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ABSTRACT
Durability of CementComposites Rinforcedwith Sisal Fiber

Jiangiang Wei

This dissertation focusawainly on investigating theging mechanisms and degradation
kinetics ofsisalfiber, as well as the approaches to mitigate its degradation in the matrix of cement
composites.

In contrast to previous works reported in the literature, a novel approach is proposed in this
study to directly det er mi n etelytstudyingfthe looempogitson d e g r &
changes, mechanical and physical properties of the embedded sisal fibers. Cement hydration is
presented to be a crucial factor in understanding fiber degradation behighaodegradation
mechanisms of natural fiber consistroineralization of cell walls, alkali hydrolysis of lignin and
hemicellulose, as well as the cellulose decomposition which includes stripping of cellulose
microfibrils andalkaline hydrolysis of amorphous regions in cellulose chains. Two mineralization
medianisms, CHnineralization and seliineralizationare proposed.

The degradation kinetics of sisal fiber in the cement matealso analyzed and a model to
predict the degradation rate of cellulose for natural fiber embedded in cermutlined. he
results indicate that the time needed to completely degrade the cellulose in the matrix with cement
replacement by 30wt.% metakaolin is 13 times longer than that in pure cement.

A novel and scientific method presentetb determine accelerated aging dbions,andto
evaluating sisal fiberds d e g r a eanfolicaml ncemenat e a
composites. Among the static aggressive environments, the most effective approach for

accelerating the degradation of natural fiber in cement catepas to soak the samples or change



the humidity at 70 € and higher temperature. However, the dynamic wetting and drying cycling
treat ment has a more accelerating effect on t|
evidenced by the highestystallinity indices, minimum content of holocellulose, and lowest

tensile strength.

Based on the understanding of degradation mechanisrasapproaches are proposed to
mitigate the degradation of sisal fiber in the cement matrix.

In order to relieve thaggressive environment of hydrated cement, cement substitution by a
combination of metakaolin and nanoclay, and a combination of rice husk ash and linaestone
studied. Both metakaolin and nanoclay significantly optimize the cement hydration, while the
combination of these two supplementary cementitious materials validates their complementary and
synergistic effect at different stages of aging. The presented appsafdttively reducethe
calcium hydroxide content and the alkalinity tbe pore solutim, thereby mitigating the fiber
degradation and improving both the initial mechanical properties and durability of thediinent
compositesThe role ofrice husk asln cement modification is mainly as the active cementitious
supplementary material.

In order to improve the degradation resistance of sisal fiber itgedfnovel, simple, and
economicapretreatments of the fibers (thernaald sodium carbonateeatment) are investigated.

Both thermal treatment and POz treatment effectively improve thadurability of sisal fiber

reinforced concretelThe thermal treatment achim/e mpr ove ment of cel |l ul osc¢
which ensurs the initial strength and improved durability of sisal fibérlayer consisting of

calcium carbonate sediments, whiatotects thenternalsof a fiber from the strong alkatiore

solution,is formed and filled in pits and cavities on theGl@; treated sisal bi e rsuiface
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CHAPTER 1: INTRODUCT ION

This chapter provides an introduction to the development and challenges of using sisal fiber
in cement composites. Section 1.1 introduces the background and objective of this research.
Section 1.2 briefly reviews previous approaches to improve thénaneal properties and
durability of natural fiber and natural fiber reinforced cement composites (NFRCC). Finally,

Section 1.3 preses the outline of this thesis.

1.Blackgr ouObd eacntd v e

1.1.1 Development of natural fiber reinforced cement based cetruction materials

As a crucial raw material for civilization, cemerised materials, e.g. concrete, are second
only to water in terms of thamountsthat are most commonly used by mankiidianzano,
Enyashin et al. 20)2Ranging from the 2,00@earold Pantheon in Rome to modern skyscrapers
and highways, cementomposites occupg most importanposition in the history of
humandevelopmentAn unprecedented demand and output of cementivian by the orgoing
construcibn boom in developing nations such as China, Brazil and India. As AR@18 stated,
if this year's expected global output of cement were somehow poured across Manhattan Island, the
3.4-billion-ton mass would solidify into a monolith about 14 meters high. The main disadvantage
of cement compositere theilow tensile strength and fracture toughness. In order to compensate
for thar poor tension behavior,they havebeen traditionally reinforced primarily with steel
reinforcing barsTheirtoughness is effectively improved with the use of uniformly distribatet
randomly oriented short fibers to control the initiation and growth of microc(@zaguru and

Shah 1993. The desirable improvements of tensile behavior, flexural strength and toughness, and



ductility canall berealized by using fiber reinforcemeifithe increasen fracture energys caused

by thefiber itself and the bond between fiber and matt@mmonly usedibers made of a variety

of materials, such as steel, glass, polypropylene, and other polymeric meadegi&isown to lead

to substantial improvements in fracture toughness. Most sétfigers have some disadvantages,
though. For example, steel and carbon fibers are relatively expensive, and the environmental
footprint of many synthetic fibers can be substantial. Nafibats, on the other han@nprove

the sustainability of cemenbmposites by being renewable and considerably less costly.

The increasing environmental concern and awareness of industrial poditgidorcingthe
construction and manufacturing industries to search for innovative materials that are reliable,
sustainale and can replace conventiosghthetic fibersas reinforcemerf structural materials
Natural fibers such as sisal, jute, cotton, flax, hemp, kenaf, and sochawe already been
consideredaspotentialalternatives, given their environmentdtiendlinessandread; availablity
in fibrous form andoy the fact that thegan be extracted from plant leavedat cost(Silva,
Chawla et al. 2008 Natural fiberreinforced compositealso offer otheradvantages such as
reduced dependence on r@mewablesnergy/material sources, lower pollutant emissions, lower
greenhouse gas emissions, enhanced energy recoverpjoalegradability(Joshi, Drzal et al.
2009). Therefore, m the last two decades, considerable effort has theectedtowards the use of
various naturafibers which are available in abundance in tropical andtsojbical countries, as
reinforcementof cement composites for producing ceffective constructionmaterialsthat
promotesustainable developmefiRamakrishna and Sundarga2005. Composites with natural
fiber reinforcements are currently considered amongst the most promising structural materials in
sustainable engineering technologiBelaadi, Bezazi et al. 201.3They have served for useful

purposes for a long time, btheir application as concrete reinforcement is of more recent origin.



In countries where natural fibers of varying types are abundantly available, it makes economical

sense to search for appropriate technologies to utilize such fibers as reinforceroemteat

composites for housing and other constructiboe to their excellent mechanical properties,

natural fiberreinforced cement composites (NFRCE&)nstitute a new and distinct group of

building materialsvith almost the same performance as that oiveational concrete composites

reinforced with metallicmineralor synthetic fibergAziz, Paramasivam el.a98J).

Table 11: Properties of sisal fibers reported by different researfherslai et al. 2000

. i Tensile Tensile .
Density Moisture - Diameter
. content strength  modulus !?;I?;Z) Reference
Kom) %) (MPa)  (GPa) (em)
(Satyanarayana,
1450 11 604 9.415.8 - 50-200 Sukumaran et al.
1990
1450 - 530-640 9.422 3.7 50-300 (Chand, Tiwary et
al. 1989
- - i (Bessell ad Mutuli
347 14 5 1082
(Pavithran,
1030 - 500600 16-21 3.65.1 - Mukherijee et al.
1987
1410 - 400700 9-20 5-14  100-300 (Kalaprasad,
Joseph et al. 1997
- X i i (Nair, Diwan et al.
1400 450-700 7-13 4-9 1996
(Mukherjee and
- - 530630 17-22 3.645.12 100-300 Satyanarayana
1984
1450 - 450-700 7.13 4-9 i (Kumar, Amma et

al. 1995




Sisal fiber promises to be a suitable natural reinforcement of cement composites on account
of its low cost, low density, high strength agldstic modulus, no health risk, ready availability in
many countries, and renewabiliflyi, Mai et al. 2@0). A sisal plant produces between 200 and
250 leaves before flowerirglallapur 1962 andeachleafcontains approximately 700400 fiber
bundles with a length of about 260 m(Oksman, Wallstim et al. 2003. The sisal leaf consists
of a sandwich structure composed of approximately 4% fiber, 1% cuticle, 8% dry matter, and 87%
water (Mukherjee and Satyanarayana 1p84early 4.5 million tons of sisal fiber are produced
every year throughout the world. Tanzania and Brazil are the two mamgangaountrie$Chand,

Tiwary et al. 1988 The important properties of sisal fibers reported in the literature are

summarized in Table 1.

1.1.2Challenges in appication and problem statement

I n spite of sisal f i bemedtbaseddnateriaitliraitgdebgthe i t s
relatively low durability inalkaline environmentswhich means it loses strength when used as
reinforcemenbf a cement matrix>g@osed to weatheringAziz, Paramasivam et al. 1981WWhen
exposed to the alkaline pore solution of Powdlacement(PC), their mechanical properties can
deteriorate due to alkaline hydrolysis, thereby compromising the durabil’y=BICC (Deniel
James | 2008 According to thehermalgravimetric analysig GA), the constituents of sisal fiber
are mainly cellulose, lignin and hémellulose(Bakare, Okieimen et al. 20L@ne single natural
fiber is composed of several elemiary fibrils (typically 1340), bound together by the pectin
substances ithe middle lamellalvan Hazendonk, van der Putten et al. 1¥28ey, Busnel et al.
2006. As shown in Fig. 1.1there arehiree distinct layerSom outside tansideof a natural fikril :
(i) the middlelamella containing pectin, hemicellulose and lign{i); the primary cdlwall

containing hemicellulosand celllose (iii) the secondary cell wall consisting mainly of cellulose.



Cellulose is a Ilinear pol yméd, matbends, ghodos
repeating unBedr gsst rccem |aoppd €@redm| D3 8&46s stiffnes
supported by irtigifdgr mfaitskodialibd e gnit ahte® ch ubme-r ou s i
andt eirnmol ecul ar Thydrha gehn theonrsdsl.e strength of ¢
withstand osmotic pressure and is responsi bl e
Bergstr°m andTlke apgpollPddr i zation degree of cell
which tnheeenpst all ine arrangemenén sy nb el 8ABiBrou pt
Fil ho, Silvapledtymdr.i 20t0i90e miegdé@il gsien, whi ch
in the primary wailels abnedt2vowitednd hbeDh & @ &ha Ir IQVvED,r ddl 6 O
20 DBe s p e Henicellaldsgwhich emerges as an immense renewable biopolymer resource,

is the second most abundant biopolymer in the plant kingdom, representing akibfo X5
lignocellulose biomasgSaha 2000Kumar R. 2008 Junli, Xinwen et al. 2012 only less than

cellulose.n contrast tacellulose in the main cell wall constituengrhicellulose represesw type

of heterepolysaccharides with complex structures containing glucose, xylose, mannose, galactose,
arabinose, fucose, glucuronic acid, agalacturonic acid in varioustaunts depending on the
source(Ren and Sun 20)0Themain dainisc h ar a c t e rli4inked-D-kylppyranodyl,

which carries a variable number of neutral or uronic monosaccharide substifosetsau 1992

Lignin is nat uvaromadiis(phanolg)tpolysdiora 208Invwhose main function

is to cement the cellulose fibers in plants.adsind ofthreedimensional network heteropolymer

lignin hasa complex and neaniform structure with aliphatiand aromatic constituents, resulting

from the oxidative coupling of primarily the threengdroxycinnamyl alcohols (monolignols): p

coumaryl, coniferyl and sinapyl alcoholslovo-Uzal, Pomar et al. 20)2The most common

linkages formed duringg i gni n bi os y®4 dherdinkagyes,afallevedtbh @herfiypes



ofetherand©C | i n k a g €0s4 , 5 yss, lind B5¢Hattleld and Vermerris 200 Bugimoto,
Akiyama et al. 2002Nadji, Diouf et al. 200R Because the lowlegradationmesistace of lignin
and hemicelluloséhat exist in the middl&amellae of the fibers and cellulose moleculea imgh
alkali environmen{Singh 1985Tol&o Filho, Sciivener et al. 2000 sisal fiber gradually degrasle
and lossits reinforcing capacity iacement matrix inhelater stagsof its service life.Therefore,
thedistinct cell wall structurés the cause ahe excellent mechanical properties of natitar,

with a low density, while it also leads to theordurability of the fiber ira cementmatrix.

Due to that poor durability, the cement composites suffer a decrease ircrating
toughness when they undergo various aging presesbhis durabiliy problem is associated with
an increase in fiber fracture and decrease in fiberquuiltesistancelue to fiber mineralization
(Fl&io de Andrade Silva 2009 which is a result of precipitation of hydration produnctthefiber
cell walls The degradation of natural fiber due to the alkaline pore solutithe tement matrix

seriously decreases the durability andy caus@rematurdailure ofthe composite.

Therefore, restraining the degradation of natural fibera @@ment matrix has been the
central issuehatneed to be solvedeforepromoting the widespread application of natural fiber
in various compositeélthough a lot of effort has been made to improve the durability of NFRCC
through fiber treatment and development of a calcium hydroxide-{&d)matrix, the degradation

and mineralization of natural fiber hastll not beerfully understood.



Secondary cell wall-S3
Secondary cell wall-S2

Secondary cell wall-S1

Frimary cell wall
Middle lamella

Cedllulose
Lignin
Hemicellulose

Cedllulose
Hemicellulose
Pectin

Hemicellulose

1,4-b-D-polyglucose

HC—O
oH
o
HO
HO o
— O—cH
< 2 oH
o o HO o
OoH CHg oH
o
OH
o
OH
O, O, O, O,
L vvwwo OH o OH o OQO ]
OH OH OH OH OH n

FigurMicrlodt rsichteunrad ,i & nraloi | aegcrual na s

cft ruactt wm al

f

be



In addition,the investigation of the degradation mechanisms and kinetics of natural fiber in
the complex alkaline and minenath environment of cement matricess chareterized by
hydration process, setting and hardening, strength growth, combined with hydration heat release,
crystallization and the foration of micro cracks in various aggressive environments, were
reported rarely. Only a few publications addegkbe filure of natural fiber in cement composites.
Gram(1983 andTol&o Filho et al.(2000 described he mai n aging mechanism
i n cement bagsed ecsospphoebnid egni n andacleemraind e Iplourlec
solution and alkaline hydrolysis of wmebful os
mol ecul ar chains and the nednodt i e n.s ibesd sdgerse e gt
crystallization of | ime in tikthe uimemermadnd mli ax
stre@gogph, TD988 0 Fil ho, J.aVrih@®Mpr opad s eagh aa 20D M0 e
progressive degradat i agdriayecgyhcal niinsgm dtuhrei ntgh iwedt
the fiber embrittlement due t ot tie blekraedcoevelr ewla |

toughnesst..(2a0Mé3dnovest i gated two fibePrCcdmgoaidiae $ 0

fiber mineralization and degradation of cellwu
calcium hydr oxn deef acnal caidusmragnd hydroxyl i ons.
far have been disappointing, primarily becaus
of natural fiber and its three main cphmpoenent

and pore solution of cement have exomanBedeh suc
t haan be used to predict t hec amgntadao mpaw irtae
desi goatdi being to acceptinther entslky odnmwelrika mlge

Sudh fficulties could be alleviated if it Wer €



cement hydration data to prediciton hef femee dme

duration ti me.

1.1.30bjectives and scope of dissertation

The primary objective of usinhfFRCC in constructionis to increasethe flexural strength
and toughness of structural componehrtewever,the durability of suchcomposites exposed to
various aggressive environmestwould beguaranteedYet the task of predicting the degradation
degree of natural fibers as a reinforcenafitement matdesis much more difficult thamerely

determiningthe durability of the composites becausis tlepends on many factors.

The researchreporta here centers on improwg the durability of sisal fibr-reinforced
cement composites (SFRCC).navel approaclis proposedo determine the degradation rate of
the fiber andto gain an nderstanthg of the degradation mechanisms dkdetics Previous
investigatiors as reported in the literaturdetermined the degradation of natural fibersiogply
testing the mechanical properties astaidying themicrostructure of fibereinforced cement
composites(FRCC). In the present work, separateides of the omposition changs, the
mechanical properties and physical characterization of sisas éb#vedded ithe cementmatrix
after accelerated aging treatmevere performed to determine tbegradatiomrateof the fibers.

Such studies allowa fully rationaldescription of the degradation mechanism8lBRCC Based
on the previous work, three basic methods are further developed to evaluate the reliability of
NFRCC in construction, i.e. (i) pretreatment of sisal fiber, (i) modification of cement matrix, and

(iii) the combination of the twdl he research tasksn therefore be outlined as follaws



1 Investigate the degradation mechanisms and kinetics of sisal fiber to dev@topl@a new
modelcapable opredicing the degradation degree of fiberarcementmatix and help to
identify effective methods to arreitte fiber degradation.

