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Abstract

Until recently, the rib of the leaflets of the oil palm tree was only used for mialdoms due to itstiffness

and durability. However, the mechanical properties of this fibre are unkn@wue to the geometrical
variation ofthecrosssection of thdibresalongtheir length, ths studydividedtheminto 4-categories. Ta

result of thisstudyreveals that the fibres have a specific gravity betw®db0.84 and diameter varying
between 0.26hm (at the tail) and 4.00m (at the capMaximum tensile stngth of 90MPa was recorded.
Scanning electromicroscopy of fibre crossections reveald gradedcavitiesconcentrated at theore but

a denselypacked cortex. This radial and longitudinal density gradient is responsible for the phenomenon
whereby the fibres are stiffer in bending but possess reduced tensile strength towards the cap. Further
investigations carried out on the fibres includeater alsorption, chemical compositionand
thermogravimetric analysisThe fibre is proposed for use as natufiifre reinforcemenin cement and
polymeric compositeas it is cheap, and void of high carbon footprints associated with the use of

conventional reinforcement materials in construction.
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1.0 INTRODUCTION

The oil palm treeis a monocotyledorof the family Arecaceaewith the scientific nameElaeis

guineensis Though of African origin, it thrives on tropical soils and tiserefore abundant in 3
continents of the world, namely; Africa, Asia and South Ameaicdserves ashe major source of
palm oil [1]. Oil palmis reported to be the highest yielding edible oil crop in the waitld a lifespan

of between 280 years[2]. Oil palm is a huge source of vegetable fibsesh thatMalaysia and
Indonesiavhichare the largest palm oil producers in the woddtinuallyface difficulties in managing

the wastes generated frats cultivation and processing activiti€3.

Among he wastegenerated from oil palm plantation sites are oil palm shell, empty fraoghbfibre
(EFBF), oil palm pressed fruit (or mesocarp) fibre (OPMF), oil palm trunk fibres (OPTF) and oil palm
frond fibres (OPFF). Theswre usually disposed indiscriminately or used by the locals as cooking fuel,
both of which are not environmentallydridly [3-5]. As a resultseveral studies have recommended
possible uses of the fibres ranging from paper produfdido structural applications like natural fibre

reinforcement in concre{&] and polymer compositg8].

1.1 Oil Palm Broom Fibres (OPBF)

Oil palm broom fibres (OPBF) are the ribs of the leaflets of oil palm ti®eslies o OPBFfor
engineering applications avery few and recenf9,10]. OPBF ispresentlymainly used as sweeping
brooms in many countries around the world. Comparedhter oil palm fibres (such &-BF, OPMF,
OPTF andOPFB, OPBFare larger in size witthar averagediameter rangingrom less tharimm to

3mm andlength between 508nd 1200mm.In other words, the fibres possess the least aspect ratio
amongall oil palm fibres.Fig 1.1 illustrates the location of OPBR the oil palm leafletsBy physical
examinationOPBFseemto be stiff They do not absorb water readily and do not retleéke other
natural fiboresGenerally, oil palm fibres have good resistance to deteriordtierto the presence of
silica bodies[11]. Crosssectional dimension of OPBF vary along its length: being thickest at the

connection to the leaflet stadind thinnest at the free end.
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The popular extraction technique OPBF is with the aid of emachete or knifeThe leaflets arérst
detacted from he petiolesthenthe leaves arpeekdoff the riks; herein referred to as OPBFhe
fibresare then tied into broom units only to be sold at local mafRgt&Each broornunit consistsof
between 1500 individual fibres.The first attempt at automating the fibertraction process is
reported in the study of Nwankwojilet al. [12]. The studydesigned, developed and patented a palm
frond broom peeling machine to reduce drudgery and fatigue associatéd ithaction. The electric
powered version of the machine extracts over 6000 broom fibres per hour with an efficiency of 88.33%
while themanuallypowered version produces only about 2000 broom fibres per hour with an efficiency

of 91.7%.

The main chemical constituents of fibres obtained from oil palm tree include, cellulose, lignin,
hemicellulosehdocelluloseand ast13]and sudies have shown that thensile stengthof the plant

matteris proportional tats cellulose conterds it is responsible for the plant structure rigidlitg-16].

