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Abstract

Providing accommodation in a large scale at relatively affordable price has always
been a challenging task not only for government but also for housing industry. There are
two key factors in order to solve these telallenges. The first factor is to reduce the-self
weight of the structure to maintain affordable prices. In building construction, the self
weight of a structure represents a large proportion of the total load on a structure. The
adoption of appropriate aterial results in the reduction of element cross section, size of
foundation and supporting elements thereby reduces the overall cost of the housing
construction. The second factor is to utilize the panelised housing system to encourage the
mass productio of houses. With this construction system, a house can be built faster than
stick-built homes. In most cases, panelised homes can be assembled in a matter of days
which means that lesser labour is needed and more homes can be built. Other advantages
of panelised homes are such as the system can eliminate costing delays, less weather
damage during construction and also precision engineered to highest quality.

This research has been carried out to meet these challenges, which is aimed at
developing a new pe of hybrid composite sandwich wall pantgdat might be
manufactured amodular panelised system. The typical sandwich panel used in building
application commonly consists of metal skins and soft core. Although oriented strand
board (OSB) is commonly empled for the skin of sandwich structure in structural
insulated panels (SIPs), the observed shortcomings of this typical skin such as mould
build-up and disintegration in the presence of flood water have reduced their usage. In this
study, metal based sldnof thin flat aluminium sheets were adopted. Metal skins are
actually preeminent choice for their many advantages, but the price is always a concern.
Consequently, reducing the thickness of the skin as much as possible is the only way to
keep a competiter and reasonable overall cost. However, using thinner skins may result in
the early failure of sandwich structure, such as face wrinkling or indentation. The
sustainable hybrid concept offered in this research has been considered as a practical
solution wrere an intermediate layer made from natural fibres composites (NFC) laminate
was introduced.

In this regard, the research work has focused on four main stages to observe the
suitability of natural fibre composites to be incorporated into the hybrid samghaitels:

1. A validation of the concept of hybrid sandwich structure using a statistical based
experiment approach.

2. An investigation of the mechanical properties of natural fibre composites that
particularly prepared using vacuum bagging method.

3. An examinatbn of structural behaviour of the hybrid sandwich panels under flexural
and inplane shear testing that includes a comparative analysis of the relative
performance of hybrid and conventional sandwich panels, and also developing
theoretical models to predithe behaviour of the developed hybrid sandwich panels.

4. A significance analysis of the experiment results using statistical software (Minitab 15)
for both flexural and irplane shear testing.

The investigation results throughout these four research stages have provided
clear evidence that, for structural application, natural fiber composite could be best
employed as the intermediate layer of a hybrid sandwich panels.
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Chapter 1introduction

CHAPTER 1

INTRODUCTION

1.1.Some Benefits of Composite Sandwich Parsel

Global increases in population, development and urbanization accompanied by a
desire for improvement inliving standard placesever heavier demands on
sustainability. One ofhie greatestchallengesfor the futureto engineer W be to
provide adequateinnovative,affordableand sustainablaousing.Unfortunately while
demand for housing has increased, $yigms lagged resulting in significant price
increasesespecially in urban areaBroviding appropriateaccommodation in a large
scale has always been a challenging task not only for government bubralie
housing industry. The question of how to yad® appropriate housingn a large scale
at relatively affordable pricehas occpied the minds oplannes and governmestfor
many years.

There are two key factothat must be considered order toattempt tosolve
those challenges. The first fact®s reducing theactual weight of the structures to
maintain affordable prices. In building construction, the-selight of a structure
represents a large proportion of the tat@adload, and hence the co3iheadoption of
appropriateconstructionmateriab may result in the reduction of element cross section,
size of foundation and pporting elements thereby reducitige overall costThe
second factor is the utilization pfefabricateganelisechousingsystens to encourage
the mass productionf lousesA pandised housing system is a form of construction in
which the large majority othousing components are giadbricated ata factory and
shipped to the site for erection. Wisich aconstruction system, a house can be built
faster thanthe current framed on sitblomes. In most casepanelisedhomes can be
assembled in a matter of days which means that |edsmuris needed and more homes

can be builtwithin the same time/labour fram®ther advantages glanelisedhomes
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are that the system @&n eliminate costing delaysustainless weather damage during
construction and alsithe ability to beprecision engineered the highest quality.
Compositesandwich panslthat are capable of being manufactured rapidly and
cheaply in large quantitieneet all theequirement®f the optimal building component
Previously, composite sandwich panel have been widely used in manufacturing
industies such as aerospace, marine and automo@eatinued development has now
allowed itto become a viable cha® in other applicatiansuch as civiland building
infrastructure, particularly for lightweight applicationBhe hHgh strength to weight
ratio is the most recognized advantage of composite sandwich panel8ghtweight
properties of composite sandwipbnel also have the advantage of making tleawy to
transport,and that they requiréewer resourceto manufacture Excellent insulation
propertiescan also be incorporated in the design makiregcomposite sandwich panel

a popular alternative option modern lightweight structures.
1.1.1. Earthquake resistance

An additional advantage of composite sandwich pateét to their lightweight
properties is that they have good resistance to earthquakes. The earthquake force is
related to the masd duilding andits acceleration whiclmeans that the heavier the
building, the more the force is exerté®keducing the mass of structures or buildings is
the most important factor to decrease the risk of earthquekeggErgul et al, 2003).

When composite sandwich pasare utilized in building construction, some expert
claim that the buifconstructionis a green construction. The less waste generated
during the constructio process is the reason for tligim. Hong et al (2012), stated
that the common wet type obistruction process results in a considerable amount of
industry wastes and hazardous mateitd. also said thathe presence of hazardous
waste material leads to heavy economic loss for society as well as ingreasrgy
consumption and the occurrenckenvironmental issue§Someresearchey relatethe
earthquake resistance housing to sustainability. Lewis (2003) stated that damage and
destruction caused by natural hazards is the -iadibator of nomrsustainable
development. Earthquake resistant biaddis thus seen as jrerequisite for sustainable
housing.

The conventional form of sandwich structure consists of two thin stiff and strong

face layers which are separated by a thick, lightweight and low density core material.
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The face sheets are bondedhe core using structural adhesive to obtain a load transfer
between the components. The face sheets will act together to carry external bending
moment, while the primary purpose of the core is to resist shear and to stabilize the
faces against bucklgn or wrinkling. The faces usually consist of thin and high
performing material, such as composite laminates made from carbon offilgiass
while the core material is a low density with relatively low performing material which
results in high specific nohanical properties of the panel undavourableloadings.
The choice of constituent materials depends mainly on the specific application and
design criteria of the sandwich panel products (Davies, 2001).

The most outstanding benefit of this type of caosife structure is its high
strength and stiffness to weight ratio (Zenkert, 1995; ZraliStronge2005; Schwarts
and Givli, 2007, Moreiraand Rodriguez2009). On the other hand, this typical structure
also has a few drawbacks; they suffer from strdngss concentration at the interfaces
betweerthe face sheets, the weak adhesive layer and the core, as a consequence of the
distinctly different properties of these materials in contact (lcandi Ferrerp200).
The layered configuration of the sandwiphnel, the considerable differences in the
elastic properties between the fateeets and the core, and the manufacturing process
make the panel susceptible to defects in the form of debonding between tsbdatse
and the core (Schwaréd Givli, 2007. Overall, the use of sandwich panel contributes

to earthquakeesistance
1.1.2. Structural insulated panels

It is believed that the most successful application of composite sandwick jpanel
housing industry is in the form of structural insulated panels (SIPs). The panels are
made by sandwiching a rigid insulation foam core between two facesheets, typically
oriental strand board (OSB). Currently theore conventional timber stud wall syste
is beingreplaced by SIP construction. The pbsdgies for energy efficiencynd long
term cost savingan be explored througihe use of this innovative building system.
SIPs can be used either as a complete wall structure or a wall componenmiresr ti
framing. Besides providing excellent structural integrity, SIPs also ensure a high level
of environmental sustainability. The finished product will require less energy to
maintain and also will use fewer materials than a conventionally built home|essi

pollution and result in an improved living space. At the component level, SIPs can be
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used to construct an energy efficient curtain or cladding wall over timber framing.
However, SIPs can create a strong, energy efficient building envelope on itself
(Andrews, 1992; Mullenand Arif, 2006).

1.1.3 Recent enhancements

A lot of research work t&been done on improving the properties of sandwich
panel compositeThe enhancememfforts weredone byeitherimproving skin or core
propertiesor even introducing new element inside to form a hybaddwichstructure.
The first category is the enhancement fate sheet materialsvhich have been
extensively investigated bypanyresearcheréRoccaand Nanni, 2005; Benayoune et al
2006; Grenestedand Reany 2007; Kampnerand Grenestedt20(B; Russo and
Zuccarellg 2007 andvan Erpand Rogers2008) The most importanattemptis the
introduction offibre composites skinhich hasmajor impact on the use of sandwich
panel compositéeSome enhancemein this areaarethe development of a glafibre-
reinforced polymer face sheets by Van md Rogerg2008) and the introduction of
corrugated skins by Grenestexitd Reany2007).

In the second categorgxtensive works have been carried out onidegalvith the
issue of enhancing the properties of core materials; ZhduStrong€2005) introduced
a fibrous corewhich was an irregular arrangement of independent filffas et al
(2007) reported their work on using Kagome lattice coegsforced by carbon fibres
while a honeycomb core attracted a lot of researbhera t t (Masterianad kEvas,
1996; Meraghni et al., 199%han, 2006; Baral et al, 2010; Liu and Zhao, 2007 the
third categorya few studies havelso been carriedub onintroducing new elemeribo
improve the properties afomposite sandwich paneh model of polymer composite
structure with intenediate layer was developed bhganyand Shu(2005), in which an
additional sheet, calieinternal sheet was introducadto the core More recently,
Mamalis et al2008) reported their work on employing intermediate layers between the
face sheets and the cpmdsoto improve the properties @omposite sandwich panel.
The reason for thadditional layer is obvious in that ieduces the mismatch between

stress levaland material functionality.
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1.2.The utilization of Green Materials in Composites for Building Application

The term of sustainable or sustainability has many definitions, adaptations and
applications. The most common and widely accepted meaning can be adopted from the
term of sustainable development which is defined as meeting the needs of the present
without compromising the ability of the future generations to meet their own needs
(WCED in UN-Habitat, 2008).The concept of green or sustainable buildimdpeing
more widely adoptedn the construction industry as the awarenesstha need for
environment protdmn continues to rise. The key principles relate to the ecological
sustainability of buildingncludethe use of raw materials based on renewable resources,
productsthat are easily recycled arttiatare economic during the construction process
(Berge, 209). The concept of sustainable material integrates a variety of strategies
during design, construction and site operation.

In relation to the principles of sustainability, naturates are a major renewable
resource material throughout the woddd specifically in the tropics. According ta
Food and Agriculture Organization (FAO) survey, natfibaks like jute, sisal, coir, and
banana are abundantly available in developing countries such as India, Srilanka,
Thailand, Indonesia, Bangladesh, PhiligifBrazil, and South Africa. Recent reports
indicate that plantibres can be used as reinforcement in polymer composite to replace
more expensive and naenewable syntheti¢ibres such as glass especially in low
pressure laminating (Mathur, 2006).

Currently, naturalfibre reinforced composites have drawn more attention as
alternative building materials, especially as wood substitutes in the developing countries.
The concept of using natural fibes abuilding component is actually not a new idea
sinceit has been used centuries ago for different applicatibms worth noting at this
early stage in thdissertatiorthat in this research, naturtibres have been prepared as a
laminate sheeatising advanced vacuum bagging method for use as an intetenkegier
in a hybrid composite sandwich panel.

1.3 The Application of Hybrid Concept

Although many efforts have beemade to utilize natural fibre for building
componentsmostwere found to beither structurally or economicallynviable A bio-

based building component with higher structural performance is normally achieved at the
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expense of significantly higher cost as a larger szgypically required Similarly,
reducing the size to maintaiine cost will only produce building commnent with lower
structural performancddatmay notbe competitive with conventional building materials.
For instance, Singhnd Gupta2005)in Mohant et al (2005)stated that manufacturing
of single layered naturdibre based panels as the alternative for plywood failed to
posses thedesiredstructuralproperties The specific strength, stiffness and dimensional
stability were inadequate. In order to cope with this probleengdevelopedtomposite
laminates from hybrid raturalfibres prepared using different type of natuthtes such

as sisal, jute, coir mats and unsaturated polyester, phenolic or polyurethane resins.

In order to deal with those shortcomingShristian and Billington(2009)
suggested modifying the skapf structural components to overcome ititeerentlarge
deflection performance of natufdre composites due to their low modulus of elasticity
Alternatively, hybridization at both the constituent and structural levelas
recommendetyy Drzal et al(2004).A hybrid structure is a combination of two or more
materials in a predetermined geometry and scale, optimally serving a specific
engineering purpee. There has, however becertain duality about the way in which
hybrids are observedFor exampg, Ashby and Breche(2003) statedthat a sandwich
structure is an example ahybrid material that reflects duality, sometimes it is regarded
as a structure that consists of two skins with a thick core layer in the middle, but
occasionally it is also vweed as a bulk material that has its oglobal density, stiffness
and strength.

