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20.1 Introduction

Nowadays, there is an emerging demand to upgrade the existing infrastructures all over
the world. These are due to upgrade of design codes, mistakes in design calculation,
improper detailing of shear reinforcement, construction errors or poor construction prac-
tices, insufficient shear reinforcement or reduction in steel area due to corrosion in the
service environment. Since replacement for such deficient structures requires a huge
amount of money and time, strengthening is the most acceptable way to rehabilitate
those structures to increase their load carrying capacity and extend their service life.

Another drive towards upgrading the building and construction infrastructure is to
improve the existing sustainability performances. Du Plessis (2007) stated that sustain-
able construction relates to the development and proper management of a healthy built
environment with efficient use of resources based on ecological principles. Based on
the LafargeHolcim (2016) Foundation report, as the total urban world population
growth is nearing one million inhabitants per week, sustainable performance in the
construction industry needs to be quickly addressed to cater for the increasing demand.
Among the areas highlighted in a similar report for a greater sustainability effort in the
construction industry included the design and management of buildings, material per-
formance, construction technology and processes, energy and resource efficiency in
building and operation and maintenance.

Apart from increasing demand due to the boost in the world population, the build-
ing and construction industry also plays a major stake in the total world energy usage.
It is reported that the building lifecycle in the United Kingdom, which covers construc-
tion, operation and demolition consumed approximately 40% of the nation total energy
use, which in consequence causes high emission pollution (Alwan et al., 2016). Else-
where, the construction industry in China is reported to consume nearly 793.74 million
tons of coal in 2007 alone, which contributes to approximately 29.6% of the nation’s
total energy consumption. The value significantly showed that the construction indus-
try is an energy-intensive industry, which plays a vital role towards the need for a more
efficient and sustainable use of energy (Hong et al., 2016).
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In conjunction to the material performance area, traditional engineering materials
such as concrete and steel are often applied in the building and construction industry
due to good mechanical properties and high reliability performances. However, due to
the increasing environmental awareness by consumers, new alternative materials,
which have higher recyclability, biodegradability and renewability impacts are intro-
duced to substitute, either partially or entirely, the conventional materials. The use
of steel as the reinforcement agent for structural applications is also being reduced
in order to cater the depleting raw material source and high energy consumption during
product manufacturing and waste management processes, which affect the stability of
the raw material cost in the market and consequently impact the overall building and
construction cost (Yahya et al., 2016).

Based on the aforementioned scenarios, many efforts have been made to increase
the sustainability performance of current building and construction operations. One
of the efforts is in term design of new construction structures using renewable and
recyclable raw materials as a substitution to the current conventional construction
materials. Within the pool of alternative materials being explored, natural fibre com-
posites (NFCs) are among the candidate materials, which have sparked a high potential
for many construction applications such as for the design of beams, door panels,
decking, railing and window frames. Several notable advantages of NFCs for construc-
tion application is low raw material cost, low energy intensity requirement during
manufacturing and high environmental friendly characteristics (such as renewable,
recyclable and biodegradable) (Dittenber and GangaRao, 2012). In addition, the use
of NFCs also offers additional low health side effects during use as compared to glass
fibre, which is often linked with skin irritations and respiratory complications (Ardente
et al., 2008).

