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Abstract

The incorporation of superabsorbenaterialsas internal curing agentsas demonstrated
effectiveness in mitigating setfesiccation and eadgge cracking in cement mixes characterized
by low waterto-binderratios (wb). However, concerns related to sustainability, availability, and
cost have emerged, primarily due to the petrokaased nature ofommon superabsorbent
polymers (SAP)This PhD research aims to investg#te use of locally availablmilkweed
(MW) fibres, which possess a unique hollowusture, as internal curing agents for laub
Portland cement mixe3he study focused on examining the impactifferent pre-treatment
methods on the morphology, chemical composition, and hygroscopic characteristics dirbW\ f
in the initial phase. Two preeatment methods, namely hydrothertnahtmen{HT), and hybrid
treatmen(HY), a combination of hydrothermal treatment with alkaline treatnveerte explored.
Findings from the first phase indicated that both HT and HY treatreéfetstively enhanced the
water absorption capacity of MW fibres. However, water retention was influenced by the
morphology of the fibres. The HT treatment preserved the hollow structure of the fibres, leading
to improved water retention, whereas the H¥atneent caused significant morphological changes,
resulting in a noticeable reduction in water retentiarthe second phase of the study, the impact
of pretreated MW fibres on the effectivav/b of cement mixes was assessed through rheological
measuremest In addition the influence of MW fibres othe heatof hydrationand hydration
products wasmvestigatedThe introduction of MWibres to Portland cement paste induced a shift
in their effectivew/b to lower values, attributed to the absorption action of Nivke$ during the
pre-saturation process:urthermoreusing 0.1% wt. préreated MW fibresresuled in a 17%
improvement in the degree of hydration compared to the reference s@hmphras accomplished

by ensuring an adequate amount of free whiethe initial reaction of cement hydration and



entrained water in the lumen for subsequent internal cutimghe third phase, the study
investigated the kinetics of water transport from MW fibres to cementitious paste sysergs,
Nuclear Magnetic Resonance (NMRInd Differential Scanning Calorimetry (DSCThe
observations revealed thHadth the morphological features and the release of extractives such as
lignin impact the desorptiokineticsof MW f i bresd entrained water
The HT-MW fibres, with their preserved hollow morphology and enhanced hydrophilicity,
exhibited the most effective performance, showing the highest amount of available internal curing
water inthetransverseelaxationtime (T2) measirementsin contrast, the absence of lignin in the
HY-MW fibres allowed hydration products to migrate into their lumen. This led to the early
consumption of the entrained water, a process further exacerbated by the holes and defects in the
fibre walls.Theshrinkagemechanical strengttand microstructural developmesftcementitious
mixesafter incorporatingpre-treatedMW fibres were examined in thfenal phase The internal

curing role ofthe pre-treated MW ibres proved effective in reducing autogenous shrinkage, with
significant reductions afp to28%for 7 days compared theplain sampledn addition, lydration
products were observed to penetrate the lumen of théViM¥ fibres to a depth of up to 150
micrometres. This penetration exacerbated drying shrinkage by facilitating moisture transport to
the unsaturated environment. Consequently, this phenomeshémligher chance of cracking and

also lower flexural strengthin HY-MW fibres compared to HT and NMW fibres. The
comprehensive analysis and findings of this PhD research supported the feasibility of using MW
fibres as a sustainable internal curing agents to effectively reduce autogenous shrinkage after
applying straightforward, cogfffective, and lowcarbon fogprint pretreatment methods

Keywords: Milkweed Fibres; Internal Curing; Superabsorbent; Hygroscopic Properties;

Autogenous Shrinkage; Cement Hydration; Nuclear Magnetic Resonance (feM&metry
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Chapter 1 Introduction
1.1 Background

Although selfdesiccation may exhibit advantageous characteristics in specific applications
such axemented paste backfjll,2], it posesa significant challenge that can compromise the
performance of cement mixes with low watetbinderratios(w/b), typically below 0.8 [3].

The phenomenon of salfesiccation refers to the reduction in internal relative humidity due to
the partial desaturation chpillary pores within a hydrating cement pasiéis processeads

to the formation of water menisci within the capillary poj4ls Consequently, due to surface
tension, negative pressure (capillary pressure) builds up within the interconnaptiary
pores. As capillary pressure increases over time, tensile forces exerted on the solid particles
resultin a reduction in the volume of the cementitious matefdl This susceptibility to
shrinkage makes cementitious materials \&ikbw w/b prone to earlyage cracking. Therefore,
addressing the issue of sdlésiccation is imperative for optimizing the potential properties of
low w/b cementitious materials, such as their high mechanical performance and duj@éibility
Internal curing has emerged as a prominent and efficient strategy in addresstiegieekhtion

in low w/b mixes. It stands out as one of the most effective methods for mitigatingagarly
cracking, leading to improved performance of lewb cementitious materialg7i 10]. The
technigue involves thapplication ofinternal curing agents such as superabsorbent polymers
(SAP) to maintain the internal humidity beyond the gdkiccation threshold of the
cementitiouspasteq11i 13]. SAP have a hydrophilinaturethat allows them to absorb and
retain water up to several hundred times of their dry wdibhtl5] Indeed,SAP can act as
small water reservoirs that are spatially dispersed throughout the cememtiéitvixs allowing

themto cure anhydrous cement particles interndllyother words, once the moisture content



within the cement mixes falls below a specific threshold, SAP initiate the release of their
entrainedvater topromote thdnydration ofcement particles. As a result, they have the potential
to mitigate the self-desiccation shrinkaga low w/b cementitious matricescluding high-
performanceconcrete (HPC) mixe$l16,17] However, because SAP are petrolebased
compounds made from naenewable materiale.g.,polyacrylate they increase thmatrices'
carbon footprinf18]. It is crucial to emphasize, as illustrated by Besttal, that internal curing
agents have exhibited efficacy beyond HPC applications. They have proven effective in various
scenarios within cemetfiiiased materials, including their application in repair materials essential
for the restoration of concrete stru@sf19]. Hence, researchers have been investigating the
development of more sustainable alternatioeSAP.

Over the pastdecade there has been a surge in interest regarding the use of lignocellulosic
materials especiallynatural fibresfor internal curing applications. These materials, which
include bast fibreg20], leaf fibres[21], and wood fibreq22,23], are being increasingly
investigated as sustainable alternativesSiaP. One example ofsinglignocellulosic materials

as internal curing agents is demonstrated bydtes, who showed that by incorporating 2%
weight of abacé#ibres in plain cementitious mixes withngb of 0.30, the autogenous shrinkage
was reduced by approximately 93% after 192 hd@dg. The adoption of lignocellulosic
materials for internal curing relies on their excellent hygroscopic propertiestrandaffinity

for water.This isattributed tacomponentdike cellulose and hemicellulose within the structure

of lignocellulosic materialswhich are inherently hydrophiliandserne as absorption sites for
water moleculedJnlike synthetic counterparts like SAP, natdihtes are globally abundant
often at low or no cosConsequently his renewable resource offers a sustainable solution for

construction materials, helping mitigate the construction industry's environmental impact.



Compared to othematural fibres seed fibes, particularlythose extracted frorthe Milkweed

(MW) plant have received less attention in reseakW fibres, characterized by their white,
silky texture, are extracted from the seeds of MW plant, primarily indigenous to North
America. However, the presenceMW plants extends beyond North America; they are also
found in countries such as China and Iran, where they are known as Akund and Estabragh,
respectively.This plant thrives in a wide range of soitonditions andcommonly inhabits
roadside areas, fields, meadows, and wastelg#]sMW floss fibres stand out due to their
uniquehollow structurewhich distinguishes them from othigpes ofnaturalfibres[25]. This
structure comprises an exceptionally wide lumen and a thin wall, with the lumen accounting for
up to 77% of theibre volume and the wall measuring approximately 1.3um in thickness
[26,27] Such architecture promises a notable water absorption capacity, primarily driven by
capillary action.MW fibres consist of cellulose, hemicellulose, and lignin, along with trace
amounts of waxes, pectin, and sugars. While cellulose and hemicellulose exhibit hydrophilic
characteristics, serving as absorption sites for water molecules, other componeigsaifike

and waxes are hydrophobic. Consequent\V fibres can be categorized as amphiphilic
materials capable of displaying both hydrophilic and hydrophobic properties. This dual nature
mayexplain why previous studies have observed only moderate water absorptssaceived

MW fibres due to the presence of certain hydrophobic components withfibteestructure
[26,28] Therefore, this study aims to enhance the hygroscopic properties of Md#/thbough

two distinct methods that exhibit cesffectiveness and environmental friendline&y
leveraging the unique morphology of thégxees, the primarygoal is to transfornrMW fibres

into sustainablevater reservoirs for internal curirgg low w/b cementitious mixes to address

their selfdesiccation issue



Despite their good hygroscopic behaviour, the compatibilityatdiralfibres with cementitious
matrices may limit their potential as internal curing agents. The alkaline environment of
cementitious matrices can lead to the degradation of lignocellulosic materials, resulting in the
release of leachates. Consequently, thesehates may impact the fresh and hardened
properties of cementitioumixes Several approaches have been explored to enhance the
compatibility of lignocellulosic materials with cemerdits matrices. The primary and most
widespread method involves extracting leachdtem natural fibresthrough chemical or
hydrothemal pre-treatment. Another strategy involves reducing the pH of the cement pore
solutionby incorporating pozzolanic materials to alleviate the degradation of nibues[297

31]. Among the preareatment methodslkaline and hydrothermal prteeatmentgan be named

as the most common methods to improve the compatibility of lignocellulosic fibres with
cementitious matrices due to their straightforward implementadiorelatively low cost.
Despite extensive research osing alkaktreated lignocellulosic fibres within cementitious
matrices there remains a knowledge gap regarding the impacts of other typedreighneents

such as hydrothermal treatment and the hybrid treatment, which combines both hydrothermal
and alkaline treatment3his knowledge gap highlights the need for further investigaton

fully comprehend the implications of these treatmgpasticularly with the main goal efsing

thesefibres as internal curinggentsn low w/b cemenitious mixes.
1.2 Knowledge Gaps

This section presents a brief overview of the knowledge gaps that motivated thisT$teisly
gaps were identified through an extensive review of the existing literatsmesented in

Chapter 2



1. There has beenratable lack of researanthe hygroscopic properties of hollow floss
fibresincluding MW fibres and the potentialbb enhancehese properties through pre
treatment techniques.

2. Understanding thenternal curing impact obio-based hollowfloss fibreson the fresh
and hardened properties of cementitious mixes remains incomplete.

3. A limited number of studies have systematicalyamined how préreatment
techniguescontrol the optimal removal of extractivegsuch as lignin, hemicellulose,
waxes, and pectinfrom hollow floss fibres and influence the internal curing
efficiency.

4. There is a lack of research on examining the effective percentabe bbllowfloss
fibres (e.g., MW fibres)to mitigate autogenous shrinkage in lawb cementitious
mixes.

5. There have been very few studiasestigaing the kinetics of water transport between
naturallignocellulosicfibres andcementitiousmatricesandnotablyno previous study

hasspecificallystudied théehaviourof MW fibres within this context.
1.3 Research Objectives

This doctoral research amato develop environmentally sustainable internal curing agent
Portland cemen(PC)mixtures with loww/b, usingMW fibres. To fulfill thisprimary objective
the followingsecondarybjectiveswerepursued
1. The first objective was to investigate the impactifferent pre-treatmenttechniques
on the hygroscopic characteristics, morphology, and chemical composition of MW
fibres. This objectiveservedas a crucial foundation for subsequent steps of the study for

two key reasondgirstly, comprehendinghe absorption and desorption characteristics



of pretreated MWfibres is pivotal as it directly influences thwe/b, subsequently
impacting the fresh and hardened properties of cement mixbe later stages athis

study. Secondly, certain chemical components fires are removed during pre
treatments whichmay potentially lead to changes iiibre morphology. Therefore,
understanding these morphological and chemical changes after the treatment of MW
fibres is crucial for interpreting their contributions to internal curing within cement
matrices.

. The second objectivaimedto study the effect of different dosages of-fneated MW

fibres onthe effectivew/b andhydration properties of cementitious mix&se former

is of great importance as @énabés accurate comparisons of samples with identical
effective waterto-binder ratios. In addition since the literature suggests that
lignocellulosic fibores may release leachates when incorporated into cementitious
matrices this studyaimed toexaminethe influence of different MWibre dosages on

the earlyage hydration characteristics of cementitious miXg¢® goal wago clarify

both the potential negative effects of leachates e positive effects of enhanced
hydration due to internal curing.

In the third objective of this researche kinetics of water transport between MW fibres
and the cementitious paste system was studied. This objective was essential for
monitoring the actual desorption behaviour of MW fibres within the cementitious
system. Moreover, it facilitated the study tbe evolution of various types of water
within the porous structure of cementitious paste as a consequence of internal curing by
MW fibres. This objective complements our understanding of how MW fibres can

potentialy reduce autogenous shrinkage in b cementitious mixes.



4. Thefinal (i.e., fourth)objective of the study focused on investigating the microstructural
evolution and shrinkage control in internally cured mortars usingreatcedVW fibres.
The primary objective was to determine the most effectiverpegmenton the MW
fibres aimed at reducing autogenous shrinkage in cementitious nfxethermore,
within this objective, the studynvestigatedhow different pretreated MW fibres
influence microstructural development and key mechanical properties of cementitious

mixes

1.4 Hypothesis

The formulation of the research hypothesis was guided by the insight obtained from the
comprehensive literature review presentedhmpter 2 Based on this review, the following
hypotheses were made:

1. Previous studies have demonstrated M@ fibres possess aextremelywide lumen
and contain hydrophilic groups, such as hydroxyls, within their structure. These inherent
characteristicsvould make MW fibres highly suitable for sustainable applications as
superabsorbenparticularly when employed as internal curing agents in mixeslovith
w/b mixes[26,27]

2. MW fibres, like other lignocellulosic fibres, are composed of cellulose, hemicellulose,
and lignin. However, other components such as waxes, pectin, and sugars are also
present in small amounts (<5%) MWV fibres [25]. While some of these components
are hydrophilic and can act as absorption sites for water molecules (mainly cellulose and
hemicellulose), others, like waxasd lignin are hydrophobic. As a resuliW fibres

areclassified as an amphiphilic material that exhibit both hydrophilic and hydrophobic



properties. Itwould be expected that applying certain greatmentscould remove
hydrophobic components froMW fibres, boosting their hygroscopic properties.

3. The presence of some components preseht\h fibres would negatively impact the
hydration of cementitious environmeridence, applying simple and loveost pre
treatmentgouldimprove the compatibility oMW fibres by removing those inhibitory
substances to be used as internal curing agefgw w/b mixes.

4. It would be expected thsW fibreswould have a significant impact on improving the
degree of hydration by gradually delivering their adsorbed water to the anhydrous
cement particles when the internal humidity of cement mixes dropped below the
desiccation thresholdAs a result, the risk of autogenous shrinkagéw w/b mixes
would beexpected to decrease by using-peatedVW fibres.

5. Both the physical structure and chemical composition of MAés could impact the
kinetics of water transport between fiiteres and the cementitious system, as well as

the development of microstructure.

1.5 Research Novelty and Contribution

There are several points of novelty instresearchwhich can be classifietito fundamental
novelty, novelty inapplicationand novelty in characterization.
a) Fundamental novelty: Firstly, the hygroscopic properties of holldWwWw floss fibres
and the potential for enhancing these properties througtrganent techniques have
not been thoroughly studiedhis research investigatehe effect of different pre
treatment methods on the morphology, chemical composition, and hygroscopic
characteristics oMW fibres. It aimed to develop a comprehensive understanding of

how pretreatment can augment thwater absorption capacity and water releaseafate



MW fibres, thereby enhancing their suitability as internal curing ag8etondly, the
underlying mechanisms by which each component obbiged internal curing agents
influences fresh and hardened properties of cementitious mixes remain inadequately
understoodThis study aimed tanvestigate how each of thesemponentssuch as
hemicellulose, lignin, and waxesould impactthe internal curing and properties of
cementitious mixes.

b) Novelty in application: No previous studies have investigated the potential for
improved performance ddéw w/b Portland cementnixes usingMW fibres asinternal
curing agerd This research explodehe use oMW fibres asinternal curing agest
intending to mitigate autogenous shrinkage aedhancethe hydration of Portland
cement mixesFurthermore,his research investigadthe impact oflifferentpre-treated
MW fibres on the rheology, hydration, shrinkage, and mechanical strength of
cementitiousnixes

¢) Novelty in characterization: In addition to the novel research objectives, the proposed
study also emplagdinnovative characterization techniques, introducing a new method
for measuring the hygroscopic propertiesM¥ fibres. Furthermore, the research
proposé a novel indirect approach for determining the effectivéh through
rheological measurememnt

By addressing these knowledge gapss ttesearch contributeto the development of
environmentally sustainable internal curing agéot Portland cement mixtures with low/b,

usingMW fibres.



1.6 ThesisOutline

As shown inFigurel.1, the thesis manuscript is structured into eight chapters, with Chapters 3
to 6 presented in the format of technical papers. The content of these chaptirs isllowing
manner:

Chapter One, Introduction provides an overview of background of this study, knowledge gaps,
research objectives, and research novelty and contrib@aapter Two presents an extensive
literature review about the importance of internal curing inwgivmixes, conventional curing
agents in cementitious mixes, natural fibres as internal curingsagentpatibility of natural
lignocellulosic fibres with cementitious environment, and their effect on the properties of
cementitious mixesChapter Three (Technical Paper 1), Effect of Fibre Length and
Treatments on the Hygroscopic Properties of Milkweed Fibres for Superabsorbent Applications
The primary objective of this chapter is to investigate the key factors influencing the
hygroscopic properties MW fibres, with a specific focus on quantifying their water absorption
capacity and water retention. These measurements were crucial for advancing to the subsequent
phases of the studfhapter Four (Technical Paper 2),Enhancing Hydration and Internal
Curing in Cementitious Mixes: The Impact of PTeeated Milkweed Fibres. The primary
emphasis of this chapter is to comprehend the influence of MW fibres on both the effdigtive
and hydration kinetics of cementitious mixes. The investigation extended to examine the effect
of different pretreatment types and varying dosage of MW fibres within cementitious mixes.
Chapter Five (Technical Paper 3), Investigation on the Kinetics of Water Transport by
Milkweed Fibres During Internal Curing of Cementitious Paste. This chapter concentrates on
assessing internal curing efficacy of different-pesated MW fibre concerning their ability to

supply water tahe cementitious system during tbement hydration proces€hapter Six
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(Technical Paper4), Investigation on the Microstructural Evolution and Shrinkage Control in
Internally Cured Mortars with Milkweed Fibrehe primary focusof this chapteris on
assessing the effectiveness of Mies in mitigating autogenous shrinkage in mortar mixes.
The chapter conducts a thorough examination of how fillWés influence the microstructure
of cementitious mixes in which they are incorporatedditionally, it evaluates the impact of
MW fibres on the mechanical properties of mortar miXxesChapter Seven Synthesis,
Integration and General Discussion of Results, a gedsalssion of théndings is presented
Chapter Eight, Conclusions and Future Works, summaritesmain conclusions and offers

potential recommendations for future reseactieavors.
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Chapter 2 Theoretical and TechnicalBackground

The literature review commerg®y providing an overview of conventional internal curing
agents, such as preetted lightweight aggregaté WA) and superabsorbent polym@&AP),

along with a comprehensive analysis of the factors that influence their efficiency in this role.
Subsequentlytheliterature reviewnvestigatsinto the crucial characteristics of lignocellulosic
fibores and their compatibility with cementitious environments, offering insight into their
potential as internal curing agents. Furthermore, the literature review aims to provide a
comprehensive overvieaf MW fibres, establishing a solid foundation for understanding their
hygroscopic properties. The primarcitss of this surveis to assess the potential of MW fibres

in providing an internal curing effect in cementitious mixes.
2.1Low w/b Mixes

The use of loww/b cementitious mixes has increased to enhance durability and mechanical
performance of structural concrete elements, particularly in-tgghbuildings, bridge decks,

and offshore structurg82]. The increased strength and durability in la mixes can be
attributed to the reduced porosity present in these cementitious materials as opposed to the
conventional ones. However, they have been shown to be more susceptible ageariycking

in comparison with conventional concrefd8]. Selfdesiccation caused by the inadequacy of
traditional curing methods is one factor that causes-egeycracking in low/b mixes[34].
Conventional curing methods may not always effectively provide the amount of water required
for complete hydration ofement First, as stated by Powees al., depercolation of capillary

pores by hydration products significantly limits the accessibility of external curing water to the
anhydrous cement particles, resulting in incomplete hydration of some zones in the concrete for

mixes with aw/b of 0.42 or les$35]. Secondly, when there is a lack of additional water supply
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during the hydration process, the cementitious material undergoes an internal drying
mechanism. This setfesiccation process causes tagpillary pores to empty, leading to the
creation of water menisci within the capillary pores. These water menisci generate tension
within the pore water and the surface of the cementitious maf@6a@7] As a result, the
cement matrix experiences shrinkage, rendering it susceptible to-agarlycracking.
Consequentlycementitiousmixes with loww/b are prone to the development sifrinkage
cracking Figure2.1 showsa hardened cement paste witli/a of 0.2 which has more anhydrous
cement grains in the cement paaltengwith less CSH and CH products, compared w/aof

0.4.
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Figure2.1. SEM images of a cement paste wdifferentw/b: w/b of 0.2 after a) 14 days and
b) 28days; comparing to a cement paste samplewyiitof 0.4 after c) 14 days and d) 28days
[38]

First, in comparison to 50 years a@rg; particles are much finer and have a higher tricalcium

silicate (GS) and alkali conter§B9]. As a result, cement particles are expected to hydrate faster
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and gain much of its strength in the early d@¥8]. According to ACI 30813, these
cementitious mixes are also more prone to eagly cracking due to higher heat of hydration

and higher autogenous strains and stresses. Beaitzeported that 0.07 kg of additional curing
water is required per kg of cement to overcome this issue and maintain saturated conditions
[13]. The higher water demand associated with the chemical shrinkage of supplementary
cementitious materials (SCMs) makes internal curing essential in cementitious mixes that
incorporate SCMs. SCMs like silica fume, slag, and fly ash exhibit significantly higkerical
shrinkage tharmordinary Portland cemenOPQ. For example, silica fume, slag, and fly ash
have chemical shrinkage rates of 0.22, 0.18, and@1i®kg water per kg cement, respectively,
compared to OPC's rate of only 0.07 kg water per kg nemédéthough this shrinkage occurs
slightly later, it can lead to prolonged stress development and increased cracking potential.
Internal curing effectively mitigates this risk by reducing residual stress and the likelihood of
cracking[39,41,42]

Overall, the inadequacgf water for hydration of cementitious mixes with lawb has two
negative consequences. Firstly, it decelerates the rate of hydration, leading to inadequate
strength development and increased porosity. Secondly, the loss of moisture in concrete results
in drying shrinkage, which, if the systemrisstrainegdcan result in the development of stresses

in the pore structure and eventually crack#ig]. Therefore, implementing an effective curing
approach that enhances water availability to cementitious materials offers multiple benefits in
extending the service life of concrete elements. These benefits include facilitating continuous

hydration of cemerpaste, reducing permeability, and preventing eagly shrinkage cracking.
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2.2 Internal Curing in Low w/b Mixes

To address the shortcomings associated with traditional external curing methods, a new method
of curing, namely internal curing, has recently been introduced and implemented in
cementitious mixes with lowv/b. Internal curing, according to the AGQD8, is "the process by

which the hydration of cement occurs due to the availability of additional internal water that is
not part of the mixing waterf40]. This insideout method can be used with a variety of
absorbent materials, including preetted LWA [44i49], SAP [9,50i 61], prewetted wood

fibres [23], and natural fibre$21,22,34,6264]. These internal curing agents are distributed
spatially in cementitious mixes and act as internal water reservoirs, gradually releasing water as
needed during hydration. They are primarily-pegurated materials with a high capacity for
water absorptiofin aqueous solutions and a high desorption rate under pr¢6Strénternal

curing methods offer a number of advantages. First and most importantly, internal curing is
primarily introduced to overcome the high eaalye shrinkage of cementitious mixes with low

w/b that lack accessing water during their hydration petiodddition,evenin highw/b mixes,

internal curingcan complement traditional curingpracticesfor improved hydration, lower
permeability, andhighercompressive streng{b6].

As shown inFigure 2.2, traditional curing's effectiveness in providing additional moisture is
limited to the surface zone, whereas internal curing can provide extra moisture throughout the
entire bodyof the cementitious systenihis is because, after a few days, the effective zone of
external curing at the surface is limited to the out8rmim (0.20.3 in)[13]. Overall, internal

curing agents can be used to promote hydration of cement paste and to replenish water lost due
to seltdesiccation or evaporation due to adverse environmental condi@gnssing internal

curing methods to mitigate earhge cracking caused by autogenous shrinkage, cementitious
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elements are expected to have a longer life cycle, contributing to greater sustainability.
Furthermore, where external curing methods are difficult to apply on some concrete surfaces,

internal curing can be advantageous.
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Figure2.2. Comparison of the effective zone of traditional curing (externahg) and
internal curing methof#8]

2.3 Conventional Internal Curing Agents

Internal curing can be accomplished using a variety of agentasymriewetted LWA[44i 49],
SAP[9,501 61], prewetted wood fibref23], and natural fibre1,22,34,6264]. These internal

curing agents replenish the lack of water within the pores when the relative humidity (RH)
drops, and thus can mitigaé@itogenoushrinkage caused by selésiccation. However, the
most common approaches in the internal curing of concrete, which will be thoroughly discussed

in the following sections, are the use ofprettedLWA andSAP.

2.3.1Lightweight Aggregate (LWA)
Lightweightaggregate (LWA) is a porous material that can be in the form of coarse aggregate

with a bulk density of 1200 kgfor fine aggregate with a bulk density of 1100 kg[d4¥].
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Although LWA was used for the first time for internal curing of concrete in 1991 by Philleo
[67], it has long been used in concrete to produce lightweight concretes and improve thermal

insulation.

2.3.1.1Mechanisms of Internal Curing by LWA

Trtik et al. explained thathereare three key aspeatghich need to be understogulior to mix
proportioning ofinternally cured mixedg-irst, the distance the internal curing water can travel

in a hardening cement paste, secondly, the amount of water which is released by the internal
curing agent , and thirdly, the release tiofanternal curing watef47]. As a result, the best
internal curing agent is one that can deliver a sufficient amount of water at the appropriate time
and locationto the cement graindVhen presoaked LWA is added to a cementitious matrix

prior to setting, there is no water exchange between them. However, after the setting process,
vapourfilled pores arise when chemical shrinkage surpasses autogenous shrinkage, resulting in
the movemet of water from the preaturated LWA to the vapoditled spaces in the
cementitious matri13,55] The direction of water transfer during the dormant phase can
change depending on the saturation of LWA. In other words, when LWA is unsaturated, water
is transferred from the fresh cement paste to the aggregate, whereas water is transferred from
the aggegate to the cement paste when LWA is saturf@@d Water may transfer from some

pores of LWA with specific size ranges during each hydration stage. Even at the very early
stages of hydration, the pore size of LWA is generally larger than that of cemeréphstes

a result, the water absorbed in the largest pores of LWA is released into the cement paste,
replenishing the capillary water consumed by the hydration pr¢g@ksCapillary pressure

rises as hydration progresses and the size of pores within the cement paste decreases, resulting

in the release of the water absorbed in the smaller pores of LWA. It was found that when the
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internalrelativehumidity (RH) of concrete reaches 96%, the majority of the water absorbed in
LWA is released, and when RH=92%, all of the water is released to the cdA6jetdence,
theinternalRH of concrete plays a significant role when studying the effectiveness of an internal
curing agent. Zhangt al.found that the changes in the interRd of high-strength concrete

made of LWA consist of two main stag@®]. The relative humidity is 100% in the first stage

and gradually decreases in the secéwdllustratedn Figure2.3, LWA'srole as internal curing
agensis to prolong the first stage and reduce the decreasing rate at the second stage. As a result,

LWA, as internal curing agesjtcan significantly reduce the drop in concrete's intdRi]71].
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Figure2.3. Changes in the internal relative humidity of concrete slab over time at different
locations, a) without LWA, b) with 30% LWA0]
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As mentioned earlierhte migration distance of water released by LiwAne of the key factors

in evaluating LWA's effectiveness as internal curing agyémiage analysis, 3D microstructural
models, neutron and -Kay tomographyare the methodswhich can be used to calculate
migration distance. Based on the studies done using the -afmv#oned characterization
methods, the migration distance for LWA was determined to be in rang® ofrii[13,47,72]

To comprehend the ways in which LWA impact autogenous shrinkage and concrete hydration,
it is necessary to examine pore structure and capillary pressure. In cementitious mixes with low
w/b, liquid-vapour menisci develop within the pores. The shrinkage of pores occurs due to
capillary pressure that is greater than air pressure. The correlation between capillary pressure
and pore radius (or meniscus curvature) can be explained using the-laplageequation
(Equation2.1)

q 0Ei —

. Equation2.1
|

Where:

» 0 ¢x capillary pressure,
[ — :surface tension of pore fluid,

—i ®'Q"Quliquid-solid contact angle (assumed to be zero radians), and

1 & :radius of curvature of the meniscus or the pore size.