The development of several structures such as chairs, basketspilgoddn fibre.concrete[17], oil
palm fibrereinforced eartibricks[18], oil palm fibrereinforced polymeric composit§s9], insulation
panels[20], papefbased product§2l] etc from other oil pah fibres and recent drives towards
environmental sustainability haseagssitated investigation into some physiaahtd mechanical
properties olOPBFfor which research information is n@xistentat the momentThe uniqueness of
OPBF could create a paradigfor both structural and nestructural use ofthe palm fibre in

reinforeement forcomposites.

2.0 EXPERIMENTAL PROGRAMME

2.1  Specimensampling and preparation

Oil palm broom fibres (OPBF) wermgbtained fromfiRice and Spio&Aberdeen UK, in the form of
broom unitsThe pocedure for extracting the fibres from the palm trees has been discussed in section
1.1 Blemishiree fibreshaving average length of 0.8 mere selected byisual inspection and
handpicking. Fibreslt was observed that OPBF possess an axial gradation in which the fibres are

thickest and thinnest in croesgctional diameter at the head and tail respectively. For this reason, each
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fibre was cut into four (43pecimens, each of 150mm length and grouped under four (4) categories.
Category A are fibres 150mm long starting from the petiole jbiead)while category B are fibres
150mm long beginning from the end of category A. Similarly, category C are fibresni%éng
beginning from the end of category B and category D being fibres 150mm long beginning from the end
of category C (See Figi1). This leaves out about 200mm cut off length at the tail. In other words, this
studyfocused oran OPBF length of 600 mmeasured from the head of the fibrékis approach was
employed to better understand possible variatiorssrangthbehaviour along thiength of thefibre.
Crosssectional areas of a total 05 specimens were measured. All OPBF used for this stedy

more than 365 days old after harvesting from the oil palm t@teer tests carried out include
measurement of crosectional areas of OPBF, determination of moisture content,-alaserption,

specific gravity and tensile strength of the OPBF.

In a bid to furtherunderstand thetructure/stability of OPBfFproximate analysis wasarried out
according to ASTM D51422a[22], using a TGA/SDTA851thermobalance, supplied by Mettler
Toledo, while ultimate analysis was performed using a ThermoF&tientific FlashEA 1112 series
analyser, according to ASTM D 537302 [23]. The TGA/SDTA851thermobalance was also used

for the pyrolysis and combustion experiments after calibration with indium and aluminium at an
accuracy of NO. 5KO nagnotlOPBFE viere svgjghed insidb anuatumirlum oxide
crucible, and placed in the TGA furnace, using nitrogen and air as carrier gases. Firstly, pyrolysis was
carried out under nitrogen atmosphere, by heating from room temperature ufGpa%0heatingate

of 20°C min. Then, the sample was exposed to air, in order to promote combustion, frint®50

1200C, at the same heating rate oPQ@nin™.

2.2  Determination of cross-sectionalareas of OPBF

Crosssectional areas of the fibres weneasured with the aid of a digital calliper with a precision of
0.01 mm. Due to the varying shapes of the filsresssections two diameter measurements were
recorded for each crosection and equivalent cressctional areas were determingdassumea
circular crosssection. To determine the sufficiency of the sample size for determining standard cross

sectionsEqn(1) of ASTM D291517[24] explained in section 3\Mas used
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2.3 Moisture content test

Moisture content determination was carried out in accordaitbehe requirement of ASTM D4442

16 [25]. The fibres were cut into lengths of Bim and placed in a metallic dish. The specimen was
weighed and placed in an oven and set tdQd8r 24 hoursThe OPBF was then weighed until a
constant mass was achieved. Moisture content was calcukiteyEqn2.1:

U 0
Do b 5 Gpa888888888888888888888B8888&BD

where;w = original mass, amgdy = overrdry massThe test was carried out on thieeches of specimen

and the average moisture content of the OPBF was determined

2.4  Water absorption test

The fibres were cut into lengths of B0n, weighed and placed in a plastic jar. Water was added to the
specimen in the jar until the specimen was fully submerged and left to stand undisturbed at room
temperature. The fibres floated to the surface of the water at the beginning of the teshdudaw

specific weight At specified time intervalghe OPBRwveretaken out of the water, cleaned with a dry

cloth,andweighed. Water absorption was calculated ugiqg2.2.