Moreover the push towards improving the sustainability performance of buildings
is also in action through the application of environmental conscious design methods.
This can be observed through the introduction of many design guidelines and assess-
ment methodologies for green buildings, such as the United States Leadership in
Energy and Environmental Design (LEED) method, Canadian Building and Environ-
mental Performance Assessment Criteria and Japanese Comprehensive Assessment
System for Building Environmental Efficiency (Franzoni, 2011). In addition, new
design methodologies, which resulted in the integration of conventional design
guidelines and assessment methodologies, were also formed to further enhance the
design process of green buildings throughout the planning, analysis and execution
phases. Among the examples is the development of integrated Building Information
Modeling (BIM) and LEED framework, which enabled design assistance and certifi-
cation management processes to be performed concurrently (Wu and Issa, 2010).
Furthermore, enhancement of the BIM-LEED method was also proposed through
the integration of the cost estimation function to the existing design model, which is
reportedly able to provide a more holistic approach in the conceptual design of the
green building to designers and clients. The cost estimation function allowed the pre-
diction of cost to obtain the green building certification, in addition to the information
of the planned building rating performance prior to the actual construction process
(Jalaei and Jrade, 2015).
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Thus in this chapter, focus is given towards realizing a higher sustainability perfor-
mance of current building and construction industry practices through design practices.
Among the topics included are an overview of NFC design practices for sustainable
construction and a new design model for shear strengthening of reinforced concrete
(RC) beams using NFC. In addition, to demonstrate the applicability of the new pro-
posed design model, a case study on the design of kenaf fibre reinforced polymer com-
posites (KFRP) is also included at the end of this chapter for the shear strengthening of
RC beams.

20.2 Overview of natural fibre composite applications
for sustainable construction

The application of NFCs for sustainable construction was dated since 4000 BC by the
Egyptian civilization through the use of straw as a reinforcement agent in clay bricks
for housing development purposes. The combination of straw and clay to form the
brick demonstrates the early application of composite materials made from natural re-
sources, which was reportedly able to lower the building material cost as well as in-
crease the structural performance of the material (Mansour et al., 2007). The use of
natural fibre for mud brick building materials such as straw and coconut coir were
also reportedly able to increase the initial conventional mud brick compressive
strength and thermal insulation properties, as well as reduce the conventional mud
brick weight (Khedari et al., 2005; Binici et al., 2005).

A good thermal insulation property using NFCs was also reported by Khedari et al.
(2004). In their study, three types of NFCs were applied to produce low thermal con-
ductivity particleboard products using durian peel fibres, coconut coir fibres and hybrid
durian peel/coconut fibres. The feasibility of using the NFC materials was able to
conserve energy usage when applied as insulating materials for wall and ceiling sec-
tions inside the building. Furthermore, they also point out that the NFC particleboards
can also be used as furniture material, which increases the diversity of application of
the NFCs towards higher usage of agricultural waste. Elsewhere, Binici et al. (2014)
reported similar thermal insulation building material applications using NFCs. In their
report, two types of natural fibres were used, which are sunflower stalks and cotton
textile waste, to form the NFC materials, while epoxy resin was applied as the matrix
material. Both NFC insulation materials showed acceptable mechanical and thermal
performance, which successfully satisfied the Turkish TS 805 EN 601 insulation ma-
terial application standard. The NFC developed also reportedly contributed to reducing
agrowaste scenarios for the country.

Besides that, feasibility on the application of NFCs for building and residential
structural flooring materials was also investigated. Burgueno et al. (2004) reported
the production of cellular beams and panels made from hemp/unsaturated polyester
composites and flex/unsaturated polyester composites. Their study revealed that
both NFC materials showed equal performance in terms of allowable pressure load
for flooring applications compared to commercial grade flooring materials. Moreover,



514 Advanced High Strength Natural Fibre Composites in Construction

Burgueno et al. (2005), in another report, showed that the use of hybrid NFCs was also
able to further enhance the structural properties of cellular plate products for housing
panel applications. The hybrid NFC cellular plate was fabricated from short hemp
fibres as sandwich plate core material, while jute fibres in a mat form as the outer
and inner skin of the sandwich plate structure. Mechanical characterization results
showed that the hybrid natural fibre reinforced unsaturated polyester composite
cellular plate has a higher modulus of elasticity value as compared to E-glass fibre rein-
forced unsaturated polyester composites. In addition to that, Li and Xian (2012) also
reported on the application of unidirectional hemp reinforced epoxy composites for
civil structural beam products. In their report, an NFC beam prepared using a prior
mercerization process to the hemp fibres was able to increase the flexural strength
and flexural modulus of the composite materials.