On the other hand, capillary pressure can be related to the internal humidity of concrete by using
Kel vi n o s(Egeatjon2e2t i o n

Y'Y TY'O
" W Equation2.2

Where:
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R=8.3144 J/moluniversal gas constant,
"YU dthermodynamic temperature,

Y0P :internal relative humidity, and
@ — : molar volume of pore solution.

As a result, by substituting the capillary pressure equation, shrinkage straicag be

expressed based pore saturation degree (S), anternal relative humidityY "‘Oas shown in

Equation2.3 andEquation2.4, respectively

"y b P
O 0 Equation2.3

YYTIYOp p
W O 0

alrn

Equation2.4

Where K (Pa) i s t he OniRa)idthe buksnodoluslofkhe sobidgkeletans , a n c
of mortar.As a result of the internal curing agent releasing its water into the matrix, internal
relative humidityrises, as does the degree of saturation of pores (S). Consequently, the capillary

pressure within the pores decreases, resulting in less autogenous shrinkage.

2.3.1.20ptimal Dosage of LWA as Internal Curing Agent

To achieve optimal internal curing goals without negatively impactimegstrength, it is
essential to control the percentage of LW#edin cementitious mixesAlthough a higher
proportion of LWA can potentially result in greater water absorption and increased water release
for internal curing, it may also lead to decreased strength due to the introduction of more porous

materials into the cementitious matrbherefore, it is important to strike a balance between the
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two factors Generally, ahorough investigation of the impact of different percentages of LWA

on strength and internal curing properties is necessary to determine the optimal proportion for
each specific application. The amount of LWA recommended for internal curing of
cementitiaus materials is determined in ASTM C1761/ C1761Kbased solely on the amount
required to mitigate chemical shrinkaf#3,74] Based on the amount of water released by
LWA at RH=94%, the mass of oven dried LWA required per unit volume of concrete is

calculated as follows.

Y B Equation2.5

Where the values explained as follows:

0 — : mass of oven dried LWA needed per unit volume of concrete,
0 — :cement factor which is thetal mass of cementitious materials used in concrete,
0 "Y—— : chemical shrinkage of cementitious materials at complete hydration,

@ T P8t : maximum potential degree of hydration of cementitious materials,

YU p8t : degree of saturation of pmeetted aggregate relative to the wetted surthye
condition, and

B : absorption of LWA

The test method for obtaining is provided in ASTM C1761/ C1761MI7 and can be

calculated as follows:

© 0 pmmp Equation2.6

Where:
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0  "Q: mass of LWA in wetted surfaadry condition,
0  "Q: the equilibrium mass of aggregate originally in wetted surtagecondition and
subsequently stored at 94% RH,

and0 "Q: mass of LWA in overdry condition.

2.3.1.3Effect of Pore SizeDistribution of LWA as Internal Curing Agent

The pore size of LWA is a significant factor in determining their water absorption and
desorption properties. Larger pores, with diameters exceeding 1 pum, have a higher absorption
rate, but poor water retention capabilities. This leads to rapid reledse absorbed water,
rendering them unsuitable for internal curing purposes that require water to be gradually
released during hydration. Conversely, decreasing the size of the pores in LWA can
considerably reduce the rate of absorption, resulting in a rarger time required for
saturation. Furthermore, even though the very small pores of LWA can absorb water under
vacuum, they may have poor water release properties. The optimal pore size for internal curing
with LWA wasfoundto be approximately 100 nfi@5]. Water desorption is highly dependent

on the pore size of LWA and the internal relative humiditgerhentitious matrixWhen the
relative humidity remains constant, water in pores larger than the criticéd s&teased, while

water in pores smaller than the critical size remaaturated46].

2.3.1.4Effect of LWA on Properties of Cementitious Mixes

Fresh Properties
The impact of LWA on concrettiowability has received little attention. This could be because
pre-saturated LWA neither absorbs nor releases water to the cement paste prior to concrete

setting, leavindglowability almost unaffecteft4]. However, due to the slow absorption rate of
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LWA, if it is added to the mix in dry form along with the required internal curing water, it may
cause bleeding and segregation.

Microstructure

The microstructure of the interfacial transition zone (ITZ) between the cement paste matrix and
the aggregate has a significant impact on the properties of concrete and can be used to determine
the effectiveness ahcorporatednternal curing agent. The internal curing water released by
LWA aided in the hydration of ITZ, consequently lowering the porosity of concrete. When
comparing the ITZ of concretes madigh normal aggregate and those made with LWA, several
significant differences can be recognizenstand foremost, as shownkigure2.4, a thinand

denser ITZ forms around LWM9,76,77] whereas when normal aggrega&eised, the 1TZ

zone has high porosityith more portlandite anédFt [77]. Secondly, when LWA is used in
concretethe density of €S-H is found to be increasdd8]. Overall, using LWA is expected

to improve the overall degree of hydratigi2] and reduce the porosify9], resulting in lower

permeability of the concrete sampiel].

Lightyweight
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Figure2.4. Difference between thmicrostructure of ITZ in cement mortar a) with LWA and
b) with normal aggrega{d0]

23



Autogenous shrinkage and drying shrinkage

As an internal curing agent, LWA can significantly reduce autogenous shrinkage and
subsequently microcracking developmpt,80,81] The type of LWA and its saturation state
influence its ability to reduce autogenous shrinkage. For example, vasaturated LWA
outperforms overdried LWA in terms of preventing autogenous shrinki@@e82] LWA that

have been prevetted for 24 hours can typically reduce, if not completely eliminate, autogenous
shrinkage[72]. Overall different types of LWA with varying strengths, absorption capacity,
and desorption can have different efficacy in reducing autogenous shrirlagever for dry

LWA, lower absorption rate and higher strength LWA perform better in reducing autogenous
shrinkage, whereas higher absorption rate and lower strength LWA are preferreeviettpce

LWA [81].

Despite the effectiveness of LWA in reducing the autogenous shrinkage and total shrinkage at
28 days[46], it has been demonstrated that using LWA increases drying shrinkage. Using
pumice aggregate, for example, resulted in a 34% increase in drying shrinkage when compared
to the reference sample with normal aggref@¢ However, a higher LWA dosage was shown

to prolong the time of cracking. The lower modulus of elasticity of LWA could explain the
increase in drying shrinkage of concrg®@,83] Using shrinkageeducing agents is one way

to mitigate the negative effect of LWA on drying shrink#8je Shrinkage reducingdmixtures

(SRA) can also extend the cracking time and reduce autogenous shrinkage by lowering the
surface tension of the pore solutidrence reducing capillary pressure basedqguation2.1
[8,84,85]

Mechanical Strength

24



It has been observed that incorporating L\&&\internal curing agesileads to a reduction in
thestrengthof concretedue to the relatively low strength of LWA its¢#0,83] However, this
decrease in concrete strength appears to be more prominent during the ear[68lageshe
concrete ages, the strength either remains unchaf@8@ddor can even be improved by
incorporating a significant amount of Class C fly &8]. Alternatively, b mitigate the negative
impact of LWA on concrete strength, researchers have suggested reducing the size of LWA and
enhancing its distribution within the cement mixt(ir®,89,90] Agostini et al. conducted a

study to investigate the effects of LWA on hydration products. Their findings indicatetie¢hat
incorporation ofLWA reduces the amount of CH and increases the density of CSH at the

interface between the cement paste and aggrgtfite

2.3.2Superabsorbent Polymers (SAP)

Superabsorbent polymers (SAP), also known as hydrogels, are polymeric materials capable of
absorbing water and agueous solutions to several hundred times their dry mass, leading to the
formation of insoluble gel Typically, available in the form of white granules or powders, SAP
exhibit a particle size distribution ranging from micrometaysmillimeters. Figure 2.5
illustratesthe appearance of SAP in their dry state and after water absorption. The development
of SAP originated in the 1970s, with Japan and the United States being the pioneering countries.
The exceptional water absorption capacity and the ability to retain meoistder pressure have
positioned SAP as remarkable absorbents in the m@Xet

Besides the application &AP in construction industry, thelyavediverse applications across
otherindustries. In the personal hygiene sector, SAP are widely used in products such as diapers
[92]. In the biomedical field, they angsedin the production of wound dressings, surgical

sponges, tissue engineering scaffolds, and njéB}. Other applications include meat
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packaging, waste treatmd@@], water conservation in agricultuf@4], and water purification

[95]. Extensive research has explored the use of SAP in the construction industry. These
applicationsinclude the use of SAP as waterproof backfilling materials, extruded polymeric
joint sealants, and as a means to mitigate shrinkage crd®dihgrhe application of SAP in

the construction sector has experienced significant growth, particularly in their role as internal
curing agents to address autogenous shrinkage inwllovcementitiousmixes [96]. This
approach has gained substantial attention and recognition, prompting the establishment of a
RILEM technical committee in 2012. The committee published a comprehensive report
assessing the effectiveness of SAP as internal curing agents specifidailyvi/b concretes

[75].

Figure2.5. State of SAP before absorption (dry SAP; left) and after absorption (Swollen SAP;
right) [75]

2.3.2.1Effect of Particle Size of SAP as Internal Curing Agent

The particle size of SAP plays a crucial role in their water absorption and absorption rate. SAP
with a smaller particle size distribution tend to reach swelling equilibrium more rapidly.
However, compared to SAP with larger particles of the same chegooaposition and

synthesis method, they exhibit a lower absorption capptity@7] Additionally, SAP can be
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classified into two types based on their fluid retention behaviour: retentive aneteative

(also known as seleleasing)54,98]

2.3.2.2Mechanisms of Internal Curing by SAP

There are notabldifferencesbetween LWA and SAP. Firstly, SAP exhibitsagnificantly

higher rate of water absorption compared to LWA. Moreover, SAP are typically incorporated
into cementitious mixes in their dry form, whereas LWA are employed in-sgiueated state.
Another significant disparity lies in the aftermath of water releafi@mihe matrix. Desorbed

SAP create empty pores within the matrix, which can be partially filled with hydration products
[74]. On the contrary, LWA do not introduce any new pores, apart from their inherent porosity,
upon water release.

SAP are primarily characterized by their absorption capacity and absorption rate, also referred
to as swelling ratio and swelling rate, respectively. Factors such as the concrete mixing and
compaction processes can influence the movement of water withih B#e presence of
aggregate can impose physical confinement and diminish the absorption capacity of SAP.
However, the properties of the polymer itself and the fluid properties are the most critical
parameters that can impact the absorption capacitylewiptionrate of SAP. These aspects

will be furtherdiscussedn the upcoming sections.

In addition to the intrinsic properties of the polymer itself, the characteristics of the fluid in
which SAP are employed as internal curing agents can profoundly influence their effectiveness.
Fluid properties, including chemical composition, pH, ionioamtration, temperature, and
pressure, can all impact the performance of SAP. For example , while a typical SAP may exhibit
a high absorption capacity of 1000 g/g in distilled water, this capacity can decrease by up to

90% to approximately 2Q0 g/g wherexposed to concrete pore solution due to alterations in
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fluid composition[91]. Increasing the ionic concentration of the fluid diminishes both the water
absorption capacity and absorption rate of SAP due to reduced osmotic pressure. Moreover, the
type of ions present in the solution influences SAP absorbency, with multivalemiscstioh

as Ca*, Mg?*, and AP* causing a more pronounced reduction in absorption compared to
monovalent cations like Naand K [74]. This is attributed to the formation of complexes
between multivalent ions and the carboxylate groups of acrylate che@#sP, impeding the
mobility of polymer chains and ingglingexpansion. For instance, €alecrease the swelling
capacity through creating a bidentate complex with acrylates of[SAP9 101]. The impact

of multivalent divalent ions on the swelling behaviour of SAP can be obsarkgure 2.6,

which demonstrates a lower absorption capacity of SAP in the presence of divalent calcium ions

compared to a sodiughloride solution.
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Figure2.6. Absorption capacity of SAP in the solution of sodium chloride (NaCl) and calcium
formate (CaFo)75]

SAP have found extensive use in cementitious mixes, particularly for internal curing and
prevent cracking due to shrinkadregure2.7 shows the swelling and shrinking process of SAP
in a cementitious systef®1,102] At the time of fabricating the cementitious mixes, dry

granules of SAP are added to the mix and hence absorb part of the mix desigmaateell
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(Figure2.7.A). Whenthe relative humidity drops, either due to adverse external environmental
conditions or seffesiccation during the hydration process, the swollen SAP release their
absorbed water to replenish the shortage of water in the cementitious system. Thisrigults
shrinkage of SAP and the formation of-filed macropores known as "SAP voids" as
illustrated in Figure 2.7.B. By rewetting the concrete surface or ingress of water into the

concrete, the empty SAP can be refilled with water and swell again.

Fluid ingress

L SN [ . N
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void Q
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(A) (B) (©) (©)

Figure2.7. Schematic illustration of the process of releasing water by SAP to the cement paste
A) initial waterfilled swollen SAP, B) release of water by SAP for internal curing and leaving
behind SAP voids C, D) rewelling of SAP as a result of exposing to external wetting
[91,102]

Understanding the adsorptigiesorption behaviour of SAP in the alkaline environment of
cement pore solution helps tackle challenges in their application in cementitious mixes. The
cement pore solution is characterized by a diverse range of ions, ahérntgal composition
undergoes changes over time, which in turn affect the osmotic pressure and absorption
desorption behaviour of SAP. Upon introduction to the cementitious environment, the water
absorption capacity of SAP is rapidly diminished within nésu Consequently, the water
absorption capacity of SAP decreases from several hundred grams per gram in deionized water
to only 1620 g/g in the cementitious environmg@6,103] Their water absorption rate is

influenced by particle diameter; with larger particles exhibiting faster absorptiont@ts
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On the other hand, water desorption of SAP is dependent on the internal relative humidity of
the cement paste. The desorption occurs when the relative humidity decreases due to external
drying or selfdesiccation. In cementitious mixes with a lewlb, water desorption typically
commences during the third stage of hydration, following the setting process. The duration of
desorption varies depending on the particle size and can extend for several days until all the
absorbed water is releagdé@@5,106] Proper timing is crucial when using SAP as internal curing
agents. If desorption occurs during the dormant period, excess water may lead to more porous
concrete with reduced strend80]. The most effective incorporation of SAP is achieved when
desorption commences during the acceleration period and continues into the deceleration period

of cement hydratiofil07].

2.3.2.3Dosage and Dispersion of SAP in Cementitious Mixes

SAP have a variety of applications in cementitious materials, including serving as internal
curing agerd to reduce autogenous shrinkage and promote cement hydration plus enhancing
freezethaw resistance. However, the dosage of SAP required in cement mixes depends on the
specific application. For example, to achieve internal curing and improve -fieexze
regstance, 0.3%0.6% wt. of SAP are generallguggestedwhereas for crack sealing, a
minimum of 1% wit. is necessaj91].

In addition, the dispersion of SAP is a crucial factor that can impact their effectiveness as an
internal curing agent inementitious mixesTwo methods for dispersion are commonly used:
dry mixing and presoaking. Dry mixing involves blending SAP with cement and aggregate
before adding water, and this method is more commonly used becatssekee SAP have a
tendency to clump together, ctieg apoordispersion that can negatively impact the properties

of the concret§91].
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2.3.2.4Measuring techniques for absorption capacity of SAP

As previously mentioned, SAP are typically used in their dry form to emgmgaedispersion

when mixed with cement, aggregate, and water. However, this can result in the absorption of
mix water by SAP, which can impact both the fresh and hardened propertiesiefhtitious

mxes To compensate for this, an extrampdamount
However,determining the exact amount of absorption by the SAP in hargeste, mortar, or
concretdas not a simple tasklue to the possibility of the chemical composition of the solution
affecting the SAP' absorption capacity. Additionally, the effect of aggregate and the mixing
process cannot be ignored. Therefore, it is crucial to determine the absorption capacity of SAP
before designing the appropriate mix for each application. Various direct and indirect
measurement methods have been proposed and implemented to measure the absorption capacity
of SAP in hardenedementitious systems

To measure the absorption capacity of SAP, there exist direct and indirect measurement
methods. The direct methods involve the use of gravimetric methods, microscopy, and laser
diffraction particle size analysis. The most commonly used direct methodysathmetric tea

bag method, which is followed by conducting centrifugation and vacuum filtr§1io8i.
However, despite its simplicity, the gravimetric method may overestimate the absorption
capacity of SAP since it may not remove all physically held water before the measurement. The
other methodes, i.e., optical microscopy, and laser diffraction pastedeanalysis, however, can

be implemented to avoid the error derived from the gravimetric method and measure the liquids
which only absorbed by SARL09]. Alternatively, the indirect methods involvaeasuring
consistency and heat of hydratioicementitious mixes after incorporati8é\P. In consistency

methods, the absorption capacity of SAP is estimated by comparing thevAotaith the
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effectivew/b. The effectiven/b can be estimated by comparing the slump flow of SAP mixes
with a set of reference mixes with knowwib or by adjusting the batch water of SAP mixes

until the same slump flow is achieved as reference mixes with kmgi/f105,110,111] The
slumpmethod suffers from a fundamental error in assuming that SAP have no influence on the
rheological properties of cementitious mixes. Alternative approaches, such as using isothermal
calorimetry to compare the heat of hydration between SAP mixes and refenetes with a
knownw/b, have been proposed as an indirect means of measuring the absorption capacity of
SAP [112]. Nonetheless, a significant drawback of employing this method to determine the
effectivew/b is that the use of SAP accelerates the hydration lediding to discrepancies in

the comparisof@1]. Overall, the primary challenge faced by indirect methods lies in producing

a reference sample with the same effectivb, hydration level, and air content, which may

prove difficult to achievé9l].

2.3.2.5Effect of SAP on Properties of Cementitious Mixes

Fresh Properties

The effect of SAP on the fresh properties of cementitious mixes largely relies on accurately
estimating the absorption capacity of SAP in hardened state, afidiscussed in the previous
sectionis a complicated process. As a result, when discussing the influence of SAP on the
rheological properties of cementitious mixes, two factors must be determined clearly: firstly,
whether additional water is included in the cement mix to compensate for Séptadys and
secondly, the technique employed to asdessatnount of extra water needed. It has been noted
that the addition of SAP leads to an increase in the yield stress and plastic viscosity of concrete,
while the consistency and slump decre&8e113,114] As discussed in the previous sections,

it is important to note that altering the type and size of SAP can impact their absorption capacity
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and consequentlinfluencethe fresh properties of cement mixes. For instance, using smaller
SAP particles can increase the yield stress and plastic viscosity of cement mortars, mainly
because they have a larger surface area available for abs¢itgn

Hydration and Microstructure

The impact of SAP on the early hydration of cement mixes has been observed to result in both
delayed[50,53] and accelerated effecfd16]. However, most studies have shown that
hydration is promoted, particularly at later ages, due to the release of necessary water for
anhydrous cement particlgkl7,118] The increased hydration in SAP cement mixes can result

in the refinement of pores and a decrease in porosity of hardened samples. However, this
conclusion is complicated by the fact that the pore structure can be influenced by the dosage of
SAP, absorptin capacity, and amount of entrained water. Essentially, three mechanisms
counteract each other to achieve low porosity in hardened samples: decreasing thewffective
due to SAP absorption, leaving masmids of dried SAP, and improved hydration due to
internal curing[91]. First, the initial absorption of SAP alters the effectivid. Second, the
release of absorbed water from SAP into the matrix promotes hydration and improves the
microstructure at later stages. Finally, the presence of avaids due to the dried collapsed

SAP influences the porosity.

In a study by Luraet al.that used Xray tomography, reduced autogenous microcracking and
lower small capillary pores were observed due to the internal curing effect of1SAP
Depending on the initial size of dry SAP and their swelling capacity, the size of-w@dso
created by desorbed SAP may vary from 10 um to over 500102)103,120] These macro

voids may be filled with hydration products in the microstructure of the hardened cementitious

sample91].
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When analyzing the microstructure of cement mixes incorporating SAP, special attention must
be paidto the development of a new interface between the SAP and the cement paste matrix.
This interface has been identified as highly porous, exhibiting lower cement content compared
to the bulk paste located farther from the interface, primarily due to didrpptécle packing

[91]. Additionally, this interface tends to be remarkably porous and may occasionally contain
substantial deposits of calcium hydroxitiéoreover, he contractionof SAP during the drying
procesgrelease of internal curing watean result in microcracking within the adjacent cement
paste. However, it is anticipated that the releafsmternal curing wateby SAP facilitats
improvedhydration and contribute to the ongoing development of the microstructure in the
surrounding pastg02,103,121]

Autogenous shrinkage and drying shrinkage

It is widely accepted that the incorporation of SAP in cementitious mixes reduces autogenous
shrinkage[96,123 124]. This effect is particularly significant in mixes with lom/b, which
exhibitsthe efficacy of SAP as an internal curing agé@ihte decrease in autogenous shrinkage

is most prominent during the early stages, as observed in a comprehensilaboriiory study
involving 13 international research groufi0]. However, the impact of SAP on drying
shrinkage is still a matter of debate. Some studies have reported a decrease in drying shrinkage
when using SAR125], while others have found an increase in drying shrinkage. For instance,
it has been observed that although SAP may increase drying shrinkage, the overall shrinkage of
cementitious mixes remains unchang@®l 110]

Mechanical Strength

The influence of SAP on the mechanical properties of cementitious mixes depends on multiple

factors, including SAP dosage, effectivéb, and entrained water volume. However, as is often
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the case with interpreting fresh properties in SAP cementitious mixes, the effect of SAP on
mechanical properties is determined by opposing factors. On one hand, SAP can positively
impact mechanical properties by enhancing hydration, promoting microsé uiensification,

and reducing autogenous microcracking. This, in turn, decreases micro pfdrbgjiyl9]and
potentially leads to localized enhancements in mechanical properties. Receirderiation

studies have verified this effect, detecting the formation of-begtsity hydration products {C

S-H) within the vicinity of SAP particles, intherange @ 6 t o  [12].00n ¢henother hand,

as discussed earliethe desorption of SAP may leave behind macro voids, potentially
counteracting these benefits and affecting the mechanical properties of SAP cementitious mixes.
All in all, the addition of SAP generally results in lower compressive strength at early ages
[96,126,127] but the strength at later ages is typically similar to that of reference mixes
[125,128] In other words, the initial inclusion of SAP may temporarily reduce compressive
strength due to the formation of macro voids. However, this negative effect will be compensated
over time by the internal curing effeloy promoing the cementhydration. As a result, the
strength difference between reference mixes and SAP mixeseadiiceas internal curing
becomes more pronounced at later stages. The benefits of using SAP to enhance cement
hydration are particularly apparent in two scenarios: whewthés below 0.42, owing to the
significant internal curing effect over time, and when supplementary cementitious materials are
employed as water availability is crucial for their pozzolanic reaction at later sfaQek?9]

A summary of the discussed effect of SAP on different properties of cementitious isixes

presented iMTable2.1.
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Table2.1. Summary of the literature review on the effect of SAP on different properties of
cementitious mixes

SAP
) Internal Curing o
Properties . . w/b  (wt. Summary of Findings References
Considerations %)
0

Increase in the slump flow

Flowability Dry SAP: 024 04 andadecrease inthe V [130]

0.05 extra water added. )
funnel flow time values.

Flowability and ~ Dry SAP: 0.3 * Extrawaterhas to be adde:
. 0.040.07 of extra water ~ 0.22 to preserve the slump [131]

air content 0.4 S

added. *Increase in air content.
Degree of Dry SAP: o5 035 Hydration degree increased [117]
Hydration No extra water added. ' 0.70 after 14 days

Dry SAP:
Degree of Extra water calculated 03 0% Hydration degree increased [132]
Hydration based on absorption ' 0.6  after 28 days

capacity of SAP.

Dry SAP: Total porosity at all ages is

Total Porosity 0.22 0.6 about 6% higher than thatin  [133]

0.08 of extra water added. _
plain concrete.

Autogenous Dry SAP: 03 03 Completely countering [96]
Shrinkage 0.05 of extra water added. 0.6  autogenous shrinkage

Dry SAP:
Autogenous Extrawater calculated 0.1 Completely prevent [124]
Shrinkage based on absorption 0.25 0.33 Z;trf)gaengtéz;:rr(l;gle(age of

capacity of SAP. yag '
Mechanical Dry SAP: 02 No significant change 134
Strength No extrawater added 0.45 0.6 observed in compressive

strength

2.3.3Natural Fibres

The concept of sustainable development has become increasingly significant in recent years as
the world grapples with the pressing issues of climate change and resource depletion.
Sustainable development refers to the idea of meeting the current neeasety svhile
ensuring that future generations can meet their own needs without anyfiisafle35]. This

concept is particularly crucial in the construction industry, which is responsible for emitting

approximately 5% of total humamade CQ emissions and depleting natural resources during
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the production of concref@36]. To tackle this issue, it is necessary to take steps towards the
production of more sustainable cementitious materials using renewable substitutes like
lignocellulosic wastes specifically natural fibres. The benefits of using natural fibres as
substitutes include a reduced environmental impact, lower costs, and conservation of resources
and energy.

As previously discussed, SAP have emerged as a promising altefioatih@A for internal

curing agent ircemertbased materialdue to their high absorption capacity. However, SAP

are made of polyacrylate, a noenewable and petroledbased material, which can increase

the carbon footprint otementbased material§l8]. In contrast, natural fibres are mostly
hygroscopic materials and can offer a esfé¢ctive and sustainable option as internal curing
agentsUsing natural fibres caoffer additionalbenefitsas well Unlike synthetic materials like

SAP, natural fibres are widely available in many regions around the world at little to no cost.
Thus, using natural fibores as renewable resources presents a sustainable solution that can
provide costffective constructiormaterials in any region worldwide while mitigatingeth
environmental impact of the construction industry. Additionally, natural fibres are frequently
derived from agricultural wastes and-psoducts, which can create a supplementary source of
income for farmers if their benefits are fully explored and urideds Nevertheless, the
mechanisms of natural fibres as internal curing agents in cementitious mixes have been less
extensively studied in comparison to LWA and SAP, for which there is a reasonable
understandingTable 2.2 provides an overview of the pros and cons of each internal curing

agent in comparison to natural fibres.