0 0
wo b L,)—EpT[8I888888888888888888888885888886,&

where;wwet = Wet mass of OPBF, and = original mass of OPBFThe test was carried out on three

batches of speciménr 10, 30, 60, 180, 36044Q 2880, 72008640and 11520ninutes.

2.5 Specificgravity determination

The specific gravity of OPBF was determined according to the requirements of ASTM 8526].
The specimens were cut into lengths of lith with the aid of a knife, so they can be put in a
pycnometer. Specific gravity was found to @84 at a moisture content of 9.86%. The low specific
gravity makes it superior to steel in terms of stresigitveight ratio.At a moisture content of less than
1%, the specific gravity of OPBF is 0.45. THisereforeimplies that the specific gravitg ia function

of the moisture content in the fibre at any instantaneous time.
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26 Tensilestrength test

A major indicator of the structural performance ofnaterial is its strength in tensiomests were
performed to measure the tensile strength of OFBFwvoid damage from thaw grips of the machine,
epoxy glue was applied to the ends of the specimen in the form of #almaiist 20mm and 4mm in
length and thickness respectivedyld allowed to set for about 60 hotosllow for sufficient hardening

of the glue bulbs prior to testinghis resulted in a specimen gauge length of 110mns it and

2.2b). The determination ahetensile strength of the fibres was carried out on a Hounsfield universal
testing machinéModel H10KS). Each fibre was inserted into the grips at the bulb ends and secured in
a vertical positionsee Fig 2c). The test was performed according to the requirements of ASTM
D4761-13[27] using a load cell of 3k displacement control at 5mm/mmwverage test time for each

fibre was 2 minutes. Results from fibres which failed prematurely by ptdlingt the hardened glue
ends were discarded. The strefsin relationships are based on the lowesdssectionakrea of each

fibre since the fibres failed at this po{see Fig 2d). All off-cutfibres beyond 600mm were neglected
from the tensile test.he machinavasequipped with @omputerandwasused to set up load and strain

rate and displagdthe loadextension curve during testing as wellhe measured crosectionalarea

and gauge lengtbf each OPBF tested in tensiaasused to convert the loadkeformation curve into

the correspondingtressstrain curveA total of 120 OPBF specimenghat is, 30 specimens for each
group)wereprepared and tested in tension. Specimens that generated extreme results were neglected

and a stresstrain curve was obtained for each category of fibre.

2.7 Microscopic examination of OPBF

Scanning Electron Mroscopy (SEM) images of OPBF surfae&d crosssectionsvere obtained using

a CarlZeiss GeminiSEM 300VP scanning electron microscope. A -Bigkn carbon coating was
applied over the OPBF surfacaier whicha 10nmthick sputter coating of gold/palladn alloy (60%

Au and 40% Pdwas applied over the carbon coatiimgorder to enhance the conductivity of the
samplesSEM was carried oub investigate and understand the shapes of fibre-sext®n, fibre
morphology and the nature of the failure sueRaSEM was performed at the Aberdeen Centre for

Electron Microscopy, Analysis and Characterisation (ACEMAC), University of Aberdeen, UK



157 3.0 RESULT AND DISCUSSION

158 3.1 Crosssectional area of OPBF

159  Mean crosssectional area of OPBF was calculated.887mrAwith standard deviatiogas0.546 mrh

160 Substituting appropriate values irfign 3.1 gave am value of 138 specimens for a 95% confidence
161 level. Hence the number of samples investigated (150) for deteionired standard crossectional

162 areas is sufficient.

o
163 £ |—(Ib88888888888888888888888888838888&6@

164  wheren = sample size
165 s = standard deviation of the specimen values
166 x = specimen mean value

167 U = estimate of precision, (0.05), and

168 t=value of t statistic from Table 1 85TM D291517[24].

169 The relationship between cressctional area and length of OPBF was found to be exponential (Fig

170 3.1) and can be expressedEm3.2.
171 O 0Q 88888888888888888888888888888 a8

172  whereAis OPBF crossectional area (mfpat any lengtbx(mm) from the head of the fibréyis the

173 intercept on the vertical axis of the graph of cresstional areas length of OPBF and is equal to

174  3.7006for OPBF sed in this study (see F®)1). b is the coefficient of x irEqn 3.2 and is equal to

175 0.004for this study. The relationship in B®.2 could be used as a generic expression for defining the
176 dimension of natural fibres and plant parts in their undamaged conditisnnoteworthy that the

177 performance of a composite is a function of the bond strength bethve&hres andthe matrix. A

178 variation of crossectional area with length also impliagpossible variation of bond strength with

179 length. Therefore, EqB.2 presents a quick method for assessing variation in bond strength along the
180 fibres.Furthermoreit is possible to accuratelynsulate bond stress with respect to the length of fibre

181 if the parameters of Eqn 3.2 are definkdiumerical analysis of the bond polit behaviour of OPBF



182 from a matrix caralsobe enhanced since the axial polit force will depend on the part thfe fibre

183 (i.e. head or tail) embedded in the matrix.