The hybrid concept introduced in thtbesiscan be explained as followA.natural
fibore composite (NFC) laminate is placed as an intermediate layer in betwaren
aluminiumskin andan EPS core to produce aliwyd composite sandwich pandlhis
new structure is a combination of two componentanposite sandwich panelith
aluminium skinsand EPS foam coreas an integrated sandwich structuaed
intermediate layer laminates asle of NFRP that resulting in a hybrimbmposite

structure.

1.4. Statistical BasedExperimental Approach

Generally,experimental works irtivil engineering fieldare conductedbased on

standardized test procedurésthis typical experiment, all conditions are kept constant
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except those under investigation. The variation in the conditions under investigation are
then measured and recorded in standardized form to obtain immediately readable results
(Horath, 1995).The reason why this typical method is frequently emploiedivil
engineering fieldis due to time and cost constrainthel weaknes®f this type of
experiment however, is that the conclusion drawn is only basedhe descriptive
statistics which only télthe reader an immediately result without proper analysis how
significart the differences between the conditions under investigation and those are kept
constant.

There has a comparable method in statistical based experiment to the above method
that is cled as single factor experimerithis typical experimental design is the most
common approach employed by many researchers to explore the difference among more
than two levels of a factor. Antony (2003) addressed this type of experiment as a One
VariableAt-a-Time (OVAT), where one variable is varying during the experiment and
all the rest variables are fixed. A single factor analysis is a procemsabfsingdata
obtained from experiment with different levels of a factor, usually more than two levels
of factor.

There are some distinct advantages afishdvantages of the two different
experimentally approaciThe advantages of using standardized test procedures is that
this typical method only involves smaller number of specinserthat they aremore
time efficient, less costly while maintaining reasonable accurBtty.data obtained is
only based on the simple descriptive statistics analysis that may include mean, median
and standard deviatiof.he disadvantages include potential bias of theltrekie to
fewer samples employed, which may lead to error in interpretation of results and
decrease the ability to generalize the result beyond the samples aath&ilged On
the other hand, time and cost are the main drawbacks of statistical basechexipas
it needs more samples to be involved in the analy$is most advantage of statistical
based experiment is that it can provide more accurate results since both descriptive and
inferential statistics analysis are involvedferential statisticanalysis can be defide
asa process of inferring characteristics about a population, from a sample drawn from
that population (Hicks, 1982). This process usually involves testing a hypothesis using

appropriate rules, with the outcome that the hyposhesither accepted or rejected.
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There is aproblem with the implementation of standardized test procedures as
different counties tend to definespecific procedurs for their ownimplementation
Much research has been undertaken on composite sandwiels.pMost of the
research howevehasonly presented test results descriptively without fully testing the
research hypothesis using statistical inference. It is not surprising that the results of
many published papers differ wideln this study,a statsticaly based experiment was
employed thoroughlyn order to provide not only descriptive statistics data but also
testing a specific hypothesis with inferentiastatistics analysis to obtain more
information about the experiments conducted.

There are anumber of excellent software products to assist researchers in both
design and analysis phase of experiment. Some of the software includesbBqsgh
JMP and Minitab(Montgomery, 209). The last two softwarpackages are widely
available for genergburpose statistical software packages that have good data analysis
capabilities. In this work, a Minitab version 15 has been employed thoroughly to

analyse the experiment results.

1.5.Research jectivesand Scope

As alreadyhinted atthe previous sectiorthe main objective of this research sva
to develop a new type dfybrid compositesandwich structure witlan intermediate
layer made from sustainable material. The mechanical and structural properties of the
new sandwich panelereextensively investigate The research steps may be described
as

1) Validate the concept of hybrid sandwich structure usanstatistical based
experiment approach he flexural behaviourof sandwich structure with various
intermediate layers and core materialgas investigatedusing simple
comparative and single factor experiments and the resiiltse analysedwith
both descriptive and inferential statistics.

2) Fabricate and characteri®e mechanicabehaviourof natural fibre composites
for the intermediate layer of hybra@bmposite sandwich panel.

3) Investigate the flexurddehaviourof the new hybrid composite sandwich panel
in medium and large scale experiment a@wyelopng an analyticalmodel to

predictthe deflectionof the panel
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4)

5)

Examine thebehaviourof the hybrid composite sandwich panel undepleme
shear loadingexperimentally andanalytically This included the design and
development of apparatus testing equipmand also developing theoretical
models to predict the iplane shear strength of the developed hybrid sandwich
panels.

Analysethe significance improvemepof the new hybridpanelcompared to the
conventional sandwich panel structure using inferentidisstal analysis. All

the results of flexural and dplane shear experimentsere analysedusing

Minitab 15 software packages.

The outcome from this research is a new hybrid composite sandwich panel that

has better structural propertiesd is more sustainablian the existing available

products. The great benefit of this hybrid is the capability of structure to carry more

loads without significant additional cosTheresearch is also expected to reinforce the

use of proper statisticahnalysis The statistical experimental design used in this

researchoutlines procedures fordetermining thesignificance of the experimerdl

results

1.6.Dissertation Structure

1)

2)

This dissertation ipresented throughine chaptersas follows.
The firstchapter is an introduction that explained all about general information
of the current situation, background, research concept, objeatinsutline of
the disertation.
Chapter 2providesa review of alternative structure and material for composite
sandvich panel in building application. This chapteemmenceswvith some
information of existing composite sandwich panel structure and matanédl
their application for structural and nestructural component in building
structure. The review of composite sandwich panel with green sustainable
materialis thenpresentedollowed by an overview of recent developmenthe
use ofsustainable composite sandiv pane$ for building applicatios. The
chapter is concluded withdiscussion o the need fothe newhybrid structure

for sustainable composite sandwich panel.
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3) Chapter 3 is concerned witesearch concept and italidation using statistical
based exp@ments. The chapterontains detad of the hybrid sandwich panel
concept andgeneral information about statistical based experiments and its
framework for the analysisValidation process using simple comparative
experiment and single factor experimemre included.

4) Chapter 4 describes all the work dealing with the preparation, fabncatd
characterization of naturdibre composites. Chemical treatment of tfiere,
fabricating procss using vacuum bagging process athracterization of
different raturalfibre compositesrediscussed

5) Chapter 5 presents the flexuraéhaviourof sustainable hybrid composites
panels. This chapter covers the experimental program, experimental results and
observationdeveloping theoretical model to predict the deflection of the panel
and comparisonof the proposed theoretical equation with the results of
experiment.

6) Chapter6 discusses the evaluation of thepiane sheatbehaviourof the
sustainable hybrid sandwiclampel. Thedesign and development of appropriate
in-plane sheaequipmentis included.

7) Chapter7 concerns withthe in-plane sheatbehaviour of sustainable hybrid
composites panels. This chaptancludes the experimental program,
experimental results and arsation,developing theoretical model to predict the
shear strength of the panel atmmparisorof the proposed theoretical equation
with the results of experiment.

8) Chapter8 focuses on thdisignificance analysts using inferential statistics
analysis. Tk inferential statisticanalyseof the flexural and ifplane shear
behaviourof sustainable hybrid sandwich paraee comprehensively discussed
in this chapter.

9) Chapter9 includessummary,conclusions of the research and recommendations

for future research.

1.7.Summary

The utilization of green sustainable material in building applicatiorbbasmea

popular trend. Although it has been developed quite intensively, sutsimes do not
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satisfyeither structural or economrequirementsintroducing ahybridizationconcept

at both material and structutalvel provides aignificantimprovement to overcome the
nature large deflection performance of natural fibore composites due to their low
modulws of elasticitywhile retaining cost effectiveness.

This research fills the gap that exists in the area of sustainable green composite
sandwich pansl which previously hasmostly concentrated on the conventional
structural form.The researclpresents anew concept of the utilization of sustainable
green composites as a part of a hybrid composite sandwich panel toaobeaintype

of sandwich panel wit higher load bearing capacity.
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Chapter 2: A Review of Composite Sandwich PanelsSarsfainable Green Composites

CHAPTER 2

A REVIEW OF COMPOSITE SANDWICH PANELS AND
SUSTAINABLE GREEN COMPOSITES

2.1.General

In the last three decadke use of composite sandwich panels has been extended
from the very basic to within incredibly advanced structures. It was originally primarily
used for aerospace structure but now it has become a viable choice for various
application fields incluchg the transportation and building industries. Composites are
well known by their high strength to weight ratio characteristic that makes them
attractive taalmost all engineering field3he structural sandwich construction is one of
the first forms of composite structures to have attained broad acceptance and usage
(Marshal 1998 Peters, 1998)In aerospace industry, sandwich structures have been
extensivéy applied for almost all commercial airliners, helicopters and nearly all
military air and space vehicles. Cargo containers, navy ship interiors, small boat and
yachts, automobile parts all make extensive use of sandwich construction. This type of
composie structure has also been widely used in building construction for non
structural components, such as for relocatable shelters, interior partitions, doors and
windows. The application in the building industries has now widened to structural
application inwhich the sandwich panels serve as a load carrying member such as with
structural insulated panels (SIPs).

This chapter explores the literatures around the different types of sandwich panel
structures and its materials constituents that have been degelopdate. Particular
attention will be given to the sandwich structures that relate to the building structure,
although in the early sections of this chapter all different types of sandwich panel will
be briefly discussed. The information is providedinoncise format as much research

has been undertaken. More relevant literature review will be embedded in the specific
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chapters when deal with a particular testing of the new hybrid sandwich panel
developed by the writer.

2.2. The Structure of Sandwich Prels

A structural sandwich panel, as explained in ASTM C @X8TM, 2007) is a
special form of a laminated composite comprising of a combination of different
materials that are bonded together so as to utilize the properties of each separate
component tdhe structural dvantage of the whole assembljhe sandwich structure
always follows the same pattern. A pair of thin and strong skins is separated by a
lightweight and thick core which has adequate stiffness in a direction normal to the face
of the panelDavies, 2001). There are many possibilities for material combination for
this typical structure which enables optimum design to be produced for particular
applications. The facings can be made of steel, aluminium, wood, fibre plastic and in
some cases rgabe concrete. The core may be balsa wood, wood, different type of

foams or even paper.

Jd:ﬁ""

(a) Expanded plastic core (b) Honeycomb core

Adhesive joint ..

Core material .
Adhesive joint Face material .‘.

(c) Mineral wool core

Figure 2.1Left Typical form of sandwich panel structure (Zenkert, 1995).
Right Examples of structural sandwich panel elements (Davies, 2001)

There is a large range of material choices for sandwich panel struc&nieert
(1995 stated that almost any structural material that is available in the form of thin
sheet may be used to form the faces of sandwich pHeehlso mentioned thahe
altemative of core materials has also increased dramatically in recent years since the

introduction of different typesf cellular plasticsHowever, the choice of core is also
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dependent on the adhesive material used. For example, when polystyrene foam is used
for a core, an estdrased adhesive, such as polyester or vinylester, cannot be used as
foam will be dissolved by the styrene present in the adhesive resin.

The great advantage of this type of composite structure is its high strength and
stiffness to weibt ratio. The lightweight characteristics of this typical structure have the
advantage of being very easy to transport, take fewer resource to manufacture and have
excellent insulation properties. The advantages have ensured that structural sandwich
panelshave become important elements in modern lightweight building structures.
More advantages outlined by DaviéX)Q] include excellent airtightness, capable of
rapid erection, easy repair or replacement in case of damage, economical mass
production and log life at low maintenance cost. Zenkert (1995) added further specific
advantages such as high energy absorption, buoyancy and integration of functions such
as thermal and acoustic insulation. In building applications, Davies (2001) explained
that the combiation of thin steel or aluminium facings with low density plastic or
mineral wool cores in a sandwich structure have a particular combination of properties
that make them ideal for use as walls and roofs. The combination of those two materials
results ina sandwich panel that has higher Wmhring capacity, protection of the
insulation against mechanical damage, weather protection, vapour barrier and corrosion
protection.

Sandwich structures are widely used not only because they offer a high bending
stiffness with minimum mass, but also because of their capability to be tailored to meet
specific design requirements such as high damping properties and impact protection
(Icardi and Ferrerp2009). In recent years, they have been used as structural building
components in many industrial and office buildings. Their use has now been extended
to residential building construction due to their ability to improve both the structural
and thermal performance of houses.

Although many authors considered a composite camsist of only two
components, Zenkert (1995) stated that a sandwich structure consists of three main parts
as illustrated in Figure 2.1; the skins, core and adhesive material. The skins will act
together to carry external bending moment, while coretsestsear loading and keep
the skins separated and maintains a high section modulus. The other important role of

core is also to stabilize the faces against buckling or wrinkling. The face sheets are
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bonded to the core using a structural adhesive to obtaimear load transfer between
the components.