Table2.2. A comparison of advantagand disadvantages of different internal curing agents
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Internal Curing

Pros Cons
Agent
Relatively low unit weight O Lower water absorption capacity anc
Absorption takes longdime poorer water retention
Lightweight O Cause higher drop in strength and

Aggregate (LWA)

elastic modulus of concrete when
compared to SAP

O Can only store the water physically
inside of their capillary pores

Superabsorbent
Polymer (SAP)

Very high absorption capacity
Can absorb water due to chemical al
physical bonds

O Nonrrenewable material

O High production cost

O Not locally available

OlIncrease the embodied energy and
carbon

Natural Fibres

Excellent hygroscopic properties

Can absorb water due to chemical ai
physical bonds due to presence of lume

Presence of hydrophilic components
their structure such as cellulose and
hemicellulose

Lightweight characteristic especially
hollow fibres

Abundantly available

Little to no cost

Renewable

O Leach out of some harmful extractivi
upon contact with alkalinenvironment
ORequire prereatment prior to use
(compatibility issuewith cementitious
environment)

Natural fibres encompass a wide range of materials, including plant fibres, mineral fibres, and
animal fibres as illustrated irigure2.8. Mineral fibres like asbestos and animal fibres such as
silk are examples in their respective categories. However, the focus of this study is on plant

fibres and their potential as internal curing agents in cementitious mixes. Natural lignocellulosic

plart fibres, referred to as natural fibores henceforth, can be fudiassified into three

categoriedased on their extraction location within the planbgst fibres, seed fibres, and leaf
fibres.Bast fibres, also referred to as phloem fibres, are acquired from the fibre bundles tightly
encircle the stem of planf$37]. Some examples of bast fibres include jute, flax, ramie, hemp,
and kenaf{138,139] Due to their higher cellulose content, bast fibres typically have greater

tensile strength than other plant fibj@40]. Coconut fibres and sisal fibres are examples of
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fruit and leaf fibres, respectively. Finally, wood fibres can be classified as softwood and
hardwood fibres and are derived from a variety of trees. Seed fibres, such aswéttbibres,

and kapok are another type of natural fibres. Certain seed fibres, such as ka@ddi podsess

a unique hollow structure characterized by an exceptionally wide lumen and thin walls. This
feature facilitates grain dispersal, aiding in germination. More importantly, the distinctive

hollow morphology of these fibres impaddightweight property, making them ideal for the

development of lowdensity and insulation applicatiof5].

f— Natural Fibres

‘L Vv
Mineral Fibres Animal Fibres Plant Fibres
Asbestos Silk Wool
[ [ [ [
Bast Fibres Seed Fibres Leaf Fibres Fruit Fibres Wood Fibres

N> Flax > Milkweed N> Sisal Coir Softwood
> Hemp \»  Cotton >  Abaca Oil Palm Hardwood
> Jute Y  Kapok >  Banana

> Kenaf

Figure2.8. Summary of classification of different types of natural fibres

2.3.3.1Characteristics of Lignocellulosic Fibres

The differences in the properties exhibited by various natural fibres can be attributed to their

distinctive chemical compositions and physical structures. Natural fibres are considered natural

39



composites with a cellular structure which is intricately constructed. As depidteguire2.9,

the structure of natural fibres comprises a central channel known as the lumen, responsible for
transporting water and nutrients, surrounded by the cell wall. The cell wall consists of multiple
layers, including the middle lamella, the thin primary wahd the secondary wall, further
subdivided into the external secondary wall (S1), middle secondary wall (S2), and internal
secondary wall (S3L41]. Each of these layers contains microfibrils oriented in specific angles,
unique to their respective layers. The primary wall is characterized by a disordered arrangement
of cellulose fibrils embedded within a matrix of pectin, hemicellulose, lignin, aotip. In
contrast, the secondary walls are composed of crystalline cellulose microfibrils arranged in a
spiral configuration, where the middle layer (S2) plays a vital role in determining the
mechanical properties of the fibrgg12]. These microfibrils, are situated within an amorphous
region formed by lignin and hemicellulose. The outermost layer of the cell, known as the middle
lamella, primarily consists of pectin, which acts as a cementing material between adjacent
fibres. Othercomponents such as wax and impurities may also be present on the surface of
natural fibres albeit in lower percentages. Consequedlyhe variation ithe content oeach

of the aforementioned componerts fibre their propertiesmay ako differ. Seconty, the
structural characteristics and morphology of natural fibres such as microfibril angle,
crystallinity, surface defects arldeir hollow structure can result in different propertji#43].
Additionally, it is noteworthy that the properties of a particular plant may vary significantly
from one batch to another due to multiple factors such as variations in growing conditions and
climates, plant age, and processing techniques. These variationmpact the chemical and

physical structure of the natural fibres within the plant, leading to differences in their properties
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[144i 146]. This could pose a significant challenge, as it may result in unpredictable properties

of the composite materials that incorporate these fild#5,148]

Lumen

Secondary
walls

Lignin e

Hemicellulose

Primary
wall

Cellulose =

Middle
lamella

Figure2.9. Schematic illustration of plant fibres structun@ddle lamella, primary wall, S1
external secondary wall, S2niddle secondary wall and Siaiternal secondary wall and
lumen, adapted froifi42]

As mentioned above, natural fibres primarily consist of cellulbeicelluloseand lignin.
Cellulose is a polymer composed of glucose units. Hemicellulose is another type of polymer
made up of several polysaccharides while lignin is an amorphousterdgeneous mixture of
aromatic polymers and phenyl propane monomers. The composition of various fibres may
differ, as demonstrated Fable2.3.

Table2.3. Composition of some natural plant fibfé49]

Fibre Cellulose (%) Hemicellulose (%) Lignin (%) Extractives (%) Ash (%)
Eucalyptus 41.57 32.56 25.4 8.20 0.22
Coir 21.46 12.36 46.48 8.77 1.05
Bagasse 41.7 28.00 218 4.00 3.50
Sisal 73.11 13.33 11.00 1.33 0.3
Banana Leaf 25.65 17.04 24.84 9.84 7.02
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Figure2.10 depicts the structure of a cellulose microfib@kllulose is a sugdrased polymer
consists of long chains of-Blucose units joined by (1 A 4) glycosidic linkages which is
shaded irFigure2.10 [150]. Hence cellulose is classified as aA#) b-glucan with a repeat
unit of cellobiose which forms linear chaifis50]. The cellulose microfibril, which is the
fundamental structuralomponent of plant cell walls, is formed by intrachain and interchain
hydrogen bonding between cellulose chaRgure 2.11). The hydroxyl groups are able to
create hydrogen bonds with water molecules whianes ofthe primary reas@for excellent
hygroscopic properties of natural fibres. Interestingly, cellulose microfitad a semi
crystalline structure, consisting of both highly crystalline and samerphous regiond 51].

Due to their high tensile strength, the cellulose content of a natural fibre can serve as an indicator
of its mechanical properties, with lower microfibril angles relative to the fibre axis generally
resulting in superior mechanical performafi43]. Microfibril angle can be measured through

the methods based onrdy diffraction developed by Cave in 19852].
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Figure2.10. An illustration of Cellulose Structufé53]
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Figure2.11. A schematic ofhemolecular structure of cellulose with lots of intrafibrillar and

possible interfibrillar interactiond 54]

Regarding the mechanical properties of natural fibres, it's important to note that due to the

unidirectional reinforcement of cellulose, these fibres exhibit anisotropic behaviour. For

example, in the longitudinal direction, the Young's modulus of ceutasrofibrils is around

137 GPa[155]. While natural fibres demonstrate remarkable mechanical properties in the

longitudinal direction, they exhibit weakness in the radial direction due to their amorphous

blend propertied151]. In general, the mechanical properties of natural fibres are highly
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dependent on their chemical composition, with higher cellulose contents and lower microfibril
angles being the most effective paramefg&§]. Other factors such as fibre diameter, size of
lumen, surface defects, and moisture content can also influence the mechanical properties of

natural fibre4157].

2.3.3.2Hygroscopic Properties of Lignocellulosic Fibres

Most natural fibres show strong affinity for water and hydrophilic behaviour and hence are
considered to be hygroscopic materials. Generally, hygroscopic materials refer to the materials
which interact with water molecules to achieve an equilibrium wighstirrounding humidity

of environment. The high tendency of natural fibres towards moisture adsorption has a
considerable impact on their individual properties as well as the propertiesnoétdealthey

are integrated in. Consequently, it is crucial ttmroughly understandthe hygroscopic
characteristics of natural fibres before their integration into a matrix. According to the earlier
explanation, the behaviour of natural fibres in adsorbing water depends on both their chemical
composition and morphology. Given the phybkitekeup of natural fibres, some fibres with
lumens and porous surfaces can increase the amount of liquid that enters their capillary spaces
due to capillary pressure, which enhances their hygroscopic propé%its This distinct
characteristic is particularly prominent in fibres possessing wide lumens, notably observed in

hollow seed fibresas shown irFigure2.12
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Longitudinal view Cross-section view
Bast fibre (Hemp)

Figure2.12. Comparison of the morphology of bast fibre (Hemp) vs seed fibre (Calotropis)
[158]

Moreover, the hydrophilicity of natural fibres is significantly influencedtlgir chemical
composition. In fact, polar polymeric structures found in natural fibres enable them form
hydrogen bonds with water molecules. Therefore, polymers such as cellulose, hemicellulose,
and pectin play a significant role in determining the hydroptyliof natural fibre§159,160]

Célino et al. employed Fourier transform infrared (FTIR) spectroscopy to conduct qualitative
and quantitative analyses, and investigated the influence of moisture content on infrared spectra
of natural fibres[160]. Their findings suggest that amorphous cellulose and hemicellulose
hydroxyl groups, as well as pediirsarboxylic groups, are viable water absorption sites. To
initiate bonding between water molecules and these hydrophilic groups, the first water molecule
must form a direct bond with the fibrddgdrophilic groups. Subsequently, subsequent water

molecules may form either direct or indirect bonds with the fibigufe 2.13). The direct
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bonding of the water molecules with the hydrophilic groups lead to more firm bonds comparing

to the water molecules that are attached to the existing absorbed water mléd]les

Polymer

0> (HoD  (CHOD pirect

(H0D  (HO)  (CHOD indirect
(0> CH0D

Figure2.13. Direct and indirect absorption of water molecules by a polymer molgdd¢

To illustrate, cellulose molecules contain three hydroxyl groups for each glucose residue. When
water molecules interact with the hydroxyl groups of the fibre, hydrogen bonds are formed and
water is absorbed, as shoimrFigure2.14. It should be noted that during the absorption process,

multiple water molecules may attach to each hydroxyl gfhGp].

HOH
CH,OH cleoﬁ
0O O—CH 0 o CH
SN AN SN N
CH CH + 3H,0 —» CH CH
AN Ya v AN NS
CH—CH O CIIH (|:H o
OH OH OH OH
HOH HOH

Figure2.14. Absorption of water molecules tioe hydroxyl group of a cellulose molecule by
hydrogen bondinl61]

2.3.3.3Application of Lignocellulosic Fibres as Internal Curing in Cementitious Mixes

The application of aturalfibre in cementbased materialsan be found irvariousproducts
including extruded nofpressure pipes and natructural building materials such as siding,
cladding, and soffit pane[462]. However, in recent years, there has been growing interest in
using cellulosébased natural fibres, such as pulp fibre, kenaf fibre, Lechugilla fibre, and

cellulose filaments, as substitutes for conventional petrcleased SAHor internal curing
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applications The reason for this is their remarkable hydrophilic nature, which has been
documented in several stud[@§,23,34,64,163]A particularly noteworthy finding comes from
Hisseineet al, who reported that cellulose filaments can effectively mitigate autogenous
shrinkage and reduce eadge deformation due to their outstanding hygroscopic behaviour.
These filamentshoweda water retention capacity exceeding 100% after just 6 hours of
immersion and releadeip to 97% of that water after 48 hours, according to their resgatch
Jongvisuttisuret al. conducted another study using advanced techniques, such as NMR and
MRI, to investigate the effect of hardwood eucalyptus pulps on the internal curing of cement
paste samples during the early stgd@@$. Their research revealed that water can move through
the lumen and micropores in the cell wall via capillary flow, and through the cell wall through
diffusion. Additionally, osmotic pressure can also impact the fluid transport in wood pulps. The
cell walls of wood pulp act as seimpermeable layers, and the gradient of couiter
concentration across the cell wall creates an osmotic pressure that affects the fluid transport of
wood pulps. These mechanisms of internal curing can be activated duringrdifeages of
cement hydration. The researchers made several observations, including that like LWA and
SAP, the use of wood pulps resulted in a more pronounced increase in the heat of hydration at
later ages rather than early ages. Furthermore, they aithiaeafter the addition of wood pulp

to cement, pore solution ions would be absorbed into the cell walls of the pulps during the first
stage of the process. The absorbed ions on the cell walls of wood pulps and their concentration
are highly dependent othe chemical composition and pH of the cement pore solution.
Eventually, diring the seHdesiccation stage, the internal curing effect of wood pulp becomes
apparent through various mechanisms, such as capillary forces, water vapour diffusion, and

osmotic pressurR?2]. The internal curing effect of wood pulp on cement pastgcategorized
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into two time periods. In the first 25 hours of cement hydration, capillary foreastdde free

water of the lumen and releaséeto the surrounding cement paste. Additionally, water vapour
diffusion occurreddue to the humidity gradient between the wood pulp anddssitcating
capillary pores. However, after 25 hours of hydration, only two sources of water molgetdes
available for hydration: the free water in small wall pores and the bound water of the wood
pulps. Furthermore, considering the cglll of wood pulp as a seAmpermeable layer, an
osmotic pressure can be created by the gradient of caanteoncentration across the cell
wall, allowing for the transport of water through the cell walls of the pulps. Using NMR
measurements and analygithe & relaxation times of wood pulps at varying moisture contents,
the sequence of moisture migration from the fibre to the surroundindesatfcating paste was
determined. This sequence includes the removal of free water from the lumen, follothed by
removal of free water from cell wall micropores, and finally the removal of bound water
absorbed into the cell wdR2]. The study also employed SEM and AFM images to observe the
precipitation of small, discrete particles on the surface of the wood pulps. XPS analysis
determined that these particles were caleiich phases, which can act as nucleation sites and

contributeto better interfacial bonding with cement, resulting in a higher rate of hydfaggn

2.3.3.4Compatibility of Lignocellulosic Fibres in Cementitious Mixes

The incorporation of lignocellulosic fibres into cementitious mixes can have a significant impact
on the hydration reactions BIC. The alkaline environment of cementitious matrices can lead

to the degradation of lignocellulosic materials, resulting in the release of leachates. For instance,
hemicellulose and lignin may dissolve in the alkaline cement pore solution, leading to the
decomposition of extractives and the generation of polysaccharide hydrolygisodycts.

Consequently, the hydratidmehaviourof aluminates, silicates, and aluminosilicates in the
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presence of natural fibres is not solely determined by water content but is significantly
influenced by the saccharides released by these fjh6&. The saccharides can affect the
hydration reactions with different mechanisms. Previous studies have proposed two main
mechanisms that account for the interaction of glard molecules with the hydration reactions

of ordinaryPC paste[164]. The first mechanism involves the capture and retention of calcium
ions by alkalinenduced chelating agents, while the second mechanism entails the reversible
physisorption of monosaccharides on anhydrous cement grains. The polysaccharides
constituting he natural fibres possess potentdDalating groups that have a high calcium
binding capacity, which can reduce the concentration of calcium ions in the cement pore
solution and inhibit the formation of hydration products such-&HC portlandite and &iingite

and hence cause a delay in the hydration prodés166] Furthermore, due to the alkali
hydrolysis of the organic compounds present in natural fibres, some sugar moieties that are
insoluble can form and create a protective layer around the partially hydrated cement particles.
It is also worth noting that the @é#rence in the molecular architecture of saccharides leads to
their distinct alkaline stability, selective adsorption and binding strength with anhydrous
cement componenfd64]. As an example, glucose, a monosaccharide, undergoes degradation
in the cementitious alkaline environment, producingpbyducts that contain carboxylic acids.
These byproducts exhibit noselective adsorption on both hydrated silicates and aluminates.
However, sucrose, a disaccharide, exhibits selective adsorption in their intact form at hydrated
silicate sites and anhydrous aluminate moieties, but not at hydrated aluminafd&lies
Hence, to prevent any adverse impact on the properties of cementitious materials and natural
fibres themselves, it is critical to control alkali hydrolysis of natural fibres prior to their addition

cementitious matrices.
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Various strategies and treatments have been implemented to improve the compatibility of
lignocellulosic materials with cementitious matrices, including but not limited to: alkali pre
treatment of fibres, using pozzolanic materials to reduce pH of cenrenggation, zirconium
dioxide solgel fibre treatment, biopolymeric surface treatment of fibres, and carbonation of

cementitious matrix in a C&rich environmenf29i 31].

2.3.3.5Effect of Lignocellulosic Fibres on the Properties of Cementitious Mixes

Flowability

Most research studies have shown thatitfeerporationof natural fiborescan diminish the
flowability of cementitious mixes. Mansur and Aziz, for instance, noted a reduction in
workability when jute fibres were added to cement paste and nip&@k The extent of this
impact depends on the quantity and aspect ratio of the natural fibres used in the mix. This is
primarily due to the hydrophilic nature of natural fibres, which can absorb some of the mix
water and reduce its consistency. However, sg\srategies can be employed to mitigate the
negative impact of natural fibres on the fresh properties of cement mixes. First, the mix design
water can be readjusted to account for the absorption of natural Attersatively, fibres can

be presoakedo minimize their water absorption, or preatment can be applied to the fibres

to lessen their hydrophilicehaviou{63].

Shrinkage

Numerous studies have demonstrated the effectiveness of natural fibres in reducing plastic
shrinkage in cementitious mixes. For example, Bighossian and Wegner found that increasing
the amount of flax fibres in a mix led to a 99% decrease in maximum crdtk and total

crack area compared to reference sam[ilé8]. The success of flax fibres in reducing plastic

shrinkage can be attributed to their hydrophilic nature, which promotes good interfacial bonding
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between the fibre and matrix. Similarly, the additionM¥V fibres (Estbragh, Asclepias
Procerais) at a concentration of 0:255% resulted in a significant reduction in crack number
and width due to a cradiridging effecf169]. In another study, the inclusion of a low volume
fraction of short sisal and coconut fibres led to a decrease in the free plastic shrinkage of mortar
sampleq170]. This improvement may be attributed to the cradkiging effect of these fibres

and their higher modulus of elasticity compared to the cementitious rfiatéix1 71]

Hydration

Natural fibres have been found to delay the settingand retard the cement hydration process
[1721 174] This retardation is primarily attributed to the soluble sugars within the structure of
some compounds. Among the various sugar components, sucrose and glucose were found to
have a particularly detrimental effect on cement hydrdfiés,175] The sugar components in
natural fibres influence the hydration process through multiple mechanisms. Firstly, saccharides
adsorb onto the surface of cement grains, forming a semipermeable layer that impedes water
accessibility for hydratiol65]. Secondly, the calcium binding capacity of the fibres, in the
form of Cachelating group, hinders the formation of CSH, which is crucial for cement strength
and stability[174i 176]. In addition, acidic components such as galacturonic acid (GAA) and
glucuronic acid (GLA) found in natural fibres leachates can reduce the pH level of the highly
alkaline cement pore solutigh77]. Furthermore, other fibre components like pectin may also
adversely affect cement hydratifhi72]. To mitigate the delay in hydration of natural fibre
cement mixes, techniques similar to those mentioned earlier can be employed, sueh as pre
treatment of fibres and/or incorporating pozzolanic materials and supplementary cementitious

materials (SCMs)The latter two approaches are particularly effective in reducing the alkalinity
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of the cementitious environment, thereby assisting in alleviating alkali hydraliysiatural

fibres.

Mechanical Properties

Certain natural fibres, depending on their characterjsticlume fraction,and modulus of
elasticityhave the potential to enhance the mechanical properties of cementitious materials. A
notable example is hemp fibres, which have been demonstrated to increase compressive strength
by 4% and flexural strength by 9% in cementitious compodit€8]. Moreover, the
incorporation of hemp fibres can significantly improve flexural toughness and flexural
toughness index by 144% and 214%, respecti{Eig]. Another fibre, coir fibre, exhiked
exceptional impact resistance compared to fibres like Hibiscus Cannabinus, sisal, and jute
fibres, with an increase in impact resistance of up to 2581%9Q). However, it is crucial to
consider the moisture absorption characteristics whsimg natural fibresto improve
mechanical properties. For instance, the moisture content of pulp fibre has been found to
influence the mechanical strength and failure mechanism of mortar sajb@ldsOverdrying

of pulp samples has been shown to yield higher flexural strength, but lower toughness compared
to samples subjected to air or wet curing conditions. This variation can be attributed to improved
bond strength between the pulp fibre and matrixiried samples, resulting in a shift in the
failure mode from pulbut to a mixed mode of putiut and fractur¢180]. A summary of the
discussed effesbf natural fibres on different properties of cementitious mixatsigpresented

in Table2.4.
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Table2.4. Summary of the literature review on the effect of natural fibres on different
properties of cementitious mixes

Properties _'I:_;:)FIE Pre-treatment w/b ?\Vr\?to&r;t Summary of Findings References
. 0.25
. Soaked in NaOH .
Flowability Jute oaxedin Na 0.45 0.75vol. Increase in slump flow  [181]
for 24 hours %
0
* Delayedthe setting
time
Thermal 04 * Decreasthe
Hydration Bagasse treatmentat 175 0' 6 0.52 maximum hydration [173]
250°C ' temperature.
* Better compatibility
by thermal treatment
Alkaline
treatment with 6 *Non-treated fibres
wt.% NaOH
. . resulted delayed
Hydration and solution for 48 setting times
flexural Hemp hours and a 05 2vol.% 9 j [172]
. . Alkaline treatment
strength slight acid ) .
. resulted in the highest
treatment with 1 flexural strength
Wt.% AICI3 g
solution
*M itigating free
plastic shrinkage,
Plastic . 0.45 delaying theonsetof
shrinkage Sisal 0.5 0.2 the first crack, and [Lr1]
managing crack
progression.
, *Reduction in both the
;Zcmg?r number and width of
] 0.25 ks.
compressive Estabragh - 0.52 cra.c S. [169]
and bendin 0.75 *Slight improvement
strenath g in compressive and
g bending strength
*Postporing the onset
: of initial cracking
Plast d . . .
a§ can Sisal and 0.4 during restrained
drying 0.1.0.2 . . [170]
shrinkage coconut 0.52 plastic shrinkage
9 *Increased the drying
shrinkage.
I t o
srtr:zscth Coir, sisal, Improvedimpact
g jute, and - 047 052 P P [179]
(projectile test hem resistance
on slabs) P
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2.4 Kinetics of water transport in internally cured cementitious samples

Studying the kinetics of water transport from internal curing agerthe cementitious matrix

is of great importance. One of the most powerful techniques for dynamically characterizing
different types of water and pore structures in cementitious materiddsNsiclear Magnetic
Resonance (NMR) relaxometry. This method allows for theineasive and nofwlestructive
measurement of free water, capillary water, and bound water over time. Unlike traditional
methods like Mercury Intrusion Porosimetry (MIP), ialhrequire breaking hardened samples
and halting hydration, NMR allows for natestructive, dynamic, #situ analysis of porous
materials[182i 184]. These advantages enable continuous observation without altering the
samples. Consequently, NMR relaxometry has found wide applications in characterizing
cementitious matrices in recent years.

The pore structure of cementitious materials is characterized by the different physical states of
water in pores of varying sizes. When a magnetic field is applied, the hydrogen nuclei in the
water within these pores act like subatomic magiEd®]. Upon excitation, these nuclei
gradually lose their alignment through a process known as relaxation. The relaxation of
hydrogen nuclei occurs more quickly in smaller pores due to their higher stofackime

ratio. This is explained by the fast exchamgedel as shown iEquation2.7 where the spin

spin relaxation time (J) is inversely proportional to the surfattevolume ratio of the pores is

in contact with the fluid51,186] Assuming the presence of spherical pores with a diameter of
d, the & correlates with the distribution of pore sizes (i¥, —) [187,188] Consequently, as

cement hydration progresses, the pore structure evolves and disribution also changes.
Therefore, the reduction ireValues observed during the evolution of hydration in the cement

paste is attributed to the densification of the cement paste and the formation of hydration
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products within watefilled pores and on the surface of cement gr@l@9]. This leads to a
reduction in inteparticle spacing and consequently more confinement and shorter relaxation

times (i.e. smaller )

Y 7 Equation2.7

where V and S represent t he v odsuriaee reaxividy. t h e
For a comprehensive review of the applicationdf NMR relaxometry in cementitious
materials, refer to the study by Valetial.[190] and Monteircet al.[185].

While extensive studies have investigated the kinetics of water transport between in SAP
[51,188,191194] and LWA [49,195197] in cement paste using NMR, research on
lignocellulosic materials remains limited and requires further exploration. The variability in the
physical and chemical properties among different natural fibres suggests that their water

transport kinetics could &xbit diverse behaviours, necessitating additional investigation

2.5 Milkweed Fibres

Milkweed plant belongs to the weed family, which is generally defined as any plant not
intentionally cultivated. Weeds are highly adaptable and can thrive in harsh soil and climate
conditions where other plants struggle to survive. They can be classif@thaals, biennials,

or perennials based on their growth cycle. Asclepias Syriaca, a perennial plant native to North
America, is the most common species in the milkweed family (Asclepiadaceae). However,
milkweed plants are also found in other countrisshsas China and Iran, where they are known

as Akund and Estabragh, respectively. Milkweed plant produces silky white fibres extracted
from its seeds. Asclepias Syriaca can grow in a wide range of soil conditions and is commonly

found along roadsides, fas, meadows, and waste arga. In Canada, there are several other
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milkweed species present, including common milkweed, white milkweed, green milkweed,
purple milkweed, prairie milkweed, fodeaved milkweed, wooly milkweed, poke milkweed,
ovatleafed milkweed, whorled milkweed, showy milkweed, butterfly milkweed, anangpwa
milkweed, according to the Canadian Wildlife Federation website. The factors that distinguish
these species from each other are the growth range, habitats preferences, and their appearance.
The name "Asclepias Syriaca" also known as common milkweed, has two parts. The first part,
"Asclepias” is derived from the Greek god of medicine, Asklepios, as some species of milkweed
were historically used for medicinal purposes. The second part, "8Yyrsans originated in

Syria This name was mistakenly given by Carl Linnaeus, who is credited with the creation of
the binomial nomenclature system, after the plant was first introduced to EL8&)e

An illustration of the different parts of the common milkweed plant can be sééguire2.15.
Milkweed plant is characterized by its stout and tall stem, which typically measures between
0.9 to 1.2 meters and is covered in fine, soft hairs. Its leaves are oblong-thapatl, with a

length of 7.5 to 15 centimetef®5]. Upon being broken, the stem and leaves release a milky
sap, which is why the plant is known as "milkweebhis sap is toxic to most animals due to

the presence of cardiac glycoside, a dangerous compound that interferes with heart function.
However, monarch butterfly caterpillars can ingest the toxin and use it to deter predators. Once
milkweed seed pods ripemd harden, they split open gradually, releasing brown seeds attached
to bunches of white, silky fibres called floss fibres. These fibres heligpgerde theseeds and

transport them over long distances through the wind for germination in new locations.
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Figure2.15. An illustration of the common milkweed (Asclepias Syrigé&a)vironmental
Education in Wisconsin website)

As shown inFigure2.16, amongnatural fioresMW floss fibres show a hollow structure which
makes it uniqgue compared to other natural fih2&%. The extremely wide lumen MW fibres,

which takes up to 77% of the fibre volume and its thin cellulosic wall (approximately 1.3um),
can potentially promote its absorption capaf2y,27] However, this hollow lumen also gives

MW fibres a fluffily nature with a density of approximately 300 kg/momparing to
conventional SAP with a dry density of around 1500 Rg66,199] This is an important
characteristiowhich can be advantageoder the application of MW fibresn lightweight
materiab. MW fibres are classified as midibres because they typically possess a length of
less than 1 mm and a diameter within the range of 10/smpresented ifable2.5, MW fibres

are composed of cellulose (4B%), hemicellulose (380%), and lignin (15%). However,

other components such as waxes, pectin, and sugars are also present in small amounts (<5%) in
MW fibres[25]. As discussed earlier, some of these components are hydrophilic and can act as
absorption sites for water molecules (mainly cellulose and hemicellulose), whereas others, like

waxes, are hydrophobic. As a residi\V fibres can be classified as an amphiphilic material
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that can exhibit both hydrophilic and hydrophobic properties. For instance, lRaaal2020)
observed a superhydrophobic surface with a contact angle of arounahti4@ to 10@/g of

oil absorption capacity iMW fibres[200]. Choiet al (1992) also reported a crude oil sorption
capacity of 40 g/g previouslf201]. On the other hand, some studies have shown the high
potential of MW fibres for water absorption. For example, higher moisture regain has been
reported forMW fibres in comparison to cotton (11% vs 8%, respectivilg)28,202] In
addition, it was observed that the unique hollow chanrdMhfibres can result in fast moisture
absorption[199,203,204] To t he best of the authorsdé knowl
has been done on the applicationdV fibres as an absorbent material. Kuretal. (2020)
assessed the moistusehaviourproperties oMW and MW(/cotton blended sanitary napkins.
They found out that the higher the blend percentagdWf fibres, the greater the amount of
liquid absorption, liquid retention capacity, and liquid holding capacity under pressure of
sanitary napkin$205]. Furthermore, theiseof MW fibres in cementitious environments has
been explored in limited studi¢s69,206] with a primary focus on mechanical performance.
The first study revealed that although the strengt\af fibores may deteriorate in the alkaline
cement environment, these fibres exhibited the ability to bridge micro cracks within the concrete
matrix, resulting in a reduction in the width of surface cr4tk9]. Converselyanother study
reported lower compressive and flexural strength after incorpordg fibres into the
cementitious matrix206]. These contrasting outcomes highlight the incomplete understanding
of the influence of MWfibres on cementitious matricegalling for further indepth

investigations.
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Figure2.16. The hollow structure of common milkweed fib[{@§]

Table2.5. Chemical composition of common milkweed fibres

Cellulose Hemicellulose  Lignin Wax Pectin  Free sugars

(%) (%) ) %) (%) () References
55 24 18 - - - [207]
54.9 19.3 19.3 - ; ; [208]
52 - 21.3 - - - [209]
40-45 3540 15 23 03 3 [25]

2.6 Conclusion of Literature Review

This chapter presemtn comprehensive reviesonsolidatingthe outcomes of various studies

examining the effectiveness of internal curing agents commonly employed invibw

cementitious mixtures. Additionally, the review explores the primary factors that significantly

influence the performance of these internal curing agents. Drawing upon an extensive survey of

the literature, the key findings can be summarized as follows:

Internal curing agents promotke hydration of cement paste, replenish lost water, and

mitigate earlyage cracking, especially due to autogenous shrink&geeducing early
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age cracking, their use can result in longsting cementitious elements and enhanced
sustainability.