Among the many applications of NFC for building and construction, based on a
literature review, concrete is the type of product most heavily associated with NFC.
In general, concrete is the most applied building material in the construction industry
due to its superior mechanical and physical properties, which enable it to handle very
high compressive loads, while at the same time offer advantages such as great flexi-
bility to be manufactured in many geometrical shapes, incombustible, affordable
and highly available source of material (Aprianti et al., 2015). Concrete is produced
through the combination of three main constituents, which are cement, water and ag-
gregates (in both fine and coarse forms). Despite the advantages, conventional concrete
materials also have significant drawbacks in terms of negative environmental impacts,
such as high carbon dioxide (CO;) emission release during the manufacturing stage
and high energy consumption (Mo et al., 2016). Therefore in order to cater the limita-
tion, many studies have been made to incorporate natural fibres as a filler material to
the cement, a replacement for the aggregates and as a reinforcement to the concrete.
The role of natural fibres as supplementary cementitious materials is to reduce the Port-
land cement volume in forming the concrete, which helps to reduce the overall con-
crete cost and decrease CO, emissions. On the other hand, the use of natural fibres
also improved the ductility, toughness and impact resistance of the concrete when
used as reinforcement materials through reducing the brittleness of the cement
(Onuaguluchi and Banthia, 2016). Various sources of natural fibres are investigated
as alternative materials in concrete formulation, which can be grouped into two cate-
gories: those from farming or agriculture waste and those from commodity crops.
Examples of the agriculture waste type of natural fibres, which have been applied to
formulate green concretes and other building materials, are coconut coir, rice husk,
palm oil fuel ash, bagasse, wood chips, bamboo leaf ash, banana, wheat straw, barley
straw and sisal; while natural fibre resources from commodity crops used in similar
green concrete applications are kenaf, jute and hemp plants (Pacheco-Torgal and Jalali,
2011; Senaratne et al., 2016; Yan et al., 2016).

As shown in earlier examples, there are many utilizations of NFCs in sustainable
construction applications. It should be noted that the process of converting the raw ma-
terial into a successful product in not a trivial task and involves various stages along
the whole product development process. Based on the Pugh Total Design method, the
development process of any product can be summarized into six main stages, which
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are market analysis, development of design requirements in the form of product design
specifications, conceptual design, detail design, product manufacturing and finally
sales of the finished product (Pugh, 1991). During the conceptual design stage of
the product, the material selection process is performed to define the appropriate
type of material which can be used to construct the product. In a sustainable construc-
tion point of view, decision making on the best type of material need to be systemat-
ically and scientifically conducted for specific building and applications, so the final
candidate material will be able to deliver the expected performance in term of product
functionality and safety, while at the same time providing the best environmental per-
formance in terms of lower greenhouse gas emissions and energy usage (Gonzalez and
Navarro, 2006).

The direct linkage between material selection and sustainable construction can be
observed through the inclusion of material selection activity as one of the six key areas
involved in the LEED green building rating and certification system (Gurgun et al.,
2015). The use of renewable, recyclable and biodegradable raw material resources
such as NFCs can provide a higher score in the green building assessment process
and finally contribute to a higher total rating for the desired building. The positive
impact in the green building certification process is also one of the driving factors
why designers and building owners are increasing the presence of NFC materials in
the construction industry (Castro-Lacouture et al., 2009).

Material selection involves the consideration of many criteria from various stake-
holders and the presence of multiple material alternatives for an intended product,
which need to be considered by the decision makers. Kibert (2008) stated that among
the challenges faced in the sustainable material selection process are a high variety of
products and materials which need to be evaluated individually and assembled as
building components, varying assessment of product parameters and inadequate infor-
mation of the manufacturing process. In another report, Akadiri (2015) revealed that
other challenges in material selection for construction also included factors such as
perception of extra costs being incurred by utilizing the green materials, lack of mate-
rial information for the selection process and perception of extra time incurred by using
green materials. On the other hand, the assessment of selection criteria also involved
many considerations. Akadiri and Olomolaiye (2012) stated that among the selection
consideration in sustainable material selection in a building project are utilization of
less resources, the use of renewable and recyclable resources, and materials with the
lowest environmental impact throughout the whole product life cycle.