A more comprehensive explanation about the core and adhesive function is
outlined by Davies (2001) who stated that the primary role of the core and its adhesive
Is to prevent the upper face slipping relatigethie lower face. He also mentioned that
the prevention of this undesirable performance requires a core with a sufficiently high
shear modulus as well as adequate shear strength. In addition, Davies (2001) explained
the core material and its adhesive pdagritical role to restrain the upper face so that it
does not suffer local buckling in compression, a phenomenon generally termed as
wrinkling. Another reason why the mechanical properties of the core has critical role in
the structural design is due toet fact that the stress at which wrinkling failure takes
place is mainly dependent on the stiffness of the core.

Sandwich panels also have some weaknesses and limitations. The combination of
two or more dissimilar materials has resulted in a complex phememof failure
mechanism (Mamalist al 2008). In addition, the design of structural elements made
from sandwich composites is often a difficult task as reliable strength prediction
requires the preliminary knowledge of the mechanical behaviour of the @kd core,
as well as all peculiar damage mechanisms. Extensive works in this field have been
carried out by many researchers to improve the structural behaviour of sandwich
structure in which some researchers have studied successfully certain material
combination either in the core or in the face layer to form a hybrid sandwich structures
and some others have developed structural based solutions as discussed in the following
section.

2.2.1.Alternative structures and materials for sandwich panels

As outined in the previous section, sandwich panel possess several drawbacks
that has limited their application. In order to address with the drawbacks, researchers
have proposed a number of different concepts. The main concept presented is usually
based on howo strengthen either the skin and/or the core. Some of the suggested
improvements are discussed in the following section that consider both core and skin

innovations.
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Zhou and Strongg2005) introduced a fibrous core sandwich that was thin and
lightweight with face sheets separated by an irregular arrangement of independent
fibres. The fibres had a random angle of fibre inclination and a range of initial
curvatures. The througiicknes s Youngdés modul us, initial co
and fully plastic compressive stress of fibrous core structures were calculated. The
conclusion drawn was that a large angle can increase the tironghc k ness Youngo
modulus, but at the expense of reihg the shear modulus. The best range of fibre
angle of inclination depends on the specific application of the panel, as presented in
Figure 2.2 (op | eft).

An experimental study on using Kagome lattice cores reinforced by carbon fibres
for sandwich parlewas reported by Fan et al. (2007). The sandwich panels were
assembled with bonded laminate skins, as shown in Figureigh®).( The mechanical
behaviours of the sandwich panels were tested byfepiane compression, Hplane
compression and thrgmint bending. Different failure modes of the sandwich
structures were revealed. The experimental results showed that the carbon fibre
reinforced lattice grids were much stiffer and stronger than foams and honeycombs. It
was found that buckling and debondidgminate the mechanical behaviour of the
sandwich structures, and that more complaint skin sheets had the potential to further
improve the overall mechanical performance of the sandwich panels.

Sandwich panels with honeycomb cores were considered by reaagirchers
(Masterand Evans1996; Meraghni et al., 1998han, 2006; Baral et al, 2010; Liu and
Zhao, 200Y}. A honeycomb sandwich structure combines high flexural rigidity and
bending strength with low weight. The idea of using honeycomb core is reuitiagly
new as it was developed as early as the 50068
reported by Seidl (1956). The study was carried out at the Forest Product Laboratory,
US Department of Agriculture, published as Report No 1918 (Seidl, 1956). The
honeycomb core was prepared using corrugated paper of low resin content. The paper
was pretreated with resin in order to obtain a core that had good resistance to
environmental effects such as damp or wet conditions. The resin used was phenol
formaldehy@ type and the face sheet of the panels was made of different material such
as veneer, plywood, hardboard, asbestos board and aluminium. Extensive testing on dry

and wet condition showed that the performance of developed wall panels was
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comparable to conwional house construction in term of bending strength and
resistance to vertical loads. The thermal insulation was also relatively good and
depended upon the density of the core.

Amongst the recent published works in this area was that by Abbadi 20@9) (
which examined the experimental and numerical outcomes around the utilization of
honeycomb core for composite sandwich panel. The experimental testing was carried
out via a foutpoint bending load. The typical honeycomb core sandwich panel tested is
presented in Figure 2.2bdttomleft). The sandwich panels were prepared using
aluminium (AIMgs) skins and the core were made either from aluminium sheets or
aramide fibres folded and glued together forming a hexagonal cell structure. The
honeycomb core ian opened cell with 2 different densities, 55 kjgmd 85 kg/m of
aluminium and 48 kg/frof aramide fibre with each density were replicates 4 times. The
experimental part of this work concluded that the stiffness of sandwich panels increases
as the ovall density of the core raises. Similarly, the ultimate load rises with the
increase in the density of the core. Other important finding was that the sandwich panels

with an aramide core were more ductile than those with an aluminium core.

Aluminium skin

Nomex/Aluminium
honeycormb core

Figure 2.2Top-left Sandwich panel with fibrous core (Zhaod Stronge2005).
Bottomleft Sandwich panel with honeycomb core (Abbadi et al, 2009).
Right Sandwich panel with Kagome lattice core (Fan et al, 2007)
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In 2008, Heand Hu conducted a study that focused ¢he utilization of
honeycomb core with particular focus on the weight ratio of the core. They found that
the weight ratio range of honeycomb core, as deduced on the basis of optimum
mechanical properties, offer a good foundation for the design of haméysandwich
panels. The optimum weight for the honeycomb core was&@% of the weight of
the whole honeycomb sandwich panels, based on a theoretical analysis. The honeycomb
sandwich panels were designed on that basis and the design results verif@atlby g
agreement between the theoretical and experimental outcomes.

Research on the utilization of carbon foam core was carried out byagiRice
(2003) that aimed at examining the suitability of sandwich structure with ultra light
weight carbon foam corand laminate composite skins to be used in -adying
structures. The tests were conducted under static and fatigupdiotiroending load.

The test results showed that the beams under static loadings behaved nearly linear
elastically until the maxinm failure loads, and then failed either in the yielding or in
brittle mode following the podtilure behaviour of the carbon foam core.

Other type of core that frequently used in sandwich structure is wood. based
FernadezCabo et al(2010) reported the doomes of their investigation on the
development of sandwich structure that comprised of oriented strand board (OSB) skins
and lowdensity wood fibre core. The sandwich panels were tested under shear and
bending tests in small and fidtale with differentdensities. The results showed that
density across a panel section was not constant. A-tijg@ar behaviour was found for
all the densities showing that a perfectly linear behaviour existed as the increasing of
the density. The overall results of this nwashowed that the woeldased sandwich
structure can be a viable solution for a cladding but included a recommendation that
special care should be given to the selection of the facesheets due to the influence of
hygrothermal changes.

In order to overcomehe shortcomings of polymer foam cores under high
temperature, expanded metal mesh with foam infills have been introduced. The
advantages of this typical core include good stiffness and strength to weight ratio, high
impact energy absorption, good soundm@ang, electromagnetic wave absorption,
thermal insulation and nerombustibility (Gibson, 2000; Styles et al, 200Ti.

addition, Styles et h(2007) reported on the use of aluminium foam core in a sandwich
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structure. The core used was a closed akiminium foam commercially known as
ALPORAS with a density of 0.23 g/émThe influence of core thickness on the
deformation mechanism of the sandwich structure underdomt bending load was

the focus of the investigation. The sandwich panels wergapzd by placing a single

ply of glass fibre/polypropylene pgaeg on either side of the aluminium foam core.
The thickness of the core was varied to be 5, 10 and 20 mm, forming final panels with
an average total thickness of 5.16, 10.19 and 20.47 mm.r&hdts showed that
samples with thinner core deformed through skin failure while the thicker panels failed
due to indentation. In addition, the occurrence of core deformation increased with the
core thickness.

(a) Prismatic Core Panel (b) Unit Cell |

Figure 2.3Upper. Sandwich panekith Alporas core (Styles et,&007).
Bottom Sandwich panekith prismatic core (Wei et a2006).

Another effort to improve the performance of core was the use of a prismatic core
(Lu et al 2005). This typical core consists of a periodic array of diamoiagesh
prismatic cells. Wei et al, (2006) conducted an optimization study on the bending
behaviour of the panels with this prismatic core. The panel with a prismatic core was
compared to a corrugated core sandwich panel and a honeycomb core panel. It was

corcluded that when optimized solely for transverse loading, the prismatic core panels
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outperformed those with corrugated core at lower loads and relatively comparable at
high loads. Moreover, the corrugated core panel showed better performance when
optimized solely for longitudinal loading. The overall comparison showed that the
prismatic core panels performed similar to the corrugated core panels. While fabricating
prismatic core incurred some additional cost, it was also noted that from structural point
of view, the jointly optimized corrugated panels were competitive with honeycomb core
panels particularly at higher load capacity.

Other research has focused on improving the properties of sandwich structures by
enhancing the quality of facesheets. Skins rowpment can be achieved by
modification of material properties or geometrical shape. Sandwich panel with
corrugated skins, as presented in Figure Roft¢n), was introduced by Grenestextd
Reany (2007). They reported that corrugated skins could saotisliy increase the
wrinkling strength of compression loaded sandwich specimens without increasing the
weight. This type of sandwich had one or both face sheets corrugated to carry some of
the loads usually carried by the core. A further study to thik was carried out by
Kampnerand Grenested2007) in which finite element analysis and other analytical
tools were used to point out some of the potentials as well as limitations of using
corrugated skin to carry shear loads. It was found that employinggated skin
improved shear carrying capability and offered weight saving, particularly for heavily
loaded sandwich beams.

A newer generation of fibre composite sandwich panel was developed by Van Erp
and Rogerg2008) that consisted of glass fim@nforced polymer face sheets and a
modified phenolic core material. The flexural behaviour and collapse pattern of this
sandwich composite ben was examined by Manalo et @009) in flatwise and
edgewise positions. The experimental testing showed thakatinase beam specimens
collapsed in a sudden, brittle type. In edgewise position, the presence of fibre composite
skins prevented the sudden failure of the beam. The overall conclusion that was drawn
from the investigation was that this innovative commosiandwich structure was
suitable for structural beam application.

Research on the development of precast concrete sandwich panels (PCSP) was
reported by Benayoune et al (2006). The concept involved placing a layer of insulation

in between two concrete less that are called wythes. The concrete wythes skins are
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connected by a concrete webs, steel connectors or the combination of them. The
sandwich panels with various slenderness ratios were subjected to eccentric loads. The
data of variation of strains aigs the insulation layers, strain in the shear connectors,
crack appearance and propagation under increasing load and the deflection
characteristics were recorded and analysed. Another parameter that was also studied on
was the role of the shear connectorstransferring load from the skins to the core
ensuring that the structure behaves as a composite. The results showed that the PCSP
behaved in fully composite manner under the eccentric load until collapsed. The main
conclusion was that the ultimate sigths were found to decrease Amrearly with the

increase of the slenderness ratio.

__-Steel wire mesh

: > Steel Shear connector
Insulation Layer -

= Concrete wythe

Figure 2.4Upper. Sandwich panel witboncrete core (Benayoune et2006).
Bottom Sandwich panel with corrugated skin (Grenesaedt Reany2007).

A sandwich structure with glass fibre reinforced plastics (GRFP) skins and PVC
foam or polyester mat cores was developed by RasdaZuccarellp(2007). This type
of sandwich panel was specifically designed for marine construction. The research
involves experimentally and numerically aspects with two different cores employed.
The skins were 3 mm thick of fibiglass laminates fabricated by a handugymethod.
The two cores were a 4 mm thick thermosets polyester mat commercially known as
COREMAT® and clsed cell PVC foam called Divinyc&l The samples were a 16 mm

Sustainable korid Composite Sandwich Panel with Natural Fibre Composites as Intermediate Layer 21



Chapter 2: A Review of Composite Sandwich PanelsSarsfainable Green Composites

total thickness of sandwich panel with Diviny€elcore and 10 mm for the
COREMAT® core. The panels were tested using 3 and 4 points bending loads and
shear, flatwise tensile and flatwise coegsive tests were also conducted. This work
concluded that the theoretical prediction of the strength and the actual failure
mechanism of this type of sandwich structure were difficult, especially in the presence
of prevalent shear loading. The eventuaést orthogonal to the middle plan of the
sandwich structure strongly influenced the failure mode and strength. This particular
stress results in an early skinre delamination in sandwich structures with PVC core,
and core sheagohesive failure in thetsictures with polyester mat.

Other work in the area of using glafdsre skins was carriedut by Roccaand
Nanni (2005) which employed a fibre reinforced foam core. The core was atedied
foam combined with dry fibres produced by WebCore Technologies.thickness of
the foam core was 76.3 mm (3 in) and glass reinforcement placed creating a hybrid
stitched fibre reinforced foam core characterized by stitches in longitudinal direction
and by contiguous webs in the transversal direction. The-fijtassskin consisted of a
pre-attached GFRP plus several layers oflipectional Eglass fabric added during the
fabrication with the final total thickness of the skin of about 6.35 mm. The sandwich
panel was developed for the transportation industry. Statlcdgnamic fatigue tests
focused on the ultimate capacity and the stiffness of the structure under compressive
and flexural loadings. It was found that under static compressive load, the load
deformation curves were essentially linear with some ductilityabieur beyond the
peak load. In the flexural test, it was observed that the bending stiffness corresponding
to the fatigue conditioned beams were slightly higher than values obtained under static
loading. It was also noted that the uniformity of compositacture had a direct effect
on the overall performance so that particular care was required during the

manufacturing process.