1 Propose aeffectiveand rapid simplaccelerated agingiethodto quantify the durability of
SFRCC

1 Investigate the correlation between the degradation of sisal fiber and the dlielgydeation
of cement with and without supplementary cementitious materials.

1 Modify the cement matrix by usingingleand binary supplementary cementitious materials,
as well as slurry treatment, tonit the fiber degradation and to improve the durgbitif
SFRCC

1 Developanovel, simple fiber pretreatment approach to improve the durabilBF&CCby
slowing downthe degradation of sisal fibéiself and the interfacial adhesion between fiber

and cement matrix.

1.2l terature Review

1.2.1Applicati on of natural fiber in composites

With advantaggof low cost, lightweight and excellent mechanical properties, natural fibers
have the potential of offeringuperior alternatives to the traditional fibers as reinforceraént
variouscompositesJoshi(2004) reviewed seleetd comparative life cycle assessment studies of
natural fiber and glass fiber composites, andcludedhat natural fiber composites are likely to

be environmentally superior to glass fibengosites in most casder the following reasons: (1)

10



low environmental impacts2) low CO, emissions; and3) end of life incineration results in

recovered energy and carbsequestrationredits.

Due to theirecofriendlinessand bicdegradability natural fibersareused as a replacement
of traditional fibers, such as ste&R-glass, and polypropylenlew-density polyethylenéloseph,
Thomas et al. 199doseph, Thomas et al. 1998seph, Thomas et al. 1998seph, Kuriakose et
al. 1994 Joseph, Thomas et al. 1996seph, Thomas et al. 199polyester(Pavthran, Mukherjee
et al. 1987 Pavithran, Mukherjee et al. 198&nd $yrenebutadienerubbercomposite{Kumar,
Amma et al. 199p Jutefiber (P. Kumar 2004P.K. Barerjee 2008Das and Banerjee 20}, 3isal
fiber (He and Liu 20030da, Leomar Fernandes Jr et al. 20tBconutcoir fiber (Suchismita,
Bindu 2009 Thulsairajan and Narasimha 2010da, Leomar Fernandes Jr et al. 2028 Vale,
Casagrande et al. 200andhemp fiber(Delgado H 201)Lhave beemtilized and shown to have
benefical effectsas modifies in bituminous mixedy improving the performanceof pavemers

to meetincreasingraffic loads.

Since the 1970s many countries have banned the use of ashdstbgan cause diseases
such as lung cancer if inhaletihis forced researches to search for appropriate replacemeass
reinforcemenbf brittle cement composi#egsuch as mortar and concrete. Therefore, at the end of
the1970s(Ju&ez, Duran et al. 200Y, a systematic evaluation of engineering properties of natural
fiber was performed, including the performance of Portlegihentbased composites containing
these fibers,due to their reag availability in large quantities in many countrieend as a
continuougy renewableaesource.The reinforcing effects of natural fibers, such as sisal, coconut
coir, and cotton stalk fibers, inygsumbased materialéHernadezOlivares, Oteiza et al. 1992
Singh and Garg 1994.i, Yu et al 2003 Carvalho, Calil Jinior et al. 20Q8vere investigated in

the last two decades. In 197Zndonianet al. (1979 studied the strength and fracture properties

11



of cellulose fiber reinforced cement composit@sd suggested that tHeacture toughness
principally depends on the work dissipated in pulling thkulose fibersout from the cement
mortar matrix.In 1992,Coulttset al.(1992 investigated the effect afsal pulpon the mechanical
properties of cement mortar and the results indigtaietheoptimum formulation provides a 50
60-fold increase irffracture toughnesanda doubing of flexural strengthcompared with that of
the neat matrixT he interfacial bond strength of sisakcement compositasas studied biessell
(1982, who concludedhat the interfacial adhesion between sigsdr and cemenmatrix is poor
due to the wateabsorbtionof sisal Swift (1979 presented anodel of the flexurabehaviorof
cementbased compositeeinforced with lowmodulussisal fiber An experimental program was

carried outandconfirmed the theoretical predictiongincreases in flexural strength

1.2.1 Treatment methods for improving mechanical properties of natural fiber

Due to the nofhomogeneous nature and complex components of sisak,fismreral
approacheso improve their mechanical properties have been stud@&dh asalkali treatment,
H.SOQu treatment, conjoint B8Oy and alkali treatment, benzol/alcohol dewax treatment, acetylated
treatment, thermateatment, alkalthermal treatment and thermrakali treatmentand so onThe
treatment of natural fiber not only improved the mechanicglgntes of the fiber itself, but also

enhanced the interfacial bond between fiber and matrix.

Alkali treatment.The alkali treatmentswvere carried outusing various alkali solutiont®
partially remove the lignin, hemicelluloses and other residues frosutifece ofibers(Barreto,
Costa et al. 2000 Barreto (2011, Rong (2001 ,Yang (1996, Khan (2011), andJoseph1996
studied the=ffect of alkali (NaOH) solution othemechanical properties of both natural fibers and
natural fiber reinforced compositeBheir results show that alkali treatmetitectly affeds the

thermal and mechanical properties of natural fibers @amremove the content ohatural and

12



artificial impurities thereby producing a rough surface topogragynsequently, thadhesion

betweerfiberandmatrices and the mechanical propertiell6RCCwere significatly improved.

H>SQ treatment.Yanget al. (1996 immersedsisal fibers in solutiors of 2% H.SOy at 60
°C for different durations Thentheywashedthe treated fiberghoroughly with water taeutral
(pH = 7) andoven driedthem. The results showed that3@x decreasefracture strength and

Young®s modulus of sal fiber, andthatthe elomationchange insignificantly.

Benzol/alcohol dewax treatmeir. benzol/alcohol dewax treatmentang & al. (1996 put

sisal fibers irsoxhlet extractiomvith mixed solutiorof benzolandalcoholwith ratioof 1:1 at ®N

for 24 h.The tacture strength and elgationat failureof sisal fiber were improvedyut Youngs

moduluswas reduced

Acetylated treatmenRong (2001 andYang (1996 studiedtheacetylated treatment sisal
fiber. The results indicate that, compared with the untreated fiber, the treated fiber presented an
improved tensiletrength rougher and uneven surfas®rphology a higherinterfacial banding

in epoxy and thereby an increasééxural strength

Organosilane coupling agent treatmeht.the workreportedby Ronget al. (2000), it was
shown thaboth tensile andl exural strengthsf organosilandreated fibereinforced composites
wereslightly higher than those afntreated fiberbecausef the reactiorbetweeramine groups

of thecoupling agenandepoxy resinHowever thetensile strengtlof sisal fiber was reduced.

Cyanoethylation treatmenRonget a. (2001) usedcyanoethylatioras asurfacemodifier to
treat sisal fibers. Lowerrgstallinity of cellulose tensile strengthandY o ung és waedul us

obtained, and #hdongation atoreakincreasedy 80.0%.
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Thermal treatmentThe works of bottRong (2001 andYang (1996 indicate thathe best

heat treatment fotensile propertiesvas 150N for 4 hwith the result thafracture strength and

Youngdés modulus were improved by 36% and 3. 4%

In addition, thermablkali treatment (Yang, Zeng et al. 1996 hornification
treatmentClaramunt, Ardanuy et al. 20}, andothertreatment®f natural fibers using isocyanate,
dicumyl peroxide, benzoyl peraleé and permanganatédoseph, Thomas et al. 199and mixed
treatments(Yang, Zeng et al. 1996were also investigated antlustrated considerable
enhancement densile strength of fiber and the mechanical behavior of naturairégiorced

composites.

Compare with other treatment methodalkali treatment is more economicalt it may
redwcethefibersdtensile strengthyo u n g 6 s amaathar Imackanical propertiés.contrast,
thermal treatment can increase the strength andulmegroperties of sisal fiberandit is also
economicablndeasy tgperform Whetherthis or othermethod canalsoimprove thedurability of
sisal fiberreinforced cement compositesnot known. To find out the most effective methods is

the main objective of the work reported here.

Thefiber treatmenimethods can beivided into twogrougs. a) physical treatrants (thermal
or cold) to improve the properties of sisal fiber, such as strength, moduludoagdt®n b)
chemical treatmesto improve theanterfacial propeies between fiber and matrix and durability

of sisal fiber incement based composites

1.22 Methods for improving durability of NFRCC

The deterioration of natural fiber ihe alkalinemineral environmenof Portland cement

compositeseriously decreases the durability arah lead tgprematurdailure ofthe composits.
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Therefore, restraininthe degradation of natural fibersarcement matrix has beercentral issue
thatneed to be solvedis a condition Here promoting the widespread application of natural fiber
in various composites. Actuallthe cement matrixcan affecthe degradatiorof natural fiberdan

three different ways

(i) The alkaline pore water dissolves the lignin and hemicellulose of fiber, which are sensitive to
Ca(OH) and high alkalinityGram 1983 Tol&o Filho, Scrivener et al. 2000

(i) Alkaline hydrolysis of cellulose molecules leads to degradation of molecular chains and then
a reduction irthe degree of polymerisation andwer tensile strengtfiGram 1983 Tol&lo
Filho, Scrivener et al. 2000

(i) Crystallization of lime in the lumemwalls of the individual fibers and middle lamellae ead
to a decrease in the technical fiber flexibility and stren@imgh 1985 Tol&o Filho,
Scrivener et al. 2000

Two basic methodsvereselectedn the work reported in the literatute improve the durability

of NFRCC

() Modification of cement matrix--using pozzolanic materials gsartial replacemat of
Pottland cemen{PC)to reduce oeliminatethe creation ofcalcium hydroxide, which is the
primary cause dhealkaline environment in cemefil&lo et d. replaced th&C by calcined
clay (metakaolifMK) and calcined waste crushed clay bri¢Biiva, Melo Filho et al. 2006
Toledo Filho, Silva et al. 200®artin, Martins et al. 200Qor 50% of Portlandement was
replaced by MK(D'Almeida, Melo Filho et al2009. This produced matrix totally free of
calcium hydroxideso that there was none to migrédethe fiber lumen, middle lamella and
cell walls andcauseembrittlement. Ground granulated blast furnace ¢Bavastano Jr,

Warden et al. 20Q3Agopyan, Savastano et al. 2Q00Silica fume, fly ash, andlK (de
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(ii)

Gutiérez, Ddz et al. 2005 Mohr, Biernacki et al. 20Q7have @milar effects. The work of
Pimentel(2006, Tonoli (2010, andSoroushiar{2012 showsthat polymers and accelerated
carbonation (C@saturated environmenglso contribte to an increaseof durability. This
modification is an effective way tismprovethe durability ofNFRCGC but the dosage of the
cementitious materials must betermired carefully in order to achieve similar or higher
performance compared to the compasifgepared only with ordinary Portland cement
(Claramunt, Ardanuy et al. 2011

Pretreatment fonatural fiber including chemical, physical and physicochemical methods.
Silane coating, hornification, autoclave, sodium silicate, potassium s{licatke, Pehanich,
Blankenhorn et al. 20048Bilba and Arsene 200&laramunt, Ardanuy et al. 20Lhave been
shown toimprove the mechanical properties and durability of natural fiber in cement based
materials.

Compared with method (i), pretreatment of natural fiber reguiremoreeffort and higler

cost, ancheeddo consider the compatibility between modifying agent and cement matrix, as well

as its effect on the interfacial properties of filoement. Therefore, it is more logical to improve

mechanical properties and durability MFRCCthrough modifying the hydration of cement by

reducing the content of CH and the alkalinity of both solid phase and pore solutiemgtrix.

1.2.3Interfacial bond between natural fiber and cement matrix

The interfacial bond between fiber arehmentmatrix was also considered as an additional

factor, which affecthe mechanical propertiesthiecomposite. lis well known thatNFRCCfall

by a combination of fiber fracture and pollit (Campbell and Coutts 198Coutts and Kightly

1982. However, fiber puHlout is the principal mechanism of failufdndonian, Mai et al. 1979

Awwad (2013 showed that the use of fibers in concrete without prioatireent is notdvisable
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because the bond is wealend the tensile properties are not enhanced in the presence of fibers.
The interfacial bond in cemebised fiber composites can be affected by several variables such
as the water/cement rafiBavastano Jr and Agopyan 1998orosity, fiber shape and morphology
(Silva, Mobasher et al. 20},1and compaction(Cunha, Barros et al. 20L0Various other
approaches tamprove the bond strength haveeen investigatedCoutts (1979 modified the
interfacial bond between wood fiber and cement matrix using coupling agedtshe results
indicated that the flexural strength and fracture energy of the composites were significantly
improved. According tdBlankenhorn(2001), both an acrylic emulsion and alkylalkoxysilane
surface treatments of natural fided to improvements adhe bending strength of fidezement
composites. Air curing was proposed @gutts(1987) and the esults showed that this physical
method effectively improwethenatural fibercement matrix interface properties by interlocking
fibers with the growing cement hydrate needle products. As has been detailed above, several
methodshave been developed to inpe thenatural foer-cement interfacial propertiesoMiever,

these methods introduce additionaktep into the mechanical property improvement process, and
they are unable tpreventthe deterioration of natural fiber in the alkaline environment of .

In this sense, it imdvantageout enhance botthe interface and durability of natural fiber in

concrete by singlesurface treatment method.

1. GButline of t he Dissertation

Chapter 1 introduces the concept of using natural fibers in generadisaidfibers in
particular as reinforcement of cement composites. The primary challenge in realizing this concept
is the degradation of mechanical properties of the fibers caused by the alkalinity of the pore

solution and the high calcium hydroxide corntenPortland cement matrices. A brief review of
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approaches to improve the mechanical properties of natural fibers and their durability in cement

composites is also included.

Chapter 2characterizes theaw materialsusedand deschiesthe experimental prgrans.
Chemical and mineralogical compositgsand readily soluble compads of Portland cement and
suppementary cementitious materigSCM) are analyzedThe pozzolanic activity of ead®CM
is also determined. Physical and chemical properties of sisad, fas well as the molecular
structures of cell wadl ae analyzed The entire treatment program divided into two past
modification of cement matrix and pretreatment of natural fibextrivimodificationmethods and
fiber pretreatment operatio@se presented. The methods to characterize the hydration of cement,
including heat evolution, mineralogical development, portlandite and bound water content,
elemental analysis @flcium silicate hydratéC-S-H) phases and pore solutiomealso givenX-
ray diffraction analysis, thermogravimetrioaysis and microstructure analysis (ussegnning
electronmicroscope) were performed to determine the degradation rate of natur&nfibedded
in different cemenbased composites. The mechanical tests, asdompression and flese of

composite beamthetension of natural fiber, and ptdut testare also describeith detail

In Chapter 3, the effects @b and 30 wt.% replacement Bbrtland cemenby metakaolin
on thecementhydration kinetics, the clngical compositiorof hydrate phaseslevelopment of
concentration of alkali elements in there solution and microstructure thie cement matrix are
presented and analyzed. The degradation rate of fiber was investigated by analyzing the tensile
behavior ¢ a pulled out fiber, changes of the three main fiber components, and the amount of
precipitatedcalcium hydroxidei n t he f i ber 6s | umen sbetdeerc el |
hydration degree, alkalinitgalcium hydroxideontent of cement matrix and tfieer degradation

are investigated. The alkaline degradation mechanisms of natural fibexlamndltmineralization
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due to the high alkalinity and mineral nature of both cement solid phase and pore solution, are
analyzed in detailThe degradation kinies of sisal fiber in pure cement and the effect of
metakaolinare analyzed systematically, and a model to predict the degradatisai cellulosein

natural fiber is also proposed.

Chapter 4 describesn investigation to understand the infige of diferent accelerated
agng conditions on the degradatioate of sisal fiber ina cement matrixand the most effective
aging method to test the durability of SFRCC is determined. The effect of four temperatures under
dry and wet environments, as well as wedting and drying cycles, on the decline of mechanical

properties of SFRCC, and the fiber tensile strength are studied.

Chapter5 investigats the improvement of durability of SFRCC and the mitigation of sisal
fiberds degradat i orihe temenoragith Pomland cement \aas pactially o f
replaced by supplementary cementitious materials, such asnificlay NC), rice husk ash
(RHA), limestone (LS)and various combinations of them. The degradation of sisal fiber in cement
matrices was invaigated indirectly by testing the flexural behavior of SFRe@msand directly
by testing the uniaxial tensile properties, thermal decomposition, crystallinity indices, and
microstructures of embedded fibers, characterized by means of unensdétesing, thermal
gravimetric analysis (TGA), Xay diffraction (XRD), and scanning electroncnoscopy (SEM),

respectively.

