is done. Three straw contents, i.e. 1%, 2%

and 3%, by mass of wet concrete, and three pre-treatment techniques i.e. soaking,

boiling and chemical treatment of straw, are considered for the optimization of

wheat straw reinforced concrete mix.

However, due to bio-degradable organic nature of wheat straw, its durability is of

major concern for its incorporation in cement composites, which are to be used in

structural applications. Henceforth, in parallel, the detailed investigation on long-

term laboratory durability of wheat straw reinforced concrete has also been made

by keeping the specimens in different natural and accelerated ageing conditions

i.e. at room conditions, in alternate wetting and drying conditions, and under

real environmental conditions of Islamabad, Pakistan, for a period of 4 years (48-

months).

Accordingly, to get an indication regarding the potential of wheat straw reinforced

concrete for rigid pavements, the flexural strength, i.e. governing parameter for

rigid pavement design, is determined experimentally in laboratory through mono-

tonic testing.

Afterwards, detailed comparative evaluation of jointed wheat straw reinforced con-

crete pavement and jointed plain concrete pavement test sections has also been

made. This evaluation is made after the application of heavy vehicular traffic

on the constructed test sections. The construction of plain concrete test section

is done by using AASHTO rigid pavement design equation. However, for wheat

straw reinforced concrete pavement test section, the modified design equation is

considered. The construction practices and structural performance of wheat straw

reinforced concrete pavement is explored.
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1.5.1.1 Rationale Behind the Selected Variables

The bulk annual production of wheat straw, i.e. 22 Million Tons, in Pakistan and

its commercial availability in the ready form are the reasons for its selection to

start with. The commercially available wheat straw length, i.e. approximately

25 mm, is selected to avoid any additional processing cost. As reported in liter-

ature, the ranges of fibre contents for cement composites are; 1-6%, by mass of

wet concrete [11, 18, 44, 66–68]. However, to avoid improper compaction issue

(due to higher contents of low-density straw) in order to achieve maximum pos-

sible strength, only 1%, 2% and 3% straw contents, by mass of wet concrete, are

considered. For removal of extraneous material and dust/dry particles from straw

surface, three simple pre-treatment techniques, out of many [14, 15, 48, 52, 69, 70],

i.e. soaking in tap water, boiling water processing and NaOH treatment, are se-

lected. Aiming towards intended application, i.e. rigid pavement, three ageing

conditions are selected to get an idea regarding long-term durability of wheat straw

reinforced concrete (WSRC), when implemented in the respective application. As

pavements are exposed to natural weathering/climatic/environmental conditions

throughout the design life, therefore open-air weathering ageing condition is se-

lected. In addition, to predict the performance of WSRC pavement under worst

circumstances as in case of urban flooding or effect of vehicular movement on the

pavement under stranded water, the accelerated ageing condition, i.e. alternate

wetting and drying, is selected. Whereas, room ageing condition is selected to get

the reference values.

1.5.2 Limitations of this Doctoral Study

Only the commercially available wheat straw length is considered. The equally

important monotonic testing is performed in the laboratory to explore the mate-

rial properties as the cyclic testing is not in the scope of this particular PhD study.

However, the fatigue behavior of wheat straw reinforced concrete (WSRC) pave-

ment is explored by the application of heavy vehicular loading cycles on field test
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sections, as it is difficult to generate the combined effect of environmental/climatic

(i.e. temperature and alternate wetting and drying due to precipitation cycles) and

traffic stresses in laboratory to depict the behavior of WSRC pavement. But, the

application of mixed traffic on regular basis is also unable to achieve on constructed

test sections. In addition, due to limitations of equipment, only Benkelman beam

apparatus is considered for deflection measurements of plain concrete and wheat

straw reinforced concrete pavement test sections.

1.6 Brief Methodology

Rigid pavement distresses, governing parameters and their possible remedial mea-

sures are identified. Material properties of WSRC are explored for its optimiza-

tion. In parallel, specimens are placed under three ageing conditions for 4 years

to investigate its durability. The optimized WSRC with steel rebars is studied

experimentally for flexural strength, i.e. governing parameter for rigid pavement

design. Based on the structural capacity of WSRC in terms of flexural strength,

the performance evaluation of optimized WSRC pavement test section is made.

1.6.1 Flaws in Rigid Pavements

In this task, the flaws or distresses in the concrete pavements of developed and de-

veloping countries are identified through detailed literature review. The governing

parameters are studied and possible remedial measures are also extracted from

the findings of various researchers. The existing rigid pavements of Islamabad,

Pakistan are also identified with the help of site visits and are associated with the

data acquired from the local highway authority (i.e. NHA). The deteriorations

and distresses in pavements are explored for existing concrete pavements in the

surrounding areas. The possible governing reasons for these flaws are rationally

analysed. Accordingly, the crunch remedial measures are extracted through this

exercise and literature, keeping in mind economical and fast repairs, long service

durable life and sustainable solutions.
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1.6.2 Optimization of Wheat Straw Reinforced Concrete

In this task, the mix proportions along with the contents of straw and the treat-

ment techniques, required for straw before using it in concrete, are optimized for

wheat straw reinforced concrete. The effect of pre-treatment and content of wheat

straw on the behavior of concrete is explored by evaluating its static properties

(i.e. compressive, splitting-tensile and flexural behaviours) after curing period.

The properties of plain concrete are taken as reference. Almost 25 mm long straw

having content of 1%, 2%, and 3%, by mass of wet concrete, are considered. Cylin-

der and beam specimens are cast. Soaked, boiled and chemically treated wheat

straw are used to make soaked wheat straw reinforced concrete, boiled wheat

straw reinforced concrete, and chemically treated wheat straw reinforced concrete,

respectively. The specimens of above-mentioned combinations are tested to de-

termine the mechanical properties for optimization of contents and pre-treatment

techniques for wheat straw reinforced concrete. The tests standards and references

used for this task are; ASTM C138/C138M–17a (Standard Test Method for Den-

sity (Unit Weight), Yield, and Air Content (Gravimetric) of Concrete), ASTM

C39/C39M-20 (Standard Test Method for Compressive Strength of Cylindrical

Concrete Specimens), ASTM C496/C496M-17 (Standard Test Method for Split-

ting Tensile Strength of Cylindrical Concrete Specimens), ASTM C293/C293M-16

(Standard Test Method for Flexural Strength of Concrete - Using Simple Beam

with Centre-Point Loading), [66, 71–73].

1.6.3 Durability of Wheat Straw Reinforced Concrete

Durability of cement concrete having wheat straw, over a certain period for dif-

ferent real, accelerated and ideal environmental conditions has been studied. To

study the effect of different conditions on the durability of wheat straw reinforced

concrete specimens, the specimens are bifurcated in three categories and are kept

under following ageing conditions:

• Ideal room conditions of Islamabad, Pakistan
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• Real environmental conditions (i.e. open-air weathering) of Islamabad region

• Accelerated ageing (i.e. alternate wetting and drying with an interval of one

week).

Same testing, as done for optimization task, is performed after the specified period

of approximately 48 months and the residual behaviors are evaluated using the

same testing techniques as adopted for optimization.

1.6.4 Structural Capacity of Wheat Straw Reinforced

Concrete

In this section, the contribution of wheat straw in improving the behavior and

capacity of concrete for rigid pavement applications is determined experimentally.

Reinforced concrete beam-lets with varying flexure and shear re-bars, with and

without wheat straw, are experimentally investigated for studying the altered be-

havior due to straw. The test standard used for this task is; ASTM C78/C78-M18

(Standard Test Method for Flexural Strength of Concrete - Using Simple Beam

with Third-Point Loading). This experimental investigation is intended to get an

indication of potential use of wheat straw reinforced concrete as rigid pavement.

Accordingly, a modification has also been proposed in AASHTO rigid pavement

design guide equation for wheat straw reinforced concrete pavements.

1.6.5 Performance Evaluation of Wheat Straw Reinforced

Concrete Pavement

Structural performance evaluation of wheat straw reinforced concrete pavement

test section is made after exposure to 18-months of vehicular movement. Pavement

testing (i.e. performance evaluation) is performed to have a correlation between

mechanical properties and pavement performance. For this purpose, jointed plain

concrete and wheat straw reinforced concrete road test sections are constructed and
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Figure 1.2: Flow diagram of research methodology.
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evaluated. The tested sections are evaluated for the load bearing capacity, in terms

of deflection measurements, and crack progression. The laboratory testing is also

performed for the development of lab-field co-relation. The tests standards and

references used for this task are; ASTM C39/C39M-20 (Standard Test Method for

Compressive Strength of Cylindrical Concrete Specimens), AASHTO T256/ASTM

D4695 (Standard Test Methods for General Pavement Deflection Measurements),

Mahler and Kharoufa [74], Bisshop and Mier [75], Feiteira et al. [76], Choi et

al. [77], AASHTO 1993: II-45 (Pavement Design Guide) and ASTM C174/C174M-

17 (Standard Test Method for Measuring Thickness of Concrete Elements Using

Drilled Concrete Cores).

A flow diagram of research methodology is shown in Figure 1.2.

1.7 Thesis Layout

The thesis consists of seven chapters, out of which Chapter 3 to 6 are aimed

for independent journal articles. However, slight modifications (in original paper

format) are made to keep the write-up in line with thesis layout. The experimen-

tal research presented in this thesis is broadly classified into two main aspects;

i. material characterization i.e. optimization of wheat straw reinforced concrete

mix and durability of wheat straw in cement concrete; and ii. structural aspects

of wheat straw reinforced concrete. Accordingly, the thesis is organized in the

following way:

Chapter 2 presents the literature review regarding the flaws in concrete pave-

ments of developed and developing countries. The governing parameters associ-

ated with these distresses/flaws and possible remedial measures are studied. Out

of which, the incorporation of discrete fibres in concrete, for enhancing the capaci-

ties, is also presented in light of various researches. Narrowing down the fibres list,

the usage of natural plant fibres, for economic purpose, is also exhibited in detail.

Among all the natural plant fibres, studies on wheat straw reinforced cementitious

composites are also summarized in this Chapter 2. In light of considering wheat
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straw in concrete pavements, the studies on natural fibre reinforced concrete for

pavement applications and their durability aspect are also highlighted. Conclu-

sively, the studies on performance evaluation of rigid pavements are also explored

and presented.

In Chapter 3, the effect of pre-treatment techniques and contents of straw in

concrete for enhancing its energy absorption capability is presented. The influences

of soaked, boiled and chemically treated straw having contents of 1%, 2% and

3%, by mass of wet concrete, are presented in this chapter. In addition to static

properties and behaviors, the micro-analysis of straw and its bond with surrounded

matrix is also determined and explained with logical reasoning.

Chapter 4 focuses on the durability evaluation of cement concrete having wheat

straw. The influences of controlled room conditions, natural weathering and ac-

celerated ageing (alternate wetting and drying) conditions for a long period of

4-years, i.e. 48 months, on the residual strengths and behaviors of wheat straw

concrete, are explored and presented in this chapter. In addition to that, the straw

and its bonding conditions under the mentioned ageing for specific period are also

extracted through micro-structural analysis. Moreover, the empirical modelling

for anticipating the design life of wheat straw reinforced concrete structure is pro-

vided in this chapter.

Chapter 5 portrays the structural integrity of wheat straw reinforced concrete

to be intended for rigid pavement applications. Experimental investigation on

plain and wheat straw reinforced concrete having flexural and shear steel re-bars

is made in detail. Accordingly, the structural performance indication for wheat

straw reinforced concrete is provided along with the modified rigid pavement design

equation for WSRC.

Chapter 6 presents the structural performance evaluation of wheat straw rein-

forced concrete pavement test section. The construction practices for first ever

constructed jointed wheat straw reinforced concrete pavement test section are de-

scribed in detail. Furthermore, the laboratory and field investigations are made.

The structural capacity of wheat straw reinforced concrete pavement, in terms
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of deflection measurements, is also explored and presented in this chapter. The

development of cracks and their progression under the application of heavy vehic-

ular loading for the period of 18-months is also monitored and explained in this

chapter. Conclusively, the validation of modified design equation for wheat straw

reinforced pavement as proposed in Chapter 5 is made, by studying its influence

on load transfer efficiency, along with the development of empirical relationship

between laboratory and field testing.

The study is concluded along with future recommendations in Chapter 7, followed

by a list of references.



Chapter 2

Literature Review

2.1 Background

Rigid pavements have longer structural life and superior durability as compared to

the flexible pavements and are used to accommodate heavy traffic loading. Even

though it demands less maintenance, however the initial cost of concrete pavement

restricts its excessive construction. In addition to high cost, concrete is basically

a brittle material with minimum strain-capacity and ultimately low toughness.

Due to which, distresses occur in rigid pavements which deteriorate rapidly due

to application of moving loads. Hence, the efforts have been made to increase its

ductility by increasing the tensile strength of conventional concrete. Addition of

fibres in the cement concrete composites comes up with an effective solution to

increase the energy-absorption capability of concrete by resisting cracks progres-

sion. The depletion of ozone layer due to environmental pollution is caused by

consumption of fossil fuels/natural resources for construction materials and large-

scale burning of agricultural waste. Heading towards UNDP sustainable goals, the

use of agricultural waste/by-product instead of artificial/steel fibres for reinforcing

concrete may prove to be a sustainable solution. However, long-term performance

of structure having agricultural fibre reinforced concrete is questionable due to the

organic nature of agricultural fibres.

22
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Accordingly, in this Chapter 2, the extensive literature has been reviewed to ex-

plore all the factors to be considered for conduct of the intended study. Starting

with the identification of rigid pavement distresses which usually occur particularly

in pavements of developing countries like Pakistan and the governing parameters

responsible for theses distresses. Narrowing down the distresses, among many,

which can be avoided and/or reduced with the usage of dispersed fibres in concrete.

The studies regarding incorporation of fibres in cement concrete and its positive

outcomes are also explored to get an idea about toughness enhancing mechanism of

fibre reinforced concrete. As already mentioned, that the sustainable development

is primary goal, therefore the behavior of concrete reinforced with agricultural

fibres is also scrutinized from literature. But, the natural fibres are organic in

nature and suspect to degradation under weathering conditions, therefore studies

regarding durability evaluation of natural fibres and cement composites reinforced

with natural fibres are also reviewed in detail to sort out the durability evaluation

processes and durability enhancing techniques. Keeping in mind that pavement

applications are intended, the literature regarding structural performance of con-

crete roads is also studied. Hence, the whole literature review is broadly classified

in five categories and presented in the rest of Chapter as follows; Section 2.2 shows

the literature findings regarding concrete pavement distresses particularly in devel-

oping countries. The literature regarding use of artificial/steel fibres particularly

natural fibres in cement composites are summarized in Section 2.3. Section 2.4 is

comprised of durability studies; and the studies regarding structural capacity of

fibre reinforced concrete for rigid pavements are presented in Section 2.5. Lastly,

the literature on performance of concrete roads is explained in Section 2.6, followed

by the summarized identified research gaps in Section 2.7.

2.2 Flaws in Concrete Pavements

Pavement is the surface which aims to sustain the vehicular movements. There

are mainly two types of pavement; flexible and rigid pavement. A typical image

of a road, having both flexible and rigid pavement lanes, in a developing country,
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i.e. Pakistan, is shown in Figure 2.1. The common difference between these, is in

the material used in top layer. Asphaltic concrete, i.e. ductile in nature, is used

in flexible pavements whereas, Portland cement concrete, i.e. brittle in nature, is

used in rigid pavements.

Figure 2.1: Existing flexible and rigid pavement lanes in road network of
Islamabad, Pakistan.

2.2.1 Rigid Pavement Distresses

The use of concrete pavements has increased over the past decades. The service-

ability of concrete pavements is more than that of asphalt pavements [1]. However,

its more extensive use is still not common due to its higher initial cost. Moreover,

concrete is basically a brittle material with minimum strain-capacity. Therefore,

the pavement distresses usually occur in the rigid pavements as well. D’Ambrosia

et al. [78] highlighted the issue of early age micro cracking as the primary issue

in rigid pavements. Shrinkage reducing admixtures were used to reduce shrinkage

and creep in concrete pavements. Uni-axial test under restrained conditions and

constant compressive/tensile loading was performed on the sampled specimen. A

decrease up to 30% in the early-age micro-shrinkage of concrete was observed with
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Table 2.1: Distresses in rigid pavements.

S. No. Distresses References

(1) (2) (3)

i. Fatigue cracking Treybig et al. [80];

ii. Reflective cracking D’Ambrosia et al. [78];

iii. Durability Cracking Hiller et al.[1]; Olivares et al.[81];

iv. Micro-shrinkage cracking Gupta et al. [22]; Graeff et al.[23];

v. Longitudinal cracking Mubaraki et al. [82];

vi. Transverse cracking Li et al. [83];

vii. Punchouts Daniel et al. [84];

viii. Settlement Cracking Subramani et al. [85];

ix. Creep Sujaet al. [79];

x. Abrasion Guanet al. [86];

xi. Polished Aggregates Kim et al. [87];

xii. Scaling Zollinger [88]; Shi et al. [89]

an admixture dosage of 0.75 gal/yd3. Suja et al. [79] reported that the primary

failures usually observed in concrete pavements are: polished aggregates, scaling,

transverse cracking, corner breaks, and punch-outs. Few major reasons behind

these distresses were erosion of sub-base, usage of poor-quality materials, devia-

tion from design standards, and absence of drainage line. The remedial measures

proposed in the study were asphaltic overlay, full depth repair, and dowels and

tie bars. The concrete pavement distresses in developed countries, as reported in

different studies, are summarized in Table 2.1.

2.2.2 Flaws in Rigid Pavements of Developing Countries

However, in developing countries, the cement concrete pavements are usually prone

to early-age distresses due to the poor construction practices, low quality materials

usage, and improper implementation/execution of design procedures. In addition



Literature Review 26

to that, over loading of the heavy vehicular traffic is also a major factor in prema-

ture failures of rigid pavements in developing countries due to lack of awareness

among truck drivers regarding adverse effects of this practice and thinking of

overloading as an effective way to make more profit. The deviation of heavy axle

loading from the designed load is the key factor behind premature distresses in

rigid pavements of developing countries. Due to this variation in axle loads, high

tensile stresses are generated in top surface of pavements that cause premature fail-

ures including various types of cracking, ultimately resulting in early maintenance

and/or rehabilitation.

Highway agencies are seeking the cost-effective practices to minimize the capital

cost. Khurshid et al. [90] reported the annual maintenance/rehabilitation cost,

against Portland Cement Concrete Pavement (PCCP) patching, Portland Cement

Concrete Pavement overlays and Portland Cement Concrete Pavement repair along

with Hot Mix Asphalt overlay, for rigid pavements under Federal Highway Author-

ity (FHWA) construction price index. The equivalent uniform annual cost per mile

of Portland Cement Concrete Pavement repair with HMA overlay, plain cement

concrete pavement patching and plain cement concrete pavement overlays came

out to be 17389.72$, 204225.1$ and 79214.2$, respectively.

Accordingly, to minimize the occurrence of distresses and capital construction cost

of rigid pavements, fibre reinforced concrete was proposed by Gupta et al. [22].

The mechanical (i.e. compressive, splitting-tensile, and flexural strengths) prop-

erties of concrete reinforced with polyester fibre, were determined experimentally

along with the abrasion resistance test. Compressive and flexural strengths of

polyester fibre reinforced concrete were increased by 21% and 6%, respectively, as

compared to that of plain concrete. The durability of fibre reinforced concrete

was also studied under accelerated ageing conditions (i.e. heating and cooling). It

was reported that the performance of fibre reinforced concrete under wetting and

drying and sulphate attack is comparable with controlled concrete. In addition to

that, it was also reported that, the incorporation of fibres in concrete can also be

helpful in saving the cost of overall composite up to 10%.
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Table 2.2: Distresses in rigid pavements of developing countries.

S. No. Distresses References

(1) (2) (3)

i. Durability Cracking Gupta et al. [22];

ii. Micro-shrinkage cracking Suja et al. [79], Chaudry et al. [93];

iii. Longitudinal cracking Kanalli et al.[27];

iv. Transverse cracking Kumar et al. [29], Singh et al. [94];

v. Punchouts Subramani et al. [85];

Mehta et al. [95]; Sarsam [96];

Silva et al. [97]; Al-Rubaee et al. [98];

Niken et al. [99]

The most frequent distress in rigid pavements is the early-age cracking (i.e. micro-

shrinkage cracking, transverse/longitudinal cracking). When these cracks are clus-

tered due to less spacing between them, the punchouts take place that are cate-

gorized under the severe pavement distresses [91, 92]. The summary of distress-

es/flaws in rigid pavements of developing countries is given in Table 2.2.

2.2.3 Identified Research Gap on Rigid Pavement Flaws

Therefore, it can be concluded that overloading of heavy traffic vehicles increases

the demand of rigid pavements in comparison to that of flexible pavements for

accommodation of heavy vehicular traffic. However, the use of rigid pavements is

still prevented developing countries due to higher construction cost. In addition,

the probability of premature distresses and failures in rigid pavements, due to

brittleness of conventional concrete, is still a notable issue in developing countries.

The major distresses are micro-shrinkage, durability, longitudinal and transverse

cracking, and punch-outs. The early age/premature distresses which are usually

observed in rigid pavements of developing countries can be minimized by using

dispersed fibres in concrete composites [22, 27, 29, 100].
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2.3 Behavior and Capacity of Fibre Reinforced

Concrete

2.3.1 Concrete Reinforced with Short-discrete Artificial,

Steel and Natural Fibres

Concrete, due to its comparatively simple production, abundantly available com-

ponents, and a number of various types of applications, has been used widely

all over the world. However, concrete is basically a brittle in nature material

with minimum strain-capacity, low energy absorption capacity and ultimately low

toughness. Hence, the efforts have been made to increase its ductility by in-

creasing the tensile strength of conventional concrete. Addition of short-discrete

dispersed fibres in the cement concrete composites has become the effective way

to increase the energy-absorption capability of concrete [4, 5, 18, 101–107]. The

development/initiation of cracks in cement concrete can also be resisted due to

the incorporation of dispersed fibres [108, 109]. Unlike the continuous reinforce-

ment, the coefficient of thermal expansion is not of much importance for addition

of short-discrete dispersed fibres in concrete. Liu et al. [110] reported reduced

thermal expansion of fibre reinforced concrete with respect to plain concrete. The

cement concrete toughness can be increased considerably by enhancing the crack-

ing resistance due to bridging mechanism of dispersed fibres across the cracks in

it Merta and Tschegg [18].

This technique had been used since biblical times for strengthening the brittle

matrices. This concept of reinforcing concrete with dispersed fibres was developed

with the invention of Hatschek technology for the production of roofing, pipes etc.

in 1900. The incorporation of artificial/steel/natural fibres in concrete composites

are investigated by various researchers for concrete pavements [18, 20, 22, 24–

27, 29–36, 105, 106]. The incorporation of uniformly dispersed/distributed fibres

in cement concrete as construction material for various applications, has ultimately
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Table 2.3: Typical proportions for normal weight fibre reinforced concrete.

Material Proportions

(1) (2)

Cement: Sand: Aggregates 1: 1: 2 to 1: 4: 8

1: 4: 2 (to cater the balling affect)

Water-cement ratio 0.4 – 0.7

Maximum aggregate size 19.5 mm

Fibre content 0.5 – 5%, by volume of mix / 1 – 6%, by mass of cement / 0.25 – 4%,

by mass of wet concrete

Fibre length 20 – 80 mm

Diameter 0.0015 – 1 mm

Tensile strength 108 – 3600 MPa

Specific gravity 680 – 7840 kg/m3

Maximum elongation 0.5 – 25 %

References Majumdar [112]; Zollo [113]; Corinaldesi and Moriconi [114] ;

Brandt [111]; ACI [108]; Hollaway [115]; Bagherzadeh et al. [116];

Ali et al. [66]; Ardeshana and Desai [117]; Erdogmus [6].

resulted in improved behavior surprisingly [111]. The typical proportions for the

normal weight fibre reinforced concrete are given in Table 2.3.

2.3.2 Typical Role of Steel Fibres on Design Capacity

Beshara et al. [118] studied the high strength fibre reinforced concrete beams

with steel rebars. The steel ratios used were 0.0017, 0.0064, 0.0075, 0.012, 0.015,

and 0.022 for tensile reinforcement. And for compression reinforcement, 0.0045

and 0.0047 steel ratios were used. The percentages content for the steel fibres

used were 0.5%, 1%, and 2%, by volume, of wet concrete. The study resulted in

significant increase of flexural strength. A modification in the equation developed

by Whitney stress distribution concept as reported by Nilson et al. [119] was also

proposed in this study to incorporate the effect of fibre’s tensile strength in the
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Figure 2.2: Stress distribution in reinforced concrete beam (a) Whitney stress
distribution concept for plain concrete reported by Nilson et al. [119], and (b)

FRC by Beshara et al. [118].

effective height of equivalent stress in tensile region. Nilson’s equation is as follows:

Mr = Ts
(
d− a

2

)
‘N-mm’

Where Ts =tensile strength=As× fy in ‘N’

and

a =
As× fy

0.85× fc′
‘mm’

Whereas, the modified equation by Beshara et al. is as follows:

MF1 = Ts
(
d− a

2

)
+ Tf1

{
Ts

(
t− tf

2

)
− a

2

}

Here, in this modified equation, the first part is same as in Whitney stress distri-

bution equation and the fibre’s tensile strength in the effective height of equivalent

stress in tensile region is added. The tensile strength of fibres in modified equation

can be calculated as follows:

Tf1 =

[
1.64 Vf

(
If
φf

)]
b tf

Where: Vf = Volume of fibres in concrete, lf = Fibres length and φf = Fibres

diameter. The basic concept of modifying the equation developed by Nilson et

al. for fibre reinforced concrete to effectively utilize tension region of concrete

with the help of dispersed fibres by crack arresting mechanism is also illustrated

in Figure 2.2.
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2.3.3 Behavior of Steel and Artificial Fibre Reinforced

Concrete

2.3.3.1 Steel Fibre Reinforced Concrete

Steel fibre reinforced concrete was also evaluated to study the structural perfor-

mance of high strength concrete beams by Yoo and Yoon [120]. The steel ratio

used in the beams were ρ = 0.94% and 1.50%. And the optimum fibre content

was 2%, by volume of concrete. Load carry capacity was increased by 27 - 54%

in case of concrete reinforced with steel fibres, in comparison to that of plain con-

crete beams. The steel fibre reinforced concrete is also studied by many other

researchers for structural applications. Some of these studies are summarized in

Table 2.4.

2.3.3.2 Artificial Fibre Reinforced Concrete

Shear behavior of fibre reinforced concrete (FRC) beams was studied by Furlan and

Hanai [103]. Polypropylene fibres with 0.5% and steel fibres with 0.5%, 1%, and

2%, by volume of wet concrete, were used. The splitting-tensile and compressive

strengths were enhanced by 4.3 MPa and 54.8 MPa, respectively. Bagherzadeh

et al. [116] reported the improvement in mechanical and physical properties of

concrete by using polypropylene fibres. The polypropylene FRC showed an in-

crease in compressive strength by 6%, splitting-tensile strength by 3%, flexural

strength by 5%, and bending toughness by 67%, as compared to the respective

specimens of PC. The early age micro cracking in glass and nylon fibre reinforced

concrete was also studied by Khan and Ali [126] for bridge deck applications.

The optimum content of glass and nylon fibres used were 5%, by mass of cement.

Splitting-tensile strength of studied fibre reinforced concrete was increased up to

11%, whereas flexural strength was increased up to 5.6% when compared to the

controlled concrete. Some more studies on artificial fibre reinforced concrete are

summarized in Table 2.5.
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2.3.4 Behavior of Natural Fibre Reinforced Concrete

Sustainable development is a key consideration in current era. Each and every step

to achieve sustainable development goals has its own significance. In this global

effort to get the sustainable solutions, the focus is on reduction of biodegradable

materials and to minimize the waste, which ultimately contributes in global warm-

ing. Saving, re-using, and re-cycling are the most widely used concerns now a days,

which grab the attention of people to cater environmental issues [7–10, 131–137].

However, the results of natural fibre reinforced concrete (NFRC) are comparable

with those of artificial fibre reinforced concrete (AFRC) and steel fibre reinforced

concrete (SFRC) for many civil engineering applications [11, 25, 68]. In the recent

few years, considerable interest has been developed on using the natural fibres

in the cement composites for having the alternate sustainable, economical, and

eco-friendly building materials. Natural fibres have the potential to be used as

reinforcement for overcoming the conventional deficiencies in the concrete. The

appearance (images) and properties of some of the natural fibres as well as natural

fibre reinforced concrete are summarized in Table 2.6.

Natural fibres are used in the brittle cementitious composites to increase and

maintain the energy absorption capability and toughness [11, 25, 68, 138, 139].

Researchers have used natural fibres in concrete for various applications as an al-

ternative replacement of steel or artificial fibres. The natural fibres figured out as

reinforcement in cement composites for civil engineering applications include sug-

arcane, sisal, coir, bamboo, banana, date, malva, kenaf bast, vakka, palm, jute,

pineapple leaf, hemp, ramie bast, flax, hibiscus cannabinus, abbaca leaf, wheat

straw, sansevieria leaf, and elephant grass [12–14, 16–19, 140–148]. Natural fi-

bres are cheap and locally available in abundance in many countries. Hence, for

improving the properties of composites, the use of plant based natural fibres as

a low-cost renewable construction material can contribute towards the sustain-

able development. Also, the natural fibres are more flexible and easier to handle

as compared to artificial/steel fibres [12, 40, 149, 150]. Moreover, for improving

the properties of composites, the use of plant based natural fibres as a low-cost
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renewable construction material can contribute towards the sustainable develop-

ment [11, 145].

Therefore, the use of natural fibres in concrete composites can result in the al-

ternative eco-friendly, sustainable, and economical civil engineering construction

materials. Mechanical and dynamic properties of coir reinforced concrete were

determined by Ali et al. [66]. The studied properties were intended for earthquake

resistant housing materials applications. The optimum length and content of coir

came out to be 5 cm and 5%, respectively. An increase of 4%, 21%, 2%, and

910% was observed in the compressive strength and toughness, and modulus of

rupture of optimized coir fibre reinforced concrete. Flexural and shear cracking

strength of Bamboo fibre reinforced concrete members were examined by [141].

The improved properties for bamboo fibre reinforced concrete were reported when

compared to that of reinforced concrete. Similar type of results were observed in

case of chemically treated bamboo fibre reinforced concrete [144].

Among all natural fibres, the incorporation of different straw (i.e. rice, rape,

barely, wheat etc.), due to the abundant production of these crops in various sub-

tropical regions, in different matrices (i.e. soil, straw boards, bales, brick earth,

brick block, mud mortar, cement-sand mortor, lightweight cement wall etc.) for a

number of structural and non-structural applications have been studied by many

researchers [18, 67, 131, 151–165]. Wheat straw is the end product of wheat crop

and usually available in surplus in many countries. Therefore, due to its cheap

availability and easy access, the use of wheat straw in civil engineering applications

will be effective, as reported by Bainbridge [166]. Wheat straw have been used

by different researchers in the form of straw bales and dispersed reinforcement

for the structural members and cement concrete composites, respectively. Straw

bales were evaluated as structural member by Ashour et al. [154]. These bales

were determined in compression and resulted in increased compressive strength.

The other researchers also reported the improved properties of cement concrete

composites with the incorporation of natural fibres. The findings of such some

studies are summarized in Table 2.6.
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Table 2.6: Studies on natural fibres and natural fibre reinforced concrete.

Natural Fibres Natural Fibre Reinforced Concrete Properties

Reference
Type Image

Fibre Properties
Matrix Properties Obtained Values Applications

Tensile

Strength

(MPa)

Elongation

(%)

Elastic

Modulus

(GPa)

Water

Absorption

(%)

Specific

Gravity

(kg/m3)

Density

(g/cm3‘)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

Sisal

227-1002 2.08-14.8 10.9-26.7 110-240 1117-1165 0.75-10.70 x x x x

Joseph et al.

[167];

Toledo Filho

et al. [140];

Gupta &

Srivastava [168]

x x x x x x
Concrete

a. Compressive Strength

b. Split-tensile Strength

21-26 MPa

1.95-2.81 MPa -

Sumithra &

Dadapheer [169]

a. Compressive Strength

b. Shear Strength

25.5 MPa

1.55 MPa
Oriola et al. [170]

Concrete

Composite

a. Four Point Bending

b. Direct Tension

c. Bending Toughness

18.5 MPa

8.03 MPa

20.3 kJ/m2

Construction

Material
Silva et al. [171]

31-221 14.8 - - - - Mortar
a. Compressive Strength

b. Flexural Strength

13.8 MPa

5.8 MPa
-

Ramakrishna &

Sundrajan [11]

Coir

126-148 30.0 1.7-2.3 85-180 1104-1370 0.87 x x x x

Agopyan et al.

[14]; Li et al.

[16]; Munawar

et al. [17];

Rao & Rao [172];

Danso et al.[173]

x x x x x x
Mortar

a. Compressive Strength

b. Flexural Strength

2.95 MPa

1.07 MPa
Plastering

Sathiparan

et al. [174]

Concrete a. Split-tensile Strength 2.96 MPa -
Lumingkewas

et al. [175]

15-327 75 - - - - Mortar
a. Compressive Strength

b. Flexural Strength

17.3 MPa

4.7 MPa
-

Ramakrishna &

Sundrajan [11]
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Natural Fibres Natural Fibre Reinforced Concrete Properties

Reference
Type Image

Fibre Properties
Matrix Properties Obtained Values Applications

Tensile

Strength

(MPa)

Elongation

(%)

Elastic

Modulus

(GPa)

Water

Absorption

(%)

Specific

Gravity

(kg/m3)

Density

(g/cm3‘)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

Jute

320-800 1.5-1.8 - 281 1400 1.3 x x x x

Fernandez

et al. [68];

Jayamani

et al. [176];

Gopinath

et al. [177]

x x x x x x
Concrete

a. Compressive Strength

b. Flexural Strength

27.5 MPa

4.9 MPa

Paver

Blocks
Kundu et al. [178]

50 - 9.59 - - -
a. Compressive Strength

b. Tensile Strength

31.4 MPa

1.20 MPa
-

Mansur &

Aziz [179]

29-312 19 - - - - Mortar
a. Compressive Strength

b. Flexural Strength

11.3 MPa

4.3 MPa
-

Ramakrishna &

Sundrajan [11]

Hemp

550-900 1.60-4.0 34 - - 1.47 x x x x

Fernandez at al.

[68]; Wambua

et al. [180];

Li et al. [47]

x x x x x x Mortar
a. Compressive Strength

b. Flexural Strength

23.9 MPa

5.7 MPa
-

Poletanovic

et al. [181]

600-700 - - - - - Concrete

a. Compressive Strength

b. Notch Tensile Strength

c. Fracture Energy

34.6 MPa

3.59 MPa

204.4 MPa

-
Merta &

Tschegg [18]

Wheat

Straw

21.2-40.0 5.4 - - - 0.024-0.111 x x x x

Lam et al. [182];

Dogherty

et al. [183]

x x x x x x
Colemanite

Concrete

a. Compressive Strength

b. Abrasion Resistance

31-32.1 MPa

7.9 cm3/50 cm2

Radiation

Shielding
Aksogan et al. [159]

40 - - - - - Concrete

a. Compressive Strength

b. Notch Tensile Strength

c. Fracture Energy

31.7 MPa

3.5 MPa

122.5 MPa

-
Merta &

Tschegg [18]
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2.3.5 Wheat Straw Reinforced Concrete

Wheat straw is slightly explored yet in cement composites for civil engineering

structural and non-structural applications [18, 155, 184]. The effect of hemp,

elephant grass and wheat straw fibres on the fracture energy of concrete has been

studied by Merta and Tschegg [18]. The fibre content and length of these fibres

used were 0.19% (by concrete mass) and 40 mm, respectively. The fracture-energy

of hemp, elephant grass and wheat straw reinforced concrete were determined

experimentally in comparison to that of controlled plain concrete. The fracture

energy is significantly enhanced by 70%, 5%, and 2% for hemp, elephant grass

and wheat straw, respectively, in comparison with that of plain concrete. The

incorporation of wheat straw, as a dispersed reinforcement, in cementitious mortar

was also studied by Albhattiti et al. [155]. Long and short wheat straw and

polypropylene fibres were used with the contents ranged 0.5%−5%, by volume of

concrete. Mechanical properties (i.e. strengths under flexural and compressive

loadings) were determined experimentally. An increase of 23% in the stiffness of

optimized fibre content (i.e. 0.75% by volume) was observed in comparison with

that of plain mortar.

The studies on wheat straw reinforced cementitious composites are summarized

in Table 2.7.

2.3.6 Identified Research Gap on Fibre Reinforced

Concrete

Hence, it can be concluded that natural fibre reinforced concrete is comparable

with steel and artificial fibre reinforced concrete in terms of enhanced load carrying

capacities and better post-cracking behavior. However, among all natural fibres,

wheat straw has been explored slightly for cement concrete composites. The role

of wheat straw in altering the behavior and capacity of concrete is important.
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Therefore, wheat straw reinforced concrete needs to be investigated in detail for

its application in civil engineering structures.