2.2.2. Theapplication of sandwich panel within the building industry

The early application of composite sandwich structurkuitdings structure was
mostly for nonstructural components. As mentioned earlier, those applications include
relocatable shelters, interior partitions, doors and windows. There were some limitations

at the early stage development of sandwich panelspfotiiem being the low quality of
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the adhesivesThe early production of sandwich panels, casein glue and urea
formaldehyde were extensively used with wood facings and dbfesshal 1998

Peters, 1998 He also explained that the continuous search bietter adhesives
subsequently resulted in the development of new higher quality adhesive such as
rubberphenolic and vinyphenolic. Since then, many further developments have been
achieved including the development of sandwich panels for load carryiagitgam
residential construction such as for roofs and walls. Perhaps the most successful
application of sandwich panel in building construction is in the form of structural
insulated panels (SIPs).

SIPs are a simple composite sandwich panel consistirigreé layers. SIPs
typically consist of two outer skins and an inner core of insulating material to form a
monolithic unit using a structural grade adhesive (Tracy, 2000). Most structural
insulated panels use oriented strand board (OSB) for their fa€igst materials that
have been used for face sheets include plywood, fibre cement board and metal. The core
of SIP is typically made from expanded polystyrene (EPS), extruded polystyrene (XPS),
or polyurethane. However, virtually any bondable materialdctwe used as a facing
and any rigid insulation for the core. When acting separately, the insulating core and the
face sheets are both netructural and insubstantial components in themselves. When
bonded together using structural adhesive under strocthirolled conditions, these
materials act synergistically to form a composite material. SIPs can be used either as a
complete wall structure or as a wall component. At the component level, SIPs can be
used to construct an energy efficient curtain wallrdiraber framing. However, SIPs
can create a strong, energy efficient building envelope in itself (Andrews, 1992;
Mullensand Arif, 2006).

Construction with SIPs takes less time, money and labour while producing high
performance, sustainable buildings. thViSIP construction, homes and lightweight
commercial buildings can be built more quickly, easily and cost effectively. At the first
stage of construction process, lower energy cost might not be a significant thing, but for
a whole lifeservice of a buildig the SIP is a good choice (Tracy, 2000). Kermany
(2006) stated that the greatest benefit of SIP is that the structural support and the
insulation are incorporated into a single system during the manufacturing process which

enables a high quality, more cacate, thermal effectiveness and a greater level of
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structural support to be achieved. A product guide issued by Structural Insulated Panel
Association (SIPA) in 2007 indicates that a high density insulating core also enables the
structures to be assembleviith minimal framing. The more framing, the higher framing
factor and the more energy lost due to thermal bridging. Framing factor is defined as the
percentage of area in a wall assembly composed of sawn lumber. A typical SIP home
averages a framing famt of only a 3%, while stickramed homes averages a framing

factor ranging from 15% to 25 percent%.

OSH OSB

Figure 2.5Left Typical from of structural insulated panels (Mubeand Arif 2006).
Right Metal SIP for building construction (MCA, 2010).

A repat prepared by The Federation of American Scientist for The Charles
Pankow FoundatiorKlly, 2009), also stated that oriented strand board (OSB) facings
are used for the vast majority of SIPs. OSB is an engineered wood product made from
cross oriented lagrs of thin, rectangular wooden strips compressed and bonded together
with wax and resin adhesives. OSB has been extensively tested as-lzedoad
material and is commonly available in large sizes. Metal SIP manufacturers often use
aluminium as a skin aterial. This structural panel system is used in both residential
sites, such as carports or walkways, as well as industrial systems, such as in the
construction of cold storage facilities.

Although the common type of SIP that consists of OSB skins ar®l delire
meets the requirements for structural applications, research on either improving the
properties or introducing new constituent materials have been ongoing. The hurricane
Katrina in New Orleans in 2005 damaged many houses built with OSB SIPs due to

windborne missiles and this has been one motivation for research into better SIPs.
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Several research efforts that relate to the development of new structural insulated panels
are discussed below.

Kawasaki et a(20®) developed a woetlased sandwich paneltiilow-density
fibreboard core for structural insulated walls and floors, with different face materials.
The authors claimed that heat retention property ofdewsity fibreboard was superior
to the current commercial insulators such as plastic foamsrameral wools. This
claim was based on their work in 1998, in which ultra density fibreboard for core
material was developed. In this work, some wbaded sandwich panels with low
density fibre board core were fabricated with different thickness,d=msity and face
materials. The elastic and shear moduli were determined after conductingofiour
out-of-plane bending tests. The flexural rigidities of these panels were discussed
extensively.

Vaidya et al (2010) developed an innovative compasitectural insulated panel
(CSIP) for exterior walls of a modularized structure. The face sheets of the CSIP
consisted of Eglass fibres impregnated with polypropylene matrix and EPS foam core.
Two primary testing schemes were conducted, i.e. uniaxial i@ssipe loading and
high velocity impact (HVI). The mode of failure observed under concentric load was
buckling, while the eccentrically loaded panels failed by delamination between the core
and the face sheets. For this eccentrically loaded test, paiets dt a load of 17 kN,
which was 6.25 percent greater than the design load specified by American Plywood
Association (APA) design guide (APA, 1998). The deflection at the design load was
observed to be 3 mm which was less than the allowable defledti®6.26 mm as
obtained from ACI 3185 (ACI, 2005). Under HCI, this CSIP could withstand the
equivalent impact energy of 66.7 N of 5.1 cm x 10.2 cm wind missile travelling at a
speed of 44.7 m/s which is the standard developed by Federal Emergency Marmageme
Agency (FEMA), FEMA 361 Vaidya et al, 2000 A similar type of composite
structural insulated panels (CSIPs) that consisted of orthotropic thermoplastic
glass/polypropylene laminate as face sheets and EPS as a core was developed by Mousa
and Uddin(2010). The CSIPs have a considerably high face sheets/core moduli ratio
(Ef/Ec=12.500) compared to the ordinary sandwich construction. This investigation
presented models for interfacial tensile stress and critical wrinklifgaime stress

associated with # debonding of CSIP. The models were validated usingscalle
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experimental testing. The experimental testing was performed according to the ASTM E
72 standard (ASTM1997 which deals with testing panels for building application. All
panels tested failecby face sheets debonding with a natural -aafelength

approximately equal to the core thickness.

2.3.Sustainable Green Composites

Green construction, also known as sustainable building, refers to a structure and
using process that is environmentally resgible and resoureefficient throughout a
building life-cycle. The process includes design, construction, operation, maintenance,
renovation and demolition (Ji and Plainiotis, 2006). The primary objective of the green
building practices is to reduce thaveonmental impact of buildings. Green building
concept brings together practices and techniques that can reduce the impacts of a
building and its surrounding aspects on the environment and the health of human life.

Although green or sustainability car lassociated with all aspects of buildings
such as design and energy efficiency, material efficiency, operations and maintenance
efficiency and waste reduction, the current section will specifically emphasize on the
material aspects. The easiest way tamawcorporating sustainable design principles in
buildings is by carefully selecting materials that are environmentally friendly to human
health. The selection process of sustainable materials can be done through three phases
as explained by Kimand Rigdm (1998). Firstly, understanding the environmental
impacts of the material in the pbailding phase will lead to the wise selection of
building materials. Some aspects that need to be considered are such as raw material
procurement methods, manufacturipgpcess and the transportation process. These
aspects are incorporated in the-pralding phase that consists of extraction, processing
packaging and shipping. The ecological damage related to the gathering of materials
and the conversion process intoldung material that includes loss of wildlife habitat,
erosion, and water and air pollution, has to be considered as well. Secondly, knowing
the natural occurrence of material during the building phase is the next essential thing
for the material selectiorThe building phase refers to the effective or useful life of a
material that begins with the assembling process into a structure, includes the
mai ntenance and repair of the material,

part of a building. Inclded in this consideration is the waste generated on a building
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construction site. The critical aspect in this case is whether the waste can be reduced to
the fewer amounts or the waste can be recycled. Thirdly, understanding what will occur
to the buildingmaterials after their service life, or pdmiilding phase, is the last crucial

part on the selection process for sustainable categorization. Théyildstg phase
started when the function of materials as a part of buildings has expired. At this stage,
the material may be reused, recycled or discarded. The three subsequent processes can

be schematically presented as shown in the Figure 2.6.

Recycle
Reuse
Pre-Building Building Post-Building
Phase Phase Phase ~ Waste

Manufacture Use Disposal
- Extraction = Construction - Recycling
- Processing = Installation - Reuse
- Packaging = Operation
= Shipping = Maintenance

Figure 2.6. Lifecycle phases relate to the flow of materials through the life of building
(Kim and Rigdon1998).

It is clear that the use of natwlahsed materials meets the prerequisites as a
sustainable material. The less{pr®cessing prior to incorporation in building structure,
lower embodied energy and toxicity, and easy taise or recycle has thetically
placed them as a renewable material. When nalbais¢d materials are integrated in
building products, the products become more sustainable. There are a number of
reasons for the increase of aemess in naturdlased such asecent concerns over
declining petroleum supplies, increased government legislation, and a greater emphasis
on sustainability and biodegradabili{taigerand Tucker,2008 Pickering, 2008
More comprehensively, Hanninen et €010) described the reasons as follows. Natural
fibores have a potentially lower environmental burden than the-meale fibres. In
addition, the ability of natural fibre to biodegrade naturally alleviates some of the
potential problems associated with the disposal or recycling ofmaale counterparts.
Another aspect of potential reduction in environmental impact than can be provided by

using natural fibre composites is the substitution of existing materials that delivers
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higher burden to the environment. Two particular examples are the replacement of
treated timber with wood plastic composites (WPC) and the replacement of glass fibre
reinforced polymer (GFRP) composites in automotive industry with natural fibre
composites (NFC). In the later case, the lightweight of NFC is about 60% lighter than
its GFRP composites counterpart and offers significant reduction of the weight of
automotive products. From an automotive point of view, lower weight means less fuel
consumption and reduced the £#Mnissions.

Naturatbased material composites are generally sepdrinto two categories that
distinguished by their materials origin. The composites derived from -vased
material are known as wood plastic composites (WPC) and those derived frem non
wood materials are called as natural fibores composites (NFC9g), samie literatures
called natural fibre reinforced polymer or plastics (NFRP) composites. They may
contain natural fibres reinforced conventional polymer or the whole composites derived
from both natural fibre reinforcement and fomatrix. It has been argd that the first
group of composites is not entirely biodegradableal et a) (2004) stated that the bio
composite derived from natural fibres and petroleum based thermoplastics or thermosets
are not fully environmentally friendly as the matrix resimse not degradable while the
bio-based content of the final composite products falls within the definition didsed
materials. The following sections will explore composites derived from natural based

materials.

2.3.1. Natural fibre composites (NFCs)

One of the most emerging natutased products that have attracted attention are
known as natural fibre reinforced plastics (NFRP) composites, or natural fibre
composites (NFCs). As the name implies, the NFCs composite is a class of composite
that containsnatural fibores mixed with synthetic or bio resins that are inherently
environmentally beneficial. Other advantages of NFC are well explained in many
published papers dealing with this topic, Sudted Rosemaun(008) highlighted the
advantages of usinFC: low density, low cost, high toughness, acceptable specific
strength properties, good thermal properties, low embodied energy, reduced tool wear in

the moulding process and better acoustic properties thereby reducing the noise, reduced

Sustainable kbrid Composite Sandwich Panel with Natural Fibre Composites as Intermediate Layer 28



Chapter 2: A Review of Composite Sandwich PanelsSarsfainable Green Composites

irritation to the skin and respiratory system, and they also have low energy requirement
for processing.

There are three main categories of natural fibre composites (Sl
Rosemaund2008). The first is composites in which the natural fibre serves as filler in
commality thermoplastic. The second is composites where longer fibres enhanced with
compatibiliser and additives attain additional strength and toughness in thermoplastic.
The third is composites where natural fibres are used with thermosetting resins as
desigred elements within engineered components.

In order to have a more comprehensive knowledge about NFCs, it is essential to
have knowledge about their raw material, natural fibres. Natural fibres can be defined as
bio-based fibres from vegetable and animagiia. This definition includes all natural
cellulosic fibres and protein based fibres and excludesnrate cellulosic, wood fibre
and synthetic materials (Vadam, 2008). Natural fibres are predominantly used as the
replacement for conventional synthefibres, so they have to compete with these
conventional materials in order to gain their own market. However the diverse
application of natural fibres has recently increased significantly due to consumer
awareness of environmental concerns and the intereseeking alternatives for ell
based materials. Natural fibres are a major renewable resource material throughout the
world specifically in the tropics. According to the FAO survey, natural fibres like jute,
sisal, coir, and banana are abundantly albldlan developing countries such as India,

Srilanka, Thailand, Indonesia, Bangladesh, Philippine, Brazil, and South African.

Natural Fibres

There are a number of natural fibres that currently commercially available for
different uses. Four differemtatural fibres that employed in this research, which are
jute, hemp, sisal and bamboo, are briefly discussed below.