Chapter Gdentifies hermal and N&COs treatment and their effects on the degradation of
sisal fiber and durability of sisal fibeeinforced concrete exposed to wetting and drying cycles.
The microstructure, tensile strength and Youn

of the composite were evaluated. Of primary interest were the effects on compressive and splitting

19



tensile strength of sisal fibeeinforced concrete. The mechanisms of these two treatmethods

were also analyzed.

Chapter 7 summarizes the primary findingshid study Main conclusions are provided and

topics for possible furtheesearclare propsed.
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CHAPTER 2: EXPERIMENTAL METHODS AND PROGRAM

2 . Mategi al

Sisal fiber.In this project,two similar dry and subtly combetypes ofsisal fiber from
Madagascaand Tanzania without knots or other impurities, provided by Bagbdfs LLC of
Creskill, New Jersey, @reused.The rawsisal fiber with a beige color features an average diameter
of 20 2. mmaistare comtantl of 10.443%. Feg2.1-a and b show the microstructures of
surface anccross sectiorof a sisal fiber, respet i v e |l y . roldhsurfatei ppomised to
provide a desirable bond strength between fiber and cement matrix, butcihaleasilycause the
precipitationof cement hydration products on the fiber surface. The fiber used in this research was

charactezedwith a horseshoe shapkcross section.

LI I I I B |

| RPY B | | 1
5.0kV 12.0mm x350 SE(V) 4/13/2012 11:11 100um 5.0kV 12.4mm x250 SE(M) 3/29/2012 14:19

Fi gurMi c2r.olst r udti bree ofurdiaxcel and cross

Cement Two different cemerst Type | and Type IlIPortland cement were used. To
expedite the test program, Type IIl Portland cemeas$ wsedo produceconcrete specimens
reinforced with randomly orientedshort fibes. For the mortar beams reinforced with

unidirectionallong fibers, Type | Portland cement was selecfBioe chemical compositisrand
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particle size distributions (PSD) ohd two cements are shown in Table 2.1 and Fig.2.2
respectively.The overall PSD of thewo cement typeare similar, buthe mean particle sizef
Type | cements largerthanthat of Type Il cement The specific surface area ofde | cement is
1.3 nt/g. while the specific surface area, surface weighted mean and volume edaigganof

Type Ill are 1.72rfig, 3.493 pm and 12.269 pm, respectively.
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Table 2.1 Chemical and mineralogical composition of the aesadht.

Oxide composition [wt.%] Mineralogical phase composition Bfpe | cemenfwt.%)]
Type | cement Type Il cement

CaO 63.7 60.3 Cs& 52.4
SiO, 12.9 16.7 CS 16.0
Fe0s 7.97 8.33 CsA° 10.2
SGs 5.25 3.96 C,AF¢ 8.6
AlOs3 4.14 3.47 Magnesite 0.3
MgO 3.50 4.52 Calcite 0.5
SrO 0.915 0.478 Periclase 0.9
K20 0.907 0.664 Dolomite 1.2
N&a.O - 1.06 Anhydrite 2.3
TiO; 0.279 0.125 Hemihydrate 2.0
Zn0O 0.251 0.146 Arcanite 25
ZrO; 0.119 0.0953 Ankerite 0.6
Cl 0.279 0.0548 Aphtitalite 0.4
BaO 0.131 Quartz 0.2
@) - 0.000021 Syngenite 2.0
Compton 0.98 1.30 Siderite 0.3

Rayleigh 1.19 1.41

aC,S-Tricalcium silicate? C,S-Dicalcium silicate® CsA Tricalcium aluminate? C,AF Tetracalcium Aluminoferrite
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Recycled concrete aggregatad sand Concrete debris was obtained from a demolished
building on the Manhattanville construction site in New York City. First, all major impurities were
removed by hand. Next, large boulders of concrete were reduced in size with sledge hammers. In
stepthree, the concrete was fed into a Chipmunk Jaw Cruishgpe VI, manufactured by BICO
Inc., which permitted the selection of the maximum size of the output. The recycled aggregate was
sieved and separated into coarse aggregate (between 4.75 mm anchlartirfine aggregate (<
4.75 mm). In the final step, impurities such as brick were sorted out by hand again to make sure

that the aggregate was as clean as possible.

Supplementary cementitious materials (SCMsjotal of 5 different SCMavere used to
modfy the cement matrix. These wemgetakaolin(MK), nano-clay (NC), two kinds of rice husk
ash(RHA), and limestoné@_S) powder. MK is a thermally activated alumirsilicate material with
high pozzolanic activity comparable to or exceeding the activitylioAgume. Therefore it is a
promising supplementary material for manufacturing +pghformance concrete, owing to its
effects on mechanical properties and physical behavior of the cement (@atidaron and Burg
1994 Wild, Khatib et al. 1996Coleman and Page 1997ing, Zhang et al. 199Bha and Pereira
2001, Courard, Darimont et al. 2003i and Ding 2003 Batis, Pantazopoulou et al. 2005
Ramezanianpour and Bahrami Jovein 20T2e reactivity of MK has been linked to its content
of pentacoordirated aluminum ions that are formed during the dehydroxylation préResta
and Klinowski 1990 Coleman and Mé/hinnie 2000 Fernandez, Martirena et al. 2QJntoni,
Rossen et al. 20)2Zrom kaolinite to MK between 600 and 8@0 (Murat and Comel 1983He,
Osbaeck et al. 1995According toAmbroise(Ambroise, Maximilien et al. 1994by mixing MK
in PC, CH is quickly consumed, the microstructure is rich-\B & and strélingite C>ASHs), and

the pore size distribution is displaced toward smaller values. Sha(20@8 investigatedthe
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hydration products of PC pastes partially replaced by MK, and the results indicated that with 15%
or higher MK replacement, there should be no calcium hydroxide left in the system after hydration
and pozzolanic reactions are complete. Cement substithyi a combination of metakaolin and
limestone was performed by Antoni et@012, who showed 45% of substitution by 30% of MK

and 15% ofLS gives better mechanical properties at early age than neat PCeandlthum
carbonate reacts with alumina from the MK, forming supplementary AFm phases and stabilizing

ettringite.

Nanoclay NC) is a new generation of processed cléhat can be utilized in a wide range
of high performance compositédahromi and Khodaii 2009 As a kind of nangozzolanic
materials, NC can not only reduce the pore diameterces@teenhanced porosity properties of
the matrix at early age, but also improve the early strength of cement compositesN@hen
particles replace up to 2% PC, they caneterate CS-H gel formation atearly age(Arabani,
Haghi et al. 2012 Farzadnia et a(2013 showed that the compressive strength of cement with
3% MK was increased by 24%, witicreasedormation of G Si H, more consumption of CH and
denser microstructure.afvashima et ak2013 reported that NC can considerably increase the

strength of seltonsolidating concrete for reduced formwork pressure andoshp paving.

Although both MK and NC can increase the degree of flocculation and floc size, they reduce
the amount of CH and improve the microstructure of the cement matrix with different mechanisms.
In this sense, it is of interei modify the cement matrix using a mination of these two active
clayey minerals with different chemical composis@amd particle size In this chapter, we studied
the properties of mixes with combined additions of MK and NC, assuming that the modification
on both micre and nano scales amtains good properties and that the amount of CH can be

reduced effectively with balanced flocculation. The hydration heat, mechanical properties,
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microstructure, and content of CH at differentsiyere analyzed to investigate the effect of the
two pozolanic materials on the propertiestbe cement matrix. Theffect of MK and NC on
durability of natural fiber reinforced cement mortar and the degradation of naturalwiiser
evaluatedby determining the flexural behaviors of composites, uniaxial gersdilength and

physicaichemical properties of the embedded fibers subgett wetting and drying cycles

Rice husk ash (RHA) is a iyroductof the burning of rice husiMore than 100 milliorions
rice huskare produced eagkear as a waste materialagricultural processes. In order to rationally
dispose tis renewable biomass, power plants fueled by rice husk lexperiencedan
unprecedented development severalcountries, such as Thailand, China, Philippines, India,
Surinam, Malaysia, the United&es, and so omRice huskcan cowert about 20% of its weight
to RHA after incineratiofAnwar 200). Therefore the disposal of rice husk ash has become an
important ssue. Owing to the high amorphous silica content and high specific surface area, RHA
has been used in construction materials as SCM to supply high pozzolanic reactivityh&HA
desirable modifying effects on properties of cement composiies, ahighercompressive and
flexural strength$Zhang 1996Rodduez de Sensale 2006enhanced workabilitfHabeeb 2009
declined bulk densityHamzeh, Ziabari et al. 2013 orkaman, Ashori et al. 20)4improved
durability (Sousa Coutinho 2003 hindaprasirt, Kanchanda et al. 2p0ihcreased degree of
cement hydratiorat later aggVan Tuan, Ye et al. 20},land reduced amount of C{Zhang,
Lastra et al. 1996 However, the effect of RHA on degradation of natural fiber in the matrix of

cement composites still lacks-@epth and systematic investigation.

Thechemical compositias particle size distributions (PSPAnd Xray characterizations of
these cemeittous materials are given in Table 2.2, Fig. 2.3 and Fig. 2.4, respecfiledymain

difference between MK and NC is the higher aluminide fraction in MK, and the higher silicide
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fraction in NC, which also contains small amounts of reactive phases ldpesia and sodium

oxide. FurthermoreNC shows overall higher amowdf CaO, ZnO and E©s and lower content

of TiO. compared to MKThe main difference between the two rice husk adREl\ and coarse

rice husk ash CRHA) is the higher amorphous silicea€tion in RHA (94.1 w% compared to

90.45 wt.% in ®RHA), which also contains lower amounts of carbon due to the owmplete

incineration.
Table 2.2Chemical and mineralogicalegposition of the used materials
Oxide composition [wt.%]
MK NC RHA CRHA LS
CaO 0.0707 0.949 0.49 0.51 56.49
SIO, 51.8 62.0 94.1 90.45 0.05
FeOs 4.15 6.51 0.046 0.015 0.04
SGs 0.105 0.199 0.057 0.037 -
Al>O3 42.4 17.1 0.037 0.016 0.55
MgO - 7.45 0.27 0.24 0.29
SrO 0.0397 0.0442 - - -
K20 0.218 0.0717 1.79 1.67 0.04
NaO - 5.03 0.052 0.031 0.03
TiO2 1.07 0.224 0.018 0.009 0.04
ZnO - 0.0283 - - -
ZrO 0.0884 0.146 - - -
P20s - - 0.89 0.76 -
MnO - - 0.13 0.07 -
Cl 0.0457 0.185 - - -
Carbon - - 2.12 6.19
Other 0.0125 0.0628 0 0 42.47

The particle size distriliions (PSD) of PC,andthe SCMs measured by means of laser

diffraction are shown in Fi2.3. As shown, the overall PSIof NC and PC are relatively similar

but t

he

MK shows

a

hi gher

fraction

of

particl

specific surface area of MK (2.93%g) is higher than that of NC (0.873%q). The surface

weighted means of MK and NC, with volume weight means of 9.632 pm arkb3 pm, were
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2.049 ym and 6.873 pum, respectivelyhe overall PSD of the RHA and LS are relatively similar,

but RHAshowa hi gher fraction of particles with a ¢
The surface weight and volume weight meansofléSarl 6. 46 and 50. 66 &em, W
and 36.57% greater thémose of RHA, respectively. The particle size &HA is mainlybetween
11and300 em, with the highest surface weight an:
of hollow and porous parties, the BETspecific surfice areaf RHA (0.577 mi/g) is 77.54%

higher than that of LS (0.325%g). The QRRHA has a specific surfacareaof 0.193 m/g.
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The XRD analysis of MK and NC is shown in Fig4. The broad humps in patterns indicate
that these materialsre Xray amorphous, howey, the peak positiorsf these two materials are
di fferent. The crystalline phases detected in

of sanidine, however, the main cry$ted phase of NC is halloysite.

280
260 -
240 -

10 20 30 40 50 60
2d(degree)
Fiuge 2.4: XRD p&€ttern of MK and N

The amourg of metakaolin (MK) and nanoclay (NC) used as partial replacement of Portland
cement (PC) are given in Tal®e3. The combined substitutions in the mortar matrix resulted in
total substitubn levels of 10, 30, and 50%he replacement of MKy NC increased from 0 to
5%, with increasing cement substitution level. The workability was adjusted when necessary using
ADVA 408 superplasticizer up to 3 wt.% of binder, which is not enough to significantly impact

the hydration kinetics of ceme(ntoni, Rossen et al. 2012
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Table2.3 Composition of MKNC blended cements
Content (%)

Index PC MK NC
PC 100 0 0
B10-1 90 10 0
B10-2 90 9 1
B30-1 70 29 1
B30-2 70 27 3
B50-1 50 49 1
B50-2 50 47 3
B50-3 50 45 5

Table2.4 shows the substitution levels for cement blended with RHAs and LS, which were

5, 10, 20 and 30%.

Table2.4 Composition oRHA-LS blended cements
Cement (Wwt.%) RHA(wt.%) CRHA (W1t.%) Limestone (wt.%)

PC 100 0 0 0
RHAS 95 5 0 0
RHA10 90 10 0 0
RHA20 80 20 0 0
RHAS0 70 30 0 0
CRHA10 90 0 10 0
CRHA20 80 0 20 0
RHA5-LS 90 5 0 5
RHA15LS 80 15 0 5

Surface modificatiomgents (SMAs).Analytical grade sodium hydroxide (NaOH) and
calcium hydroxide (Ca(OH) was purchased frm SigmaAldrich, USA. ADVA 408
superplasticizewas used tadjustthe workability of the mortar when necessafehydrated
alcohol, acetone, and ethyl acetate, used as diluting solventpureteased fronThermo Fisher

Scientific Inc, USA.
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2. M xtRrogordg iaamd S preecpianmmeant i Po n

A water/cemengw/c) ratio of 0.4 and a binddo-sand ratio of 1:1 were used for all mortar
mixtures. The moisture content and water absorption capacity of the sisal fibers were considered
when determining the wataolid ratio. The cement pastes were mixed with gradually added sand
in @ mechanical mortar mixer at 60 rpm for 2 min followed by 1 min rest and 3 min of further

mixing at 120 rpm.

Three 200 mm>60 mmxL2mm beanfgr four-point flexural teswith 2% volume fradbn
of sisal fiber were cast for eatdsting point A mortar layer of 2 mm thickness was placed at the
bottom of the mold followed by a layeith half ofthelong unidirectional aligned fiberé second
layer of mortar of 34 mm thickness was placed, am@decond layer of sisal fiber was uniformly

distributed followed by the third layer of mortar to fill the mold.

For compressive strength t§sb0 mm>x50 mmx 50 mm cubic samples were cast in steel
molds. A vibration table was used to consolidadéh motar beams and cubic samples after filling
each layer of mortar. The duration and frequency of vibration were established according to ACI
544.2R. The specimens were denealdfter 24 hours and immersedQ@id-saturatedvater at 23
+2 € for 28 days prior to acceleratg aging treatment-or fiber pull-out tess, 30mm x30mm x
300 mm prsmatic specimens were prepared witbteel l-squareensuringthat the sisal fibers
were vertically embedded within the matrix. Epoxy super glueapadied tothe free end othe
fibersto preventhemfrom sliding in the puHout test. The samples were demolded after 24h. Five
specimens witta fiber embedment length of 30 mm per data point were tested after 7 days of

curing at 23 € with arelative humidityof 98%.
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Freshcement pastes prepared for chemical analysis, such as XRD and TG¥&epoured

into sealed bottles and then stored at 2342 € until to be tested.

For short fiberreinforced concretan order to disperse the fibers uniformly, they wadded
by handto the coase aggregate and then placed into the concreterrand mixed for 2 minutes
Then the fine aggregate was added and mixed for another rttia.third step, Type Il Portland
cement and wateraveplaced into the concrete mixer and added slowly durixgng. Cylindrical
specimendor compressive and splitting tensile testingre produced using6.2 mm by 152.4
mm plastic molds. The molds were filled in three stages and consolidated on a vibration table, the
time and frequency of which were establishedording to the recommendatsof ACI 544.2R.
After 24 h, the specimens were removed from the molds and placed in a curing chamber
(temperature: 23 +2 €, humidity: 98%) for 7 days prior to accelerated aging treatment. Tests
were conducted on two seb$ specimens, plain concrete and concrete containi2/®.mass

fraction of fibers.