2.4 Durability of Natural Fibre Reinforced

Concrete

2.4.1 Durability Evaluation Techniques for Natural Fibres

in Cement Composites

In addition to improve toughness and energy absorption capacity of cement con-

crete composites by incorporating natural fibres, the durability must also be given

proper consideration. Deficiencies/degradation of natural fibre reinforced cement

composites, in terms of durability, is usually observed due to organic nature of

natural fibres. This might be due to the mineralization of fibres and alkali attacks

under the exposure of climatic conditions. The degradation mechanism of nat-

ural fibres in the cement matrix occurred due to mineralization is also reported

by [185, 186]. Furthermore, the interaction of natural fibres with cementitious

composites is influenced by their complex micro-structural heterogeneity.

Therefore, the bonding mechanism of natural fibres should also be explored in de-

tail. Natural fibres in concrete have been determined experimentally for durability,

after exposing it in different environmental and ageing conditions [11, 15, 41, 46–

48, 187–189]. The environmental and ageing conditions include (i) alternate wet-

ting and drying, (ii) immersion in water, saturated lime and sodium hydroxide

solutions for specific period, (iii) immersion in water at specified temperature and

for a specified period, and (iv) alternate freeze and thaw cycles. A consider-

able amount (i.e. 58.7%) of residual strength of natural fibres in composites was

observed by [46]. Salemi and Behfarnia [24] compared the frost resistance and

mechanical properties of plain concrete, concrete with nano-particles and concrete

with polypropylene fibers for pavement application. In this study, the specimens
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were subjected to freezing and thawing cycles according to ASTM C666A. The

percentages of polypropylene (PP) used were 0.1% and 0.2% (by volume of con-

crete). The percentages of nano-silica (NS) used were 3%, 5%, and 7% (by weight

of cementitious material). The percentages of nano-alumina used were 1%, 2%,

and 3% (by weight of cementitious material). Optimum content of NS in concrete

came out to be 5% in order to improve its compressive strength as high as 30%.

This resulted in 84% reduction in deterioration of concrete after freezing and thaw-

ing cycles. The study concluded that concrete containing 5% NS incorporating

0.2% PP fibers improved durability by 87% and showed most frost resistance up

to 82%.

Some, out of many, ageing conditions for durability evaluation of concrete re-

inforced with various natural fibres, as reported in literature, are provided in

Table 2.8.

2.4.2 Treatment Techniques to Improve Durability of

Natural Fibres in Cement Composites

The durability of natural fibres does not provide much hindrance for their use in

civil engineering applications. But the durability should be given proper consid-

eration due to organic nature of fibres. However, the shelf life of natural fibres is

quite long (limited information is available on this in literature). John et al. [190]

studied physical and chemical condition of 12 years aged coconut fibres extracted

from in-built walls and reported good retained strength. Accordingly, a number

of solutions were also proposed by various researchers to increase the durability of

natural fibres [15, 48, 52, 69, 70, 190]. Acetylation and alkaline treatment of sisal

fibres in cement concrete composite to cater the effect of alkaline attack was done

by [189]. The durability evaluation technique opted was the immersion of speci-

mens in water at 24◦C and 70◦C and alternate wetting and drying for the period of

90 days. An improvement in sisal fibre reinforced concrete durability was reported

as a result of chemical treatment. In addition, the fibres impregnation with fly-ash

and water repellent agents incorporation in cement matrix for fibre mineralization
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Table 2.8: Evaluation techniques for durability of natural fibres.

Reference Fibre Ageing Conditions Time Period

(1) (2) (3) (4)

Filho et al. [46] Sisal and Immersion in water, saturated

Coconut lime and NaOH solutions

Immersion in water at

specified temperature 60-730 days

Alternate freeze and thaw cycles

Alternate wetting and drying

Open air weathering in the

city of study

Ramakrishna Jute, hibiscus Immersion in saturated lime

and Subdrajan [11] cannabinus,

coconut fibres, and Immersion in sodium 60 days

sisal fibres hydroxide solution

Immersion in water 60 days

Sivaraja et al. [48] Coconut Alternate wetting and drying 2 years

reduction was also done. This technique was implemented on Hemp and Agave

Lechuguilla fibres by [191]. Some of the solutions for treating the fibres to evaluate

or to improve the durability of natural fibres or cement composites reinforced with

natural fibres, from different researches are summarized in Table 2.9.

2.4.3 Identified Research Gap on Durability of Natural

Fibre Reinforced Concrete

The durability of natural fibres does not provide much hindrance for the civil

engineering structural applications. The bio-degradable nature of natural fibres

needs special consideration. As pavements are directly exposed to vigorus envi-

ronmental/climatic conditions. Therefore, for pavement applications, wheat straw
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reinforced concrete needs to be explored, in terms of durability, due to organic

nature of straw.

2.5 Structural Capacity of Fibre Reinforced

Concrete for Pavement Applications

2.5.1 Incorporation of Fibres in Concrete Pavements

The incorporation of dispersed fibres in the plain concrete pavements can lead

towards enhanced load carrying capacity and more crack resistance under vehicular

loading. The propagation of cracks in fibre reinforced concrete can also be delayed

by the help of dispersed fibres. The effect of artificial fibres in concrete composites,

for rigid pavements, has also been investigated by many researchers [20–34, 36].

The major reason of crack initiation in concrete pavements is its poor resistance

against tension and bending. Reinforcement of concrete with dispersed fibres can

enhance the tensile bending performance of rigid pavements.

2.5.1.1 Addition of Steel Fibres in Concrete for Pavement Applications

The plastic shrinkage cracking can also be minimized with the addition of hybrid

and steel fibres [194, 195]. Ramakrishnan et al. [11] determined the fresh concrete

properties, static flexural strength, hardened concrete properties and pulse veloc-

ity. All these properties are studied for fibre reinforced concrete to evaluate its

flexural behavior and toughness for concrete pavements. Four different fiber types

(i.e., straight steel, polypropylene, corrugated steel and hooked-end steel) and four

contents (0.5, 1.0, 1.5, and 2.0% by volume) were considered. Results showed an

increase in static flexural strength (15% to 129%) and first-crack strength (15% to

90%). Kumar et al. [29] determined the splitting-tensile, flexural, and compressive

strengths of steel and polypropylene fibre reinforced concrete. The percentages of

steel and polypropylene fibres used were 0.5%, 1.0%, and 1.5%. Polypropylene fibre
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Table 2.10: Use of steel fibre reinforced concrete for pavement applications.

Reference Fibre
Fibre Reinforced

Concrete Properties
Obtained Values Application

(1) (2) (3) (4) (5)

Lankard and Newell [196]

S
T

E
E

L

a. Compressive Strength 140 MPa

P
A

V
E

M
E

N
T

S

b. Flexural Strength 80 MPa

Singh and Kaushik [197] a. Fatigue Stress Ratio 0.1-0.3

Kamada and Li [198] a. Compressive Strength 47.2 MPa

b. Elastic Modulus 27.5 GPa

Elsaigh et al. [199] a. Flexural Strength 4.3 MPa

b. Slab Thickness Reduction 25%

Kumar et al. [29] a. Compressive Strength 54-57 MPa

b. Split-tensile Strength 5-6.2 MPa

c. Flexural Strength 8.3 MPa

Hu et al. [200] a. Compressive Strength 41.8-50.3 MPa

b. Residual Flexural Strength 0.42-0.72 MPa

Alsaif et al. [33] a. Fatigue Stress Ratio 0.7-0.9

Elizondo-Mart́ınez et al. [36] a. Indirect Tensile-strength 2.5 MPa

b. Infiltration Capacity 0.40 cm/s

reinforced concrete with 1.5% fibre content showed better results. The compres-

sive strength of concrete with 1.5% of polypropylene fibre was higher as compared

to that of control plain concrete by 14.78%. Some more studies regarding use of

steel fibres in concrete for pavement applications are summarized in Table 2.10.

2.5.1.2 Addition of Artificial Fibres in Concrete for Pavements

Gupta et al. [22] used Polyester Fiber Reinforced Concrete (PFRC), with and

without fly ash, for pavement applications. Compressive and flexural strength,

reduced drying shrinkage, abrasion resistance and deflection test were determined

to evaluate the durability and mechanical properties of PFRC. The range of fibre

contents used was 0 – 1% at increments of 0.25%. The optimum fiber content was

0.25%, which was selected for its better flexural strength and abrasion resistance.

Results showed that the abrasion resistance of optimum PFRC was higher by

about 25% than that of reinforced concrete. Choi et al. [201] also evaluated the
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Table 2.11: Use of artificial fibre reinforced concrete for pavement applica-
tions.

Reference Fibre
Fibre Reinforced

Concrete Properties
Obtained Values Application

(1) (2) (3) (4) (5)

Glavind [202] Polypropylene a. Shrinkage Crack Resistance -

P
A

V
E

M
E

N
T

S

b. Tensile Strain

Gupta [22] Polyester a. Compressive Strength 48-60 MPa

b. Flexural Strength 4.4-5.0 MPa

c. Abrasion Loss 0.15-0.21%

Salemi and Behfarnia [24] Polypropylene a. Compressive Strength 43-54.9 MPa

b. Frost Resistance
12.8-28% Strength

Loss (at 300 cycles)

Kanalli et al. [27] Polymer a. Compressive Strength 33.3-39 MPa

b. Flexural Strength 18.9-20.2 MPa

Kumar et al. [29] Polypropylene a. Compressive Strength 56.3-59 MPa

b. Split-tensile Strength 4.2-5.1 MPa

c. Flexural Strength 8.9 MPa

Yang et al. [203] Amorphous Metallic a. Compressive Strength 23.7 MPa

b. Flexural Strength 4.2 MPa

artificial fibre reinforced concrete for controlling the shrinkage cracking in concrete

pavements. The study concluded that the drying shrinkage strain was remarkably

reduced by using 0.2% of fibre, by volume of concrete. Kanalli et al. [27] studied

the effect of polypropylene fiber (varying ratio of dosage of 0.25% by volume

from 0.25% to 1.25%) in concrete pavement by testing its tensile strength, flexural

strength and compressive strength. Fiber reinforced concrete exhibited an increase

in 28 days flexural and compressive strength by about 6.4% and 21%, respectively,

when compared to that of controlled specimen. There was also a reduction in

drying shrinkage from 0.062% to 0.03%. Furthermore, they also concluded that

higher initial cost is reduced by 15-20% by the reduction in maintenance and

rehabilitation operations, making polypropylene fibre reinforced concrete cheaper

than flexible pavement by 30-35%.

The findings of some studies on artificial fibre reinforced concrete for pavement

applications are summarized in Table 2.11.
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2.5.2 Natural Fibres in Concrete for Pavements

As discussed earlier, natural fibre reinforced concrete is comparable with steel

fibre reinforced concrete and artificial fibre reinforced concrete for various civil

engineering applications. Hence, the natural fibre reinforced concrete has also

been studied for rigid pavement applications, but with limited scope [204–209].

Sugarcane bagasse fibre reinforced concrete was investigated by Patel D and Patel

V [208] for pavement applications. Three fibre contents i.e. 0.5%, 1%, and 1.5%

(by weight of concrete) were used with the aspect ratios of 30, 60 and 90. The

optimum content and aspect ratio came out to be 1% and 90%, respectively. An

increase of 6% in flexural strength and 9% in compressive strength of concrete was

observed at this optimized material.

Khan and Ali [130] have also studied hair fibre reinforced concrete for concrete

pavements. The compressive, splitting-tensile, and flexural strengths of concrete

reinforced with hair fibres were increased by 12.4%, 16.2%, and 19.1%, respec-

tively. The study also reported that the pavement thickness of hair fibre reinforced

concrete was reduced by 0.5 inches when compared to that of reference concrete

for particular loading conditions. The summary of these two studies is given in

Table 2.12.

2.5.3 Identified Research Gap on Structural Capacity of

Fibre Reinforced Concrete for Pavements

Hence, the crack arresting mechanism due to addition of fibres in concrete, delays

the propagation of cracks under traffic loading, resulting in improved post cracking

behavior of fibre reinforced concrete pavements. However, to economize the cost of

pavements, locally available natural fibres can be used. Only limited studies have

been reported on the natural fibre reinforced concrete for structural applications.

However, knowledge on structural capacity of natural fibre reinforced concrete for

pavement applications, especially by using wheat straw, is missing.
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Table 2.12: Use of natural fibre reinforced concrete for pavement applications.

Reference Fibre
Fibre Reinforced

Concrete Properties
Obtained Values Application

(1) (2) (3) (4) (5)

Patel D and Patel V [208] Sugarcane Bagasse a. Compressive Strength 27.9-30.8 MPa

P
A

V
E

M
E

N
T

S

b. Flexural Strength 3.2-4.8 MPa

Khan and Ali [130] Hair a. Compressive Strength 13.9-14.1 MPa

b. Splitting-tensile Strength 1.7-1.8 MPa

c. Flexural Strength 3.5-3.6 MPa

d. Thickness Reduction 6%

e. Cost Reduction 3%

2.6 Structural Performance of Rigid Pavements

2.6.1 Rigid Pavements

In the rigid pavements, the vehicular load is resisted by the flexural strength of

concrete, whereas steel reinforcement is provided to control cracks formation or to

resist the cracks propagation [210]. Conventional concrete pavements are gener-

ally classified as jointed plain concrete pavement (JPCP), jointed reinforced con-

crete pavement (JRCP), and continuous reinforced concrete pavement (CRCP).

Huang [211] reported that the basic rigid pavement design equation as per Amer-

ican Association of State Highway and Transportation Officials (AASHTO) 1993:

II-45 is used for the design of rigid pavements. The equation is as follows:

log10W10 = ZRSo + 7.35 log10 (D + 1)− 0.06 +
log10

[ 4PSI
4.5−1.5

]
1 + 1.624×107

(D+1)8.46

+ (4.22− 0.32Pt)

 S ′cCd [D0.75 − 1.132]

215.63j

[
D0.75 − 18.42

(Ec
k )

0.25

]
 (2.1)

Where:

W18 = Traffic load in equivalent standard axle loads
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ZR = Standard normal deviation for desired reliability

SO = Overall standard deviation

D = Slab thickness (in)

4PSI = Serviceability index

S ′c = Flexural strength of concrete (psi)

Cd = Drainage coefficient

J = Load transfer coefficient

Ec = Elastic modulus of concrete (psi)

k = subgrade reaction modulus (psi/in)

The structural evaluation of rigid pavements can be performed by using the stan-

dard AASHTO T256 / ASTM D4695, in which load carrying capacity of rigid

pavements can be determined.

2.6.2 Performance Evaluation Techniques for Pavement Test

Sections

With the increase of heavy traffic and violation against maximum load condi-

tions, highways/pavements become aged and deteriorated rapidly at very early

stage. Regular maintenance and rehabilitation are required on frequent basis to

keep the pavements serviceable for regular traffic, which is indeed a hectic, time

consuming and cost consuming task. Usually, destructive, i.e. laboratory, testing

and Non-Destructive Testing (NDT) methods are used for the evaluation of struc-

tural performance of pavements [132]. An expensive and time-consuming process

in terms of laboratory/destructive testing is coring of existing pavements/test-

sections [212]. As far as non-destructive testing techniques are concerned, the most
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widely used techniques are Impulse device, i.e. Dynatest Falling Weight Deflec-

tometer (FWD), Steady state dynamic device, i.e. Dynaflact / Road Ratar, Semi-

continuous static device, i.e. Lecroix deflectograph and Non-continuous static

device, i.e. Benkelman Beam Apparatus [213, 214]. Among all these mentioned

NDT tests, Benkelman beam is most widely used for the establishment of in-situ

pavement/test-section structural performance as it is simple and easy to under-

stand [132].

Furthermore, the performance of continuously reinforced concrete pavements can

also be evaluated by observing crack patterns, mainly the shapes of cracks and

spacing between them. The occurrence of minimum but straight cracks with uni-

form spacings are recommended for better performance [215–219]. Early cracking

is classified into four different types, i.e. i) cracking due to plastic settlement which

usually occurs in 10 minutes of casting to 3 hours, ii) plastic shrinkage cracking

which occurs after 30 minutes of casting to 6 hours, iii) cracking occurs due to

thermal expansion and contraction of concrete which occurs from a day after cur-

ing up to 2 to 3 weeks, and iv) drying shrinkage cracks which occur after weeks of

concreting to months. Early-age micro cracking in concrete is usually monitored

with visual inspections, digital imaging, radiography, optical microscopy, scanning

electron microscopy, ultra-sonic pulse velocity, acoustic emission, laser displace-

ment sensors and three-dimensional X-rays [76, 220–224]. The ASTM standards

i.e. ASTM C157 and ASTM C341can also be used for the drying shrinkage cracks

measurement in laboratory or on drilled cores as reported in state-of-the-art report

on control of cracking in concrete, as reported in Transportation Research Board

(2006). Furthermore, it is also reported that cracks can be classified into dis-

crete cracks and distributed fine cracks which can be located individually and by

area calculations, respectively. The cracks characterization (i.e. location, length,

width, and direction) can be made after detection as also reported by Mahler and

Kharoufa [74].

Therefore, the structural performance evaluation of cement concrete roads by us-

ing destructive and non-destructive testing techniques is reported in various re-

searches.
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2.6.3 Identified Research Gap on Structural Performance

of Wheat Straw Reinforced Concrete

Hence, destructive and non-destructive testing mechanism are implemented to

evaluate the performance of rigid pavements. Load carrying/structural capacity

and cracks progression mechanism are the key performance indicators in cement

concrete pavements. Field investigation on existing road and/or newly constructed

test sections is performed instead of laboratory testing to study the response of

respective pavement under real loading and climatic conditions. However, to the

best of author’s knowledge, wheat straw reinforced concrete pavement test sections

are not constructed and evaluated yet.

2.7 Summary

An extensive literature has been reviewed to dig-out the rigid pavement back-

ground and distresses that usually occur in it, with the focus on rigid pavements

of developing countries. The governing parameters for these distresses and possible

remedial measures are also explored. Based on the conducted literature review, it

can be concluded that overloading of heavy traffic and weak soil strata demand

the development of rigid pavements. The conventional brittle nature of cement

concrete is more prone to early-age distresses. Steel reinforcement is usually used

to cater this issue. Due to which, the cost of rigid pavement construction is re-

markably high. Hence, its excessive use in developing countries is prevented. The

primary distresses are early-age micro-shrinkage cracking, which leads towards

development of punch-outs, when occur in clusters. However, the incorporation

of discrete fibres in cement concrete can result in reduction of said premature

distresses in concrete pavements of developing countries [22, 27, 29, 100].

As per literature, for heading towards sustainable development, focus of researchers

is the reduction of biodegradable materials, in terms of eliminating waste [7–10].

Therefore, the usage of natural fibres (i.e. plant/agricultural wastes), instead of
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artificial/steel fibres, is gaining the attention of researchers around the globe. As

per past studies, it can be said that the load carrying capacities and post cracking

behaviors of natural fibre reinforced concrete is comparable with that of concrete

reinforced with artificial fibres. Among all natural fibres, wheat straw is slightly

explored yet for cement concrete composites. Accordingly, to evaluate the behavior

of wheat straw in concrete, there is a need to explore it in detail for its possible

use in civil engineering structural applications.

However, due to the bio-degradable organic nature, the durability of plant fibres

in cement concrete does not provide much hindrance for the civil engineering

structural applications. Therefore, it needs special consideration, when intended

to be used for such purpose. Accordingly, the long-term durability of wheat straw

reinforced concrete for rigid pavement applications needs to be determined in

depth, due to the organic nature of straw, as pavements are directly exposed

to natural weathering/environmental/climatic conditions throughout their design

life.

The crack arresting mechanism, due to addition of fibres in concrete, delays the

crack initiation and propagation under traffic loading which ultimately results in

better post cracking behavior of fibre reinforced concrete pavements as reported by

various researchers. However, keeping in mind the economy, the local and abun-

dantly available natural/plant/agricultural fibres can be used. But for pavement

applications, the natural fibre reinforced concrete has been studied thrice only

with limited scope, so far. Whereas, wheat straw reinforced concrete has not been

explored for rigid pavements yet.

The performance evaluation of rigid pavements is usually made with the help of de-

structive and non-destructive testing as reported in literature. The performance of

rigid pavements is associated with their structural capacity and crack progression

mechanism. The pavement test sections are also constructed to study the pave-

ment response under the realistic traffic loading and climatic conditions. However,

to the best of author’s knowledge, wheat straw reinforced concrete pavement test

section has not been constructed and evaluated yet.
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3.1 Background

Concrete, due to its comparatively simple production, abundantly available com-

ponents, and a number of various types of applications, is used widely all over

the world. However, concrete is a brittle material with minimum strain-capacity

and ultimately low toughness. Hence, in making efforts to increase its ductility

by increasing the tensile strength of conventional concrete, addition of dispersed

fibres in the cement concrete composites has come out to be an effective way to

increase the energy-absorption capability of concrete. Also, the crack develop-

ment and propagation in conventional cement concrete can also be counteracted

by incorporation of discrete fibres.

In the recent years, considerable interest has been developed on using natural fi-

bres, instead of artificial/steel fibres, in cement composites for having alternate

sustainable, economical, and eco-friendly building materials. For improving the

properties of composites, the use of plant based natural fibres as a low-cost renew-

able construction material can contribute towards sustainable development. The

results of natural fibres reinforcement are comparable with that of artificial/steel

fibres in terms of enhanced toughness. The natural fibres that are used as dispersed

reinforcement in cement composites for civil engineering applications include sug-

arcane, sisal, coir, bamboo, banana, date, malva, kenaf bast, vakka, palm, jute,

pineapple leaf, hemp, ramie bast, flax, hibiscus cannabinus, abbaca leaf, wheat

straw, sansevieria leaf, and elephant grass.

Among all natural fibers, wheat straw, the agricultural waste/by-product of one

of the most widely cultivated crop in Pakistan, is selected in this study due to its

abundant local availability. Furthermore, to the best of author’s knowledge, wheat

straw is considered only for the limited non-structural applications yet. There-

fore, to get in-depth knowledge on behavior of Wheat Straw Reinforced Concrete

(WSRC) for wide civil engineering applications, a detailed investigation is made.

Accordingly, the effect of pre-treatment technique (i.e. soaking, boiling and chem-

ical treatment) and content (i.e. 1%, 2%, and 3%, by mass of wet concrete) of an
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additive, i.e. wheat straw, on the energy absorption capability of concrete under

compressive, splitting-tensile, and flexural loadings is determined experimentally.

Pre-test micro-structural analysis of soaked, boiled and chemically treated straw

is done with scanning electron microscope. The scanning electron microscopic

study on straw-cement bond mechanism is also conducted on tested specimens to

get in-depth behavior. Comparative study of Plain Concrete (PC), Soaked Wheat

Straw Reinforced Concrete (SWSRC), Boiled Wheat Straw Reinforced Concrete

(BWSRC), and Chemically (NaOH) treated Wheat Straw Reinforced Concrete

(CWSRC) is made. It is intended for the optimization of pre-treatment tech-

nique and straw content for WSRC matrix. Accordingly, in a sequence, materials

collection, preparation, mix proportions, casting, specimens details and testing

methodologies are given in Section 3.2. Section 3.3 comprises of experimental in-

vestigation, results analysis and discussions on obtained results. The findings are

summarized in Section 3.4.

3.2 Materials and Methods

3.2.1 Materials

The basic constituents used in preparation of PC, SWSRC, BWSRC, and CWSRC

are Ordinary Portland Cement (OPC) of local company (i.e. Bestway Cements),

locally available sand of lawrence-pur source, aggregates from the crushes of Mar-

gallah, potable/tap water and commercially available wheat straw. The produc-

tion of OPC from Bestway cements is as per EN 1971: 2011-CEM I 425N i.e.

having 28 days strength of 52 ± 3 MPa. However, chemical composition of this

product of BESTWAY is given in Table 3.1. The maximum size of aggregates

used is 19.5 mm that retained 36% of the total aggregate weight. Whereas, the

percentages retained on 12.5 mm and 9.5 mm sieve sizes are 44% and 15%, re-

spectively. However, for fine aggregates, i.e. sand, the percentages of coarse sand,

i.e. 4.75 - 2.36 mm, medium sand, i.e. 2.36 – 0.425 mm, and fine sand, i.e. 0.425

– 0.075 mm, are 8%, 44% and 37%, respectively. Agricultural residues of wheat
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Table 3.1: Chemical composition of BESTWAY cement.

Oxide Symbol Percentage%

(1) (2) (3)

Calcium Oxide (CaO) 61.7%

Silicon Dioxide (SiO2) 21%

Aluminum Oxide (Al2O3) 5.04%

Iron (III) Oxide (FE2O3) 3.24%

Magnesium Oxide (MgO) 2.56%

Sulphur Trioxide (SO3) 1.51%

crop (i.e. wheat straw), which are commercially available in a near-by source, are

used. The length of wheat straw, which was available commercially, is 25 mm.

Commercially (local) available wheat straw is taken by a random selection. The

approximate linear dimensions of wheat straw (randomly obtained) are 25mm× 5

mm × 1.2mm. Whereas, the tensile strength, shear strength, and the density

of wheat straw ranges between 21.2 to 40.0 MPa, 4.91 to 7.26 MPa, and 55 to

119 kg/m3, respectively, as reported by [18, 156, 159, 225]. Chemical analysis of

wheat straw is done by Energy Dispersive X-ray (EDX). The chemical composition

of wheat straw is given in Table 3.2. It is noted from chemical analysis of wheat

straw that there are abundant carbohydrates (i.e. lignin, hemicellulose, and cellu-

lose) as also reported by [183, 226, 227]. Minerals (i.e. phosphorus and calcium),

silica, proteins, ash and acid detergent fibres were found in straw in addition to

84 – 91 % dry matter.

3.2.1.1 Wheat Straw Treatment

Soaked Wheat Straw: Local commercially available wheat straw are dipped in

water for 15 to 20 minutes. This dipping is purposed to remove the wax/impu-

rities/dust particles from the straw surface. After that, straw are removed from

the water and then air-dried. These straw are named as soaked wheat straw.
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Table 3.2: Chemical composition of wheat straw.

Element

Current Study Previous Studies

Soaked Straw Un-Treated Treated References

Weight

(%)

Weight

(%)

Weight

(%)

(1) (2) (3) (4) (5)

Carbon C 58.98 43.51-63.6 41.52-64.50 Nielsen et al. [228]; Caslin and Finnan [229];

Oxygen O 39.90 28.65-42.4 33.05-33.45 Mac et al. [230]; Wanga et al. [231];

Silicon Si 0.48 0.04-7.01 0.40-2.70 Petrella et al. [232]; Cai et al. [233];

Potassium K 0.19 0.00-1.79 1.14-23.10 Medyńska-Juraszek et al. [234];

Calcium Ca 0.45 0.42-20.57 0.43-8.60 Deng et al. [235]

Soaked wheat straw are shown in Figure 3.1(a). A dull but a clean texture of nat-

ural wheat straw is observed with the naked eye and also by scanning electronic

microscope.

Boiled Wheat Straw: For having improved interfacial bond strength between

cement composites and raw natural fibres, pre-treatment is required in most of the

practical situations. For this purpose, different techniques are adopted by various

researchers for increasing its bond strength by having the improved fibre surface.

Physical and chemical modifications of fibre surface are made with the help of

such pre-treatment techniques [72, 236–243]. In the current work, among two, one

simple pre-treatment is used as also done by [72, 73]. Water is boiled for half

an hour and dry straw are then dipped in that boiling water. Water having that

straw is then kept on boiling for almost 20 minutes. Water is cooled then and

straw are removed from water. These straw are then air-dried. Hereafter, these

straw are referred to “boiled wheat straw” and are shown in Figure 3.1(b). The

improved shiny texture of boiled wheat straw are observed with the naked eye.

However, the microscopic image revealed that cracks occurred on the surface of

straw. Asasutjarit et al. [72] reported that the increase in cellulose contents and

washout of extractives from the surface of straw improves stiffness and toughness

of these boiled straw. Furthermore, the resistive extraneous fibre from the straw

surface can also be removed with the help of this boiling treatment which also

resulted in the reduced density of flax fibre [244]. Therefore, the straw-matrix
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(a) (b) (c)

Figure 3.1: Wheat Straw (a) Soaked (b) Boiled and (c) Chemically treated.

adhesiveness can be enhanced. Similar type of behavior by using the boiling

technique for coconut fibres is also reported by [72, 73].

Chemically Treated Wheat Straw Another technique is also used for the pre-

treatment of straw for having improved bonding of straw with concrete. Wheat

straw are dipped in 3% sodium hydroxide (NaOH) solution for half an hour. Straw

are then removed from the solution and air surface dried. A more shiny and

washed texture is observed with the naked eye. But through microscopic view,

an increase in surface cracking of straw is observed. These straw are named as

chemically treated straw and are shown in Figure 3.1(c). Similar type of pre-

treatment technique was also adopted by Ali and Chouw [245].

3.2.2 Mix Proportions and Casting Procedure

The mix proportions for plain concrete are 1 : 2 : 4 (cement: sand: aggregate)

having w/c ratio of 0.55. For preparing 1 m3 of PC, 331 kg, 704 kg, 1550 kg and

182 kg of cement, sand, aggregates and water, respectively, are taken. However,

for making WSRC, the wheat straw, having approximate length of 25 mm and

contents of 1%, 2% and 3%, by mass of wet concrete, are incorporated (as an ad-

ditive) with 0.60 w/c ratio. Accordingly, the weights of cement, sand, aggregates,

water and straw are 254 kg, 542 kg, 1194 kg, 152 kg and 27 kg, respectively, for

the preparation of 1 m3 of WSRC. The water absorption of soaked, boiled and

NaOH treated straw are given in Table 3.3. The w/c ratio is kept higher in case of

WSRC mix for achieving its proper compaction along with workability in order to
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optimize strength. The free w/c ratio of WSRC may be taken as same as that of

PC, because additional water is just for straw in concrete. For the preparation of

PC mix: cement, sand and aggregates are simultaneously put in the drum mixer

and water is then added. The mixer is started to rotate for a period of five min-

utes. Whereas, for WSRC: 1/3rd of cement, sand, aggregates and straw are put

in the drum mixer in four layers. The remaining cement, sand, aggregates, and

straw are then added in the drum mixer using the same layering technique. 2/3rd

of water is then added and mixer is rotated for three-minutes. The 1/3rd water is

then added and the drum mixer is started again to rotate for two minutes. Still

the mix is not homogenous and workable at this point. The mixer is then rotated

again for three minutes to get better homogenous mix. Mixing time is increased

because addition of water at that stage could have resulted in bleeding of WSRC.

Therefore, the increased mixing time came out to be a successful approach for a

workable WSRC. The slump and compaction factor tests are performed for fresh

PC and WSRC (Table 3.3).

For preparation of WSRC specimens, prepared homogenous mixture is then poured

in the moulds. Each layer is then compacted by 25 blows of tamping rod. In

addition to that, for removing air voids, the mould having WSRC is lifted up to

approximately 100 - 150 mm followed by free drop. The specimens are then de-

moulded after 24 hours and are kept for curing for 28-days. The water absorption

test for hardened PC and WSRC specimens are conducted thereafter (Table 3.3).

Afterwards, the specimens are equally bifurcated in four equal sets. One set is

tested after 28 days of curing whereas, remaining three sets of specimens are kept

under three different ageing conditions, i.e. room, climatic and alternate wetting

and drying conditions for the period of 4-years. The PC and WSRC specimens,

at different stages, are shown in Figure A1 in Annexure A.

3.2.3 Specimens

Cylinders with dimensions of 200 mm height and 100 mm diameter, for compres-

sive and splitting-tensile strength tests, are prepared for PC, SWSRC, BWSRC,
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and CWSRC. However, 100 mm wide, 100 mm deep and 450 mm long beam-lets

are cast for performing flexural strength test. Labels OO, A, T, and N are used

for PC, SWSRC, BWSRC and CWSRC, respectively. Numeric figures along with

labels show the content of straw for each specimen. Two specimens for each com-

bination are cast. For numbering of specimens; alphabets (i.e. A and B) are used.

The average of two readings, with robust results, is used for hardened concrete

properties. The average of two readings is also considered by other researchers as

well [246, 247].

3.2.4 Testing Methods

3.2.4.1 Density

Standard test method (i.e. ASTM C138/C138M–16) is adopted for determining

the density of PC. To the best of author’s knowledge, there is no test standard

available for the measurement of density of WSRC. Therefore, the same test stan-

dard is also used for determining the density of SWSRC, BWSRC, and CWSRC

as well.

3.2.4.2 Compression Test

Servo-hydraulic Testing Machine (STM), with high precision displacement trans-

ducer having measurement range from 0 – 1500 mm and resolution of 0.001 mm, is

used for the determination of compressive strength, absorbed compressive energy

(Ce), energy absorption till the maximum stress (Cem), energy absorption after

the maximum stress (Cep) and compressive toughness index (CTI) of the cylinder

specimens.

Cylinders are capped with sulphur before testing for the uniform distribution of

load. ASTM C39/C39M-20 (Standard Test Method for Compressive Strength of

Cylindrical Concrete Specimens) is used for testing the cylinders in compression.

The test setup is shown in Figure 3.2(a).
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(a) (b)

  

 

   

 

(c)

Figure 3.2: Testing setup (a) Compressive strength test, (b) Splitting-tensile
strength test, and (c) Flexural strength test.

3.2.4.3 Splitting-tensile Test

The test standard adopted for performing splitting-tensile strength test on PC,

SWSRC, BWSRC, and CWSRC specimens is ASTM C496/C496M-17 (Standard

Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens).

Cylinders are tested for the determination of splitting-tensile strength (SS), splitting-

tensile energy absorbed (Se), splitting-tensile energy absorbed up to the maximum

load (Sem), splitting-tensile energy absorbed post the maximum load (Sep) and

splitting-tensile toughness index (STI). The test setup is shown in Figure 3.2(b).

3.2.4.4 Flexural Test

ASTM C293/C293M-16 (Standard Test Method for Flexural Strength of Concrete

- Using Simple Beam with Centre-Point Loading) is adopted for performing the

flexural strength test on PC, SWSRC, BWSRC, and CWSRC beam-lets. Flexural

testing machine is used. Flexural behavior, modulus of rupture (MoR), flexural

energies absorption (Fe, Fem and Fep) and flexural toughness index (FTI) are

determined. The test setup is shown in Figure 3.2(c).

3.2.4.5 Scanning Electron Microscope (SEM) Test

The micro-structural analysis of soaked, boiled, and chemically treated straw and

for their bonding with concrete is done by performing scanning electron microscope
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imaging. This test is intended to reveal the micro-structure of straw with and

without treatment, mixing of straw in concrete, in-depth mechanism of straw-

concrete bonding, and nature of failure/cracking. The VEGA3 TESCAN having

voltage of 10 kV is utilized for scanning electron microscopic imaging. Plasma

coating is done on samples before testing.

3.3 Results Analysis and Discussions

3.3.1 Density

Densities for PC, SWSRC, BWSRC, and CWSRC are given in Table 3.3. Although

the w/c ratio is increased for WSRC but the densities of WSRC specimens (with

soaked, boiled, and chemically treated) are decreased in comparison to that of PC.

It might be due to the presence of low-density straw in WSRC specimens. The

same behavior was observed by the other researchers [66, 72, 248, 249]. As far

as the straw contents are concerned, a decrease in density is observed with the

increase in content of straw. Presence of low-density straw will have an effect on

overall weight of the specimens which might be the reason of decrement in density

with the increment in straw content. Among soaked, boiled and chemically treated

straw reinforced concrete, the CWSRC has the highest value of density.

3.3.2 Properties under Compressive Loading

3.3.2.1 Compressive Behavior

Typical stress ∼ strain curves of PC, SWSRC, BWSRC, and CWSRC are shown in

Figure 3.3. It may be noted here that for all WSRC specimens; the ascending side

of stress strain curves is less steep as compared to that of PC. For all three types of

straw (i.e. soaked, boiled and chemically treated), only cracking is observed even

after maximum loading, depicting the tough behavior of WSRC specimens due to
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Figure 3.3: Compressive stress ~ strain curves of (a) SWSRC, (b) BWSRC and (c) CWSRC with 1%, 2% and 3% content 
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Figure 3.3: Compressive stress ∼ strain curves of (a) SWSRC, (b) BWSRC,
(c) CWSRC with 1%, 2% and 3% content and (d) schematic diagram for energy

absorption calculations.
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the addition of discrete straw in the composite. However, in case of PC, a sudden

drop in compressive load is observed as soon as the maximum load is applied,

showing the brittle behavior of conventional concrete, as expected. Reduction in

concrete brittleness due to the addition of dispersed fibres (i.e. coconut fibres) in

concrete is also reported by Salain et al. [250]. The cylinder specimens which are

crushed under the compressive loading are shown in Figure 3.4. During testing,

due to brittle nature of PC, the fragments from PC specimens are separated as can

be seen at the base plate in Figure 3.4 (0% straw content). While in wheat straw

reinforced concrete cylinders, a bridged behavior is observed due to incorporation

of wheat straw.