The three most importafdctorsin assessing the efficacy of an internal curing agents are:
the timing of water release in the cement paste, the quantity of water released, and the
distance it can travel to reach anhydrous cement particles.

In order to achieve the desired internal curing objectives without compromising strength,
it is crucial to carefully manage the proportion of internal curing agents used in the
cementitious mixtures. While a higher percentage of internal curing agenémicance

water absorption (i.e., higher entrained water) and release for internal curing, it can also
diminish strength byncreasing porositand the risk of agglomeration. Therefore, finding

the right balance between these factors is paramount.

The particle size of internal curing agents plays a vital role in their water absorption and
desorption characteristics. Larger internal curing agents exhibit a higher absorption
capacity but have limited water retention capabilities, leading to rapid vedd@se that is
unsuitable for gradual hydration in internal curing of cementitious mixtures. On the other
hand, reducing the size of internal curing agents with smaller particles leads to reaching
saturation faster but having a lower overall absorptapacity compared to larger particles

of the same chemical composition.

The efficacy of internal curing agents is influenced not only by their intrinsic properties
but also by the characteristics of the cement pore solution. The chemical composition, pH,
ionic concentration, temperature, aiad pressureplay significant role in determining

the performance of internal curing agem#th its diverse range of ions, the cement pore

solution changesover time, affecting the osmotic pressure and absorosiorption
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behaviour of internal curing agents. Therefore, understanding the dynamic nature of the
cement pore solution is essential for optimizing the effectiveness of internal curing agents.
The desorption of entrained water from internal curing agents is closely linked to the
internal relative humidity of the cement paste. Desorption takes place when the relative
humidity of the cement paste decreases, which can occur due to external dryfig o
desiccation. In cementitious mixes with a lewb, desorption typically begins after the
setting process, during the third stage of hydration. The duration of desorption depends on
particle size and can last for several days until all absorbed iwa¢ézased. Proper timing

Is crucial when using internal curing agents to avoid excess water during the dormant
period, which can result immore porougpastewith reduced strength. The most effective
useof internal curing agents occurs when desorption starts during the acceleration period
and continues into the deceleration period of cement hydration.

While SAP have shown promise as internal curing agentsrimtentbased materialdue

to their high absorption capacity, their a@mewable and petroledbased nature
increases the carbon footprint of the construction industry. In contrast, natural fibres offer
a sustainable and cesffective alternative. Natural fibres are widelyadable in various
regions, often at little to no cost, and their useementbased materialbrings multiple
benefits. They can serve as renewable resources, contribusngttonable construction
practices and reducing environmental impact. Moreover, natural fibres are frequently
derived from agricultural wastes, creating additional income opportunities for farmers.
However, further research is needed to fully understa@antechanisms of natural fibres

as internal curing agents in cementitious mixes, as they have been less extensively studied

compared to LWA and SAP
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Hollow natural fibres, such as MW fibres, can be promising options as internal curing
agents due to their uniqgue morphology, particularly their extremely wide lumen, which can
act as reservoirs for internal curing water in cementitious mixes withviterto-binder
ratios. However, existing literature suggests that MW fibres have an amphiphilic nature,
and their potential for improved hygroscopic properties needs further investigation.
Additionally, the synergistic effects of morphology and chemical coitipos/ariations

of MW fibres on various properties of cementitious mixes require further.study
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Chapter 3 Effect of Fibre Length and Treatments on the
Hygroscopic Properties of MilkweedFibres for Superabsorbent
Applications?

Amirmohammad SabziparvarLina Boulos?, M. Reza Foruzanmefr
aDept. of Civil Engineering, University of Ottawa, 161 Louis Pasteur St., Ottawa, Ontario
K1N 6N5, Canada.
Abstract

This study investigated the influence of freatment methods and size distribution on the
hygroscopic properties of milkweedibres (MW). Pretreatment methods included
hydrothermal treatment and hybrid treatmemhich involves the hydrothermal treatment
followed by the alkaline treatmenBcanning electron microscope (SEM), Fourier transform
infrared (FTIR), and Xay diffraction (XRD) were used to investigate the effect of- pre
treatments on morphology, chemical composition, and crystallinity of milkwdees,
respectively. BrunaueEmmett Teller (BET) surface area analysis was also used to measure
the surface area of milkwedbres after each preatment. The results revealed that only after

5 minutes of stirring, hydrothermal treatment and hybrid treatment enhanced the water
absorption capacity of netneatedMW fibres from 18 +4 g/g to 54+4 g/g and 50+1 g/g,
respectively. The SEM and FTIR confirmed the removal of waxes from the surface of milkweed
fibres after applying hydrothermal treatment without causing any changes to ltbe ho
structure of fibres. Hydrothermal treatment improved hydrophilicity and hence better

hygroscopiccharacteristics of MWibres, as evidenced by increased absorption capacity and

1 A version of this chapter is published in JournaEnfironmental Technology & Innovation
(https://doi.org/10.1016/j.eti.2022.102930

The paper is the own work of the candidate; auttina Bouloscontributed tothe review and editingof the
manuscript
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better water retention property. The hybrid treatment, on the other hand, caused the hollow
structure of MWibres to collapse completely, and left holes on the surface. As confirmed by
FTIR and XRD, this occurred because of the dissolution of lignin and hemicellulose. As a result
of these severe morphological alterations, the hybrid treatedfiibtés showed inferior water
retention properties compared to the hydrothermally treated sample. Fotheit was
observed that MWibres with larger size distriltion exhibited higher water absorption capacity

and better water retention properties compared to the snfidlies. Therefore, it can be
concluded that hydrothermal treatment can improve the hydrophilicity offidi\é and pave

the way for their application as superabsorbent materials in a simple areffeosve manner.

Keywords: Milkweed fibres; Hygroscopic properties; Natufdres; Superabsorbent

Graphical Abstract

S
S 60
g
[ Superabsorbent Applications ] Milkweed ATR-FTIR Spectra % 40
§ %
2 g
120 e m‘m‘”,'“"uwm, e 'lummlmou Uignin 2 20
™ Y ns:sm' 1238 om* g 10
o9 1.00 2 ol
= Small fiber (S60) Long fiber (L60)
0.80 4 ONon-treated @t |Hybrid
-3
,E A
£0.60 /
o H
P N 2 (I P ‘ P
3000
H \ PR Hygroscopic
2 0.20 4 E gt i Characteristics
7 _ |
A . i V, N—
'R 0.00 = T — T — . \
- 3900 3400 2900 2400 1900 1400 900 400

Wavenumber (cm™")
—Non-treated Hydrothermal treatment —Hybrid treatment

Figure3.1. Graphical Abstracteffect of FibreLength and Treatments on the Hygroscopic
Properties of MilkweedFibres for Superabsorbent Applications

64



3.1 Introduction

Superabsorbent materials, also caagerabsorbenisare materials that can absorb and retain
water up to several hundred times their dry weight within their hydrophilic stryaiyEs]

There is a growing interest in superabsorbent materials due to their high potential for various
applications in the market, such as personal hygiene (e.g., diapershietngdical (e.qg.,
bondages, surgical sponges, etc.), meat packaging, waste treatment, water conservation in
agriculture, water purification, and construction materigl8,92 95]. The majority of
superabsorbent materials are synthetic gedroleumbased products, mainly made of
polyacrylates, which are neenewable[18]. Depending on their types, water absorption
capacity of these petroleubased SAP can be as high as-3000 g/g with absorption rate
ranging from less than a minute to several hg88210] However, SAP have significant
manufacturing costs, high embodied carbon, and are environmentally harmful, making their
usage incongruous with the principles of sustainability. Therefore, scientists have been working
on using more environmentally friendhgaterials such as naturféres in the aforementioned
applications. Naturafibres are obtained from renewable resources and offer a number of
benefits including availability, abundance, and low cost. In addition, one of the most important
characteristis of naturafibres is their hydrophilic nature which allows them to become fairly
high absorbent materials. The application of natfiba¢és as absorbents goes back to the days

of the Egyptian civilization when they used cotton cellul@dd].

The hygroscopidehaviourof natural fibres is dependent on their chemical composition and
physical structure. Chemical composition has a significant role in the hydrophilicity of natural
fibres. Generally, naturdibres are composite materials made of a matrix consisting of lignin

and hemicellulose, with cellulose fibrils, which act as reinforcements. Other components, such
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as waes are also present in lower percentages as well. The presence of avaketgher
impurities provides a protective layer surrounding these ndtlres, preventing access to the
reactive functional groups of the primary components. In general, those polymeric compounds
in naturalfibres that contain polar groups can establish hydrogen bonds with water molecules
[151]. Célino et al (2014) conducted qualitative and quantitative tests through FTIR
spectroscopy and observed the effect of moisture content on nibweal infrared spectra

[160]. They found that hydroxyl groups of amorphous cellulose and hemicellulose, and
carboxylic groups of pectin, are the potential sites for water absorption. In addition, the presence
of a lumen and surface cavities can increase the hygroscopic properngaraffibres due to
capillary action[63].

Milkweed is a perennial plant native to North America, wAtlepias syriacdeing the most
common speciesMW fibres are silky whitdibres extracted from the seeds of the milkweed
plant. Among naturafibres, MW floss fibre has a hollow structure which makes it unique
compared to other naturfdbres [25]. The extremely wide lumen MW fibres, which takes up

to 77% of thefibre volume and its thin cellulosic wall (approximately 1.3um), can potentially,
promote its absorption capacii®6,27] However, this hollow lumen also gives Miilires a

fluffy nature with a density of approximately 300 k§/aomparing to conventional SAP with

a dry density of around 1500 kgif85,199] This is an important factor which need to be taken
into consideration for the application of Mil¥res as a lightweight materiaIW fibres, like

other lignocellulosidibres, are composed of cellulose (39%), hemicellulose (36%), and lignin
(18%). However, other components such as waxes, pectin, and sugars are also present in small
amounts (<5%) iIMMW fibres [25]. As discussed in the previous paragraph, some of these

components are hydrophilic and can act as absorption sites for water molecules (mainly
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cellulose and hemicellulose), whereas others, like waxes, are hydrophobic. As aviésult,
fibores can be classified as an amphiphilic material that can exhibit both hydrophilic and
hydrophobic properties. For instance, Parmdlail (2020) observed a superhydrophobic surface
with a contact angle of around I4hd up to 10@/g of oil absorption capacity MW fibres

[200]. Choiet al (1992) also reported a crude oil sorption capacity of 40 g/g previf2y.

On the other hand, some studies have shown the high potentMWbfibres for water
absorption. For example, higher moisture regain has been reporiéd/féibres in comparison

to cotton (11% vs 8%, respectivel®6,28,202] In addition, it was observed that the unique
hollow channel ilMW fibres can result in fast moisture absorpj@f9,203,204] To the best

of the authorsé knowledge, there is only one
MW fibres as an absorbent material. Kunedral. (2020) assessed the moisturehaviour
properties oMW andMW(/cotton blended sanitary napkins. They found out that the higher the
blend percentage dfW fibres, the greater the amount of liquid absorption, liquid retention
capacity, and liquid holding capacity under pressure of sanitary ng@Ribjs

Depending on the intended use of natlitaks, different prereatment processes may be used.
Alkaline treatment (also known as mercerization) is a popular treatment procedure for natural
lignocellulosic fibres [212,213] Alkali treatment can remove and/or reduce lignin and
hemicellulose by changing the concentration and duration, which rfiakes increase their
surface roughneg4214,215] Hydrothermal treatmetid also a simple way to reduce or remove
polysaccharides and impurities (such as waxes, pectin, and volatile compounds), from the
naturalfibres and thus enhance their affinity to aqueous mgli&i 217]. This is done by
implementing hot water of 80 °C to 125 °C since most gums, tannins, starches, and sugars

dissolve in water within this temperature rafig/es].
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Size is another important factor in superabsorbents and can remarkably impact their hygroscopic
properties. Smaller absorbent particles reach their swelling equilibrium sooner, while their
absorption capacity is lower than the identical absorbent witherdadgmensions[74].
Furthermore, the size of superabsorbents influences their water retention andoeeassur
[218,219] Water retention of superabsorbents is projected to decrease with finer particle sizes,
resulting in a higher release rg220].

This study aims to study the hygroscopic propertiéd\f fibres for their use in superabsorbent
applications. The influences dibre length and préreatment methods on hygroscopic
properties ofMW fibres are investigated. Rteeatments involve thaydrothermal(HT) and

hybrid treatmentsHY, i.e., the combination of the hydrothermal and alkaline treatments). The
effect of each prreatment on the morphological change and chemical compositibtWof

fibres is thoroughly studied using SEM, BET, FTIR, and XRD.
3.2 Material and Methods

3.2.1Materials

Milkweed fibre (MW) batches were provided by Protecstyle, Quebec, Canada. All chemical
products were purchased from Sigdldrich. Whatman Grade 4 filter paper also purchased
from Cytiva.

3.2.2Fibres Size Gradation:

To investigate the effect of size on hygroscopic propertiddWwffibres, size reduction of the
fibores was conducted through both grinding and sieving. Size reduction is beneficial in
preventing the entanglement of lafifgres and studying thieehaviourof individualfibres rather

than entangled bundles. Size reduction was made through intermittent grinding and sieving

cycles. The grinding was done with a blade grinder for 10 seconds. After grinding, sieves No.
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25 and No. 60 (with a mesh size of 710 um and 250 um, respectively) were used to grade the
fibres. The sieving process was done with an electrical sieving apparatus for 5 minutes.
Therefore, two grades d@ibre length were obtained, includirfdpres retained on sieve No. 60
andfibres passed through sieve No. 60, designated as L60, and S60, respectively. Particle size
analysis was implemented using SEM images in low magnification mode. ImageJ software was
used to analyze SEM images, which involved measuin@dength of at least 500 unigfileres

for each size range.

3.2.3Fibre Pre-treatments

Two types of prdareatments were conducted to study their ability to remove hydrophobic
components frolW fibres and subsequently improve their hydrophilicity. The hydrothermal
treatment was done by soaking and stirring Mib¥es in boiling water for 2 hours. The water
temperature was monitored to be at least 90+2°C during the trealthehtY treatment, which
involves the hydrothermal treatment followed by the alkaline treatment, was also studied. The
alkaline treatment was conducted by soaking andrgjimMW fibres in 5 wt.% NaOH solution

at room temperature for 15 min. Afterwards, in all-peatments, samples were removed,
washed thoroughly with distilled water and owaned at 85 +2°C for 24 hours.

3.2.4Fibre Hygroscopic Properties

The moisture content of the-esceivedMW fibres was determined through weighing, oven
drying, and reweighing procedures similar to ASTM D249%. Five samples of 0.5 ¢dW

fibres were placed in the oven at 85°C+22@l regularly weighed until the mass became
constant. The moisture content (MC) of theraseivedMW fibres were determined to be

approximately 8%. The required time for complete removal oMki¢ fibores 6 moi st ur e we
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recorded and used for drying the specimens before characterizing hygroscopic properties of the
fibres.

Water Absorption Capacity

Figure3.2 depictsthe overall procedure for determining the hygroscopic characteristid¢g\of

fibres. Water absorption capacity was measured by immersig\Wéibres in distilled water

using a magnetic stirrer set at 700 rpm. Milkwé&bdes were immersed and stirred for various
durations, i.e., 5 min, 30 min, and 1 hr and their absorption capacity were measured through a
filtration method using the Whatman 4 filter. The filter was saturated prior to the filtration to
ensur e i tncathedvatér absarptioh meagurements. The filtration process cantinue
until the interval between the susséve drops became at least 1 min. The water absorption

capacity (AC) was calculated as follovisg(ation3.1):

. a «a
0 07rQ Equation3.1

Wherems is the initial overdried fibres mass, mis the initial mass of water, andsns the

filtered water. All the measurements were performed for five replicates.
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Figure3.2. Schematic view of the main steps in the measurement of the hygroscopic
properties of MWfibres
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Applying an external force to establish immersion state is necessary due to the entrapped air
inside the lumen. For example, the conventional teabag mgtBdpwas not successful when

the authors attempted to measuretibleaviourof MW fibres' absorption during the preliminary

trials. In fact, the reason the entrapped air stays inside the lumen is the morphology and the size
of the lumen. Although improving the hydrophilicity of fibores may increase the capillary
pressure, this increagenot high enough to expel the entrapped air and thus fibres will not be
submerged in water. Therefore, an extra centrifugal force is needed to replace air with water.
Water Release Rate

Water release rate (WRR) of treated and-treated(N) fibres were determined directly
following the absorption capacity tests. Following the filtration process, the filter paper,
together with thdibres that remained on the filter, were weighed and recorded..ak rthe

next step, they were placed in a humidity chamber and exposed to a dry environment of 38£1°C
and RH of 20+1%, and the weight of the filter containingfiiwes was recorded assravery

15 min. However, to avoid counting in the amountvater absorbed on the filter papers during

this test, the weight of ten individual saturated filter papers (withoufilareg) was recorded

each 15 min while exposed to the dry environment in the humidity chamber (i.e., 38+1°C and
RH of 20+£1%). The obtained data was then used to be subtracted from the recorded values of

the primary test. WRR was then calculated \iétiuation3.2.

e a a
@Y YP a a p T Equation3.2

Where m is the mass of saturatéire obtained just after water absorption capacity tesism
the mass ofibre after each time exposed to the humidity chamber environment, aisctine

initial ovendriedfibre mass.

71



3.3 Characterizations

3.3.1Morphology and Specific Surface Area

A scanning electron microscopy (SEM) JEOL J3BDOF was used to study the size
classification ofMW fibres. The SEM images were taken using a lower secondary electron
(LEI) detector with a 3 kV acceleration voltage. In addition, the effect of different treatment
methods on the morphology MW fibres was also observed by SEM. The Brunakermeti

Teller (BET) surface area analysisMV fibres was performed with a Micromeritics Gemini

VII - 2390t using ultrenigh purity liquid nitrogenFifteen samples weresed for SEM analysis,

and three samples were used for BET analysis for each specimen.

3.3.2Chemical Composition

FT-IR Spectrometer in attenuated total reflectance mode (Thermo Fischer, Nicolet 6700) was
used for FTIR analyses MW fibres after each treatment method. The spectra were acquired

between 400 and 4000 &mwith a resolution of 2 cfit at room temperaturd&he average

spectrum was then calculated from five samples tested for each specimen.

The crystallinity modifications oMW fibres (after treatments) were studied usinga)
diffraction (XRD). A Rigaku Ultima IV Xray diffractometer with a sealed tube Cu K source
was used for the XRD experiment. For each sample, the crystallinity index was computed using
the Segal techniqu@22] and the Area methof223]. The Segal technique uséguation3.3

to compute the crystallinity index (Cl) of a material based on the intensity of peaks in the
crystalline and amorphous regions. The area method also calculates the crystallinity index from

the integral area of the (002) reflection over the total area.
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0P O pmm Equation3.3

In this equation’O is defined as the maximum intensity of the crystalline (002), which appears
at¢— ¢ ¢ while O is the minimum intensity of the amorphous region occurs-at p ¢ J

The deconvolution of XRD spectra for Milhres was acquired using Gaussian funcf@izd].
3.3.3Statistical Analysis

Statistical analyses were performed to confirm the influence of each treatment method on the
hygroscopic properties MW fibres. Since the population of samples was less than 30 samples,
p-values were calculated in Microsoft Excel using a-tailed hypothesis from T score results.

T-scores were calculated using the formula belegu@tion3.4):

n_oon Equation3.4

Where' and’ are the mean values of samples A angl Band,, are the standard deviations

of the samples and and¢ represents the number of tests specimens in each condition. If the
calculated prvalue for a test was less than 0.05, the result was considered statistically significant.
The results of statistical analysis of hygroscopic property measurements are gdrésente

Appendices
3.4 Results and Discussion

3.4.1Patrticle Size Distribution
Microscopybased technique such the SEM image analysis is a powerful tool for particle size

characterization because it enables direct size measurement and morphology[2@&lySise
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size distribution of each grade of the ground and si&Mdfibres is measured by SEM image
analyses and presentedTiable3.1. The asreceivedMW fibres exhibited a vast range fitbre

lengths between 60 pm and 1000 um. The high variation ifidreslength of agreceived MW

fibres was noticeable in their elevated standard deviation which is equal to 224 um. The d (0.9)
of the asreceived sample was revealed to be approximately 484 um. The d (0.9) value
represents the size in which 90% of the sample is lower than this size. Tibgorech the size

of thefibres through the grinding and sieving processes resulted in a narrower rdiige of

size for L60 and S60, with d (0.9) value3¥1 um and236 um, respectively. Furthermore, the

L60 and S60samples with standard deviation values of 153 qumd 96 pm, respectively,
showed that the graded samples had a more uniform size distribution thamnebeiasdibres.

Table3.1. Size classification d/IW fibres by SEM image analyses

Sample d (0.9) SD

As received 484 pm 224 pm
L60 331 uym %153 um
S60 236 um =96 pum

3.4.2Effect of Treatments on Morphology and Surface Area of Milkweed~ibres

In Figure3.3, SEM micrographs depict the morphological changad\ii fibres after theHT

andHY treatmentsFigure3.3 (a, b) demonstratine N-MW fibres with a hollow structure and
smooth surface. The presence of smooth protrusions on the surthedNeW fibres could

be the trace of wax debris. The debris was removed after the hydrothermal treatment, resulting
in a smoother surface with fewer protrusioRgy(re3.3 (d)). The hydrothermal treatment had

no significant impact on the morphology W fibres, and thdibres were able to maintain

their hollow structure, revealed in the SEM microgrdplgure 3.3 (c)). However, drastic
morphological changes were observed in Mbves followed by theHY treatmentFigure3.3

(e, f)). The SEM micrographs revealed prominent morphological changeshtytsamples.
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The samples no longer exhibited, a hollow structure and exhibited some defects on their surface.
This finding is related to the dissolution of lignin and hemicellulose (i.e., the matrix for cellulose
microfibrils in lignocellulosicfibres) that decrease thibre strength against the radial recoil

[226].

Figure3.3. SEM images of aseceived milkweedibres (a, b), after hydrothermal treatment
(c, d), and after hybrid treatment (e, f)

The specific surface area was measured and compared withNIW fibres (Table3.2). The

BET surface area dheN-MW fibres was computed as 2.3/qn HowevertheHT-MW fibres
showed a smaller value of 2.2/ As observed in SEM images, hydrothermal treatment only
affects the surface of M\lbres and removes protrusions from the surface of fibés, which

is reflected in their slightly lower BET surface area. On the contraryhédiY -MW fibres,

the removal of lignin and hemicellulose during alkaline treatment resulted in a remarkably
greater BET surface area of 3.3/m

Table3.2. BET surface area of the noreated and treated M¥ibres

Sample Non-treated (N) Hydrothermal (HT) Hybrid (HY)
BET surfaces area @fgy) 2.30.5 2.1°0.4 3.30.3
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3.4.3Effect of Treatments on Chemical Composition of Milkweed-ibres

In this section, first, FTIR and XRD analysestloé N-MW fibres will be discussed in detail.
Following sections discuss the effect of each-tpeatment method on the composition and
crystallinity of MW fibres.

Non-treated MilkweedFibres

Figure3.4 shows the FTIR spectra tfe N-MW fibres. The FTIR spectra were normalized to

the 1035 critt peak. According to the literature, the absorption peaks between 3400 and 3200
cnrtin the functional region, and 1035 @rim the fingerprint region are characteristic peaks of
general cellulose, attributing to-B stretching and €© stretching, respective[g27,228] The

absorption peak at 1735 &fis mainly due to the C=0 stretching vibration of the carboxylic

acid in hemicellulose oMW fibres [227]. The main peaks associated with lignin also can be
found in several wavebands such as 1595, 1505, and 12925jmAlthough the identification

of the three main components of lignocelluldgices (i.e., cellulose, hemicellulose, and lignin)
using FTIR has been wallocumented in the literature, the characterization obsamnd pectin
has still remained challenging. However, Richetrdl.(2019) were able to extract wesfrom

MW fibres and characterize its FTIR speci{es]. One of the characteristic peaks of the
extracted wax from MWibres is located near 2916 dinwhich corresponds to the asymmetric
and symmetric aliphatic CHand CH stretching [229,230] In addition, this wax is
characterized by another peak at 2850'ararresponding to €1 stretching mod¢25]. The
same absorption peaks at 2850'and 2920 cmalso reported for greases and polysaccharides
in flax fibres, respectivel\j231]. The following sections (i.e., 3.3.2 and 3.3.3), discuss the

influence of each treatment method on the removal of the aforementioned components.
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Figure3.4. FTIR analysis of milkweed fibres witlhifferenttreatments

X-ray diffraction (XRD) is a technique implemented to assess the crystallinity degree of
material. Among the main components of a lignocelluléibie, cellulose is semicrystalline,
whereas lignin and hemicellulose are +ompstalline[232,233] Figure 3.5 shows the Xray
diffractograms of nottreated and treatddW fibres. The diffractograms indicate that the main
crystalline peak that appeared at approximately ¢ @ Jcorresponds to the cellulose
crystallographic plane (002Figure3.5, (a)). The other peak appedmas a single broad peak
between 15° and 16°, which can be recognized using peak deconvolution and separated into
two independent peaks at 14.8° and 16.9°, representing (110p@my espectively. These

two peaks are cellulose type | peaks that have been smeared due to the presence of (012) peak
at 20.9° Figure3.5, (b)). In fact, when the amorphous content offithve (hemicellulose, lignin,

pectin, and amorphous cellulose) is substantial, these two peaks @edo € 2 @ ))combine

to form a single broad pe§k34]. Crystallinity indices (Clwerecalculated based on the Segal
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method as well as area method (i.e., the integral area of the (002) reflection over the total area)
and presented ihable3.3 [235].
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Figure3.5. X-ray diffraction curves of notreated and treated milkweéHbres (a), and peak
deconvolution of no#treated milkweedibre

Table3.3. Cl (%) of milkweedibres with different treatmenhethods

Sample Non-treated Hydrothermal Hybrid

Segal 45 a7 63
Area 53 54 64

Hydrothermally Treated MilkweedFibres

Treatment of naturdiibres with hot water is a neaggressive approach for removing non
cellulosic components from thibre [236]. In addition, hydrothermal treatment is an easy and
low-cost method that produces no toxicfmpducts and is thus an environmentally friendly
approach. The most prominent change after hydrothermal treatment is the removal of wax,
which was congruent witthe disappearance of two FTIR peaks at two peaks at 28%@run

2916 cmt (magnified in the top left dFigure3.4). As discussed earlier, these two peaks are the
main characteristic peaks of waxesMW fibres which is attributed to the asymmetric and

symmetric stretching of the GHjroup mainly due to the presence of the aliphatic hydrocarbon
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in waxes[25,230,237] Therefore, the FTIR results revealed that the hydrothermal treatment of
MW fibres removed a significant amount of wax from the surfadd\0f fibres.