Despite the process complexity, there are several methods to assists designers in
performing the material selection process in sustainable building and construction
applications. Govindan et al. (2016) demonstrated the use of a hybrid multicriteria
decision making (MCDM) method in performing brick material selection for the
UAE construction industry. The hybrid MCDM method is comprised of the Decision
Making Trial and Evaluation Laboratory method, the Analytic Network Process
method and the Technique for Order Preference by Similarity to an Ideal Solution
method to analyse and rank the best candidate material among the given alternatives
for the desired application. Besides that, a new approach in the building material se-
lection process involving economic, social and environmental aspects was also
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applied using the Analytic Hierarchy Process (AHP) method by Cuadrado et al.
(2016). The use of the AHP tool in the new Integrated Value Model for Sustainable
Assessment method proposed in their study also included additional sustainability
criteria such as employee safety, product functionality and corporate image. Further-
more, the Simple Additive Weighing and AHP methods were also applied for the ma-
terial selection for dwelling house construction. Three main selection criteria were
included in the analyses, which are cost, environmental impacts and qualitative as-
pects (such as project duration) (Medineckiene et al., 2010). Apart from that, a
new model of decision making framework was also developed to assist decision
makers in similar material selection process. Zavadskas et al. (2005) developed a
web-based decision support system for construction material selection, which incor-
porated various selection criteria such as price, product geometry, availability, sup-
plier information and delivery methods. Among the reported advantages of the
decision support system is the integration of a search mode for information as well
as a web-based selection tool.

The outcome of the material process also gave a direct impact to the end-of-life
stage of the product. Various disposal options during the product’s end-of-life stage
will contribute to varying environmental performance such as emission type and
amount generated, as well as the energy use during the disposal process (Dodoo
et al., 2009; Silvestre et al., 2014). For example, the selection of wood as the construc-
tion material in the conceptual design stage will open for two disposal options for the
wood-based product, which are either incinerated or land filled. In consequence, the
disposal option made for the product, if the type of materials used are not carefully
taken into consideration, will give effect to either positive or balanced greenhouse
gas performance to the environment (Ortiz et al., 2009).

20.3 Design of natural fibre composites for shear
strengthening of reinforced concrete heams

In general, reinforced concrete (RC) beams fail in flexure or shear. In order to take full
advantage of the potential ductility of the RC members, it is desirable to ensure the
flexural failure rather than shear since shear failure is sudden, brittle and catastrophic
in nature, which occurs with no advance warning of distress. Thus shear strengthening
of an RC beam is crucial to increase the shear capacity of the shear-deficient beams.
There have been a series of studies in the past for the shear strengthening of RC beams
using externally bonded carbon fibre reinforced polymer (CFRP) laminates (Alam
et al., 2016; Alsayed and Siddiqui, 2013; Bae et al., 2013; Barros and Dias, 2006;
Belarbi and Acun, 2013; Costa and Barros, 2010; Dias and Barros, 2011; Dong
et al., 2013; Jumaat and Alam, 2009; Koutas and Triantafillou, 2013). However,
CFRP laminates were found to be less effective for shear as compared to flexure in
strengthening of RC structures. As per the ACI design guideline, the maximum
CFRP strain of 0.004 could be used in the design for the shear strengthening of an
RC beam, which is 30% of its ultimate capacity. However, the actual design strain
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of CFRP laminate could be lower, as compared to 0.004, to avoid premature debond-
ing failure based on the proposed guideline of ACI (2002).

It is noted that the effective strain of CFRP laminate is found to be 0.0013, which is
almost 10% of the ultimate strain of CFRP laminate. Alam et al. (2016) also investi-
gated that the design strain of CFRP laminate could be used around 0.0017, which is
almost 14% of the ultimate capacity of CFRP laminate to prevent the debonding of
laminate. Thus the strengthening of a reinforced concrete beam for shear using
CFRP laminate would not be the economical choice. Hence low strength NFC mate-
rials such as kenaf fibre reinforced polymer (KFRP) laminate could be used for shear
strengthening of reinforced concrete beams.