3.3.2.2 Compressive Strengths, Compressive Energy Absorption and

Compressive Toughness Index

In compressive stress ∼ strain curves, the highest stress value is taken as compres-

sive strength (Table 3.4). Compressive strengths (σ) of WSRC (i.e. SWSRC,

BWSRC, and CWSRC) are decreased w.r.t PC. The decrease in compressive

strengths of natural fibre reinforced concrete is also reported by many other re-

searchers [40, 66, 251]. The noticeable behavior is that, with increase in straw

content, the compressive strength is decreased. A decrease of 5% and 9% in

compressive strengths of SWSRC-2% and SWSRC-3%, respectively, is observed

in comparison to that of SWSRC-1%. Similarly, the compressive strengths of

BWSRC-2% and BWSRC-3%, and CWSRC-2% and CWSRC-3% are decreased

by 2% and 15%, and 7% and 19%, respectively, in comparison to that of BWSRC-

1% and CWSRC-1%. This behavior might be due to improper compaction or

bonding between straw and concrete due to increased amount of straw. However,

among three types of straw used, the SWSRC showed better results when com-

pared to BWSRC and CWSRC. If the WSRC with 1% straw content are compared,

a decrease of 6% and 18% in the compressive strengths of BWSRC and CWSRC,

respectively, is recorded as compared to the compressive strength of SWSRC. It

might be because of changed chemical composition of wheat straw due to boiling

and chemical treatment. The modulus of elasticity for PC and WSRC specimens
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Figure 3.4: Tested cylinder specimens of PC and WSRC with varied treatment
and fibre content under compressive loading.

is also calculated and given in Table 3.4. For PC, the elastic modulus is calculated

by using formula; Ec = 4700
√
f ′c (MPa), as per ACI 318-08 [252]. However, for

WSRC specimens, the elastic modulus is calculated by using equation proposed

by Suksawang et al. [253]; Ec = λvf 4700
√
f ′c (MPa), where λvf is 1 when C/S >

1 and the λvf =
1 + 0.7vf

2
when C/S < 1. The fibre effect factor, i.e.λvf , is taken

as 1 here in current study as coarse aggregate weight to sand aggregate weight

ratio is greater than 1 (C/S > 1). The value of λvf is recommended 1 because in
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this scenario, as concluded by [253], the elastic properties are not influenced by

the fibres except some fluctuations that are within 10%. Total area beneath the

stress strain curve is taken as energy absorption under compressive stress (Ce).

Some researchers have also taken it as compressive toughness [66, 71]. This energy

absorption capacity per unit volume of concrete material was defined in MJ/m3

by [254, 255]. If the area beneath compressive stress strain curve is calculated till

the maximum stress only, it is then taken as energy absorption till the maximum

compressive stress (Cem). Whereas, the area beneath stress ∼ strain curve from

the point of maximum stress to the maximum strain is taken as the energy absorp-

tion after the maximum compressive stress (Cep). The ratio of energy absorption

under compressive stress to the energy absorption up to the maximum compres-

sive stress (i.e. Ce/Cem) is taken as compressive toughness index (CTI). The

schematic diagram for energies absorption (i.e. Cem, Cep and Ce) and toughness

index calculations are shown in Figure 3.3(d). Whereas, Cem, Cep, Ce and CTI

values of PC, SWSRC, BWSRC, and CWSRC are also shown in Table 3.4.

The absorbed compressive energy by WSRC is much higher (i.e. up to 163% for

SWSRC, 107% for BWSRC, and 142% for CWSRC) than that of PC. The reason

might be the elongated deformation in case of WSRC specimens. As more energy

is absorbed due to the addition of straw which resist the crack to apart. However,

only 2% increase is observed in the fracture energy of WSRC, in comparison to

the fracture energy of plain concrete, by [18]. It may be noted here that almost

40% to 50% of the compressive energy is absorbed post the maximum stress in

case of SWSRC, BWSRC, and CWSRC. The incorporation of straw in concrete

helps in resisting the occurrence of crack by absorbing more energy. However, once

the cracks start to occur and the specimens bear the maximum load, even then

straw continue to play their role by resisting the crack propagation by binding the

both ends of cracks. This phenomenon results in enhanced energy absorption and

improved post cracking behavior of wheat straw reinforced concrete. Due to this

behavior, with the addition of fibres in concrete, the brittleness of conventional

concrete (PC) is also reduced and resulted in improved toughness. The compres-

sive toughness index is increased up to maximum of 91% in case of SWSRC-1%
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when compared to that of PC. All the other straw reinforced matrices show the

increase in compressive toughness index ranges from 15% to 86% in comparison

with PC. Generally, a decrease in compressive properties is noted with the increase

in straw content for the compressive strength and compressive toughness indices

of WSRC specimens. This decrease might be due to the improper mixing of con-

crete ingredients along with the high content (i.e. 2 to 3%, by mass of cement).

In addition to that the increased content of low-density straw might also result

in less compaction of the wheat straw reinforced concrete specimen. Although

the compressive strengths of WSRC specimens are decreased up to some extent

however, SWSRC with 1% content shows overall better compressive properties in

comparison to all other straw reinforced matrices and PC as well.

A comparison of strengths, energy absorption and toughness indices, under com-

pressive loading, for PC, SWSRC, BWSRC, and CWSRC is shown in Figure 3.5.

It can be observed that, for all three composites (i.e. SWSRC, BWSRC, and

CWSRC), the WSRC with 1% content shows better results in comparison to the

respective WSRC specimens with 2% and 3% contents. Although the compres-

sive strengths of SWSRC, BWSRC and CWSRC specimens are decreased when

compared to that of PC, but the compressive energies absorbed, and compressive

toughness indices are increased. This might be due to the increase in toughness of

WSRC because of the addition of dispersed straw in concrete. However, in case of

boiled wheat straw reinforced concrete, the compressive energy absorbed by the

specimens with 1% content is less than that of PC.

The increase in compressive toughness of composites incorporating natural fibres

is also reported by [16, 73, 249]. Xiangwrong reported decrease in compressive

strength of fibre reinforced concrete with the increase in compressive toughness

index [256]. The strength along with the toughness are attributed towards con-

crete structural performance, as reported by [256, 257]. Accordingly, significantly

enhanced toughness with minimally compensated strength can be headed towards

the improved performance of structure. In addition, the modulus of elasticity is

also one of the main parameters for the design of rigid pavements along with its

flexural strength. As, the addition of discrete fibres used to significantly change
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(a)

(b)

(c)

Figure 3.5: Comparison of σ, Cem, Ce, and CTI of PC and WSRC with 1%,
2% and 3% content for (a) Soaked, (b) Boiled, and (c) Chemically treated straw.
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the compressive failure mode from brittle to ductile, thus enhancing the elastic

modulus somehow [253, 258]. The rigid pavements are purposely designed with

reinforcement for controlling the cracks that occurs as a result of vehicular loading

and varied environmental conditions [259]. The provision of discrete fibres (i.e.

wheat straw in current study) in concrete pavements generates the bridging forces

across the cracks. This bridging of cracks tends to restrict the crack widths and

thereby delays their propagation which ultimately results in enhanced toughness

and capacity of rigid pavements [260]. Hence, the improved compressive toughness

in case of SWSRC-1% is favorable.

3.3.3 Properties under Splitting-tensile Loading

3.3.3.1 Splitting-tensile Behavior

The load ∼ deformation graphs, under splitting-tensile loading, of PC, SWSRC-

1%, SWSRC-2%, SWSRC-3%, BWSRC-1%, BWSRC-2%, BWSRC-3%, CWSRC-

1%, CWSRC-2%, and CWSRC-3% are shown in Figure 3.6. Here, the noticeable

behavior is that as soon as the maximum load is applied, the PC cylinder is

collapsed but on the other hand resistance against loading is observed for SWSRC,

BWSRC and CWSRC even after the maximum load. Although WSRC specimens

bear less load, but even then, showing the improved post cracking behavior in

result of toughness because of the incorporated straw in cement composites. The

tested samples of PC, SWSRC, BWSRC, and CWSRC with 1%, 2%, and 3% straw

content are presented in Figure 3.7. The PC cylinder specimens are broken into two

pieces upon application of maximum loading, whereas in case of SWSRC, BWSRC,

and CWSRC specimens, only cracks are observed even at the maximum loading.

This shows the improved behavior of WSRC specimens due to the presence of

dispersed wheat straw in concrete in comparison to that of PC. Later on, all the

WSRC specimens are broken intentionally into two halves for observing the failure

of straw. It is observed with the naked eye that, as an approximation, 60− 70 %

of the straw are pulled out, while the range of broken straw is almost 30-40%. The
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percentage of broken straw is higher in case of boiled and chemically treated straw

reinforced concrete as compared to that in soaked straw reinforced concrete. This

might be due to changed chemical properties of straw in result of the application

of pre-treatment. The breakage of fibres might be due to equal development length

of straw in both ends and proper dispersion of straw in surrounding matrix.

3.3.3.2 Splitting-tensile Strength, Splitting-tensile Energy Absorption

and Splitting-tensile Toughness Index

The highest load value from the splitting-tensile load deformation graph is used for

calculating the splitting-tensile strength (SS) as shown in Figure 3.6. The splitting-

tensile strengths of SWSRC-1%, SWSRC-2%, SWSRC-3%, BWSRC-1%, BWSRC-

2%, BWSRC-3%, CWSRC-1%, CWSRC-2%, and CWSRC-3% are decreased by

4%, 18%, 30%, 14%, 28%, 37%, 21%, 35%, and 42%, respectively, in comparison

with PC. The values of splitting-tensile strengths are given in Table 3.5. It may

be noted that just a slight difference or decrease (i.e. 4%) in SS of SWSRC-1 is

observed in comparison to PC. Energy absorption up to the maximum splitting-

tensile load (Sem) is the area beneath splitting-tensile load deformation curve up

to the point of highest load. The area beneath splitting-tensile load deformation

curve from the point of highest load up to the failure of specimen is taken as

the splitting-tensile energy absorbed post the maximum load (Sep). The total

area beneath splitting-tensile load deformation curve or the summation of Sem

and Sep is taken for the calculation of absorbed splitting-tensile energy (Se). The

ratio of splitting-tensile energy absorbed (Se) to splitting-tensile energy absorbed

up to maximum load (i.e. Se/Sem) is taken as the splitting-tensile toughness index

(STI). Sem, Sep, Se, and STI of PC, SWSRC, BWSRC, and CWSRC with 1%, 2%,

and 3% content are shown in Table 3.5. Although the splitting-tensile strengths

of WSRC specimens are decreased in comparison to PC, but the WSRC cylinder

specimens show the bridging effect due to the presence of dispersed straw after the

maximum loading. Due to this bridging effect, a significant increase of 144% is

observed in the splitting-tensile energy absorption of SWSRC-1% when compared

to the energy absorption by PC. This bridging effect indicates the better toughness
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Figure 3.6: Typical splitting-tensile load ∼ deflection curves of (a) PC, (b)
SWSRC, (c) BWSRC and (d) CWSRC with 1%, 2% and 3% content.
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Figure 3.7: Tested cylinder specimens of PC and WSRC with varied treatment
and fibre content under splitting-tensile loading.

of WSRC specimens. As already discussed that the phenomenon of slippage of

fibres due to their more tensile strength adds up in high energy absorption. Hence

the splitting-tensile toughness indices of SWSRC-1%, BWSRC-1%, CWSRC-1%,

SWSRC-2%, BWSRC-2%, CWSRC-2%, SWSRC-3%, BWSRC-3, and CWSRC-

3% are increased by 105%, 71%, 53%, 72%, 68%, 40%, 47%, 62%, and 67%,

respectively, when compared to the STI of PC. The similar trend is observed in

case of compressive behavior. Improved toughness is observed with the slight

decrease in strengths.

SS, Sem, Se, and STI of PC, SWSRC, BWSRC, and CWSRC with straw content

of 1%, 2%, and 3% are compared and the comparison is shown in Figure 3.8. The

splitting-tensile strengths of WSRC specimens are again decreased in comparison

to PC, as in case of compressive strength. But the noticeable point here is that

a very minute decrease (i.e. 4%) is observed in case of SWSRC-1% when com-

pared to the splitting-tensile strength of PC. As far as splitting-tensile energies are

concerned, SWSRC-1% absorbed highest energy than that by PC and all other
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specimens. As a whole, the behavior under splitting-tensile loading is depicting

the improved properties with decrease in percentage content of straw. An increase

in splitting-tensile toughness indices of all WSRC specimens is observed in com-

parison to that of PC. This might be due to the presence of dispersed straw in

concrete. It is observed that the post-cracking behavior of WSRC specimens is

improved due to sewing effect of straw.

Splitting− tensile behavior of concrete is a governing parameter for a number of

civil applications. Transverse cracking occurs in rigid pavements when thermally

induced tensile stresses exceeds the tensile strength of concrete slab [211]. Con-

ventionally, transverse reinforcement is usually provided to cater this issue. A

significant increment of 105% in splitting-tensile toughness index of SWSRC-1%,

with little compromised strength, can enhance the performance of rigid pavements.

Furthermore, the discrete wheat straw would hold the initiated transverse cracks

towards minimum width and would delay the cracks propagation mechanism. This

type of material behavior is also favorable for bridge deck applications as reported

by Khan and Ali [126].

3.3.4 Properties under Flexural Loading

3.3.4.1 Flexural Behavior

The history recorded under the flexural loading during the flexural testing is given

in Figure 3.9. The SWSRC, BWSRC, and CWSRC specimens bear the application

of load even after cracking. However, the PC specimen is broken into two pieces

as soon as the application of load is reached up to the maximum level, depicting

the brittle nature of PC. Dispersed straw show proper sewing of both ends of

specimen after cracking. The tested beam-lets under the application of flexural

loading for PC, SWSRC, BWSRC, and CWSRC with 1%, 2%, and 3% content

are shown in Figure 3.10. The WSRC specimens (i.e. soaked, boiled, and treated)

beam-lets remained in contact even under the application of the maximum load

and after cracking. The crack propagation rate in case of straw reinforced concrete
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Figure 3.8: Comparison of SS, Sem, Se, and STI of PC and WSRC with 1%,
2% and 3% content for (a) Soaked, (b) Boiled, and (c) Chemically treated straw.
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specimens is very slow due to dispersed straw in it. The beam-lets of SWSRC,

BWSRC, and CWSRC are intentionally broken into two pieces for its examination

with the help of naked eye and SEM to observe the mechanism of straw failure. It is

observed that, there is an approximate ratio of 70 : 30 in the straw-failure between

pulling-out and straw fracture. It is observed that straw fracture is occured in case

of straw’s equal development length at both halves of fractured surfaces. This

behavior depicts that the bonding strength of straw is higher within matrix as

compared to its tensile strength. However, the pull-out of straw is observed in case

of less embedded straw’s length at any one half of fractured side. This may be due

to less bonding strength of straw within matrix than the straw’s tensile strength.

The similar behavior was also reported by [19, 126]. However, in case of BWSRC

and CWSRC, the shiny texture of straw and the changed chemical composition

of straw might be the reason for relatively high percentage of fractured straw in

comparison to that of SWSRC. In addition to that, the changed surface conditions

of straw might be the cause of weaker bond between straw and the surrounding

composite. However, it may also be noted that, for enhancing the capacity of

energy absorption of concrete/composite, the fibre pulling out phenomenon is

more favourable in comparison to rupture of fibres.

3.3.4.2 Modulus of Rupture (MoR), Flexural Energy Absorption and

Flexural Toughness Index

The highest load from the load displacement history recorded under flexural load-

ing is taken for calculating the Modulus of Rupture (MoR). The MoR of PC

and WSRC is calculated by using equation; MoR = 3Pl/2bd2, as per ASTM

C293/C293 M-16 (Standard Test Method for Flexural Strength of Concrete - Us-

ing Simple Beam with Centre-Point Loading). Where P is the maximum load and l,

b and d are the dimensions, i.e. length, width and depth, of tested PC and WSRC

beam specimens. The energy absorbed by the specimen under the flexural loading

up to the point of maximum load (Fem) is taken as the area underneath flexural

load displacement history up to the point of highest load. Energy absorbed by the

specimen after the maximum flexural load (Fep) is the area underneath flexural
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Figure 3.9: Flexural load-displacement curves of (b) SWSRC, (c) BWSRC,
(d) CWSRC with 1%, 2% and 3% content.
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Figure 3.10: Tested beam specimens of PC and WSRC with varied treatment
and fibre content under flexural loading

load displacement history after the highest load up to the termination of test. The

summation of Fem and Fep or the whole area underneath flexural load displace-

ment history is taken as the flexural energy absorbed (Fe). The ratio of the energy

absorption under flexural loading to the energy absorption up to the maximum

flexural load (i.e. Fe / Fem) is taken as the flexural toughness index (FTI). The

MoR, Fem, Fep, Fe and FTI of PC, SWSRC, BWSRC, and CWSRC with 1%,

2%, and 3% content are shown in Table 3.6. The Modulus of Rupture (MoR) of

WSRC specimens are decreased up to some extent when compared to that of PC.

Among all straw reinforced concrete specimens, the maximum MoR is of SWSRC-

1% (i.e. 7.64 MPa), which is only 2% less than that of PC. However, with an

increase in straw content, the MoR is decreasing further. Ali et al. also reported

the reduction in MoR of fibre reinforced concrete in comparison to that of plain

concrete [245]. The noticeable thing here is that the better post cracking behavior

occurs in case of WSRC as the maximum of approximately 62% energy absorption

by the SWSRC-1% post the maximum load. Whereas, in case of PC, no energy

is absorbed after maximum loading as the specimen get collapsed. Toughness of

WSRC beamlets is also improved in case of WSRC due to this post cracking be-

havior. A maximum of 92% increase in flexural toughness index of SWSRC-1% is

observed when compared to that of PC. Hence, for pavements, a slight decrease

(i.e. 1−2%) in MoR can be balanced against significantly improved flexural tough-

ness to resist the crack prorogation under the application of dynamic loading and
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for enhancing the duration from first crack to permanent failure of pavement.

A comprehensive comparison of MoR, Fem, Fe and FTI of PC, SWSRC, BWSRC,

and CWSRC is shown in Figure 3.11. Although the MoR of SWSRC, BWSRC,

and CWSRC is decreased in comparison to MoR of PC, but flexural energy ab-

sorbed and flexural toughness index of SWSRC-1% are increased significantly when

compared to that of PC. The composites with 1% content show relatively better

results. The similar trend is observed here as in case of compressive and splitting-

tensile strengths. Improved behavior (i.e. post cracking) of concrete is noted with

the addition of dispersed straw in cement concrete.

It may be noted that critical properties for road and airport pavement applica-

tions are the flexural properties of concrete [261]. Accordingly, the key parameter

for design of rigid pavements is the modulus of rupture as per AASHTO pave-

ment design guide. The contribution of remarkable enhanced flexural toughness

of SWSRC-1%, along with almost same MoR as of PC, can leads towards bet-

ter performance with even reduced pavement thickness [209, 262]. In addition,

the crack propagation rate is very much high in pavements due to application

of vehicular loading and varied environmental conditions. So, the improved post

cracking behavior in case of SWSRC-1% seems highly favorable for rigid pavement

applications.

3.3.5 Micro-structural Analysis of Straw and WSRC

The scanning electronic microscopic images of soaked straw and soaked straw con-

crete bond, boiled straw and boiled straw concrete bond, and chemically treated

straw and chemically treated straw concrete bond are shown in Figure 3.12, which

shows that the surface of soaked straw is comparatively very much better than the

surface of boiled and chemically treated straw. It may be noted that the surface

of chemically treated fiber is more affected by the treatment through NaOH so-

lution followed by boiling. This behavior depicts that the air-dried soaked straw

are more favorable for proper bonding with cement concrete composites. It may
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(a) 

 

(b) 

 

(c) 

 Figure 3.11: Comparison of MoR, Fem, Fe, and FTI of PC and WSRC with
1%, 2% and 3% content for (a) Soaked, (b) Boiled, and (c) Chemically treated

straw.
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be noted that the dust particles are removed from the straw surface by soaking

them in water for a specified period. As for as the bond between matrix and straw

is concerned, it can be seen in soaked straw-concrete bond figure that the proper

bonding between the straw and the matrix became the reason for improved me-

chanical properties. Also, the straw is properly surrounded by the matrix which

presents the capability of natural fiber proper bonding with concrete. The proper

bonding with addition of natural fiber in concrete improves the mechanical prop-

erties [209].

The dense interfacial transition zone (ITZ) and proper bonding between the straw

and the matrix, as can be observed from the image, may also be the cause of

enhanced mechanical properties. In another study, Khan et al. reported that

the dense interface between ITZ and fiber also results in improved mechanical

properties [263]. However, in case of chemical treatment, the straw is affected so

badly due to the NaOH solution treatment and this can be observed from the

cracks in fiber shown in Figure 3.12. Whereas, the proper development length of

fiber on both sides of the matrix resulted in the straw fracture, instead of straw

pull-out, as can be observed in image showing the bond between chemically treated

straw with concrete.

Similar type of mechanism is observed in case of boiled straw and the bonding

between boiled straw and concrete matrix as shown in Figure 3.12. The cracked

surface of straw due to boiling treatment is the reason behind poor ITZ between

boiled straw and surrounding concrete matrix. The addition of fiber delays the

crack propagation by bridging mechanism as also shown in Figure 3.12 having

soaked straw-concrete interaction, which ultimately enhanced its mechanical prop-

erties. Also, the fiber-cement matrix is responsible for transfer of applied load, as

reported by Ferrara et al. and Khan and Ali [264, 265]. The high energy absorp-

tion and toughness may be due to fiber slippage.

Therefore, this phenomenon is favorable to be used in civil engineering applications

especially pavements, where crack propagation is the major issue due to application

of vehicular loading.
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Figure 3.12: Micro-structural analysis of Soaked, Boiled and Chemically
treated straw and their bond with concrete
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3.4 Summary

The effect of pre-treatment technique and content of wheat straw on energy ab-

sorption capability of concrete and in-depth mechanism of straw-concrete bond is

studied. An experimental investigation is made to study the mechanical behavior

of Plain Concrete (PC) and Wheat Straw Reinforced Concrete (WSRC) having

1%, 2%, and 3% content of soaked, boiled, and chemically (NaOH) treated straw.

The conclusions are as follows:

• Compressive energy absorbed and compressive toughness index of SWSRC

are increased by 162% and 91%, respectively when compared to that of PC.

However, in case of CWSRC, the total energy absorbed is decreased by 20%.

The bridging effect due to presence of straw is the reason for this increased

energy absorption.

• A significant increase of 105%, 71% and 67% in splitting-tensile toughness

index of SWSRC, BWSRC and CWSRC respectively is observed when com-

pared to that of PC. The straw’s strength with the capability of holding

both the ends is the reason for improved toughness.

• When the flexural toughness index of SWSRC, BWSRC and CWSRC is

compared with that of PC, an increase of 92%, 90% and 87% is observed.

The specimens absorbed energy even after maximum loading in comparison

to that of PC specimen which collapsed right after maximum loading.

• SWSRC performed better under the compressive, splitting-tensile, and flex-

ural loading, when compared to that of BWSRC and CWSRC. The changed

surface conditions of straw due to boiling and chemical treatment are the

reason for relative reduction in properties.

• Specimens with 1% straw, by mass of wet concrete, show better mechani-

cal properties in comparison to that with 2% and 3% straw content. The

improper compaction due to the presence of more low-density straw content

contribute towards less strengths, energy absorption and toughness indices.
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• The improved properties of SWSRC are resulted due to better bonding of

uncracked surfaced soaked straw with the surrounding matrix as revealed by

SEM analysis. Whereas, boiling and chemical treatment on straw have ad-

verse effects, which ultimately resulted in weakened straw-concrete bonding

in case of BWSRC and CWSRC.

Based on conducted analysis, soaked wheat straw reinforced concrete (SWSRC)

with 1% straw content can be claimed as a potential construction material for

civil engineering applications including rigid pavements. However, the long-term

durability of wheat straw reinforced concrete should be explored in detail.



Chapter 4

Durability of Wheat Straw

Reinforced Concrete

Related Article:

M. U. Farooqi and M. Ali, “Short-term durability of wheat straw reinforced

concrete for pavement applications,” In proceedings of 5th International Conference

on Infrastructure Engineering in Developing Countries (IEDC), Karachi, Pakistan,

2017.

4.1 Background

The results of concrete reinforced with natural fibres are comparable with that of

artificial/steel fibre reinforced concrete. Accordingly, a detailed study has been

conducted to evaluate the use of agricultural waste/by-product (i.e. wheat straw)

in cement concrete composite, as in-depth knowledge on behavior of WSRC is

missing. The effect of pre-treatment and content of wheat straw on the energy

absorption capability of concrete under compressive, splitting-tensile, and flexural

loadings is determined in previous Chapter 3. The experimental investigation is

also supported with micro-structural analysis to analyze the straw-cement bond

mechanism. Comparative study of Plain Concrete (PC), Soaked Wheat Straw

88
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Reinforced Concrete (SWSRC 1-3%), Boiled Wheat Straw Reinforced Concrete

(BWSRC 1-3%), and Chemically (NaOH) treated Wheat Straw Reinforced Con-

crete (CWSRC 1-3%) is made. In result of detailed analysis, the concrete matrix

reinforced with 1% content of soaked straw i.e. SWSRC – 1% has come out to be

an optimized matrix among all the WSRC matrices.

However, the durability of agricultural fibres is a matter of concern. As some de-

ficiencies/degradation of agricultural/plant fibre reinforced cement composites in

terms of durability are usually observed along with the enhanced behavior due to

the mineralization of fibres and alkali attacks under the exposure of climatic/en-

vironmental conditions as agricultural wastes/by-products are organic in nature.

Therefore, the application of agricultural fibres in construction industry is still

quite limited due to the lack of understanding in how to improve the durability

while making ductile materials. Accordingly, in spite of the fact that WSRC comes

with the enhanced behavior, the durability factor in case of cement concrete re-

inforced with agricultural waste particularly wheat straw, should be given proper

consideration. A number of solutions (immersion in fresh water, slurried silica

fume, NaOH, Ca (OH)2, and H2SO4 solutions; carbonation of studied matrix; ce-

ment replacement with calcined clay and metakaoline etc.) are proposed in various

studies for enhancing the durability of agricultural fibres for their potential use in

civil structures [15, 48, 52, 69, 70, 190]. Furthermore, the durability of agricultural

fibres in concrete has already been determined experimentally in various studies by

adopting multiple durability evaluation techniques. The agricultural/plant fibres

and agricultural fibre reinforced cementitious composites are used to evaluate, in

terms of durability, by having exposure to different environmental and ageing con-

ditions like: immersion in water, slurried silica fume, saturated lime and NaOH

solutions; immersion in water at specified/elevated temperatures; ageing in wa-

ter; open-air weathering; alternate wetting and drying; alternate freeze and thaw

cycles etc. for the specified time periods.

Hence, in light of above discussion, the durability factor, in terms of structural per-

formance, is addressed for WSRC matrix in this Chapter 4. As, to the best of au-

thor’s knowledge, no long-term durability evaluation study has been conducted for
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Wheat Straw Reinforced Concrete (WSRC) to be used for civil engineering struc-

tural applications. Therefore, to get an idea about the behavior of WSRC structure

throughout its design life, the long-term laboratory durability of Plain Concrete

(PC), Soaked Wheat Straw Reinforced Concrete (SWSRC), Boiled Wheat Straw

Reinforced Concrete (BWSRC) and Chemically-treated Wheat Straw Concrete

(CWSRC) is studied in detail in this Chapter 4. The specimens are exposed to

three different ageing conditions for a period of 4-years. The ageing conditions

are; i) exposure to controlled room conditions, ii) exposure to natural climatic

conditions, and iii) exposure to alternate wetting and drying. The residual prop-

erties (i.e. residual compressive, splitting-tensile and flexural strengths, residual

energies absorption and residual toughness indices) are determined experimentally.

The micro-structural analysis (i.e. X-Ray Diffraction (XRD), Thermogravimetric

analysis (TGA) and Scanning Electron Microscope (SEM)) is also performed on

straw. Furthermore, straw-concrete matrix has also been studied, in terms of

micro-strcutural analysis, to assess the condition of wheat straw in concrete after

undergoing 4 years ageing. The comparative analysis of WSRC specimens with

that of controlled specimen (i.e. PC) is made after 4-years ageing. The findings

are also compared with that of respective specimens at 0-day age, as reported in

Chapter 3. Accordingly, the rest of the chapter is presented in a manner that

Section 4.2 portrays the materials used and preparation, considered ageing condi-

tions and testing methodologies whereas, all the results, analyses and discussions

are presented in Section 4.3. Section 4.4 shows the development of empirical rela-

tions for anticipation of WSRC structure’s design life and all the findings of this

laboratory durability evaluation are summarized in Section 4.5.

4.2 Experimental Investigation

4.2.1 Materials Used

BESTWAY cement (locally manufactured with 28 days strength of 52± 3 MPa),

sand extracted from local quarries, i.e. lawrence-pur, Margallah crush, i.e. locally
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Table 4.1: Physical properties of wheat straw.

Wheat Straw Property Value Range

(1) (2)

Linear Dimensions (mm×mm×mm) 25×5×1.2

Tensile Strength (MPa) 40.0*

Shear Strength (MPa) 9.47 – 9.60*

Density (kg/m3) 55 – 119*

*These values are reported by [18, 225, 266]

available aggregates of 19.5 mm maximum size, tap/potable water, 25 mm long

wheat straw (that are commercially available) are the basic ingredients which

are used for preparing PC and WSRC matrices. The approximate ranges for

physical characterization of wheat straw from local region, i.e. Asia, are presented

in Table 4.1 as reported by [18, 225, 266]. Moreover, Energy Dispersive X-ray

(EDX) analysis is also done to evaluate chemical characterization of wheat straw

as shown in Figure 4.1. Carbohydrates (i.e. cellulose, hemicellulose, and lignin)

are found abundantly in wheat straw as observed from its chemical analysis. The

weight and atomic percentage of Carbon (C), Oxygen (O), Silicon (Si), Potassium

(K), and calcium (Ca) present in straw are 58.98%, 39.90%, 0.48%, 0.19%, and

0.45%, respectively and 66.02%, 33.53%, 0.23%, 0.07%, and 0.15%, respectively.

Similar type of findings are also reported by [226, 227]. In addition to 84 – 91 %

dry matter, proteins, acid detergent fibres, silica and ash are also found in straw.

All these material properties are also reported in reference study [267].

4.2.1.1 Preparation of Wheat Straw

Soaking of Straw: Soaking of wheat straw is done by dipping it in potable/-

tap water for approximately 20 minutes. The presence of impurities/wax/dust

particles, as a dry matter on the surface of straw, is removed by this soaking,

which is then followed by air-drying. The straw which are processed through this

mechanism are labelled as soaked wheat straw. A clean texture of wheat straw is

observed after this soaking mechanism as reported in reference study [267].
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Figure 4.1: EDX analysis of wheat straw (a) spectrum and (b) chemical com-
position.

Boiling of Straw: In light of studies reported by [72, 73], a simple boiling pre-

treatment technique is opted to get an enhanced interfacial bond between straw

and concrete. For this purpose, straw are dipped in half an hour boiled water.

Water with straw is kept on boiling for approximately 15 – 20 minutes. Straw

removal from water is done after cooling of water, followed by the air-drying.

These straw are then labelled as boiled wheat straw. Naked eye observation has

shown the shiny and washed texture of straw after boiling mechanism, as reported

in reference study [267].

Chemical Treatment of Straw: Chemical treatment of straw is also done to

have an enhanced straw concrete bond. For this purpose, the straw are dipped

in NaOH – 3% (Sodium Hydroxide) solution, for a period of approximately 30

minutes. Afterwards, straw are removed, followed by the air-drying. More smooth,

shiny, and washed texture is observed through naked eye and surface disintegration

is observed through microscopic view after this chemical treatment mechanism, as

reported in reference study [267].

4.2.2 Mix Proportion and Mixing Technique

As reported in reference study [267], the plain concrete mix proportions and ma-

terials weight per m3 are 1: 2: 4: 0.55, i.e. 331 kg: 704 kg: 1550 kg: 182 kg (C: S:
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A: W). However, in WSRC, 1%, 2% and 3% (by wet concrete mass) straw content

(of an approximate 25 mm length) are also added. The w/c ratio in WSRC mix

proportion is 0.60. In this way, the cement, sand, aggregates, water and straw

weights per m3 of WSRC become 254 kg, 542 kg, 1194 kg, 152 kg and 27 kg, re-

spectively. The conventional procedure of mixing PC is adopted by putting all the

materials (i.e. cement, sand and aggregates) at a time, followed by the addition

of water with the mixing of 5 minutes afterwards. Whereas, a layering technique

is adopted for preparing WSRC mix to get a homogeneous mixture and to avoid

balling effect. Cement, sand, aggregates, and straw are divided in three parts each

and is put in mixer one by one in layers. Approximately 65% of water is then

added in the mixer, followed by the rotation of 3 minutes. Afterwards, the mixer

is rotated again after the addition of remaining water. As the homogeneity of

WSRC mix isn’t achieved at that stage, therefore an increased mixing time option

is adopted to get workable WSRC and to avoid the bleeding (in case of more water

addition at that stage).

The slump and compaction factor tests of fresh PC and WSRC are also conducted

(Table 3.3). Furthermore, a little modification is also made at the time of filling the

moulds for WSRC specimens to achieve proper consolidation. After compaction

with 25 blows of tamping rod, lifting of mould to a certain height of 100 - 150 mm

approximately and then a free drop is done for removing air voids. This technique

is followed for all the three layers. The water curing for 28-days is done after

de-moulding of specimens. All the specimens are divided in four equal sets (i.e.

40 cylinders and 20 beam-lets). Among these four, specimens of one set are tested

and are reported in the reference study [267]. Rest of the three sets of specimens

are kept for ageing under three different conditions for the period of 4-years.

4.2.3 Specimens and Labelling/Testing Scheme

For determination of residual compressive and residual splitting-tensile proper-

ties of PC, SWSRC, BWSRC, and CWSRC, cylindrical specimens having dimen-

sions of 200mm× 100mm (height×diameter) are prepared. However, for flexural
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strength tests, beam-let specimens having dimensions of 100mm×100mm×450mm

(width×depth×length) are cast. PC, SWSRC, BWSRC and CWSRC specimens

are labelled as 00, A, T, and N, respectively along with the percentages (i.e. 1%,

2%, and 3%) to represent the straw content for respective specimens. The 4-years

aged specimen and labelling details are given in Table 4.2.

4.2.4 Ageing Conditions

As mentioned earlier, the standard samples (beam-lets and cylinders) are bifur-

cated in three sets and have been kept under three different ageing conditions for

the period of 4-years (i.e. 48 months). The climatic data of the considered region

(i.e. Islamabad, Pakistan) for the aged period (i.e. from January, 2016 – Decem-

ber, 2019) is taken from Pakistan Metrological Department. The climatic data of

the considered region for the considered ageing period is shown in Figure 4.2.

4.2.4.1 Room Conditions

A set of specimens is aged under the controlled and idealized conditions, i.e. room

conditions of Islamabad city, Pakistan for the specified ageing period, i.e. from

the month of January 2016 to December 2019. A physical laboratory of Civil En-

gineering Department at Capital University of Science and Technology, Islamabad

is used for the storage of specimens under room conditions (left image of Figure

A1(b)).

Although, the environmental conditions for the studied area and considered pe-

riod (i.e. January 2016 - December 2019) are shown in Figure 4.2, but the room

conditions varied a little from the open-air conditions. The average room temper-

ature of considered region is 23± 2 ◦C. The temperature of room is used to keep

constant with the help of HVAC systems of the respective building. The humidity

level inside the room at night is usually up to 35% and at morning, it falls up to

18% within the room.
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(a)

(b)

(c)

Figure 4.2: Climatic conditions i.e. (a) Temperature, (b) Humidity and (c)
Rain, of Islamabad, Pakistan from January 2016 to December 2019.

4.2.4.2 Climatic/Environmental Conditions

Secondly, a set of specimens (40 cylinders and 20 beam-lets) is aged under the

exposure of natural weathering, i.e. real environmental/climatic conditions of Is-

lamabad, Pakistan. For this purpose, a set of specimens has been placed at the

roof of a multi-storey (ground + 3 floors) building at Capital University of Science
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and Technology, Islamabad, Pakistan to observe the effect of natural weathering

conditions (center image of Figure A1(b)). The climatic data of the considered

region for the period of 48-months (from January 2016 – December 2019) is shown

through Figure 4.2, as reported by Pakistan Metrological Department. A signif-

icant variance in temperature and humidity is observed during this period. The

monthly-average low and high temperature of Islamabad region during this period

is varied from 8 ◦C to 29 ◦C and 18 ◦C to 39 ◦C, respectively (Figure 4.2(a)).

While the humidity ranges from 23% to 52%. A whole cycle of change in temper-

ature is observed four times during this period (from January 2016 to December

2019). It may be noted that temperature of Islamabad during this period is as low

as 2 ◦C and as high as 48 ◦C, whereas, the humidity is as minimum as 4% and

as maximum as 100%. The precipitation in the considered region is recorded 88

mm, 52 mm, 107 mm and 324 mm in year 2016, 2017, 2018 and 2019, respectively.