Jute (C. Capsularis) is an annually grown natural fibreithextracted from the
stem of plants that belonging to the genus of Corchdans}y Tiliceae. It has a wide
range of usage but mostly used for packaging material. It is also used for home textiles,
decorative fabrics, shopping bags, blankets, etc. The utilization of jute has currently
even widened to as floor coverings, insulatimaterials, geotextiles and jdb@sed
composites. Jute is grown in the rainy seasons at temperature38{@with relative
humidity of 6595% (Rahman, 2ID; Mussig, 2Q.0).
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Hemp (Cannabis Sativa L.) is defined as green, abundantly available and
ubiquitaus plant, economically valuable, possibly dangerous, and certainly mysterious
in many ways. It is a multifunctional crop that can provide valuable raw material for
nonwood industrial application. Hemp is normally grown from northern latitudes to
tropical climates. The traditional uses of hemp are for making ropes, twines, bags and
hard wearing fabrics. More recently, it is also used as a raw material for pulp and paper
industry. The potential applications have now widened to include building industry to
produce insulating products and automotive industry as interior parts (Amadub@;i, 20
Mussig, 2Q0).

Sisal (Agave Sisalana) is a leaf fibre derived from a plant that most commonly
referred to species of agave family. It is mainly cultivated for its filareich is
extracted from the leaves. Sisal is considered to be indigenous to central and south
America. Owing to its potential to grow under diverse ecological and climatic
conditions, it has now widespread to Asian and African countries. The primarilpfuses
sisal are in ropes and twines industries. Sisal is also converted to yarn, string, bags,
floor mats, wall coverings and handicrafts. The paper industry also uses the plant as a
source of cellulose pulp. Currently, the applications have extended tmdaive,
furniture and building industry in the form of sigainforced composites. In building
industry, sisal is also seen as a potential candidate to replace asbestos in roofing
material Anandjiwala and Johr20L0; Mussig, 2@0).

Bamboo is a tree likplant that belongs to the family of Bambusoideae of the
grass family Poaceae. Bamboo stalks are a typical material that possess continuously
graded properties and are characterized by spatially varying microstructures created by
nontuniform distributions bthe onstituents phases (Silva et ab06). Bamboo is a
nonwood lignocellulosic material that has been widely used in tropical countries as a
source of housing material, furniture and daily households uses such as for chopsticks,
musical instruments a@nhandicrafts. It is widely used for raw material for pulp and
paper, plywood, medium density fibreboard, particle board and oriented strand board
(Malanit et al, 2009). Bamboo has a long history in building applications and perhaps
the oldest materials ad for housing construction. It is an excellent building material
for owing flexibility and versatility when treated properly. In the country where bamboo

grows naturally, the price is relatively cheap and readily available. It is estimated that
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more thamone billion people live in bamboo house, mostly in developing countries. In
addition, bamboo has been recognized as a sustainable building material due to their

ecological and emomical characteristic (Paudel and LobovikR003).

Uses of Natural Fibre Canposites (NFCs)

The use of NFCs in a range of industrial applications has increased significantly
over the last decades. Suddatid Rosemaund2Q08 claimed that the construction
industry constitutes the second largest sector to employ NFCs wiakldes light
structural wall insulation materials, floor and wall coverings, geotextiles and thatch
roofing. Broadening the application of NFCs to include for foadying raises some
challenges such as the lack of uniformity in-bie properties, costffective surface
treatment for bidibre, thermal and moisture sensitivity, low stiffness and impact
resistance, uncontrolldoio-degradability (Drzal et a004). Research in this area has
mostly focused on how to improve the mechanical properties of tlis.Nsome of the
relevant studies in this area are described below.

Jute is probably the most comprehensively studied natural material in the field of
natural fibre reinforced composites. Many published papers dealing with different
aspects of compositesimeorced with jute fibre can be found very easiBay et al
(200) studied the dynamic mechanical and thermal analysis of alkali treated jute
vinylester composite. Saha et al (2000) reported their work o#trgagment of jute
fibres with acrylonitnile pe-treatment prior to incorporiag into composites with
polyester matrix. The resulting composites had some good properties such as tolerant
against cold and boiling water, where water absorption and thickness swelling are much
reduced compared to the composite reinforced with untreated fibres. Durabilitg of ju
fibre reinforced phenolic composites was investigated by Singh et al (2000). In this
study, the physical and mechanical properties of-phienolic composites were
carefully assessed under various conditions of humidity, hydrothermal, and weathering.
The results showed that some biological damage in the form of fungal infestation
appeared at the cetlges of weathered composite samples. In addition, extensive
disfigurement was noticed on all surfaces under high humidity and water immersion.

Mishra et al (20@®) studied the mechanical performance of jepexy
composites. The study was carried out by comparing the performance of composites

obtained from untreated and chemically treated fibres. It was found that composites
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reinforced with untreated fibreshowed higher tensile strength but lower flexural and
Impact properties. A comparative study was carried out by AhenedVijayarangan
(2008) which focused on comparing the matrix used. An isothalic polyester resin and
general purposes resin reinforced hwjtute fibres were compared terms oftheir
performance. The resulted composites were subjected to tension, compression, flexural,
in-plane and intelaminar shear loading schemes. It was concluded that the
performance of composites constituted by islithaolyester are greater than the one
with general polyester. There hagenalso an ongoing work on the exploring natural
fibres in composites conducted at the Centre of Excellence in Engineered Fibre
Composites (CEEFC) at the University of Southern Qskad (USQ) Kabir et al

(2010) reported their work on the evaluation of mechanical and thermal properties of
untreated and chemically treated jute fibre reinforced polyester composites. They found
that the composites produced from alkali treated-patgester showed higher flexural
properties. The treatment with 7% NaOH showed best results. In addition, compressive
properties of alkalized fibres showed higher strain properties and the best result was
given by 5% NaOH treatment.

Much research has been endken on the use of hemp as a natural fibre.
Suardana et al2011) evaluated the mechanical properties of hemp reinforced
polypropylene composites with particular attention to the effect of chemical surface
treatment of the fibres. Alkaline and Silaneatments were given to hemp fibres prior
to incorporating them into composites with a polypropylene matrix. It was suggested
that alkali treatment with 4% by weight resulted in higher mechanical properties. Alkali
treatment seems the favourite choice oérofcal treatment for all natural fibreShe
alkali treatment might als@romote the adhesive of fibmeatrix that resulted in
enhanced ttrmal and mechanical properties (Mwaikambo and An2@l2 Bledzki et
al, 2002). In addition to the chemical treatmeof natural fibres topic, it was
recommended that using 35 wt% alkali treated hemp fibres modified with maleated PS
compatibiliser enhanced the tensile strength and modulus of the resulted composites
(Hokkens et al, 2002; Bledzki et al, 2002). Hemp cositps board was also developed
and showed sufficient strength to be used as building components (Pogorzelski and
Firkowicz-Pogorzelska, 2000; Bledzki et al, 2002).
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The potential for using sisal as reinforcement in composites has been studied by
many reseahers.Rong et al(2002) studied the role of interaction in sisgloxy
composites and its influence on the impact performance of the composites. In this work,
the sisal fibres were modified using different methods; alkali, acetylation,
cyanoethylation, fane coupling agent and heat treatment prior to incornpgraito
epoxy resin matrix. Surface tensiometer and dynamic mechanics analysis were
employed to investigate the interfacial interactions of the composites. The effect of such
interactions to the impact properties was then obtained. Mechanical properties and
morphology of sisaépoxy composites was investigated by Oksman et al (2000).
Unidirectional sisal fibres were used to reinforce epoxy resin through resin transfer
moulding method. The results@hed that the stiffness of composite was about 20 GPa
compared to the stiffness of pure epoxy resin of 3.2 GPa. The tensile strength was also
higher, 210 MPa compared to the value obtained by testing pure epoxy resin, 80 MPa.

In addition to hose two studis, Fonseca et gR004) evaluated mechanical
properties of sisgbolyester composites. The work focused on the polyester matrix
formulation. Three different polyester formulations were introduced; polyester modified
with silane coupling agent, flame redant system and the blend of the two materials.
The obtained composites were then compared to the unmodifiedpaigester
composite. It was demonstrated that the flame retardant acted as a particulate
reinforcement to the polyester matrix while the rsdlacoupling agent acted as a
plasticizer, and that the addition of the two materials tended to decrease the composites
performanceln addition, dane and alkali treatments improved the wetability of the
fibres resulting in better mechanical propertied good water resistancd sisatepoxy
composites (Bisanda et,aP000; Bledzki et al, 2002 Using other thermosets
composites, Singh et al (1996) evaluated the effect of chemical treatment to the sisal
polyester composites. Sisal fibre was chemicallgte@ using organotitanate, zirconate,
silane and Msubstituted methacrylamide. The overall conclusion drawn was that the
mechanical properties of resulted composites were improved significantly. It was also
observed that the tensile decreased by 30 to W#&n exposed to humid conditions,
and by 50 to 70% for flexural strength. The composites madesafbistitute treated

sisal fibre exhibited better properties when exposed under dry and wet conditions.
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Although bamboo has been served as building matemndahbusands of years, its
main utilization remains as a traditional material. The development of technological
tools and methods has however created the opportunity of using bamboo as building
materials at more advanced levels. One of promising arels iditization of bamboo
to reinforce thermosetsr thermoplastic composites. Thigs been significant in the
area and some relevant aspects are outlined below.

The effect of environmental ageing the mechanical properties of baghs
fibre reinforcedpolypropylene (PP) compdss was observed by Thwe et(2002) as
reported in Bledzki et al (2002Jwo compounds of composites were prepared using a
compression moulding method; one was the PP reinforced by short bamboo fibre
(BFRP) and the other one waeinforced with a hybrid of bamboo and glass fibre
(BGRP). It was observed that the tensile and flexural modulus of BGRP were 12.5 and
10 greater than the BFRP, respectively. The tensile and flexural strength of BGRP was
also noted to be higher than teasf BFRP by 7 and 25%, respectively. The durability
of bamboePP composites was much increased by hybridization with a small quantity of
glass fibre.

Reddy et al(2010) evaluated the chemical resistance and tensile properties of
epoxy/polycarbonate blencbated bamboo fibres. It was found that the coated fibres
showed higher tensile strength than uncoated fibres and also had better resistance to
acids and alkalisMoreover, Ismail et al (2002) evaluated the effects of employing
silane coupling agent ondfcuring characteristic and mechanical properties of bamboo
fibre filled rubber composites. It was found that the scorch and cure time of bamboo
rubber composites decreased with the increased filler loading in the presence of silane
coupling agent. They ned that the tensile strength, tensile modulus, tear strength and

hardness increased with the addition of coupling agent.

2.3.2. Wood plastic composites (WPC)

Smith and Wolcott(2006) reported on wood derived composite material as a
unique development in the wood products industry. They saw it as an emerging
renewable material class based on performance, process, and product design innovation.
It has been widely used in North Asmca for a wide range of products such as

automobile parts, interior door skins, appliances and furniture (Smith and Wolcott,
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2006). The potential market for WPC has since exphmoehe construction industry.
Since 1990s, the market for WPC material gaswn significantly, particularly in the
applications where good weather resistance and low maintenance are reg@ed.
biggest market segment is in decking and railing products, fencing, door and window
panels inresidential construction markdd@nnirenand Hughes2010; Mussig, 201p
Commercial WPC are produced with formulations composed of wood flour,
synthetic thermoplastic resins and additives that includes lubricants, inorganic fillers,
coupling agents, stabilizers, and biocides in various combinations (Smith and Walcott,
2006). Uriike the typical fibre used in NFC which is a short or long individual fibre, the
Afi breso used in WPC most often take the
WPC for building applications contain at least 50% of wood particle, but it may vary
betwveen 3070%. Pine, Maple and Oak are the commonly used wood species for
producing wood flour. The commonly used binder in producing WPC panels is
Polyurethandbased. The WPC products with this typical adhesive range from
hardboard (HB), oriented strand bdgdOSB), medium density fibre board (MDF) and
strawboard, particleboard (PB) and Ilaminated veneer Ilumber (LVS)

(www.plastemart.coh

There are two main reasons why WPC has found wide use in the residential
industry. Firstly, it can be tailored to almost adgsired design (Takatani et @007).
Secondly, almost all machinery tools, such as cutting and sewing machine, for
processing conventional wood can also be usedMBC processing (Winandy et al,
2004. Anothe major driver is cost. Noting that research into WPC was initially
stimulated by the desire to redirect waste fibre and plastics from landfill to form useful
products. Being a once waste product mean that they can very competitively to their

traditional tmber counterpart.