X-ray diffractograms demonstrated that the Segal crystallinity index (QV)\Wéffibres slightly
improved to 47% after hydrothermal treatment, compared to 45% fdd-t&V fibres. The

same increase was seen using the Area technique, WtMW fibre having a crystallinity

index of 53% compared to 54% fotHI-MW fibre. The removal or reduction of amorphous
matters such as waxes and pectin can be linked to the greater crystallviity 6bres after
hydrothermal treatmeifi238]. In other words, the hydrothermal treatment could gently remove
waxes and pectin but not the major components, preservingl\ttidibres' primary hollow
structure. The FTIR spectra also confirmed that there were no significant changes in the bands
of cellulose, hemicellulose, and lignin.

Hybrid Treated Milkweed-ibres

TheHY treatment is the hydrothermal treatment followed by 15 minutes of alkaline treatment.
Alkaline treatment is one of the most widely used methods for the treatment of fiatesal
[239,240] Basically, an alkaline treatment is able to remove allcelulose components
except waxe$241,242] In addition to the removal of waxes, which was observaldahT-

MW fibres, the main changes in the FTIR spectrahefHY-MW fibres are the removal of
peaks at 1735 crthand 1238 cm corresponding to hemicellulose and lignin, respectively.
These alterations are attributed to the alkaline treatment. The absence of a peak neart1735 cm
corresponding to carbonyl group (C=0) stretching was mainly due to extracting hemicellulose
and lignin. When compared to the Aeadfibres, the partial removal of lign was likewise
consistent with a considerable drop in the intensity of the peak at 1238Ttem band at 1238

cnrt appeared to be the O stretching vibration in the lignin of M\fibres[243]. Furthermore,
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the elimination of the shoulder peak at 970'qmC-H- deformation) was another indication of

the removal of hemicellulog@5].

The removal or reduction of lignin and hemicellulose followed by Hie treatment was
confirmed the XRD analyses, revealing the higheFgjure3.5 shows that thélY sample had

the most substantial rise in the intensity of the (002) plane, which is primarily attributable to
alkali treatment. The CI of thelY sample increased to 64% compared to theample
(Cl:53%), according to the area technique. This finding is congruous with the previous
literatures that reported increased crystallinity of natfitaks after exposure to alkaline
solution [244]. The alkaline treatment decreases -poystalline elements (lignin and
hemicellulose) and allows more cellulose to be exposed, resulting in a higher crystallinity index

value.

3.4.4Hygroscopic Properties of MilkweedFibres
Water Absorption Capacity (AC)
The influence of different stirring times on the water absorption capadity\ofibres of each

treatment method and size gradation was investigated and shé&vwguia3.6.
Effect of size

Fibre length can have a huge impact on water absorption capacity. For an extremely hollow
fibre like MW, the effect of length is even more pronounddtlV fibres with longer lengths

can contain more entrapped air than those with shorter lengths when they are plunged into water.
The water absorption capacity of S60 Mibtres did not vary considerably when the stirring

time increased or when the treatments were applied (See Appgndhiich shows insignificant
difference between the groups of S60 Mres). Thisindicated that after the first 5 minutes,

S60 MW fibres had almost reached their maximum absorption capacity, and that continued

immersion in water would not enhance the amount of water absorbed. In other words, due to
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less entrapped air in their hollow structure, shorter ¥Mbkes, i.e., S60, reached their full
absorption capacity soonétrhas been reported that cotton can absorb water up2@ Bmes

its own weight. For the S@@W fibres which are not prone to interlocking and establishing 3D
scaffolding, the absorption capacity of treated fibres is betweeh @5 and 412 g/g[245].
Furthermore, the L60 sample had a higher water absorption capacity than the S60 sample, with
the exception of a-Bninute stirredN sample. The same phenomenon was observed for SAP as
well, where smaller particle sizes exhibited lower absorption capacity because they reached
swelling equilibrium faster than the identical SAP type with larger par{fi¢&eg4] The higher

water absorption capacity of L60 samples compared to S60 samples could be due to the
entanglement of long L6flbres. In other words, since the L60 sample has lofigegs, they

may become entangled and form a 3D scaffold. This system provided an additional space to
store extra water between the individikes and increased the water absorption capacity.
Besides, for nottreated L6AMW fibres, the results showed that the prolonged stirring helped

the release of entrapped air in the long lumen and enhanced their water absorption capacity.
Effect of treatments

As the graphs demonstrate, the absorption capacity faX-#k&V fibres is approximately 59

18 g/g, which is obtained after 60 minutes. HiIEEMW andHY-MW increased the maximum
absorption capacity to 66+3 g/g and 76+5 g/g, respectively. The results revealed that only after
5 minutes of stirring, hydrothermal treatment and hybrid treatment enhanced the water
absorption capacity dheN-MW fibres from 18 +4 g/g to 54+4 g/g and 50+1 g/g, respectively.
Regardless of stirring duration, the fireatments werelde to enhance the water absorption

rate of thefibres by removing the hydrophobic components like wax and lignin. In addition to

enhanced hydrophilicity, this could be due to a larger induced capillary pre8supeir{ the

lumen oftheHT-MW fibres, as stated in the previous section. In other words, thiegatnents
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made thefibres 6 i nteri or walls more hydrophilic and

i nside the | ume ikquatichd.q) exglans how g dearéaseoimconfact angle
leads to a highed 8In fact, the more hydrophilifibres are, the higher positive capillary

pressure is that will add up to the centrifugal forces andflialpthe lumens with water.

¢ WEMDE+
i Equation3.5

CA

Where[ is liquid surface free energy-is the water contact angle, and r is the radius of
capillary.

As shown inFigure3.6, the impact of centrifugal force on treated fibres is significantly lower
when compared witthe N-MW fibres. In other words, the treatment made the MW fibre more
hydrophilic, resulting in higher absorption rates and thus they absorbed a major portion of water
within only 5 minutes. For instance, the increase in the absorption capacity when the stirring
duraton is increased from 5 to 60 minutes is 227%lierNsamples compared to 52% tbe
HY-MW fibres. This value is 24% fothe HT-MW fibres. However, longer duration of
centrifugal forces helped to increase the absorption capacity of MW fibres primatiiy in
ways. First, expulsion of the air entrapped from the lumens, which facilitated the water ingress
into the lumen oMW fibres. The storage of water within the dRcffolding network of long

fibres is the second mechanism that causes an increase in water absorption capacity by
increasing the stirring duration. While the first mechanism is especially trtleefdrMW and

HT-MW fibres with intact lumens, the latter is the primary mechanisrilifosamples.
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Figure3.6. Water absorption capacity of milkweétres with differenttreatment methods
after different stirring durationgor size classifications of L60 (left) and S60 (right)

Water Release Rate (WRR)

Water release rate is an essential factor in evaluating the efficacy of superabsorbent materials.
Thefibres were immersed in water and stirred for 5 minutes before measuring the WRR. The
effect of each préreatment method on the water release ratd\tf fibres is shown irFigure

3.7for the L60 and S60 samples. It is worth mentioning that flivés samples with the stirring
durations of 30 min and 60 min exhibited almost the same desdpgi@viouras 5 min stirring

and were so excluded from the gradlowever, the complete results for all durations of stirring

are also presented in Appendix, Figure AP.1.
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Figure3.7. Effect of pretreatments on the water release rate of milkwiderd after 5 minutes
of stirring, for size gradation of L60 (left) and S60 (right)
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The result showed that tir-MW fibres released their water content over a longer period than
theN- andHY-MW fibres. TheHT-MW fibres gradually released their absorbed water content
over 180 minutes for L60 size and 135 minutes for S60 size. Furthermotbetdir-MW
fibres, when L6Gibres were compared to S@0res, it was observed that the lon@iéres were

able to hold their absorbed water content for a longer period of time. Howevitre MW

fibres andHY-MW, the water release rate of L&Bres was faster than Séire. For irstance,

L60 hybrid treatedibres release 90% of their water in 55min while this value for fges

with the same treatment was 68min.

The statistically significant difference in the water relebskaviourof the HT-MW fibres
relative totheN-MW fibres can be justified by their enhanced hydrophilicity due to the removal
of wax from the surface of M\Wbres. The enhanced hydrophilicity dhie HT-MW fibres can

help to improve water retention property through two mechanisms. Firdiptee become
more hydrophilic and since tfibre morphology remains intact, water absorption can take place
by entering the lumen due to high capillary pressure. Secondly, the removal of waxes from the
surface, led to greater water storage whiblres are entangled. However, the dramatic
morphological changes results in a dramatic decrease in the water retention capackiyef the
MW fibres (seeFigure3.8 that shows the formation of holes and defedtspther words, the
alkaline treatment part of tHeY pretreatment caused permanent morphological changes that
diminished their water releasehaviourby allowing water to ooze out from the holes and
defects. This indicates that the damaged lumen irHttiesamples is no longer able to hold
water inside the lumen. Consequently, a high percent of absorbed water is kept between the
entangled fibres, as confirmed by the higher water release rate dbt€&comparing to S60

fibres.
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Figure3.8. SEM micrographs showing the holes and defects in the hteaded MW iores

3.5 Conclusions
This study focused on the influence of reatments and size distribution on the hygroscopic
properties ofMW fibres. In addition, the effect of piteeatments, including hydrothermal
treatment and hybrid treatment, on the morphology, chemical composity@tallinity, and
thermal stability oMW fibres was investigated.
The study revealed that the hydrothermal treatment could be a simple andsiomethod to
remove the waxes from MWhbires while maintaining the hollow structure of thbré. As a
result of the removal of waxes, the hygroscopic properties of Mksfimproved significantly
compared tothe N-MW fibres. In addition, SEM micrographs also confirmed that the
hydrothermal treatment could gently remove waxes and other impurities from the surface of
MW fibres without causing any damage to its unique hollow &irac

Conversely, thedY pretreatment led to a drastic morphological change of Ntwe$ due to
the removal of lignin and hemicellulose. Althoublly treatment resulted in enhanced water
absorption capacity comparable to tH&-MW fibres, they demonstrated an inferior water

retentionbehaviourcompared to th&lT samples. In other words, the defects and holes in the
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MW fibre surface and the removal of hemicellulose aftexr HY treatment resulted in a
significant reduction in their water retention property.

Besides, the results showed that Mitds with larger lengths (i.e., L60) exhibited higher water
absorption capacity and better water retention property. The smaller ibteg {i.e., S60)
provided a limited absorption capacity and released the absorbed water faster comparing to
larger MW fbres.

The comprehensive analysis and findings of this study support the feasibility ofMigihg

fibres as a superabsorbent after removing hydrophobic substances using prdpsatprent
methods, especially hydrothermal treatment. As a rabalfjext step of thetudy will look into

the application oMW fibres as superabsorbent materials, specifically for use as an internal

curing agent in ementbased materials
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Chapter 4 Enhancing Hydration and Internal Curing in
Cementitious Mixes: The Impact of PreTreated Milkweed Fibres?

Amirmohammad Sabziparv3rDonato Taleponga M. Reza ForuzanmeRr
aDept. of Civil Engineering, University of Ottawa, 161 Louis Pasteur St., Ottawa, Ontario
K1N 6N5, Canada.
bCenter of Innovative Technology and Ecodesign (CITE), University of Sherbrooke,
Sherbrooke, Quebec J1K 2R1, Canada.
Abstract

This study investigates the internal curing effects of milkweed fibres (MW) in Portland cement
mixes, exploringdifferentdosage levels and pteeatment methods. The study first assessed
the impact of MW fibres on the effective lwthrough rheological measurements, enabling
accurate comparisons of samples with identical effeetile Both MW fibre pretreatments

and dosages were found to impact the effeatil®in the mixes, leading to the categorization

of MW fibre-incorporated samples into three groumssed on their effectivav/b. In the
subsequent phase, the internal curing effect and hydration characteristics of cementitious mixes
were evaluated with varying dosages of MW fibres. Optimal internal curing performance was
achieved with 0.1% pr#eated MW fibres compared to 0.2%sulting in up to a 17%
improvement in the degree of hydration compared to the reference sample with the same
effectivew/b. This showed the adverse effect of hight/ dosagedue to the reduction in the

free water availabilityand higher leaching of extractives, which further intensified the hindrance

of the hydration process. Furthermore, microstructure analyses, including TGA/DTG, XRD,

2 A version of this chapter is published in Journal of Case Studies in Construction Materials
(https://doi.org/10.1016/j.cscm.2024.e03P79

The paper is the own work of the candidate; aubmnatoTalepongacontributed tahe preparation of samples

for SEM and isothermal calorimetry
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and SEMEDS, of cementitious mixes incorporating MW fibres confirmed that the inclusion of
0.1% hybrid and hydrothermatlyeated MW fibres resulted in a higher formation of hydration
products. This is achieved by providing an adequate amount of freefevates initial reaction

of cement hydration and entrained water in the lumen for the subsequent internal curing. These
findings show the effectiveness and suitability of usingtpated MW fibres for internal

curing applications, as validated by themyehensive analyses conducted in this study.

Keywords: Milkweed fibres; Internal Curing; Hydration; Rheology; Superabsorbent
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4.1 Introduction

Cementitious composites with low waterbinder ratio (wb < 0.4) exhibit a significant
susceptibility to earhage cracking, primarily attributed to autogenous shrinkage and self
desiccation of the past€onventional curing techniques are insufficient for mitigating early

age cracking in low vi mixes This is due to the lower porosity (i.e., limited permeability) of
PCpastes with low Wi [246]. Among the proposed methods for minimizing the-deBiccation

of the pastes, internal curing has been effective in preventingaggelgracking7i 10]. In this
method, internal curing agents suchS#sP are used to maintain the internal humidity beyond

the selfdesiccation threshold of the pas{@di13]. They can internally cure cementitious
materials and serve as small water reservoirs spatially dispersed throughout the fresh cement
pastes with low wWd. In other words, when the internal humidity of cement mixes drops below
the desiccation thresho®AP begin gradually delivering their adsorbed water to the anhydrous
cement particles. This elevates internal humidity, improves hydration, and effectively mitigates
self-desiccation in the cement matrix, thereby reducing the risk of-agdyracking causedxy
autogenous shrinkagé6,17] However, becaus8AP are petroleunbased compounds made

from the noArenewable material polyacrylate, they increase the HPC's carbon fo¢i@jint
Hence, researchers and industries have been investigating the development of more sustainable
alternatives.

In recent years, lignocellulosic materials such as abaca fibres, pulp fibres, Kenaf fibres,
Lechuguilla fibres, and cellulose filaments have been the subject of numerous studies as
sustainable internal curing alternatives S&P [20,21,23,34,63,64,163]For instance, the
incorporation of 2% wt. of abaca fibres has demonstrated a substantial reduction of

approximately 93% at age of 192 h in the autogenous shrinkage of cementitious mixes with a
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w/b of 0.3 [21]. Compared to cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), and
cellulose microfibrils (CMF), hollow natural fibres are readily available across various regions
worldwide, often at minimal or no cost, and possess carbon sequestration ¢capaRiitent
studies have highlighted that the carbon dioxide emissions associated with producing CNC,
CNF, and CMF can exceed thoseRX. Despite earlier assertions that CNC and CNF are
environmentally friendly or carbeneutral, further research has icalied significant
greenhouse gas (GHG) emissions during their production, largely due to the prevalent use of
acid hydrolysis in both commercial and research setf@®yg. In contrast, hollow natural fibres
demonstrate comparable hygroscopic properties, which can be further improved through cost
effective and lowcarbon footprint preéreatments, such as hydrothermal and alkali treatments.
Natural fibres are typically categorized into three main groups based on the part of the plant
from which they are harvested: bast fibres, seed fibres, and leaf fibres. Milkweed (MW) fibres,
which fall into the second category, are white silky fibres exddh from the seeds of the
milkweed plant which is native to North America. However, milkweed plants are also found in
other countries, such as China and Iran, where they are known as Akund and Estabragh,
respectively. They can grow in a wide range of soiiditions and are commonly found along
roadsides, fields, meadows, and waste gi2¢ls MW fibres have a hollow structure with an
extremely wide lumen taking up to 77% of the fibre volume and thin wall, which makes it
unigue compared to other natural fibf2Si 27]. The chemical composition and morphology of

MW fibres may vary greatly depending on their origin, type, and size. The authors have recently
demonstrated that pteeatments can also alter the chemical composition and morphology of

MW fibres in favour of dveloping sustainable superabsorbent mas{@4B].
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Despite their good hygroscopic behaviour, it's essential to acknowledge that natural fibres may
present compatibility challenges when incorporated into cementitious matrices, and these
should be carefully addressed before using them as internal curints.atjetially, the
hydrophilic nature of natural fibres can cause them to absorb part of the mix design water, which
can compromise the rheological properties of cementitious nj6&249] Secondly, the
alkaline environment within cementitious matrices can induce the degradation of lignocellulosic
materials, resulting in the release of leachates that may impede cement hydration, causing delays
in the procesfl65,172 176,250]

In the initial phase of this study, we examined the impact oftreated and treated MW fibres

on thew/b in the resulting cement mixtures by implementing rheological measurements using
a rheometer. Key rheological parameters, including yield stress, viscosity, and thixotropic
behaviour were examined for precise measurements. The outcomes allowed us foadterm
effectivew/b, a vital parameter for more accurate subsequent assessment and comparison of
samples with identical effective lv/in the subsequent section of the sididpecifically,
isothermal calorimetry. Moreover, the second objective of thisystadto identify the
appropriate préreatment conditions and content, ensuring the most effective internal curing
while minimizing adverse effects on the rheological properties and hydratietics of
Generaluse (GU) Portland cement paste. The-fpeatments of MW fibres include a
hydrothermal treatment and a hybrid treatment. The later included an additional alkaline process
in comparison with the former. Two different dosages of MW fibres, speattfi0.1% and

0.2% by weight of cement, were employEdrthermore, a comprehensive analysis of how MW

fibres affect the evolution of the hydration products was conducted using thermogravimetric
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analysis (TGA/DTG), Xray Powder Diffraction (XRD), and Scanning Electron Microscopy

(SEM).
4.2 Materials and Methods

4.2.1Materials

GU cement obtained from Colacem Canada with a specific gravity of 3.17 and Blaine fineness
of 383 nt/kg was used in this study. The chemical and mineral compositions of the cement
determined by Xay fluorescence (XRF) arXi-ray diffraction/Rietveld analysis, respectively,

are outlined inTable4.1 The MasterGlenium 7500 superplasticizer (SP), supplied from Master
Builders Solutions, was used to modify the consistency of the cementitious mixes. The full
range watereducing admixture MasterGlenium 7500 is based on polycarboxylates and
complies withASTM C 494/C 494M for Type A wateeducing admixtures and Type F high
range watereducing admixtures. Sodium hydroxide used for the alkaline treatment of MW
fibres was also purchased from SigAldrich.

Table4.1. Chemical and mineral Composition of cement (wt.%)

Chemical Composition (%)

CaO0 SiO, A0z FeOs; MgO KO Na&O Loss on ignition

62.85 19.78 492 224 233 108 0.26 2.84

Mineral Composition (%)

CsS C.S CiA C/AF

53.0 14.3 7.4 6

Protecstyle Quebec, Canada supplied this research with MW Floss fibres. In this study, MW
fibres were ground and sieved to meet S60 gradation criterion. S60 stands for 90% of the fibres

passing through sieve #60 and having a length less than 236 um + 96 pm. Tlemmtdi
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conditions of MW fibres were studied-MW fibres, HT-MW fibres, andHY-MW fibres. The
HT-MW fibres were obtained after soaking them in boiling water for 2 hours. ArdMH&W

fibres were subjected to a hydrothermal treatment followed by an alkaline treatment. The
authors' previous study contains a detailed description of thrgatenent process for MW
fibres[248]. The water absorption capacity tbe N-MW, HT-MW, andHY-MW fibres were

reported to be 45, 41° 2, and 394 g/g, respectivel{248].

4.2.2Mix Proportions

Figure4.1 depicts the correlation between the quantity of Ni¥es needed for the internal

curing of cementitious mixes at differemtb. This graph was derived frofquation2.5

developed by Bentet al.for calculating the amount of LWA required for internal curing of a

cementitious mixe$251]. The average absorption capacitydifferent pre-treatedS60 MW

fibres, assumed to be 40 g/g, was used to generate this graph, with dashed lines indicating

standard deviations from the authorg\pousstudy[248]. Thesaturation level of theaternal

curing agent (i.e., MWibres) was assumed to be 1 as it is-poaked before mixing with

cement. Additionallyp a s ed o n t h ethelRhemiealsbriskaga (C&)emMas set at 0.07

g water/g cement, considering the use of only tygeClin this study[252]. The graph

demonstrates a linear increase up t@/b of 0.36, as highew/b correlate with heightened

degrees of hydration and galisestimated dsWly/036fon k age .

w/b < 0.36. However, Bentet al. proposed that a mixture withvelb of 0.36 or higher can

achieve complete hydration wdhidse rsmestdfau@e3ad ed c o
w/b  0.42, resulting in a constant amount of a required amount of internal curing agent for

mixes within this range. All in all, the recommended dosag@$arg MW fibres as internal

curing agers, based on the Benét al. model, falls within the range of 0.1% to 0.2% by weight
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of cement. Consequently, two distinct dosages of Kbiés, specifically 0.1% and 0.2% wit.
cement, were selected for use in this study to achieve a taxgited 0.30.This specificw/b

ratio was selected for two reasons. First, as previously mentioned, it falls below the critical
threshold of 0.36, which is the minimum requiredb for complete hydration of cement.
Second, av/b ratio of 0.30 is particularly suitable for observing the impact of M\Wefilas
internal curing agents the autogenous shrage is significantly highn such loww/b. This
methodology aligns with a similar approach employed previously by Kawastiala[163]

for estimating the dosage of celluldggres.

0.25

0.2 1

0.15 -

0.1 -

0.05 A

Required MW fibres (% wt. of cement)

0

024 0.26 0.28 0.3 032 034 036 038 04
w/cratio

Figure4.1. Required dosage of MW fibre (% wt. of cement) for internal curing of
cementitious mixebased orkEquation2.5

In addition, as a result of preliminary tests, the choice of a maximum of 0.2% for MW fibres
served as a threshold, allowing for effective dispersion during thegadeng process. Beyond
this point, the dispersion of MW fibres was compromised, leadinthadormation of fibre

clumps and subsequent failure of the-poaking procedure.
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The mix proportions for the cement paste samples are list€édhle4.2. For all MW fibre
containing samples, the totalb was set at 0.30. In addition to the reference sample which had
the same totalv/b of 0.30 (i.e., REF30), another reference sample witiWlaof 0.28 was
prepared. The second reference sample (REFE28) was specifically employed to investigate into
the effectivew/b of cementitious mixtures containing internal curing agents (MW fibres). The
MW fibres content was 0.1% and 0.2% by weight of GU cement. Using a magnetic stirrer set
at 500 rpm, natural fibres were meaked in a mixture of total mixing wateligtilled water)

and SP for one hour. According to our previous study, 1 hour is the approximate time required
to achieve the water uptake at saturation of the MW fifi2d8]. In order to prepare the
rheological test samples, the suspension consisting of mixing water, MW fibres, and SP was
mixed with cement in accordance with the ASTM G3@4253].

For improved clarity in referencing samples both in the text and graphs, a specific designation
assigned to each sample. The sample designation consists of three sections; the first letter
denotes the type of fibres added to the cement paste, the finsttalmers display two decimal

places fomw/b, and the dashed number represents the first decimal place for the MW fibre weight
percentage. For instance, HT30_2 denotes a cement paste sample containing 0.2% of MW fibres
that have undergone hydrothermal tneant and has a toted/b of 0.30.

Table4.2. Mix proportions of the control and M\¥bre cementitious pastes

Control cement pastes MW Fibre -cement pastes
REF28 REF30 N30_1, HT30_1,  N30_2, HT30_2,
HY30_ 1 HY30_2
w/b=0.28  w/b=0.30 0.1% MW 0.2% MW
Cement (g) 100 100 100 100
Water () 28 30 30 30
MW fibre (g) - - 0.1 0.2
Totalw/b 0.28 0.0 0.30 0.30
Superplasticizer (mL) 1 1 1 1
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4.2.3Testing Procedure

Flow Rheology

Using an Anton Paar MCR 301 rotational rheometer, flow curve tests were obtained to examine
the timedependent rheological behaviour of the cement paste samples as a result of MW fibres'
interaction with the matrix. A concentric cylinder geometry (28.9immer diameter, 26.6 mm

outer dimension) was employed. Measurements were taken 10 minutes after mixing at a
constant temperature of 23 + 1 °C. The cement paste samples weoagiteoned by shearing

them at 300 % for 1 minute and then resting for 2 mbes. The hysteresis flow curves are
obtained then by speeding up from 0 to 10Gsd subsequently stepping down from 100 to 0

s'. The Herschel Bulkley (H.B.) rheological model was chosen for analysis since it offered the
greatest Rvalues (R>0.99) of data fitting to the experimental results compared to other models
like Bingham and Casson, demonstrating its suitability for representing shedepatedent
viscosity changes in cement paste mixes. In order to assess the statistical signifiganc
samples were tested for rheological measurements.

Isothermal Calorimetry

An isothermal calorimetry test was performed to evaluate the effect of MW fibres on the heat
of hydration of cement paste following ASTM C162Z2. Isothermal calorimetry is a useful

tool for continuous measurement of the early stages of hydration whbeeaheclease rate is
relatively high. The heat flow was measured by ach&nnel standard volume isothermal
calorimeter (TAM Air 8channel instrument). The cement was mixed with the suspension
containing MW fibres, superplasticizer, and water for approtéipal min in 20 mL plastic

(HDPE) closed ampoules and immediately placed in the calorimeter. The experiment was
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conducted over an 8@our period at a constant temperature of 23°C. The induction period and
acceleration period were also determined based on the method suggestedtlal. B254].

X-ray Powder Diffraction (XRD)

The XRD tests were carried out using a Rigaku Ultima Wa¥( diffractometer thatiseda
sealed tube Cu KU source. The data were coll ec
a 0.02° step size. To prepare the cement paste samples for testing, they were first ground with
a mortar and pestle, and then sieved through a #200 medtaito @fine, uniform powder. The
hydration was then arrested by solvent exchange method and the solvent was subsequently
removed by evaporation using a vacuum desiccdtioe. same procedure was followed to
prepare the TGA test samples.

Thermogravimetric Analysis (TGA)

A Perkin Elmer TGA 4000 thermogravimetric analyzer wagployedo obtain the weight loss

of cement paste samples. The samples were subjected to temperatures ranging from 30 °C to
995 °C, with a heating rate of 10°/min, and under a nitrogen environment. To ensure that the
effects of CS-H dehydration were not presetiie mass loss curve of CH was identified by
drawing extended lines from the onset to the end at the temperature of the inflection point. This
helped to accurately pinpoint the mass loss cof@H without any interference from-S&H
dehydratior255].

Scanning Electron Microscopy (SEM)

The microstructure analysis of cement paste samples incorporating MW fibres was conducted
using a Thermo Scientific Phenom XL scanning electron microscope (SEM) equipped with a
backscattered electron (BSE) detector. A 20 nm thick carbon coating was applesth

sample prior to the test. This analysis was carried out at an accelerating voltage of 10 kV.
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Furthermore, polished samples were prepared for examining the elemental composition in the
interface of MW fibres and cement matrix using energy dispersivay>$pectroscopy (EDS)
operating at accelerating voltage of 15 kV. Before evaluation, the hydnataress of all
samples was halted by solvent exchange method using isopropanol.

4.2 .4 Statistical Analysis

Statistical analyses were conducted to assess the effect of each type of fibres on the rheological
properties of cement paste samples. The statistical analysis was performddqusitign4.1

to determine Rralues from Tscore results, which were based on ataied hypothesis.

n_ on_ Equationd.1

The mean values of samples A and B are represented d&iyd‘ , respectively. The standard
deviations of the samples are denoted, byand, , while the number of tested specimens in
each condition is represented by and¢ . A p-value less than 0.05 indicated a statistically
significant result. The supplementary material contains the results of the statistical analysis of

rheological behaviour measurements.
4.3 Results and Discussion

4.3.1Effect of MW Fibres on the Effectivew/b of Cement Paste Samples

The concepts of effective and totalb are pivotal when evaluating samples with incorporated
internal curing agents. The effectiwgéb accounts for the total/b minus the water absorbed
by internal curing agents (i.e., entrairvefh), ensuring the initial cementitious matrix resembles
one without the agents. Determining the precise effeutitae or the actual water absorbed by

the internal curing agent in cement mixes, is challenging due to the complex nature of cement
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pore solution. However, in previous studies, the slump test served as a qualitative tool to assess
the slump loss resulting from the inclusion of internal curing age@®@& 259]. Comparing

these results with plain cement mixes enabled the estimation of the approximate effdrtive

in mixes containing internal curing agents.