In addition the durability of natural fibereinforced cements and mortars were mainly
determinedfrom the mechanical properties of fiseomposites, which were reasonabgll
understood and predictable. The strength of the composites is influenced by a number of factors,
including the strength of the matrix and the matrix/fiber interfacial bond, in addition to the
fiber strengthi{Litherland, Oakley et al. 1981However, the strength behaviors of the natural fiber
itself, which should be the forersibobject of this study, ot yetfully undersbod. In contrast to
the mechanical properties of FRCC, the strength of the fiber reinforcgmuasidesa direct way
to investigate the degradation degree of natural fiber. It is logical here to studysitefgmperties
of sisal fiberembeddedn cement matrix as an essential approach to evaluate its degradation

degree or the durabilityhile subjected to aggressive environme#ts c or di ng +tne t he
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cement t estLaherfand@$89,areimprobed methodias developed to measure the
direct tensile strength of natural fiber after beeamybeddedn a cement matrix. As shown in Fig.
2.5, a small block of cementitioypsste was cast around the middle part of a strand consisting of
10 sisal fibers. In order i@movethe cement blockhe strand inside the paste was wrapped

a wire mesh, which allogthe matrixto contactthe surface of the natural fiber. The strand outside
the block was protected by epoxy resin and plasticene wdsaf# and protectthe edge of the
block from corrosion Three strarslwere prepared for eadying stageThe block around the

strand was removed carefully after 5, 15 and 30 wetting and drying cycles.

7cm
- A N PC or blended
Wire mesh — — cement paste
Epoxy resin @gnated | l\ Plasticene
sisdl fiber strand ﬁzm—’

Figaga ket ch of sisal fiber strand in c

2 . Treameéen ofsA®er

Thermal treatmentSisal fibers were placed in a ventilated oven at @5@r 8 h.

NaxCOs treatment Sisal fibers were immersed in add&s saturated solution for different
durations 7 days (N7), and10 days (N10). Therefdte fibers were divided into three groups

according to treatment duration. Groupvas the control group without any treatment; Group 2
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consisted of fibers treated in MZOs saturated solution for 7 days, while fibers obGp 3 were

treated for 10 days.

2. Tde dpparatus and Procedure

2.4.1Mechanical properties of sisal fibefreinforced cement composites
2.4.1.1Compressive strengdmd splitting tensile strength test
ASTM C109 was followed to measure the compressive strength of the mortar matrix by
using an Istron 600DX 135k Universal Testing Machine. Thr&6®>x6 0 mm cubic samples
were tested for each mix and the average value was taken to be the representative strength. The

relative compressive strength ratio at each curing age was calculated usingthiedatiquation:
| = Ry/Rpc*100% (2.1)

where | is the compressive strength ratio of the morigs fRe compressive strength of the mortar;

Rpcis thecompressive strength of the control group XPC

For concreteeach cylindrical specimen used for compressive strength testing was capped
with a highstrength capping compound in accordance with ASTM C617/C617M to achieve
smooth loading surfaces. Specimens were tested with an Instron 600DX unesisgliachine
under uniaxial load control until failure. The Instron 600DX is a load or displacement controlled
hydraulic testing machine with a load capacity of 600 kN in tension and compression and a
maximum crosshead displacement speed of 381 mm/mih 7802 mm/min at full load,
respectively. Then, ASTM C39 and ASTM C496/C496M were followeddéterminethe
compressive and splitting tensile strength of cylindricadcretespecimensunderload control at
1112 N/s and 44.5 N/s, respectively. Loads asg@ldcements were recorded as functions of time

to obtain complete loadeformation curves.
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2.4.1.2Flexural behavioof sisal fiberreinforced mortar beams

Fourpoint bending tests were carried out on an INSTRON 5984 34k Universal Testing
Machine at a crsshead rate of 0.2 mm/min to investigate tlegural behavior of sisal fiber
reinforced cement compositésig.2.6) Three identical specimens with a span of 150 mm were
tested for edt mix. The displacements at rsghn were determined using LVDTs and
cortinuously recorded together with the corresponding loads, usinglat 8ata acquisition

system to obtain loadeflection curves.

Fi g2 e Four pointuppending test set

ASTM C118508(2012)(C1185 201 ASTM C1018(C1018 199y and JCI SF4ASF4
1984 were followed to evaluate the reinforcing effect of sisal flyrdetermining the toughness
indices ko, Iss, lss, Taci, Faci, first c ramodtc rsatcrke nfglt enx ugylpokt st r en

cracking toughness ), as defined in Fig2.7. These were determined as follows
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( i f)Acabrding to ASTM C1018C1018 199Y, the first crack load#s defined as "the point on
the loaddeflection curve at which the form of the curve first becomes nonlinear (Fig. 2.7)." Thus
the firstcracking strength is given by Eq. (2.2):

0r= FL / bk (2.2)
where Fis the first cracking load, L is the lower fulcrum span (150 mm), b and h are the width

and thickness of the specimen, respectively.

(i p: Detefmined from the maximum load.{ Fig. 2.7) of the bending test after the first crack

event:
Clpz FmaxL / bh2 (23)

(i) Tp: The postcracking toughness is defined as the area under thed&fiettion curve after

cracking (shaded area in Fig. 2.The test is terminated when the deflection is 16.5 mm.

(iv) I3, Iss, lgs: According to ASTM G1018, the toughness indices lioand ko, were used to
determine the flexural properties. Here, because of the good deformability of long fiber reinforced
mortar beams, the energies required to deflect the beam to deflections of 15.5, 55 and 85 times the
first cracking deflection divided by the energy to produce the first crack (area OAN, Fig. 2.7) were

selected to characterize the flexural behavior of thenbea
VMTmax The ratio of defdoypcdioindad Imaxti memfilosd

(Vi TossThe ratio of deflection when gokdiddedbgitheo ps t

first crack deflection (d).
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(vi) Tycr The energyequired to deflect the midoint of the beam up to the deflection of 1/150
of its span. Here, we useclio (10/150 of L), which means the energy required to produce a

def | eciro®l0 mo.f d

(viii) Fycrio: Flexural toughness factor calculatedrfr Ticr10 by accounting for the beam size and

span:
Fici = Tacll/ bidicrio (2.4)
I I I I
| |
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o D& I: linear stage
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: : I1I: softening and failure stage
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2.4.2Fiber pull-out test
Fiber pultout tests were performed onnaicro-force Instron 5948 testing system with a
loading rate of 0.2 mm/min. Fig. 2.8 shows the testing machine and a schematic drawing of the

force-displacement curve of a single fiber paiit test, which exhibits four stages. During the first
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stage (0 <F < Ry, the interface remains intact and the linearity of the curve indicates elastic
deformation of the fiber. During the second stage<(F < Fnay), the fiber begins to debond from

the matrix through crack propagation in the interfacial Zoneand Nairn 1999Zhandarov and

Méaler 2005). During the third stage {E F < Fnay), the fiber fully debonds froitine matrix through
unstable crack propagation over the entire embedded length. The last stage indicates that the
interfacial zone has failed and the fiber is pulled out with little resistance. In this study, the

interfacial bondstrengthwas determineérom the maximum pulbut load Fax as follows:
Onax: Fmax/ A = Fmax/ ( f)’ Dz (2.5)

where A is the contact area between fiber and cement mateiis Fhe maximum pwobut load,
D is the diameter of the intedel zone (fiber) and &= 30 mm is the length of interfacial zone or

embedmenlength of the fiber. The pwlut energy was determined as the area under the fiber

pullout curve up to a pullout distance of 2 mm.

Stages:

I Intact stage

11: Debonding stage
111: Frictional stage
1V: Failure stage

matrix
fiber

1/

P

Displacement (dip)
(a) Instron 5948 testing sysh (b) Schematic pubout load vs. slip curve
Fiug2e:.Budut t eadt fofbegsi §rom the cement
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2.4.3Tensile properties of sisal fiber

Two fiber tension tests were used in this research. The first method used afoneero
system, as shown in Fig. 280 In order to reduce the statistical scatter of test results, bundles of
five fibers each were tested using an INSTRON 5984 testing machine. The ends of each fiber
bundle were glued to two aluminum foils with a rapidly lesmidg adhesive, such that the effective
length was 20 mm to facilitate the measurements. The foils were clamped between two aluminum

sheets by screws to prevent fiber slippage, Figh2®@ The tensile force was applied at a fixed

rate of 0.5 mm/min. Sains were measured by an extensometer, Figd2.9

(a) | NSIJ&@®Nting machine (b)

(c) Testing process ured fibers

FigldreTensile strength test of sisa
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The tensileadstYynangdtséd modulus (or tensile mo

were obtained as the average of five fibers in

o

Wwis the fracture strength of sitstad Ifiirmear ampmar

the strasa curve, i.e.

du= F/ 5A 2)6

E &U 2.)7
wheKFies t he fAd |[tume dmoasgds sectional a scenaingo f a ¢

electron microscopé SEM),ad /iLs the ultimate sdirsainheffiabe

el ongatLi o=om€mmtOand

The second method was used to test the tensile strength of aib@gl€heuniaxialtensile
properties of a single raw and embedded fiber extracted from the matrices at each aging stage were
tested using again the mieforce Instron 5948 testing system according to ASTM D 3822. A
gauge length of 20 mm was employed @he fixed loading rate was 0.2 mm/min. The ultimate
load and elongation at break of the sisal fibers were recortieel.cross sectional aréawas
calculated from the diamet e rsectiohsard ri rouadshapey as s u
SEM was ued to determine the diameter of each fiber to calculate the cross sectional area and to

determine the stresdrain curves. Twenty single fibers were tested for each group.

Because of the nelhhomogeneous nature of sisal fibers, especially of those exposed
alkaline attack and mineralization in cement, the data of the tensile tests exhibited considerable
scatter. Therefore, the twmarameter Weibull distribution model was followed to analyze the

tensile test results. The probability function of this doyd@eameter distribution is given by:
f(x) = m(x)™* expx™) (2.8)
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where f(x) is the frequency distribution of the variable x, and m is the Weibull modulus, which

indicates the scatter of test dada m gets larger, the distribution narrows.

By defining t bhandinemnatingaboth sidesxthedadurelprohability P can be

calculated using Eq. (2.9):

0 p ., 0-0— (2.9)

where O bBsiredef anielauqdise a msotmaligireysparaaatelr andl defined as

characteristic strength. The failure probability function also can be expressed by

P==%exp[( G (2.10)

By taking the Igarithm of both sides twice, it yields:

InIn[1/(1-P ) 1 =-minlpn @ (2.11)
or
In[-In(2-P) ] =-mmlirpn (2.12)
It can be seen that the relatibis between Inin[1/(2P ) ] and I nd is linear

modulus and characteristic strength can be determined by plotting the straight line. m is the slope

a n @ is the intercept at InIn[1/¢P)] = 0, which means P = {1/e) = 0.63212.

Actually, thefailure probability P can be evaluated from the probability index:
P = R/(N+1) (2.13)

where R i s the number of fibers broken at a ¢ce¢€

that have been tested (here N=20).
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2.4.4Chemical composition and physical properties of sisdibers
2.44.1 Moisture contenandwaterabsorption

Four stepsare neededo extractsisal fiberfrom Agave sisalana: (i) cutting and receiving
clean sisal leges (ii) extracting primordial sisal fiber frorine leaves(iii) drying sisal fiber (air
drying or artificial drying), (iv) cardinghefibers to remove knots arather impurities. Although
the fiber has been drieduring thisprocess, the moisture content is still higheduo si sal 6 s
molecular structure, lumen and hygroscopeatures. Official methods proposed by the
Associationof Official Analytical Chemists (AOAC{William 1975 were followed tadetermine
the moisturecontent of sisal fiber in quintuplicat@0 grams fiber were ovetlried to constant
weightin acirculating air environmerat110 €. Then the fibes wereremoved from each ceramic
crucible and cooled in a glass desiccator. The moisture content wasidetebythe average of

weight loss ratie calculated as follows
¥ =100% *x(Wi-Wa)/Wi (2.19

w h e r is thexmoisture content in percelY is the initial weight of sisal fiber, and & the

resdual weight of sample after drying and cooling.

Unlike moisture contenthe waterabsorptionof naturalfiber has a direct influence on the
reinforcing performance and durability of the fiderthe cement matrix. Fibembsorb water
accompaniedy volume expansionfrom the cement composite during the mixing and casting
process up to dynamic equilibrium During the hardening process, the cemecaptures some
of that water from the fibett® form ahigh alkalinepore solution in the space between matrix and

fiber caused byirying shrinkage which, in turn accelerates theterioratiorof natural fiber.

Each sample of 1s0akdéd ingtap svates, dNAROH fsalubiom (pHaA3%) snd

CaOH). solution (pH=13) and theplaced in the curing bowith temperatureof 232C , 50C
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and 70C and relative air humidity of 85% he fibersvereweighed every 10 minutes, until they
reacheda moisture absorption balanc&he water absorptionwas calculated according to Eq.

(2.15)
U =1008W)Iw (W (2.15)

wherel is waterabsorptionin percent,W, is the weight of samplat themoisture absorption

balance andWi is the initial weight of sisal fiber.

2.4.4.2Holocellulose ¢ellulose and hemicellulose) and lignin congent

Cellulose, which is the main structural component of all plant cell walls, consists of
approxi mat el y-Diglcogyrardse gesidugeo averagémolecule linked together
by ( dlycdsidic bonds to long, linear macromolecules withw degree of polymolecularity
(Goring 1962 Marx-Figini 1963 Marx-Figini and Schulz 1963Viarx-Figini and Schulz 1963
Timell 1967 (as shown in Fig.1). Cellulose and hemicelluloses are the major components of the
secondary layers of the cell wall in lignocellulosic fib€Fgmell 1967. The hemicelluloses are
present in the surface layer as adhesteestrengthen the bonds between individual fibera in
threedimensional network of lignocellulos{®ahlman, Jacobs et al. 2Q@un, Sun et al. 2004
Lignin is an amorphous, threBmensional, polyphenaipolymer, built up of phenylpropane units,
most of whichare located in the middle lamell&@he remaining paris locatedthroughout the
secondary wall, wherat interpenetrates and encrusts the cellulose micro fibrils and the
hemicelluloses. Cellulose, hemicelluloses, and lignin can be classified from a morphological point
of view as framework, matrix, anehcrustatiorsubstances, respectivglWardrop 1964 More
vividly, their relationship is similar as that among ossature, connective tissue arld ofube
human bog. The content of these three compositions determines the mechanical prapetties

stiffnessof fiber and its degradatiaate The procedurased tadetermire the content of cellalse,
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hemicellulose and lignin according to the methpdsposed by Xt al. (2006 and Vieraet al.

(2007 andillustrated in kg. 2.10, was followed The lignin content was determined usihg

Klason methodBrowning 1967, andthe cellulose content was obtainedt he sum of U

cellulose, while the content of the hemicellulose was determaiséicemass sum of hemicellulose

A and B.

R /Washed by distilled water and dried to constant
weight at 60 °C in a circulating airoven |
\ /

Ground in a H-Trieb 4V1M knife mill

+Treated by 72% sulfuric acid under stirring for 2h)

/heated to boiling point, followed by the addition
‘of distilled water, diluting the acid solution to 3%,
\ y

,/ Filtered and washed with distilled hot water,
\ then dried in an oven for 12 h at 105°C.