Hence, the specimens have undergone the effect of an average 143 mm rain during

the studied period.

4.2.4.3 Alternate Wetting and Drying Conditions

The third set of the specimens is aged under accelerated ageing conditions to

anticipate the long-term behavior of WSRC specimens in terms of durability.

Other researchers have also considered the accelerated ageing, i.e. alternate wet-

ting and drying, to depict the long-term behavior of fibre reinforced composites

[240, 268, 269]. The specimens are exposed to 104 cycles of alternate wetting and

drying. The water bath facility of materials laboratory at Civil Engineering De-

partment of Capital University of Science and Technology, Islamabad, Pakistan is

used for the specimens to undergo alternate wetting and drying (right image of

Figure A1(b)). The specimens are kept in the water bath of an averaged water

temperature of 21-22 ◦C for 7 days and then in air of an averaged mean tempera-

ture of 26.5 ◦C, as already shown in Figure 4.2, for the same period (7 days). The

humidity level is same as reported for climatic conditions. However, the precipi-

tation effect is not considered in this scenario as the specimens are kept under the

roof during drying period.
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4.2.5 Testing

4.2.5.1 Residual Compressive Strength Test

The residual compressive strength (σr), residual energy absorbed under compres-

sive loading (Cer), and residual toughness index under compressive loading (CTIr)

of the cylinder specimens are determined by performing compressive strength test

in Servo-hydraulic Testing Machine (STM), with in-built high precision displace-

ment transducer having measurement range from 0 – 1500 mm and resolution of

0.001 mm. All the tests, under compressive loading, are performed as per ASTM

C39/C39M-20 (Standard Test Method for Compressive Strength of Cylindrical

Concrete Specimens).

4.2.5.2 Residual Splitting-tensile Strength Test

The residual properties under splitting-tensile loading i.e. residual splitting-tensile

strength (SSr), residual splitting-tensile energy absorption (Ser) and residual

toughness index under splitting-tensile loading (STIr) of PC, SWSRC, BWSRC

and CWSRC specimens are determined by splitting-tensile strength test as per

ASTM C496/C496M-17 (Standard Test Method for Splitting Tensile Strength of

Cylindrical Concrete Specimens).

4.2.5.3 Residual Flexural Strength Test

For performing the flexural strength test to have the residual properties of PC,

SWSRC, BWSRC and CWSRC beam-lets, the standard adopted is ASTM C293

/ C293M-16 (Standard Test Method for Flexural Strength of Concrete - Using

Simple Beam with Centre-Point Loading).

The beam-lets are tested in flexural testing machine to determine the residual

Modulus of Rupture (MoRr), residual energy absorbed under flexural loading

(Fer) and residual toughness index under flexural loading (FTIr).
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4.2.5.4 Micro-structural Analysis of 4-years Aged Straw and it’s Bond

with Composite

The micro-structural analysis, comprising of X-Ray Diffraction (XRD) analysis,

Thermogravimetric analysis (TGA) and Scanning Electron Microscope (SEM)

analysis, is done to study the degradation of soaked straw in concrete compos-

ite after undergoing the ageing of 4-years. SEM is also performed to study the

interfacial bonding of straw with concrete after 4 years. These microscopic tests

are intended to reveal the decay mechanism in wheat straw and straw-concrete

interfacial bond after exposure to 4-years different ageing condition for an idea of

WSRC’s durability. Crystallinity of straw is determined with the help of smart lab

model 3KW, with the employment of CuKα (λ = 1.54) radiation. The graphite

monochromator with diffraction intensity of 5-60 ◦ of 2θ having 0.02 ◦/s scanning

speed is used. The Perkin Elmeris instrument is used for performing the TGA

of straw. Straw, weighs approximately 25 mg, are heated up to 500 ◦C with the

rate of 10 ◦/min. The VEGA3 TESCAN (10 kV) is used for performing scanning

electron microscopic imaging. Prior to testing, samples got Plasma coating.

4.3 Experimental Results and Discussions

4.3.1 Residual Properties under Compressive Loading

4.3.1.1 Residual Compressive Behavior

The residual stress ∼ strain curves for 4-years aged PC, SWSRC, BWSRC and

CWSRC, tested after exposure to three different ageing conditions, i.e. room

conditions, climatic conditions, and alternate wetting and drying conditions, are

shown in Figure 4.3. The stiffness of PC curves in all the three conditions may be

noted here in comparison with WSRC curves. Although the corresponding strain

is remarkably increased for both PC and WSRC from 0.014 up to the 0.5 from

0-age to 4-years ageing. This is might be due to the effect, that the specimens
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after undergoing the ageing conditions are comparatively deformed more with re-

spect to 0-day aged specimens as shown in Figure 4.3 (b). As, it is observed

that the surfaces of specimens are deteriorated after undergoing 4 years ageing.

The specimens under room conditions are slightly affected. However, under the

climatic conditions, the specimens after undergoing environmental variations, in

terms of humidity, temperature and precipitation cycles, are substantially deteri-

orated. This may be attributed towards decomposition of organic straw due to

chemical dissolution. In case of alternate wetting and drying conditions, the spec-

imens are significantly deteriorated. It is might be due to the straw decomposition

in result of alkaline solution absorption in straw through its porous surface after

104 cycles. The difference between PC and WSRC specimens at 4 years age may

be noted from Figure 4.4. As also reported in reference study, here again, cracking

is observed only in all the WSRC matrices even at the maximum loading. Which

depicts the tough behavior of WSRC specimens (with incorporation of dispersed

wheat straw) after the passage of 4 years and under the effect of climatic and

severe conditions as well. However, once again, PC specimens show a sudden drop

in stress (under the compressive loading) when the applied load reaches up to the

maximum level. This behavior, as observed and reported in reference study also,

shows the brittleness (low strain capacity) of conventional concrete even after 4

years, as expected. The brittleness of conventional concrete can be reduced with

the addition of agricultural wastes (i.e. coconut fibres) in discrete form [250].

Among all WSRC specimens (i.e. SWSRC 1-3%, BWSRC 1-3% and CWSRC

1-3%), SWSRC-1% is behaved well in comparison with PC and all other WSRC

specimens as also optimized in reference study. The tested 0-day aged and 4-years

aged cylinder specimens of PC and SWSRC-1% are shown in Figure 4.4. The

mechanism of PC failure continues after 4 years and under all the three conditions,

as broken fragments can be observed on the assembly base plates for all four PC

specimens, i.e. i) 0-day aged, ii) 4-years aged under room conditions, iii) 4-years

aged under climatic conditions, and iv) 4-years aged under alternate wetting and

drying. On the other side, in SWSRC-1% specimens, no fragment is broken from

the specimens and the bridging/sewing mechanism can easily be observed even
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Figure 4.3: Compressive stress strain curves of PC, SWSRC, BWSRC and
CWSRC at (a) 0-day age [267], (b) 4-years aged under room conditions, (c)
4-years aged under climatic conditions and (d) 4-years aged under alternate

wetting and drying conditions.

in the specimen under the worst condition (i.e. undergone alternate wetting and

drying).

4.3.1.2 Residual Compressive Strength (σr), Energy Absorption (Cer)

and Toughness Index (CTIr)

The residual compressive strength (σr) is taken as the maximum stress value from

residual compressive stress ∼ strain curves (Table 4.3). The decrement in σr of

4-years aged SWSRC-1% (with the maximum σr among all WSRC matrices) in

comparison with that of PC is observed here again as also reported in reference

study. Which shows the continuation of phenomenon with the passage of time.

As far as decrement in compressive strength is concerned, it is usually observed

in case of agricultural waste/plant reinforced composites [40, 66, 238]. However,

in case of 4 years ageing, the decomposition of wheat straw in concrete composite

due to continuous contact with varied moisture conditions, particularly under
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Figure 4.4: Tested cylinder specimens of PC and SWSRC-1% under compres-
sive loading (a) at 0-day age [267] and (b) after 4-years ageing.

climatic and alternate wetting and drying conditions, could be the reason behind

comparatively more strength decrement as for PC. The decrement in strength of

natural fibre reinforced concrete under severe agein conditions is also reported by

[70]. A consistent decrement (i.e. approximately 14%) in residual compressive

strengths (σr) of SWSRC-1% as compared to that of PC is observed after 4 years

of ageing under all the three ageing conditions. Which shows the reliable behavior

of SWSRC-1% under compressive loading. However, the rate of decrement in

compressive strengths of PC and SWSRC-1% in comparison to that of respective

0-day aged specimens, is slightly varied.

The residual compressive energy absorption (Cer) is taken as the area under resid-

ual stress ∼ strain curve. It can also be referred as compressive toughness [66, 71].

This is also defined as capacity of concrete to absorb energy (MJ/m3) by [254, 255].

However, the residual toughness index (CTIr) under compressive loading is calcu-

lated as the ratio of Cer to the residual energy absorbed till the highest residual

stress. Cer and CTIr values of 4-years aged PC and SWSRC-1% are also given in
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Table 4.3. The residual energy absorption under compressive loading by SWSRC-

1% is significantly high (95% under room conditions, 46% under climatic conditions

and 95% under alternate wetting and drying) than that of PC. Elongated defor-

mation and more strain capacity due to the incorporation of dispersed straw in

composite might be the reason behind it. The crack occurrence and propagation is

resisted due to increased energy absorption which ultimately contributes towards

enhanced toughness. This phenomenon indicates that the post-cracking behavior

is enhanced for concrete having wheat straw. However, the crack arresting by

straw continues even after the occurrence of cracks. The CTIr of SWSRC-1% is

enhanced up to 62% in comparison to CTIr of PC. Usually, a decrement in prop-

erties, under compression, is noted after 4-years ageing under all three conditions,

except for CTIr.

A comparison of residual compressive behavior of PC and SWSRC-1% after 4-years

ageing under controlled room conditions, natural weathering/climatic conditions

and alternate wetting and drying conditions are shown in Figure 4.5. It can be

seen that, for all three ageing conditions, the σr of SWSRC-1% is decreased as

compared to PC and the respective SWSRC-1% specimen at 0-day age. Contrary

to it, under the controlled room conditions, the residual strength of PC is increased

a bit with passage of time, as expected (Figure 4.5). But, in case of SWSRC-1%,

it is decreased by 5% because of organic natured straw presence in the composite.

The straw might be tended towards degradation due to the presence of moisture

in air (i.e. humidity) when exposed for a long time (i.e. 48 months). As far as the

exposure to climatic and alternate wetting and drying conditions are concerned,

the decrements of 9% and 28%, respectively in PC and 16% and 33%, respectively

in case of SWSRC-1% is observed. The more decrement in case of SWSRC-1%

in comparison with PC is due to the organic degradation of straw under natural

weathering and alternate wetting and drying.

The severe the ageing conditions, more will be the decrement in residual com-

pressive strengths of fibre reinforced concrete [70]. The decrement in compressive

strength with enhanced toughness of composites having agricultural waste is also
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(a)

(b)

Figure 4.5: Effect of 4-years ageing conditions on residual (a) Compressive
strength and (b) Compressive behavior of PC and SWSRC-1%.
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observed by [16, 249]. Furthermore, it is also reported that in addition to com-

pressive strength, toughness also contributes towards achievement of structural

strength [256, 257].

4.3.2 Residual Properties under Splitting-tensile Loading

4.3.2.1 Residual Splitting-tensile Behavior

The residual splitting-tensile load ∼ deformation graphs of PC and WSRC, with

1%, 2% and 3% content of soaked, boiled and chemically treated straw are pre-

sented in Figure 4.6. The similar type of behavior, as reported in reference study

(i.e. Figure 4.6(a)), is observed after the 4 years of ageing under different con-

ditions. The resistance against failure is observed after maximum load whereas

in case of PC, the specimens collapsed completely at maximum load. The de-

formation, however, increased at 4-years age for both PC and WSRC specimens

as compared to that at 0-day age. Same behavior is observed under compres-

sive loading as well. The post peak loading performance (i.e. the inclination of

curves towards right) in case of WSRC may be due to crack arresting mechanism

produced in result of adding dispersed agricultural waste in cement concrete com-

posite. Even at the worst scenario, i.e. accelerated ageing by alternate wetting

and drying, the consistency in WSRC behavior is observed.

Soaked Wheat Straw Reinforced Concrete with 1% straw content, among all

WSRC specimens, seems to have better behavior in terms of load and post peak

load behavior as well. As, although, SWSRC-1% specimens bear slightly lesser

load as compared to PC but even then, the improved post peak load behavior con-

tributes towards better performance of structure in terms of toughness. Similarly,

the improved tensile behavior of natural fibre reinforced concrete after undergoing

the ageing conditions is also reported by [270].

Hence, the 0-day aged and 4-years aged PC and SWSRC-1% specimens tested after

exposure to controlled room conditions, climatic conditions and alternate wetting



Durability of Wheat Straw Reinforced Concrete 107

  

(a) (b) 

  

(c) (d) 

 

 

 

0

30

60

0.0 2.5 5.0

L
o

a
d

 (
k
N

)

Deformation (mm)

0

30

60

0.0 2.5 5.0

L
o

a
d

 (
k
N

)

Deformation (mm)

0

30

60

0.0 2.5 5.0

L
o

a
d

 (
k
N

)

Deformation (mm)

0

30

60

0.0 2.5 5.0

L
o

a
d

 (
k
N

)

Deformation (mm)

Figure 4.6: Splitting-tensile load - deformation curves at (a) 0-day age [267],
(b) 4-years aged under room conditions, (c) 4-years aged under climatic condi-

tions and (d) 4-years aged under alternate wetting and drying conditions.

and drying are presented in Figure 4.7. Due to brittleness of PC, at maximum load,

its specimens are broken into two pieces at both the ages (i.e. 0-day and 4-years

under different conditions). However, in case of WSRC, particularly SWSRC-

1%, only cracking is observed even upon the application of maximum load. The

same behavior is observed in the specimens exposed to climatic conditions and

to alternate wetting and drying as well, which depicts the consistent behavior of

WSRC even under severe conditions.

The crack arresting mechanism is achieved with the help of dispersed agricultural

straw. Approximately, 65-75% pulling of straw is observed with the naked eye, in

case of SWSRC-1%, when broken intentionally later on. However, the broken straw

percentage is higher in specimens exposed to climatic conditions (30-40%) and

alternate wetting and drying (40-50%). This might be due to the disintegration of

organic straw in concrete when exposed to natural and accelerated weathering. In

addition, the equal development length or uniform dispersion in concrete matrix

may also be the reason behind straw fracture.
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Figure 4.7: Tested cylinder specimens of PC and SWSRC-1% under splitting-
tensile loading (a) at 0-day age [267] and (b) after 4-years ageing.

4.3.2.2 Residual Splitting-tensile Strength (SSr), Energy Absorption

(Ser) and Toughness Index (STIr)

The residual splitting-tensile strength (SSr) is calculated by using the maximum

value of load from residual splitting−tensile load ∼ deformation curve (Figure 4.6).

In pursuance of the better behavior of SWSRC-1% (as also optimized in reference

study), the residual splitting-tensile strengths of PC and SWSRC-1% are given

in Table 4.4. The residual strengths of SWSRC-1% aged under room conditions,

climatic conditions and alternate wetting and drying are decreased by 4%, 2% and

3%, respectively, in comparison to that of 4-years aged PC under the respective

ageing conditions. Here again, as in reference study, a slight decrement (< 5%) in

residual strength of SWSRC-1% under splitting-tensile loading is noted in compar-

ison with PC. The highest decrement of 33%, as compared to respective 0-day aged

specimen, is noted in case of accelerated ageing conditions. The bio-degradable

nature of straw when come in contact with weathering and/or moisture conditions

is might be the reason behind reduction in splitting-tensile strength of SWSRC-

1%. The reduction of more than 50% was also observed in case of vegetable fibre
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reinforced concrete, when exposed to accelerated ageing process, i.e. immersion

in solution of pH 12 [14]. On the other hand, as mentioned earlier, the residual

behavior post the peak load is remarkably improved in terms of energy absorption

capability.

The residual splitting-tensile energy absorption (Ser) is calculated as the measure-

ment of area under residual splitting-tensile load ∼ deformation curve. And, the

ratio of Ser to the residual splitting-tensile energy absorption till the maximum

load is the residual toughness index under splitting-tensile loading (STIr). Ser

and STIr of PC and SWSRC-1% are also given in Table 4.4. The sewing effect

of straw in concrete composite remains consistent, even after 4-years of ageing

under different ageing conditions, by contributing a significant increase of 37%,

119% and 95% in residual energy absorption of SWSRC-1%, in comparison with

controlled specimens. As reported by [267], the slippage phenomenon of straw is

because of its tensile strength, which contributes towards more energy absorption,

ultimately depicts the improved toughness of SWSRC-1%. The STIr of SWSRC-

1%, in comparison with PC, is persistently increased from 0-day age to 4 years

age and from controlled conditions to accelerated ageing process. This improved

post peak load behavior with slight reduction in strength is also observed in case

of compressive loading.

The percentage comparison for residual properties (i.e. SSr and STIr) of PC and

SWSRC-1% at different ageing conditions and with respective 0-day aged speci-

mens is shown in Figure 4.8. Overall, the residual properties decreased from room

conditions towards accelerated ageing conditions. The consistency in decrement

upon exposure to ageing conditions, in comparison to that with respective 0-day

aged specimens, is more or less same for both PC and SWSRC-1%. Therefore,

it can be concluded that the residual results are comparable with that of PC as

enhanced toughness is observed with minimum reduction in strength at all the

stages. Overall, the residual behavior under splitting-tensile loading is depicting

improvement, falling from ideal conditions towards worst conditions. This decre-

ment in behavior might be due to straw decomposition due to induced humid

environments and temperature changes.
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(a)

(b)

Figure 4.8: Effect of 4-years ageing conditions on residual (a) Splitting-tensile
strength and (b) Splitting-tensile behavior of PC and SWSRC-1%.
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It can be said that, for number of civil engineering applications, splitting-tensile

behavior is usually taken as a governing parameter. Therefore, the tough behav-

ior under splitting-tensile loading even after 4 years of ageing with a remarkable

increase up to 89% in STIr and a maximum reduction of 4% in respective strength

for SWSRC-1% in comparison to PC, is suitable.

4.3.3 Residual Properties under Flexural Loading

4.3.3.1 Residual Flexural Behavior

The residual flexural behavior (i.e. load− displacement curve) of PC, SWSRC

1-3%, BWSRC 1-3% and CWSRC 1-3% is shown in Figure 4.9. The noticeable

behavior after 48 months of ageing is that the WSRC specimens’ curves show

remarkable elongation towards right indicating the tough behavior of WSRC in

comparison to brittle natured conventional PC. SWSRC specimens tend to bear

the flexural load even after highest load and cracking as well. Contrary to this,

the PC specimen, at all the stages, broke in two pieces without any warning.

However, the displacement increased significantly (i.e. up to 5 mm) for WSRC

here as well, likewise in residual compressive and splitting-tensile behavior, when

compared to that at 0-day age. The presence of organic straw in SWSRC-1%

matrix behaved more or less same at all the ageing conditions with the decrement

in loading. Similarly, the consistency of residual flexural behavior at multiple

curing stages is also reported by Sivaraja et al. [48].

Following the better and more persistent residual behavior of Soaked Wheat Straw

Reinforced Concrete having 1% content (SWSRC-1%), the 4-years aged beam-

lets of PC and SWSRC-1% tested after exposure to room, natural weathering

and alternate wetting and drying conditions are presented in Figure 4.10. The

SWSRC-1% beam-lets, show resistance against breaking, however, cracks occurred

instead, unlikely to PC specimens which used to break in two halves as soon

as the flexural load reaches up to the maximum point at all the three ageing
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Figure 4.9: Flexural load - displacement curves at (a) 0-day age [267], (b)
4-years aged under room conditions, (c) 4-years aged under climatic conditions

and (d) 4-years aged under alternate wetting and drying conditions.

conditions (Figure 4.10) similar to that at 0-day age as reported in reference study

(Figure 4.10 (a)). The dispersed straw in the matrix also slow down the crack

propagation.

Soaked Wheat Straw Reinforced Concrete, having 1% content, specimens are in-

tentionally broken into two halves. The failure mechanism, in terms of fibre pull-

out and/or fibre fracture, is observed with the help of naked eye. The straw sample

is also taken from here for micro-structural analysis. It is observed that, there is

a gradual change from straw pulling dominant behavior towards rupture of straw

dominancy while moving from room conditioned specimens towards specimens ex-

posed under natural weathering and then the specimens which have undergone

the exposure of accelerated ageing conditions. This shift of mechanism could be

due to intensity of temperature variations, induced humid environment, moisture

exposure due to rain and other degrading factors on organic natured straw when

exposed to such conditions for a long period.
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Figure 4.10: Tested specimens of PC and SWSRC-1% under flexural loading
(a) at 0-day age [267] and (b) after 4-years ageing.

4.3.3.2 Residual Modulus of Rupture (MoRr), Energy Absorption (Fer)

and Toughness Index (FTIr)

Residual Modulus of Rupture (MoRr) is calculated by using the highest value of

load from the flexural load ∼ displacement curve. The residual energy absorption

(Fer) is calculated as the total area under the flexural load ∼ displacement curve

of 4-years aged specimens. Furthermore, the residual flexural energy absorption

(FEr) to the residual flexural energy absorbed till the highest load ratio is cal-

culated for residual toughness index under flexural loading (FTIr). The MoRr,

Fer and FTIr of PC and SWSRC-1% are given in Table 4.5. Likewise, in the

reference study, the flexural strength (i.e. MoRR) of SWSRC-1% specimens are

slightly decreased by 7%, 2% and 24% after exposure to room conditions, climatic

conditions and alternate wetting and drying conditions, respectively, in compar-

ison with PC. Here, the noticeable thing is that the behavior in terms of MoRr

seems better when exposed to natural weathering which is favourable towards de-

velopment/construction of WSRC structures where flexural strength is a governing

parameter. The MoRr of PC is increased (6%) as compared to the respective 0-day

aged specimens under ideal conditions showing the typical behavior of conventional

concrete. However, the residual flexural strength (i.e. MoRr) of SWSRC-1% is

99%, 79% and 51% after exposure to idealized controlled room conditions, climatic

conditions, and accelerated ageing (i.e. alternate wetting and drying) conditions,

respectively; which are comparable with that of controlled specimens i.e. PC.

The accelerated effect of moisture infiltration in WSRC specimens, under climatic
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and alternate wetting and drying conditions, is might be the reason of straw de-

composition and specimen’s deterioration that ultimately contributed in strength

reduction. Such type of results for natural fibre reinforced concrete after exposure

to alternate wetting at elevated temperature and drying are also reported by Wei

and Meyer [271].

The main contribution of dispersed agricultural fibres in cement composites is the

improvement in its toughness, not the strength. As the micro cracks, which usu-

ally occur before even maximum loading, are arrested by dispersed fibres through

sewing/bridging mechanism [272]. In addition to the significant residual strengths

under flexural loading, there is a remarkable increase (up to 116%) in residual

toughness of SWSRC-1% under flexural loading. The noticeable enhancement in

residual toughness of SWSRC-1% with respect to PC (where there is a brittle

response with no toughness at all) when contributes towards its strength, can bal-

ance the minor reduction of strength. This phenomenon/behavior is most suitable

for rigid pavements.

A comparison of residual flexural properties (i.e. MoRr and FTIr) of 4-years

aged PC and SWSRC-1% after exposure to room, climatic, and alternate wetting

and drying conditions and with the respective 0-day aged specimens, as reported

by [267], is shown in Figure 4.11. The differences of residual flexural properties

between ideal/controlled, natural weathering and accelerated ageing conditions in-

dicate the humidity effect on degradation rate of straw-reinforced cement concrete

composites. It can be observed that, at natural weathering/climatic conditions,

the soaked straw reinforced samples yielded lower residual flexural strength and

toughness than those exposed to controlled conditions. For the specimens exposed

to alternate wetting and drying cycles, the frequent change in humidity shows a

remarkable effect on enhancing/accelerating the degradation rate of straw and

straw-concrete composites ultimately encountered the significant drop in residual

flexural strength and toughness. After 24 alternate wetting and drying cycles, the

residual flexural strength of the beam-lets declined by 49%, which is 51% and 64%

lower than those under room and climatic conditions, respectively.



Durability of Wheat Straw Reinforced Concrete 116

T
a
b
l
e
4
.5
:

R
es

id
u

al
p

ro
p

er
ti

es
u

n
d

er
fl

ex
u

ra
l

lo
ad

in
g

(i
.e

.
M
oR

r
,
F
e r

an
d
F
T
I r

)
of

P
C

an
d

S
W

S
R

C
-1

%
at

0
an

d
4-

ye
ar

s
ag

e.

0
A

ge
S
p

ec
im

en
s∗

4-
ye

ar
s

A
ge

d
S
p

ec
im

en
s

R
o
om

C
on

d
it

io
n
s

C
li
m

at
ic

C
on

d
it

io
n
s

A
W

D
C

on
d
it

io
n
s

P
ro

p
er

ti
es

P
C

S
W

S
R

C
-1

%
P

C
S
W

S
R

C
-1

%
P

C
S
W

S
R

C
-1

%
P

C
S
W

S
R

C
-1

%

(1
)

(2
)

(3
)

(4
)

(5
)

(6
)

(7
)

(8
)

(9
)

M
oR

r
7.

69
7.

64
8.

14
7.

59
6.

16
6.

02
5.

15
3.

91

(M
P

a)
±

0.
3
±

0.
4

[−
1%

]
±

0.
6

±
0.

9
[−

7%
]

±
0.

2
±

0.
3

[−
2%

]
±

0.
1

±
0.

2
[−

24
%

]

-
-

(+
6%

)
(−

1%
)

(−
20

%
)

(−
21

%
)

(−
33

%
)

(−
49

%
)

F
e r

7.
6

15
.1

9.
5

22
.1

4.
5

18
.3

5.
0

12
.7

(J
)

±
0.

2
±

0.
3

[+
99

%
]
±

0.
8

±
1.

4
[+

13
3%

]
±

0.
7

±
1.

3
[+

30
7%

]
±

1.
0

±
1.

1
[+

15
4%

]

-
-

-
-

-
-

F
T
I r

1.
00

1.
92

1.
00

2.
16

1.
00

2.
08

1.
00

1.
99

-
±

0.
00
±

0.
01

[+
92

%
]
±

0.
00

±
0.

10
[+

11
6%

]
±

0.
00

±
0.

09
[+

10
8%

]
±

0.
00

±
0.

13
[+

99
%

]

-
(+

13
%

)
-

(+
8%

)
-

(+
4%

)

1
.
∗

T
h
es

e
va

lu
es

a
re

re
po

rt
ed

by
[2

67
].

2
.P

er
ce

n
ta

ge
in

br
a
ck

et
[

]
sh

o
w

s
pe

rc
en

ta
ge

d
iff

er
en

ce
w

.r
.t

va
lu

e
o
f

P
C

a
t

sa
m

e
co

n
si

d
er

ed
a
ge

.
3
.P

er
ce

n
ta

ge
in

br
a
ck

et
(

)
sh

o
w

pe
rc

en
ta

ge
d
iff

er
en

ce
w

.r
.t

va
lu

e
o
f

re
sp

ec
ti

ve
sp

ec
im

en
a
t

0
-a

ge
.

4
.T

h
e

p
lu

s
(+

)
sh

o
w

s
a
n

in
cr

ea
se

a
n

d
n

eg
a
ti

ve
(-

)
sh

o
w

s
a

d
ec

re
a
se

in
pe

rc
en

ta
ge

.



Durability of Wheat Straw Reinforced Concrete 117

(a)

(b)

Figure 4.11: Effect of 4-years ageing conditions on residual (a) Modulus of
Rupture and (b) Flexural behavior of PC and SWSRC-1%.
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As mentioned earlier that flexural properties are critical for rigid pavements [261].

The rigid pavements are vulnerable to development of cracks and their propagation

due to effect of vehicular loading. Furthermore, pavements are directly exposed

to climatic conditions. So, the improved residual performance of SWSRC-1% in

terms of post cracking behavior after exposure to 4 years of natural weathering

conditions seems highly favourable for such civil engineering structures.

4.3.4 Micro-structural Findings

4.3.4.1 X-Ray Diffraction (XRD) Analysis of Straw

Crystallographic characterization of wheat straw at 0-day and at 4-years (after ex-

posure to room, climatic and alternate wetting and drying conditions) is analysed

with X-ray Diffraction (XRD) as shown in Figure 4.12. Agricultural fibres i.e.

Wheat straw mainly contain lignin, hemicellulose and cellulose. Cellulose is fur-

ther composed of crystalline and amorphous structures, whereas the hemicellulose

and lignin are basically amorphous. XRD data show that maximum crystalline

peak gained at around 2θ varies from 26.10◦-29.89◦, while that of amorphous peak

obtained at 2θ between 23.71◦−25.58◦. The enhancement in crystalline percentage

and crystallinity index of the wheat straw may be due to the development of new

hydrogen bonds among cellulose enhance by variation in humidity and tempera-

ture during ageing period under controlled conditions. However, the comparatively

declined crystallinity in case of straw extracted from the specimen tested after ex-

posure to climatic conditions could be due to probability of acidic rain during

ageing period (Figure 4.2 (c)). The frequent variation in temperature and humid

environment, in case of alternate wetting and drying, may be the reason behind

breakdown of amorphous structure in straw as shown in Figure 4.12. It can be

concluded from XRD pattern that straw can be more crystalline by eliminating

non-cellulosic parts. The crystallinity structure is likely to be broken in case of

chemical treatment of straw for CWSRC; which might be the reason behind the
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Figure 4.12: XRD analysis of Soaked Wheat Straw with and without ageing.

worst results of CWSRC, among all considered matrices, at 0-day and even at

4-years.

4.3.4.2 Thermogravimetric Analysis (TGA) of Straw

Thermogravimetric analysis (TGA) is done to evaluate the thermal stability of

wheat straw. In this analysis, the degradability of fibres is evaluated by subjecting

the sample to elevated temperature. With increase in temperature, the weight

loss (%) of sample is noted till that certain temperature range, where the weight

is declined sharply over a narrow range. Afterwards, the curve is converted into a

straight constant line as soon as the specimen is exhausted. The decomposition of

0-day aged and 4-years aged (extracted from tested specimen) soaked wheat straw

in terms of weight loss against the temperature is shown in Figure 4.13. All the

four straw samples degraded in three steps in terms of temperature ranges and

disintegration of its ingredients. The ranges and disintegrated ingredients are: i)

100 ◦C, ii) 200 ◦C − 400 ◦C, and iii) 400 ◦C − 550 ◦C and lignin, cellulose, and

hemicellulose, respectively. The moisture content present in fibres samples usually
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Figure 4.13: TGA analysis of Soaked Wheat Straw with and without ageing.

eliminates in the first temperature range i.e. 100 ◦C [239]. Approximately 3.99-

7.01% of weight is lost in terms of moisture elimination from straw. The second

stage up to 200 ◦C shows the decomposition of hemicelluloses followed by that

of cellulose. And in third stage, major thermal decomposition is observed due to

degradation of lignin and cellulose, as at 200 ◦C to 500 ◦C, lignin peak is wider

and appears superposed on the other peaks.

The climatic conditions of the considered region are far below in temperature

variation as compared to the decomposition temperature of straw. Therefore, the

incorporation of soaked straw with 1% content in cement concrete composites

shows the comparable results to that of PC even after 4-years ageing under nat-

ural weathering conditions. However, the declined results in case of composites

reinforced with boiled straw at 0-day and 4-years aged specimens could be due to

the early decomposition of straw while boiling.

4.3.4.3 SEM Analysis of Straw and Straw-concrete Matrix at 4 Years

The variation in the soaked straw and its bond with cement concrete matrix due to

4-years ageing, under room, climatic and alternate wetting and drying conditions,

at microscopic level via SEM is shown Figure 4.14. The SEM images of 0-day aged

soaked straw and its bond with cement composite is also shown here for reference
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(Figure 4.14 (a)). The decomposition at the straw surface can be seen easily

with the surface degradation rate increasing from room to climatic conditions

towards alternate wetting and drying which is depicting the most disintegrated

condition of straw. This might be the reason behind more straw rupture rate in

the specimens exposed under accelerated ageing conditions. It may be noted that

the surface of straw, extracted from the specimens tested after exposure to natural

weathering conditions, is comparatively less affected. And the straw extracted

from controlled samples (i.e. under room conditions) is slightly degraded due to

prolonged exposure to humid environment. This behavior depicts the degradation

of soaked straw, as organic in nature, due to the variation in temperature and

moisture conditions.

In straw – concrete bond, it is observed that in-spite of fact that the straw is

degraded, it has appropriate bonding with surrounding matrix, which ultimately

resulted in comparable and durable residual mechanical properties. Also, the uni-

form straw distribution in cement concrete matrix depicts enhanced toughness

capability of concrete reinforced with straw (Figure 4.14 (b) and 4.14 (c)). Im-

provement in mechanical properties due to the proper bonding is also observed

by Khan and Ali [209]. Enhanced toughness may also be result of dense inter-

facial transition zone (ITZ) between wheat straw and cement composite which is

found in all SWSRC-1% specimens both at 0-day age and even after 4-years of

ageing under different conditions. However, in case of exposure to alternate wet-

ting and drying, although the straw is affected badly and cracks are occurred at

straw surface, even then the dense ITZ can be seen in Figure 4.14(d). Whereas,

in some cases, the equivalent developmental straw length at both surfaces of the

concrete composite may be the cause of straw fracture which ultimately resulted

in comparatively declined residual properties. Some minor cracks can also be seen

in the straw in matrix that has undergone natural weathering for 4 years (Fig-

ure 4.14 (c)), still this condition is much better than that under alternate wetting

and drying. The slippage of fibre contributes towards higher toughness and energy

absorption. Furthermore, the transference of load application is based on fiber-

cement matrix [264]. Therefore, the dominancy of straw-slippage against straw
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Figure 4.14: Micro-structural analysis of Soaked Straw and SWSRC-1% at
(a) 0-day age (taken from Farooqi and Ali [267]), (b) 4-years aged under room
conditions, (c) 4-years aged under climatic conditions and (d). 4-years aged

under alternate wetting and drying.
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fracture in case of optimized matrix i.e. SWSRC-1% seems highly favourable to

be used in structural applications like concrete pavements. As the high crack

propagation rate is one of the major concerns in pavements due to moving loads.

4.4 Empirical Modelling

4.4.1 Background of WSRC Properties at 4 Years

The mechanical static properties (i.e. compressive, splitting-tensile and flexural

properties) of controlled conventional concrete (PC) and concrete reinforced with

straw (soaked, boiled, and chemically treated) having contents of 1%, 2%, and 3%,

by mass of wet concrete (SWSRC 1-3%, BWSRC 1-3%, and CWSRC 1-3%) are

determined experimentally at 0-day age (i.e. after 28 days of curing) and at 4-years

age after exposure to idealized room conditions, climatic conditions, and alternate

wetting and drying conditions. It is intended for potential use of agricultural

waste, i.e. wheat straw as an alternative material for structural applications.

Based on the current study, the optimization of straw content and the treatment

technique for its long-term durability is applied at all the three stages, i.e. room,

climatic, and alternate wetting and drying conditions, and is given in Table 4.6.

The residual properties i.e. σr, CTIr, SSr, STIr MoRr, and FTIr at all the

three ageing conditions are considered for optimization. The σr, SSr, and MoRr

of recommended SWSRC-1% are significantly increased at all the three ageing

conditions in comparison to that of all other considered WSRC matrices. But,

with respect to reference values, i.e. PC, the σr, SSr, and MoRr of recommended

WSRC matrix are slightly decreased by 14%, 4%, and 7%, respectively, at room

conditions, 14%, 2%, and 2%, respectively, at climatic conditions and 13%, 3%,

and 24%, respectively, at alternate wetting and drying.

However, as also reported by Karihaloo and Wang [272], the main contribution of

dispersed natural fibres in cement composites is towards toughness improvement,

not the strength. So, accordingly, the CTIr, STIr and FTIr of recommended
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SWSRC-1% is remarkably increased by 2%, 89%, and 116%, respectively, at room

conditions, 5%, 27%, and 108%, respectively, at climatic conditions and 62%, 41%,

and 99%, respectively, at alternate wetting and drying in comparison to that of

referenced PC values. As far as CTIr, STIr and FTIr of WSRC specimens are

concerned, decrements are observed in recommended values as compared to the

WSRC with high (i.e. ≥ 2%) straw contents. This might be due to excess of

low-density straw in concrete which accommodate more strain/deformation/dis-

placement, ultimately results in higher toughness but lower strengths. Hence,

conclusively, SWSRC-1% performed much better in terms of strengths and tough-

ness indices among all considered WSRC matrices and the referenced PC as well,

however, slight decrement in strengths w.r.t PC can be countered with significantly

enhanced toughness. Same matrix with soaked straw of 1% content is optimized in

the reference study made at 0-day age [267]. So, this prevailing long-term better

performance of SWSRC-1% is recommended for structural applications.