184 3.2 Morphology of OPBF

185 OPBF possess a rough surface with globular protrusions on the surface of the fibres (Fig 3.2a). This is
186 consistent with the studies of Sreekataal [28] and Izaniet al [29] for EFBF. These protrusions

187 otherwise known ag/loseshave been reported to improtlee bond between EFBF andatrix resin

188 during composite fabricatiodue to an enhancement in mechanical interf@&. The presence of

189 impurities on the surface of the fibres implies that they need to be cleaned in order to enhance bonding
190 with a host matrixAn observation of therosssectionof OPBF(Fig 3.2b reveals that the filaments

191 making up each fibre are bondegdlignin of varying thickness. This together with unevenly distributed

192 phloem and xylem cavities are responsible for varyingfiteanent bond strengtliPhloem and xylem

193 are tubules through which water and solutes travel throughout plant meB@ekdénder tension, the

194  weakest bonds fail first and the stress is transferred unto another section of the fibre in a sudden manner.
195 This resuls in brittle shear failure mode experienced at fracture for most of Catédgasy/can be

196 observed in some difiefractured OPBRFig 22d).

197 Among the four categories of fibres testedfiles recorded the highest tensile strengths while A
198 fibres recorded the lowest tensile strengi@kse observation of the SEM imagddhe crosssections

199 of the fibregFig 3.2b) reveals that thA-fibres have crossectional areas in the range e8 Zmn¥ and

200 have filaments around their corteenselypacked while the cores dominated with cavities in the
201 range of 106140,000um in crosssectional area. As one proceeds down the length of the fibre, the
202 crosssection area reduces with cavities ranging between-1600 unt (see Table8.1). Therefore,

203 whereas, fibres with larger cressctions are expected to have higher tensiagth, the effective area
204  of crosssection resisting axial tension is relatively lower than that of the fibres with smaller cross

205 sections.

206  Further observatioof the longitudinal sectiorshowed increasing sideway openings of phloem and

207  xylem tubulestowards the caphead of the fibres(Fig 3.Z). This creates a truss system which is
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biologically engineered and causes the fibre to bear increased bending moments caused by the weight
of the leaflets and the action of wind incident upon the leaflets. $hisdsible through a cdiased
mechanosensor which transforms environmental stimulus into a biologically recognisable signal
controlling growth characteristi81]. Consequentlyan increase in fibre stiffness towards the stalk
(head)of the leaf occurs. Qil palm broom fibres cémerefore be classified as Natural Functionally
Graded Materials (NFGM) and the radial and longitudinal density gradient is responsible for the
phenomenon whereby the fibres are stiffer in bending (but go$seser strength in tension) towards

the head This explains the lower strength values observed for the fibre categories with larger cross

sections.

Due to these cavities, failure in tension is in a sudden brittle manner. This can also be seen from the
stressstrain curves. The uneven distribution of cavities causes stress to be borne in an uneven manner
across fibre crossection thereby causing an abrupt change in the effectivessossnal area resisting

tensile stress at a time. Generally, OPBEcapens failed at the point of smallest cresstion just

before the epoxy grip end.

3.3 Moisture content of OPBF

Moisture content of OPBeredeterminedcas 9.86%. Puspasaxi al.[32] recommended thadPFF

be dried tamoisture content belo0%to prevent fungal attadkuring storagdJsually,thealkalinity

of cementitiousmatrices will not allow for the growth of fungal organism&lonethelessOPBF

because of their sizgossess cavitiethat could trapmoisturethat will eventuallybe lostthereby
causng shrinkagewith subsequent debondirgf fibres from the hostmatrix. Drying the fibres to a

moisture content below 10% woultdinimisedimensionainstability andenhancdibre-matrix bond