/

o Digested in acetic acid and nitric acid mixed
1 solution 20 min at 60 °C under stirring
X

y

Diluted with disfilled water and digested for 40
min to separate the particles and facilitate

\ filtration, then filtered and determined
gravimetrically. /

‘Treated by NaOH at 17.5% m/v under stirring at.
—_for 30 min and diluted with distilled water, then

Treated at 23°C with humidity of 85% untilto \ ; Sisal fiber
moisture absorption balance 1]
\
Water
absorption
Test cross sectional area '
\ / Hygroscopic
expansion ratio Clean fiber
/Dried in circulating air environment at110°Cto \ |
\ constant mass and test cross sectional area ]
\ K Hygroscopic ]
expansion ratio
Extracted by soxhlet extractor . N Sisal powd
using 1:1 hexane and ethanol / Y [*
\
Extractive _
content Semi-finished
/Treated by 0.7500 g of sodium chlorite, 0.5 mL sample 1
. of concentrated acetic acid, and 100 mlof <
\ distilled water under stirring. y
1
Semi-finished Sisal without
sample 2 cellulose and
Thermostat bath at 75 °C for 1 h with ‘ hemicellulose
{ occasional stirring and repeat three times. )
Cooled inice water, and then filtered y ¢ le
1
White powder Klason lignin
content
Washed with ice water and dried to constant A N
weight in an oven at 105 °C. /
Hol
Treated by 6% KOH solution in inert atmosphere content
_ (nitrogen gas), with water bath at 25 °C for2h,
\ under constant stirring. y Semi-finished
sample 3
14
Washed with 24% KOH solution, Total
followed by 10% acetic acid solution and hemicellulose Total cellulose
| distilled water, then precipitated using equal /
\_ parts of acetic acid and ethanol ‘l
Residue Filtrate

/ Filtered and washed with 6% KOH solution,
. and then with distilled water, then precipitated «
. using equal parts of acetic acid and ethanol

Fiug2e. Q0 :.ow

L .
1 ' 1

Hemicellulose-A Hemicellulose-B a-cellulose B-cellulose

chart of chemical
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/

Treated by 3N sulfuric acid and kept for 24 h at'
- T7°C for precipitation of beta cellulose, then
" filtered and vacuum dried at 60 °C for24h

Washed with distilled water, dried at
\ 60°Cfor24h

composi tfidomrand

a



2.4.5Thermal analysis

Thermogravimetric analysis (TGA) was carried out to measure the content of calcium
hydroxide and bound water in cement hydration prtslusing a TA Instruments Q50
Thermogavimetric Analyzer Components of sisal fiberembeddedin a cement matrixfor
accelerated agingere analyzedising aPerkinElmer PyrisiThermogavimetric Analyzerat a
heating rate of 2&€ /min from room temperature to 7@ in anN>-atmosphere. Themeasued
content ofcalcium hydroxidgCH) is expressed as percentageledry sample weight at 500 €

as follows (De Weerdt, Haha et al. 201Deschner, Winnefeld et al. 2012

CH = [(Wa00-Ws00)/Wsog] XM caor)@Mrzo = [(Waoo-Wso0)/Wsog| >4.11 (2.19

where M is the molar mass; W the dy sample weight at the temperature n €

The norevaporable water conter/fe) was determined as the difference between the mass
measurements at 8@and 105€, normalized by the mass at 8@) and corrected for the

ignition losses of the unhydrategment powder and the substitution cementitious materials:
Whe = (W105-We00)/Weoo T (fedL uc + fuk XL mk + fneXL ne) 2A17)

where M is the molar mass; W the dry sample weight at the temperature n £ fifix, fnc are
the mass ractions ofcement (PC) metakaolin KK) and nanoclay NC) in the dry mix,
respectively; ke, ILmk, ILnc are the ignition losses of unhydrated cement, MK and NC,

respectively

2.4.6X-ray diffraction
The aystallinity fraction of sisafiber andcrystalizationdegreeof cementat each agevere

analyzedoy X-ray diffraction (XRD) carried out on ground powders with)X& Scintag XRay
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di ffract oe2nketceanfiinguar adt i on usi ngOk@and BEnATher ce (
cement and sisal samples weoannedn step mode wittas t e p si ze ¢héanQulan 2 A ( 2
range of 525°and 545 respectively. Four indies were calculated from the-rdy diffraction

spectra of sisal fibemmbedded in theement mtricesafter aging: the percentage of calhities

usingthe peak height metho¢segal, Creely et al. 195@46Cr) and deconvolution methdéiult,

Iversen et al. 20Q35arvey, Parker et al. 200Be, Cui et al. 2008Fernandes, Mano et al. 2013

(%Cr), crystallinity index (Cr.1.), and crystallite size (L).

The percentage of crystallinity?§Cri) was calculatedising the followingequation(Vijay

K. Kaushik 201%:
%Cr]_ = |002/(|002+|am) *100% (218

wherelooz2 is the maximum intensity of diffractiorf the (002) lattice peak atfl2z= 22.5° And lam
is the intesity of diffraction cotributing to the amgshous fracton whi ch i s t aken a
between 18and 12 wher e t haeninimumni(MwaikamboyandiAssell 2002Roncero,

Torres et al. 200@asong Dai 2010

The percentage of crystallinity (%erwasdeterminedoy the amorphous peak areas under

the diffraction Xray plotand wascalculated based on E@.19 (Fernandes, Mano et al. 2013
%Cr2 = (AJA) x100% (2.19

whereAc is the area belothe diffraction peak of the (002) plane € a k 2259 éndlthe<{101)

and QOQ plane(peak at 1B18}, and A is the area below the whole region of the XRD spectra

representing thamorphougRamli, Kwanet al. 2013 andcrystalline material in the samples.

45



The crystallinity index (Cr.l.), which expresses the relative degree of crystal(8#égal,
Creely et al. 1959 was evaluated by usirigefollowing equation(Le Troedec, Sedan et al. 2008

Elenga, Dirras et al. 200®asong Dai 201,(Roy, Chakraborty et al. 20%:2

Cr.I = (loozlam)/loo2 (2.20

where, bozand km havethe same meaning as in £g.18).

The aystallite size inthe( 0 0 2) plane of sisal fiber was

formula(Hindeleh and Johnson 198Blenga, Dirras et al. 2000y, Chakraborty et al. 2012
L=ka / (bcosd) (2.2)

wherek = 0.89 is Sfhesrehéspeakés alWHM),sswi dt h hba

wavelengthof Xr ay beam ( 1thé&adglepfdiffraciod. d i s

2.4.7Morphology and energy dispersiveX-ray spectroscopy (EDX) analyses

The micreanalysis of sisal ffiers and the composiefracture surface were performed on a
Hitachi 4700scanning electron microscope (SEMjder an accelerating voltage ranging from 10
kV to 20 kV. Energy Dispersive Spectroscopy (EDS) was usedetermine theelement
compositionof cement hydrabn products, focusing on the characterisatiorcaltium silicate
hydrate(Ci Si H), with a beam voltage of 10 kV to reduce the interaction volume of the electron

beam with the nonconducting phases.

2.4.8Pozzolaic activity of SCMs
The pozzolanic activity ofupplementary cementitious materials ¥ was investigated

using theilme consumption test (LCT)n LCT, 10 g of chemical grade calcium hydroxide (CH)
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were mixed with 5g o8CM or their combination at a Wwkatio of 3. After mixing, samples were

sealed in plastic vials. The CH conteffiter 7 daysvasdetermined by a TGA technique.

2.4.9Characterization of solid phase and pore solution of hydrated cement matrix

The hydration of Portland cement is a coexgbrocess, whichffects thesetting, hardening,
crystallization, release of hydration heat, and so on. The four principal constituents, calcium
silicates (GS and GS), aluminate (GA), and ferrite (GAF), with otherminor minerals such as
calcium sulphtes (gypsum, anhydrite and/or hemihydrate), calcite, calcium oxide, magnesium
oxide, Na and K-sulphates, react with water to form various hydration products suCksad,
portlandite, ettringite, calcium monosulphoaluminate or calcium monocarboaluminate
(Lothenbach and Winnefeld 20065olid phaseassemblage and the development of elealent
concentration of pore solution are tweeasureso evaluate the hydration degree of cemé&he
hydration studies wereatried out on paste samples of the pure PC and blends containing 10 wt.%

and 30 wt.% of MK.

2.4.9.1Kinetics of hydration

The heat flow of the hydration for each paste was measured by a TAM Ahesoal
calorimeterto 25€. According to ASTM C305, pates with a water/cement ratio of 0.5 were
mixed by hand with a spatula for 1 min at a temperature of 2312 €. For each measurérgenft,
eachsample verecast in glass cylinders using plastic dropper within 2 min after initial contact of
cement and wate Then the sealed samples were placed in the calorimeter, which records the

hydration heat flow of the samplg to50 h.
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2.4.9.250lid phase

Many different solid phases are formed during the hydration of cement and these phases are
changing with tim€Andersson, Allard et al. 1989The phase compositions thie solid not only
affect the mechanical properties, porgsiind shrinkage, but also determine the degree of
mineralization and decomposition of natural fiber. In addition, the solubility belsafitire solid
phasedirectly determinghe elemental concentrations, alkalinity, as well as the saturation indices
of the pore solutionwhich in turn affect the stability dhe solid phase. The solid phases of PC
andblends were analyzed by means of X@Dn -2ad dconf i gur ati on using C

mode with st ep -4Dk\zamd 36 i) TGA aakeatingrate of 28l Ymin from
room temperature to 730 in anNz-atmospherg SEM-EDX (in electron micrgcope model with

15kV electron beamwhich produces a maximum interaction depth around 1 ana collected
solubility data to characterize the cry$ation, C-S-H composition, porlandite and twad water

content, and solubility of solid phases.

2.4.9.3Pore solution

Therearefour steps to form cement pore solution throughout the entire hydration process:
(i) from mixing water to continuosiphase (Wwh suspended cement); (ii) then it convéota rather
complex alkal and sulfate bearing solution; (iidllowed by discontinuous pore solutiofiv) at
last the pore solutiois formedwith continued reaction of cement compondB®arneyback Jr and
Diamond 1981 The pore solution chemistry is of prime importance for understanding trace
element mobility and migration pcesses in ceme(@ndersson, Allard et al. 1989Thiscan be
grossly divided into three stagésoon and Glaus 1997(i) dissolution of NaOH and KOKiwvith
pH around 13.4), (ii) dissolution of Ca(OHpH falls to 12.5), and (iii) dissolution of -&H gels

(pH remairs above 12.5). Tie high alkalinity and content of €an the pore solutionare well
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knownto bethe main factor acceleiag the degradation of cellulose and lignin. An inductively
coupled plasma optical emission spectrosaeps used to determine the concentration oN&,
Siand Ca at different ageThe pore solution of hardened samplesobtained by the suspension
method(Hidalgo, Garcia et al. 200Bach, Coumes et al. 20j,2nd the pH of the pore solutigns

which was used to calculate tiree OH concentrationsyweretestedby a pH electrode.

2.410 Accelerated aging condition

The durability of sisal fibereinforced cement composites wabkaracterizedby the
reduction of mechanical properties of specimens subjected to two kinds of aggressive
ervironmens. hot water treatent and wetting/drying cycleswhich can accelerate the
deterioration of both sisal fiber attte cement matrixThe methods to determine tmest effective
and rapid simple accelerated aging conditions to quantify the duyalfilgisal fiber in cement

based materials atbscussedn Chapter 4.

For both the drying and wetting cycles, a ventilated oven was used: the specimens were
submerged in sealed tap water@€ and then dried at A . In order b determine theluration
of wetting and drying cycles, which means the time needed for full saturation and drying, a
hysteresis mass change as a function of time was investigated. Increase and despeaseari
mass subjectetb wetting and drying cycles were measured everyni®until the mass became

constant (mass change was less thanrl%econsecutive measurements).
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CHAPTER 3: AGING MECHANISMS AND DEGRADATION
KINETICS OF NATURAL FIBER IN THE MATRIX OF
CEMENT COMPOSITES

3.1 I ntroducti on

The degradation mechanisms ahuhetics of naturalfiber in the complex alkaline and
mineratrich environment of cement matriceave been rarely reported in the literature. It is well
known that the cement matrices @@verned by thdwydration process, setting and hardening,
strengthgrowth, combined with hydration heat release, crystallization and thatiormef micro
cracks in various aggressive environmefsly a fewpublicationsaddresghe failure of natural
fiber in cement composite&ram(1 9 BaBdTol&o Filho et al (2000 describedhe dissolution
procesof lignin and hemicellulose iacementpore solution and alkaline hydrolysis of cellulose
molecules This leads to the degradation of molecular chains atite reduction in degree of
polymerisation and tensile strengthihich ae the main aging mechanisms ratural fibers in
cement basd compositeglol&o Filho, Scrivener et al. 2000Besides, the crystallization of lime
in the lumen and middle | amell ae a%inglol98hecr eas
Tol@&lo Filho, Scrivener et al. 2000 Mohr et al. (2005 proposed a threpart progressive
degradation mechanism during g anddrying cycling, such asfiber cement debondingnd
reprecipitationof hydration products within the void space at the forfilr-cement interface
while the third part is the fiber embrittlemenielto fiber cell wall mineralization indicated the
lack of anytoughness. Almeida Melo et #2013 investigated two fiber degradation mechanisms
in PC composites: fiber mineralization and degradatibcellulose, hemicellulose and lignin due

to the existence of calcium hydroxide and adsorption of calcium and hydroxyl ions. However, the
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results obtained so far have been disappointing, primarily because the intrinsic degradation kinetics
and mechanismof natural fiber and its three main components, cellulose, hemicellulose and lignin,

in the solid phase and pore solution of cement have not been successfully investigated
systematically. And therexistsno modethatcan be used to predict the degramtatate of natural

fiber in construction materials. Few designers are willing to accept the risk of working with
inherently unreliable reinforcement. These difficulties could be alleviated if it were possible to
build a parameterized model based on cerheptd r at i on data to predict

degree as a fusion of embedment duration

This chapter describes the investigationcement hydratiover a timespan of up t&00
days, and its effeain the durability of natural fibeo analyze he degradation mechanisms and
kinetics of natural reinforcement in a cement matrix. The effects of metakaolin on cement
hydration and degradation ratesidal fibers were also studibg analyzingsurface morphology,
crystallinity index, thermal andniaxal tensile characteristics of the raw and embedded fibers.
The twoparameter Weibull distribution model was applied to deigth the scatter oftensile
properties of theisalfibers. The individualcellulosefiber-cells are linked together by means of
the middle lamellgToledo Filho, Silva et al. 2®). The mineralization of cell wall, the peeling
off and alkaline hydrolysis of amorphous regions of cellulossisal fiber wereparameterized
based on the tesdiata from cement hydratido predictthelong-termdegradation degree sisal

fibers in acement matrix

3.Characterization of Raw Material s

For comparisonl0 wt.%and 30 wt.%Portland cementPC) was replaced hyetakaolin

(MK) to study its effect on cement hydration and fiber degradatio@ chemical compositions of

51



the PC and MK determned by means of Xay fluorescence (XRFare shownin Table 3.1.
Portland cement and concreteeessentiallyalkaline because Portland cement reacts with water
to produce solutions which are oversaturated with Cag@El). But there are also small and
variable percentages of Ma and KO presentas minor components in cement minerals or as
sulfates, which readily form NaOH and KOH solutions as the cement aluminate and ferrite hydrate
to absorb the sulfate ioftawrence 2008 There aragwo kinds ofalkalis in cementreadily
soluble alkalis and alkalis that remain solid. Tégdily soluble alkalis are assumed to cepend

to the alkali sulphates pregen the clinker, while the reainingalkalis are assumed to be present
as minor costituents in solid solutiowithin the major clinker phasdg®ollitt and Brown 1969
Deschner, Winnefeld etl. 2013. Thereforeconcentrations of readily solubtgkalis in distilled
waterwere measuredfter an equilibration time of 10 min, at a water/solid ratio of 0.1, to evaluate
the distribution of alkalisn the poresolution. In addition, the mineralagl compositios of PC

and MK wereanalyzed by quantitative XRandarealso shown in Tabl8.1.