The yield stress and plastic viscosity values of the cement paste samples containing MW fibres
are presented ihable4.3. Yield stress and plastic viscosity are key indicators, representing the
shear stress required to initiate flow and the material's resistance to flow once movement has
begun, respectivelf260,261] In this study, we refined the method of estimating the effective
w/b by measuring yield stress values using a rheometer. This approach was further validated
through viscosity values, ensuring a more precise and quantitative analysis. This method has
also been recently implemented by ktaal. to establish a relation between effectw# and

yield stress value$56]. In this method, the effectivev/b in the cement paste samples
incorporating the MW fibres was determined by a-step technique. First, yield stress values

of reference samples were obtained by a rheometer and then correlated agamii. tGaren

the narrow range ok/b (0.28 to 0.30), a linear relationship betweel and yield stress was
deemed an accurate model, as showkigare4.2. Then the effectivav/b of the MW samples

were calculated and obtained by the fosiler Newton interpolation method. To validate these
calculations, plastic viscosity values were measured, ensuring thainbbiporated samples

share the same effectiveb and belong to the same group. This enhanced and quantitative
method provides a more realistic assessment of the internal curing effect of the MW fibres on
the cement paste. This becomes key when inves

throughthe isothermal calorimetric analysis.
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Table4.3. Yield stress and plastic viscosity values of cement paste samples

Mixture REF28 REF30 N30 1 HT30. 1 HY30. 1 N30 2 HT30 2 HY302
Yield stress 19.91 3.84° 11.11° 11.35° 15.84°  16.03° 15.93° 18.70°
(Pa) °0.85 0.36 1.80 2.01 1.21 2.12 1.62 1.75
Plastic viscosity 1.21°  0.65° 0.94° 1.16° 1.03° 1.10° 1.11° 1.32°
(Pa.S) 0.08 0.06 0.11 0.11 0.10 0.11 0.07 0.02

As depicted inFigure4.2, the inclusion of MW fibres led to an elevation in yield stress values
compared to the REF30 sample. This increase can be attributed to the absorption action of MW
fibres during the prsoaking process, resulting in a clear reduction in the effeatitoeof

cement mixes. As noted by Banfill, a lowefb corresponds to higher yield stress vall262].

Based on the results obtained, the samples with MW fibres were categorized into three groups
based on their effectiwe/b: Gp1: HY30_2 with an effective/b of 0.28, Gp2: HY30_1, N30_2,

and HT30_2 with an effectivev/b of 0.285, and finally Gp3: N30_1 and HT30_1 with an

effectivew/b of 0.29.

25 4 Gpl
REF28

20 & - HY30 2 | GP2
=
&
215 4
E
7]
=
2 10 -
>~

5 4

0

0.28 0.285 0.29 0.295 0.3
Effective w/b

Figure4.2. Effect of MW fibres on the effectiwe/b of their corresponding cement paste
mixes Error bars exhibit the standard deviations
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After determining the effectiven/b of cementitious mixes containing MW fibres by
interpolating yield stress values kigure4.2, plastic viscosity values were compared for each
group with the same effectiwe/b, as depicted ifrigure4.3. This was done to verify that the
MW:-incorporated samples share the same effeetifaeand belong to the same group. Given

the shear rate dependence in the Herséhakley model, a constant viscosity value cannot be
assumed. However, at high shear rates, viscosity tends to stabilize. Thus, the apparent viscosity
at the maximum shear rate this study (i.ef, p Tt ) is considered the plastic viscosity

of cement paste mixd¢g63]. In Figure4.3, it is evident that all MW fibre&containing samples

have higher viscosity values than the REF30 sample with the same/fot®hen comparing
samples with the same effectiweb, the statistical analysis showed no significant differences.

This reaffirms the equality in effectiwe/b among the groups determined in #igure4.2.

1.5 1

g
o
1

Viscosity (Pa.s)

0.5

REF28 |HY30_2| N30_2 [HT30_2| HY30_1| N30_1 [HT30_1| REF30
0.28 0.285 0.29 0.30

Effective w/b

Figure4.3. Viscosity changes of cement paste samples at different effedtive

Figure4.4 depicts the hysteresis flow curves of cement paste samples with and withidit
MW fibres. Since the other MW fibreontaining cement paste samples exhibited comparable

curves, only the comparison between the reference samples (REF28 and REF30) and the hybrid
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treated samples (HY30 1 and HY30_2) are showkFigare4.4, and the hysteresis areas of all
samples (calculated by the Rheocompass software) are preserfeguie 4.5. The flow
characteristics of the cement paste samples with MW fibres shifted toward those of the reference
samples with a lowew/b (i.e., 0.28), confirming a decrease in the effectivie of the cement

paste.
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Figure4.4. Effect of MW fibres on flow curve behaviour of cement paste

The hysteresis area, which is the area between the ascending and descending curves, provides a
valuable measure of the thixotropic behaviour and shows the structural breakdown and buildup
of mixtures as the shear rate varies. The reference mixwiith0.30 (REF30) showed the
smallest hysteresis area value since the additional water acts as a lubricant between the cement
particles, bringing the ascending and descending curves of each loop closer t@§3her

Among samples with the same effectivéh, the only statistically significant difference was
observed in the HT30_2 sample (compared to 123nd HY30_1). This indicates that the
removal of the protective layer of waxes during hydrothermal treatment led to greater exposure

of lignin and hemicellulose to alkaline hydrolysis, resulting in higher leaching into the cement
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paste samples. Specifically, lignin is recognized as a plasticizing agent, playing a substantial
role in reducing hysteresis arg@64]. The amplified leaching of this plasticizing agent in the
HT30_2 sample resulted in a decrease in thixotropic structural-iypjlévident through a

smaller hysteresis ar¢265].

—
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HH

Hysteresis Area (KPa/s)

REF28 | HY302 | N30_2 [HT30.2] HY30_1 | N30_1 [HT30.1 | REF30
0.28 0.285 0.29 0.30

Effective w/c

Figure4.5. The hysteresis loop area of cement paste mixtures

In conclusion, despite maintaining a consistent totdd of 0.3 across all specimens, the
introduction of MW fibres td°C paste resulted in a shift in their effectivéb, leading to three
distinct categories based on this ratio: Gpl (HY30_2) with an effeatibeof 0.28, Gp2
(HY30_1, N30_2, and HT30_2) with an effectmeéb of 0.285, and finally Gp3 (N30_1 and
HT30_1) with an effectivew/b of 0.29. Subsequently, for the following study sections,
comparisons will be conducted among samples with idengifattive w/b. This approach

ensures a more realistic assessment of the internal curing efficiency of MW fibres.
4.3.2Effect of MW Fibres on the Hydration of the Cement Paste Samples

Internal Curing Effect by MW Fibres
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Figure4.6 illustrates the variations in cumulative heat for plain cement pastes and those with
0.1% and 0.2% MW fibres. Upon examining the cumulative heat curves of cement paste
samples containing 0.1% MW fibres, it became evident that all three conditions of V8 fib
(nonttreated, hydrothermalyreated, and hybritreated) outperformed the reference sample
with identicalw/b at the end of the testing time which is 80 hotigiire4.6, b and c). Notably,

this improved cumulative heat was observed even when compared with the REF30 sample, with
the same total/b. This significant enhanced degree of hydration observed after incorporation
of MW fibres can be attributed to the release of previously stored water within the lumens of
fibres, thereby improving the availability of water for additional hydration of cepesticles.

The age at which the MYadded cement paste samples surpassed REF30 were as follows: 24
hours fortheN30 1, 31 hours fothe HT30_1, and 22 hours fahe HY30 1. Similar internal

curing behaviour were observed for other internal curingtagench aSAP and wood pulp,

which exceeded the cumulative heat of the reference sample with the same/licadtier
approximately 24 hourf22,53] The comparatively more gradual improvement in hydration
observed in the HT30_1 sample, when compared to the other samples, can also be ascribed to
the varying rates at which different MW fibres release water. Previous research findings have
shown that bth the HY-MW and N-MW fibres exhibit quicker water release behaviour.
However, the improved hydrophilicity and intact morphologyhafHT-MW fibres leads to a

more gradual water release rate, attributed to the strong absorption of water within the lumens
(Figure4.7) [248].

Overall, after 3 days, the cumulative heat increased by 13%, 17%, and 14% in N30_1, HT30 1,
and HY30_1, respectively, compared to the reference sample with the idewtcalhis

finding suggests that the addition of 0.1% MW fibres provide an internal curing effect that
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involves the gradual release of entrained water at later ages, ultimately resulting in enhanced

hydration. While a minor variation of 0.02 in the&/b may seem insignificant, such subtle

changes in the mix composition, especially in mixes with awdyy can profoundly impact the

internal curing performance and enhance the degree of hydration. For example, studies

conducted by Sheet al.and Just®t al. have reported analogous effects when uSIAg as

internal curing agents. These investigations have shbat alterations in the&/b ranging from

0.01 to 0.05 lead to a marked and consistent improvement in the degree of hydration at specific

ageg9,266]
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Figure4.6. Cumulative heat of hydration of cement paste specimens with MW filitfes
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Figure4.7. The water release rate of different ppeaked MW fibre$248]

As the amount of MW fibres was further increased to 0.2%, the cumulative heat of the samples
remains almost constant when comparing them to their identical effegbuweference mixes
(Figure4.6, a and b). In general, adding more MW fibres shifted the cumulative heat curves to
lower values. As a result, the heat of hydration is reduced. Previous studies have shown that a
similar effect occurred witlSAP, where excessive dosages significantly reduced the heat of
hydration[58]. The reduced water availability observed in the samples containing 0.2% MW
fibres is further supported by the shorter period ofipdeiction when compared to the samples
with 0.1% fibres Figure4.11).

Effect of MW Fibres Extractives on Early Hydration of Cement Paste

Non-treated MW fibres are made up primarily of cellulose (39%), hemicellulose (36%), and
lignin (18%), with trace amounts of waxes, pectin, and sugars [@&8%)As demonstrated in

the previous study by the authors, hydrothermal treatment effectively removes waxes from MW
fibres. This is supported by the disappearance of two FTIR peaks at@85@nd 291&m’*

[248]. Itis also well established that pectin is removed during the hydrothermal trefriént

Therefore, it can be inferred that the main distinction between the chemical composition of the
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N-MW fibres versughe HT-MW fibres lies in the absence of waxes and pectin in the latter.
Therefore, the influence of waxes/pectin on the hydratioP@f can be distinguished by
comparingthe N30_1 and HT30_1. In addition, during the hybrid treatment lignin and
hemicellulose are also removed from MW fibres (in addition to pectiwands), resulting in

a composition that was predominantly cellulose. Similarly, the impact of hemicellulose/lignin

can be identified by compariigeHT30_1 and HY30_1.
Effect of Waxes/Pectin

The addition of 0.19-MW fibres resulted in a rapid and intense reaction during the first few
minutes of cement hydration, as evidenced by a sharp peak in the first few nfigues4.10-

b). This could explain the higher cumulative heat observed during the initial 10 hours for the
nonttreated sample (N30 _1) compared to the reference sample. ConvéngelyT30 1
exhibited a less pronounced initial peak than N30_1. The initial fast reaction period is
contributed by the dissolution of particles resulting mainly in the formation of ettringite as a
result of the reaction of 48 and sulfate$267]. After that, the adsorption of the sulfate and/or
calcium ions on the surface o$&blocks active dissolution sites and decelerates the hydration
of C3A to enter the dormant perigd68,269] In the case of samples incorporatthg N-MW

fibres, it was observed that during the initial few minutes of hydration, the sugars and/or their
degradation byroducts resulting from the alkali hydrolysis of waxes and pectin reacted with
CsA. This reaction increases the concentrations of ions in the pore solution and promotes an

accelerated dissolution rate ofAC[270].
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Effect of Lignin/Hemicellulose

As demonstrated iRigure4.8, Figure4.9, andFigure4.12, adding 0.1%1Y-MW fibres to the

paste had a negligible impact on the time of mai® Bydration peak, with a released heat rate
higher than the reference sample with the identical effeetitte However, the incorporation

of 0.1% of botltheN- andHT-MW fibres caused a delay in the appearance of $Beh@dration

peak, with a significantly reduced magnitude compared to REF29 sample. Furthermore, as
depicted inFigure4.11, boththeN30_1 and HT30_1 samples exhibit a prolonged acceleration
period. The unregulated hydration ofSCseen irthe N30_1 and HT30_1 is evidenced as the
CsS hydration peak emerged at 15 and 15.2 hours, respectively. This indicates a retardation of
1.6 and 1.8 hours compared to the plain cement paste samples without fibres. It tugpears
boththe N-MW andHT-MW fibres underwent significant saccharide leaching when exposed
to highly alkaline pore solution, resulting in hydration delays. In other words, the presence of

lignin and hemicellulose ithe N30_1 and HT30_1 plays a crucial role in influencing the



hydration of GS. Specifically, hemicellulose has conventionally been considered the primary
source of monomeric sugars, which are believed to have the most significant delaying effect on
cement hydratiofil65,271] The hydration of cement particles is delayed due to the formation

of a semipermeable organic layer around the cement grains or nucleation poisoning, which
causes a decrease in the rate of water osmosis to the cement grains. This effect was obvious in
the N30_1 and HT30_1 samples, where the presence of this semipermeable organic layer
contributed to the slower hydration kinetics compared to other samples. As sh&wuria

4.11, there was approximately 15% longer acceleration period for the N30_1 and HT30 1,
whereas the hybritteated sample (HY30_ 1) exhibited almost the same duration when
compared to the reference sample. As shown by Gaetaallt the nucleation and growth of C

S-H on the surface of §S is shown to be a rat®ntrolling factor during the acceleration period
[272,273] Therefore, the nucleation poisoning of cement particles by lignin and hemicellulose
leached inthe N30_1 and HT30 1 appeared to be a valid hypothesis. In addition, The
polysaccharides constituting the MW fibres possess potenh€lating groups that have a high
calcium binding capacity, which can reduce the concentration of calcium ions in the cement
pore solution and inhibit the formation of hydration products such-8HC portlandite and
ettringite and hence cause a delay in the hydration pr{i@s466]

Moreover, upon comparing the hydration evolution curves of cement paste samples containing
0.2% MW fibres, it became obvious that only HY30_2 demonstrated a significantly higher rate
of hydration heat during the acceleration period, compared to the desamples with
identicalw/b (Figure4.8). Both the N30_2 and HT30_2 samples exhibited maximum peaks at

a magnitude lower than the reference samples with idemtibgli.e., REF28) Figure4.9 and

Figure4.12). The GS hydration peak values seerFigure4.9-a are smaller, likely due to the

11C



negative impact of the leachates on the hydration reactions, leading to less heat being released

during the hydration process causedhsN-MW andHT-MW fibres.
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Figure4.11. Duration of preinduction, induction and acceleration period for different cement
paste samples containing MW fibres
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In conclusion, these findings suggest that the hydration process is influenced by the dosage of
MW fibres, and an excessive quantity of fibres can negatively affect the hydration reactions.
The results indicated that the use of 0.1% MW fibres resultetlighar degree of hydration as
shown in cumulative heat results, providing an adequate amount of free water for the initial
reaction of cement hydration and entrained water in the lumen for the subsequent internal
curing. With the understanding that MW fiés were presoaked in the entire mix water before
being mixed with cement, the addition of 0.2%-poaked MW fibres led to increased water
absorption by the fibres during the meaking process. This resulted in a higher volume of
entrained water, evidé from their lower effectivev/b in Figure4.2. Consequently, there was

an insufficient amount of effective free water available for reaction with cement during the early
hydration stage, as a significant portion of the water was retained in the lumen of the fibres
Furthermore, an increased quantity of MW fibres may result in higher levels of extractives and
saccharides leaching into the cement pore solution, thereby exacerbating the hindrance of the
hydration in early ages.

Therefore, to attain an efficient degree of hydration, which is vital for internal curing, the
optimal dosage of MW fibres in the rest of the study was set to 0.1%. It's important to note that
comprehending the enhanced hydration achieved with 0.1% MWéfieguires an examination

of their impact on hydration products. Consequently, this dosage was selected to investigate the
influence of MW fibres on the formation of hydration products in the following sections through
TGA and XRD analyses, along with mastructural examination using SEM. These results are

pivotal in understanding the promotion of hydration by MW fibres.
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4.3.3Effect of MW Fibres on the Formation of Hydration Products

The DTG curves of cement paste samples hydrated for 1 and 2 days, with the addition of 0.1%
MW fibres, are shown ifigure4.13. These curves provide additional insights into the impact

of MW fibres on hydration products. Based on DTG curves three main temperature ranges can
be identified. Between 50 and 200 °C, the first peak is associated mainly with the thermal
decomposition ofC-S-H and AFt phases, while the second one is attributed to AFm.
Furthermore, within the second range of weight loss a major peak between 400 and 500 °C
indicates the dehydration of portlandite (CH). Additionally, the decarbonation of the three
polymorphsof calcium carbonate takes place within the temperature range of 550 to 900 °C
[274]. Vaterite, the least stable polymorph in ambient conditions, undergoes decarbonation first,
contributing to the initial peak observed between 550 and 675 °C, followed by aragonite
between 675 and 720 °j275,276] On the other hand, calcite, the most thermodynamically
stable polymorph of calcium carbonate, exhibits the highest decarbonation temperature,
occurring between 720 and 875 °C.

The inclusion of MW fibres in cement paste sampbessents challenges in accurately
determining the quantity of chemically loal water due to the varying decomposition rates of
individual fibres, influenced by their different pmeatment types. Using conventional
calculation methods may lead to erroneous conclusions and an imprecise understanding of the
actual amount of chemilta bound water. Therefore, the current study focused on evaluating
the amount of portlandite produced as a more reliable approach to assess the impact of MW

fibres on the evolutio of hydration products.
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Figure4.13. DTG curves of cement paste samples with MW fibres hydrated for 1 and 2 days

Figure4.13presents the DTG curves of cement paste samples containing MW fibres, compared
to the reference sample with the same total w/b. The DTG curves for reference samples with
identical effective w/b ratios are not shown to keep the graphs clear and avad ahstead,

Figure 4.14 provides a focused comparison by illustrating the weight loss associated with
portlandite dehydration. This weight loss is calculated and compared across each sample,
including those with identical effective w/b ratios, providing a clearer understanditigp of
influence of MW fibees on cement hydratiothe TGA/DTG analyses revealed thze¢HT30 1

and N30_1 exhibited a lower portlandite content compared to reference sample with the same
effective w/b, within the first 24 hours. However, the hybtieated cement paste sample
showed a slight increase in its portlandite content. This is consistent with the isothermal
calorimetry results, where the N30_1 and HT30_1 samples had lower cumulative heaedompa

to the reference sample before 24 hours, while HY30 1 exceeded the reference sample around
22 hours. After 2 days of hydration, the amouhportlandite in the HT30_1 and HY30_1
samples surpassed that of corresponding references. This is attributed to the enhanced cement
hydration facilitated by internal curing and the subsequent release of entrained water stored

within the MW fibres. In othewords, the improved availability of water enables a more
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extensive hydration reaction ofs& and GS, resulting in the formation of calcium silicate
hydrates (€S-H) and portlandite (CH). The XRD analyses discussed in the next section also
further supported this by confirming a decrease in the peak associated to silicatesS(aed C

C2S). This interesting finding suggested that despite the unregulated hydration kinetics caused
by the HT-MW fibres during the first hours, specifically delaying in the emergence ofs#he C
hydration peak (as evidenced by isothakcalorimetry results), their enhanced hydrophilicity

due to the removal of waxes led to superior performance in terms of internal curing.
Consequently, this superior internal curing performance translated into improved hydration
outcomes after 2 days, atacterized by a higher production of portlandite. However, for
N30_1, the negative effects of leachates seemed to dominate, compromising the internal curing
effect,and consequently negatively impeding the hydration process. As a result, N30_1 showed
a cecreased amount of portlandite compared to the reference sample.

Moreover, the peak associated with AFm was observed for HY30_ 1 at day 1, wihereas
N30_1 and HT30_1 only displayed the AFm peak after two days. The reason for the absence of
monosulfoaluminate formation in bothe N andHT samples during the-day TGA analysis

can be attributed to the inhibitory influence of leached saccharides on monosulfoaluminate
formation[164]. Besides, DTG profiles indicated a reduction in the intensity of the shoulder
peak at approximately 650 °CtimeHT andHY samples following a twalay hydration period.

This suggests a lower presence of less thermally stable polymorphs, such as vaterite and
aragonite. On the other hand, the slight shift towards higher temperature in the peak associated
with the decompositiorof calcium carbonates at approximately 750 °C in these samples
confirms the formation of thermally more stable polymorphs of calcarbonates i.e., calcite

[275].
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Figure4.14. Portlandite content (%) of the cement paste mixes with MW fibres addition
measured by TGAhumbers in green showing the increase in portlandite content compared to
1-day content)

Figure 4.15 illustrates the XRD patterns of cement pastes incorporating 0.1% MW fibres,
hydrated for 1 day and 2 days. To monitor hydration progress and facilitatesantpte

comparisons, the silicates' peak (i.esS@Gnd GS) a't (2d & 32A) was anal
sample exhibited no reduction in the silicates peak, while the HT30_1 sample demonstrated the

most significant decrease, followed by the HY30_1. This trend aligns with findings from
TGA/DTG analyses, suggesting thtae improved hydration reaction facilitated by internal

curing effect of MW fibres within the cementitious matrix promoted the formation of a greater

guantity of hydration produc{77]. In contrast, no consistent trend was recognized in the (00

1) CH peak (2d & 18.1A) across samples. This |

influence of preferred mineral grain orientation on the (0 0 1) CH peak, as previously noted by

Panget al.[278].
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Figure4.15. XRD patterns of 1and 2day cement paste samples with different conditions of
0.1% MW fibres (Por: Portlandite)

4.3.4Effect of MW Fibres on the microstructure of cement paste

Figure 4.16 visually represents backscattered SEM images of cement samples incorporating
MW fibres, revealing the presence of small, discrete crystalline products observed on the
surface of MW fibres. MW fibres increased the available surface area, potentiallygsasvin
nucleation sites for the precipitation of hydration products. The acceleration of cement
hydration attributed to increased surface area has been documented in previous [E&8arch
even with materials that are chemically inert. This nucleation effect of MW fibres is further
evidenced by our isothermal calorimetry findings, which showed a respective increase of 13%,
17%, and 14% in cumulative heat generation for samples N30_1, HT&ed HY30_ 1, when

compared to the reference sample with identical effectitze



Figure4.16. Backscattered scanning electron {BEM) micrographs of cementitious samples
containing MW fibres after 3 days of hydrati@) Nontreated MW fibres (N30_1), b)
Hydrothermally treatetMW fibres (HT30_1), c) Hybrid treated MW fibres (HY30_1)

Furthermore, the analysis of elemental mapping in the vicinity of MW fibres within-ttagy 3
hydrated cement paste samples was conducted using Energy DispersiveSpgectroscopy
(EDS) and is presented kigure 4.17. The atomic concentration®f each element are also
detailed inTable4.4. Notably, the N30_1 sample exhibited the lowest Si concentration and
Si/Ca ratio. This observation highlighted the significant retarding effect caused by the leaching
of saccharides frorthe N-MW fibres, which retarded cement hydration and led to a reduced
release of 3t into the cement solution. In contrast, the HT30_1 and HY 3@nipleexhibited
elevated Si and Si/Ca concentrations, in consistent with the TGA and XRD findings, signifying
more promoted hydration. Significantly, these outcomes highlighted the beneficial internal
curing function otheHT-MW fibres, offsetting their initial adverse influence on hydration and

promoting enhanced hydration in later stages.
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Figure4.17. Energy dispersive Xay spectroscopy (EDS) dot maps of polished cement paste
samples containing MW fibres after 3 days of hydrafiellow: Si, Blue: Ca, Orange: Al,
Cyan: Fe): a) Noitreated MW fibres (N30_1), Bjydrothermally treatetMW fibres
(HT30_1), c) Hybrid treated MW fibres (HY30_1)

Table4.4. Elementatompositions analysi@a{omic concentratiracquired based on Energy
dispersive Xray spectroscopy (EDS) from polished cement paste sample containing MW
fibres after 3 days of hydration

Mixture Al Fe Si Ca Al/Ca Si/Ca

N30_1 |10.75 299 2294 63.32 0.17 0.36

HT30_1|11.81 3.29 2451 60.38 0.20 041

HY30_1| 10.69 2.47 25.76 61.09 0.17 0.42

4.4 Conclusions

In the initial phase of the study, the impact of MW fibres on the effeutibewvas assessed
through rheological measurements. This analysis facilitated a more precise comparison of
samples with identical effective/b in subsequent study sections. The introduction of MW
fibres modified the effectivev/b in cementitious mixes due to water absorption by these fibres.
Nevertheless, our findings revealed that differenttpratments and dosages resulted in varying
levels of absorption, consequently influencing the effeatile Based on the results, samples
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with MW fibres can be classified into three groups based on their effectvelY30 2 with

an effectivew/b of 0.28, HY30_1, N30_2, and HT30_2 with an effectwib of 0.285, and

finally, N30_1 and HT30_1 with an effectivgb of 0.29.

Furthermore, certain components within MW fibres, notably lignin, showed to have the capacity
to leach into the surrounding cement paste, resulting in a plasticizing effect that subsequently
alters the rheological characteristics of the cement pastewaiispecifically observed in the
N-MW and HT-MW fibres, as evidenced by their lower hysteresis area, yield stress, and
viscosity values. However, ithe HT samples, the plasticizing impact induced by fibres was
more prominent. This can be attributed toehmination of the protective wax layer around the
fibres, resulting in greater exposure and leaching of lignin into the cement paste.

In the second stage of the investigation, the internal curing effect and hydration properties of
cementitious mixes were assessed with different dosages of MW fibres. It was observed that
superior internal curing performance was achieved when 0.1% MV fieeusedcompared

to the use of 0.2% MW fibres. The detrimental impact of an excessive quantity of MW fibres
on hydration evolution was attributed to the significant reduction in the effegtivand the
agglomeration of fibres, hindering access toaned water and reducing the availability of free
water. Furthermore, the presence of excess MW fibres led to increased leaching of extractives,
exacerbating the hindrance of the hydration process.