4.4.2 Empirical Relation Between Flexural Properties and

Structural Long-term Performance

Figure 4.15 shows the relations between the Modulus of Rupture (MoR) and Flex-

ural Toughness Index (FTI) of PC and optimized WSRC matrix (i.e. SWSRC-1%)

with the time period in years and the empirical relations between them. The em-

pirical relations are derived from the averaged experimental values of MoR and

FTI for considered specimens determined at 0-day age and after 4 years of age-

ing under room conditions, climatic conditions and alternate wetting and drying

conditions. For the numerical prediction of PC and SWSRC-1% performance in

terms of time (i.e. years), the value of R2 for devising equations is 1, in the way as

also done by [273]. Furthermore, the climatic variations, in terms of temperature,

humidity and precipitation, of Islamabad, Pakistan as observed during ageing pe-

riod, i.e. January 2016 - December 2019 (Figure 4.2), are considered similar for

the numerical prediction of WSRC structures up to 20 years. Accordingly, pre-

dicted MoR, by using equations y = 7.69e − 0.1x and y = 7.64e − 0.06x of PC
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and SWSRC-1%, respectively, at 5, 10, 15, and 20 years is 5.8 MPa, 4.4 MPa,

3.4 MPa, and 2.6 MPa, respectively and 5.7 MPa, 4.2 MPa, 3.1 MPa, and 2.3

MPa, respectively under real climatic conditions. Similarly, the predicted FTI of

SWSRC-1% at 5, 10, 15, and 20 years is 2.12, 2.35, 2.59 and 2.86, respectively

under real climatic conditions. However, FTI of PC will remain 1 as PC spec-

imens collapsed suddenly after bearing the maximum loading. Likewise, MoR

and FTI for PC and SWSRC-1% under other considered conditions at 5, 10, 15,

and 20 years can also be anticipated by using respective empirical equations. The

predicted properties of SWSRC-1% under real climatic conditions are comparable

in terms of MoR and appreciable in terms of toughness.

4.4.3 Design Life Anticipation of WSRC Structure

As for as the structural performance is concerned, the strength is not the only

parameter to depict performance of a structure. The toughness (in addition to

strength) also contributes towards structural performance [249, 256, 257]. Further-

more, the primary function of incorporating dispersed fibres in cement concrete is

to have improved toughness, not the strength [272].

The micro cracks, which usually occur before even maximum loading, are arrested

by dispersed fibres through sewing or bridging mechanism which ultimately will

enhance the energy absorption capacity and load carrying capability of the re-

spective structure. The rigid pavements are more likely to have development of

early-age cracks and their excessive propagation due to the moving vehicular load-

ing.

In addition to that, pavements are directly and continuously exposed to natural

weathering/climatic conditions throughout the design life. Therefore, keeping in

mind the pavement applications, current study is conducted. Finding of this long-

term durability study on wheat straw reinforced concrete seems more favorable

for such type of structural applications.
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Figure 4.15: Empirical relationship between flexural properties (i.e. MoR and FTI) of PC and SWSRC-1% with time.
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Table 4.7: Performance index of PC and WSRC at 5, 10, 15 and 20 years.

Room Conditions Climatic Conditions Accelerated Conditions

(1) (2) (3) (4)

PIPC 1.00(4−years) 1.00(4−years) 1.00(4−years)

1.01(5−years) 0.97(5−years) 0.95(5−years)

1.04(10−years) 0.86(10−years) 0.77(10−years)

1.09(15−years) 0.77(15−years) 0.67(15−years)

1.13(20−years) 0.71(20−years) 0.60(20−years)

PIWSRC 1.00(4−years) 1.00(4−years) 1.00(4−years)

1.01(5−years) 0.98(5−years) 0.93(5−years)

1.09(10−years) 0.91(10−years) 0.71(10−years)

1.18(15−years) 0.88(15−years) 0.63(15−years)

1.28(20−years) 0.87(20−years) 0.61(20−years)

Hence, to consider the effect of toughness along with the strength of a fibre re-

inforced concrete structure for anticipating its long-term durable performance, a

performance index is devised in current study. This performance index is devised

in light of the prevailing flexural behavior of optimized WSRC from 0 age up to the

4 years. The reason for using flexural behavior is to start with the structures like

concrete pavements, in which flexural properties are governing parameter. The

devised performance index is as follows:

PI =
PIMoR + PIFTI

2
(4.1)

Where

PIMoR = MOR5, 10, 15, 20years

MOR4 years

PIFTI = FTI5, 10, 15, 20years

FTI4 years

The net performance index is taken as the average of performance index against

the strength, i.e. Modulus of Rupture (MoR), and performance index against

toughness, i.e. flexural toughness index (FTI). Accordingly, the net performance
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index for PC and optimized WSRC is calculated by using the devised equation for

5, 10, 15, and 20 years under room, climatic and accelerated (i.e. alternate wet-

ting and drying) conditions (Table 4.7). The performance index for both PC and

WSRC at 4 years is a unit value. All the other PI are evaluated with respect to

unit value as the performance of structure will improve in case PI value is greater

than 1. The declination of PI from one represents the deterioration of structure.

So, conclusively, it can be said that the values nearest to 1 or ≥ 1 represents the

comparable performance of structure. As far as the PI of PC and WSRC up to

20 years under exposure to room conditions are concerned, the performance of

both structures is increasing with passage of time. This behavior is expected for

conventional concrete as to attain ultimate properties with time. Whereas, the

noticeable thing here is that, from 10 years onwards, the PI of WSRC is more

than that of PC due to the contribution of toughness. Similarly, under natural

weathering i.e. climatic conditions (which are most likely to occur in routine), the

performance of WSRC structure would be more than that of PC up to 20 years

as PI is more than that of PC. But, under accelerated/severe conditions, WSRC

structure would likely to have low, yet comparable, performance as compared to

that of PC due to degradation of straw in result of induced extravagant humid

and temperature variations. However, at 20 years of accelerated conditions, the

PI of WSRC becomes more than that of PC, which depicts that the performance

of WSRC structure will become stable as soon as straw is exhausted completely

against the accelerated conditions. In light of above discussion, it can be sum-

marized that, for the pavements which usually have a design life of 20 years and

are exposed to natural weathering/climatic conditions, the performance of WSRC

seems highly favorable.

4.5 Summary

The durability of concrete reinforced with agricultural waste, i.e. wheat straw

is evaluated after exposure to room, climatic, and alternate wetting and drying

conditions for 4 years. The residual static properties of Plain Concrete (PC)
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and Wheat Straw (soaked, boiled and chemically treated) Reinforced Concrete

(WSRC) with 1%, 2%, and 3% contents are determined experimentally. In-depth

mechanism of straw and straw-concrete bond is studied along with the prediction

of WSRC structure performance. The conclusions are as follow:

• Soaked Wheat Straw Reinforced Concrete with 1% content (SWSRC-1%)

is optimized among all the WSRC matrices in terms of residual strengths,

residual energies absorbed and residual toughness indices.

• At room conditions, the residual strengths of SWSRC-1% under compressive,

splitting-tensile and flexural loadings are decreased slightly by 14%, 4% and

7%, respectively. Whereas, its residual energy absorption and toughness

index is significantly enhanced by 133% and 116%, respectively in case of

flexural loading.

• The residual compressive, splitting-tensile and flexural toughness indices are

increased by 5%, 27% and 108%, respectively under the exposure of climatic

conditions. Unlikely, the residual strengths are slightly declined. Similarly,

a sharp fall in residual properties of both PC and SWSRC-1% is observed

due to degradation of straw under accelerated (i.e. alternate wetting and

drying) circumstances.

• When the residual properties of PC and SWSRC-1% are compared with the

0-day aged respective specimens as reported in reference study, the effect

of straw degradation under different conditions is observed. However, the

declination rate of 4years aged PC and SWSRC-1% specimens in comparison

to respective 0-day aged specimens is more or less same (i.e. ranges from 2

– 49%).

• The comparable residual properties of SWSRC-1%, at all the three ageing

conditions, are due to dense interfacial transition zone of straw concrete ma-

trix as revealed by SEM analysis. The climatic conditions slightly effect the

chemical composition of soaked straw as observed from TGA and XRD pat-

terns. Whereas, induced excessive humid and temperature variations in case
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of accelerated ageing have adverse effects on straw surface and composition

which ultimately resulted in straw fracture instead of pulling out.

• The net performance index for SWSRC-1% came out to more than that

of PC at room and climatic conditions. Hence, structural performance of

SWSRC-1% up to 20 years is comparable with that of PC.

In order to achieve structural performance, the toughness also contributes towards

structural strength [249, 256, 257]. As, dispersed fibres are incorporated with the

intention to enhance toughness, not the strength [272]. So, the minute decrement

in the residual strength would be effectively compensated with remarkably im-

proved toughness. In addition to that, the bridging mechanism, due to presence of

dispersed straw, would also resist the cracks progression, ultimately enhancing the

load carrying capability of the pavements. Therefore, based on conducted study,

wheat straw reinforced concrete (WSRC) with 1% soaked straw content can be

used as a construction material for structural applications (i.e. rigid pavements)

with design life up to 20 years. However, the structural capacity of WSRC, in

terms of flexural strength, i.e. governing parameter for rigid pavement design, is

recommended to be investigated in detail.



Chapter 5

Structural Capacity of Wheat

Straw Reinforced Concrete for

Pavements

Related Articles:

M. U. Farooqi and M. Ali, “Contribution of plant fibers in improving the behav-

ior and capacity of reinforced concrete for structural applications,” Construction

and Building Materials, vol. 182, pp. 94-107, 2018. (ISI I.F. 4.064, HEC W-

Platinum Category)

M. U. Farooqi and M. Ali, “Flexural behavior of wheat straw reinforced concrete

for pavement applications,” In Proceedings of 36th Cement And Concrete Science

Conference, Cardiff, UK, 2016.

5.1 Background

Based on the studies conducted for optimization of wheat straw reinforced con-

crete (WSRC) and its long-term durable performance, the probable use of WSRC

for rigid pavement applications is recommended in summary of Chapter 4. This

is perceived that the enhancement in energy absorption capability of wheat straw

132
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reinforced cement composites, in comparison with controlled composites, is might

be due to the rough surface of straw after simple pre-treatment, which forms rel-

atively better bonding between straw and cement matrix as in an interlocking

phenomenon. This better bonding between straw and matrix provides the sewing

effect which enhances the energy absorption of composite by resisting the crack

formation and propagation. Furthermore, due to organic nature of straw, durabil-

ity is also a considerable factor. So, the performance of straw reinforced optimized

matrix is also evaluated for the residual properties against 4-years ageing under

room, climatic and accelerated ageing conditions. The residual behavior of WSRC

is also favorable in terms of enhanced toughness even after 4-years. The antici-

pated performance of WSRC structure up to 20 years is also considerable especially

under climatic conditions.

Therefore, on the basis of indication of improved properties reported in Chapter 3

and 4, there is a need to study plant fibre (i.e. wheat straw) reinforced concrete in

detail for its various properties along with its behavior especially for civil engineer-

ing structural applications. However, to the best of author’s knowledge, no study

has been conducted on in-depth behavior and capacities of wheat straw reinforced

concrete with steel rebars. Hence, in this chapter, the contribution of plant fibre

(i.e. wheat straw) is studied for enhancing the capacities and improving the be-

havior of concrete reinforced with flexural and shear steel rebars for its use in civil

engineering structural applications especially in concrete pavements. Beam-lets of

Plain Concrete (PC) and optimized Wheat Straw Reinforced Concrete (WSRC)

with the flexural and shear reinforcement are studied under flexural loading. The

flexural strength and behavior (i.e. primary parameter for design of concrete pave-

ments) are investigated for the possible application of WSRC in rigid pavements.

The monotonic testing is performed only in this Chapter 5 in accordance with

the scope of this PhD research. In addition to this, the moment capacity design

equation and concrete pavement thickness design equation are also devised. The-

oretical and experimental results are compared and discussed. Accordingly, the

rest of the chapter is presented in a manner like: Section 5.2 portrays the mate-

rials used and casting, specimen details and testing methodology whereas, all the
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results and analyses are presented in Section 5.3. Section 5.4 shows the discussion

regarding development of empirical relations for moment capacity design equation

and concrete pavement thickness design equation. All the findings of this study

are summarized in Section 5.5.

5.2 Materials and Experimental Procedures

5.2.1 Raw Ingredients

The ingredients that are used for preparing PC, and WSRC are the Ordinary Port-

land Cement from the brand which is available locally, lawrence-pur sand, Margal-

lah crush/aggregates, tap/potable water and the wheat straw that are available

commercially. The size of aggregates used is restricted up to 20 mm. Wheat straw,

extracted from agricultural residues, are obtained from a near-by source. A ran-

dom selection is made to get the commercially available wheat straw. The average

dimensions of wheat straw are approximately 25mm×5mm×1.2mm. The average

is being obtained from randomly selected wheat straw. The physical properties

of wheat straw were determined experimentally by [18, 183, 225, 266, 274]. The

density of straw ranged from 55 to 119 kg/m3. Whereas, the water absorption

capacity of wheat straw was up to three times of its own weight at 20. The tensile

and shear strength of wheat straw ranged from 21.2 to 40.0 MPa and 4.91 to 7.26

MPa, respectively. The chemical analysis of wheat straw was done by [226] as re-

ported by [227]. The primary chemical composition of wheat straw after chemical

analysis showed that it was rich in carbohydrates (i.e. hemicellulose, cellulose, and

lignin). Minerals (i.e. calcium and phosphorus), proteins, silica, acid detergent

fibres and ash were also present in straw along with 84 – 91 % dry matter. The

presence of wax, dry, and dust particles on the surface of straw can result in poor

bond between straw and concrete matrix. Hence, for removal of wax, dry, and

dust particles from the surface of straw, some preparation/treatment is required.

Therefore, for this purpose, a simple pre-treatment technique is adopted in order

to ensure the straw as a low-cost construction material. In this pre-treatment
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Figure 5.1: Prepared wheat straw.

technique, the wheat straw are remained soaked in water for 15 minutes. After

that, straw are air surface dried. This process is adopted for having a better bond

between straw and cement concrete composite. These prepared straw are used

as dispersed reinforcement for making WSRC and are shown in Figure 5.1. The

longitudinal and transverse reinforcement in PC and WSRC beam-lets are the ∅6

steel rebars of Grade – 280 (i.e. fy=280 MPa). The diameter of steel rebars is

same (i.e. ∅6) for both longitudinal and transverse reinforcement.

5.2.2 Mix Design and Procedure for Casting

The cement, sand, and aggregate proportions for preparing the plain concrete are

1, 2, and 4, respectively, i.e. 331 kg cement, 704 kg sand, 1550 kg aggregates

are taken for preparing 1 m3 of plain concrete. The water-cement ratio used in

preparation of PC is 0.55, i.e. 182 kg/ (m3 of PC). All the materials (i.e. cement,

sand and aggregates) are put simultaneously in the drum mixer for preparing the

PC mix. Water is added at the end. The mixer is rotated for five minutes to have

a homogenous PC mix. However, for the preparation of wheat straw reinforced

concrete, straw are put in the mixer having fresh plain concrete. The percentage

content and approximate length of straw are 1%, by mass of plain concrete, and

25 mm, respectively. The water-cement ratio for WSRC is 0.60. In this way, 254

kg, 542 kg, 1194 kg, 152 kg and 27 kg of cement, sand, aggregate, water and straw,

respectively, are used to prepare 1 m3 of WSRC. The mixer is then rotated for
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two minutes to get WSRC mix. The WSRC mix did not seem to be workable and

homogenous at that stage. The mixer is again rotated for two minutes for having

the homogenous and better WSRC mix. Because at this stage, bleeding from

WSRC mix can be occurred in result of adding more water. Therefore, the mixing

time is increased which resulted in a successful approach for having a homogenous

and workable WSRC mix. The slump test for PC, and WSRC is performed. The

value of slump for PC and WSRC is 40 mm and 20 mm, respectively. It may be

noted that a decrease in slump of WSRC as compared to that of PC is observed

in spite of the fact that that the water-cement ratio in case of WSRC is more than

that for PC. This is might be due to the fact that a considerable amount of water

is absorbed by the air-surface dried straw in WSRC mix.

The prepared PC and WSRC is then poured in the beam-let moulds having steel

bars tied with stirrups in three successive layers for the preparation of PC and

WSRC specimens followed by 25 blows of tamping rod after each layer. Whereas,

in case of WSRC, the lifting (i.e. 100 − 150 mm) and free falling of the beam-

let moulds after each layer is done for self-compaction by removing air voids.

The de-moulding of specimens is done after 24 hours and are kept in water tank

for the curing of 28 days before testing. The designated 28 days compressive

strength of 1 : 2 : 4 PC mix is 20 MPa. However, for this scenario, 100 mm

diameter and 200 mm high cylinder specimens of PC and WSRC are cast and

tested under compressive loading. The calculated compressive strengths of PC

and WSRC range from 22.3 to 22.8 MPa and 21.5 to 22.0 MPa, respectively.

And, for calculating Modulus of Rupture (MoR), 102 × 102 × 457 mm beam-let

specimens are cast and tested under flexural loading. The calculated MoR of PC

and WSRC range from 9.0 to 9.2 MPa, and 9.8 to 10.2 MPa, respectively.

5.2.3 Specimens

Beam-lets of 102 mm width, 102 mm depth and 457 mm length are cast for PC and

WSRC with flexural and shear steel rebars to perform the flexural strength test. A

total of ten beam-lets (i.e. five for PC and five for WSRC) are cast. The reason for
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Table 5.1: Labelling scheme of PC and WSRC beam-lets with steel rebars.

Sr No. Flexural Shear Steel ratio Labels

PC WSRC

(1) (2) (3) (4) (5) (6)

1 2-∅6 ∅6− 76 mm 0.016 PCF1 WSF1

2 3-∅6 ∅6− 76 mm 0.020 PCF2/PCS2 WSF2/WSS2

3 2+2-∅6 ∅6− 76 mm 0.025 PCF3 WSF3

4 3-∅6 ∅6− 64 mm 0.020 PCS1 WSS1

5 3-∅6 ∅6− 89 mm 0.020 PCS3 WSS3

casting beam-lets is to get an indication of flexural strength of WSRC with steel

rebars keeping in mind the primary parameter (i.e. flexural strength) in design of

rigid pavements for resisting vehicular loading. These beam-lets are considered as

prototypes. One specimen for each combination of PC and WSRC is cast. Other

researchers also considered one prototype for one combination [275–277]. It may

also be noted that averaged material properties are being taken.

For varying flexural reinforcement, the number of ∅6 bars are varied by 2, 3,

and 4 bottom bars by having steel ratios of 0.016, 0.020, and 0.025, respectively.

Keeping in mind the placement of rebars in the beam-let moulds, having width of

102 mm only, the smaller diameter rebars (i.e. ∅6 steel rebars) are used in all the

specimens. However, the stirrups spacing is kept constant, i.e. 76 mm. Whereas,

in case of varied shear reinforcement, the stirrups spacings are varied by 64, 76,

and 89 mm, but the number of longitudinal bars is kept constant, i.e. 3 bottom

bars.

It may be noted that the relative comparison between reinforced concrete (RC)

and WSRC with steel rebars is made. So, longitudinal and transverse rebars

diameter in a particular combination of RC and WSRC with steel rebars kept

same. Labelling scheme for PC and WSRC specimens with flexural and shear

steel rebars is given in Table 5.1. However, the flexural and shear reinforcement

detailing for PC and WSRC is shown in Figure 5.2.
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(a)

(b)

Figure 5.2: Beam-lets cross-sections of PC and WSRC with flexural and shear
reinforcement detailing (a) PC, and (b) WSRC.
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5.2.4 Testing Methodology

5.2.4.1 Flexural Strength Test

For studying the flexural behavior of PC and WSRC with flexural and shear

reinforcement and for the determination of flexural strength (FS), flexural energies

absorbed (i.e. FE1, FEM , FEP , and FE), and flexural toughness index (FTI),

beam-lets are tested in the flexural testing machine as per ASTM C78 / C78M

– 18 (Standard Test Method for Flexural Strength of Concrete - Using Simple

Beam with Third-Point Loading). The servo-hydraulic machine is used to apply

the flexural load. A dial gauge is attached at the mid of beam-lets to record the

mid-span deflection.

The testing setup, i.e. schematic diagram and experimental setup, is shown in

Figure 5.3. The crack propagation in the beam-lets under the flexural loading

and the load – deflection curves are recorded. Crack propagation is observed with

visual inspection. The first crack is noted and/or observed with the naked eye

and the corresponding load is recorded. The load at which first crack is occurred

(L1), the maximum load (Lm), the ultimate load (Lu), the maximum deflection

(∆), the no. of cracks at ultimate load, and failure mode are extracted from this

information.

Figure 5.3: Testing setup (a) Schematic diagram, and (b) Experimental setup.
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5.3 Test Results and Analyses

5.3.1 Properties under Flexural Loading

5.3.1.1 Specimens with Varying Flexural and Constant Shear

Reinforcement (i.e. ∅6-76 mm)

Flexural Behavior of Specimens with Varying Flexural Steel Rebars:

The load-deflection curves of PC and WSRC beam-lets with varying flexural re-

inforcement and constant shear reinforcement (i.e. ∅6 − 76mm) are shown in

Figure 5.4. For PC and WSRC with varying flexural reinforcement and constant

shear reinforcement (i.e. ∅6 − 76mm), the first crack, cracks at the maximum

loading, cracks at the ultimate loading, and the tested beam-let specimens are

shown in Figure 5.5. In case of both PC and WSRC, the flexural reinforcement

is increased by ∅6, 3 − ∅6, and 2 + 2 − ∅6. The linear behavior is observed in

all the load-deflection curves until the appearance of first crack. However, post

the first crack, an improved behavior of WSRC specimens can be observed as less

steepness in the curve and more deflection before the ultimate load can be noted

compared to that of PC, indicating towards the tough behavior of WSRC. As

far as WSRC with flexural reinforcement is observed, the specimen with the steel

rebars of 3 − ∅6 shows the more tough behavior compared to the other WSRC

specimens. The behaviors of PC and WSRC specimens, with flexural steel rein-

forcement, under the flexural loading are also observed. Certain information i.e.

first crack length and number of cracks at the maximum load and at the ultimate

load are revealed. The first cracks in case of PCF1, WSF1, PCF2, WSF2, PCF3,

and WSF3 are appeared at 84.1%, 83.7%, 91.2%, 89.2%, 92.9%, and 90.5%, re-

spectively, of their respective peak loads. However, the severity of cracks, that

is observed with naked eye, in case of WSRC specimens is less than in case of

PC specimens. The observed length of the first crack in WSRC beam-lets is also

less than that of the respective PC beam-lets. It is also noted that the first crack

length is decreased with increase in flexural reinforcement. The length of the first
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crack in PCF1, PCF2, and PCF3 beam-lets is approximately 89mm, 70mm, and

63mm, respectively, and it is approximately 63mm, 54mm, and 51mm in WSF1,

WSF2, and WSF3 beam-lets, respectively. At the maximum loading, the cracks

width and length, and the number of cracks, are more in PC specimens when com-

pared to that in respective WSRC specimens. Again, at the ultimate load, the

number of cracks, cracks width and length are slightly more than that of observed

at the ultimate load. It is observed that although the no. of cracks in WSRC

specimens are slightly more or equal in some cases in comparison with PC. But

the crack width or severity in PC specimens is much more as compared to WSRC

specimens, when noted with the naked eye. It has been found that WSRC beam-

lets perform better than that of PC beam-lets. The utilization of wheat straw in

concrete enhanced the post cracking performance of tested beams-lets.

Effect of Flexural Steel Rebars on Load, Deflection and Cracks: The load

details, maximum deflections, number of cracks occurred at ultimate failure, and

failure modes for PC and WSRC with varying flexural reinforcement and constant

shear reinforcement (i.e. ∅6− 76 mm) are given in Table 5.2. The load at which

the first crack occurred is taken from the load-deflection curves of respective tested

beam-lets. The load at which first crack occurs for PCF1, WSF1, PCF2, WSF2,

PCF3, and WSF3 are 66.7 kN, 71.4 kN, 75.4 kN, 77.6 kN, 80.3 kN, and 83.0

kN, respectively. The load at which first crack occurs of WSF1, WSF2, and

WSF3 are increased by 4.7 kN, 2.2 kN, and 2.7 kN, respectively, when compared

with that of PCF1, PCF2, and PCF3, respectively. Here, it can be noted that

the crack resistance of WSRC is more than that of PC as the first cracks are

occurred at comparatively high loads in case of WSRC beam-lets in comparison

with PC beam-lets. This crack resistance is due to the incorporation of straw

in the concrete composite. A linear increase is observed in load at which first

crack occurs for both PC and WSRC beam-lets with increasing flexural rebars and

constant shear rebars. Similarly, the maximum load is also taken from the load-

deflection curve of the tested specimens. The maximum load for PCF1, WSF1,

PCF2, WSF2, PCF3, and WSF3 are 79.3 kN, 85.3 kN, 82.7 kN, 87.0 kN, 86.4

kN, and 91.8 kN, respectively. The maximum load of WSF1, WSF2, and WSF3
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(a)

(b)

(c)

Figure 5.4: Load – deflection curves of PC and WSRC with flexural reinforce-
ment (a) 2−∅6, (b) 3−∅6, and (c) 2+2−∅6 and constant shear reinforcement

(i.e. ∅6− 76mm).
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Figure 5.5: Crack behavior of PC and WSRC specimens during flexural load-
ing with varying flexural reinforcement and constant shear reinforcement (i.e.

∅6− 76mm).

are increased by 7.5%, 5%, and 6%, respectively, when compared with that of

PCF1, PCF2, and PCF3, respectively. The observed trend in case of maximum

load is similar to that as observed in case of load at first crack. Similarly, the

ultimate load of WSF1, WSF2, and WSF3 are increased by 13.8%, 12.6%, and
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10%, respectively, when compared to the ultimate load of PCF1, PCF2, and PCF3,

respectively. Overall, the addition of wheat straw in concrete increases the load

carrying capacities of the WSRC beam-lets. The maximum deflection (∆) of PC

and WSRC beam-lets is recorded with the help of dial gauge. The values of

maximum deflection are also given in Table 5.2. The maximum deflections which

are occurred in case of WSRC specimens are more than that in case PC specimens.

The ∆ for PCF1, WSF1, PCF2, WSF2, PCF3, and WSF3 are 5.12mm, 5.76mm,

4.91mm, 5.81mm, 4.88mm, and 5.76mm. However, the decrement in the mid-

span deflection is observed in the specimens with increased flexural reinforcement.

This decrease in deflections at mid-spans might be due to the increase in stiffness

of the respective beam-lets with increased flexural reinforcement. The stiffness of

the beam-lets is proportional with the steel ratio [109]. The number of cracks at

the ultimate failure in tested beam-lets is also noted and is also given in Table 5.2.

The number of cracks in PCF1, WSF1, PCF2, WSF2, PCF3, and WSF3 beam-

lets are 4, 3, 4, 3, 3, and 2, respectively. The crack lengths and crack widths

in PC beam-lets are more than that in WSRC beam-lets. The reason behind

the relatively less crack width and smaller crack length in WSRC beam-lets than

that in PC beam-lets is the presence of wheat straw. Due to the presence of

wheat straw, the bridging phenomenon and crack arresting is observed in WSRC

specimens. The straw resists the development of first cracks firstly, then the crack

propagation is also resisted due to the arresting of cracks with straw. The failure

modes of the tested beam-lets are identified as shear, diagonal, balanced and

flexural failures etc. based on the location/type of cracks. The observed failure

modes on the respective specimens are given in Table 5.2. The observed failure

mode for PCF1 and WSF1 is flexural, for PCF2 and WSF2 is balanced, and that

for PCF3 and WSF3 is shear. Flexural failure mode indicates that the failure is

caused by flexural cracks, shear failure mode indicates that the failure is caused by

shear cracks (i.e. propagated at 45o), and balanced failure mode indicates that the

number of flexural and shear cracks are almost the same at the time of ultimate

failure.

A close-up view of fibre/straw and concrete interaction in the composite at the
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Table 5.2: Loads and Deflections for tested PC and WSRC beam-lets with
varying flexural reinforcement and constant shear reinforcement (i.e. ∅6 −

76 mm).

Specimens

Loads and Deflections PC WSRC

2-∅6 3-∅6 2+2-∅6 2-∅6 3-∅6 2+2-∅6

(1) (2) (3) (4) (5) (6) (7)

Load at First Crack (kN) 66.7 75.4 80.3 71.4 77.6 83.0

Maximum Load (kN) 79.3 82.7 86.4 85.3 87.0 91.8

Ultimate Load (kN) 39.8 41.3 43.1 45.3 46.5 47.4

Maximum Deflection (mm) 5.12 4.91 4.88 5.76 5.81 5.76

Cracks at Ultimate Load (-) 4 4 3 3 3 2

Failure Mode (-) Flexure Balanced Shear Flexure Balanced Shear

broken surface of WSRC beam-let with steel rebars is shown in Figure 5.6. The

broken surface of the specimen is examined with the naked eye for observing

the straw failure mechanism in the concrete composite. It is noted that, as an

approximation, there is a ratio of 70 : 30 in the straw failure between fracture

and pulling-out of straw. The fracture mechanism of straw is observed in the case

where there is an almost equal development length of straw at both sides of fracture

surfaces. It shows that the bond strength between straw and matrix is more than

tensile strength of straw. However, the straw pull-out phenomenon occurs in case

of less embedded length of straw at any one side of fractured surfaces. It shows

that the bond strength at one side between straw and matrix is less than the

tensile strength of wheat straw.

Effect of Flexural Rebars on Flexural Strength, Flexural Energies Ab-

sorbed, and Flexural Toughness Index: The flexural strength (FS), flexural

energies absorption, and flexural toughness index (FTI) of beam-lets with varying

flexural reinforcement and constant shear reinforcement (i.e. ∅6 − 76 mm) are

given in Table 5.3. The flexural strength of PCF1, WSF1, PCF2, WSF2, PCF3,

and WSF3 are calculated by using the maximum load from the load-deflection

curves of the respective specimens. The flexural strength of PCF1, WSF1, PCF2,

WSF2, PCF3, and WSF3 are 34.6 MPa, 37.2 MPa, 36.0 MPa, 38.2 MPa, 37.7
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Figure 5.6: Straw – concrete interaction with naked eye.

MPa, and 40.1 MPa, respectively. An increase of 7.5%, 5.8%, and 6.2% in flexural

strength of WSF1, WSF2, and WSF3, respectively, is observed when compared to

that of PCF1, PCF2, and PCF3, respectively. The area under the load-deflection

curve up to load, at which first crack occurred, is taken as energy absorption up

to first crack (FE1). The FE1 of WSF1, WSF2, and WSF3 are increased by 5.9

kN.mm, 17.7 kN.mm, and 18.4 kN.mm, respectively, when compared with that of

PCF1, PCF2, and PCF3, respectively. The increase in FE1 for PC and WSRC

specimens is observed with increased flexural reinforcement. The area under load-

deflection curve from first crack load to maximum load is taken as energy absorbed

from first crack to maximum load (FEM). The FEM of WSF1, WSF2, and WSF3

are increased by 19%, 82%, and 34%, respectively, as compared to that of PCF1,

PCF2, and PCF3, respectively. The convex decrease is observed here in FEM for

both PC and WSRC beam-lets with increase in flexural reinforcement. Flexural

energy absorbed from maximum load to ultimate load (FEP) is taken as the area

under load-deflection curve from maximum load to ultimate load. The FEP of

PCF1, WSF1, PCF2, WSF2, PCF3, and WSF3 are 93.9 kN.mm, 118.4 kN.mm,

115.1 kN.mm, 147.4 kN.mm, 95.0 kN.mm, and 137.5 kN.mm, respectively. Again,

the FEP of WSRC specimens are more than that of PC specimens. The total area

under load – deflection curve or the summation of FE1, FEM, and FEP is taken
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as total flexural energy absorbed (FE). The similar increasing trend in energies

absorbed by WSRC specimens as compared to energies absorbed by PC specimens

is observed here. An overall increase of 17%, 30%, and 27% in the FE of WSF1,

WSF2, and WSF3, respectively, is observed when compared to that of PCF1,

PCF2, and PCF3, respectively. The ratio of total flexural energy absorbed to the

flexural energy absorbed up to load at which occurrence of first crack takes place

(i.e. FE/FE1) is taken as flexural toughness index. The flexural toughness index

of PCF1, WSF1, PCF2, WSF2, PCF3, and WSF3 are 2.75, 3.02, 2.43, 2.70, 2.02,

and 2.32, respectively. The flexural toughness index of WSF1, WSF2, and WSF3,

are increased by 10%, 11%, and 10%, respectively, when compared with that of

respective PC specimens. A slight increase in toughness index of the specimens

with flexural reinforcement of 3−∅6 is observed, when compared to other WSRC

matrix.

It may be noted that over all the FS, FE1, and FE are increased with an increase

in flexural reinforcement, but a decrement is observed in FEM, FEP and FTI. The

reason for the decrease in FEM might be the reduction of gap between first crack

load and maximum load due to which area under the curve from first crack load

to maximum load reduces.

A comprehensive comparison of FS, FEP, FE, FTI, and deflection (∆) of PC and

WSRC with varying flexural reinforcement (i.e. 2-∅6, 3-∅6, and 2+2-∅6) and with

constant shear reinforcement (i.e. ∅6 − 76 mm) is shown in Figure 5.7. Overall,

all the WSRC specimens with flexural steel rebars are performed better than

respective PC specimens. The improved properties of WSRC in terms of flexural

strength, the post cracking behavior, and toughness are observed in comparison to

PC; resulting in more displacement for WSRC specimens with flexural steel rebars.

As far as WSRC specimens are concerned, only the FEP in case of specimen with

3−∅6 flexural reinforcement and ∅6−76 mm shear reinforcement is significantly

higher than other considered WSRC specimens. Otherwise all the other properties

are more or less same with slight variation, i.e. increase in properties with an

increase in flexural reinforcement.
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Table 5.3: Flexural strengths, Flexural energies absorbed (FE1, FEM, FEP,
FE), and Flexural Toughness Index (FTI) for PC and WSRC beam-lets with
varying flexural reinforcement and constant shear reinforcement (i.e. ∅6 −

76 mm).

Specimens

Properties PC WSRC

2-∅6 3-∅6 2+2-∅6 2-∅6 3-∅6 2+2-∅6

(1) (2) (3) (4) (5) (6) (7)

FS (MPa) 34.6 36.0 37.7 37.2 38.2 40.1

FE1 (kN.mm) 91.0 104.1 125.9 96.9 121.8 144.3

FEM (kN.mm) 65.6 33.3 33.2 77.9 60.0 40.4

FEP (kN.mm) 93.9 115.1 95.0 118.4 147.4 137.5

FE (kN.mm) 250.5 252.5 254.1 293.3 329.2 322.1

FTI (-) 2.75 2.43 2.02 3.02 2.70 2.23

Figure 5.7: Comparison of FS, FEP, FE, FTI, and ∆ of PC and WSRC with
varying flexural reinforcement (i.e. 2−∅6, 3−∅6, and 2+2−∅6) with constant

shear reinforcement (i.e. ∅6− 76 mm).
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5.3.1.2 Specimens with Varying Shear and Constant Flexural Rebars

(i.e. 3−∅6)

Flexural Behavior of Specimens with Varying Shear Steel Rebars: The

load – deflection curves of PC and WSRC with shear reinforcement (i.e. ∅6 −

64 mm, ∅6− 76 mm, and ∅6− 89 mm) and with constant flexural reinforcement

(i.e. 3−∅6) are shown in Figure 5.8. For PC and WSRC with constant flexural

reinforcement (i.e. 3−∅6) and varying shear reinforcement, the first crack, cracks

at the maximum loading, cracks at the ultimate loading, and the tested beam-let

specimens are shown in Figure 5.9. In case of both PC and WSRC, the shear

reinforcement is decreased by ∅6− 64 mm, ∅6− 76 mm, and ∅6− 89 mm. Here

again, the flexible behavior and toughness of WSRC specimens with shear steel

rebars can be observed from load-deflection curves in comparison to respective PC

specimens. The more displacement in case of WSRC specimens with shear rein-

forcement is observed. This is due to the presence of wheat straw. The resistance

to cracking and the crack arresting behavior is occurred due to which the WSRC

specimens show more displacement and bear load for more time as compared to

that in case of respective PC specimens. In case of WSRC specimens, the beam-let

with shear reinforcement of ∅6 − 76 mm shows the relatively better behavior in

comparison to other considered WSRC specimens. As in that case, an improved

behavior after the maximum load is noted. The cracking mechanism in the PC

and WSRC specimens with shear reinforcement (i.e. shear steel rebars) is also

observed while testing. The formation of cracks at the different levels (i.e. first

crack, at maximum loading, and at the ultimate loading) is revealed. The first

cracks in case of PCS1, WSS1, PCS2, WSS2, PCS3, and WSS3 are appeared at

89.5%, 91.3%, 91.2%, 88.6%, 93.8%, and 91.3%, respectively, of their respective

maximum loads. The width and severity of first cracks is relatively much lesser

than that cracks which are occurred at maximum and ultimate loading in case of

PC. The crack resistance in WSRC specimens with more shear reinforcement (i.e.