Table 3.1Chemical and mineralogical composition and readily soluble compouR@sarfd MK
Chemical, mineralogical composition

XRF—anaIyls\}:iwt%] BC Minerdogical phase compositiaof cemen{wt%]

CaO 0.0707 63.7 C:& 52.4
SiO, 51.8 12.9 CS 16.0
FeOs 4.15 7.97 CsAC 10.2
SO 0.105 5.25 C,AF¢ 8.6
Al20s3 42.4 4.14 Arcanite 2.5
MgO - 3.50 Anhydrite 2.3
SrO 0.0397 0.915 Hemihydrate 2.0
K20 0.218 0.907 Syngenite 2.0
TiO2 1.07 0.279 Dolomite 1.2
ZnO - 0.251 Calcite 0.5
ZrOz 0.0884 0.119 Other 2.3
Cl 0.0457 - Readily soluble alkalis afemenfwit%]

Compton 0.86 0.98 NaO 0.07

Rayleigh 1.24 1.19 K20 0.85

4 Tricalcium silicae; b Dicalcium silicate € Tricalcium aluminated Tetracalcium Aluminoferrite
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The particle size distributieof PC and MK measured by means of laser diffractiare

shown in Fig.3.1 As shown, the overall PSD of both PC and MK are in micron size nfddan

particle size of cememangesfrom 1 to 40 pm and its specific surface area, surface weighted mean

and volume weiglgtdmean are 1.7 ffg, 3.5 um and 12.3 pm, respectively, but MK shows a higher

fraction of particles s mal | especific $udace abea af MK ¢ 0 mp 3

(2.93 nt/g) islargerthan that of PC (0.8733g), which means it can modifycement matrix both

in compositions of hydration products and microstructure as pozzolanic substitution material and

fine filler.
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3.%30lid Phase of Cement Matri x

3.3.1 Hydration reaction and kinetics

anhydrous cement
particle

portlandite
CH
H:0 leaching of soluble species (cH
(Ca*, OH-, SO ) 0 generation of C-S-H
H.0 g >
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H.O , - °
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Ca(OH)2 solution N
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. outgrowths
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When anhydrous cement is mixed with water, several exothermic reactions takieoplace
simultaneously and congadovely, asschematically shown ifig. 3.2(Ridi, Fratini et al. 20111
Thealkalinesupersaturateatalcium hydroxidesolution,containingsonme otherionssuch as Ng
K*, SQ?, is theprecursormf the pore solution, which plays an important role in accelerating the
degradation of natural fibers. Portlandite, which forms in the subsequent hydration and causes the
mineralizationof the fibers, $ another factor determining the degradation rate of natural fiber in a
cement matrix. Although the reaction rate and duration vary and depend on the mixing method,
components, and particle size, it is well known that there are five main steps in thieohydra
process according tdé curve ofheat evolutionversus time pre-induction period induction
period acceleration periqgddecderationperiodand diffusionperiod (or stabilization perioyl In
the pre-induction periodthe very first minutes after ¢radsorption of water on the surfagkthe
dry cement powder particles, a small fian of the silicate and aluméte phases dissolves leading

to the production o& Ca(OH) supersaturated solutigRidi, Fratini et al. 201)land release of a
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lot of ions (Bensted and Barnes 2002anda strong heat evolutiois generated by the quick

conversion ofalumindge phasegRidi, Fratini et al. 201l With the lowest heatevolution the

induction periods actually thentervalbetween the firstlumin a t e

phaseos

phaseossilicate nver si

conver si o gilicateGhdaatumicate dnydratgdd & speegpdatom, e

nucleationand growthof portlandite anatalcium silicate hydrateshe hydration of cement starts

the two most important periods: theceleratioranddeceleraibn periods. These two periods are

accompaniedby a strong heakvolution the highest saturation level of Lafinal set

crystallzation of Ca(OH} and end up with the formation of hydrates and a decrease of heat

generation. The transition from the deceleratpmriod to the diffusionperiod is somewhat

arbitrary(Bensted and Barnes 200During the diffusiorperiod both the hydration heat release

and saturation of Gatendto be stablebecause & chemical rate is mainly deteined by the

diffusion of reacting species from the soluttbrough the hydrated phases, to reach the anhydrous

grains(Ridi, Fratini et al. 201
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The development of normalized specific heat flow of hydration of neat PC arMdKPC
blends atearly age(up to 50 h) is shown in Fig. 3.Bach cuve represents the average wbt
measurementgheerror ofwhich is less thar®.2 mW/g. From the curves, it can be seen that the
heat flow of each blend is almost the same in the first two hydration periods, while the main
differencesoccurduring theaceleration deceleratiorand diffusionperiods. There are two peaks
(shoulders) on the PC curve, namelsilcateand amaluminate peakdue to thesilicate reaction,
andtricalcium aluminate reactions to form ettringite and subsequently conversion inbsutiate
respectively.There are at least three contributions of SCMs to the hydration heat of Portland
cement: providing x@ra spacedor the hydration productenhanced nucleatiorand thereaction
between SCMs and clinkers of ceménbthenbach, Scrivener et al. 2Q1The dlicate reaction
was impacted slightly by tredditionof MK: the acceleration periodccurred earlier and the slope
during the acceleration peod increased with the addition of MK, which means MK not only
increased the release of heat of cement hydration during this period byirelsted extra
nucleationsites for GS-H (Lothenbach, Scrivener et al. 2Qntoni, Rossen et al. 201.2The
effect of MK on thealuminatereaction was much more sifjoant with the increasing addition
of MK, the secad peak occured much earlierand beame much narrower and highefthe
maximum second heat flow.22 mW/g for MK30, 3.43 mW/g for MK10, and 1.98 mW/g for
PC). Because of the loWZzA amouni the seconghoulder peakvas lower than the silicate peak
for plain PC, but the oppositeheld for PGMK blends. @rresponding to the second formation of
ettringite besides thaucleatiorrole, thealuminates originating fromlK alsopossiblyparticipate
in thereaction at this stag@ntoni, Rossen et al. 20L2The improvement in botkilicate and
aluminatereactions cause a higher hydration heat release at early hydration time, which can be

found in the curves of Fig. 318before 15 h. However, the total released lsa@duced, especially
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for MK-30, due to the rapid chemical reaction andck] end of both, theaccelerationand

deceleratiomperiod

3.3.2 Mineralogical analysis

As shown in Fig. 3.4, the XRD pattern of PC identifies the crystalline phases: ettrirgjite an
portlandite after 1 day hydration. The patterns of PC at 28 days and 90 days gjiowing
guantity of portlanditeand less ettringite, whicluggest the high amount of alkalinity and
transformation of AFt to AFm in the process of hydration. In blemadsiving MK10 and MK30,
gypsumwas found, along with less ettringite apdrtlandite at early age. After 90 days of
hydration, no ettringite was detected in any blend. The quantities of ettringite phase and portlandite
phase decreased with increasing S@Mmount at all ages due to tkdution of cement and
pozzolanic activityof MK. The development of the main crystalline alomphasesare also
reflected in the XRD patterns.rdounts of hemicarboaluminaiecreased with increasing MK at
early age. Mnocarlmaluminatestaredto increaseslightly in PC after 28 days of hydration. The
results show that MK effectively reduces the CH at early age accompanied by the consumption of

AFt and continues at later age.
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3.3.3 Portlandite and bound water content

The TGA andderivative thermogravimetrfDTG) curves of the invagjated samples after
28 and 90 days of hydrati@me shown irFigs.3.5-aandb, respectively, in which three peaks due
to thermal decompositioran befound ettringite (10%), AFm (175 €) and CH (staring at 455

€). The differences between curves heat PC and R®IK blendsaround 105 € at 28 dayare
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impressive, which indicatethat the addition of MK effectively reduce the ettringite content
Thereareno strong peaksignifying the decomposition of ettringite the curves in Fig.3.5b,

which means this phase has been completely consumed or transformed after 90 days of hydration.
This result is igoodagreement with the analyss$ the XRD pattern®f Fig. 3.4. However, the
amountof AFm (3CaOAl .0£aS0 4H 20) increased with the blending MK due toits high
content ofaluminum phaseshe anounts of AFt and AFm phases depend on the conteDiAof
(tricalcium aluminate) and ferrite phases in the original cement and the degree of hydration
(Hewlett 2004. If there is excess4#B, when the gypsum phase has been depleted in the first step
of the hydration process, AFwill transfer to AFm, thereforé¢he amountof AFt is reduced
significantlywith the increase of MK indicated by both XRD and TGA/DTG analysis. The strength
of peaks shown ithe curves indicate that the content of CH in MKi8Omuch lower than that of

PC, which also agrees well with thesults of the XRD analysis.

Fig. 3.6 summarizes the bound water and CH contents of PC and blemuslized to the
mass of dryPC after 28 and 9fays of hydration. The differences betw@&andPCMK indicate
that the substitution of MKor cement rests ina considerableonsumptiorof CH. With thelO
wt. % and 30 wt. %partial replacemendf PC byMK, the amounts of BW an@H werereduced
by 24.49% and 50.29%t 28 days, and 33.79% and 61.90% d&tedays, respectivelgue to the
pozzolanic reetion, which is a positive sigfor improvingthe durability of natural fiber ira CH-

free cement matrix.

The generatiorof bound water of purC decline with time, whichis probably related to
the reduction of stabilization of water rich hydration produssch as ettringite and
monocarbonatéDeschner, Winnefeld et al. 201 2sseenin the XRD patterns. The replacement

of PC byMK also resultsn a significant reduction of bound water content at both 28 days and 90
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days However, MK30 shows aightly higher bound water content than MK10, and increase with

time, probably as a result of formation of mavater richAFm phase
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3.3.4 Elemental analysis of €5-H phases

Microanalytical invesgatiors of the hydrate phasesBCand MK blendedCwerecarried
outin the SEM with EDXo characterize theain amorphous phase-&H) at differenthydration
ages Both the inner and outer hydration products wargeted by Xray underan acceleratig
voltageof 15KeV and a working distance df2.0mm for local chemical analysi®ue to the
interaction of electrons witthe specimen and the intergrowth of hydrates, the detectags6f
one spot ofteare the resultsf the signal omixtures of plasegDeschner, Winnefeld et al. 20112
sothe absolute values of individual microanalyses (or single atomic ratios) are less useful than are
plots of the atomic ratiol)Ramlochan, Thomas et al. 2Q0 order toassurestatistical accuracy
of the phase compositipmore tharbO EDX spot analyses were takemm each specimeihen
the elements of the-&-H phase were determined by plotting the Al/Ca distribution as a function

of Si/Ca atomic ratio as shown in Fig. @&aand b, respectively.

The effective element ratios of the materials were determined by twoTinesAl/Si ratio
of C-S-H was determined Yothe slope of &olid line, whichis drawn through the points with the
lowest Al/Ca ratio and representsixed analyses of portlandite andStH without AFm or
ettringite. The dashed linavas drawn from AFm element point (0, 0.5) and throughuibeer
bound of distribution of Al/Ca atomic ratio. The range of Ca/Si ratios é5-8 wasroughly
represented biyheinterior zonewith densebulk data points along the two lines. Tdiscrete poirg
with much lower Si/Ca ratio or higher Al/Ca ratio are duddwatiors of EDX spectr@aused by
the pores(Deschner, Winnefeld et al. 201 2r thin GS-H which is notsufficiently thick to

minimize the contribution of adjacent phag@amlochan, Thomas et al. 2004

The calculatedCa/Si and Al/Si ratios of <G&-H in PC after 300 days and 600 days are

1.85#.3 and 0.07, respectively, and the mean value of Ca/(Si+Alf& 1n order to analyze the

61



effect of MK on hydration of the cement matrix from an early age, the plot of Al/Ca versus Si/Ca
atomic ratio of MK blended PC was obtained from the EDX investigation carried out on samples
at 28 days and 300 days. From thékllata points, it can be directly found that the addition of 30
wt. % MK strongly increased the Al/Ca of&H phase, due to the high content of S&0d AbOs

in MK. The Al/Si ratio of CS-H is also improved from 0.07 to 0.313, whicltligse to the Al/@
values of ettringite. ThealculatedCa/Si ratio is slightly reduced to 1.42#.25, due to the
introductionof silicateby MK. The mean Ca/(Si+Al) is 1.08, which is obviously reduced through

blending the MK.
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As the liquid phase in the cement matrix, #ilkalinepore solution, which containslarge
number of ions from the soluble substanceh®f cement matrix, is anothanajor reason for
degradation of natural fiber, because this mingrdl fluid can soak and infiltrate into tinéiddle

lamellaand lumen of the fiber, and directborrodecellulose, hemicellulose and ligniithe
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existence of ionggspeciallyOH and C&*, in the pore solution is a major cause of the degradation
of naturalorganicmatter The results in théiteratures(Gr am ,59 & § h) sHo® &h&CH
causes more seveeeosionof natural fibershana NaOH solutionwith same alkalinityln the
presene of C&*, a primary cation in cement pore water, isosaccharinic acid (ISA) will be the main
degradation produdgBlears, Machell et al. 195®achell and Richards 19%0The development

of PCpore solution chemistry, such as the pH value, ions concentration agiarflof hydation

time, and the effect (fupplementary cementitious materiatsgore solution chemistripas been

a major focal pointof research for several years as an index of cement hydrafioa.
concentrations of each element depend odigs®lutionof porlandite alkali sulphatesaluminate
phaseand the consumption of calcium sulphatevhich involve some chemical states of

equilibrium as followgD. Garvin 1987 Kulik 2002, Lothenbach and Winnefeld 2006

Ettringite CasAl2(SQu)3(OH)1526H0 <=>6C&* + 2AI(OH), + 3SQ? '+ 40H + 26H  (3.1)

Portlandite ~ Ca(OH) + 2H" <=>C&" + 2H,0 (3.2)
Calcite CaCQ + H" <=>C&*'HCO;' (3.3)
Anhydrite CaSQ<=>Ca&" + SQ?' (3.4)
Gypsum CaSQiH,0 <=>C&* + SQ? '+ 2H,0 (3.5)
Syngenite K2Ca(SQ) 12H,0 <=> 2K* + C&* +2SQ? "+H,0 (3.6)
Tobermoritel&ll 5(Ca(OH)) T 6(Si0,) T 5(H.0) + HO 5C&* + 6SIO(OHY +40H (3.7)

Monosulfate 3CaO(AbOs)CaS04)12(H 20) <=>4Ca&*+2Al(OH)4 +SQ? +40H +6H,0 (3.8)

The pozzolanic reactioncaused by metakaolin, consumes calcium hydroxide in cement

hydration products, which in turn, affect the pH value and ion concentration of the pore solution:
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Ca(OHy+ MK -%-H <€crystalline products @Hs, C4AH13, C;ASHg, etc.)  (3.9)

According to the elemental concentration levels and their effects on alkalinity and
mineralization the pH values and five element concentrations, such as K, Na, Ca, Si anof OH
pore solutiorgained frormeat PC and PC blended with 30 wt. % MKre investigated, as shown

in Fig. 3.8a and b, respectively.

From Fig. 3.8a, it can be found that in neat PC, all the concentrations in pore solution
remainedrelatively stableexcept Ca, since they are controlled by the consumption of £aSO
phases andhe formation of portlandit§Deschner, Winnefeld et al. 2012Caused by the
consumpbn of the gypsum through reamt with GA (Rothstein, Thomas et al. 2002nd the
depletion of the calcium sulphat@eschner, Winnefeld et al. 201 2he concentration of calcium
decreasedapidly dter 6h, and tht of siliconand OH increasd considerablyat the same time.
Although there were also slight increases, tffeces of the abovementionedreactions on
concentrations of Na and K weret significant. However, the rapid reactions with calcium
hydroxide a&ad sulphates ge rise tothe continuousdissolutionof CzA, which led to the increase
of OH' and high pH value in pore solution, and in turn reduced the concentration of Ca, because
of thereverse reactioas shown in Eq. (3.2). These changes of cond@tgin pore solution at
early age have interactions and correlate with theate reactionand the second aluminate
reaction as shown in Fig. 388 The development of pH values of pore solution in PC aneBMK
are shown in Fig. 3:8. Correlating withthe changes of concentrations, the pH of PC stays at a
level of 13.140.1for the first h, then rises up to 1A0. 06, and increases slightlyith hydration

for a long time.

The development of concentrations in pore solution in-B0Kis different from tht of PC.

Except Si, all initial concentrations of elements are reduced due toilimgod effect through
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replacing cemenby MK and its high content of ADs, which contributes to the first aluminate
reaction. Due to the strong second aluminate reaatidsends of PEMK shown in Fig. 3.3a,

there is an obvious reduction in concentration of Ca after 8h and it keeps decreasing even after
long hydration times because of the consumption of portlandite by the pozzolanic reaction with
MK. The concentration oDH' is also reduced by mixing MK ammntinues talecrease with the
hydration time, nobnly because of less readily soluble alkalis in the matrix caused bijuterd

effect, but also due to the binding of alkalis in the additional amountsSsiH@ererated by the
pozzolanic reactiofiDuchesne and Befube199% As shown in Fig. 3.7, by bhding 30 wt. %

MK, the Ca/Si and Ca/(Si+Al) ratios of-&H phase were reduced by 7.57% and 36.24%,
respectively. This also means theS@H in MK-30 binds muchmore alkalis than ne&®C (Hong

and Glasser 199®eschner, Winnefeld et al. 2012Z'he pH of pore solution in M#80 blends

was 12.94.1during thefirst 8h, and then decreas¢nl 12.7#).08 after the detaration and

stabilization period of hydration.

According to the analysis above, the substitutiorP@fby MK, which results in lower
concentrations of OHand Ca irthe pore solution, is helpfiih improving the durability of natural

fiber.