34 Water absorption behaviour of OPBF

The 24 hours average water absorptionlietreteOPBFweredetermined as 44.7%. This maximum
amount of water absorption occurs by capillary action through porous fibre membrane and exposed
cavities from the broken ends of the fibrBsin® [33], reported a 54% water absorption for oil palm

empty fruit bunch fibre (EFBF) at 24 hours. The study compared the water absorption rates for coconut
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fibres, sugarcane bagasse and EFBF. Zawaai [34] reported more than 80% water absorption for
EFBF. Generally, oil palm fibres have a low water absorption capacity contpartiebr natural fibres.
Furthermorethe result obtained in this study indicate that OPB¥elthe least absorption capacity
among oil palm fibresSome sudies have shown that natural fibres usuedigabsorb more than twice

their weight, whemexposed to water, in less than 24 hd86;35].

Fig 3.3 presentavater absorptiotvehaviour of unbrokefwhole) OPBF and 50mm discrete OPBF in
water at room temperature. Water absorption rate for both samples is identical and rapid only in the first
3 hours. OPBF absorbs between(®6 of its weight within the first 60 minutes after which the rate

of absorption slaws down. Afterl1520 minute¢8days) the percentage water absorption was obtained

for both sample€gn3.3a and3.30 were also derived to predict OPBF rate of water absorption at room

temperaturédor discrete OPBF and unbroken OPBF respectively

WA =8862In(T) -11.1068 888 8888888888888 88888888E8BBREEEEEES
WWA = 6.4904In (T) 7 5.0797,8 8 8 8 B8 E888888888888888888888888888
where percentage water absorptigoWA)is a function of timgT) in minutes Sreekalaet al. [36]
opines that the main factors that affect oil palm fibres interaction with water are diffusion, permeability
of fibre surface and sorption. The increased absorption of the discrete (broken) OPBF is a consequence
of exposed cavities at the fibre ends reaglfrom breakage into discrete units. The delayed absorption
between 24 and 48 hours is more pronounced for unbroken OPBF due to sealing of microfiares on
surface of thdibres. After soaking the OPBF in water for about 24 hours, the colour of the wate
changed to brownisted signifying the dissolution of watspluble amorphous lignin, waxes and
impurities. As a result, the micropores of the fibre surface were exposed and a jump in water absorption
is observed for both samples at 48 hours (2880 me#)uThis is sometimes referred to asve-step

water absorption for natural fibrg36).

Natural fibres due to their organic origin are hydrophilic in natlwe to their organic originThis
characteristichreatenstheir potential to be used as strualumaterials since their environmental

stability could be compromised by moisture. lthereforeimportant therefore to assess the water

10



260 absorption characteristic of OPBF and seek for possible treatments towards enhancing hydrophobicity,
261  or otherwise miee recommendations for alternative applications. It also enhances understanding of fibre
262 volume changes with the (un)availability of moisture. In fikemnforced concretdor example the

263  strength of the composite is enhanced by the bond stréegitfeen the fibres and the matrix. The

264  integrity of this bond depends on the degree of dimensional stability of the fibres which is usually
265 governed by fibre water absorption characteristicerder words, in the presence of water, the increase
266 in fibre volume due to water absorption creates internal stresses in the matrix. This creates cracks that
267 weaken fibrematrix bond. Conversely, the fibores may lose water under dry condition and shrink.
268 Shrinkage causes the fibres to bebdaded from the matrix, éneby causing a reduction in fibneatrix

269 bond strength and subsequent poor performance of the composite.

270 3.5 Tensile strength of OPBF

271 Observation of the stresgrain curves reveal th@PBFfailure is not preempted by any warningnd

272  the fibresfail in a sudden brittle manneFig 3.4 presents the stres$rain relationships of the 4

273 categories of fibresThe stressstrain curve of OPBF (Fig3.4) shows an initial nottinear part at the

274  onset of loading. Bourmaue al.[37] refers to this phenomenonfiwillar reorientation andattributes

275 it to the reorientation of cellulose fibres due to shear action within the polysaccharide chain during
276 loading.In other words, at the onset of loading, the microfibrils making up natural fibres begin to stretch
277 and increase in length. Beyond a certain linhig, $tretch stops and the load is borne in a linear elastic
278 manner until fractureThe linear zonés as a result afellulose fibrils becoing aligned in the axis of

279 tensile loading. It is believed thtie tensile strength of natural fibre is proportiotalits cellulose