∅6 − 64 mm) is more than that of all other considered specimens. The lengths

of the first crack in WSRC beam-lets, that are observed with naked eye, are also

less than that of the respective PC beam-lets. It can be noted with the naked
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eye that the cracks length and width, and the number of cracks, are more in PC

beam-lets when compared to that in respective WSRC specimens. It is found that

the crack resistance in WSRC beam-lets with shear reinforcement is much better

than that in PC beam-lets. However, among all WSRC specimens with shear re-

inforcement, the one with the minimum shear reinforcement of ∅6− 64 mm and

flexural reinforcement of 3−∅6 shows better crack arresting as compared to other

considered WSRC specimens. An enhancement in the post-cracking behavior, due

to the incorporation of wheat straw, is observed.

Effect of Shear Steel Rebars on Load, Seflection and Cracks: Loads,

deflections, number of cracks occurred at ultimate failure, and failure modes for

tested PC and WSRC beam-lets with varying shear reinforcement (i.e. ∅6 −

64 mm, ∅6− 76 mm, and ∅6− 89 mm) and with constant flexural reinforcement

(i.e. 3−∅6) are given in Table 5.4. The first crack load for PCS1, WSS1, PCS2,

WSS2, PCS3, and WSS3 are 75.2 kN, 80.4 kN, 75.4 kN, 77.6 kN, 75.9 kN, and

76.1 kN, respectively. The load at first crack of WSS1, WSS2, and WSS3 are

increased by 6.9%, 2.9%, and 0.3%, respectively, when compared with that of

PCS1, PCS2, and PCS3, respectively. It can be found that the improved crack

resistance is due to the incorporation of wheat straw in the concrete. The crack

resistance is decreased with the decrease in shear reinforcement. The maximum

load is also taken from the load-deflection curve of the tested specimens. The

maximum load for PCS1, WSS1, PCS2, WSS2, PCS3, and WSS3 are 83.9 kN,

88.1 kN, 82.7 kN, 87.6 kN, 80.9 kN, and 83.4 kN, respectively. The maximum

load of WSS1, WSS2, and WSS3 are increased by 4.2 kN, 4.9 kN, and 2.5 kN,

respectively, when compared with that of PCS1, PCS2, and PCS3, respectively.

Similarly, the ultimate load of WSS1, WSS2, and WSS3 are increased by 7.2%,

14.8%, and 9.7%, respectively, when compared to the ultimate load of PCS1, PCS2,

and PCS3, respectively. In general, an increase in the load carrying capacities of

WSRC specimens with shear reinforcement are enhanced. The values of maximum

deflection are also given in Table 5.4. The maximum deflections which occur in

case of WSRC specimens are more than that in case PC specimens. An increase of

10.5%, 17.7%, and 16.3% in the deflections of WSS1, WSS2, and WSS3 specimens
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(a)

(b)

(c)

Figure 5.8: Load – deflection curves of PC and WSRC with shear reinforce-
ment (a) ∅6 − 64 mm, (b) ∅6 − 76 mm, and (c) ∅6 − 89 mmand constant

flexural reinforcement (i.e. 3−∅6).
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Figure 5.9: Crack behavior of PC and WSRC specimens during flexural load-
ing with varying shear reinforcement and constant flexural reinforcement (i.e.

3−∅6).

is observed when compared to that of PCS1, PCS2, and PCS3 specimens. The

number of cracks at the ultimate failure in tested beam-lets are also noted by the

naked eye and is also given in Table 5.4. The number of cracks in PCS1, WSS1,

PCS2, WSS2, PCS3, and WSS3 beam-lets are 4, 3, 4, 3, 4, and 4, respectively.

The crack lengths and crack widths in PC beam-lets are more severe than that

in respective WSRC beam-lets. Here again as in case of WSRC with flexural
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Table 5.4: Loads and deflections for tested PC and WSRC beam-lets with
varying shear reinforcement and constant flexural reinforcement (i.e. 3−∅6).

Specimens

Loads and Deflections PC WSRC

∅6− ∅6− ∅6− ∅6− ∅6− ∅6−

64 mm 76 mm 89 mm 64 mm 76 mm 89 mm

(1) (2) (3) (4) (5) (6) (7)

Load at First Crack (kN) 75.2 75.4 75.9 80.4 77.6 76.1

Maximum Load (kN) 83.9 82.7 80.9 88.1 87.6 83.4

Ultimate Load (kN) 41.9 41.3 40.2 44.9 47.4 44.1

Maximum Deflection (mm) 5.16 4.91 4.61 5.70 5.78 5.36

Cracks at Ultimate Load (-) 4 4 4 3 3 4

Failure Mode (-) Diagonal Balanced Shear Diagonal Balanced Shear

tension tension

reinforcement, due to the presence of wheat straw, the bridging phenomenon and

crack arresting is observed. The straw resists the development of first cracks

firstly, then the crack propagation is also resisted due to the arresting of cracks

with the help of straw as in case of all WSRC specimens with flexural and shear

reinforcement. Based on the location/type of cracks, the failure modes of tested

PC and WSRC beam-lets are also identified as flexural, balanced and shear failures

etc. The observed failure modes are given in Table 5.4. The observed failure mode

for PCS1 and WSS1 is diagonal tension, for PCS2 and WSS2 is balanced, and that

for PCS3 and WSS3 is shear. Here the diagonal tension failure mode indicates the

combination of shear and longitudinal stress.

Effect of Shear Rebars on Flexural Strength, Flexural Energies Ab-

sorbed, and Flexural Toughness Index: The flexural strength (FS), flex-

ural energies absorbed, and flexural toughness index (FTI) for PC and WSRC

beam-lets with varying shear reinforcement (i.e. ∅6− 64 mm, ∅6− 76 mm, and

∅6 − 89 mm) and constant flexural reinforcement (i.e. 3 − ∅6) are given in Ta-

ble 5.5. The flexural strength of PCS1, WSS1, PCS2, WSS2, PCS3, and WSS3

are calculated by using the maximum load from the load-deflection curves of the

respective specimens. The flexural strength of PCS1, WSS1, PCS2, WSS2, PCS3,
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and WSS3 are 36.6 MPa, 38.4 MPa, 36.0 MPa, 38.2 MPa, 35.3 MPa, and 36.4

MPa, respectively. Flexural strength of WSS1, WSS2, and WSS3 is increased by

4.9%, 5.8%, and 3.1%, respectively, when compared to that of PCS1, PCS2, and

PCS3, respectively. Here a decrease in flexural strength of WSRC specimens is

observed with the decrease in shear reinforcement. The FEM and FE of WSS1,

WSS2, and WSS3 are increased by 42.5%, 81.9%, and 82.2% and 16.8%, 30%, and

21.1%, respectively, as compared to that of PCS1, PCS2, and PCS3, respectively.

As for as the FEP of WSRC specimens with shear reinforcement is concerned,

there is an increase of 8.1%, 26.9%, and 30% is observed in comparison to that

of respective PC specimens. However, an over-all decrease in the energies ab-

sorbed is observed with the decrease in shear reinforcement from ∅6 − 64 mm

to ∅6 − 89 mm. The same is in the case of flexural toughness index of WSRC

specimens with shear steel rebars. The flexural toughness index of WSS1, WSS2,

and WSS3 are increased by 0.3%, 11%, and 6.6%, respectively when compared to

that of PCS1, PCS2, and PCS3, respectively. An increased toughness index of the

specimens with shear reinforcement of ∅6 − 76 mm is observed, when compared

to other considered WSRC matrices.

It may be noted that, in general, the flexural properties of WSRC are increased

with an increase in shear reinforcement. Overall, WSRC with shear reinforcement

(i.e. ∅6 − 64 mm, ∅6 − 76 mm, and ∅6 − 89 mm) and with constant flexural

reinforcement of 3−∅6 again perform very well under the flexural loading.

A clear comparison of FS, FEP, FE, FTI, and ∆ of PC and WSRC with vary-

ing shear reinforcement (i.e. ∅6 − 64 mm, ∅6 − 76 mm, and ∅6 − 89 mm) and

with constant flexural reinforcement (i.e. 3−∅6) is shown in Figure 5.10. Over-

all, all the WSRC specimens along with shear steel rebars behaved much better

than respective PC beam-let specimens. The enhanced flexural strength, the post

cracking behavior, and toughness indices of WSRC with shear steel rebars are ob-

served in comparison to PC. As far as the effect of shear reinforcement in WSRC

specimens is concerned, decrease in flexural properties with the decrease in shear

reinforcement is observed.
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Table 5.5: Flexural strengths, Flexural energies absorbed (FE1, FEM, FEP,
FE), and Flexural Toughness Index (FTI) for PC and WSRC beam-lets with

varying shear reinforcement and constant flexural reinforcement (i.e. 3-φ6).

Specimens

Properties PC WSRC

∅6− ∅6− ∅6− ∅6− ∅6− ∅6−

64 mm 76 mm 89 mm 64 mm 76 mm 89 mm

(1) (2) (3) (4) (5) (6) (7)

FS (MPa) 36.6 36.0 35.3 38.4 38.2 36.4

FE1 (kN.mm) 101.5 104.1 90.8 118.4 121.8 103.2

FEM (kN.mm) 45.4 33.3 29.8 64.7 60.0 54.3

FEP (kN.mm) 131.6 115.1 99.0 142.3 147.4 125.7

FE (kN.mm) 278.6 252.5 219.7 325.4 329.2 266.1

FTI (-) 2.74 2.43 2.42 2.75 2.70 2.58

Figure 5.10: Comparison of FS, FEP, FE, FTI, and ∆ of PC and WSRC with
varying shear reinforcement (i.e. ∅6− 64 mm, ∅6− 76 mm, and ∅6− 89 mm)

and with constant flexural reinforcement (i.e. 3−∅6).
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5.4 Discussion

Nilson et al. [119] reported the equation (i.e.Mr = Ts (d− a/2), where Ts =

As × fy, and a = (As × fy) / (0.85× fc′ × b) for the calculation of moment ca-

pacity of plain concrete. However, in modified equation by Beshara et al. [118],

tensile strength can be considered below N.A. by using fibre reinforced concrete

due to its tough nature. There is no major change in block depth ’a’ above N.A.

The modified equation is: MF1 = Ts (d− a/2) + Tf {(t− tf/2)− a/2}. Here, in

this modified equation, the fibre’s tensile strength in the effective height of equiv-

alent stress in tensile region is added in Nilson’s equation. The tensile strength of

fibres in Beshara’s equation can be calculated by using Tf = [1.64Vf (lf/∅f )] b tf

where, Vf is volume of fibres in concrete, lf is length of fibres, and ∅f is di-

ameter of fibres. However, the equation proposed by Beshara et al. [118] is

modified by the authors of this study in terms of Tf to calculate the effective

height of equivalent stress of wheat straw reinforced concrete in tension region.

Beshara et al. used combination of volume, length, and diameter of fibres for

calculating the tensile strength of FRC. Whereas, in current study, a simplified

approach is adopted for tensile strength of WSRC (TWSRC), where TWSRC =

([(MoRWSRC −MoRPC) /2]× b× tf ) instead of fibre volume and dimensions as

in case of Beshara’s equation. The modified equation of moment capacity of WSRC

comes out to be MWSRC = Ts (d− a/2) + TWSRC {(t− tf/2)− a/2} with usual

notations. The logic behind the addition of factored MoR difference of WSRC

w.r.t PC is that, when the applied load exceeds the moment capacity of concrete,

the cracks start to appear. The crack resistance comes into existence when the

crack is propagated up to the steel rebars. However, in case of FRC, the dispersed

fibres resists first crack formation. In addition to formation of first crack, the crack

propagation is also delayed due to crack arresting by fibres. So, in this way, the

load carrying capacity of FRC is increased. Furthermore, once cracks reach up to

the steel reinforcement, the tensile strength of fibres is also added with the steel

rebars for resisting cracks. The similar type of behavior is observed, for WSRC

with steel rebars, in current study.
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Table 5.6: Comparison of theoretical and experimental moment capacities for PC and WSRC with flexural and shear rebars.

Specimens

Parameter Unit Flexural Rebars Shear Rebars

2-∅6 3-∅6 2+2-∅6 ∅6− 64 mm ∅6− 76 mm ∅6− 89 mm

(1) (2) (3) (4) (5) (6) (7) (8)

Area of steel (As) in2 0.20 0.25 0.29 0.25 0.25 0.25

Mr for PC (1) kN.mm 2436 2836 3286 2836 2836 2836

MPCEXP for PC (4) kN.mm 3021 3149 3293 3198 3149 3081

MWSRC for WSRC (2) kN.mm 2670 2970 3407 2970 2970 2970

MWSRCEXP for WSRC (4) kN.mm 3249 3337 3497 3356 3337 3176

1. Mr = Ts(d− a/2), where Ts=As × fy, and a = (As × fy)/(0.85× fc′ × b)
2. MWSRC = Ts(d− a/2) + TWSRC(t− tf/2)− a/2,where TWSRC = [MoRWSRC −MoRPC/2]× b× tf
3. fy = 280 MPa, d = 76mm, f ′(cPC) = 22.5 MPa, f ′(cWSRC) = 21.8 MPa, b = 102mm, t = 102mm, tf = h/2 =

51mm, [MoR]WSRC = 3.42 MPa, [MoR]PC = 3.30MPa
4. MPCEXP = vPCEXP × X and MWSRCEXP = vWSRCEXP × X Where vPCEXP = LmPC/2 and vWSRCEXP =
LmWSRC/2, where LmPCand LmWSRC are taken from Table 5.2 and 5.4, and X = 76 mm (Refer to Figure 5.3 (a))
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The comparison of PC and WSRC with flexural and shear rebars by the equa-

tions devised by Nilson et al. and modified equation, respectively, along with the

experimental moment capacities is also made. The theoretical and experimental

moment capacities of reinforced concrete and WSRC with steel rebars is given in

Table 5.6. The experimental moment capacity (i.e. MExp) is calculated by using

the area of shear capacities for the respective specimens (i.e. VExp ×X).

However, theoretical moment capacity (i.e. Mr) of RC is calculated by using

Nilson’s equation [119]. Whereas, in case of WSRC with steel rebars, the equa-

tion proposed by Beshara et al. [118] and modified by authors of current study,

is used. For a beam with fy = 280 MPa, d = 76 mm, f ′cPC = 22.5 MPa, b =

102 mm, andAs = 0.25, the Mr comes out to be 2836 kN-mm by using the Nilson’s

equation. The increased Mr by WSRC are observed when put in the equation de-

veloped for WSRC. For a WSRC beam with fy = 280 MPa, d = 76 mm, f ′cWSRC =

21.8 MPa, b = 102 mm, t = 102 mm, tf = h/2 = 51 mm, [MoR]WSRC =

3.42 MPa, [MoR]PC = 3.30 MPa and As = 0.25, the MWSRC comes out to

be 2970 kN-mm by using modified Beshara’s equation. A maximum increase of

9.8% in moment capacity of WSRC (i.e. MWSRC) with flexural reinforcement (i.e.

2 − ∅6) and shear reinforcement (i.e. ∅6 − 64 mm) is observed when compared

to the moment capacity (Mr) by the respective specimen of reinforced concrete.

However, as far as the difference between theoretical and experimental moment

capacities is concerned, an overall difference of ±20% is observed.

The experimental shear capacities (V) of PC and WSRC with flexural and shear

steel rebars are taken as half of the maximum load as the beam-lets are tested

in three-point load test. Whereas, the theoretical shear capacities are determined

from the theoretical moment capacities of the respective specimens. The theoret-

ical and experimental shear capacities for PC and WSRC are given in Table 5.7.

Likewise, in moment capacities, the shear capacities for WSRC are also increased

when compared to that of RC. A maximum increase of 7.5% is observed in ex-

perimental shear capacity of WSRC specimens with shear rebars (VWSRCExp) as

compared to the respective reinforced specimens.
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Table 5.7: Comparison of theoretical and experimental shear capacities for PC and WSRC with flexural and shear rebars.

Specimens

Shear Capacities Flexural Rebars Shear Rebars

Symbol Formula∗ Unit 2-∅6 3-∅6 2+2-∅6 ∅6− 64 mm ∅6− 76 mm ∅6− 89 mm

(1) (2) (3) (4) (5) (6) (7) (8) (9)

VPCTheo VPCTheo = MPCTheo/X kN 32.0 37.2 43.1 37.2 37.2 37.2

VPCEXP VPCExp = Lmpc/2 kN 39.7 41.3 43.2 42.0 41.3 40.4

VWSRCTheo VWSRCTheo = MWSRCTheo/X kN 35.0 39.0 44.8 39.0 39.0 39.0

VWSRCExp VWSRCExp = LmWSRC/2 kN 42.6 43.9 45.9 44.1 43.9 41.7

1) *MPCTheo and MWSRCTheo is taken from Table 5.6 and X = 76mm (Refer to 5.3 (a))
2) Lmpc and LmWSRC is taken from Table 5.2 and 5.4
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However, in theoretical shear capacities, the maximum of 9.6% increase in the

theoretical shear capacity of WSRC with rebars is observed when compared to

the respective specimen of reinforced concrete. Here again, a difference of approx-

imately ±20% is observed in theoretical and experimental shear capacities.

In the rigid pavements, the vehicular load is resisted by the flexural strength of con-

crete. The steel reinforcement in rigid pavements is not used for carrying load but

for controlling the formation of cracks or resisting the propagation of cracks [210].

Conventional concrete pavements are generally classified as jointed plain concrete

pavement (JPCP), jointed reinforced concrete pavement (JRCP), and continuous

reinforced concrete pavement (CRCP). The addition of straw in the jointed plain

concrete pavement can lead to more crack resistance in the pavements. The prop-

agation of cracks in wheat straw reinforced concrete can also be delayed by the

help of dispersed straw. Whereas, in case of jointed and continuous reinforced con-

crete pavement, the incorporation of wheat straw in the concrete along with steel

rebars can result in the enhanced flexural strength of concrete which is reported

in the current study. This enhanced flexural strength will then result in improved

load carrying capacity of jointed/continuous reinforced concrete pavement along

with the crack resistance. The incorporation of fibres can also be helpful for steel

rebars in resisting the cracks. Hence, the wheat straw reinforced concrete can be

concluded in reduction of steel reinforcement. Huang [211] reported that the basic

rigid pavement design equation as per American Association of State Highway

and Transportation Officials (AASHTO) 1993: II-45 is used for the design of rigid

pavements. The equation is as follows:

log10W10 = ZRSo + 7.35 log10 (D + 1)− 0.06 +
log10

[ 4PSI
4.5−1.5

]
1 + 1.624×107

(D+1)8.46

+ (4.22− 0.32Pt)

 S ′cCd [D0.75 − 1.132]

215.63j

[
D0.75 − 18.42

(Ec
k )

0.25

]
 (5.1)

Where:

W18 = Traffic load in equivalent standard axle loads
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ZR = Standard normal deviation for desired reliability

SO = Overall standard deviation

D = Slab thickness (in)

4PSI = Serviceability index

S ′c = Flexural strength of concrete (psi)

Cd = Drainage coefficient

J = Load transfer coefficient

Ec = Elastic modulus of concrete (psi)

k = subgrade reaction modulus (psi/in)

However, in case of wheat straw reinforced concrete specimens with the steel re-

bars, the flexural strengths are increased as compared to that of plain concrete.

The flexural strengths of PC and WSRC with flexural and shear rebars along

with the increment factor of WSRC w.r.t PC are given in Table 5.8. The flex-

ural strengths of WSRC specimens, with steel reinforcement 2 − ∅6, 3 − ∅6,

2 + 2−∅6, ∅6−64 mm, ∅6−76 mm, and ∅6−89 mm, are increased by a factor

of 1.08, 1.05, 1.06, 1.05, 1.05, and 1.03, respectively, when compared to that of

respective PC specimens. The average increment in WSRC with respect to PC

comes out to be 1.05.

Therefore, to cater the effect of tensile stresses induced at bottom of pavement

surface due to the applied traffic loading, the added strength of straw in case

of WSRC pavements can be accounted by simply modifying the above mentioned

AASHTO rigid pavement design equation by using the increment factor of flexural

strength. Hence, the S ′c in the equation is modified for the flexural strength of

WSRC for incorporating the effect of tensile strength due to addition of wheat

straw and is as follows:

s′WSRC = MoRWSRC × 1.05
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Where 1.05 is the averaged increment factor in flexural strength of WSRC. The

modified pavement slab thickness design equation with the incorporation of s′WSRC

will become as follows:

log10W10 = ZRSo + 7.35 log10 (D + 1)− 0.06 +
log10

[ 4PSI
4.5−1.5

]
1 + 1.624×107

(D+1)8.46

+ (4.22− 0.32Pt)

 s′WSRC Cd [D0.75 − 1.132]

215.63j

[
D0.75 − 18.42

(Ec
k )

0.25

]
 (5.2)

As per Portland Cement Association and AASHTO design methods for rigid pave-

ments, the same method is used for continuous reinforced concrete pavement as

used for jointed plain and reinforced concrete pavement. The only difference that

can occur in the thickness design of continuous reinforced concrete pavement and

conventional concrete pavement is in the load transfer coefficient. As in case of

continuous reinforced concrete pavement, the value of load transfer coefficient can

be reduced from 8 cm to 7.4 cm, which will cause the reduction in slab thickness

of 2 cm. However, the deflections and critical stresses in continuous reinforced

concrete pavement are more or less same as in case of jointed plain/reinforced

concrete pavement. Therefore, it is recommended that same thickness should be

used. So, the above-mentioned equations are solved for PC and WSRC specimens

to calculate the thickness of PC and WSRC pavement, respectively. The solved

thickness is compared with solved design example of AASHTO 1993: II-45.

For PC and WSRC specimens, all the design parameters (i.e. given in Table 5.9)

are kept constant as taken in the example which is done in AASHTO 1993: II-45

except the concrete material properties i.e. flexural strength (S ′c) and modulus of

elasticity (Ec). The variation in the concrete pavement slab thickness of PC and

WSRC specimens in comparison with the solved AASHTO 1993: II-45 equation

is given in Table 5.10. Considering the modified equation to account the effect

of straw, the WSRC pavement thickness is reduced by 7% as compared to that

of PC. In addition to that, due to the addition of straw in concrete, the bridging
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mechanism occurs, which enhances the energy absorption of WSRC by resisting

the crack formation. This bridging/sewing effect is due to the relatively better

bond of straw with surrounded concrete matrix because of the rough surface of

straw after pre-treatment. Furthermore, once the cracks are formed, the crack

width and crack propagation under the traffic loading is also restricted and delayed,

respectively, due to the crack arresting mechanism which occurs with incorporation

of straw. In short, the improved post-cracking behavior can be achieved in WSRC

pavements with 7% less thickness as for PC. Accordingly, the cost analysis for the

construction of PC and WSRC pavements is also made. The construction cost of

WSRC pavement, designed as per proposed modified Eq. 5.2, can be reduced up

to 14% when compared to that of conventionally designed PC pavement (Table

5.10).

As far as CRCP is concerned, the straw incorporation along with steel reinforce-

ment, can lead towards enhanced flexural strengths in addition to better post

cracking behavior. Because, in this scenario, the added flexural strength, due to

the incorporation of fibres, in the flexural strength of concrete will provide more

crack resistance. The increased flexural strengths of WSRC with steel rebars are

also reported in current study. In case of cracks occurrence, the time period for

cracks to propagate up to steel rebars will be enhanced due to crack arresting by

straw in the concrete cover. And, in the worst condition, when the cracks reach up

to the steel rebars, the straw will also be enriching the crack resisting capability

of steel rebars, as can be observed in Figure 5.5 and 5.9. The whole phenomenon

is contributed towards punch-out resistance in WSRC pavements. The percentage

area of steel can also be reduced by some percentage. This will reduce the quan-

tity of steel reinforcement to be used in continuous reinforced concrete pavement.

Thus, ultimately will result in reducing the overall cost of pavement by 14%. In

addition to that, embodied carbon emissions (CO2e) are also calculated, in the

same way as also done by [278], by using the materials (cement, sand, aggregates)

coefficients from ICE Inventory V3.0, for both PC and WSRC pavements. It is

observed that CO2e emissions against WSRC pavements can be reduced up to

28%, as compared to that of PC pavements.
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Table 5.8: Increased flexural strengths of WSRC specimens w.r.t PC speci-
mens.

Specimens

Flexural Strengths Flexural Rebars Shear Rebars

2-∅6 3-∅6 2+2- ∅6− ∅6− ∅6−

∅6 64 mm 76 mm 89 mm

(1) (2) (3) (4) (5) (6) (7)

FSPC (MPa) 34.6 36.0 37.7 36.6 36.0 35.3

FSWSRC (MPa) 37.2 38.2 40.1 38.4 38.2 36.4

Increment Factor 1.08 1.06 1.05 1.05 1.06 1.03

(FSWSRC/FSPC)

Table 5.9: Design parameters for 1998 AASHTO rigid pavement design model.

Parameter Value

(1) (2)

Equivalent Standard Axle Loads (W18) 5100000

Reliability (R) 95%

Standard Deviation (So) 0.30

Elastic Modulus of Concrete (Ec) Variable (psi)

Elastic strength of Concrete (Sc) Variable (psi)

Poisson’s ratio of Concrete (µ) 0.15

Seasonal k-value (k) 72 psi/n

Initial serviceability (pi) 4.2

Terminal serviceability (pt) 2.5
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Table 5.10: Comparison of PC and WSRC pavement in terms of thicknesses, cost and CO2e emissions.

Specimens

Flexural

Strength

(S′c)

Modulus of

Elasticity

(EC)

Pavement

Slab

Thickness

Thickness

Reduction

w.r.t PC

Construction

Cost

(per m3)

Construction

Cost*

(per lane per km)

Cost

Reduction

w.r.t PC

Embodied

Carbon**

(per lane per km)

(CO2e)

Reduction

w.r.t PC

Remarks

(MPa) (MPa) (cm) - (PKR) (Million PKR) - (× 105 kg-CO2e) -

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

JPCP 4.50 34,474 25 - - - - - - AASHTO-93 II-45 [279]
Reference

Design

PC 3.30 19,445 29 - 13,500/- 23.5/- - 5.4 -
Thickness as per

AASHTO 93 II-45 [279]

C
u
rr

en
t

S
tu

d
y

WSRC 3.59 18,742 27 -7% 12,527/- 20.3/- -14% 3.9 -28%
Reduced thickness as

per proposed Eq. (5.2)

*The considered lane width is 6m.
**The CO2e coefficients are taken from ICE Inventory V3.0, for calculation of emissions.
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5.5 Summary

The plant fibre (i.e. wheat straw) in concrete with flexural and shear reinforce-

ment are investigated in this experimental study. Straw of 1% content, by mass of

wet concrete, and length of 25mm are added in the same mix (i.e. 1 : 2 : 4) as for

PC. The contribution of plant fibre (i.e. wheat straw) is studied for improving the

capacities and behavior of concrete reinforced with flexural and shear steel rebars

for its use in concrete pavements. Plain Concrete (PC), and Wheat Straw Rein-

forced Concrete (WSRC) with the flexural and shear reinforcement are studied.

In addition to this, the moment capacity design equation and concrete pavement

thickness design equation are also proposed. The conclusions are as follows:

• A maximum load increase of 7% in the first crack initiation is observed for

WSRC with flexural rebars as compared to that of PC. And the maximum

load is increased by 7.6% in comparison to PC. In WSRC, the number of

cracks, crack widths, and crack lengths are decreased up to 25%, 140% and

66%, respectively, when compared to the respective PC specimens.

• WSRC with flexural reinforcement show enhancement up to 7.5%, 44.8%,

30.44%, and 11.7% in FS, FEP, FE, and FTI, respectively, as compared

to the respective PC beam-lets. The moment capacities of WSRC with

flexural and shear rebars are increased up to 2.8% and 2%, respectively, in

comparison to that of PC.

• As far as the WSRC specimens with shear rebars are considered, the maxi-

mum increases of 6.9% and 7% in first crack and ultimate loads, respectively,

are observed when compared to the respective loads of PC specimens with

shear rebars. Here again, the severity of cracks in terms of quantity, width,

and length are decreased up to 20%, 75% and 50%, respectively, in WSRC

specimens as compared to respective PC specimens.

• Increase in FS, FEP, FE, and FTI of WSRC with shear steel rebars are up

to 6%, 27%, 30.1%, and 11.2% w.r.t that of respective PC specimens. Shear
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capacities of WSRC specimens with flexural and shear rebars are increased

up to 7.3% and 6.3%, respectively, in comparison to that of respective PC

specimen.

• The pavement slab thickness, construction cost and CO2e emissions are de-

creased by 7%, 14% and 28%, respectively, for WSRC as compared to PC

for same load parameters. In addition to that, the improved behavior, de-

lay in first crack initiation, more resistance in crack propagation and better

post-cracking behavior of WSRC is observed which is favorable under traffic

loading.

So, based on the conducted research, it can be postulated that the WSRC with

steel rebars is likely to have the potential to be used for concrete pavement appli-

cations. Also, the proposed equations for moment capacity and concrete pavement

thickness design can be applicable for wheat straw reinforced concrete. However,

the performance of WSRC road panels/test section is recommended to be explored

in detail.



Chapter 6

Structural Performance of Wheat

Straw Reinforced Concrete

Pavement

Related Articles:

M. U. Farooqi and M. Ali, “Construction practices for first ever wheat straw

reinforced concrete pavement for light traffic,” In proceedings of 5th International

Conference on Sustainable Construction Materials and Technologies (SCMT5),

London, UK, 2019.

6.1 Background

The favorable outcomes of wheat straw in cement concrete composites, in terms

of comparable and durable behavior against static loading even after the expo-

sure to multiple natural and accelerated ageing conditions for a long period of

48-months, has developed good enough rationale to use it for civil engineering

structural applications. In pursuance, the in-depth behavior and capacities of

wheat straw reinforced concrete, with flexural and shear steel rebars, are explored

for its possible use in rigid pavements. The enhanced moment capacities of WSRC

168
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lead towards the formulation of empirical design equation for WSRC pavements in

accordance with AASHTO 1993 pavement design guide for rigid pavements. Upon

integration of obtained results in the devised modified design equation, a reduc-

tion of 7% in thickness is recommended for WSRC pavements when replacing the

PC pavements. However, the validation of this reduction in pavement thickness,

obtained in result of laboratory testing, is recommended under the application of

vehicular movement and real environmental conditions.

Therefore, in pursuance of the recommendations made in Chapter 3 and Chapter

5, the field study is performed to evaluate the optimized Wheat Straw Reinforced

Concrete (Chapter 3) with reduced thickness design in terms of structural capacity

(Chapter 5) under real circumstances, i.e. vehicular loading and varied environ-

mental/climatic conditions. Accordingly, the structural capacities of Plain Con-

crete (PC) and optimized (i.e. 1% soaked wheat straw, by mass of wet concrete)

Wheat Straw Reinforced Concrete (WSRC) pavement test sections are investi-

gated in detail. For this purpose, the Jointed Plain Concrete Pavement (JPCP)

and Jointed Wheat Straw Reinforced Concrete Pavement (JWSRCP) test sec-

tions are constructed in the campus premises of Capital University of Science and

Technology, Islamabad, Pakistan. The construction practice for the first ever con-

structed natural fibre (i.e. wheat straw) reinforced concrete pavement is reported

in this Chapter 6. The experimental investigation of cores extracted from PC and

WSRC pavement test sections along with their structural capacity is made after

exposure to traffic movement for the 18-months period. To account the effect of

cyclic loading for fatigue cracking analysis, the test sections are exposed to the real

traffic movement for a period of 18-months. The occurrence of cracks and their

progression under loading are also recorded. The validation of reduced thickness

of pavement in case of WSRC, as reported in Chapter 5, is also made. In addition

to that, the micro-structural analysis is also performed to verdict the uniform dis-

persion of straw in the surrounded matrix. The rest of the chapter is compiled in

a way like: Section 6.2 portrays the materials used, laying technique for WSRC

pavement section, test sections detailing and testing mechanism whereas; all the

experimental findings along with analysis are provided in Section 6.3. Section 6.4
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is comprising of modelling for the formulation of WSRC performance index and

co-relation between laboratory and field testing, followed by the summary of all

the findings in Section 6.5.

6.2 Materials and Testing Mechanism

6.2.1 Raw Materials

Cement, sand and aggregates obtained from BESTWAY cement (a local brand),

Lawrence-purr quarries and Margallah quarries, respectively are used to prepare

plain concrete (PC). As provided by manufacturer, the percentage contents of Cao,

SiO2, Al2O3, FE2O3, MgO and SO3 in cement (having 52 ± 3 28-days strength)

are 61.7%, 21%, 5.04%, 3.24%, 2.56% and 1.51%, respectively. The maximum

aggregate size used is 19.5 mm. Tap/potable water is used. However, for wheat

straw reinforced concrete (WSRC), commercially available wheat straw having

approximate length, width and depth of 25 mm, 5 mm and 1.2 mm, respectively,

are also used in addition to above-mentioned conventional PC ingredients. The

approximate ranges for density, tensile strength and shear strength, in physical

characterization of wheat straw are, 55 to 119 kg/m3, 21.2 to 40.0 MPa and 4.91

to 7.26 MPa, respectively [18, 156, 159, 225, 266].

6.2.1.1 Wheat Straw Processing

A simple pre-treatment to remove dry matter (i.e. dust particles/impurities) from

the surface of straw, by keeping the natural state of raw wheat straw ingredients

intact, proved to be an effective technique for obtaining better results after incor-

poration in concrete matrix [267]. Accordingly, wheat straw, which are obtained

from a locally available commercial source, are soaked in potable/tap water for

a period of approximately 20 minutes with the intention of removing dry matter

(i.e. dust/impurities/wax etc.) from the surface of straw. Wheat straw are air-

dried after removing from water. The prepared/treated wheat straw are shown in
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Figure 6.1: Wheat straw (a) with naked eye and (b) SEM image from 2mm.

Figure 6.1(a). The cleanliness in the natural/raw straw texture can be observed

by naked eye.

6.2.1.2 Micro-structural Testing of Wheat Straw

Moreover, the micro-structural analysis of processed wheat straw is also performed

through Scanning Electron Microscope (SEM), Energy Dispersive X-ray (EDX), X-

Ray Diffraction (XRD), and Thermogravimetric analysis (TGA). The SEM image

of wheat straw from both sides is shown in Figure 6.1(b) showing the plain fibrous

texture at one side and porous texture at the other end. This porous texture may

be helpful to provide interlocking mechanism between straw and cement matrix, for

having proper straw – matrix bonding. The graphical presentation of EDX, XRD

and TGA for wheat straw is shown in Figure 6.2. The chemical analysis of wheat

straw, in terms of percentage contents of elements, performed by EDX analysis is

given in Table 6.1. Similar findings are also reported by [226, 227]. 3KW having

radiation of CuKα (λ = 1.54) is used for determination of wheat straw crystallinity.

Crystallographic analysis, as shown in Figure 6.2(b), shows that, at around 2θ,

the variation in maximum crystalline peak is ranged in 26.10◦ to 29.89◦, however,

the peak in amorphous case ranges from 23.71◦ to 25.58◦. Thermal stability of

wheat straw is obtained through TGA analysis by using Perkin Elmeris instrument

(Figure 6.2(c)). The straw degradation, in terms of weight loss is determined by
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Table 6.1: Percentage (%) contents of elements in Wheat Straw.

Element Intensity Weight Weight Atomic

Conc. % % Sigma %

(1) (2) (3) (4) (5)

Carbon (C) 0.5519 58.19 1.50 65.17

Oxygen (O) 0.2723 41.12 1.49 34.57

Silicon (Si) 0.8414 0.20 0.05 0.10

Potassium (K) 0.9526 0.10 0.05 0.04

Calcium (Ca) 0.9041 0.38 0.06 0.13

Total: 100.00 100.00

heating 25 mg straw up to 500 ◦C @10◦/min. The weight loss of approximately

3.99 to 7.01% is observed up to the 100 ◦C temperature, which could be due to

moisture content elimination from straw, indicating the thermal stability of straw.

6.2.2 Mix Design, Mixing Procedure, Laying Technique

and Material Testing

Mix design ratio of 1 : 2 : 4 : 0.60 (C: S: A: W), i.e. 331 kg cement, 704 kg

sand, 1550 kg aggregates and 182 kg water per m3 of concrete, is used for the

preparation of Plain Concrete (PC) mix. However, for wheat straw reinforced

concrete (WSRC) mix, wheat straw, having an averaged approximate length of 25

mm, are also used in addition to the ingredients as mentioned for PC. Accordingly,

254 kg cement, 542 kg sand, 1194 kg aggregates, 152 kg water and 27 kg wheat

straw are taken to prepare 1 m3 of WSRC. The conventional rotary tilting mixer

is used for mixing purpose. For mixing one batch of PC, all the raw materials

are added in the mixer in the following order; cement, sand, aggregates and then

water, followed by a mixing of 3 minutes at the rate of 10−12 rpm. But, for mixing

WSRC, a different technique is opted as recommended by Farooqi and Ali [267]

to get a homogeneous mix and to avoid balling effect, which is usually observed in

mixing of natural fibre reinforced concrete. All the materials (i.e. cement, sand,
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(a)

(b)

(c)

Figure 6.2: Wheat Straw analysis (a) EDX, (b) XRD and (c) TGA.
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Figure 6.3: Workability tests (a) Slump value and (b) Compaction factor test
of PC and WSRC mix

aggregates and straw) are distributed in three equal portions, which are deployed

in mixer one after another, layer wise. The major portion of water (i.e. 60%) is

added before start of mixing. Initial mixing time is 180 seconds, then the remaining

water is added and the mixing is done again for 60 more seconds. The slump and

compaction factor tests are also performed for PC and WSRC (Figure 6.3). The

slump values for PC and WSRC are come out to be 25 and 0 mm, respectively.