Fig. 3.8d shavs the calculated effective saturation indices (ESI) of portlandite, ettringite
and monosulfate as functions of hydration time in R&2dnd MK-30 blends. Agan index showing
whether water tergto dissolve or precipitate a particular mingisiiownas E. (3.1}(3.8)), the

ESl is defined as:

ESI=log (IAP/Ksp) (3.10

where IAP isanion activity product, and ¥ is a solubility product.
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IAP and K, havethe same form: both of them are calculateain the product of free ion,
however, Kp is an equilibrium constant in terms of activities of reactants and products at
equilibrium, and IARNvolves theactual(measured) activitiesf IAP = Ksp, ESI=0, which means
the solution is in equilibrium withhte mineralif IAP < Ksp, ESI < Opore solutions undersaturated
with the minerahnd eaction is proceeding from left to right (dissolutioioy IAP >Ksp, ESI > Q
i.e. the pore solutiors supersaturatedith the mineraland eaction is proceeding fro right to

left (precipitation)

1000 ¢ 1000 ¢

= -
o = L
= S 10
E E
c c
2 k=] L
g £ 1}
@ g f
[5) c
c o .
Q o}
O 0L
001 sl sl PR | PR | sl MR Ool MR | L1l Lol i sl il I
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Time (h) Time (h)
(a) Pore solution of PC (b) Pore solution of MK30
14.0 4.0
I PC  MK-30
13.
8 | 35 —o—  —+— Portlandite
13.6 . —o—  —e— Ettringite
L e 30— —+— —+— Monosulphate
134 2
L S 25 o
13.2 ?
. O 20F T e
T 10 s .
12.8 o
N %
126 W L0 <
1240 s o S, N
r & ——
1220 0.0 LR S
12.0 I | PR | PR | P | sl P 05 1 1 1 1 1
0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
Time (h) Time (h)
(c) pH value (d) ESI

Fi gBr®l ement al G o rpcHe eviarl BoBEl, opnosr e s oadmomd i binend®r

66



The ESI of portlandite in PC is 0.254.09 from the time of mixing to 317 days, which means
the pore solution of neat PCsspersaturateat a low level for portlandite over the whole hydration
time. The slight owesaturation of portlandite was also found in the pore solution of the3MK
blend at early age. However, after 7 days, the ESI decreaseaégdieve so the portlandite was
undersaturated for the remaining hydration age, which can also be correldtedeniesults of
XRD of analysis of solid phase shown in Fig. 3.4. The ettringite in the pore solution of neat PC
dropped strongly from a high level to a slight supersaturation with the increase of hydration time.
The samérendwas also found in the solah of MK-30, but the oversaturatiategreeof ettringite
was much lower than that of neat PC thyloout the experimenThe ESIs show that pore solutions
in both PC and MK30 were oversaturated with respect to monosulphate at early age, and then

decreasetb anequilibriumlevel after 1 day.

3. AAut ogemoiusk &g e

Hydration of Portland cement is accompanied by a chemical shrifkagge Jensen et al.
2003: not only hydration of the maiclinker minerals but also the secondary reactions, including
formation of ettringite, result in the shrinkage of pgdensen 1993 The autogenous shrinkage,
which depends omurface tension ahe cement gel particles, capillary tension in the pore fluid,
autogenous relative humiditigelf-desiccatiol, andso on,coupled withdrying shrinkage of
natural fiber, createthe interstitial fluid space between fiber and matrkig. 3.9 shows the
evolution of autogenous shrinkagePC and paste blended with 10 wt. % and 30 wt. % MK, with
w/b of 0.5, as a function of hydration tinlé.can clearly be seen thatyue to the dostitution of
tetracalcium aluminate hydrate 4&H13) by a lower density gehlenite hydratexfSHs) (Wild,
Khatib et al. 1998caused by thpozzolanic reactionf MK, theautogenous shrinkagkecreased

with increasng amountof MK. Theautogenous shrinkagd PC was up to 1.67 mm/m, while the
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values of Mk10 and Mk30 were 1.13 mm/m and 0.65 mm/m, which meanssthestitution of

10 wt. % and 30 wt. % MK resulted in reductionsofogenous shrinkadpy 21.56% and 61.08%,

in four months, respectively. This positive effect is verifieddsultsin theliterature(Gleize, Cyr

et al. 200F on autogenous shrinkage of cemdsaised materials containifgK. The smaller
autogenous shrinkags helpful to reduce thmterstitial fluid spaceand to prevent thautomatic
stripping of natural fibem a hardened cement matriit.can be predicted théhe substitution of

MK for PC can #eviatethe degradation and improve the durability of natural fiber not only by

chemical modificationbut alsathrough fysicalaction.

1 —o—PC
18001 —e—MK10

Autogenous shringkage (nm/m)

0 ‘ T T T T T T T T T T T T
0 20 40 60 80 100 120
Time (d)

Figaref fect of MK on autogenous shrinkag

3.Gompr eggiengtdh

Due to thepozzolanic reactios substitution ofMK not only modified the hydration of

cement matriof bothsolid and liquidphass, ut also improved the mechanical properties. Fig.
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3.10 shows the compressive strength of PC samples with and without MK. At early age (1 day),
the strength of blend®se at the beginning, then decreased Wwittherincrease of MK content.
There was arncreaseof 6.55% for MK10, but a reduction of 37.17% for M#0 due to the
dilution of the cement After 1 day, MK30 exhibitedthe fastesstrength gain, and MK10 also
gainedhigher strength than neat PC at all ages. Beyond 7 days3OVi&chieved the highes
compressive strength, and after 28 days, the strength of the MK30 blend reached 117.08% of the
neat PC, while the replacement of 10 wt. % of PC by MK resulted in 5.89% higher compressive
strength values compared to neat PC. The higher early strengtk-aDNiight be related to the

high content of AOs in MK, which helps toaccelerate the hydration ahdrdening of cement.

This is consistent with the hydration heat flow as shown in Fig. 3.3. After the first day,-BOVIK

the pozzolanic reactian becamepredominant compared to the dilution effeeind so the

compressive strength showedubstantial increase
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3.Chemical Compaois$ tCiomd e aahtdudFivabl &l r

As shown in Thle 3.2, he chemical composition oftural fiberincludespectin extractive,
lignin, hemicelluloseand cellulose cdents amongwhich cellulose is the major component and
the one thaprovides strength and stabilitfhe content of cellulose in sisalte, bamboo and flax
fibers is much higher than hemicellulose, lignin and other components, however, its content in coir
is much lower, which is almost the same as lignin.nfentioned earliercellulose is the main
structural component in cell walls, $be lower content of cellulose in coir fiber explains its
relatively low tensile strength compared to the other four kinds of fiber. Due to the special
structure of vegetable fiber as shown in Fig. 1.1, lignin and pectin are the first two components
which encounterdegradation in aggressive environments. The degradation of lignin, pectin and
hemicellulose determine tleeparatiordegree of single cellulose fibers. Therefore, the contents
of these three components mainly affect the durability of natlrel fin a cement matrix at early
age. Coir has the highest content of lignin, pectin and hemicellulose. Flax fiber contiomgetie
amount of lignin. he smallest amounts of pectin, extractive and moisture were all found in
bamboo fiber, which accountsrfits high tensile strength. According to thegaof Table 3.2, sisal
fiber was selected as a representative to determine the degree of degradation and loss of tensile
strength, as well as the durability of natural fibbeinforced cement composites (NER).

Table 3.2Chemical composition aiatural fiber
Natural fiber

Componen{%)

Sisal Jute Coir Bamboo Flax

Lignin 12.3 13.6 35.1 10.3 5.4
Holocellulose 81.9 83.4 54.3 87.8 86.3
Cellulose 68.2 69.3 38.2 73.9 69.1
Hemicellulose 13.7 14.1 16.1 13.9 17.2
Extractive 2.4 1.5 2.9 1.1 4.7
Pectin 1.3 0.9 5.3 0.4 1.6
Moisture & other 3.2 0.6 2.4 0.4 2.0
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3.Vt Abbsor ptS eEIber

Three sisal fiber strands with different initial wieigveresoakedn tap watersodium hydroxide
solution andcalcium hydroxidesolution, with pH value of 13.0, under room temperature, 50 €
and 70 €. The mass changes in different solnsieinder the three temperatuaes showrn Table

3.3. The fiberssoaked in tap water and Ca(QHplution yielded the lowest and highegiter
absorptiorratios, respectively, at all three temperatures. Compared with that soaked in tap water,
t he fwatbrabsogpsorratio in Ca(OH) solutionwas5.07%higher. It also can be seen that

the moisture absorpiocapacityof fibers rises with increasing temperature. It is well known that
natural fikers encounter more serious attack in alkaline solution under higher temperature, which
promotes the hydrolysisof amorphousmat er i al s i n fibers. The di f-
absorption ratio in Ca(OH)and NaOH solutions is due to theineralization caused by
penetrationand precipitationof minerak rich in Ca Lignin, hemicelluloses and p&t act as
chemical and physicdlarriers to the penetration of Ca ions into the fibé@ustavo Henrique
Denzin Tonoli 201D Although noncellulose mater a | s 6 d prgceea oh &dthi solutions,

themineralizationin natural fiber only occurs in Ca(Of8olution.

Table 3.3Waterabsorptionratio of sisal fiber

Temperature ) Waterabsorptiorr z_it io, 0 ( %)
Tap water Ca(OHy) solution NaOH solution

23 152.96 160.71 156.83

50 155.16 165.12 158.66

70 159.71 169.30 160.19

3.9 Dur EShislaibBgFi of Ce me@o6 mptoes s

It has been well known thaté most important contribution of fibeeinforcement icement

compositess not to strength but to the flexural toughness of the matémialrder to analyze the
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degradation of sisal fibers in a cement matrix and thahdity of SFRCC, the flexural behavior

was investigated according &5TM C1185- 08(2012), ASTM C-1018and JCI SF4.

The effect of MK on the flexural properties of SFRCM and its durability as a function of
wetting and drying cycles are shown in Fig. 3.Canflicting results are found concernirfigst
crack strengthesults forsisal fiberPGMK compositesMohr et al(Mohr, Biernacki et al. 2007
found that, pior to cycling,the MK composites exhibiteldwer first crack strength thahe control.
The results obtained in our investigation, shown in Fig.-8,1éxhibit similar behavior as that
found for compressive strength: the initial firstaeastrength of fiber reinforced cement mortar
was improveddue to the presence of MRKIK-10 and Mk30 gave 9.05% and 34.33% higher
strength than that of PC, respectively. However, the improvement of durability cannot be detected
from the first crack streng of MK-10 and MK30. After 5 cycles, the first crack strength of PC
increased slightly, and then decreased with additional wetting and drying dyluddacrease in
dengty of the matrix around and tHeber embrittlement due to migration of hydratioroducts
from the matrix to thdiber cell wallscould be the main factecontributing to the increass the
first crack strengttand reduction otoughness, by reducing tHeexibility and deformation
capacity of thefibers. Stronger, morggid and britle fibers, and improved bond strengéng
known to lead to compositegth higher strengttand lower ductility(Tol@&o Filho, Scrivener et
al. 200Q. Over the rage of wet /dry cycles investted herethe decrease of first crack strength
for MK-10 and Mk30are 3.41% and 2.90%, which are similar as those of theatdfitst crack
strength depends mainly on characteristics that govern matrix strength and is minimally dependent
on fiber parameters such as type, size and anfdoimbston and Skarendahl 199Pherefore, first

crack strength mainlyeflects the bending properties of the cement mattiie the dgradation
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of fiber in cementlepends on tharopertiesn themultiple cracking stage and softening aatire

stags shown in Fig. 2.5.

Fig. 3.11b illustrates the pealexural strength result®f the investigated samplesThe
initial peak strength osisal fiber reinforced mortar, before wetting and drying expnsuas
improved by 21.23% and 35.73% for MK and MK30, respectively. The changes in peak
strength values for all three groughge to wetting and drying cyclegremore obvioughan those
of the first crack strength, and sisal fiber reinforced neat cement mortar gave the sharpest drop.
After 5 wetting anddrying cycles, the strength of PC decreased by 11.23%, and additional cycling
led tomore significantdecreass After 30 cycles, the peadtrength of PC dropped to 34.71% of
the initial strength, whereas the decrease of peak strength farQMias 23.20%. Compared with
PC, heMK-30 suffered much smallethangesafter 30 cgles the peak strength was still 87.69%
of the initial strength, Wich means that the substitution of 10wt.% and 30 wt. % MK improved
the durability of sisal fiber reinforced mortar by 64.47 % and 81.15%, respectively, as measured

by the post crack strength of samples subjected to wetting and dryieg.cycl

Fiber reinforcement incement based compositest only results in a large increase in
bending strength, but alsan a considerable increase energy absorption capabilityAfter
crackingof the matrix the cracksannotpropagatevithout stretching and debonding dfé fibers
Asa result, a large aitionalamount ofenergy is absorbed befanktimate failureof the specimen
(Al-Ghamdy, Wight et al. 1994Toughness is one of the most important performamdieators
for fiber-reinforced cement compositdzostcracking toughness resulise shown in Fig. 3.1,
which illustrate that flexural toughness is masnsitiveto wetting and drying cycles. The
substitution of 10 wt. % and 30 wt. % MK in cement ted®23.38% and 44.67% improvement in

initial postcracking toughness, respectively. Ungesgressive cyclingsisal fiber reinforced PC
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mortarencounteed the most significant drop fracture toughnesétfter 5, 15, and 30 cycles, the
toughness of PC dezased by 17.49%, 53.83% and 82.63%, respectively. The cement substitution
by MK not only improved the initial postracking toughness of SFRCC, but also effectively
delayedthe degradation of the composite when subjected to progressive cycling. Upytde30) ¢

the toughness of MKO and Mk30 decreased bygnly 25.35% and 14.38%, which means the
durability of fiber reinforced mortar was improved by 69.32% and 82.60%, respectively. From
these results, it can be concluded that MK impsdfie durability of FRCC mainly in the latter

two stages of the loadeflection behavior, especially ihd softening and failure stage.

Fig. 3.11d illustrates the modified toughness indeyoff the investigated sampledver the
range of wetting and drying cycles, the dadmtions of ds for sisal fiber reinforced PC, MKO
and MK-30 are 65.77%, 33.16% and 10.80%, respectively. Similar changes were also found for
the modified JCI toughness index (Fig. 3fL1After 30 wetting and drying cycles, the finakTl
10and hcrio for the three groups were 39.35%, 78.50%, and 85.52% of their initial valoes. T
JCIl-toughness of MKLOwas comparable to the control prior to cyclibgt MK-30 still performed

better

The deflection ratios dlaxand Tosare also effective measurelstoughness andeformation
capacityunderapplied loadsFrom Fig. 3.13e, it can be seen that, compared with.J To.sShows
even more serious declindmax for SFRCM decreased by 66.67% after 30 cycles, whereas the
corresponding decreases for MK andMK-30 are only 31.88% and 16.81%, respectivAiyer
aggressive cyclingheMK-30 still performed better thahe control prior to cyclingDue to the
embrittlementof sisal fiber in the cement matrix caused by the rich CH in both pore solution and
solid phase, thdeformation capacitgf SFRCM decreased significantly when subjected to wetting

and drying cycles. However, this degradation was effectieslyainedy substitution of MK for
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PC. The durability of SFRCM as measured by Was improved by 5.85% and 77.39% for MK
10 and MK30, respectively. Théinal deformation capacitpf MK-30 was comparable to the

unexposgd control prior to cycling
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Fig. 3.12showsthe effects of the pH value of cement pore solution and CH content of the
composite prior to cycling on the gesracking toughassafter 30 cycles.It can be seen that both
toughnessJa n d s t yoeSFROAMHrogiwith increases of alkalinity and CH content. When
the CH content was greater than 10, sisal fibers sufeEedusdegradation due tmineralization
andalkali hydrolysiscaused by pore solution with high alkalinity. The initial CH content in the
composite plays a significamole in minimizing degradation durghwetting anddrying cycling
(Mohr, Biernacki et al. 2007 because the CH precipitation is a dominfactorin natural fiber
cement compsite degradatior{Mohr, Biernacki et al. 206). Therefore, controlling the pH value
of the pore solution and CH content at a relative low level by ysirzgolanicsupplementary

materials is an effective way to counter the degradation of natural fiber.
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3. DégradatiisiEnbeorf S

3.10.1 Tensile strength

Fig. 3.13 shows the stresrain curves obtained lmniaxialtensiletesting of selected sisall
fibers. It can be seen that the tensile strength of the embedded fiber in MK30 after 5 wetting and
drying cycles is slightly higher than that of a raw fibEne reasoffor this increases the removal
of noncellulosic materialsand impurities, which remaidispersed in interfibrillar regianof
naturalfibers (Gu 2009. Therearrangementsf fibrils and close packing of cellulose chaim
natural fibersresult inpreferabletensile deforration better load sharing behaviors amigher
tensile strength and elongation at bréakhe stretchedstate(Bledzki and Gassan 199Bay and

Sarkar 2001Roy, Chakraborty et al. 20LZHowever, the tensile strength of fibers embedded in
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PC and MK10 are lower thahose forthe control group. All fibers, espetliathe ones pulled out

from PC,sufferdegradation in strength when subjected to aging condition
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mineralization and alkalinehydrolysisin natural fiber are the cause of a higher stiffness and

brittlenessThe hemicellulose and lignin in natural fiber have two consequences. On one hand they

increase thénterfibrillar space andlispersehe fibrils. On tle other hand, they protect th&in

structural component of thigbers, celluloseagainstthe alkaline attackWithout noncellulose

materials as protective coating, cellulose chamsuntecorrosion directly from the pore solution

of high alkalinity. Another phenomenon shown in Fig. 3.13 is that the degradation degree of sisal

fiber decreases with increasing replacement of PC by MK, which indicates that MK effectively
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reduces the alkalinity of the pore solution and improves the durability of naheed in a cement

matrix by improving cement hydration.