280 content14,28,38].
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Table3.1: Summary of TensilBroperties of OPBF

OPBF Average cross Average Largest Average Max. Average
Group sectional Area Single Tensile strength Maximum
(mm?) Cavity in cross (MPa) Strain
section (mm/mm)
(um?)
A 3.659+0.916 137,500 300.54 0.0534 + 0.0105
B 1.893 + 0.569 48,760 312.35 0.0464 + 0.0103
C 1.107 £ 0.373 21,150 389.86 0.0463 + 0.0087
D 0.688 £ 0.324 7,420 555.28 0.0383 = 0.0090
Average 1.837 + 0.546 NA 389.51 0.0461 + 0.0128

The relationship between tensile strength and esestonal area of OPBBhown in Fig3.5,
corroborates the findings of Geretal [14]. Although the correlation is poor, it is not unusual. Natural
fibres show high variability itboth mechanical and physical properties even if derived from the same
plant [39]. Some factors responsible fsuch variabilityare the presence afiatural defects located
within the fibre tissues during growth and development of the parent plant andipwfdlant tissue

within strategic areas to withstand forces of nafarg. wind)during plant life[31].

There is als@ correlation between the strain at fail@end the crossectional area at the point of
fracture of OPBF sample and it is expresseB@s3.4. Fig 3.6 shows the relationship between strain

at failure and crossectional area of OPBF.

Q Minyd Tt B88888888888888888888888888888 a8

Whereeis the maximum OPBF strain (mm/mm) afvés the crosssectional area (mfjat the point of

fracture of OPBF sample.
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Overall, categonD OPBF hae the highest tensile strength while the tensile strength seems to reduce
with increase in crossectional area. Hence, categ@ryOPBF recorded the lowest tensile strength.
This is true for cellulosic fibrefgl4]. The axial and longitudinal gradation ofvitzes is responsible for

such behaviour and this is revealadhe SEM images(Fig 3.2a, b and o)btained and discussed in

section3.2.

3.6 Proximate andthermogravimetric analysis

Fig 3.7 shows the weight loss (TG) and derivative thermogravimetric (DTG) curves, obtained by
proximate analysis of 20 mg of Oil Palm Broom Fibres (OPBF), including pyrolysis (T < 950°C) and
combustion (T > 950°C). Pyrolytic thermal degradation can be dividedtinte stages: moisture
desorption (below 150°C), main devolatilisation, and continuous dligholatilization[40]. The
proximate analysis indicates that OPBF consist of 6.5% moisture, 53.8% volatile carbon matter, 28%

ash and 11.53% fixed carbon.

Thevolatile carbon matter (53.8 %) was released in the main devolatilization step, which ranges from
170°C to 530C, through two main processespy{F 306°Cand T,» = 361°C) [41,42]. Thermal
decomposition of the fibres takes place through a conmpémhanism that is greatly influenced by heat
and mass transf¢d3]. The appearance of different peaks in the DTG curve o8Fjgsuggests that

the different fractions of the fibres maintain their identitiestard decompotion is indistinguishable
stepg41].

The relative intensities of the peaks in BiJ can be then related to the amounts of hemicelluloses,
cellulose and lignin present in the sample. More precisely, the main degradation proceS§IFC,

is associated to the thermal decowipon of cellulose, while decomposition of hemicellulose takes
place at slightly lower temperatures;: = 306°C [44]. Lignin, on the other hand, is expected to
decompose at lower rates, and over a wider range of temperature6@81C)[41], due to the presence

of various oxygen functional groups. Their cleavage releases low molecular weight products, while the
complete rearrangement of the backbone at higher temperatures |gagftmation of char and to

the release of volatile produci45]. As a result, lignin degradation may be obscured by the other
prominent thermal degradation processes shown in3Fgand only the lowntensity shoulder

13
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observed between 400°C and 550°C is visible, corresponding to the latest states of lidatrsdeon

and char oxidatiof40,44].

Overall, these results are in excellent agreement with average compositions of cellulose, hemicellulose
and lignin reported for other biomass, in the-45%, 30- 35 % and 20 25 % (weight %) ranges,
respectively[46-48] and indicate a limited interaoti between these components in the fibres. The
maximum decomposition rate for the combustion of the OPBF takes place at 970°C and is associated
with the formation of ash at high temperature. The element composition of the OPBF was determined
using ultimae analysis, resulting in €52.5 %, N=9.8 %, H=1.8% and O = 35.9% (weight %). This

result is also consistent with the composition of the fibre in terms of cellulose, hemicellulose and lignin,

derived from the TG and DTG curves.