The improved hydration was demonstrated through a higher cumulative heat of hydration in the
isothermal calorimetry test for 0.1% MW fibinecorporated samples compared to the reference
sample. However, microstructure analyses of cementitious mixes imabngoMW fibres
revealed that only the pteeated MW fibres (i.eHT-MW andHY -MW) samples demonstrated

an improvement in the production of hydration products. This improvement was evidenced by
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higher portlandite content, as indicated by TGA/DTG analyses, and further supported by XRD
examination. Additionally, the findings were validated by increased Si concentration, as
observed in the SENEDS analyses. Overall, the incorporation of 0. %MW andHT-MW

fibres in cementitious mixes delivered an enhanced degree of hydration compared to the use of
0.2% MW fibres. This is achieved by providing an adequate amount of free water for the initial
reaction of cement hydration and entrained water in theettufor the subsequent internal
curing. Nevertheless, a crucial distinction betwierHT-MW andHY -MW fibres emerged in

their impact on hydration kinetics. The former exhibited a gradual improvement in hydration
owing to the gradual release of stored water in the lumen, while the latter resulted in a prompt
hydration reaction without any retardation. Téefindings showed the effectiveness and
suitability of using preareated MW fibres for internal curing applications, as validated by the

comprehensive atyses conducted in this study.
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Chapter 5 Investigation on the Kinetics of Water Transport by
Milkweed Fibres During Internal Curing of Cementitious Paste®

Amirmohammad SabziparvarM. Reza Foruzanmefr
aDept. of Civil Engineering, University of Ottawa, 161 Louis PasteuCtawa, Ontario
K1N 6N5, Canada.
Abstract

The use of lignocellulosic materials as internal curing agents, attributed to their remarkable
hygroscopic properties and strong affinity towards water, is gaining attention aseffectve

and sustainable solutioHollow natural fibres such addilkweed fibres, distinguished by their
exceptionally wide lumen, exhibit excellent hygroscopic characteristics, positioning them as
ideal candidates for serving as internal curing agents. This study investigated into the kinetics
of water transport betwaeMW fibres and the cementitious matrix, employing Nuclear
Magnetic Resonance (NMRglaxometryand Differential Scanning Calorimeter (DSGMR

and DSC measurements revealed that the morphological featuré®egldase of extractives,

such as lignin, significantly influence the desorption kinetics of entrained water in MW fibres
within cementitious matrices. Lignin plegta key role in protecting the internal curing water
from migration of hydration products into the lumen, as evidenced by the highest proton
concentration in 7 measurements of HWMW fibres. Morphological features also notably
affected the behaviour of MW fibres in the cementitious matrix. Holes and defects MY
fibres increased water mobility and extended relaxation time, leading also to quicker water

desorption. In contrast, HMW fibres with intact lumens showed shorter dnhd a highest

3 A version of this chapter is submitted in the Journal of Case Studies in Construction Materials
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available internal curing wate€onsequentlyHT-MW fibres demonstrated superior internal
curing capabilities compared to ottigpes ofMW fibres.
Keywords: Milkweed fibres; Internal Curing; Nuclear Magnetic Resonance (NMR); Water

Transport Kinetics
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5.1 Introduction

Internal curing, a concept first introduced by Philleo in 1991, marks a novel approach in mitigating
early-age cracking in low/b cementitious mixef57]. Unlike traditional external curing methods,
which proveinsufficient for the highly dense microstructure of these mixes due to the limited
penetration of curing water into the concrete, internal curing emerges as a promising alternative
[280]. Internal curing is typically done by using wdispersed absorptive particles as wdilésd
reservoirs within the cementitious matrix. This approach, established over the past decade,
facilitates hydration reactions by supplying sufficient wateréocctment paste, thus counteracting
selft-desiccation and reducing autogenous shrinka8k Consequently, internal curing mitigates
early-age cracking, which is a common phenomenon in the initial days inwibwmixes.

Recent studies have shown the potential of lignocellulosic materials, such as natural fibres, for
internal curing applications in low/b cementitious mixef20i 22,34,62,64,162,163,281Their
remarkable hygroscopic properties, coupled with theirefisttiveness and availability, position

them as sustainable alternatives to-nemewable SAP, aiding in the reduction of £fmissions

in the construction industryVhile previous studies by the authors have shown thatr@aged

MW fibres can improve the degree of hydration, there remains a lack of clear understanding of
their adsorption/desorption behaviour within cementitious nj&2]. For exampleadding0.1%

wt. MW fibres resulted ira 17% increase irthe cumulative heat of hydration of cementitious
pastes compared to theferencecement paste after 3 dayiis indicates a significant impact of

MW fibres on earlyage hydration, yet the mechanisms of water transport between the fibres and
cementitious matrix need further investigation.

MW fibres are white, silky fibres extracted from the seeds of the milkweed plant, which is also

found in China and Iran, where they are known as Akund and Estabragh, respadiiVdlpres
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possess unique characteristicgluding an exceptionally wide lumen that occupies nearly 90%

of their volume and a thin wall with a thicknesslow a$).5 um. These characteristicshe wide

lumen and thin wadl can significantly alter the kinetics of water transport through the wall and
along the lumen after piteeatmentsDespitemoderateresearch into the use bfnocellulosic
materialsas internal curing agents, gaps persist in understanding the kinetics of water transport
betweenthe hollow natural fibresand the cement pastBuclear Magnetic Resonance (NMR)
emerges as a powerful technique to study water transport kinetics between internal curing agents
and the cement matrix. Unlike traditional methods like Mercury Intrusion Porosimetry (MIP),
whichrequiredreaking hardened samples and halting hydration, NMR allows fedestnuctive,
dynamic, insitu analysis of porous materidl82i 184]. These advantages enable continuous
observation without altering the samples. Whdeudies have investigated the kinetics of water
transport between SAP and cement paste using N]MR188,191194] research on
lignocellulosic materials remains limitechile no research has yet been conducted on the natural
hollow fibressuch as MW fibresin one of the few studies availalda lignocellulosic materials
Jongvisuttisuret al. used NMR to investigate the internal curing mechanism of hardwood pulp
within cement composites. Their findings showed a sequential moisture migration process from
eucalyptus fibre to the seffesiccating paste over a hydration period exceeding 13 hbhiss.
migration involvedhe successive removal of free water from the lumen, small cell wall pores, and
bound water in the cell waJk2]. This again emphasizes the importance of the morphological
characteristics of fibres on the kinetics of water desorption from fibres within cementitious mixes
In another study by Zhareg al, NMR was employed to monitor water distribution and pore size

distribution over time and space in coir filzement matrix composites. They found that coir fibres
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improved moisture distributiceindenhanced pore size distributj@ontributing to internal curing,
enhanced water transport, and crack control in the hydrating cE8dht

Morphological features such as porous cell walls, thickness, and lumen size are key parameters
that can alter the adsorption/desorption kinetics of fibres within cementitious mdgijes
Additionally, thepresencef extractives such as lignin, hemicellulose, waxes, and pectin could
also affect the mechanisms of water desorption from fibres within cementitious mixes, thereby
influencing their internal curing behaviour. Therefore, in this study, three differentaf/pad/

fibres, each with distinct chemical compositions and morphologies, were examined to understand
how these factors affect the kinetics of water transport between MW fibres and the cement matrix.
We investigated the kineBmf water transport between MW fibres and the cement matrix, starting
from the initial hours of hydration up to 7 days. To prevent any adverse impact on the fresh
properties of cement mixes, MW fibres were used in aspterated conditiagh a technique
commonly applied with SAP and LWAL84,283 285]. In the subsequent phase, we employed a
complementary technique, differential scanning calorimetry (DSC), to qualitatively measure
freezable water in cement paste samples during the initial 24 hours of hydration. The findings
obtained from these two methaztntribute to a more comprehensive understanding of the kinetics

of water transport between MW fibres and the cementitious matrix.

5.2 Materials

Generaluse Portland cement (GU) from Colacem Canada was used to make cement pastes, with
its consistency adjusted using the MasterGlenium 7500 superplasticizer (SP) from Master Builders
Solutions. Two types of preeated milkweed (MW) fibres were emplaydydrothermally treated

(HT) and hybrid treate(HY), as detailed in the prior study by the autt@r3]. The asreceived
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MW fibres consist of approximately 39% cellulose, 36% hemicellulose, and 18% lignin, with

minor amounts of waxes, pectin, and sugars totaling less thga5%

5.3 Mix Proportions

The mix proportions for the cement paste samples are listeabie5.1. Thew/b was set at 0(B

for all cement paste samples containing MW fibres. The MW fibres content was 0.1% of the weight
of PC. To use MW fibres in a saturated state, they wersqgaked in the total mixing water
(distilled water) and dispersed with the superplasticizer (1 wf.%ement) for 1 hour using a
magnetic stirrer at 500 rpm. According to the earlier study, 1 hour is roughly the time required to
achieve MW fibres saturatid248].

Table5.1. Mix proportions of the test specimens

Mix # Total w/b Entrained w/b MW (%) SP (%) MW treatment

REF30 0.30 - 0 1 -

N 0.0 0.010 0.1 1 Nonttreated
HT 0.3 0.010 0.1 1 Hydrothermal
HY 0.3 0.015 0.1 1 Hybrid

*wt.% by Portland cement (PC)

5.4 Testing Procedure

5.4.1H Nuclear Magnetic Resonance (NMR)

A Bruker Avancelll 200 MHz nuclear magnetic resonance (NMR) spectrometer was used to
monitor the transverse magnetization relaxation of hydrogen atethis (vater molecules within

the cement paste specimens. The PamrceltMeiboomGill (CPMG) pulse sequence with

variable delays was implemented for determining the transverse NMR relaxation $)roé tfie

samplg286]. A total of 28 echoes were acquired, sp
90A pulse length (P1) was set at 5 e€s; and th
were then processed using Bruker TopSpin 4.3 software and the rerard@@rse magnetization
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decays subsequently underwent analysis with a regularized Inverse Laplace Transform (ILT) using
Dynamics Centre software provide by Bruker to derive theliStribution. Each cement paste
sample was poured into small NMR tubes with dimensions of outer diameter (OD) of 7 mm and a
length of 27 mm and then sealed with a plastic lid. All CPMG NMR measurements were conducted
at 21° 2 °C at various hydration intervals of 1, 3, 6, 9, 12, 18, 24 hours, 3 days, and 7 days from
the initial mixing of cement and water

5.4.2Differential Scanning Calorimeter (DSC)

A PerkinElmer DSC 4000 differential scanning calorimeter was employed to qualitatively measure
freezable water in cement paste samples during the very early stages of hydration, specifically at
3 hours and 24 hours after mixing cement with water. Appraeimna50 mg of fresh cement paste
sample was poured into an aluminum crucible and hermetically sealed with a lid to prevent
moisture loss. The DSC measurements comprised four steps: rapid cooling from room temperature
to-30AC at a r at elibratihg the $adnpldatd temiparature&ig@, heating from

-30 °C to-12°C at 18°C/min, and heating frorh2 °C to 25 °C at 4°C/min. The percentage of
freezable water (FW) was calculated by determining the integral area of the endothermic peak,

represeting the percentage of frozen water present in the [287€290]:

"Ow b

O a Equation5.1

where Q denotes the enthalpy (J)th¢ heat of fusion of water (333.5 J/g), and m the sample mass

(9).
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5.5 Results and Discussion

5.5.1NMR relaxation of hydrating plain cement paste

In the conventional classification of poréisere are two main categorig91]. Firstly, gel pores

(<10 nm) are lIinked to the formation of hydra
into small capillary pores (small mesopores), micropores, and interlayer spaces, ranging from the
largest to the smallest. Secondly, captly pores (10 nm~10, 000 nm) c
large capillary pores (macropores) and medium capillary pores (large mesopbeg)ore

structure of cementitious materialsaisocharacterized by the different physical states of water in
poresof varying sizes. When a magnetic field is applied, the hydrogen nuclei in the water within
these pores act like subatonm@agnetd185]. Upon excitation these nuclei gradually lose their
alignment through a process known as relaxafibw. relaxation of hydrogen nuclei occurs more

quickly in smaller pores, where the surfaoesolume ratio is higheiThis is explained by the fast
exchange modeals shown irEquation5.2 wherethe spin-spin relaxation time (3 is inversely
proportional to the surfae®-volume ratio of the pores in contact with the flJiil,186]

Assuming the presence of spherical pores with a diameter of d,tlverielates with the
distribution of pore sizes (i.€.¥¢ -) [187,188] Consequently, as cement hydration progresses

the pore structure evolvemd the T2 distribution also changesTherefore, e reduction in T
values observed during the evolution of hydration in the cement paste is attributed to the
densification of the cement paste and the formation of hydration products withirfiledguores

and on the surface of cement grgib89]. This leads to a reduction in intparticle spacing and

consequently more confinemeartdshorter relaxation timeg$.e. smaller B.)



wher e

Vv

and

S represent the

Equation5.2

v pid surface relaxividy. t h e

Figure5.1illustrates the evolution of thexdistribution in the REF30, during the hydration period

spanning from 1 hour to 7 days. Ther&laxation distribution of the plain cement paste sample

revealed the presence of two peakke first primary B peak of the REF30 sample, initially

appeared at approximately 0.56 @sgddecreased to 0.18 ms after thdak hydration period. The

S

secondary peak also emerged within the range of 3.16 ms to 5.62 ms. It is proposed that the first

major Tz peak, approximately around 0.5 ms, can be attributed to bound water on the surfaces of

cement grains and free water which is between cement grains claaltary tension. The second

T2 peak within the range of ~8 ms is also suggested to represent free water within pores of 56

nm to 100 nnj22,183,184]

REF30 |
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b)
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Figureb.1. Distribution of the transverse relaxation time)(@f plainPortland cement paste

(REF30) during different hydration time from 1 hour to 7 days (a), and magnified signal intensity

in the range of 10 ms to 500 ms (b)
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5.5.2Kinetics of internal curing water of MW fibres in early hydration

NMR measurements offer valuable insights into the kinetics of entrained water (internal curing
water) as it migrates from MW fibres to the hydrating cementitious paskagume5.2, Figure

5.3, andFigure5.4, the T distribution signals are presented for cement paste saoglésining

the N-MW, HT-MW, and HY-MW fibres, respectively. Notably,2Tvalues shorter than 10 ms
across all specimens revealed a ¢hedk pattern similar to the reference samplgtiistribution.

The first primary peak initially detected around 0.61 ms during the initiation of hydration,
decreased to 0.14 ms for all N, HT, and HY samples tiféer daysThis consistent trend aligns

with prior observations, highlighting the tendency efa@lues to shift towards shorter relaxation
times by hydration evolution. Additionally, the second peak emerged within the range of
approximately 1.64 ms to 7.19 ms for all samples. A notable difference can be noticed when
comparing the first 2 primary pkesof the MWincorporated cement samplésgure5.2.a, Figure

5.3.a, Figure5.4.a) with the reference samplEigure5.1.a) during the first hours of hydration.
While in the plain cement pastevo distinct peaks are evident from the beginning of the hydration,

in the MW-incorporated cement samples the peaks were initially combined. This combined peak
splitintotwo distinguishable peaks after approximately 9h for the cement paste seompéesing
theHT-MW and HY-MW fibres and after 12h for the-NIW cement paste sample. This indicates
that in the reference sample, small pores were isolated from large ones starting from the first hour
of hydration. In contrast, in cement paste samples with fw¢és, this isolation process took
between 9 to 12 hours. The longer time for the isolation of gel pores from mesopores (in the range
of 1.64 ms to 7.19 ms) in MWhcorporated samples could be linked to the presence of MW fibres

themselves. These fibresudd contribute to the connectivity of the pores up to 9 to 12 hours as
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their hygroscopic characteristidscilitated the transport of water between gel pores and
mesopores.

More importantly, for the Fvalues longer than 10 ms, Miicorporated cement paste samples
revealed the presence of at least one additional peak. As shdvigune 5.2.b, in the case of
cement paste samples incorporatimgN-MW fibres, the 3 peak appeared at 19.31 ms, persisting
with high intensity for up to 9 hours of hydratiofhe cemenpaste samples with HWIW fibres

also exhibited a'3 peak at the same2Tof 19.31 ms; endured until Bours Figure 5.3.b).
Conversely, cement paste samples wigHY -MW fibres displayed a subtlé®peak at 51.79 ms

after 6 hours of hydratiorF{gure5.4.b). Given the exceptionally wide lumen of MW fibres, it is
expected that the predominant volume of internal curing water (entrained water) is stored in these
wide lumens. Consequently, the presence of a third peakercement paste specimens
incorporating MW fibres serves as evidence for internal curing facilitated by these fibres. This
range of relaxation also falls within the range of relaxation times previously documented as
characteristic of free water within the lemof lignocellulosic materialg.e., T2 within the range

of 19.976.3 ms)22,292,293]
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Figure5.2. Distribution of the transverse relaxation time)(@f Portland cement paste with ron
treated MW fibregN-MW) during different hydration time from 1 hour to 7 days (a), and
magnified signal intensity in the range of 10 ms to 500 ms (b)
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Figure5.3. Distribution of the transverse relaxation time)(af Portland cement paste with
hydrothermally treated MW fibrg$dT-MW) during different hydration time from 1 hour to 7
days (a), and magnified signal intensity in the range of 10 ms to 500 ms (b)
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Figure5.4. Distribution of the transverse relaxation time)(af Portland cement paste with
hybrid treated MW fibreg¢HY -MW) during different hydration time from 1 hour to 7 days (a),
and magnified signal intensity in the range of 10 ms to 500 ms (b)

To understand the difference between the desorption kinetics of differeteated MW fibres

the area under thé®peak was calculated and demonstrateBigure5.5. As mentioned earlier,

the plain sample without fibres lacked d Beak, and thus, no reference sample is depicted in
Figure5.5. In the MW-incorporated samples, however, the HT sample demonstrated the greatest
area under the curve, followed by N, while the HY samples exhibited the lowest area under the
curve. As the hydration reaction progresses, the area underdisgribution decreases due to the
consumption of entrained water for cement hydration.

Effect of morphology

By comparing the third peaks in the MWEorporated samples, a noticeable shift in the relaxation
time is evident when comparirtige N/HT samples taheHY sample, changing from 19.31 ms to
51.79 ms. This indicates that the water is more motillein the HY-MW fibres, resulting in a

peak at a longer relaxation time. The increased mobility of the water in thd\MYibres is likely

134



due to the defects and holes that appeared in the fibre wallthaft€Y treatment, as observed in

the authors' previous SEM imagdsdure 3.8) [248]. Additionally, these holes led to quicker
desorption of water whetine HY -MW fibres were incorporated within the cementitious matrix,
resulting in a significantly lower area under the curve, which implies lower proton concentration
and lesentrainedwater compared tthe other samplegFigure’.5). In contrastthe N-MW and
HT-MW fibres, with their intact lumens, accommodated water in more confined dpat&sger

time, appearing as shortep With higher area under the curirethe NMR analysis.

Effect of chemical composition

The observation of the largest area under the curve for the HT sample implies a greater amount of
entrained water available in the lumertted HT-MW fibres during the initial 6 hours of hydration
compared to the other samples. This finding is consistent with previous findings by the authors,
which showed the superior water retention property and more gradual water reldase Df

MW fibres compared to two other fibre tyg@#8]. The improved hydrophilicity, resulting from

the removal of hydrophobic components such as wiatlee main factor significantlgontributing

to the superior water retention property thie HT-MW fibres, resulted in higher proton
concentration when compared to N samplggure’5.5). In contrastthe lack of lignin resulted in

the penetration of hydration products inside the lumehetflY -MW fibres,as shown in the next
chapter inthe Figure 6.13). This phenomenoited tothe early consumption of entrained water,
which should ideally be stored in the lum&ffibres, thereby losing its role as a water reservoir.
However, in the case dhe N-MW and HTFMW fibres, lignin acéd as a barrier, preventing
mineralization and thereby protecting the entrained water stored inside the lumen. Additionally,
the completion of the desorption process can be identified at 6 hoting Ff and HY samples,

while it extends to 9 hours for N samples. The prolonged retention of free water in the N samples
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can be correlated with their hydration retarding impact, as evidenced by calorimetry results,

leading to the delayed consumption of water.
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Figure5.5. The aea under the peak at Within the range of 19196.33 ms for different MW
incorporated samples

5.5.3Freezable water (FW) evolution over time

Differential scanning calorimetry can provide information about the total amount of freezable
water in cement paste samples, allowing for a qualitative comparison of the effect of various types
of MW fibres on hydration evolution at early hours. This téghe serves as a complementary
analysis to NMR analysis. The impact of MW fibres wdifferent pre-treatment technigues on

the quantity of freezable water (i.e., melting heat) of cement paste samples is degtetenien

5.6 and the corresponding results summarized aible 5.2. When compared to the reference
sample (REF30), the cement paste samples contahmiirMW andHT-MW fibres showed the
highest amount of freezable water (FW) in both thar®l 24hour. This indicates that more free
water was available, resulting in more formed capillary pore ice, which required more heat to melt
(indicated by the larger area under the cuf26p]. However, the amount of freezable water in

the sample containinfpeHY -MW fibres is comparable to that of the reference sample (17.7% vs.
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17.3%, for 3 hours and 1.2% vs 1.1% for 24 hours, respectively). These observations align well
with the results obtained from the NMR analysis. In the NMR analysis, the N and HT samples
showed a higher amount of capillary water for a longer duration ceahpathe HY sample. This

correlates with the higher amount of freezable water (corresponding to the water in large capillary

pores) in the N and HT samples.
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Figure5.6. Low-temperature DSC heat flow curves of cement pastesta@addition of non
treated (N) and prereated (HT and HY) MW fibreat 3 and 24hour

Table5.2. Freezable water percentage of the cermpaate samples with and without MW fibres
addition after 3 hoursand24 hours

Mixture | 3hr-FW (%) 24hr-FW (%)
REF30 17.35 1.07
N 19.09 1.60
HT 18.51 2.03
HY 17.68 1.17

Moreover, as revealed in the NMR analysis, thgdaks of free water in the MW fibres' lumen

persisted until 6 and 9 hours fime N and HT samples, respectively. This suggests that, while the
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retarding effect othe N-MW and HT-MW fibres (observed as 1 to 2 hr in calorimetry results
[282]) could partly explain the higher amount of free water observed compatiee HY -MW

fibres, another factor is also at play. Scanning electron microscopy (SEM) results indicated that
the lignin present ithe N-MW and HT-MW fibres could actas a physical and chemical barrier.

This barrier prevents hydration products from migrating into the lumen of these fibres, protecting
the entrained water inside. Consequently, water remains stored in the lutherNeMW and

HT-MW fibres foralonger duration comparead theHY -MW fibres. This explains the prolonged
presence of the third peak in relaxation time and the higher amount of freezable water observed in

DSC analyses.

5.6 Conclusions

This study investigated the desorption kinetics of internal curing water of MW fibres w/low
paste mixes. The presence of‘a@ak in MWincorporated cement paste, particularly in the T
range of 19.976.33 ms, served as evidence for internal curing facilitated by MW fibres. It was
observed that MW fibres can act as water reservoirs, supplying internal curing watértiouts
during the early stages of cement hydratiBmawing conclusions from the results obtained
through NMR and DSC measurements, it was observed that both the morphological features and
the presenceof extractives can impact the kinetics of water transpamfiMW fibres to
cementitious matrixlt was found that lignin plays a key role in protecting the entrained water
against the migration of hydration products within the lumen. In theWWY fibres, where lignin

had been removed during the fireatment, there was a greater tendency for hydrgioducts

to migrate into the lumen, leading to early consumption of the internal curing water. This was
demonstrated in the2Tneasurements and confirmed by DSC analysis. In contrast, the HT fibres

showed the highegiroton concentration in thezTmeasurements, indicating superior internal
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curing water availability, followed by the -NIW fibres. Moreover, morphological features
showed a significant impact on the behaviour of MW fibres within the cementitious matrix. The
presence of holes and defectsthe HY-MW fibres led to an increased mobility of water and
longer relaxation time compared to other types of MW fibres. These defects also led to quicker
water desorption in the cementitious matrix. In contrast/\W and HT-MW fibres, with intact
lumens, retaied water in more confined spacgspe@aring as shorter.With a higher area under

the curve in NMR analysis. Therefore, the MW fibres exhibited significant internal curing

capabilities when compared ttoe other types of MW fibres.



Chapter 6 An Investigation into the Microstructural Evolution and
Shrinkage Control in Internally Cured Mortars with Milkweed
Fibres*

Amirmohammad SabziparvdrM. Reza Foruzanmefr
aDept. of Civil Engineering, University of Ottawa, 161 Louis Pasteur St., Ottawa, Ontario K1N
6N5, Canada.
Abstract

This study investigated the impact of Milkweed (MW) fibres as internal curing saganthe
shrinkage development and mechanical properties ofMmwcementbased materials. The focus

of this research is on the preatment methods applied to MW fibres and the influence of the pre
treated fibres, as internal curing agents, on the shrinkage of cement mortars. The hydration
behaviour and microstructurdévelopment were revealed using a series of tests including setting
time, compressive strength, flexural strength, scanning electron microscopy (SEM), and
thermogravimetric analysis (TGA/Od). Observations revealed that 0.1% wt. of hydrothermally
treated (HT) and hybrid treated (HY) MW fibres played an effective role in internal curing, leading
to significant reductions of up to 28% in autogenous shrinkage at 7 days compared to plain mortars
Furthermore, it was observed that the compressive strength gap between reference mixes and those
with pretreated MW fibres became smaller as internal curing enhanced in the later stages.
Moreover, our analysis uncovered the pivotal role of lignin inhaeal properties, drying
shrinkage and microstructural development of natural Hicerporated cementitious mixes.
Specifically, lignin functions as a protective barrier within the fibres structure, shielding MW

fibres from the infiltration of cementrpducts into their lumina. Additionally, it acts as a

4 A version of this chaptdras beesubmittedto theJournal of Building Engineering
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physical/chemical barrier, hindering moisture transport through the capillary network during
drying conditions, thereby mitigating the adverse effects on drying shrinkage development

Keywords: Milkweed fibres;Internal CuringShrinkage; Mechanical Properties
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6.1 Introduction

The challenge of autogenous shrink#égguced cracking is particularly pronounced in cement
based materials with a loww/b, typically below 0.42. In lowmw/b mixes, the main factors
contributing to autogenous shrinkage are the insufficient supply of capillary water during cement
hydration and the presence of a fine pore size distrib[8&@n According to Powers' model, when
thew/b falls below 0.42, there is not enough capillary water for the complete hydration of cement
[252]. Hence, the decrease in relative humidity results in increased capillary pore tension, leading
to autogenous shrinkage deformations in the solid skeleton of the hydration product. Due to the
limited strength of the cementitious materials at early agesstiess induced by autogenous
shrinkage deformation surpasses the tensile strength. This leads to the formation of microcracks,
which compromise mechanical properties and duraljlidy,294,295]

To counteract the adverse effects of autogenous shrinkage in deasedt materials with a low

w/b, methods such as internal curing (IC) and the use of shristkalgeing admixtures (SRA)

have been introduced. However, SRA come with notable drawbacks, including a significant
retardation of early hydration, destabilization of air voids, and diminig#fiegtiveness over time

[296]. Consequently, the adoption of internal curing techniques has become crucial, involving the
incorporation of materials with high water absorption capacity, such a$45/9,51,60,111]in

the internal curing process, internal curing agents release their water into the cementitious matrix
during selfdesiccation, maintaining high internal relative humidity3,61,297] This helps to
reduce autogenous shrinkage, preventing esgly cracking.

However, SAP have their limitations, primarily due to their -nemewable polyacrylate
composition, raising sustainability concefi8]. The availability and production costs of SAP

impose additional drawbacks. Moreover, there is a risk of particle agglomeration for SAP, leading
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to the formation of large pores that can negatively impact the mechanical properties of
cementitious material298]. To address these issues, recent research efforts have focused on
developing renewable internal curing agents, with particular emphasis on lignocelhdesit
materials such as natural fibres, which exhibit promising hygroscopic prog2itjd4,281,299]

Natural fibres offer advantages over synthetic counterparts like SAP, as they are abundant in many
regions at minimal or no expense. Thus, their application as renewable resources provides an
environmentally friendly solution, producing affordable camstion materials that can be
universally used while reducing the construction sector's environmental carbon footprint.
Nevertheless, the mechanisms underlying the efficacy of natural fibres as internal curing agents in
cementitious mixes have received lafiention compared to SAP, where a more comprehensive
understanding exists

Prior studies have shown the effectiveness of natural fibres as internal curing agents
[21,22,34,62,281,300,301]However, the development of durable cerdsaged materials
incorporating natural lignocellulosic fibres faces two interrelated challenges. Firstly, these fibres
undergo degradation in the highly alkaline environment of cementitious matrices, primarity du

the alkali hydrolysis of amorphous components such as lignin and hemice[llifds@02,303]

The readers can refer to the investigation undertaken by Wei and Meyer to understand the various
degradation mechanisms of natural fi&@33]. The second challenge involves the retarding effect
caused by soluble sugars and monosaccharides leaching from natural fibres during cement
hydration[174,304] Several proposed pteeatment methods aim to enhance the durability of
cementitious composites using natural fibres. These methods include fibtregineent, the
incorporation of pozzolanic materials and the carbonation of the cementitious mattiirrigh

environment to lower the pH of the cement pore soly26n31].
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As shown inFigure6.1, besides wood fibres, plant fibres can be categorized into four groups based
on their extraction location within the plant: bast fibres, seed fibres, leaf fibres, and fruit fibres.
Certain seed fibres, such as MW floss fibres, exhibit a unique holloetigcharacterized by an
exceptionally wide lumen and thin wallBigure6.2.c). This hollow channel, referred to as the
lumen, allows MW fibres to absorb water through capillary action, similar to a thin tube, storing
the absorbed water within the lumefAAs demonstrated in a prior study by the authors, the
distinctive hollow morphology oMW fibres results in remarkable hygroscopic properties,
particularly in terms of water absorption capacity and water retej24j.