Tensile test resultbr sisalfibers are difficult toanalyze due to wide scattéhereforea
statistical approach is essential for assessing their tensile propedié®sa, Kenny et al. 201L0
A Weibull distribution analysis of the data wpsrformed (Fig3.14) which showsa good fit with

the satistical analysis of experimentaatawith R> ©0.95.
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are given inTable3.4. Theresults show thathe Weibull modulus decreases and tlgradually

increases with increasing characteristic strength, which indicates that the data of a single fiber

tensile test areoncentrateavhen thetensile strength is high or low, and apparently inconsistent

for strengths inbetween. After 5 wetting and drying cycles, sisal fshefara severe alkali attack

from the neat cement matrix, however, the situatioprovesin MK modified cement blends.

Compared with raw fiber, the fibeesmbeddedn neat PC and MKLO have 35.11% and 13.19%

lower tensile strength, respectively, but a slightly improved strength is obtained for the fibers

embedded in MK30. The cause is thaight removal of hemicellulose dnlignin from the fibers

due to thamild alkaline environmenflow CH content (Fig. 3.6) and low pore solution alkalinity

(Fig. 3.8c¢)) of a matrix created by blending 30wt.% MK. Because of the high alkalinitiieof
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pore solution and high CH amount in A€ matrix, the fiber pullout fromneat PC matrix shows

the lowest tensile strength aetbngation at breakt every step of aging. After 30 wetting and

drying cycles, the tensile strength of fibemsibeddedn PC decreased by 86.17%. However,

MK10 and MK30 decrease the fiberoés strengt,h by o

compared with the raw fiber.

The effect of MK on the durability of natural fibers is alsvidenced bt he f i ber 6
maintaineddeformability in the cement matrix after agingasiadiced by Youngds mo
canbe seen in Table 3.4, after 5 cycles of aging, the deformability is reduced only slightly, and the
tensile strength of fibers embedded in MK30 is about the same as that of raw fiber. The fibers
embedded inaneat PCmatrixg | d t he highest Youngdés modul us
After 30 wetting and drying cycles, Youngobs mc

that of fiber embedded in MK30 increases by only 6.49%.

Table 3.4The Weibull parameteesddeformabilityof sisal fibers in tensile test

Weibull Characteristic Young¢
Number of

Sample oycles Modulus Strength R? modulus

m to (MPa) E (GPa)
Raw fiber 0 8.74 605.86 0.98934 15.4
PC 5 3.60 393.15 0.95462 17.26
MK10 5 5.13 525.97 0.97302 16.44
Mk30 5 8.95 607.32 0.95387 15.42
PC 15 5.47 133.06 0.97124 18.66
MK10 15 3.36 350.67 0.94849 17.15
MK30 15 6.23 576.74 0.94594 16.07
PC 30 8.60 83.82 0.95378 19.79
MK10 30 5.50 208.04 0.98462 17.73
MK30 30 6.32 378.53 0.97777 16.40
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Both mineralizationand alkaline hydrolysisof noncellulose materials in fibers cause the
increasedstiffness andorittleness The formation of ettringite/monosulphatayers inthe lumen
cavity and CH re-precipitationin the center of the lumefTonoli, Rodrigues Filho et al. 20p9
significantly increase the stiffness of natural fibere vi denced by the increa
of fibers in Table 3.4and thus affect thembrittlementof composites Due to the alkaline
hydrolysis of hemicellulose and lignin, the content of cellulose crystal chains, which are the
frameworkof natural fikers, become theain structuralcomponent. The increasedystallinity
indicates that the lower amount mienolic polymeandamorphousomponents, and as a result,

stiffness ane&mbrittlementof natural fiber werenhanced

3.102 X-ray diffraction
As mentioned earlierquantfying crystalline properties islagicalapproach to evaluate the
effects ofmineralizationandalkaline hydrolysison the properties of natural fibers. It is evident
from the literature that natural fibers amesemicrystallinemaerial and the tensile strength and
elastic modulus have avidentrelationship with its gystal contentHere, he intensityof the
(p10), (110), andq02) peaks and the anpmousscatter between 18%And 19feremeasured. The
percentcrystalline mateaals of the fiberswere expressed @asper cent age &€n cr yst .

and %Cs) ,crysfallinityindexo ( Cr . ilysta)lite siz@ (L) ad shown in Eq. (2.18q. (2.20).
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Fig. 3.15shows the XRD diagranaf theraw sisal fiber and thatmbedded in PC, MK10
and MK30 samples after 5, 15 and 30 wetting and drying cyitlean be seethat cellulose has

acrystallinenat ur e wi t h anad 2 2dofedpsrdinge the082ldtticeptane 2rd
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a broad pealbetween 13%nd 18%oresponding tdhe (p10) and (110)attice plans. Peaks of
ettringiteare found in all fibers except the raw one, while the peaks of CH araletdgtedn
fibersembeddedn a neat PC matrix. These resudtgee fairly well withthe modification effect

of MK in cement as shown in Figs. 3346. Due to thalilution effect and pozzolanic activity of
MK, CH and ettringite are effectivegonsumed in the matrix. Therefore less-precipitation of
these two hydration producbgcursin the lumen of naturalibers.CaCQ and MgO peaks were
detected in the-ray patterns of the embedded fibers by 15 cycles of wetting and drying cycles,

and become stronger after 30 cycles.
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Figs. 3.16a and b show the Cr.l. and %C8¥f sisal fiber as functions of MK content and
duration of aging, respectivelit can be seen that theystallinity indexof raw fiber is around
0.71 andncreases at different rates with the aging duration of all three mafmethe samples
exposed td cycles of aging, fiberembeddedn MK10 have the highest crystallinity index and

percentage of crystallinityhis is caused by the different degradatrates of the amorphous and
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crystal components of the embedded sisal fiberslight alkaline environment. The severe
deterioration of the lignin and hemicellulose and thetainmentof cellulose increase the
crystallinity indicesDue to the highest lelinity and CH amount in the neat PC matrix, the fibers
embeddedherein have a bigger Cr.l and %;:@nan thoseembeddedn MK10 and MK30 for

longer aging durations. After 30 wetting and dryaygles, the crystallinity index and crystallinity
percentagef fiber embeddedn neat PC were 20.31 and 12.97% higher than those of raw fiber,
respectively. Therefore, these fibers have the highest content of cellulose crystals, which means
theamorphousnaterialsencounteed seriousattack in the PC matrix. At evy stage of aging, the

fiber embedded in MK3Basthelowest crystallinityindex, although ipresentadramaticincrease

from the raw fiberand the Cr.l and % €mncrease by only 0.65% and 0.19% from 15 to 30 wetting

and drying cycles. The results agre we | | with the single fiberads

properties of sisal fiber reinforced cement mortar as analyzed above.

Table 3.5 shows sisal f i b g and Orystpl sizecwhiohtisa ge o0
calculated from their correspoind peak position and the full width of the peak at its half
maximum height (FWHM) usinghe deconvolution method. Curvfé@ting and deconvolution
processes of XRD spectra were carried out to separate diffraction peaks using Gaussian functions.

An importart assumption for this analysis is that increased amorphous contribution is the main
contributor to peak broadening, however, in addition to crystalline disorder, there are other
intrinsic factors that influence peak broadening, such as crystallite sizeoanthiform strain

within the crysta(Park, Bakeet al. 201). Therefore, the regularity of these data is not significant
as Cr.l and %Gr or everinconsistentTherefore, in future worlCr.l and ¥%Cr1should be selected

to characterize the crystallinignd degradation degred the embedded siséiber. However it

still can be seen that after accelerated agimgmbeddedibers show bigger crystallite size than
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raw fiber. Fibers pullout from PC and MK30 give the smallest crystallite size and crystallinity

percentage after 30 cycles of agingpectively.

Table 3.5Calculated and observed crylsta parameters of sisal fiber
Curing or Exposure Peak position FWHM" L

duration Samples (2d) ( B)2c (nm) HCr

: Rawfber 5y 5 gsp 412
PC 255 266 301 6

5 cycles MK10 ;gig gig ;gi 42.12
oo B8 imim o,

PC 2256 264 30s 3962

15 cycles MK10 ;ggi gig é;g 42.47
K30 23 283 317 4578

PC 2250 230  sag 072

30 cycles MK10 ;gg? gég égé 50.22
oo BE 4k iR e

* Full width of the peak at its halfarimumheight.

3.10.3Thermal gravimetric analysis

The results o&thermalgravimetric analysis (TGA and DT &f sisal fibers ee shown in Fig.
3.17. They presergimilar thermal degradation behavia&raw fiber and fibersembeddedn
matricesof PC, MK10 and MK30 after 30 wetting and dryinycles between room temperature
and 60C°C. As analyzed in previous wolkVei and Meyer 201} there arelree main stages of
weight loss: (i) slight weight loss fro80 to 110€ due toevaporation of moisture in the fibers;
(ii) weight loss for decomposition of hemicellulose®l the main part of ligniander temperature

between 270 and6B €; (iii) the maximum weight loss under higher temperata@ompanying
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the degradain of cellulose andhe rest ofignin. Theextensive range of the degradation of the
lignin in two or three stagddakab, Faix et al. 199%un, Lu et al. 2001make the analysis more
difficult. In addition, the DTG curves of selected samples show that the ranges of each stage shift
for fibers with different degradation degree. For the first stage, the origaadlfoer shows a
moisturecontent of 3.14%, which is higher than that of fibers embedded in the cementitious
matrices. The reason for the high moisture content of raw sisaidiltemvaterabsorption capacity

in the warm andiumidair (25.5 €, CO. concentratiorof 514 ppm and humidity of 10.5%) in this
study. Although the fibers absorbed water from fresh cement paste when theynbeddednto

the matrix, they gradually lost water due to the higitew demanaf the matrix, especially the
cementMK composites. The accelerated aging ended with drying, which also accounted for the
lower moisture contents of pulled out fibers than those of raw fibers. The degradateamzagk

of cell walls also caused a reductiorvedter retentionTherefore, the fiersembedded in the PC
matrix encounteed themost serious corrosioafter accelerated aging treatment and showed a
lower moisture content (0.97%) than those of fibers pulled out from MK10 (1.62%) and MK30
(1.56%). For the second stage, the raw fiber évet pulled out from MK10 presenteviderce

of independentveight loss as shown in the DTG curves. For fibers pulled out from MK30 and PC
matrices, the second stagerged withthe thermal decompositiopeak ofcellulose. For the raw

fiber, in stage 2, #h mass loss was 19.73%, while fiber pulled out from MK30, MK10 and PC
matrices yielded a mass loss of 15.39%, 12.62%, and 8.99%, respectively. This indicates that
hemicellulose and lignin cfisalfiber are sensitive to the alkalinity and CH amount ofcéeent
matrix. These twaamorphouscomponentsencounteredhe most serious degradation in a PC
matrix, while the MK10 and MK30, with reduced alkalinity of pore solution and less portlandite

in solid phaseshowedslightly lesscorrosionof sisal fiber.
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As depicted inFig. 3.17, the raw sisal fibeand the fiber embedded in MK30 experienced
pronounced degdation process startingat around 300€ while for fibers pulled out from the
MK10 and PCmatrices slightly lespronounced degradation processccurredat 220C and
260€C , respectively The main decomposition step oaadin the range of @C to 490 for
the raw fiber270C to 460C for fiber embeddedn MK30; 258C to 458 and 25€@€ to 410C
for fiber embeddedn MK10 and PC, respectivelyn this stage the cleavage of the glycosidic
linkages of cellulose reducesfitslymerization degredeading to the formation of C¢& H>O and
a variety of hydrocarbon derivativéBourbigot, Chlebicki et al. 2002 The deomposition
profilesindicate slight thermal staliy differences for the sampleBhe DTG peaks were centered
at421€, 411€C , 407€ and 38 for theoriginal fiber and fibers pulled out from the matrix of
PC, MK10 and MK30, respectively, as presenieldig. 3.17b. Asthe DTG peaks shédto lower
temperaturewith decreasing crystallite size, thermal stability of sisal fiber was redutsthge
3, the raw fiber and fibers pulled out from MK30, MK10 and PC yielded weightdo$$2.8%,
38.28%, 3179%, and 28.75%, respectively. Compared with the effect on hemicellulose and lignin,
MK6s effectiveness in slowing down the degradse
This was caused by thgpecific structure ofsisal fibers and the copiex mechanism of
degradation. Lignin and hemicellulose are more sensitive to the alkalie solution and are in
direct contactwith the hydration products of the matrix, therefore, their degradation is more
impressionabléhan that of cellulose. Theope solution camfiltrate the cell wall of the fiber and
celluloseencountes alkali hydrolysiseven though the lignin and hemicellulose are only partially
decomposedin addition, theprecipitationof calcium hydroxideamong cellulosemicro fibrils,
through thegapof lignin and hemicellulose, also acceleratesaimbrittiementand decomposition

of cellulose.
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The continued loss of mass at higher temperatures is due tioetimeal decompositioof
residualcellulose and lignin of fiber. However, the sificant differences between the raw fiber
and the embedded fibers in the parature range of 500 to 600 &dicate theexistence of
precipitation of portlandite phase in cell walls of sisal fiber. The mass loss of raw fiber after the
maindecomposition sfpwas 3.04%, while the fibers embedded in MK30, MK10 and PC matrices
experienced a weight loss of 5.79%, 6.43%, and 13.94%, respectively. Assunvirgigiidosses
for residualcomponents of each sample #ne same between 500 and 600 €, the extra vieig
loss of the embedded fiber after the main decomposition step can be considered to serve as the
amount of portlanditprecipitate in cell walls. The fiber embedded in the pure PC matrix yielded
a portlandite amount of 10.9%. However, MK30 (2.75%) and 1MdK(3.39%) indicate a
considerablénhibiting effecton themineralizatiorof fiber. This also confirms the important roles
of lignin and hemicellulose as protectijmarriess to the infiltration of pore solution and

precipitaton of portlandite in cell wdg of natural fiber.
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3.10.4 Microanalysis

A microstructure analysis was carried odithe fracture surfaceof sisal fiber reinforced
cement samples to investigate the effeicaggressive environmesbn the degradation of sisal
fiber. Figs. 3.18a and b show miographs of sisdiber in a cement matrix after &hd 28days
curing, respectively, without accelerated aging. It can be seeth#haisal fibeembedded in PC
atanearly age, still remained intact without indication of mineralizatiothersurfaceor defecs
caused by corrosiohn contrastafter 28 days of hydration, siripping spacevas found around
the fiber due to thautogenous shrinkagend dry shrinkage of both cement and fiber. The fiber
still keptits initial appearance, excefar smallsigns of mineralization orthefiber surface. The
crack onthefiber surface and stripping of single cellulosero-fibrils shown in Fig. 3.18-c and
d, werethe result offiber degmadation in PCafter 15 cycles of aging. This wasaused by the
alkaline hyrolysis of lignin and hemicellulose due to the deposition of cement hydration products,
especially calcium hydroxide, aart of thealkaline degradation proces&s shown in Fig. 3.18
e, fand g, hemicelluloses and lignin were decomposed almost cep@éer30 cyclesin the
aggressive environment. The s a | fiberds surface was aully
saturated with the hydration products of cem@iiis caused the hydrolysis of cellulose through
peelingoff reaction chemical stoppingreaction, physcal stopping reactignand alkaline
hydrolysisconsisting thelegadation mechanisms.h& three main components of natural fiber,
lignin, hemicellulose and cellulose, were decompgsedressivelfromthesurface taheinside
As a result, tl fibers los their reinforcement capacity in cement based mateffads. 3.18h
shows the sisal fiber pulled out from a MK30 sample after 30 cycles of wetting and drying, from
which two remarkable observations could be made, in contrast to the neahpl€ @&g. 3.18
0): (i) the stripping space between fiber and matrix was reduceeblacing30 wt. %of PC by

MK due to the decreased autogenshsnkageof the cement matrixFig. 3.9 and less drying
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shrinkage of sisal fiber in thew alkalinepore slution due to th@ozzolanic reactioanddilution
effectof MK; (ii) the fiber still retainedits initial morphologywith a goodintegrity, except for a

slight defect on the surface, which was also due to the low alkalinity of the pore solution and low
content of portlandite in the solid phase of the matrix because pb#molanic reagn of MK in

the cement.This isalsothe reason for the reduction fiéxural strength of sisal fiber reinforced

PC and theetentionof flexural behavior of MK30 speciemsafter accelerated agir{§ig. 3.11).

10.0kV 8.6mm x350 SE(L) 6{21/2013 22:30 SUEEE 1|0|0u|mI ok 10.0kV 8.6mm x450 SE(L) 6/21/20(13 22:46
(a) 7 days (b) 28 days
(c) PG15c (d) PG15c
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