Kenaf fibre has been used in a composite plate for nonstructural applications over
the last decade (Elsaid et al., 2011; Rassmann, 2010; Shibata et al., 2006; Bernard
et al.,, 2011; Rassmann et al., 2011; Huda et al., 2008; Ghani et al., 2012). Most of
the research works were found to be on the development of a biodegradable kenaf fibre
composite plate with low strength. In general, the tensile strength of kenaf fibre com-
posite plates was found to be lower as compared to CFRP laminate. However, the po-
sition and amount of fibres in the composite plate would have a significant effect to
enhance the tensile strength of the laminate. Recently, development of NFC plates
for potential application in shear strengthening of an RC structure has been carried
out by Alam et al. (2015a,b, 2016). Thus a systematic guideline to design an RC
beam for shear strengthening using a KFRP plate is vital. The subsequent sections
in this chapter will mainly focus on the design parameters of a KFRP plate for shear
strengthening of an RC beam based on Euro Code-2 (EC2, 2004).

20.4 Proposed design model for shear strengthening
of reinforced beam using kenaf fibre reinforced
polymer laminate

In general, an externally bonded shear strengthened beam failed due to the debonding
of laminate with lower strain as compared to yield strength of shear reinforcement
(Alam et al., 2016). However, because of lower stiffness, the debonding strain of
KFRP laminate could be higher as compared to yield strain of shear reinforcement.
Thus the dimension of KFRP laminate for shear strengthening of a reinforced concrete
beam could be obtained through the new proposed guideline as shown in the following
section.

20.4.1 Design strain of kenaf fibre reinforced polymer laminate

The debonding strain of an externally bonded plate could be obtained based on the pro-
posed guideline of Alam et al. (2015a), as shown in Eq. (20.1):

(d — dl)WKFRPFbu _ Fbu(d — d/)
AxFrPEKFRP IKFRPEKFRP

EKFRP,debonding — (20.1)
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Figure 20.1 Strain compatibility between shear link and kenaf fibre reinforced polymer
laminate.

The shear reinforcement of the beam will start to yield if the debonding strain of the
externally bonded plate is higher than the yield strain of shear reinforcement. In that
case the design strain of KFRP laminate would be the yield strain of shear reinforce-
ment because of strain compatibility nature between shear reinforcement and KFRP
laminate, as shown in Fig. 20.1. Thus the design strain of KFRP laminate would be
Eq. (20.2):

_ Jfylink

EKFRP,design — €y link = B when EKFRP,debonding = €y, link (20.2)
s

20.4.2 Design shear force of kenaf fibre reinforced polymer
laminate strengthened beam

The maximum flexural capacities of all beam specimens could be theoretically pre-
dicted using Eqgs. (20.3)—(20.5), based on EC2 (2004):

(20.3)

0.45A
M =Tz = 0.87Ad [d - —Jyk}

fexb
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where,
A
¥ = fyk __Adw (20.4)
0.567fx(0.8)b  0.45f4b
0.45A
c—d—0dx— [d _ 7"“] (20.5)
fckb

Thus the maximum design shear force of the beam can be calculated using
Eq. (20.6):

M

d Shearspan

if V; > V. the beam will fail by flexure (20.6)

if v, <V,

Shear strengthening is not possible without the enhancement of the flexural capaci-
ty of the beam

20.4.3 Required dimension of kenaf fibre reinforced polymer
laminate for shear strengthening of reinforced concrete
beam

Shear force resisted by shear link is first calculated using Eq. (20.7) as:
Vytink = 0.87Ag link fy linkV (20.7)

where N is the number of shear link that could be obtained using Eq. (20.8) (shown in
Fig. 20.2

d—d'|cot §
N = # (20.8)
s
KFRP laminate — Flexural reinforcement
——Shear link
gs
N I d-d'
\ A R R R R B B N
1 L} : { 'Q
:S : 1S
KFRP