A comparison of the #rmogravimetric data for OPBF and oil palm empty fruit bunch fibres (EFBF)
presented in other studi§28,29,49,50] show that OPBF has better resistance to thermal degradation.
Findings from this thermogravimetric analysisill help to develop design guidance and
recommendatiorn®r OPBFreinforced elemenidire-resistancen addition the findings will beuseful

for further studiesaimed atdetermining appropriate treatment hiaiues for enhancing physical,

thermal and mechanical propertiesGRBF

3.7 Use of OPBF in composites

Like other natural fibres, thermay bedurability concernsassociated witlthe use of OPBF as
reinforcement for composite€oncerns includthepresence of impuritighat arenon-compatible with
thehost matrix, presence of hemicellulose, lignin and oils which easily decomposdibtetmeatrix
interface moistureprone dimasional instability 13,28,29] and alkaliinduced embrittlement of fibres
(in cementitious matrix)[7,9]. However, teatment methodsuch as alkalisation, silanization,
acetylation 28] and hot water treatmefi29] have been reported aiminatefibre impurities, modify
fibre surfacesenhance fibre hydrophobicignd improve tensile strength. Consequently, duralaitity
beenhancedand the overall performance of the composites impradwedigh these treatmerj&#,38].

A study of an appropriate treatment method for OPBF is recommeéxdeertheless, untreated OPBF
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have been successfully employed as reinforcement for labested roofing tiles [10ith 100%

increase in flexural strength of the roofitilgs due to the addition of OPBF mesh.

Due to the range of tensile strength (BID MPa) and size of OPBF, it is possible to develop
reinforcement tendons by combining more than one OHBE fibres can be twisted together in a
helical form and held todgleer as tendon unitsy hose clampsThe wse of hose clamps on bamboo
reinforcement bars was reported to improve bamtmwrete bond with the clamps acting as shear
connectors9l]. Likewise, OPBRendons can be used as reinforcement bars in cementitious matrices
toincrease mechanicéhear)nterlock betweefibres and matrixA study in this direction itherefore

recommended.

4.0 THEORETICAL PREDICTIONS

4.1 Empirical equations

According to Sreekalat al.[28], the major predictors of tensile strength properties for a natural
fibre are its fibrillar structure, miceibrillar angle and cellulose content (w). Using the correlation
between straie, and micrdfibrillar angle Uas stated ifEqn4.1and4.2, andusingthe corresponding

average values from Table 3vte have the following;

A T8N C Y4 CEOXY 8 BHD LD BIGGGGEEE 8888 A8 8 8 8

AR=1222wzc 8yqagtr 8nmuv 8888588888 88 BBEEEEEBEE 88 885 88

The micrefibrillar angle of OPBF is found to b5’ and the cellulose content of OPBF by weight is
calculated as$52.3% from Egn 4.2 Bourmaudet al [37] reported that natural fibres witltow
microfibrillar angle are characterized by higher tensile strength. On the other hand, the calculated
cellulose content falls within the range reported inréheew of Momoh and Osofer{®] for other oil

palm fibresbut is not withinthe range deduced from secti8® of this study.This implies that e
prediction equationéEqgns 4.1 and 4.3lone may not be adequate for OPBF. Generailih cellulose
content and low mickdibrillar angleis believed to mak®PBF stiffest among oil palm fibre&.more

direct method of measuring cellulose content in OPEfeligsed
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4.2 Finite elementmodelling of OPBFin tension

Tensile behaviouof OPBFcan also be predicted by linear finite element procedrige3.4 suggests
that the behaviour oDPBF between onset of loading tilhilure can be approximated to be elastic
Therefore,m modelling for tensioran OPBF strand can be modelled anadimensionabarelement
considering its low aspect ratillow consider a OPBFwith lengthL (Fig. 4.1) fixed at one endA)
and free at the othgB) with internal stresseb due to an externally applied tension Then the

mathematical expression is of the fogmen by Koutramano$p]:

AN
v
—

Fig 4.1: Onedimensional illustration of OPBF
QY

o WM TB8888888888888888888888888888888888888

In this casehowever the axial force T can be-written in terms of axial strain thus;