Whereas, the compaction factors for PC and WSRC are come out to be 0.99 and

0.95, respectively.

The different stages in preparation/construction of PC and WSRC pavement test

sections, i.e. earthwork preparation, levelling, lean layer with marked levels, batch-

ing, mixing, pouring, laying, finishing, finally prepared test sections, curing, and

vehicular movement on constructed test sections, are shown in Figure 6.4. For

laying of PC and WSRC, the material is transported from mixer to the respec-

tive final positions with the help of wheel barrows. The concrete is continuously
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deposited to its final position, without any undue delay, with proper advance plan-

ning and good workmanship for avoiding stiffening/drying-out/segregation. The

compaction of concrete, for eliminating entrapped air from the mix, is done with

the help of internal vibrator. The Darby and strike-off boards are used for levelling

the concrete mix. The WSRC mix finished surface is achieved by putting extra

efforts on the surface levelling and by manually removing the straw where chipped-

off length is more than 50% of its embedded length during finishing. The water

curing of PC and WSRC test sections is done afterwards. The curing is done by

ponding technique for 28 days (Figure 6.4(g)). In addition, to gauge the early-age

shrinkage cracking, linear shrinkage, i.e. taken as % increase or % decrease in spec-

imen length is also calculated during the curing period. The longitudinal length of

PC and WSRC test sections is reduced by 1.8% and 1.0%, respectively. However,

in transverse dimensions, the reduction of 1.6% and 0.9% is observed for PC and

WSRC, respectively. Hence, the linear longitudinal and transverse shrinkage of

WSRC test section is reduced by 45% and 43%, respectively, as compared to that

in PC test section. This reduction is might be due to the presence and uniform

distribution of dispersed straw in concrete that ultimately contribute towards less

initiation of cracks in WSRC pavement test section.

6.2.2.1 Compressive Strength Test of Cylinder Specimens

In parallel, the cylindrical moulds, having dimensions of 150 mm × 300 mm (Di-

ameter × Height) as per ASTM C31 standard, are also filled with PC and WSRC

for laboratory testing. The cylinder is filled in five layers with 25 uniform blows

of tamping rod after each layer as per ASTM C192. However, for WSRC, a slight

lifting and free falling of cylinder is also done after each layer for proper consol-

idation. The cylinders are de-moulded after 24 hours and placed in curing tank

for the period of 28 days. Afterwards, the specimens are removed from curing

tank and are air-dried for 24 hours. Later on, the specimens are capped with

Sulphur with the intention of uniform distribution of load. These specimens for

PC and WSRC are then tested under compressive loading, as per ASTM C39 test
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

Figure 6.4: Stages in construction (a) Earthwork Preparation, (b) Levelling,
(c) Lean layer & Levels, (d) Batching & Mixing, (e) Pouring, Laying & Finishing,

(f) PC & WSRC Test Sections, (g) Curing and (h) Vehicular Movement.
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standards, for the determination of compressive strengths, corresponding strains,

compressive energies absorption and compressive toughness indices.

The stress-strain curves and tested cylinder specimens for PC and WSRC are

shown in Figure 6.5. Comparatively a tough behavior with less stiffness and more

strain capacity is observed for WSRC as compared to that of PC (Figure 6.5(a)).

This may be due to more energy absorption capability of WSRC, due to crack

arresting and bridging mechanism as shown in Figure 6.5(b). However, the frag-

ments of conventionally brittle natured PC are broken and can be seen on the

base plate of test assembly. The arresting of micro-cracks (which generally occurs

before the ultimate maximum loading) by the dispersed fibre in a cement compos-

ite through sewing effect causes the enhanced toughness in case of fibre reinforced

concrete [272].

Accordingly, the compressive strengths (σc), corresponding strains (εc), energies

absorbed under compressive loading (Cemc, Cepc, Cec) and toughness indices

(CTIc) of PC and WSRC cylinder specimens are given in Table 6.2. The σc of

WSRC is slightly declined by 7% when compared to that of PC, as expected in case

of natural fibres addition in concrete which is also reported by [40, 66, 238, 280].

This slight decrement in σc in case of WSRC is catered by significant enhancement

of its energy absorption capability. The area under σc-εc curves are calculated for

compressive energy absorption (Cec) for both PC and WSRC, as also done by

[66, 71, 250]. This energy absorption per unit concrete volume is calculated in

MJ/m3 [254, 255]. This total energy is further bifurcated in energy absorption up

to maximum σc (Cemc) and energy absorption from maximum σc to maximum

εc (Cepc). However, the ratio of Cec to Cemc is calculated for the toughness

index (CTIc). The noticeable point here is that, Cemc in case of WSRC is almost

equivalent to Cec in case of PC showing the remarkable enhancement of energy

absorption capacity of WSRC. Whereas, almost 97% more post peak-stress energy

is absorbed by WSRC cylinder specimen as compared to that of PC. As far as

energies absorption in case of WSRC is concerned, almost 33% of the total energy

is absorbed after the maximum stress level indicating the improved post stress

behavior of WSRC. This behavior leads towards improved performance, as the
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(a)

(b)

Figure 6.5: Compressive behavior (a) Stress – strain curves and (b) tested
specimens of PC and WSRC cylinders

contribution of toughness in addition to compressive strength results in enhanced

structural strength [256, 257].

6.2.3 Test Sections

Jointed Plain Concrete Pavement (JPCP) and Jointed Wheat Straw Reinforced

Concrete Pavement (JWSRCP) test sections are constructed for structural eval-

uation. The plan of JPCP and JWSRCP along with respective longitudinal and

cross sections are shown in Figure 6.6. The dimensions for each pavement test
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Table 6.2: Compressive properties of PC and WSRC cylinders.

Cylinder σc εc Compressive Energies Absorbed CTIc

Specimens Cemc Cepc Cec

(MPa) ×10−2 (kJ/m3) (kJ/m3) (kJ/m3)

(1) (2) (3) (4) (5) (6) (7)

PC 23.7± 0.6 0.99± 0.16 115.4± 4.1 39.3± 1.4 154.6± 5.5 1.34± 0.05

WSRC 21.9± 0.4 1.36± 0.13 154.5± 3.9 77.4± 1.9 231.9± 5.8 1.50± 0.06

section are 35 sq. meter, i.e. 7 m × 5 m (Length × Width). Shoulders of width

0.5 m are provided on both sides of pavement test sections (Figure 6.6a). The

layer thicknesses in case of plain concrete pavement test section is designed by

using AASHTO 1993: II-45 design guide equation which is stated below:

log10W10 = ZRSo + 7.35 log10 (D + 1)− 0.06 +
log10

[ 4PSI
4.5−1.5

]
1 + 1.624×107

(D+1)8.46

+ (4.22− 0.32Pt)

[
Sc Cd [D0.75 − 1.132]

215.63 J
[
D0.75 − 18.42

Ec k0.25

]] (6.1)

The design consideration parameters, which are used in this equation, to solve it

for concrete layer thickness are listed in Table 6.3. By analyzing the equation 6.1,

by using the design consideration parameters, the thickness of concrete layer came

out to be 25.4 cm. The wearing concrete layer is based on compacted earthwork of

15 cm. However, to provide construction table and to avoid the direct interaction

of concrete layer with soil particles, a 5 cm thick layer of lean plain concrete

(1 : 4 : 8) layer is also laid above the compacted earthwork layer (Figure 6.6(c)).

As far as JWSRCP test section is concerned, the same sequence, i.e. compacted

earthwork with lean plain concrete (1 : 4 : 8) on it followed by the WSRC layer,

is followed. However, in this scenario, the WSRC layer thickness is 23.6 cm, i.e.

7% less than that of PC layer, is laid as recommended by Farooqi and Ali [262],

for the comparative performance analysis. The recommended 7% less thickness in

case of WSRC, as compared to PC, is analyzed by the following proposed modified
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Table 6.3: Design considerations for concrete layer thickness in plain concrete
pavement test section.

Parameter(s) Value(s)

(1) (2)

Equivalent Standard Axle Loads (W18) 12.67× 106 ESALs

Reliability(R)− [Zr = −1.645] 95%

Standard Deviation (So) 0.35

Elastic Modulus of Concrete (Ec) 2.8× 103 MPa

Flexural Strength of Concrete (S ′c) 4.5 MPa

Poisson’s ratio of Concrete (µ) 0.15

Seasonal k-value (k) 550 psi/in

Drainage Coefficient (Cd) 1

Initial serviceability (pi) 4.5

Terminal serviceability (pt) 2.5

4PSI (pi – pt) 2

WSRC pavement design equation:

log10W10 = ZRSo + 7.35 log10 (D + 1)− 0.06 +
log10

[ 4PSI
4.5−1.5

]
1 + 1.624×107

(D+1)8.46

+ (4.22− 0.32Pt)

 s′WSRC Cd [D0.75 − 1.132]

215.63j

[
D0.75 − 18.42

(Ec
k )

0.25

]
 (6.2)

Where; s′WSRC = MoRWSRC × 1.05. However, all the other design considerations

are kept same as for PC design (Table 6.4). Accordingly, the subsequent layers are

adjusted to maintain the top surface level by raising the thickness of compacted

earthwork to 16.8 cm (Figure 6.6(c)). However, the lean plain concrete (1 : 4 : 8)

is same, i.e. 5 cm for both the test sections. The longitudinal section for both

the test sections is shown in Figure 6.6(b) to have an overall idea. Furthermore,

as already discussed in Chapter 4, that the noted temperature during the studied
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period is as low as 2 ◦C and as high as 48 ◦C (Figure 4.2). Therefore, there is

a need to cater the effect of hot and cold climate on expansion and contraction,

respectively, of cement concrete. Accordingly, a 25 mm transverse expansion joint

is also provided in between both the JPCP and JWSRCP test sections. The dowel

bars with reinforcement details; φ6@30 cm c/c with plastic sheets capped at both

ends, are also provided at the expansion joint (Figure 6.6(a) and 6.6(c)). These

plastic sheets and caps around the dowel bars provide space for movement of bars

with slab during expansion and contraction. Furthermore, the joint width is filled

with a compressible elastic filler, followed by approximately 25 mm depth of sealer

to restrict moisture infiltration. In addition, the bonding of aggregates as well

as straw with the composite is due to the cement mortar. The rough surfaced

aggregates provide better bonding with matrix as compared to straw due to rel-

atively smooth surface. However, prompt runoff of surface water due to provided

slope and surface vaporization after rainfall would repeal the moisture infiltration

in WSRC pavements. In addition, the 45% and 43% reduction in longitudinal

and transverse shrinkage, respectively, of WSRC pavement in comparison to that

of PC, also contribute towards resistance against ingress of moisture in WSRC

pavements.

6.2.4 Test Sections Evaluation

6.2.4.1 Compressive Strength Test of Cores

The cores from PC and WSRC pavement test sections are drilled and tested ini-

tially for water absorption. The water absorption of PC and WSRC cores came out

to be 3.23% and 5.14%, respectively. Afterwards, the compressive strength test, as

per AASHTO T24M / T24 and ASTM C42M (Standard Test Method for Obtain-

ing and Testing Drilled Cores) and ASTM C39/C39M-20 (Standard Test Method

for Compressive Strength of Cylindrical Concrete Specimens), is performed.
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(a) 

 
(b) 

  
(c) 

Figure 6.6: PC and WSRC pavement test sections drawings (a) Plan, (b) Longitudinal section, and (c) Cross sections.
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The dimensions of drilled cores are 100 mm × 200 mm (Diameter × Height). In

this way, the diameter to length ratio is 2, which is in specified range i.e. 1.9 to 2.1.

Therefore, there is no need to apply standard factor as per AASHTO T24M/T24.

Furthermore, as per mentioned standard, there is also no need of applying core-

strength correction factors (ACI 214 2010) in case of 100 mm dia cores. The

drilled cores are tested in compressive testing machine along with attached strain

gauge assembly, after Sulphur capping, for experimental determination of field

compressive strength (σf ), corresponding strain (εf ), energies absorption (Cemf ,

Cepf , Cef ), and toughness indices (CTIf ). The real test assembly for extracting

the cores from test sections is shown in Figure 6.7.

6.2.4.2 Micro-structural (i.e. SEM) Analysis of WSRC

The Scanning Electron Microscopic (SEM) analysis is performed on the specimen

extracted from drilled cores of WSRC pavement test section. The validation of

uniform dispersion of straw in bulk quantity concrete, in case of WSRC test section,

is intended from SEM analysis. The condition and failure mechanism of straw

in concrete matrix and the straw – concrete bonding is also revealed from this

analysis. The sample is coated with Plasma prior to take SEM images from 10 kV

VEGA3 TESCAN.

6.2.4.3 Pavement Deflection Measurement

Deflection basins of Jointed Plain Concrete Pavement (JPCP) test section and

Jointed Wheat Straw Reinforced Concrete Pavement (JWSRCP) test section is de-

termined experimentally for structural performance evaluation. AASHTO T256 /

ASTM D4695 (Standard Test Methods for General Pavement Deflection Measure-

ments) is adopted for this testing to evaluate the bearing capacity or load carrying

capacity of PC and WSRC pavement test sections. As per this standard, among

four, the non-continuous static device i.e. Benkelman beam apparatus is used

for deflection measurements in JPCP and JWSRCP test sections. The schematic
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Figure 6.7: Core drilling test assembly.

diagram and in placed test assembly of Benkelman beam apparatus are shown in

Figure 6.8.

6.2.4.4 Visual Inspection to Observe Crack Initiation and Propagation

The vigilant visual monitoring is done for observing the phenomenon of cracks

initiation, development and their propagation, under the application of load and

exposure to climatic conditions for 18-months period, in PC and WSRC pavement

test sections. The performance of concrete pavement also depends upon crack

widths and cracks spacings as per AASHTO guide [279]. Accordingly, the cracking

details (i.e. lengths, widths and spacings etc.) are determined by visual monitoring

and inspection as also done by [215, 216]. The PC and WSRC pavement test



Structural Performance of Wheat Straw Reinforced Concrete Pavement 185

Figure 6.8: Benkelman beam apparatus (a) Schematic diagram and (b) In-
placed test assembly.

sections are distributed in small patches by marking grids on them. The measuring

scale/tape and Vernier caliper is used, where required.

6.3 Result Findings

6.3.1 Compressive Properties of Test Sections Cores

6.3.1.1 Compressive Behavior

The compressive stress-strain curves of PC and WSRC drilled cores along with

the tested core specimens are shown in Figure 6.9. Approximately, symmetri-

cal behavior of WSRC core is observed in line with PC core. However, WSRC

depicts more strain capacity in comparison to that of PC as predicted through

the behavior of cylinder specimens in laboratory testing. The dispersed straw in

concrete, here again, play their role in absorbing more energy, compared to PC,

for enhancing strain capability. Also, an overall shift of curves towards right i.e.

increment in strain is observed for both PC and WSRC cores when compared

to the respective curves in case of cylinder specimens. This behavior of WSRC
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showed comparatively tough property which might be achieved through proper

mixing and dispersion of straw, when prepared in bulk quantity. Furthermore, the

tested core specimens of PC and WSRC are shown in Figure 6.9(b). From here,

the reason behind tough behavior of WSRC can be validated as, it is observed

that the tested cores of WSRC shows only cracking once again due to sewing ef-

fect in matrix when straw keep on arresting the cracks even upon application of

maximum stress. This seems to be highly favorable behavior in terms of pave-

ments where micro-cracks occur and propagate rapidly due to the application of

moving loads ultimately results in punch-outs. Similar type of behavior is ob-

served in tested cylinder specimen of WSRC. A relatively more deteriorated side

of tested WSRC core i.e. (top-left corner) is intentionally broken to observe the

straw failure mechanism and its condition, which is shown in superscript of Fig-

ure 6.9(b). There is dominancy of straw pull-out behavior as compared to straw

fracture which results in more strain and energy absorption capability of WSRC.

The pull-out/slippage of straw, instead of fracture, is due to its higher tensile

strength and this phenomenon contributes in enhancing energy absorption capac-

ity of natural fibre reinforced concrete [19, 267]. On the other hand, as expected,

the PC core is crushed and its fragments are broken, however don’t fall due to

test/strain gauge assembly binding, showing the typical brittle behavior of PC.

6.3.1.2 Compressive Strengths, Corresponding Strains, Compressive

Energies Absorption and Compressive Toughness Indices of

Drilled Cores

The compressive properties of cores, drilled during field investigation of PC and

WSRC pavement test sections, are determined experimentally. The definitions and

calculations along with standards for all the studied compressive properties of cores

are same as taken in case of PC and WSRC cylinder specimens. Accordingly, the

σf , εf , Cemf , Cepf , Cef , and CTIf of PC and WSRC cores are given in Table 6.4.

The compressive strengths of cores are usually less than that of respective cylinder

specimens with the same material. Therefore, in line with this, although, the σf

of WSRC core is also decreased here by 5%, as compared to that of PC, however,
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(a)

(b)

Figure 6.9: Compressive behavior (a) Stress – strain curves and (b) tested
specimens of PC and WSRC cores.

this decrement is reduced when compared to that in case of cylinder specimens.

This might be due to better mixing, compaction and proper dispersion of straw

in concrete when mix at a larger scale and consolidated in a proper way. This

improved behavior in case of cores can also be observed in energies absorbed.

The Cemf of WSRC is almost equal to that of PC showing the symmetrical

behavior up to the maximum stress. But later on, as expected, the conventional

PC collapsed immediately after the maximum stress and a sudden fall is observed.

Whereas, in case of WSRC core, 136% more energy is absorbed after maximum

stress as compared to that of PC core. This is even better as compared to that as

observed in cylinder specimens. This results in 34% enhanced energy absorption

capacity of concrete reinforced with dispersed wheat straw as compared to plain

concrete. Ultimately, the CTIf of WSRC core is 38% higher than that of PC
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Table 6.4: Compressive properties of PC and WSRC cores.

Core σf εf Compressive Energies Absorbed CTIf

Specimens Cemc Cepc Cec

(MPa) ×10−2 (kJ/m3) (kJ/m3) (kJ/m3)

(1) (2) (3) (4) (5) (6) (7)

PC 19.8± 0.4 1.5± 0.20 161.8± 6.2 59.1± 1.2 220.8± 7.4 1.37± 0.04

WSRC 18.8± 0.2 1.7± 0.14 156.6± 4.4 139.5± 1.6 296.1± 6.0 1.89± 0.03

core. This toughness factor, when added in slightly declined strength, contributes

a lot in overall performance of structures particularly the pavements. As the rigid

pavements are in dire need of the crack arresting techniques in any case to resist

the initiation and then propagation of cracks.

6.3.2 Micro-structural Analysis

6.3.2.1 SEM Analysis of Straw-concrete Matrix

As shown in Figure 6.9(b), the uniform dispersion of straw in concrete is observed

with the naked eye. In addition, the phenomenon of pulled-out straw (with domi-

nancy) and fractured straw are also observed on the intentionally broken exposed

surface of concrete. To validate these observations and to reveal in-depth failure

mechanism of straw in concrete along-with the straw – matrix bonding, the samples

are taken from tested WSRC drilled cores for the SEM analysis. The SEM images

of straw-concrete matrix are presented in Figure 6.10. Both the straw pulling-out

and fracture mechanisms are explored. In Figure 6.10(a), the resistance of straw

against fracture due to its tensile strength is turning into slippage or pulling-out

of straw from matrix. This phenomenon is observed with dominancy in tested

core specimen. The straw pulling-out mechanism is more favorable in terms of

enhancement in energy absorption and toughness. Furthermore, this resistance of

straw against fracture contributes its major role in arresting the cracks in rigid

pavements before initiation and their propagation under moving loads, once ini-

tiated, as well. On the other hand, equivalent development length of straw or in
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case of more applied stress than straw’s tensile strength, the straw are ruptured.

Relatively less (only a few in number) pulled out cum ruptured straw are also ob-

served on the exposed surface of tested core. The condition of that straw is shown

in Figure 6.10(b). Although, the straw is ruptured at the end, but its condition

shows the resistance which is provided by straw before fracture. This resistance

results in straw fracture in layers, as can be seen in figure, when stress is applied

in the direction of its longitudinal axis. The less occurrence of fractured straw

might also be due to the application of compressive stress, not tensile and flexural

one. However, the validation of uniform dispersion of straw in concrete, when

prepared and laid at such a larger scale, is revealed from both the images. The

dense Interfacial Transition Zone (ITZ) in terms of properly indulged bonding of

straw with the surrounding concrete matrix, can easily be observed (Figure 6.10).

Figure 6.10: SEM images of (a) Pulling-out and (b) Rupture of straw in
concrete.

6.3.3 Deflection Measurements of Test Sections

6.3.3.1 Vehicular Movement on Test Sections in terms of ESAL’s

The pavement test sections are exposed to the repeated movement of heavy traffic

to get an idea regarding fatigue cracking that usually occurs as a result of combina-

tion of material, traffic and environmental factors. As, PC and WSRC pavement
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test sections are constructed in a developing sector with on-going 2− 3 construc-

tion projects of multi-storey buildings. So, these test sections provide give a way

to all the incoming and outgoing traffic/vehicles comprises of various types of civil

engineering construction materials i.e. cement, sand, aggregates, steel, concrete,

bricks etc. All this material is transported on construction site through under

study pavement test sections via wide range of vehicles like dumpers, 10 and 18 –

wheelers, transit mixers etc. The outgoing vehicles are the same as incoming but

without material, as material is dumped on the construction site. Conclusively,

each vehicle provides two passes on both PC and WSRC pavement test sections

(as constructed in series), one loaded and the other is unloaded (Figure C1 in

Annexure C).

The vehicular movement on PC and WSRC pavement test sections, over 18 –

months period, is observed through manual survey with the help of designated staff

at the entry point towards test sections. The details of vehicle types along with the

materials details and their loaded and unloaded passes with respective weights are

given in Table 6.5. However, as per AASHTO design guide for pavements (1993),

to standardize the effect of mix traffic i.e. single, double and tandem axle vehicles

on pavements, the weights of vehicles are converted in to Equivalent Standard

Axle Loads (ESAL’s). Load Equivalency Factors (LEF), as provided by AASHTO

1993 design guide, are used for weight to ESAL conversion.

Accordingly, the considered vehicular loads on Jointed Plain Concrete Pavement

(JPCP) and Jointed Wheat Straw Reinforced Concrete Pavement (JWSRCP) test

sections are converted in Equivalent Standard Axle Loads (ESAL’s) by using Load

Equivalency Factors (LEF) for rigid pavements against the constructed PC and

WSRC layer thicknesses for respective vehicles, as provided in Table D10, Table

D11 and Table D12 of AASHTO 1993 Design Guide for Pavement Structures. The

ESAL’s in case of each loaded and unloaded vehicle and the total ESAL’s, passed

through PC and WSRC test sections over 18 – months period, are also given in

Table 6.5. A total of 2.7×106 ESAL’s are passed over the under studied pavement

test sections in the specified period of 18 – months.
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Table 6.5: Quantification of ESAL’s on PC and WSRC test sections over
18-months period.

Actual Weight ESAL’s

Vehicle Material No. of Loaded Unloaded Loded + Total

Passes Tonne Tonne Unloaded×106

(1) (2) (3) (4) (5) (6) (7)

Transit Mixer Wet Concrete 79 2544 1147 0.66 + 0.03 0.69

Dumper Sand 37 1510 503 0.61 + 0.01 0.61

Aggregates 14 800 191 0.64 + 0.00 0.64

Soil 3 113 41 0.03 + 0.00 0.04

Bedford Truck Bricks 49 1200 667 0.17 + 0.01 0.18

18-Wheeler Steel 16 2380 290 0.52 + 0.00 0.52

10-Wheeler Cement 33 674 450 0.04 + 0.01 0.05

Pickup Scaf./wood 15 38 10 0.00 + 0.00 0.00

Trolley Sand 7 127 48 0.01 + 0.00 0.01

Aggregates 3 75 20 0.01 + 0.00 0.01

Total: 2.7× 106

The LEF for calculations of ESAL’s are taken from Table D10, D11, D12 of AASHTO
1993 pavement design guide.

6.3.3.2 Load Carrying Capacities of PC and WSRC Pavement Test

Sections

As mentioned in previous section, the mixed traffic loading (including multi-axle

loadings) effect on pavements is encountered in terms of Equivalent Standard

Axle Load (ESAL) to be taken as design consideration for pavement. The Load

Equivalency Factor (LEF) is used for calculation of ESAL’s for respective weight-

axle loading combinations. The background of ESALs is encompassed with the

live nature of pavements. As with every pass of each vehicle, the pavement is

deflected up to some extent to bear the load of that particular vehicle in the

form of deflection basin/bowl. After the vehicle is passed, the pavement structure

regains its position but with a little permanent deformation. In this way, every pass

of a vehicle causes a damage to the underlying pavement layer as per its loading

condition. Therefore, the design life of pavements is based on the quantum of
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Figure 6.11: Per pass damaging vehicles with ≥ ESAL on PC and WSRC
pavement test sections.

vehicles pass over it. The higher the number of vehicles passes; the sooner will

be the design life of pavement will come to end. Therefore, the primary design

consideration in case of pavements is associated with ESAL’s. As per standard

definition, the vehicle having one ESAL (i.e. 8.2 tonnes) will cause unit damage

to the pavement per pass. This definition doesn’t mean that one pass of vehicle

having the weight equivalent to double ESAL’s (i.e. 16.4 tonnes) will cause double

damage. Instead, it will cause 16 times more damage than in case of one ESAL;

which basically is calculated from 4-power formula. In this way, each added tonne

of loading greater than the standard axle load will damage the pavement with

4-times more extent than in standard case. Accordingly, among all the vehicles

passed from PC and WSRC test sections, the cumulative vehicles of all types

which are resulting in damaging of test sections, i.e. with at least 8.2 tonne (unit

ESAL) or more, along with their no. of passes are shown in Figure 6.11. It is

observed that concrete transit mixer, dumpers of sand, Bedford (design failure)

trucks with loaded bricks and 18 – wheeler long haul trucks with steel loaded on

them are major damage contributors. However, the damage provided by lighter

weighed vehicles along with un-loaded passes for each vehicle is also accumulated.

In pursuance of structural performance of PC and WSRC pavement test sections,

the deflection measurements are made on both the test sections. The key measure
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for evaluation of pavement’s structural capacity is the deflection [132]. Accord-

ingly, the Benkelman beam (BB) test is performed for the determination of deflec-

tions at several pre-determined points of PC and WSRC pavement test sections.

The deflection measurements are taken at two different stages i.e. one under the

loaded wheel path of specified vehicle/dumper on test section and the other is on

a parallel unloaded portion of same test section. Deflection measurements at five

different points on each test section are calculated with an interval of 1m between

each point. Lever mechanism is followed while measuring deflections through

Benkelman beam upon application of static or creep loading [281]. The BB test

requires a standard temperature of 35◦C for its conduct which is not achievable

all the time. So, to meet this requirement, a temperature correction factor is to be

applied for deflection when measured at other than standard temperature. The 10

– wheeler dumper (loaded with 800 cft aggregates) is used for deflection measure-

ments. The rear axle weight is 40 tonnes having 5.62 kg/cm2 tyre pressure. The

deflection gauge readings and deflections (i.e. Do, Di and Df), mean deflection

(D) at each point, the corrected deflection after temperature correction (Xi), and

mean deflection (µ) of all the 5 points for both PC and WSRC pavement test sec-

tions are given in Table 6.6. All the above-mentioned parameters are also taken

for un-loaded parallel points on both test sections as well for later on calculations

of Load Transfer Efficiency (LTE). It is observed that the WSRC pavement test

section shows slightly more (i.e. 5%) deflection when compared to PC pavement

test section. The more deflection can be attributed towards a number of factors,

including combined effect of reduced thickness and improved toughness, in JWS-

RCP test section. However, the dominant factor, against enhanced toughness,

seems to be the incorporation of uniformly dispersed straw as also reported by

Farooqi and Ali [262]. Whereas, the PC slab/test-section, as expected, shows less

deflection depicting the conventional brittle nature of plain concrete. The deflec-

tion basins/bowls, calculated by BB, of PC and WSRC pavement test sections are

also shown in Figure 6.12 for having a clearer picture of pavement test sections

performance after undergoing 2.7 × 106 ESAL’s in 18 – months period. At the

start and end points, this difference in deflection is less. As at joints, the load
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Figure 6.12: Benkelman beam deflection measurements for PC and WSRC
pavement test sections

might be transferred to other slabs/test sections. However, the mid-span deflec-

tion of both PC and WSRC test sections are showing the true picture of their

behavior with comparatively less brittle behavior in case of WSRC. This tough

cum ductile behavior will ultimately result in enhanced load carrying capacity of

WSRC pavement test section as more energy will be absorbed due to presence of

dispersed straw in concrete and pavement will bear more load without initiation

of any distress/cracking.

6.3.3.3 Load Transfer Efficiency (LTE) of PC and WSRC Pavement

Test Sections

The potential location/point of distress in a jointed plain concrete pavement is the

joint and each and every crack in it. Distresses like punchouts, faulting, corner

breaks etc. are the commonly occurred distresses in this situation.
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Table 6.6: Benkelman beam deflection measurements for PC and WSRC pavement test sections for both loaded and unloaded cases.

Test Location Dial Gauge Deflection (mm) D Temperature Corrected Mean Xi = µ (Xi = µ)2 Standard

Sections No Reading (DGR) =DGR∗Least Count correction Deflection Deflection Deviation

Do Di Df Do Di Df Xi (mm) µ

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

PC 1 10.96 10.91 10.84 0.110 0.109 0.108 0.109 0.03 0.139 0.146 -0.014 0.0002 0.010

Loaded 2 11.30 12.00 11.99 0.113 0.120 0.120 0.118 0.03 0.148 -0.005 0.0000

3 12.49 12.66 12.62 0.125 0.127 0.126 0.126 0.03 0.156 0.003 0.0000

4 11.30 12.00 11.99 0.113 0.120 0.120 0.118 0.03 0.148 -0.005 0.0000

5 11.06 11.01 10.94 0.111 0.110 0.109 0.110 0.03 0.140 -0.013 0.0002

Un- 1 2.63 2.58 2.51 0.026 0.026 0.025 0.026 0.03 0.056 0.062 -0.097 0.009 0.101

Loaded 2 2.54 3.24 3.23 0.025 0.032 0.032 0.030 0.03 0.060 -0.093 0.009

3 4.10 4.04 4.04 0.041 0.040 0.040 0.041 0.03 0.071 -0.082 0.007

4 3.81 3.83 3.81 0.038 0.038 0.038 0.038 0.03 0.068 -0.085 0.007

5 2.78 2.76 2.73 0.028 0.028 0.027 0.028 0.03 0.058 -0.095 0.009

WSRC 1 11.31 11.26 11.19 0.113 0.113 0.112 0.113 0.03 0.143 0.153 -0.010 0.00011 0.010

Loaded 2 12.22 12.92 12.91 0.122 0.129 0.129 0.127 0.03 0.157 0.004 0.00002

3 13.51 13.68 13.64 0.135 0.137 0.136 0.136 0.03 0.166 0.013 0.00018

4 12.51 12.63 12.39 0.125 0.126 0.124 0.125 0.03 0.155 0.002 0.00001

5 11.36 11.34 11.31 0.114 0.113 0.113 0.113 0.03 0.143 -0.009 0.00009

Un- 1 3.98 3.93 3.86 0.040 0.039 0.039 0.039 0.03 0.069 0.076 -0.084 0.007 0.086

Loaded 2 3.89 4.59 4.58 0.039 0.046 0.046 0.044 0.03 0.074 -0.079 0.006

3 5.18 5.35 5.31 0.052 0.054 0.053 0.053 0.03 0.083 -0.070 0.005

4 5.16 5.18 5.16 0.052 0.052 0.052 0.052 0.03 0.082 -0.071 0.005

5 4.13 4.11 4.08 0.041 0.041 0.041 0.041 0.03 0.071 -0.082 0.007
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The excessive loads or poor load design combinations cause the loss of load trans-

ferring at cracks and joints results in further deterioration of these distresses and/or

initiation of additional new cracks/distresses. Therefore, the joints and cracks are

main consideration while designing the rigid pavements [282]. The interlocking of

aggregates in plain concrete provides the load transfer mechanism by resisting the

vertical movement at joints and/or crack openings.

Moreover, this mechanism depends on the quantum of load and its repetitions and

slab thickness. But, the effectiveness of this interlocking is limited to the small

cracks and joints openings. As, greater the distance between opening of joint

and/or cracks, the less will be the contact of surfaces and hence, load efficiency

will be decreased based on the transference of load through shear. Afterwards, to

enhance load transfer ability across joints and cracks in rigid pavements, the usage

of steel dowels, key joints, tie bars and steel plates etc. are also used.

Accordingly, the Load Transfer Efficiency (LTE) for Jointed Plain Concrete Pave-

ment (JPCP) and Jointed Wheat Straw Reinforced Concrete Pavement (JWS-

RCP) test sections, with dowels in both the cases, are also evaluated and are

given in Table 6.7. The loaded and un-loaded corrected deflection measurements,

as provided in Table 6.6, are used for the determination of LTE at each considered

point. The averaged LTE for JPCP and JWSRCP test sections come out to 42.7%

and 49.5%, respectively. The significant increase of 16% in LTE of JWSRCP test

section, in comparison to JPCP test section, is due to the presence of wheat straw

in addition to interlocking aggregates in concrete. The more energy absorption ca-

pability and strain capacity, as reported in previous sections, of WSRC pavement

test section is the reason behind more LTE.

Furthermore, as already discussed, the effectiveness of LTE is reduced rapidly with

every crack occurrence and the severity of cracks, in terms of crack mouth opening,

in each crack. Therefore, the delay in crack initiation and resistance of crack

propagation, due to the crack arresting mechanism provided by the presence of

dispersed straw in concrete, results in comparatively less cracks and with smaller

mouth openings, respectively. As, the load transfer efficiency (LTE) is gained
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Table 6.7: Load Transfer Efficiency (LTE) of PC and WSRC pavement test
sections.

Test Section Corrected Deflections Load Transfer Averaged Load

Efficiency Transfer Efficiency

(LTE) (LTE)

Loaded Unloaded

mm mm % %

(1) (2) (3) (4) (5)

PC 0.139 0.056 40.1 42.7

0.148 0.060 40.7

0.156 0.071 45.3

0.148 0.068 46.2

0.140 0.058 41.1

WSRC 0.143 0.069 48.6 49.5

0.157 0.074 46.9

0.166 0.083 49.8

0.155 0.082 52.6

0.143 0.071 49.6

Figure 6.13: Behavior of (a) JPCP and (b) JWSRCP test sections in terms
of LTE.

through shear, hence, the accomplishment of closer contact between two edges of

surfaces at crack mouth opening is resulted in enhanced load transfer efficiency in

jointed wheat straw reinforced concrete pavement test section. This mechanism of

enhanced Load Transfer Efficiency in Jointed Wheat Straw Reinforced Concrete

Pavement test section in comparison to Jointed Plain Concrete Pavement test

section is shown in Figure 6.13 for having a clearer idea.
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6.3.4 Crack Progression in PC and WSRC Pavement Test

Sections

6.3.4.1 Crack Formation, Propagation and Patterns

The crack width, which leads towards development of punchouts is performance

criterion of rigid pavements as per NCHRP 1-37A. Punchouts are one of the severe

pavement distresses and usually occur as the result of clustered cracks based on

their spacings [216]. The occurrence of cracks, their patterns, their propagation

and finally punch-outs are surveyed, by bifurcation of the PC and WSRC pave-

ment test sections into grids of 1 × 1.1 m2, at 28 days and 6, 12, and 18 months

for observing early-age cracking and long-term cracks progression under the effect

of vehicular movement, respectively. Accordingly, the JPCP and JWSRCP test

sections with grids and their surface conditions at 6-months are shown in Fig-

ure 6.14. The approximate quantification of cracks with minimum and maximum

widths are surveyed at all the considered stages. The clusters of cracks i.e. multi-

ple cracks with ≤ 0.5 m spacing, are also observed. Table 6.8 illustrates the cracks

progression data for JPCP and JWSRCP test sections. The dimensions of cracks

particularly crack widths, at 28-days in JPCP and JWSRCP test sections and at

6-months in JWSRCP section only, are too small to be measured. However, the no.

of cracks along with their lengths and widths are progressed upon application of

vehicular loading with passage of time. But this progression, in case of JWSRCP

test section, is much less as compared to that in JPCP test section. The spacing

in cracks is reduced with passage of time leading towards the formation of clusters

of cracks. These cracks clusters are further progressed towards the development

of punch-outs. The noticeable point here is that the crack openings and lengths

are considerably less in case of JWSRCP test section due to crack arresting by

straw. This phenomenon also results in less no. of cracks and more spacing be-

tween them to have restricted no. of crack clusters. Ultimately, it is found that no

punch-out is developed in JWSRCP test section even after 18-months as compared

to JPCP test section, where 2 punchouts are observed at 6-months (Figure 6.14)
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Figure 6.14: Cracks progression on JPCP and JWSRCP test sections.

which is raised up to 9 no. of punch-outs over 18-months. As also mentioned

in earlier section, this crack arresting by straw in cement concrete proves to be

highly favorable for the rigid pavements as ultimately resulted in enhanced Load

Transfer Efficiency (LTE) of Jointed Wheat Straw Reinforced Concrete Pavement

(JWSRCP) test section.