Figure 20.2 Details of a shear strengthened beam.
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As per EC2 requirements, at the failure stage, concrete is ignored to resist the shear
force. Only shear links resist the shear force. Thus the shear resisting capacity of the
unstrengthened beam is calculated using Eq. (20.9). Egs. (20.10) and (20.11):

d —d")cot 0
Vy tink = 0.87As link fy link [(%} (20.9)
Shear force needs to be resisted by KFRP laminate,
Vkerp = Vi — Vink (20.10)
Shear force resisted by KFRP strip = 0.67Akrrp EKFRPEKFRP, design (20.11)

Assuming the safety factor of KFRP laminate is 1.5, which is similar with concrete.
Further research is required to develop a safety factor of KFRP laminate using
Egs. (20.12)—(20.14):

Shear force resisted by two sided laminate

1.34AkrrRPEKERP/y i (20.12)
= 2(0.67)AKFRPEKFRPEKFRP design = E L
S
1.34AxrrPEKERPy link
Vkrrp = Va — Viink = £ Y= Nkrrp (20.13)
)
where,
d — d'lcot 0
Ny — 14— 4 leot 0 (20.14)
SKFRP

Thus the required cross-sectional area of a single KFRP shear strip can be calcu-
lated using Eq. (20.15):

Esskrrp(Va — Viink)
1-34EKFRPfy,link(d —d')cot §

AKFrp = (20.15)

20.4.4 Theoretical model to predict the shear capacities of beam
specimens

The shear capacities of control and KFRP laminate strengthened beams could be pre-
dicted using the proposed Egs. (20.16) and (20.17), respectively:

(20.16)

d —d')cot 45
VeB = As link fi link [¥}
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(d — d')cot 45]

VsB.KFRP = As link fi link { g

— d'\cot 4
d — d')cot 5} (20.17)

+ 2AKFRPEKFRPEKFRP, design {
SKFRP

20.5 Design example: case study on shear strengthening
of kenaf fibre composite reinforced concrete heam

20.5.1 Design descriptions

A 150 x 300 x 2300 mm full-scale reinforced concrete beam was fabricated with
2—16 mm flexural reinforcement and 6 mm shear reinforcement of 110 mm spacing.
The beam was supported using a roller with the span of 2 m. It was tested for two-
point load with the shear span of 650 mm. The properties of materials are shown in
Table 20.1. The beams need to be strengthened for shear using KFRP laminate for its

maximum capacities.

20.5.1.1 Flexural capacities of beams

Using Eq. (20.2), as stated in the previous section, the flexural capacities of beams is
calculated as:

0.45(402)(550)

M = Tz = 0.87A; fyxz = (0.87)(402)(550) | 261 — (25.6)(150)

=45.23 kN.m

Total failure load,

2M  2(45.23)
P=2Vy=—=———-=140kN
4T Ly 065
Table 20.1 Design parameters
Concrete Flexural
Beam strength Shear link reinforcement | KFRP laminate

b =150 mm ﬁ:u =32 MPa ﬁ,link = 556 MPa fyk = 550 MPa IKEFRP = 6 mm

h=300mm | fy =256MPa | s=110 mm fa=654MPa | Exgrp=11.4 GPa
d=261mm | §=028 fyaink =520 MPa | A, =402mm’ | Sgprp = 110 mm
d =39 mm Aqjink = 47.5 mm?

E, =200 GPa
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Design shear force,

140

20.5.1.2 Design strain of kenaf fibre reinforced
polymer laminate

The design strain is first calculated by determining the yield strain of the shear rein-
forcement and the debonding strain of the KFRP laminate:
Yield strain of shear reinforcement,

_ fylnk 520

= Tylink — 0.002
Evlink =5~ = 500000 ~ 00020

Debonding strain of KFRP laminate,

Fould—d')  1.58(261 — 39)
- — — 0.00512 -
EKFRP,debonding tcrrRpERERP (6)(1 1400) 0.00512 > €y link

Finally, the design strain of KFRP laminate is calculated as the following:

EKFRP(design)=Eylink = 0.0026

20.5.1.3 Required cross sectional area of kenaf fibre reinforced
polymer laminate for shear strengthening of reinforced
concrete beam