2.3.3. Lignocellulosic composites

There has also other type of green composite known as lignocellulosic
composites. Sometimes, this is included in the WPC class. A lignocellulosic material is
any substance that contains both cellulasé lignin and wood, agricultural crops and
agricultural residues are included in this category. A lignocellulosic composite is a

composite product made from any combination of lignocellulosic materials. The term of
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composite and reconstituted wood is freqtly used to describe any wood product that

is glued together to produce a wide range of final wioasked product from fibreboard

to laminated beams and structural components (Englishl 1994 Gilbert, 1994.
Traditional lignocellulosic compositesrcéde categorized into three main groups based
on particle size; veneer, particle and fibre based materials. Plywood and laminated
veneer lumber (LVL) is a venebased material. The class of particle board includes
waverboard, oriented strand board (OS&)ipboard and particleboard. Meanwhile,
other woodbased products such as hardboard and medium density fibreboard (MDF)
are categorized as fiblmmsed panel materiglEnglishet al 1994 Gilbert, 1994.

Wood based materials such as plywood, hardbodmgkioard and chipboard are
also categorized as sustainable materials and primarily used for interior purposes. They
can also be used as external cladding with the use of waterproof gluing and appropriate
surface treatment. However, experience so far hawrslthat external applications can
be vulnerable in harsh climate conditions. Plywood is often exposed as internal
cladding, while fibreboard and chipboard are almost exclusively used in underlay on
either floor or walls. Fibreboards are produced in pgreesi hard and hard variations
from through heating in wet process. Fibreboards produced in dry process are widely
known as medium density fiore (MDF) and high density fibore (HDF). MDF boards are
regularly used in the production of furniture (Berge, 200®cording to Duggal
(2008), pywood is a wood panel glued under pressure from an odd number (usually 3
to 13) of layers/piles of veneers.

Plywood has good strength both along as well as across the grains. It has better
splitting resistance due to theagrs in adjacent veneers in cross direction as nailing can
be done very safely even near the edge. Plywood has been extensively used for
partitions, ceilings and doors. Chipboard comprised of a centre layer of coarse wood
chips and sandwiching outer layerfsfiner wood chips are generally characterized by a
high density. This high density can be ascribed primarily to the fact that the fibre in the
centre layer are positioned parallel with the longitudinal axes of the chips, that is in a
plane which extengubstantially parallel to the plane of manufactured board, and that
the chips during the compression step required to form glue joints between the chips are
compressed to an appreciable extent such that the density of the board will be

substantially highethan the intrinsic density of starting material. Hardboard is built up
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of felting from wood or vegetable (wood waste, waste paper and agriculture waste).
Hardboards typically have one surface smooth and the other one textured (Duggal,
2008).

Table 2.1. Mehanical properties of wood based mateialggal, 2003

Mechanical Properties

No Wood Based Bending Compressive Tensile Modulus of
Material Strength Strength Strength Elasticity
(MPa) (MPa) (MPa) (MPa)
1 Plywood (Birch) 80 60 70 1.5 x 1d
2  Plywood (Spruce) 35 35 30 1.1x1d
3 Fibreboard (MDF) 3545 - - 3.54.0x 16
4  Chipboard 7.08.5 4.05.0 3.04.0 1.21.9x 16

2.3.4.The gpplication of sustainable green @mposites inbuilding structure

The concept of using sustainable green matsuieth as natural fibre composites in
building components has been reported since the early seventies. The construction of
cheap primary school building using jute fibre reinforced polyester in Bangladesh (1972
73) under the support of CARE and UNIDO is siolered as the first effort in the use of
natural fibore composite in developing countries. In the 80s, building panels and roofing
sheets made from bagasse/phenolic were installed in houses in Jamaica, Ghana and
Philippines (Salyer and Usmani, 1982; Mathu2006). In another program,
developmental work on low cost building materials based on henequen, palm and sisal
fibres and unsaturated polyester resin had been undertaken asparaiive research
project between the Government of Mexico and UNIDO fqurapriate utilization of
natural resourceB€lmares et al1981; Mathur, 2006). In the 90s, UNDP in association
with the government of India supported a program to develop jute based composite and
moulded products as wood substitutes in packaging building sectors (Mathur, 2006). The
use of natural fibres as réamcement in a cement matrix has also been practiced for
developing cheap building materials such as panels, claddings, roofing sheets and tiles,
slabs and beams. More recent efforts relating to the application of natural fibre
reinforced plastics (NRFPH ibuilding construction are as follow.

Burgueno et al (2005) reported their study which demonstrated thedtiposites
could be used for loadearing components by improving their structural efficiency
through cellular material arrangements. Laborasmgle periodic cellular beams and

plates, as presented in Figure 2opt{or), were made from industrial hemp and flax
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fibres with unsaturated polyester resin. Material and structural performance were
experimentally assessed and compared with results $twortfibore composite using
micro-mechanics models and sandwich analyses. $&rnt analytical evaluation of
full-scale cellular biccomposite components indicated that they were comparable with
components made from conventional materials.

Dweib et al(2004) manufactured a blmased roof structure as demonstrated in
Figure 2.7 (pper). Cellulose fibres were successfully mixed with soybaised resin to
form composite structural panels. The cellular fibres were in the form of paper sheets
made from regcled cardboard boxes. The panels were prepared using a modified
vacuum assisted resin transfer molding (VARTM) process. Five different structural
beams were manufactured and tested underdomt bending test to study the strength,
stiffness and mode dhilure in a pure bending mode. The results from the beam test

showed that the stiffness and strength meet the requirements for roof construction.

88.9 mm

25mm x 25mm x 508mm

Cellular Beam 1 (CB1) ’

D=9.5mm,

=53

p*/p,=0.58

Cellular Plate 1 (CP1)
13mm x 102mm x 305mm

Coooocooqa ..

p,/ps =056 Typical

Figure 2.7Upper. Composite structural paneisth soy-oil resin (Dweib et al2004).
Bottom Cellular leam (Burgueno et a2005)
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Hu et al (2007) explained the advantages of this typical structure. Firstly, it has
greater degree of structural integrity under wind and earthquake loads due to its
monolithic structure. Secondly, the foam core used providesrent insulation to the
roof structure although it does not contribute much for structural and stiffness of the roof
panel. Thirdly, as the panels are-fabricated model, it takes less time for the erection
process that finally save time and money. lyaghe panel has an integral weather
protection layer that would eliminate the need for a shingles, and the maintenance and
replacements associated with them.

Mehta et al2005) proposed a novel processing method to prepa@hiposites
for housing paels termed as bioomposites sheet molding compound panel
(BCSMCP). Different types of natural fibores were mixed with unsaturated polyester
resin to produce tested panels. The panel sheets were then tested under tensile, flexure
and impact loads. It wasaiimed that the proposed method could produce a better bio
composites panel for housing applicatiotrs.addition, Uddin and Kalyankar(2011)
developed a natural fibre reinforced polymeric structural insulated panels (NSIPs) for
panelised construction. Thistructural sandwich panel is made of jute reinforced
polypropylene laminate skins separated by expanded polystyrene (EPS) foam core. The
laminate skins were prepared using compression molding process where fibre and
matrices are subjected to predefine hbgbressure and temperature. Structural
characterization was performed using flexural and low velocity impact (LVI) tests. Test
results confirmed the potential of NSIPs concept to serve as an alternative to OSB SIPs

and G/PP SIPs in structural applicatiacls as flooring and wall.

2.4.The Wide Spectrum of Hybrids

Having reviewed the many attempts to utilise sustainable green material in
building structures, it is now apparent that the application of green materials for load
carrying capacity members is not teffective. It becomes obvious that hybrid
structure incorporating natural fibres is a possible solution. This section explores some
of the existing hybrid structures.

Mitra (2009) proposed a sandwich panel with shegrwith the aim to increase
the shar performance of sandwich composite panels. The $teyais inserted in the

PVC core and may be of any shape, size or material and the spacing in between the
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shearkey may also of any configurations, as presented in Figurag@i. The core
materialused was closedell semirigid PVC foam with a density of 100 kg/émith

the commercial name of Divinycell H100. The skins were made of -fjlass
composite laminate, one was prepared with chopped strand mats and the other one was
woven roving fibreglas mat, through a vacuum resin infusion methodology. The
experimental investigation of 4plane shear response of sandwich panels was carried
out as per recommendations of ASTM C 273 (ASTM, 2007). It was demonstrated by
the experimental results that therottuction of sheakey has a positive effect on the

initial in-plane shear stiffness and strength of the panels.

Q top composite skin

composite skins PVC foam core composite shear keys

¢ bottom composite skin

(a) Conventional panel (b) Panel with shear keys

PVC foam-core

Reinforcing tube inserts

Laminate faceplate

Figure 2.8 Upper. Sandwich panel with shear keys (Mitra, 2009).
Bottom Sandwich panel with reinforcing tube inserts (Mamalis ,e2@(R).

Another study with similar concept of strengthening core by inserting other
constituent material was performed by Mamalis et aDZ20As seen in Figure 2.8
(bottom), several additional materials were inserted in the foam core connecting the
externalface plates in order to improve the structural crashworthiness properties. Such

structures consist of foam or honeycomb core sandwiched between laminated face
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skins. The inserted constituents may be in the form of tubes, cones or other types of
inserts meerials. In this investigation, the sandwich panels were reinforced with tube
inserts placed in two different directions. Four tubes with diameter of 25 mm were
transversely located to the sandwich panel plane and used as connecting elements
between the sks and reinforcement to the whole structure. Another similar tube with
the diameter of 15 mm was then placed longitudinally to the panel plane as additional
reinforcement. The gap in around the faceplates and tubes was filled with syntactic
foam core thamade of closedell phenolic foam Contratherm, with the density equals

to 130 kg/ni. The sandwich panels were subjected to compressive loading schemes that
applied in edgewise and flatwise positions. The overall conclusion drawn from this
work was that tb use of internal reinforcement in the form of longitudinal and
transversal fibre reinforced plastics tubes significantly improved the stiffness and the
crash energy absorption features of the tested sandwich panels. The most common
failure mode of sandwit panels subjected to the edgewise compressive load was a
buckling of the faceplates and delamination between core and skins. Under flatwise
loading direction, the collapse mechanism was initiated by the collapse of transverse
tubes, then followed by thengitudinal reinforcement resulting in the delamination and
fracture of the tubes that finally densification of foam core.

Researchers also studied the introduction of additional layers in the sandwich
structure. Ang and Sh2006) reported their work on introducing an additional layer,
called aninternal sheeinto the core of sandwich panels shown in Figure 2.9eft).
Theinvestigationwork was aimed at improving the resistance of sandwich structure to

the local crush (impadbad).

=« Face sheet

&

«— Face sheet
CESRRERRSE SR nRSn RS «— Inemediate laver

«— Top care
+— |rfemal sheet <« Core

«— Bottom core

e Intermediate layver
8« Face sheet

«— Face sheet

Figure 2.9Left Sandwich panel with internal sheet (Jiamgl Shy20()
Right Sandwich panel with intermediate layer (Mamatialg2008)

The authors studied the effects of internal sheets involved in a sénsiwicture

on local displacements of the core under impact loading. The investigation was carried
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out using simulation modelling with LBYNA3D software and was focused on the
local displacement of a honeycomb core under thoset impact loading in vaous
locations of internal sheet and of different levels of impact energy. The results showed
that the local displacement of the core along the direction of the impact had been
decreased significantly. The simulation results also revealed that the indbel
introduced had no significant effects on the contact forces and the deflection of
sandwich structureMoreover,Mamalis et al (2008) introduced a concept of combining
the advantages of metallic and polymeric materials while avoiding some of their maj
disadvantages. The schematic of this concept is presented in Figurgl2p (Metal

based materials were used as the skins in order to maximize the rigidity and extremely
lightweight cores while introducing an intermediate layer made from composite
materials or wood between the face sheets and the core. The simulation results from this

study using finite element analysis are listed in the following table.

Table 2.2. The simulation ressitibtained by Mamalis et al (2008)

Layers + thickness (mm) Failure modes

Case Defl. o Weight Cost
Face IL Core (Mm) FmMB FW cs MM (kg  (0)
Steel:6 - - 67.8 - - - - 23.4 82
Al:8 - - 80.1 - - - - 11.2 45
GE:1.2 - PVC: 25 57.0 18 6 18 5 2.7 27
GE: 3.6 - PVC: 38 4.5 82 30 27 35 7.3 61
St:0.5 GE: PVC: 25 12.9 8 178 18 78 6.7 42

Al:l2/1  W: 4 PVC: 25 7.4 23 244 18 125 6.4 27
St:0.5 GE:1.2 PVC:38 7.8 11 270 27 96 7.0 52
St:0.8 GE:1.2 PVC: 38 6.8 18 432 27 195 9.3 61
St:0.5 GE:1.2 PVC:50 4.3 15 356 35 111 7.2 62
10 Al2/1 W:14 PVC: 60 3.3 58 624 45 201 7.8 32

OO |N[O|O|R[WIN|F-

Notes: IL = intermediate layer; Al = aluminium; FMB = face micro buckling; FW = face wrinkling; CS =
core shear; Inden = indentation; Defl = deflection

It was expected that the new hybrid sandwich beam could prevent the early failure
of inundation or face wrinkling of face sheets due to the large differences between the
structural properties of face sheets and core materials. Another problem is thielyelati
high price of good performance core used in the transportation industry. It was believed
that using a low performance but cheap core material with the introduction of
intermediate layers could be maintaining or even improving the properties of sandwic
structure at lower cost. It was also noted by the authors that the final selection of the

sandwich panel constituents was a compromise between the cost and the performance of
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the material used. The introduction of intermediate layer allows the useyothieap

cores and also very thin face sheets. If a common material is chosen, for example
wood, the introduction of an intermediate layer will reduce the cost significantly. In
addition, the intermediate layer should be much stiffer than the core rhateria
lightweight enough and preferably much thicker than the face sheets. Initially, a thin
glass fibre/epoxy layer was used, but after several impact tests, thicker but lighter
plywood was chosen in their research.