6.4 Modelling

6.4.1 Reduced Thickness Validation of WSRC Pavement

The compressive strength isn’t the only parameter to gauge the structural per-

formance of any structure, but the contribution of toughness is also there [249,

256, 257]. And, the dispersed straw are added with the intention to enhance
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Table 6.8: Cracks progression and punch-out(s) in JPCP and JWSRCP test
sections over 18-months period.

Test Cracks 28-days 6 12 18

Section Progression Months Months Months

(1) (2) (3) (4) (5) (6)

JPCP Avg. Width (mm) - 0.11 0.14 0.16

Max. Length (m) 0.08 0.18 0.27 0.33

Avg. Spacing (m) 3.6 2.9 2.1 1.1

Cluster (no.) 1 5 12 19

Punch-out (no.) - 2 4 9

JWSRCP Avg. Width (mm) - - 0.09 0.12

Avg. Length (m) 0.03 0.08 0.12 0.19

Avg. Spacing (m) 4.6 4.1 3.3 2.1

Cluster (no.) - - 3 6

Punch-out (no.) - - - -

the toughness of brittle natured conventional concrete pavement, not the strength

[272]. The early-ager development/initiation of micro-cracking in rigid pavement,

which are used to propagate rapidly under the application of loaded vehicular

movement can be reduced with the help of dispersed straw. The straw, with the

crack arresting mechanism, enhances the capacity of matrix to absorb higher en-

ergy. The reduced cracks and less cracks mouth openings will not let loose contact

between the surfaces at edges of the cracks, which ultimately provides more con-

tact area for effective load transfer efficiency of respective slab/panel/pavement, as

load transfers through shear. As already mentioned, that Jointed Plain Concrete

Pavement (JPCP) test section is designed with 25.4 cm thickness as per AASHTO

design equation for rigid pavements (equation 6.1). Whereas, Jointed Wheat Straw

Reinforced Concrete Pavement (JWSRCP) test section has 7% less thickness, as

compared to JPCP test section, as recommended in an earlier study by Farooqi

and Ali [262] via modified design equation for WSRC (equation 6.2). Therefore,

the comparative performance indication of both the test sections is desired for the

validation of modified empirical design equation for WSRC pavements proposed
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by [262] .

Accordingly, for incorporating the toughness consideration in addition to the

strength in the structural integrity of rigid pavements, the formulation of a per-

formance index is done in current study. This performance index is based on the

obtained results of Jointed Wheat Straw Reinforced Concrete Pavement (JWS-

RCP) test section with respect to the controlled results in the case of conventional

Jointed Plain Concrete Pavement (JPCP). The formulated performance index is

as follows:

PIWSRC =
PIσf + PICTIf + PIµ + PIµ′

4
(6.3)

Where:

PIσf =
σfWSRC

σfPC

PICTIf =
CTIfWSRC

CTIfPC

PIµ =
µWSRC

µPC

PIµ′ =
µ′WSRC

µ′PC

It may be noted here, that all the parameters used in equation (6.3) are those

which are obtained during field investigation of JPCP and JWSRCP test sections.

Furthermore, all the considered parameters are indexed with the base i.e. reference

values obtained as the findings of JPCP test section. The WSRC net performance

index is the averaged value of performance indices in terms of field investigated

properties i.e. compressive strength (σf ), compressive toughness index (CTIf ),

mean Benkelman beam deflection in loaded case (µ) and mean Benkelman beam

un-loaded deflection (µ′). The controlled value, as for JPCP test section, is the

unit value. So, the Performance Index (PI) of WSRC is evaluated with respect to

that unit value means the value greater than 1 will be depicting the better per-

formance of WSRC pavement with the extent based on the positive incremental

difference from 1. However, the PI with unit value 1 depicts the same performance
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Table 6.9: Performance index of JPCP and JWSRCP test sections.

Test Considered Obtained Respective Mean

Section Properties Results PI PI

(1) (2) (3) (4) (5)

JPCPref σf (MPa) 19.8 1.00 1.00

(Design thickness CTIf (-) 1.37 1.00

of 25.4cm as µ 0.146 1

per eq. 6.1) µ′ 0.062 1.00

JWSRCP σf (MPa) 18.8 0.95 1.15

(Design thickness CTIf (-) 1.89 1.38

of 23.6cm as µ 0.153 1.05

as per eq. 6.2 by [262]) µ′ 0.076 1.23

level of WSRC as of PC. And the values≤ 1 indicate low performance of WSRC, as

the closer the value to 1 the more will be the comparable performance of WSRC

with PC. The net mean Performance Indices (PI) of JWSRCP test section in

comparison with JPCP test section are given in Table 6.9. Overall, 15% enhanced

performance of JWSRCP test section having 7% less design thickness, with re-

spect to reference JPCP test section, is indicated as per obtained findings. This

enhanced performance of JWSRCP section leads towards validation of modified

design equation (6.2) for WSRC pavements [262].

6.4.2 Empirical Relationship Between Laboratory and Field

Testing for WSRC Pavements

WSRC pavement test section with the optimized straw content (i.e. 1%, as re-

ported by [267]) is constructed along with PC test section to evaluate the compar-

ative performances of both the sections. However, the construction of multiple test

sections to study variable parameters and/or properties of WSRC is not feasible all

the time due to various constraints. So, there is a need to develop a co-relation be-

tween laboratory and field investigation of WSRC with the intention to anticipate
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the performance of WSRC pavements through laboratory testing and findings.

Accordingly, the cylinder specimens are cast at the time of laying of JWSRCP

test section to be examined in laboratory for compressive properties (i.e. σc, εc,

Cemc, Cepc, Cec, and CTIc). Afterwards, the cores are drilled from test sections

and are tested in laboratory in the same manner as for cylinder specimens. The

same compressive properties (i.e. σf , εf , Cemf , Cepf , Cef , and CTIf ) are deter-

mined experimentally. The symmetry in the behaviors of cylinders and cores are

observed but with varied result values. Accordingly, an empirical relation-ship,

based on the obtained results, in the form of equation is developed, in the way

as also reported by [273]. The empirical relation is devised in the current work

by using the experimental data of laboratory and onsite tests by having best fit

curve. By using this curve along with the simplified input coefficient variable, the

numerical prediction of field results, i.e. core compressive strengths (σf ) can be

made from data of laboratory results. The formulated empirical equation is as

follows:

σf = 13 lnσc − 20 (6.4)

Where; σc is the compressive strength values obtained through laboratory testing

and σf is the numerically predicted onsite compressive strength.

By using this equation (6.4), the field values can be extracted through testing

of standard specimens of WSRC with desired variables. These field values then

can be used for the prediction of WSRC pavement performance as per devised

performance index in earlier section.

6.5 Summary

The structural performance of concrete reinforced with plant fibres is evaluated for

rigid pavement applications. The experimental laboratory and field investigations

of Jointed Plain Concrete Pavement (JPCP) and Jointed Wheat Straw Reinforced

Concrete Pavement (JWSRCP), with 1% straw content, test sections are made in
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detail. In-depth crack progression mechanism and straw-concrete bonding in JWS-

RCP test section along with its structural integrity are explored. The conclusions

are as follows:

• The compressive energies absorbed by WSRC cylinder specimens and drilled

cores are significantly enhanced by 50% and 34%, respectively, with 97%

and 136%, respectively, higher energies absorption post the maximum stress

in comparison with PC. However, compressive strengths in case of WSRC

cylinders and cores are slightly declined by 7% and 5%, respectively, when

compared to that of PC.

• The uniform dispersion of straw in concrete, when mixed in bulk quan-

tity and laid with proper compaction, is observed with dominancy of straw

slippage/pull-out mechanism that results in enhanced energy absorption ca-

pacity of WSRC, as revealed by SEM analysis.

• The Benkelman beam deflection measurements show 5% more deflection

in WSRC pavement test section as compared to PC pavement test section

after the application of 2.7× 106 ESAL’s over 18-months period. The more

deflection indicates the tough nature of WSRC which is then resulted in

16% more Load Transfer Efficiency (LTE) of JWSRCP test section, when

compared to that of conventionally brittle JPCP test section.

• The cracks progression mechanism in JWSRCP test section is far less i.e.

the crack widths, lengths and clusters are reduced by 25%, 42%, and 32%,

respectively, with not a single punch-out even after 18-months, than that in

JPCP test section.

• The mean performance index of JWSRCP, having 7% less design thickness

than JPCP, is enhanced up to 15% which shows the comparable structural

performance of WSRC with respect to PC for rigid pavement applications.

WSRC having 1% soaked straw, by mass of wet concrete, is optimized due to better

material properties and admissible durability. The enhanced structural capacity of
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optimized WSRC, in terms of flexural strength, is come out with modified design

equation resulting in 7% less thickness. Consequently, the JWSRCP, constructed

as per modified design, is performed better than that of conventionally designed

PC pavement. Thus, based on the laboratory and field investigation findings in this

doctoral study, Jointed Wheat Straw Reinforced Concrete Pavement (JWSRCP)

is likely to be executed as commercial lane in 12,131 km length of highways,

i.e. 4.6% of Pakistan road network system to accommodate heavy traffic, i.e.

65% of total commercial freight. In this way, the economical and sustainable

development can be achieved in terms of 14% construction cost and 28% CO2e

emissions reduction, respectively. However, the Life Cycle Cost Analysis (LCCA)

and Life Cycle Assessment (LCA), in terms of sustainability (from cradle to grave)

for WSRC pavements are recommended to be explored in detail.



Chapter 7

Conclusions and

Recommendations

7.1 Conclusions

The overall objective of the research program is to provide the economical and

durable design, and construction techniques for new rigid pavements to have im-

proved and better road network. However, this doctoral study has aimed to ex-

plore five correlated tasks. The identification of pavement distresses and quest

for possible remedial measures led towards the exploration of alternative econom-

ical construction material, i.e. natural fibres. Wheat straw are selected to start

with. The optimization, in terms of straw content and treatment technique, is

made for having Wheat Straw Reinforced Concrete (WSRC) with favorable mate-

rial properties. Experimental investigations, under compressive, splitting-tensile

and flexural loadings, are made to evaluate mechanical properties of WSRC with

1%, 2%, and 3% content of soaked, boiled and NaOH treated straw. The residual

behaviors of WSRC matrices are also determined experimentally after exposure to

room, climatic and accelerated ageing conditions for 4 years. The structural ca-

pacity of optimized WSRC with flexural and shear reinforcement is also evaluated

and a modified design equation is proposed for WSRC pavements. The first ever

206
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Jointed WSRC Pavement (JWSRCP) test section is also constructed on the basis

of proposed design for field investigations. The structural performance of JWS-

RCP is evaluated in terms of deflection and in-depth crack progression mechanism

after application of vehicular loading and real climatic conditions. The properties

of Plain Concrete (PC) are taken as reference in all the tasks. Micro-structural

analysis is also performed at all the stages. The findings of conducted research

contribute towards attainment of specific goals of this PhD study.

The summarized conclusions of this doctoral study are as follows:

• The most commonly occurred distresses in rigid pavements of developing

countries are early-age micro cracking and punch-outs. The cracking rate in

concrete pavements are related to multiple factors like differential settlement,

shrinkage, poor resistance against tension and bending. Reinforcement of

concrete with dispersed fibres can enhance the tensile bending performance

of rigid pavements [22, 27, 29].

• Soaked Wheat Straw Reinforced Concrete, having 1% straw content, (SWSRC-

1%) is optimized in terms of enhanced CTI, STI and FTI by 91%, 105% and

92%, respectively, when compared to that of PC.

◦ The changed surface conditions of straw in case of boiling and chemical

treatment are resulted in comparatively less performance of BWSRC

and CWSRC. And, 1% straw, by mass of wet concrete, show better

mechanical properties in comparison with 2% and 3% straw content.

◦ As revealed from SEM, the better bonding of uncracked surfaced soaked

straw with the surrounding matrix is resulted in enhanced properties of

SWSRC. Contrary to this, the boiling and chemical treatment results

in straw damage as revealed by XRD and TGA.

• Likewise, after 4 years, SWSRC-1% is performed better, in terms of enhanced

residual strengths, residual energies absorbed and residual toughness indices,

among all the WSRC matrices.



Conclusions and Recommendations 208

◦ At 4-years age under natural weathering conditions, the CTIr, STIr,

and FTIr of SWSRC-1% are increased by 5%, 27% and 108%, respec-

tively.

◦ Dense interfacial transition zone is observed between straw – matrix

bond at all the three ageing conditions, as revealed by SEM. Soaked

straw is slightly affected by the natural weathering, as extracted from

XRD and TGA patterns.

◦ Performance index for a WSRC structure, under the exposure to open-

air weathering for 20-years, is comparable with that of PC.

• The improved post-cracking behavior, delay in first crack initiation, and

more resistance against crack propagation in case of WSRC is observed,

which is highly favorable for concrete pavements. Based on enhanced flex-

ural strength, a modification in AASHTO design is proposed for WSRC

pavements.

◦ Considerable enhancement of 7.5%, 44.8%, 30.4%, and 11.7% in FS,

FEP, FE, and FTI, respectively, of WSRC with flexural rebars are ob-

served when compared to PC. Accordingly, the moment capacities of

WSRC with flexural and shear rebars also increased up to 2.8% and

2%, respectively, in comparison to PC.

◦ Increase in FS, FEP, FE, and FTI of WSRC with shear steel rebars are

up to 6%, 27%, 30.1%, and 11.2% w.r.t that of respective PC specimens.

Shear capacities of WSRC specimens with flexural and shear rebars are

increased up to 7.3% and 6.3%, respectively.

◦ As per proposed design for WSRC pavements, the slab thickness is

decreased up to 7% for WSRC as compared to PC for same design

considerations. Accordingly, the construction cost and CO2e emissions

are also reduced by 14% and 28%, respectively, as compared to PC.

• The mean performance index of JWSRCP, having 7% less design thickness

than JPCP, is enhanced up to 15%, which shows the comparable structural

performance of WSRC with respect to PC for rigid pavement applications.
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◦ The Cec and Cef of WSRC are significantly increased by 50% and 34%,

respectively, with 97% and 136% higher Cepc and Cepf , respectively,

in comparison with PC.

◦ As per Benkelman beam apparatus testing, µ in JWSRCP is 5% more

than that in JPCP after the application of 2.7 × 106 ESAL’s over 18-

months period. The higher µ is further resulted in 16% more LTE of

JWSRCP.

◦ As far as the crack progression mechanism in JWSRCP test section is

concerned, the crack widths, lengths and clusters are shrunk by 25%,

42%, and 32%, respectively, with not a single punch-out even after

18-months, w.r.t JPCP test section.

Hence, based on the laboratory and field investigation findings in this doctoral

study, Jointed Wheat Straw Reinforced Concrete Pavement (JWSRCP) is likely to

have the potential as dedicated additional lane in 12,131 km length of highways, i.e.

4.6% of Pakistan road network system, to accommodate heavy traffic, i.e. 65% of

total commercial freight. In this way, the economical and sustainable development

of rigid pavements can be achieved in terms of 14% less construction cost and 28%

less CO2e emissions, respectively.

7.2 Recommendations for Future Research

There is always an open way to explore multiple horizons in never ending research

process. The same is at the end of this particular research step, i.e. this doctoral

study. There are various gaps to be explored for the sustainable development

of rigid pavements by using the locally and abundantly available natural fibres.

Accordingly, the future recommendations are summarized as follows:

• The behavior of continuous wheat straw reinforced concrete pavement should

also be evaluated under real traffic and climatic conditions (keeping in mind

moisture infiltration factor).
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• The Life Cycle Cost Analysis (LCCA) of wheat straw reinforced concrete

pavement, by including the processing and transportation of wheat straw as

well, should also be done to explore the economic aspect of its utilization as

a product.

• For the sustainable development, the Life Cycle Assessment (LCA), from

cradle to grave, of wheat straw reinforced concrete pavement should also be

performed in detail.

• In addition, straw pre-treatment techniques, in terms of enhancing durabilty,

should also be explored to have more optimized matrix.

• In parallel, the potential of other locally available natural/agricultural/plant

fibres (i.e. rice straw and sugar-cane bagasse) for the possible use as an

alternative civil engineering construction material should also be explored

with intention to have sustainable development.

• The combination of all the three available natural fibres to be incorporated

in cementitious composites would also be an interesting study.



Bibliography

[1] J. E. Hiller and J. R. Roesler, “Determination of critical concrete pavement

fatigue damage locations using influence lines,” Journal of Transportation

Engineering, vol. 131, no. 8, pp. 599–607, 2005.

[2] J. P. Romualdi and G. B. Batson, “Mechanics of crack arrest in concrete,”

Journal of Engineering Mechanics, vol. 89, 1963.

[3] J. P. Romualdi and J. A. Mandel, “Tensile strength of concrete affected

by uniformly distributed and closely spaced short lengths of wire reinforce-

ment,” Journal Proceedings, vol. 61, no. 6, pp. 657–672, 1964.

[4] H. W. Reinhardt and A. E. Naaman, “High performance fibre reinforced ce-

ment composites,” Mains Germany: Third International RILEM Workshop,

1999.

[5] A. Bentur and S. Mindess, “Fiber reinforced cementitious composites,” Mod-

ern concrete technology series: Taylor and Francis, Second Edition., 2007.

[6] E. Erdogmus, “Use of fiber-reinforced cements in masonry construction and

structural rehabilitation,” Fibers, vol. 3, no. 1, pp. 41–63, 2015.

[7] J. Perez-Garcia, B. Lippke, D. Briggs, J. B. Wilson, J. Bowyer, and J. Meil,

“The environmental performance of renewable building materials in the con-

text of residential construction,” Wood and Fiber Science, vol. 37, pp. 3–17,

2007.

211



Bibliography 212

[8] A. Hassan, M. Arif, and M. Shariq, “A review of properties and behaviour

of reinforced geopolymer concrete structural elements-a clean technology op-

tion for sustainable development,” Journal of Cleaner Production, pp. 118–

762, 2019.

[9] D. Qian, R. Yu, Z. Shui, Y. Sun, C. Jiang, F. Zhou, and Y. He, “A novel

development of green ultra-high-performance concrete (UHPC) based on ap-

propriate application of recycled cementitious material,” Journal of Cleaner

Production, pp. 121–231, 2020.

[10] V. Jittin, A. Bahurudeen, and S. D. Ajinkya, “Utilisation of rice husk ash for

cleaner production of different construction products,” Journal of Cleaner

Production, pp. 121–578, 2020.

[11] G. Ramakrishna and T. Sundararajan, “Studies on the durability of natural

fibres and the effect of corroded fibres on the strength of mortar,” Cement

and Concrete Composites, vol. 27, no. 5, pp. 575–582, 2005.

[12] P. Paramasivam, G. K. Nathan, and N. D. Gupta, “Coconut fibre rein-

forced corrugated slabs,” International Journal of Cement Composites and

Lightweight Concrete, vol. 6, no. 1, pp. 19–27, 1984.

[13] K. G. Satyanarayana, K. Sukumaran, P. S. Mukherjee, C. Pavithran, and

S. G. K. Pillai, “Natural fibre-polymer composites,” Cement and Concrete

composites, vol. 12, no. 2, pp. 117–136, 1990.

[14] V. Agopyan, H. Savastano, V. M. John, and M. A. Cincotto, “Developments

on vegetable fibre–cement based materials in são paulo, brazil: an overview,”

Cement and Concrete Composites, vol. 27, no. 5, pp. 527–536, 2005.

[15] R. D. T. Filho, L. Ghavami, G. L. England, and K. Scrivener, “Development

of vegetable fibre–mortar composites of improved durability,” Cement and

Concrete Composites, vol. 25, no. 2, pp. 185–196, 2003.



Bibliography 213

[16] Z. Li, L. L. Wang, and X. A. Wang, “Cement composites reinforced with

surface modified coir fibers,” Journal of composite materials, vol. 41, no. 12,

pp. 1445–1457, 2007.

[17] S. S. Munawar, K. Umemura, and S. Kawai, “Characterization of the mor-

phological, physical, and mechanical properties of seven nonwood plant fiber

bundles,” Journal of Wood Science, vol. 53, no. 2, pp. 108–113, 2007.

[18] I. Merta and E. K. Tschegg, “Fracture energy of natural fibre reinforced

concrete,” Construction and Building Materials, vol. 40, pp. 991–997, 2013.

[19] M. Ali, “Use of coconut fibre reinforced concrete and coconut-fibre ropes for

seismic-resistant construction,” Materiales de Construcción, vol. 73, 2016.

[20] V. Ramakrishnan, G. Y. Wu, and G. Hosalli, “Flexural fatigue strength,

endurance limit, and impact strength of fiber reinforced concretes,” Trans-

portation Research Record, pp. 12–26, 1989.

[21] C. Achilleos, D. Hadjimitsis, K. Neocleous, K. Pilakoutas, P. O. Neophytou,

and S. S. Kallis, “Proportioning of steel fibre reinforced concrete mixes for

pavement construction and their impact on environment and cost,” Sustain-

ability, vol. 3, no. 7, pp. 965–983, 2011.

[22] S. Gupta, V. K. Rao, and J. Sengupta, “Evaluation of polyester fiber rein-

forced concrete for use in cement concrete pavement works,” Road Materials

and Pavement Design, vol. 9, no. 3, pp. 441–461, 2011.

[23] A. G. Graeff, K. Pilakoutas, K. Neocleous, and M. V. N. Peres, “Fatigue

resistance and cracking mechanism of concrete pavements reinforced with

recycled steel fibres recovered from post-consumer tyres,” Engineering Struc-

tures, vol. 45, pp. 385–395, 2012.

[24] N. Salemi and K. Behfarnia, “Effect of nano-particles on durability of fiber-

reinforced concrete pavement,” Construction and Building Materials, vol. 48,

pp. 934–941, 2013.



Bibliography 214

[25] A. Rai and D. Y. Joshi, “Applications and properties of fibre reinforced

concrete,” International Journal of Engineering Research and Applications,

vol. 4, no. 5, pp. 123–131, 2014.

[26] D. Sinha, C. B. Mishra, and R. V. Solanki, “Comparison of normal concrete

pavement with steel fiber reinforced concrete pavement,” Indian Journal of

Applied Research, vol. 4, no. 8, pp. 233–235, 2014.

[27] S. A. Kanalli, R. Palankar, B. Kumar, P. Kumar, and P. SK, “Compara-

tive study of polymer fibre reinforced concrete with conventional concrete

pavement. IJRET:,” International Journal of Research in Engineering and

Technology-ISSN, pp. 1163–2319, 2014.

[28] K. K. Paramod, A. K. Desai, Shivamanth, and R. B. Shrikant, “Steel fiber

reinforced concrete pavement: A review.,” International Journal for Inno-

vative Research in Science and Technology, vol. 10, no. 1, pp. 275–276, 2015.

[29] P. R. Kumar, S. Vijaybaskaran, R. PrasannaVenkatesh, S. V. Saravan-

namoorth, and M. Srinath, “Effect of steel and polypropylene fibres on the

strength characteristics of a cement concrete overlay,” International Journal

of ChemTech Research, vol. 6, no. 8, pp. 621–627, 2015.

[30] M. Shamsaei, I. Aghayan, and K. A. Kazemi, “Experimental investigation

of using cross-linked polyethylene waste as aggregate in roller compacted

concrete pavement,” Journal of Cleaner Production, vol. 165, pp. 290–297,

2017.

[31] A. Sassani, A. Arabzadeh, H. Ceylan, S. Kim, S. S. Sadati, K. Gopalakrish-

nan, and H. Abduallah, “Carbon fiber-based electrically conductive concrete

for salt-free deicing of pavements,” Journal of Cleaner Production, vol. 203,

pp. 799–809, 2018.

[32] E. Khankhaje, M. Rafieizonooz, M. R. Salim, R. Khan, J. Mirza, and H. C.

Siong, “Sustainable clean pervious concrete pavement production incorpo-

rating palm oil fuel ash as cement replacement,” Journal of Cleaner Produc-

tion, vol. 172, pp. 1476–1485, 2018.



Bibliography 215

[33] A. Alsaif, R. Garcia, F. P. Figueiredo, K. Neocleous, A. Christofe,

M. Guadagnini, and K. Pilakoutas, “Fatigue performance of flexible steel

fibre reinforced rubberised concrete pavements,” Engineering Structures,

vol. 193, pp. 170–183, 2019.

[34] J. Chen, R. Chuu, H. Wang, L. Zhang, X. Chen, and Y. Du, “Alleviating

urban heat island effect using high-conductivity permeable concrete pave-

ment,” Journal of Cleaner Production, vol. 237, pp. 117–722, 2019.

[35] R. Chan, M. A. Santana, A. M. Oda, R. C. Paniguel, L. B. Vieira, A. D.

Figueiredo, and I. Galobardes, “Analysis of potential use of fibre reinforced

recycled aggregate concrete for sustainable pavements,” Journal of Cleaner

Production, vol. 218, pp. 183–191, 2019.

[36] E. J. Elizondo-Mart́ınez, V. C. Andrés-Valeri, J. Rodŕıguez-Hernández, and
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Figure A1: Specimens at different stages; (a) fresh state tests and moulding, (b) ageing conditions, (c) hardened state tests 
and (d) just before testing Figure A1: Specimens at different stages; (a) fresh state tests and moulding,

(b) ageing conditions, (c) hardened state tests and (d) just before testing.
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Table B1: Monthly-average climatic data of Islamabad, Pakistan (January 2016 - December 2019).

Month (s)

Year - 2016 Year - 2017 Year - 2018 Year- 2019

Temperature
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Temperature
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Temperature
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Temperature

H
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(◦C) (%) (mm) (◦C) (%) (mm) (◦C) (%) (mm) (◦C) (%) (mm)

Low High Mean Mean Mean Low High Mean Mean Mean Low High Mean Mean Mean Low High Mean Mean Mean

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21)

January 8 19 12 33 7.26 8 16 11 47 52.35 8 19 12 27 0.65 9 17 13 42 77.8

February 10 22 15 31 10.95 10 21 15 40 18.67 11 21 15 38 24.36 10 18 15 54 156.2

March 14 24 19 46 87.93 13 25 18 36 22.51 15 26 20 38 11.45 13 23 20 48 110.5

April 18 31 24.5 33 23.15 19 33 26 29 40.04 18 30 24 36 39.66 21 32 30 36 57.9

May 24 37 30.5 24 15.1 25 37 31 25 9.8 23 35 30 25 11.56 25 36 34 26 35.7

June 29 40 34.5 26 10.19 27 38 32.5 31 26.71 29 38 34 29 26.88 29 41 38 24 28.9

July 18 37 33 45 72.03 28 37 32.5 45 39.55 28 36 32 48 107.13 30 38 36 45 257.1

August 27 36 31.5 43 27.82 27 36 31.5 46 44.42 27 35 31 55 62.1 17 36 33 59 323.7

September 25 36 30.5 37 10 24 34 28 39 11.03 24 33 28.5 47 27.77 25 32 34 52 157

October 20 32 26 21 0.83 19 31 24 24 0.12 23 31 28 28 4.1 21 28 30 41 52.3

November 14 27 19 18 0.52 14 24 18 26 2.12 17 25 22 28 17.6 15 21 24 46 55.2

December 11 24 15 18 0.35 10 20 14 29 16.75 12 21 16 24 2.9 10 20 16 37 33.4

Yearly Average 18.2 30.4 24.2 31.3 22.2 18.7 29.3 23.5 34.8 23.7 19.6 29.2 24.4 35.3 28.0 18.8 28.5 26.9 42.5 112.1

Std. Dev. 7.0 7.0 10.2 10.1 28.5 7.5 7.7 7.9 8.5 17.1 7.1 6.6 7.3 10.2 30.4 7.5 8.4 8.9 10.6 95.2
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Table B2: Residual compressive properties (i.e. σr, Cer and CTIr) of SWSRC at 4-years age.

Properties
Room conditions Climatic conditions Alternate wetting and drying

SWSRC-1% SWSRC-2% SWSRC-3% SWSRC-1% SWSRC-2% SWSRC-3% SWSRC-1% SWSRC-2% SWSRC-3%

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

σr

(MPa)
- 16.3±0.4 15.6±0.6 - 12.9±0.2 10.9±0.5 - 8.4±0.2 6.2±0.7

Cer

(kJ/m3)
- 4602±17 2925±20 - 1879±16 3099±23 - 2528±26 1803±33

CTIr

(-)
- 1.14±0.05 1.90±0.08 - 1.37±0.07 1.18±0.13 - 2.45±0.11 1.99±0.09

Table B3: Residual compressive properties (i.e. σr, Cer and CTIr) of BWSRC at 4-years age.

Properties
Room conditions Climatic conditions Alternate wetting and drying

BWSRC-1% BWSRC-2% BWSRC-3% BWSRC-1% BWSRC-2% BWSRC-3% BWSRC-1% BWSRC-2% BWSRC-3%

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

σr

(MPa)
16.1±0.2 16.0±0.1 13.8±0.5 13.1±0.3 12.8±0.2 10.2±0.8 8.0±0.6 5.2±0.4 4.8±0.4

Cer

(kJ/m3)
3053±34 3933±37 3584±41 2738±19 3424±26 1409±13 1370±28 717±11 762±15

CTIr

(-)
1.28±0.06 2.00±0.03 1.52±0.04 1.14±0.05 1.49±0.08 1.45±0.06 1.51±0.04 1.51±0.07 1.18±0.09
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Table B4: Residual compressive properties (i.e. σr, Cer and CTIr) of CWSRC at 4-years age.

Properties
Room conditions Climatic conditions Alternate wetting and drying

CWSRC-1% CWSRC-2% CWSRC-3% CWSRC-1% CWSRC-2% CWSRC-3% CWSRC-1% CWSRC-2% CWSRC-3%

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

σr

(MPa)
14.1±0.4 13.0±0.3 10.7±0.6 10.6±0.5 10.0±0.2 9.0±0.8 7.2±0.7 4.9±0.5 3.8±0.6

Cer

(kJ/m3)
2978±29 3565±22 2129±31 1193±17 1656±20 1267±33 1691±19 1076±13 535±16

CTIr

(-)
1.22±0.01 1.55±0.04 1.18±0.06 1.13±0.03 1.41±0.08 1.04±0.06 1.50±0.11 1.42±0.09 1.02±0.16

Table B5: Residual splitting-tensile properties (i.e. SSr, Ser and STIr) of SWSRC - at 4-years age.

Properties
Room conditions Climatic conditions Alternate wetting and drying

SWSRC-1% SWSRC-2% SWSRC-3% SWSRC-1% SWSRC-2% SWSRC-3% SWSRC-1% SWSRC-2% SWSRC-3%

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

SSr

(MPa)
- 1.30±0.08 1.18±0.05 - 1.25±0.03 1.18±0.02 - 1.08±0.11 0.83±0.08

Ser

(J)
- 87.9±2.6 81.0±3.9 - 85.2±4.3 71.5±3.3 - 61.8±3.5 45.6±4.2

STIr

(-)
- 1.93±0.04 1.30±0.05 - 1.26±0.07 1.16±0.02 - 1.35±0.06 1.30±0.07
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Table B6: Residual splitting-tensile properties (i.e. SSr, Ser and STIr) of BWSRC at 4-years age.

Properties
Room conditions Climatic conditions Alternate wetting and drying

BWSRC-1% BWSRC-2% BWSRC-3% BWSRC-1% BWSRC-2% BWSRC-3% BWSRC-1% BWSRC-2% BWSRC-3%

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

SSr

(MPa)
1.44±0.06 1.21±0.09 1.02±0.05 1.20±0.01 1.20±0.02 0.91±0.06 1.07±0.05 0.95±0.06 0.62±0.09

Ser

(J)
73.1±2.2 77.6±3.0 60.5±1.8 91.6±0.8 81.1±1.0 60.4±2.5 81.5±2.3 73.0±2.6 51.7±3.3

STIr

(-)
1.85±0.08 1.78±0.10 1.50±0.09 1.48±0.04 1.21±0.06 1.20±0.08 1.34±0.07 1.42±0.08 1.20±0.10

Table B7: Residual splitting-tensile properties (i.e. SSr, Ser and STIr) of CWSRC at 4-years age.

Properties
Room conditions Climatic conditions Alternate wetting and drying

CWSRC-1% CWSRC-2% CWSRC-3% CWSRC-1% CWSRC-2% CWSRC-3% CWSRC-1% CWSRC-2% CWSRC-3%

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

SSr

(MPa)
1.16±0.08 1.01±0.10 0.90±0.05 1.02±0.06 0.83±0.03 0.72±0.08 0.91±0.09 0.76±0.04 0.47±0.05

Ser

(J)
58.5±3.0 62.3±3.8 45.3±2.5 66.9±2.7 52.4±1.2 42.6±3.1 79.6±3.6 49.5±1.9 27.9±2.2

STIr

(-)
1.71±0.10 1.69±0.01 1.52±0.03 1.39±0.05 1.37±0.7 1.33±0.06 1.30±0.05 1.43±0.06 1.25±0.09
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Table B8: Residual flexural properties (i.e. MoRr, Fer and FTIr) of SWSRC at 4-years age.

Properties
Room conditions Climatic conditions Alternate wetting and drying

SWSRC-1% SWSRC-2% SWSRC-3% SWSRC-1% SWSRC-2% SWSRC-3% SWSRC-1% SWSRC-2% SWSRC-3%

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

MoRr

(MPa)
- 6.65±0.06 4.58±0.03 - 5.10±0.04 4.04±0.08 - 3.26±0.13 2.65±0.10

Fer

(J)
- 21.2±1.2 15.8±0.6 - 15.5±0.8 12.2±1.6 - 10.6±2.6 9.4±2.0

FTIr

(-)
- 1.74±0.02 1.99±0.04 - 1.64±0.05 1.58±0.06 - 1.47±0.09 1.08±0.10

Table B9: Residual flexural properties (i.e. MoRr, Fer and FTIr) of BWSRC at 4-years age.

Properties
Room conditions Climatic conditions Alternate wetting and drying

BWSRC-1% BWSRC-2% BWSRC-3% BWSRC-1% BWSRC-2% BWSRC-3% BWSRC-1% BWSRC-2% BWSRC-3%

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

MoRr

(MPa)
6.31±0.05 5.67±0.03 4.60±0.08 5.73±0.04 4.85±0.07 4.36±0.09 3.66±0.06 3.00±0.09 2.48±0.10

Fer

(J)
26.9±1.2 21.8±0.6 17.2±1.6 17.4±1.0 14.9±1.4 12.1±2.0 12.3±1.3 9.4±2.1 6.1±3.0

FTIr

(-)
1.74±0.06 1.71±0.02 1.50±0.07 1.43±0.05 1.73±0.05 1.37±0.07 1.22±0.05 1.34±0.10 1.01±0.12
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Table B10: Residual flexural properties (i.e. MoRr, Fer and FTIr) of CWSRC at 4-years age.

Properties
Room conditions Climatic conditions Alternate wetting and drying

CWSRC-1% CWSRC-2% CWSRC-3% CWSRC-1% CWSRC-2% CWSRC-3% CWSRC-1% CWSRC-2% CWSRC-3%

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

MoRr

(MPa)
5.25±0.04 4.72±0.08 3.18±0.06 4.78±0.07 4.20±0.09 2.91±0.11 2.83±0.03 2.45±0.06 2.10±0.08

Fer

(J)
21.8±0.8 18.5±1.6 9.2±1.1 14.6±1.4 14.0±1.9 9.7±3.5 7.3±0.6 6.9±1.5 5.9±2.0

FTIr

(-)
1.67±0.03 1.54±0.06 1.34±0.04 1.80±0.06 1.55±0.08 1.47±0.08 1.77±0.02 1.56±0.06 1.43±0.07
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 Figure B1: Tested cylinder specimens of SWSRC-2-3%, BWSRC-1-3% and CWSRC-1-3% under compressive loading after 4-years
ageing under (a) room conditions, (b) climatic conditions, and (c) alternate wetting and drying conditions.
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 Figure B2: Tested cylinder specimens of SWSRC-2-3%, BWSRC-1-3% and CWSRC-1-3% under splitting-tensile loading after 4-years
ageing under (a) room conditions, (b) climatic conditions, and (c) alternate wetting and drying conditions.
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Figure B3: Tested specimens of SWSRC-1-3%, BWSRC-1-3% and CWSRC-
1-3% under flexural loading after 4-years ageing under (a) room conditions, (b)

climatic conditions, and (c) alternate wetting and drying conditions.
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Figure C1: Trip cycles of heavy commercial vehcials to and from construction site through PC and JWSRCP test sections.
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