‘OT—‘O oM TB888888888888888888888888888888888 &8

Tw
To approximate the solution over the entire OPBF domain, the weak foEqrot.4 is found by
multiplying both sidedy an arbitary virtual displacementiu and integrating over the whole length of
the fibre so that;
o .,
1 (')'O:;—(b WO M8888888888888a88B88888888888888a8B18
IntegratingEqn4.5 by partsgives;
T1 01 a0, L 0
— Qw 1 6wQ® . Tm888888888888888888B1H
T w ® ®
Then using the general expression for stcain be written gs
U(XB n@® IN. d éééééééébécéeééééééécécéédéeéeééééeédr
then; Gu( x) &and\hendegN. U dQ & U
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402 where? & is the elemental linear shape function &his the sum of all elemental shape functions.
403  Furthermorell u (can)be substituted withiQ 8) in Eqn4.6 to give the form oEqn4.8.
T ' 0

404 T o EDEETG)’QG) 1odameo 1948 § ng88888888881H

405 Rearranging En4.8;

406 10 TT—l)coaJ%{)Qm 1 0 &0m 0, 88888888888888aBR®
407  Or simply;

408 1Q N O TB88888888888888888888888888888888881 ™

409 Where;

. 0 0 .
410 Q TT—m{ﬂ%—onme'Q 0 80Qw U , 888888888888888888® p
411 Thisholds true if;

412 kd=fééééégecceecééééééeéééééééééééceéctéeceedsl2

413 whichisinfact H o o klandobelasticity.
414  Therefore, for every element of OPBF in pure axial tensiorelémental stiffnessdscan be integrated
415 for each finite elemente) and then summed up to be solved in the form of algebraic equations

416 Therefore;

TN
_ L n n
417 Q TmeLc‘oTT—c‘o 888888888888888888888888888t®oc
T
418 ®EQ
419
n .
420 "Q N wNBB8888888888888888888888888B88889 1

421  where! is the elemetal shape functioat node, h is the length otachfinite OPBF elemenandk is

422  stiffness as a function of OPBF elastic modulus and dimen$tahge direction for this research would
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be to applythis fundamentaderivationto the simulation of fibre behaviour ia commercially available

finite element softwareuch asABAQUS.

5.0 CONCLUSIONS
The following conclusions can be made from this study:
1 OPBF possess good tensile strengttierage tensile strength of OPBE 400 days after
harvestings 389 MPa
1 There exist radial and longitudinal density gradient along the length of OPBF prbitiotes
stiffening onbending(but reducedensile strengthtowards the cap
1 The relationship leveen crossectional diameter and length of OPBF can be expréssbe
following genericexpression:
AX)= Ape™®x
whereA is the OPBF crosssectional area (mfjpat any lengthx (mm) from the head of the
fibre, Ao= 3.7006is the intercept of theurve of crossectional area vs lengtandb = 0.004
is the coefficient ok,
1 Also, the relationship between strain at failure ang€sectional area at the point of failure of
OPBF sample can be expressgéth the following mathematical expression
e =0.0081 In A + 0.0427
whereeis the maximum OPBF strain (mm/mm) afdis the crossectional area at the point
of fracture
1 Thermal dgradation of OPBF becomes rapid at a temperature 6€361
1 A theoretical estimation of the cellulosententin OPBF is given as 62.3%y weight)

1 Appropriate OPBF préreatment is recommended to improve quality

OPBF is cheap and can be obtained miinimalho cosin developing countrie®ue to its availability,
affordability, lightweight, nonttoxicity, environmental fiendliness sizeand good tensile properties,
OPBF can be employed as a reinforcement inreteand polymer compositesther as discrete fibres

or as tendons analogous to steel reinforcerfilegsbars
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449  Recommendation

450 Allinvestigations in this study were carried out at an OfBfsture content of 9.8% and at a fibre age

451  of about400 days. The effect of moisture content and age on the physical and mechanical properties of
452  OPBF would enhance understanding of its behanaod inform decisions on possible applications

453  both polymeric and cement composites
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Fig 22b: Some OPBF prepared for Tensile Testing

26



3kN Load
cell
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machine grips for Tensile Testing
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Fig 22d: Some OPBF samples tested in tension to failure (Tesisdar failure mode for
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