The research methodology used in their work was finite element analysis followed
by experimental works for validation purpose. A typical panel, 100 cm long and 50 cm
wide, had been analysed using finite element under linear central bending load of 6 kN
in a typical thregpoint bending load case. The results reported on this work are
summarized in Table 2.2. At can be seen in the table, the geometrical size of the
samples was not consistent. Case 1 and 2 were using single material configuration. The
large deflection indicated that the single material panels cannot withstand the applied
bending load. A glass fibre epoxy skins were combined with PVC core in the case 3 and
4. The results showed that a better structural performance was achieved when compared
to Case 1 and 2. For the rest of the cases, intermediate layer made from glass fibre
epoxy (GE), plywood (W) was introduced between metal skins (steel and aluminium)
and PVC core. The deflection was reduced by more than four times when using a 1.2
mm glasdfibre epoxy intermediate layer between 0.5 mm steel skins and 25 mm PVC
core (case 5). The load capacity was increased to against the face wrinkling and
indentation. The drawbacks, however, were the weight and cost increment. As a
summary, this new hybridoncept has improved the structural capacity of sandwich

structure at a reasonable cost.

2.5.Chapter Conclusion

From the literature review presented it can be seen that much research has been
done by researchers worldwide. Many alternatives of sandwichrgotigh may be
obtained by combining different facing or core materials or even introducing other
materials inside the conventional sandwich structure to form a hybrid structure.
Although the choice of combinations is almost infinite in terms of mateses$ wr

structure configuration, the final decision made should be realistic in terms of whether
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the outcomes meet the expected performance as desired by design. For examples,
combining very strong and stiff laminate facesheets made of carbon fibre wittower
density foam core is an unrealistic choice as the structure will fail due to core damage
far before the face sheet reaches its optimum capacity. The introduction of a
complicated sandwich structure, normally in the form of hybrid structure, with
enhanced mechanical properties may raise the production cost significantly.

Regarding those two concerns, Marshal (19@8Peters (1998suggested two
important considerations when designing sandwich structure. First, it is important to
understand the fabritan sequence and methods. The cost of a sandwich structure is
fundamentally fixed at the design stage and a considerable difference in cost can result
from alternate solutions to the design problem. Second, properly choosing the core is
also of equal impaance. Several densities of core may be used in a single panel with
each appropriate to the load carried in the area and adhesively bonded to its neighbour.
In this case, it should be realized that connecting two cores together will need adequate
amount & glue that may negate the weight saving obtained by employing low density
core. Attaching glue to the sandwich structure is not only a direct cost title but also time
consuming that may end up raising final production cost. In addition to those important
recommendations, the ratio of cost to performance is a fundamental consideration when
applying sandwich structure in building structure due to many competing types of
construction have been crowded the market (Davies, 1998). The new hybrid sandwich
panel poposed in this research has been designed while considering all those
considerations. The new approach enables the structure to carry more loads at the
expense of slightly increased in cost. The hybridization concept proposed is a
reasonable way to increaloadbearing capacity of composite sandwich panel structure

made of sustainable green material.
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CHAPTER 3

RESEARCH CONCEPT AND VALIDATION PROCESS USING
STATISTICAL EXPERIMENTAL DESIGN

3.1.Introduction

Research could be described as an organized effort on the part of a scientist (or
other) to acquir&knowledge about a natural or manufactured process (Kuehl, 2000). It
was defined by Roscoe (1975) as being a systematic study of the relationships between
variables. Brinberg (1982) described research as the interrelationships of conceptual,
methodological and substantive domains. He indicated that the conceptual domain
includes concepts and ideas in abstract form and the methodological incorporates
designs, strategies, measuring devices, and analytic techniques used to study a
phenomenon or theory. Thebstantive domain deals with the events, processes and
phenomenon which are being studied. This chapter explores the basic concept of the
research reported in the dissertation and the validation process for confirming the

significance of the outcomes forgatical applications.

3.2.The Research Concept

The research work focused on introducing a new layer in between the skin and the
core of a standard sandwich panel structure to form a hybrid structure. When a
monolithic panel manufactured as a homogeneuaterial is subjected to a loading
scheme, the typical stress distribution is a straight diagonal line from the top surface to
the bottom as shown in Figure 3ibf). The stress distribution, however, will have a
considerable transform at the top and tottinterface between the skin and core layers
for sandwich structure, as shown in Figure R&adtton). Many authors have identified
the stress discontinuity as a prime contributor for failure in sandwich panel. The idea of

introducing an intermediate layawhich has intermediate properties between the skins
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and core, is to reduce the problem. This concept can be best explained based upon the
Hookeds | aws which relate induced stress
the intermediate layers aneserted, the abrupt step between the high and low stresses
within the skins and core can be reduced because the elastic modulus of intermediate
layers has a value between those of the skin and core. This configuration, of two layers
of skins and intermedte layers at the top and bottom and the core in between
theoretically generates a higher flexural strength for the sandwich panel. This concept

can be explained by Figure 3.1.

Face sheet ]
Compression —>»

Neutral axis

<— Tension

Face sheet

Intermediate layer Compression —> 5—}

Core Neutral axis ; Ao

<—Tension

Figure 3.1. Typical stress distribution in sandwich panefy) conventional sandwich
panel, andlfottorm) hybrid sandwich panel with intermediate layer

For example in a metal face sandwich structure, the core possesses much less
stiffness compared to the metal skins. The bending moment is distributed to the skins
while the core carries almost all of the shear force. The core also provides a lateral
support for the faces of sandwich structure which is extremely important especially
when the sandwich structure employs thin metal faces. The thin metal face has low
stability under compression and begins to fail immediately due to buckling. The lateral
support from the core is activated when the face distorts in a-Nkaveattern that
induces stresses in the core material. The failure of the core or the bond cain @sult
immediate wrinkling failure of the face. Davies (2001) highlighted that in sandwich

construction, the yield stress of skin material is of reduced concern because the load
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carrying capacity of the structure is typically determined by wrinkling offalse in
compression or by the shear failure of the core.

It thus becomes crucial to provide more lateral support for the face by introducing
another layer that has intermediate properties between those of the faces and core. The
current common approach &aldress the issue is eitherincrease the thickness of the
faces or improves the quality of the core. Both approaches however may have
significant impact on the overall cost. The price of skin material is normally expensive
so that even slightly increiag the face thickness will significantly increase the cost.
While the price of the core is much less than that of the skins, an increased thickness of
the core can also result in higher overall cost. A basic theoretical analysis of a sandwich
structure isprovided in the following sections. This is followed by a more detailed

theoretical exploration of hybrid sandwich panel structures.

3.2.1. Basic concept of sandwich panel

A sandwich typically consists of three elements which are the face sheets, core
and adhesive. Every part of the panel has a specific function to enable the panel work as
a unit. A sandwich beam of the same width and weight as a solid beam has a
consideral® higher stiffness due to its higher moment of inertia (Diab, 2009). The
adhesive has an important role to ensure that faces and the core are fully bonded out but
it is often neglected as a part the sandwich panel. The theoretical analysis presented here
is adapted from different literatures but is largely based on the work of Zenkert (1995)
who explicitly explained that the theoretical analysis in his book was a brief summary
of what was earlier described by Allen (1969, 1966). In addition, a publicaiwtoht
by Deshpande (2002) about the design of metallic foams has been very helpful.

Consider a sandwich beam of uniform width (b), with two equal face sheets of
thickness t perfectly bonded to a foam core of thickness c. The beam is loaded in 3
point bering as shown in Figure 3.2 with a span L. Petand% be t he Young
moduli of the face sheets and core, respectively. The stress and deflections in a beam of
this may be obtained by simple beam bending theory. In this initial stage of analysis the
theay is based upon the assumption that csEsgions are plane and perpendicular to
the longitudinal axis of the unloaded beam remain so when bending takes place. This
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assumption leads to thveell-known relationship between the bendingpment and the

curvaure (1/R). Théb)n this relation is the flexural rigidity.
_ P se6c6c6c6666666666666666656 3.1

%) 2
l ¢
Tt
2 ~z Jea
= H f L | H —s]
—t

t -
fie [« |4g

Figure 3.2. Long and cross sections of sandwich panel loadepldimBbending

For a sandwich beam, the equivalent flexural rigid¥#y) consists of the sum of

the rigidities of the faces and core measured about the neutral axisofithe entire

sections.
%) %SpEcM pﬂc%z\/& CEEEE666666. . 632
%) %38 , about mm eée €Eééeééeée. éeéc¢ 33

, can be calculatefilom the parallel axis theorem,
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So that,
%) E%AO E%A;@) C66666. 666666 36
Thus,
%) %) %) CE6666. 666666 37
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The faces are usually thin compared with the core, i.e. t <aftthe first term of

Equation 38 is therefore quite small andléss than 1% of the second value when:

///////////////////////

A
3 V& X eéeéeée. . ééééééééeéeéeéeéeéeéeéeéé 39

As a result of material selection, the core usually has a much lower modaus th

that of the face, i.€6<<< %, the third term in Equation 3.8 is less than 1% if:

% Qi i 4 A4 A a4 a4 & .
——=— p@ ¢€éceceéeceée.éeeéeeceee. . €310
% A

If the conditions in Equation 3.9 and Equation 3.10 are fulfilled, then the flexural

rigidity of sandwich panel may reduce to:

A wn

AB
%) %

,,,,,,,,,,,,,,,,,,,,

eeecééééeeeceeceéee. éeeeee 311

As indicated earlier, sandwich panel hasigh stiffness because of its high

moment of inertia. The stiffness of the above sandwich beam is given by:

I - !
E - eééeéée. éééeeéééeecééeeeééee 312
1
Where:
E : The stiffness
& : The applied force
1 : The displacement, which in this case is the deflection

The deflectiorof a homogeneous beam undepdnt bending load is,

, CEEE666. 6666666666 66666 313
T Y %)
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For sandwich panel, this equation can be modified as
3.14

éeeeééeeececée

/////////

&,
— ééééééééeé

1 T

Hence, by including Equation 3.14 into Equat®d?2, a stiffness of a sandwich panel

can be obtained as follows.
"""" ééééécéeéceéeéeecéeé 315

E ﬂ eeeececcee.
Based on Equation 3.15, it can be seen that the higher flexural rigtdity, the
higher beam stiffness. Using the sandwich concept the flengidity and stiffness of a
beam can be substantially enhanced, without much increase in weight.
Elastic stresses in sandwich panel
The stress in the faces and core may be determined by the use of ordinary beam
theory, adapted to the composite nature of the esBon. Because the sections

remain plane and perpendicular to the longitudinal axis, the longitudinal strain at a point

of z is given by
U e e e e
R > eeéeéeééée. éééééeééeeceeeeeeeee 316

The value of R can be obtained by rewriting Equation 3.1, and inserts the result

into the Equation 3.16, which results in:
3.17

//////////////

eeeeeeeeeeeecece

- U
R e dbsa _
%) eééeeée
This strain may be multiplied by tlappropriate modulus of elasticity to give the
bending stress at level z. For instance, the stresses in the faces and core are given by
U
%)% eeééééée. eeeceeceééééeeee 318
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Thus, the maximum face and core stresses are obtainethwith A O¥¢ and
U  Afc. Hence, the stresses vary linearly within each material constituent, but there is

a jump in the stress at the face and core interface.

Shear stresses isandwich panel
The shear stresg in a homogeneous beam, as shown in Figure 3.3, at a depth z

is defined by Equation 3.20.

1 i s s iosososos sz s s os oz
V4 A_)'U éeeéeée. éceéeceeéceéeeéee 320
Where:
1 : Shear force
! . Are of the cut off portion
I U : The first moment of area dhe cutoff portion about the centroid:
axis
b
B
R
Co===%7 == P»————=
¥
Z| W =
-~ WA

Figure 3.3. The cross section in shear analysis for homogeneous beam

For a sandwich beam, this equation is modified to take into account the moduli of
elasticity of the different elements of tbesssection.
1 .
V4 Aoe) PU% ¢éééeééeéeée. eéeéeéeéeée 321
Where the summation x is done U &rtFomall pa

example, to determine the shear stress at level z in the core of the sandwich, as shown in

Figure 3.4, the procedureas follows.
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Figure3.4. Sketch of sandwich beam cross section for shear analysis

Thus, as the shear stress in the core is defined as per Equation 3.21, then
L %A OA%NSA A U eeéeéee. eeéeée. é 324
Zz 3 %) c e : : :

Eliminating the factor of b, gives the final equation to obshiear stress in the core:

1 %A% A . L, ,
- — — U eééeeeéeeeeéee. & 325

A %) ¢ QT
A similar expression may be obtained the shear stress in the faces and the

completeof shear stress distribution across the depth of the sandwich is illustrated in
Figure 3.5 (A). For a normal sandwich parfd, << %h so the second term in the
equation 4.25 can be neglected and reduced to:
1 %OA
zZ 8— eeééééeée. . eeeecéeéééeéeee. 326
%) ¢
Considering Equation 3.11 where approxima®) = %A 7Tc¢, the shear

stresdn the core can be simplified as follows.
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The corresponding shear stress distribution in the sandwich beam is shown in
Figure 3.5 (B).