As per the proposed guideline, the cross-sectional area of CFRP laminate can be calcu-
lated based on Eq. (20.12) stated in the previous section. For conservative design, the
shear crack inclination of the beam could be considered as 45°.

d — d')cot 45
Vy link(45) = 0.87Ag linkfy link [%]

— 0.87(47.5)(520) [(261—1313)00%}

=43360 N

=43.36 kN
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Eoskerp(Va — Viink) (200000)(110)(70000 — 43360)

AKFRp = —
R ] 34Ekerefy Jink(d — d')cot 0 1.34(11000)(520)(261 — 39)cot 45

= 345 mm?

=6 mm X 57 mm = 6 mm X 60 mm

Thus from the earlier results of the analysis, the provided KFRP laminate was
6 mm x 60 mm x 300 mm with 110 mm spacing for shear strengthening of the beam.

20.5.1.4 Theoretical shear capacity of kenaf fibre reinforced
polymer laminate strengthened beam

The theoretical shear capacity of the KFRP laminate for strengthened beam is calcu-
lated as:

d — d')cot 45
Vitink = As link/t,link [¥]

= (47.5)(556) {W}

=53.3kN

(d — d')cot 45
VKFRP = 2AKFRPEKFRPEKFRP design |[————————
SKFRP

261 — 4
— 2(300)(11400)(0.0026) [M} — 3580 kN

110

Hence the total shear force of the KFRP laminate shear strengthened beam is calcu-
lated as:

Vs = Vylink + VkFrRP = 53.3 +35.89 = 89.2 kN

while the shear failure load is 178.4 kN.

20.6 Conclusion

This chapter has revealed the design practices of NFCs towards achieving sustainable
construction performance. It can be observed that the use of NFC can highly contribute
to improve the sustainability of building and construction materials through its renew-
able, recyclable and biodegradable properties as compared to conventional materials
for similar applications. The use of NFCs in structural building applications can be
made feasible through a systematic design process, which encompassed areas of ma-
terials selection and design development. In addition, the proposed shear strengthening
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design model of an RC beam using an NFC model, as explained in this chapter, show-
cased a systematic design guideline for designers to apply it for future applications.
Moreover, the practicability of the design model using KFRP laminate in the case
study also provided a hands-on guideline for easy understanding to practitioners.
Finally, the use of the proposed design model can also be expanded for various types
of natural fibres to help designers explore the potential of other sources of reinforce-
ment materials, such as agricultural waste materials, which could bring greater benefits
for similar applications.

Nomenclature

EKFRP,debonding Debonding strain of KFRP laminate

d Effective depth of beam

d Depth of compression reinforcement (top bar)
WKFRP Width of KFRP shear strip

Fou Bond strength of concrete

IKFRP Thickness of KFRP laminate

AKFRP Cross-sectional area of KFRP laminate

Exerp Modulus of elasticity of KFRP laminate

EKFRP,design Design strain of KFRP laminate

£y link Yield strain of shear reinforcement

Sy link Yield strength of shear reinforcement

E; Modulus of elasticity of steel bar

M Moment resisting capacity of beam

T Tensile force of flexural reinforcement

Zz Moment arm

Ag Cross-sectional area of flexural reinforcement

fix Tensile strength of flexural reinforcement

Jyk Yield strength of flexural reinforcement

fex Concrete compressive strength based on cylinder test
b Width of beam

X Depth of neutral axis

Vi Design shear force

Ly Shear span

N Number of shear links that resist shear

0 Inclination of shear crack

s Spacing of shear link

Vy link Shear force of beam due to yielding of shear reinforcement
Ag link Cross-sectional area of shear link

VKERP Shear force resisted by KFRP laminate

NKERP Number of KFRP laminate to resist shear (from one side of beam)
SKFRP Spacing of KFRP laminate

Ve Shear capacity of control beam

Vss Shear capacity of KFRP laminate strengthened beam
Silink Tensile strength of shear reinforcement

VSB KFRP Shear capacity of KFRP laminate strengthened beam
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