—

o
[ Y

() (B)

Figure 3.5. (A) The shear stress in the faces anddimplete shear stress distribution
across the depth of the sandwich. (B) The corresponding simplified shear stress
distribution in the sandwich beam

Deflection of a sandwich panel

In a homogeneous material, the deflection due to shear is often neglented. F
sandwich panel, however, the core material is usually not rigid in shear and thus the
deflection is not negligible in most cases. As it has been presented in pervious
equations, the deflection of sandwich panel can be obtained by adoption of tlheprevi
basic equation of beam deflection. Two previous subsequent equations, EQUERion
and Equatior8.14, showed how the basic beam deflection equation has been modified
for a sandwich panel beam. Equati®i5 shows that the increasing the separation of
the face sheets increases the flexural rigidity and stiffness of a sandwich beam. While
separation should be increased as much as possible, it may induce a shear mode of
deformation that commonly neglected in ordinary beam analysis.

Recalling back at thassumption made for the ordinary beam bending theory, it
was assumed that cressctions that are plane and perpendicular to the longitudinal axis
of the unloaded beam remain so when bending takes place. As it seen in Figure 3.6, the

crosssection aa, blx;c and dd has been slightly rotated but remain perpendicular to the
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longitudinal axis of the deflected beam. The upper part of the beam is under

compression and the lower part is under tension.
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Figure 3.6. Basic assumption in ordinary beam theory

Theshear stress in the core at any section has been defined by the Equation 3.27.

This equation is associated with a shear strain.
r TAA eeéééeeee. ee.. ééeeeceeceetl?8

The above equation was provided by the following process.
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Where' is the shear modulus of the core material. This shear strain leads to a

new kind of deformation as shown in the following figure.

4+— 12 ; L2 —

Figure 3.7. New type of deformation due to core shear.
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As shown in the Figure 3.7, the points a, b, ¢, and d which lie on the centre line of
the faces do not move horizontally but are displaced vertically. The deflection of the

loading point due to this deformation mode is given by.
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Since in 3point bending load  &f¢, then
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Thetotal deflection at the centre point of the beam due to the bending (Equation
3.14) and shear deformation (Equation 3.36) can be obtained by a linear superposition,
which gives:

&, &, i 4 cos s s x4
] eeecéécééeeeececeeééeée 337
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This is a more appropriagxjuation for the deflection of sandwich panels and the

equation for their stiffness also has to be modified. When considering the shear
contribution in the deflection of sandwich panel, the stiffness of sandwich beam can be
calculated based on the followjirquations.

. &
E ———— L s s s
&, &, eeeeeeceeeceeeeeeecee 3.38

T o) T!'

By rearranging this equation, the stiffness of sandwich beam can be obtained by the

following equation.
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3.2.2. The Hybrid Sandwich Panel Model

The hybrid structure of the sandwich panel studied in this research is achieved by
placing one more layer, which is called as an intermediate layer, between the core and
the skins. The term hybrid arises from the fact that a new constituent has been
incorporated in an ordinary sandwich panel structure which typically consists of only
two elements, faces and core. By introducing this new layer the sandwich panel has now
consists of three materials, that is skins, intermediate layers, and the core. This analys
of the behaviour of new hybrid sandwich panel is basically carried out by taking into
account the contribution of this new element. However, the basic analysis remains the
same as for the ordinary sandwich panel.

Consider a sandwich beam of uniform thidb), with two identical intermediate
layer of thickness; perfectly bonded to the foam core of thicknessThe other two
equal face sheets with thicknesare also perfectly bonded to the intermediate layer of
the sandwich panel to create a hyldndn. The beam is loaded in@int bending as
sketched in Figure 3.8 with a span L. 6% and% be t he Youngds modul i
face sheets, intermediate layer and core, respectively. The stress and deflections in this

hybrid sandwich beam may be adbtd in a similar way as the ordinary sandwich

[ ¢

beam.
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>
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Figure 3.8. Long and cross sections of hybrid sandwich panel loadgubintdbending
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For this hybrid sandwich beam, the equivalent flexural rigidis) consists of

the sum of the rigidities ahe faces, intermediate layer and core measured about the

neutral axis, mm, of the entirely sections.
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Using a similar way) , can also be calculated based on the parallel
axis theorem,
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Or, the above equation can be simplified as follows.
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As for the case for the ordinary sandwich panel, the contribution of the moment
inertia of skin the stiffness of core might be neglectadt, the moment inertia of
intermediate layer should be taken into account as they have significant thickness.
Hence, the above equation, Equation 3.50, may be reduced to:
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Following a similarprocedure with the analysis for elastic stress distribution in
ordinary sandwich beam, the stress at each layer of hybrid sandwich beam can be
obtained by replacing the flexural rigidity of ordinary beam with the flexural rigidity of

hybrid beam in Equatio3.51 or Equation 3.52, which gives:
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In a similar way to the previous analysis, the shear in the core of hybrid sandwich

panel can be obtained by also taking into consideration the contribution of intermediate

layer.
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By removing the factor of b, the final equation can be obtained as follows:
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Finally, the deflection and stiffness of hybrid sandwpemel can be obtained in
the similar way with the equations for ordinary sandwich panel. The deflection is the
sum of deflection due to bending load and shear of the core, and subsequently the
stiffness is the load divided by this deflection. By this pss¢céhe analogous equations
below for the deflection and stiffness of ordinary beam are proposed for the hybrid

sandwich panel with the value of flexural rigidities) defined by Equation 3.51.
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3.3. Concept for Research Validation Process

As indicated earlier, the concept of a hybrid sandwich panel with an intermediate
layer was developed by Mamalis et al (2008). The research was targeted at developing a
new hybrid sandwich panel for the transportation industry and emphasized cost
effective analysis as the main parameter. The research methodology used in their work
was finite element analysis followed by experimental works for validation purposes,
which is a common practice in engineering research. The work was carried out by
comparing several possible choices of material combinations. Although the researchers
claimed the outcome to be successful, the fact that the geometrical size of the samples
was not onsistently kept at the same level costs some doubt on the conclusions. Their
original premise that an intermediate layer would be very beneficial is of course correct.
There remains however a need to validate the premise using statistical experimental

desgn.

3.3.1. Statistical experimental design

The term of Astatistical experi ment al de:
(2009). Other terms are used by statistician
of experimentso t o dadesigned bxperimhentetheseaeareherpr oc e s s
make deliberate or purposeful changes in the controllable variables of the system or
process, observe the resulting system output data, and then make an inference or
decision about which variables are responsibletli@ observed changes in output
performance. While all experiments may be considered to be designed experiments,
some are poorly designed that may result in ineffective use of valuable resources.
Statistically designed experiments allow efficiency and eegnm the experimental
process and also obtain scientific objectivity conclusions (Montgomery and Runger,

2003).

Statistically based experimental design techniques are particularly useful in
engineering world for improving the performance of manufactuprggess or in the
development of new products (Montgomery and Runger, 2003). Some typical
applications of statistically designed experiments in engineering include evaluation and
comparison of basic design configurations, evaluation of different matesaats

determination of key product design parameters that affect product performance. The
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application of experimental design in engineering can result in products that are easier
to manufacture, embrace better performance and entail less productionterssmple
meaning of statistical experimental design is a set of experiments that follow the basic
principles of statistical analysis. There are two main types of statistics analysis,
descriptive and inferential statistics (Montgomery, 2009).

Roscoe (1975)defined descriptive statistics as a technique that enables the
experimenter to describe with precision a collection of quantitative information in more
concise and convenient terms than the original collection, in a fashion that makes for
ease of interptation. It is intended to facilitate the orderly communication and
interpretation of disorganized mass of raw data. The counterpart of this statistic
analysis, statistic inference, can be described as a collection of tools for making the best
possible deaions in the face of uncertainty.

In a statistically based experiment, there are few important terms that need to be
well understood before using it as a basis for experiment. They are such as treatments,
factors, levels, variables and hypothesis. Treatisiare the set of circumstances created
for the experiments in response to research hypothesis and they are the focus of
investigations (Kuehl, 2000). An important component of many treatments designs is
the control treatment. A control treatment is aessary benchmark treatment to
evaluate the effectiveness of experimental treatments. A control treatment may
represent the factor with no treatment or a standard practice to which the experimental
method may be compared. In an engineering experimentaralastl practice is
frequently used as a baseline or control. A factor is a particular group of treatments and
several categories of each factor are termed as levels of factor. Variables, in most
simple definition, are measurable characteristics that viagaon be changed. Roscoe
(1975) classified variables into two board categories namely independent and
dependent. An independent variable is a factor that is manipulated in an experiment. It
is a variable that stands alone and isn't changed by the othablear Dependent
variable is something that depends on other factors or independent variables. An
independent variablis the variable that is changedarscientific experiment to test the
effects on thedependent variableln other words, theéndependent variablés the
variable that is varied or manilaed by the researcher, and thependent variables

the response that is measured.
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In this research, the treatment relates to the situation in which sandwich panels
have an intermediate layer or not. There lb@sna single factor, the intermediate laye
material that comprises two and four levels of a factor. In comparative experiment, there
are two levels of factor that are compared to determine whether or not the introduction
of an intermediate layer gives significant influence on enhancing the lgesitength
of the hybrid sandwich panel. Four levels of factor were used in single factor
experiment in order to evaluate which type of intermediate layer produces the maximum
bending strength. All other factors were kept constant, except the intermiegiete
types. Further aspects of those two employed statistical experimental design are
presented in the following sections.

3.3.2.Simple comparative experiments

Some basic statistics frameworks are presented in this section due to its
significance use ithis chapter and also in Chapter 8 for comparing the results with the
results obtained by Minitab software. A simple comparative experiment is an
experimental work that trying to compare two conditions or treatments whether or not
they give equivalent refts (Montgomery, 2009). In addition, Kuehl (2000) stated that
the adjective comparative, in the simple comparative term, implies the establishment of
more than one set of circumstances in the experiment, and that responses resulting from
the differing cireamstances will be compared with one another. In this type of statistical
experimental design, a set up of trials is conducted to determine if changing in a single
variable from one condition to another, while holding all others potential variables, has
anyeffect on the response.

The proposed procedure on conducting simple comparative analysis described in
this work is based on the process described by Montgomery (2009). Throughout the
analysis, it is assumed that a completely randomized experimental design is used. In
such designthe data are viewed as if they were a random sample from a normal
distribution. Consider the two compared objects as two levels of a factdﬁD !,ée}) Q

é ,U, represent thé, observations from the first factor level abd, U , &,

represent théc observations from the second factor level. The procedure for hypothesis
testing in this analysis begins with describing a statistic model. A simple statistic model

for such experiment is:
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Where:
Lkeg : The jth observation from factor level i
te : Mean of the response at the ith factor level
Xe g : Normal random variable associated with ijth observation

The next process is formulating the statistical for this typical analy$is.

hypotheses for such analysis are:

,,,,,,,,,,,,,,,,,,,,,,,
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Where:
(+ : Null hypothesis
(o, : Alternative hypothesis
to : Mean of the response at the first factor level
te : Mean of theesponse at the second factor level

The procedure of testing hypothesis are as follows; devise a procedure for taking a
random sample, computing an appropriate test statistic, and then rejecting or failing to
reject the null hypothesis. Part of this procedure is specifying the set of valleekthe
critical region or rejection region for the test statistic that leads to the reject{op of
Supposed that the variance of the two levels is equal then the appropriate test statistic to
use for comparing two treatment means in the compledelyomized design is:

@ m 6éééééeééeé. 666é6eééééé 365

p ¢
Where:
Uandy : Sample means

T,andl. : Sample sizes

The value3g is computed fron8y°, which is an estimate of the common variance,

10 Q T Q% i i i i i foisos o
3p prTQTZ;ZpQ ceeeéééececee. éeeeeé 366
P g

Where:

3,and3,¢ : The two individual sample variances
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To determine whether to reject or not, the value o® would be compared with
the t value obtained from the t distribution table. This test procedure is usually called

the TweSample #test. Thg(  will be rejected when the value 6fis
DS Q;rcﬁpiqz; Eééééééécecece. eeeéeéeé 367

The other way to make a decision whethgrmay or may not be rejected is by
using Rvalues. The use of-Palues has been widely accepted in practice. Faalle
can be formally defined as the smallest level of significant that would lead to the

rejection of the null hypothesis.

3.3.3.Single fador experiment

Single factor analysis is the most common approach employed by many
researchers to explore the difference among more than two levels of a factor. Antony
(2003) addressed this type of experiment as a\an@mbleAt-aTime (OVAT), where
one \ariable is varying during the experiment 