Consequently, the authors investigated the hydration characterisiSwlfien combined with
pretreated MW fibres serving as sustainable internal curing af#82]. The findings indicated

that optimal internal curing performance could be attained by introducing 0.1% wt. oftleé&her
HT-MW ortheHY-MW fibres. Significantly, among the two pteeatment methods, th&T-MW

fibres displayed a more gradual internal curing effect, owing to their superior water retention
Expanding on the findings of the previous research, this study aims to evaluate the impact of
different pretreated MW fibres on the shrinkage and mechanical properties of coasad
materials with loww/b. Mortars with av/b of 0.30, both with and without piteeated MW fibres

as internal curing agents, were examined. The choice of suchwkowas deliberate, creating
conditions that intensify setfesiccation for the assessment of the internal curing efficacy of MW
fibres in reducing autogenous slkage. Furthermore, this study broadened its scope to include a
comprehensive microstructural analysis, seeking insights into how MW fibres influence the
development of hydration products and interact with the cementitious matrix. We aimed to clarify

the efects of lignocellulosic hollow MW fibres, acting as internal curing agents, on shrinkage
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reduction and the mechanical properties of cementitious specimens. This involved analyzing and

comparingdifferentpretreated MW fibres

NATURAL FIBRES

[
Mineral Fibres Animal Fibres Plant Fibres
[ ]

Asbestos Silk Wool

| 1 | |

Bast Fibres Seed Fibres Leaf Fibres Fruit Fibres Wood Fibres

Flax Milkweed Sisal E Coir Softwood
Hemp Cotton Abaca Oil Palm Hardwood
Jute Kapok Banana

Kenaf

Figure6.1. Summary of classification of different types of natural fibres

6.2 Materials

In this study,ordinary PC conforming to the Type 1 GU cement standard was employed. The
chemical compositions of the cement are outlinedlable 6.1. A constant dosage of 1%
polycarboxylatebased superplasticizer (MasterGlenium 7500, Master Builders Solutions) falling
under the category of Type F higange watereducing admixtures was employed to enhance
consistency. Mortar samples were manufactwsithg standard sand, which met the grading
requirements specified in ASTM C788. Additionally, sodium hydroxide was obtained from
SigmaAldrich for the alkaline préreatment oHY MW fibres.

Table6.1. Chemical Composition of cement (wt.%)

Chemical Composition (%)

Ca0 SiO; AlO; FeOs; MgO KO NaO Loss on ignition
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62.85 19.78 4.92 224 233 1.08 0.26 2.84

Mineral Composition (%)

CsS C.S CsA C.AF
53.0 14.3 7.4 6
The MW Floss fibres were sourced from Protecstigleated in Quebec, Canada. The appearance

and microstructure of MW fibres are shown kigure 6.2. SEM micrographs revealed the
distinctive characteristics of the fibres, showing an exceptionally wide lumen and a thin wall. The
measurements from these micrographs indicated an approximate lumen diameten ah@ a

wall thickness of about 0.Bm. This suggests that the empty lumen constitutes a substantial
portion, approximately 90%, of the fibre's total volurke N-MW fibres are made up primarily

of cellulose (39%), hemicellulose (36%), and lignin (18%), with trace amounts of waxes, pectin,
and sugars (5%p5]. To prepare the MW fibres for the study, the fibres were ground and sieved
to pass through sieve #60, resulting in an approximate size of 886rm. Two distinct pre
treatments were applied to the fibres. The firsttpeatment involved hydrothermal treatment,
immersing the fibres in boiling water for 2 hours. The secondrpegment, known as thgY
treatment, included both hydrothermal treatment and subsequent alkaline treatment. For a more
comprehensive understanding of the-ppeatment process algd to the fibres, a detailed

description is available in the authors' previous s{ady].

b) Lateral surface view ¢) Lumen view

Figure6.2. Image of ageceived milkweed fibres
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6.3 Mix Proportions

The mortar mixtures used in this study consisted of GU cement, standard sand, and water in the
respective proportions of 1:2.75:0.Detailed mix proportions for the mortar specimens can be
found inTable6.2. The fibres' content was set at 0.1% wt., identified as an optimum dosage in the
previous study by the authdi282]. Assuming an average density of 0.296 g/ton MW fibres

[199], their volume fraction is estimated to be around 0.34%.The variable parameter in the
mixtures focused on the pteeatment of MW fibres, including N, HBnd HY MW fibres. The
water absorption capacity tdieN, HT, and H¥XMW fibres were determined to be |, 41° 2,

and 394 g/g, respectively. According to the previous study by the authors, N and HY MW fibres
released nearly 100% of their absorbed water within 90 minutes. Howee&iT-MW fibres
exhibited a better water retention, releasing only 80%eif aibsorbed water when subjected to a
dry environment (38°C and 20% relative humid#g3].

The totalw/b remained constant at 0.30 for all MW fibreorporated mixes. However, due to
water absorption by the fibres during the-poaking process, a portion of mix design water was
stored in the fibres. This resulted in a modification of the effeatiXiein MW incorporated
samples. The effective//b for cement paste samples containing MW were determined through
rheological measurements, as depicteigure4.2 [282]. The samples containing N and HT MW
fibres exhibited an effective/b of 0.29, while those with HY fibres had a slightly lower effective
w/b of 0.285. Consequently, three reference samples were prepared to compare the samples
incorporating MW fibres with their corresponding reference samples with idewfizabne with

the same total/b of 0.30, and two others with effectiveb of 0.285 and 0.29The rationale for
incorporating an entrained/b of 0.01 to 0.015 using 0.1% MW fi&s is discussed in detail in

section4.2.2 In summary, this dosage was derived fromEeation2.5 developed by Bentet
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al., which calculates the amount of internal curing ageaeded to mitigate chemical shrinkage

(CS) in cementitious mixes, targetingS=0.07 g water/g cemerfor Type | GUPC [251].

Additionally, the results obtained @hapter 4established 0% as the maximum effective dosage

for MW fibresin terms of providing improved degree of hydration

Table6.2 Mix proportions of the control and MMibres mortars

Control samples

MW Fibre -added samples

REF285 REF29 REF30 N, HT HY
w/b=0.285 w/b=0.29 w/b=0.30 0.1% MW  0.1% MW

Cement (g) 500 500 500 500 500
Water (@) 142.5 145 150 150 150
Sand (g) 1375 1375 1375 1375 1375
MW fibre (g) - - - 0.5 0.5
Totalw/b 0.285 0.29 0.0 0.0 0.0
Superplasticizer (mL 5 5 5 5 5
Entrained wb - - - 0.01 0.015

6.4 Testing Procedure

6.4.1Setting Time

The determination of the initial and final setting times of the samples in this study was conducted

by the Vicat needle test, through ASTM C191 guidelines. This test involves assessing the depth of

penetration of the Vicat needle into the cement pasteleampotal of three sanips were tested

for eachspecimen.

6.4.2Drying Shrinkage and Autogenous Shrinkage

To evaluate the unrestrained shrinkage of mortar samples, prisms measuring 25x25x285 mm?3 were

made, following the guidelines outlined in ASTM C157. The prism moulds were filled with

mortars in two layers, sealed, and allowed to be set for 24 hoursdafteulding, the specimens

were stored in a controlled room at 50£5% relative humidity (RH) and a temperature of 20+2 °C.
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The length change of specimens was measured at different time intervals. Autogenous deformation
measurements were performed on prismatic samples using the same procedure as the drying
shrinkage samples. However, afterrdeulding, the autogenous shrinkaggmples were sealed

with aluminum tape and measured within a metallic frame equipped with a digital deformation
transducer[184,305] Additionally, the mass loss of each autogenous shrinkage prism was
monitored, revealing a minimal value of less than 0.11% after 50 days. This demonstrates the
negligible influence of evaporative losses and shows the efficacy of the sealing procege@mplo

in maintaining the integrity of the measurementgotal of seven samples were tested for each
specimen.

6.4.3Flexural and Compressive Tests

The compressive strength and flexural strength of the mortars were determined using 40x40x160
mm?2 prism specimens, following the procedures outlined in ASTM @348welve sampleper
specimen were compacted using a tamper, applying twalekeseach Following compaction,

the specimens were covered with plastic foil and placed in an environment with a temperature of
20 = 2 °C for 24 hours. Subsequently, the specimens wengod&led, wrapped in plastic foil,

and stored under standard laboratory comals (20 + 2 °C) until the testing age was reached. The
flexural strength was assessed through a thoéat bending test machine. For the determination

of compressive strength, portions of the mortar prisms initially tested in flexure wede us
adhering to ASTM C349 standards

6.4.4Scanning Electron Microscopy (SEM)

To reveal the microstructure of cement paste samples after the incorporation of different types of
MW fibres, a Thermo Scientific Phenom XL scanning electron microscope (SEM) was used in

secondary electron (SE) and backscatter electron (BSE) modes, apatatccelerating voltages
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of 10 kV and 15 kV, respectively. Two types of samples were prepared for microscopy including
fractured parts and polished specimens. For the fractured parts, SE microscopy was employed,
while polished samples were prepared to investigate the elemenfabsition in the interface of

MW fibres and the cement matrix using BSE and eneiggersive Xray spectroscopy (EDS).

To avoid the direct polishing treatment from modifying the microstructure at the interface and
jeopardizing the authenticity of the tesmirface, the samples were initially subjected to resin
impregnation. After polishing, all samples were coated with a carbon film to reduce charging and
improve the contrast of SEM imagds.addition, the hydration process of all samples was halted
using the solvent exchange method with isopropanol before examinations
6.4.5Thermogravimetric analysis (TGA)

To gain a better understanding of hai¥ferent pretreatedMW fibres affect the hydration
characteristics of cementitious composites, a Perkin EImer TGA 4000 thermogravimetric analyzer
was used for thermogravimetric analysis @fay specimens. Before the test, cement samples were
grounded using a mortar and pesind passed through a #200 sieve. Subsequently, the samples
underwent decomposition in a temperature range from 30 °C to 995 °C, with a heating rate of
10°/min, under a nitrogen environment. Tdraount of portlandite (Ca(Ok))were then estimated

usingEquation6.1.

A , 0 Equation6.1
a o0 a 5 a g

Besides, the hydration degree of samples was studied based on the amount of chemical bound

water @ 0 6 w) usingEquation6.2 [306].
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C o ox o . . Equation6.2
a 600w a a a

Whered is weight loss rate (%) between 70 to 400(C-S-H gel, AFt, AFmand other hydration
products), & & &@ represents weight loss rate in 4660 C (Ca(OH}) and 650750 C
(CaCQ), respectively.D , 0 , and 0 also represents the relative molecular

weights which are equal to 18, 44, 74, respectively. Based on the derivative curve (DTG), the

precise limits for the temperature interval of CH and CBW contents were established.
6.5 Results and Discussion

6.5.1Effect of MW fibres on setting time of cement paste samples

The effect of prareated MW fibres on the initial and final setting times of cement paste is
presented irFigure 6.3 It is evident that while the MW fibres had no significant impact on the
initial setting time, they notably affected the final setting time. The most prominent delay in the
final setting time was observed in the N and HT samples, with respective defdi$ahinutes

and 40 6 minutes. The nearly identical final setting times of the N and HT samples indicated that
the removal of waxes and pectin during the hydrothermal process for the HT sample had a
relatively minor effect on the final setting time. Instead, other composndk,as hemicellulose,
predominantly influenced the delay in the final setting time of the cement paste samples.

The delay in the setting time of cement composites following the incorporation of lignocellulosic
fibres has been previously repor{@éd2 174,307] For example, in the case of hemp fibres, their
retarding effect was attributed to the trappi
primarily carried out by the free carboxylate and alcohol functional groups present in pectin, which

made up araud 20% of the composition of hemp fib{@32]. However, it's important to highlight
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that MW fibres possess approximately 0.4% pectin in their compoR2ipmaking itimprobable

that pectin was the main factor responsible for the observed delaying effect in thidrstteshd,

the high concentration of hemicellulose in MW fibres, estimated at around 36%, is proposed to
play a crucial role in the delayed setting tif282]. Hemicellulose contains free carboxylate
functional groups in its structure, which become ionized in alkaline media. This leads to the surface
fibre carrying a negative electrical charge that can adsorb and tfap@s acting as a retarder

and growth inhibitor for CSH hydrat¢s72]. Another mechanism explaining the retarding effect

of the NMW and HT-MW fibres is the adsorption of monosaccharides, primarily originating from
hemicellulose, onto anhydrous cement grains, inducing a setting delay by hindering water access
to northydrated cement graifj$75,176] The notably reduced delay in setting time for samples
containing HY fibres (i.e., 18+3 minutes) confirmed this conclusion that the removal of
hemicellulose from MW fibres during the hybrid greatment process resulted in decreased
leaching of retardingextractives. This removal of hemicellulose frahe HY-MW fibres was
evidenced in the authors' previous studies by the disappearance of the FTIR absorption peak at
1735 cm 1T C=0 stretching vibrati oteatnehf248lh e car |
Consequently, this resulted in a significantly weaker retarding effect when compared to the
reference sample and demonstrated the relative efficacy of the hybiice@iraent method in

minimizing the adverse impact of lignocellulosic fibres onRI@setting time
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Figure6.3. Variation of setting time of cement paste witimtreated and pr&eatedVW fibres

6.5.2Effect of MW fibres on the degree of hydration of cement paste samples

As illustrated inFigure 6.4, TGA was performed on-day specimens to examine the impact of

MW fibres on the degree of hydration. The summairyhe calculated portlandite content and
chemically bound water, derived from TGA thermograms, is presenfeabie6.3. It is evident

that the HT and HY samples displayed the highest portlandite content at 17.7% and 17.6%,
respectively. In contrast, the N sample exhibited the lowest portlandite content at 16.7%, compared
to REF30, which showed a portlandite content o7 %’. This indicates that both pteeated MW

fibres, HT and HY, were successful in achieving a similar degree of hydration as the reference
sample with the same totalb. This is further confirmed by the percentage of chemically bound
water (CBW), where the HT and HY samples demonstrated the highest percentages of CBW at

6.4% and 6.6%, respectively, compared to 6.4% in the REF30 sample.
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Figure6.4. TGA results of the MW incorporated specimens

Table6.3. Chemically bound water (m (CBW)) and Portlandite content (m (CH) of MW
incorporated specimens based on TGA/DTG curves

Mixture |0 3 (%) O F| (%) LCH (%) LCalite (%) O g3 (%)
REF30 2.6 6.4 2.5 4.5 17.7
N 3.3 6.0 2.4 4.0 16.7
HT 3.3 6.4 2.4 4.6 17.7
HY 2.7 6.6 2.4 4.6 17.6

6.5.3Effect of MW fibres on autogenous shrinkage of mortar samples

During the hydration process of cement, water is gradually consumed, causing the initially water
filled pores to become partially unsaturated. This phenomenon triggers the formation of menisci
within the pores. The drying capillary pores form menisci &igmall curvature radius, resulting

in significant capillary tension, and as a result, substantial autogenous shrinkag¢38aBs0].

The magnitude of autogenous shrinkage is directly related ta/the_ower w/b facilitate the

rapid formation of smaller pores, intensifying capillary tension and resulting in higher shrinkage

154



due to pore size refinemef&11,312] This relationship is evident iRigure 6.5, where mortar
samples with lowemw/b exhibit higher absolute shrinkage values. Autogenous shrinkage is
particularly concerning in the early ages as it develops rapidly when the cement paste possesses
weaker mechanical properties compared to {tamgy drying shrinkagg313]. In this study, the

term 'earlyage’ refers to the period from the placement of the mixes up to 7 days

Time (days)
0 1 2 3 4 5 7 8
0 1

-o--REF285 -x REF29 —-+—REF30
.50 -

-100 A
-150 A

-200 A

Autogenous Shrinkage (ne)

-250 A

-300

Figure6.5. Autogenous shrinkage development of the reference mortar mittes/b=0.285,
w/b=0.29, andv/b=30

Figure 6.6 and Figure 6.7 depict the autogenous shrinkage strains of cement mortar mixtures
containing MW fibres at both early and leteym ages. Typically, the most significant autogenous
shrinkage occurs within the initial days following mixing. During this period, the mixaacies
sufficient tensile strength to withstand the crack propagation triggered by shrinkage stresses. The
3-day autogenous shrinkage of all specimens reached approximai@b@0f their autogenous
shrinkage at -tlays, showing that the major portion ot@enous shrinkage appeared at the first

3 days. While autogenous shrinkage typically stabilizes within the initial days for cement mixes
with a normalw/b (i.e., w/b> 0.42), the continual rise in shrinkage strains across all mixtures can
be attributed tahe low w/b and high cement dosage. Comparatively, the N sample showed

negligible changes in autogenous shrinkage strains, whereas the HT and HY samples exhibited
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meaningful reductions, demonstrating the efficacy of internal curing water released by the HT and
HY pretreated MW fibres. Specifically, the HT sample demonstrated a remarkable 27% reduction
in autogenous shrinkage at 3 days, maintaining a consisteictioedaf 23% and 28% at 4 and 7

days, respectively. Conversely, the HY sample showed a 12% reduction at 3 days, progressively
enhancing its effectiveness with reductions of 17% and 26% at 4 and 7 days, respectively. These
reductions showed the effectivelemf the pretreated MW fibres in the internal curing of the
mortar. This effect plays a crucial role in mitigating tension induced by drying capillary pores
during cement hydration, consequently reducing autogenous shrinkage in the cementitious mixes.
It is important to note that the comparisons are made against reference samples having the same
w/b asthose samples that incorporate fib(es., HT vs. REF29 and HY vs. REF285). Notably,

the HY samples faced a harsher condition in terms ofdesiiccatio due to their slightly lower
effectivew/b.

In summary, prdareated MW fibres can effectively reduce autogenous shrinkage through two
mechanisms. Firstly, botthe HT-MW and HY-MW fibres contribute to internal curing,
maintaining high humidity within the cementitious matrix for continued hydration. Secondly, after
releasing their water, the bridging effect of the fibres helps mitigate autogenous deformations
[314]. A comparison of autogenous shrinkage values bettre=HT-MW and HY-MW fibres
suggested that the latter exhibited slightly a higher shrinkage strain (i.e., the absolute value) in the
early stages of the experiment. This difference in behaviour can be attributed to the superior
bridging effect of HFMW fibres compared to HY MW fibres, owing to their lower susceptibility

to mineralization and subsequent alkaline degradation (i.e., loss of integrity). This resulted in a
less pronounced shrinkage in the HT sample compared to samples with HY MWTibsesspect

was thoroughly discusséaker in the sectio6.5.61n contrast, as received MW fibres i.e., N MW
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fibres, displayed no reduction in the autogenous shrinkage of cementitious specimens. This lack
of effectiveness in reducing autogenous shrinkage is attributed to their inadequate internal curing
capability. In particular, the diminished internal curingfpemance of N MW fibres was
evidenced by a lower formation of hydration products, as confirmed through TGA and EDS
analyses.

In comparison to other lignocellulosic fibres, the -peated MW fibres (i.e., HT and HY)
demonstrated a notably effective impact on reducing autogenous shrinkage. For instance, when
compared to plain mortar, 0.25% weight of abaca fibres reduced autsgeminkage at 8 days

by 21%][21]. Additionally, the addition of 1% cellulose fibres resulted in a 13% reduction in 7
day autogenous shrinkage in morfth63]. However, 0.1% wt. pr&reated MW fibres exhibited
autogenous shrinkage reducticanging from 12% to 27% in within 3 days in mortar samples.
This reduction further increased to 26% to 28% within 7 days.ddnsonstrated the critical role

of the unique hollow structure in MW fibres for their effectiveness in internal curing and mitigating

autogenous shrinkage, setting them apart from other lignocellulosic materials.
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Figure6.6. a) early age, and b) losigrm autogenous shrinkage development of mortar mixes
containing hybrid treated MW fibresompared to the reference sample with the same effective
w/b
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Figure6.7. a) early age, and b) lorigrm autogenous shrinkage development of mortar mixes
containing nortreated and hydrothermally treated MW fibresmpared to the reference sample
with the same effective/b

6.5.4Effect of MW fibres on drying shrinkage of mortar samples

Figure 6.8 illustrates the drying shrinkage strain of cement mortar mixtures incorporating MW
fibres. The drying shrinkage behaviour of mortar specimens with MW fibres showed two different
patterns. Firstly, both the N and HT samples experienced significantly ligheg shrinkage,

with increases of 30% and 29% respectively compared to their corresponding plain mortar
samples, within the first 3 days. However, as the testing period progressed to 63 days, the drying
shrinkage values for these MW fibcentaining sarples gradually approached those of the plain

mortar samples, with the difference becoming negligible (i.6.5%) and statistically
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insignificant. In contrast, the HY sample demonstrated less severe drying shrinkage in the first 3
days, with a 20% increase compared to the plain mortar sabpleever,after the initial three

days, the drying shrinkage in the mortar samples containing HY increased compared to the plain
mortar samples. This trend persisted throughout the remainder of the testing period. For instance,
the increase in drying shrinkage frahre 7" day to the 28 day ranged between 15% and 9%,
respectively. The water losseasurements of samples incorporating MW fibres under drying
conditions exhibited the same overall trends, as depictedjime6.9.

The observed difference between the drying shrinkage behaviour of the HY sample in comparison
to the N and HT sample in the later ages is an interesting finding, necessitating a deeper
understanding of the underlying factors influencing drying shrinkageimentitious matrices

The drying shrinkage of the cementitious matrices is closely related to the magnitude of its porosity
and the size and connectivity (percolation) of the capillary system in the hydrated cement paste
[170,315] The higher the connectivity of capillary pores network, the higher the drying shrinkage.
Thus,the different responses of various MW fibres in mitigating drying shrinkage can be explained
by their role in connecting to the capillary network.

HY MW fibres, having undergone a preatment process that removes lignin, exhibit greater
hydrophilicity compared teghe N and HT MW fibres. Consequently, HY MW fibres, reaching
several hundred micrometers in size, establish new pathways for transporting moisture outward by
connecting to the capillary pore network, microcracks (induced by shrinkage), and macro cracks
(inducd by fibre contraction after release of their entrained water). This connection to the pore
network of the cementitious system was mainly facilitated by the migration of cement products
into the lumen of HY MW fibres (as shown kilgure6.13-a.1-2). These newly formed extensive

pore networks created by HY MW fibres subsequently exacerbate drying shrinkage by facilitating
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moisture transport to the unsaturated environment. Additionally, the distinct morphology of HY
MW fibres could be an additional reason in facilitating moisture transport within these pore
networks. Firstly, the removal of hemicellulose and lignin duriegpttetreatment process results

in accelerated moisture transport through thinner cell walls (i.e., removing a physical barrier).
Moreover, the presence of defects and holes within the structure of HY MW fibres could also
contribute to easier moisture tsport. These drastic morphological changes were previously

showed in the study by the auth{i248].
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Figure6.8. Drying shrinkage deformations of mortar mixes with; a)-treated (N) and
hydrothermally treated (HT), and b) hybtreéatedHY) MW fibres comparing to reference
mixes with the same effective/b
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6.5.5Effect of MW Fibres on mechanical properties of mortarsamples

The effects of adding MW fibres on both the compressive strength and the flexural strength of
mortar mixes are depicted Fgure6.10 andFigure6.11, respectivelyFor the N samples, there

was a notable reduction in compressive strength by 9.5% at 7 days and 8.4% at 28 days compared
to thereference sampldhe HT sample underwent a 4.7% decrease in compressive strength at 7
days, but by the 28day, the HT and its corresponding reference exhibited almost identical
strengths, both reaching around 71 MmMa.contrast, the HY samples maintained similar
compressive strengths to those of their corresponding reference samples at bodimdh28day

curing ages, recording strengths of 64 MPa and 72 MPa, respectively.
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Regardless of the incorporation of MW fibres, it can be seen that as/lthdecreases, the
compressive strengths increase. This is due to the fact that the paste's strength is typically a
function of number and size of capillary pores, which is primarily dependemtbdf316]. An
exception was observed in the N sample, which can be attributed to the significant poisoning effect
of leachates and their role in interruption of hydration read@®2]. The existing literature
suggests that the inclusion of internal curing agents, such as SAP, and natural fibres such as sisal
fibres, and Lechuguilla fibres, often leads to a decrease inagel}compressive strength. This
reduction is attributed to thiacreased porosity of the cementitious composite due to the macro
voids introduced by the internal curing agents following the release of their entrained water
[34,62,127,281]However, the reduction in compressive strength can be compensated at later ages,
as the hydration proceeds at a higher rate since a higher internal RH is maintained in the internally
cured specimend 28]. Consequently, the strength gap between reference mixes and those with
internal curing agestbecomes smaller as internal curing becomes more pronounced in the later
stages. This holds true for both greated MW fibres i.e., HT and HY, where their efficiency of
internal curing has been shown previously. However, the HY samples, owing to tickerqu

release of internal curing water, exhibited superior performance even at early stages
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Figure6.10. Compressive strength of mortar mixes after addition of MW fibres

Analyzing the flexural strengths of mixtures with MW fibres showed a different pattern than seen
in the compressive strength results. Initially, at 7 daystrpeted MW fibres (the HT and HY
samples) showed a statistically significant increase in fl&xatrangth (6.8 MPa and 6.6 MPa,
respectively), whereas the N sample maintained almost the same flexural strength compared to
their reference samples. However, by theda8 age, the inclusion of MW fibres led to a notable
decrease across all types compatiee their corresponding reference, with the N samples showed
the lowest strength at 6.9 MPa and the HT samples exhibited the highest flexural strength at 7.8
MPa. This decrease in flexural strength of all samples at 28 days compared to their references ca
be attributed to the alkali degradation of MW fibres due to prolonged exposure to the high alkali
environment of the cementitious matrix.

Variations in the flexural strength of samples can be linked to the different drying shrinkage
behaviours of MWncorporated samples, as observedFigure 6.8. Indeed, the primary
mechanism impacting the flexural strength of specimens is the microcracks induced by drying
shrinkage. These microcracks can serve as stress risers, significantly reducing the flexural strength
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of the specimens. This effect was notably observed when comparing the HT sample to the HY
sample. While the difference in flexural strength between the HT and the HY sample was relatively
small at 7 days, the significant development of drying shrinkadieced microcracks in the HY
sample resulted in a notable drop in its flexural strength compared to the HT sample. For instance,
the 28day drying shrinkage of HY sample compared to the HT sample was recorded &8d

640n®, respectively. Additionally, #ainferior flexural strength of the N samples can be attributed

to their pronounced poisoning effect and poor internal curing performance compared te the pre
treated samples, leading to a weaker cement matrix with lower flexural strength at both ages.

It is of great importance to understand that the role of MW fibres here was not intended for
reinforcing the cementitious matrix. This is because hollow fibres, such as those derived from
Milkweed and Kapok, typically have low tensile strength (within thege of 106800 MPa)
[199,317,318Lnlike bast fibres such as Flax, Jute, Hemp, and Kenaf, which exhibit higher tensile
strength (ranging from 4060000 MPa)[319]. Moreover, the interfacial adhesion between
lignocellulosic fibres and the cementitious matrix is usually weak resulting in incomplete load
transfer [302,319 322]. However, in addition to the mechanism explained in the previous
paragraph, the bridging effect of MW fibres can be a secondary mechanism to explain lower
flexural strength of the HY sample compared to the HT sample. Specifically, the stretiggh of
HY-MW fibres was expected to be lower due to the more rigorousgatment process compared

to HT-MW fibres. This conclusion was supported by previous morphological observations, which
revealed thepresence of holes and defects within the structure of HY MW fibres, tisldT-

MW fibres exhibited almost intact morpholof48]. Mineralization of lime within the lumen of

the HY MW fibres is another phenomenon which increases fibre embrittlement and could diminish

the flexural strength comparing to the HT sample, which is showigure6.13.a.1-2.
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Figure6.11. Flexural strength of mortar mixes after addition of MW fibres

6.5.6Effect of MW Fibres on the microstructure of mortar Samples

Figure6.12 shows the dispersion of 0.1% wt. MW fibres throughout the cement paste samples. As
discussed earlier, these water reservoirs, while serving as internal curing agents, may act as macro
voids after delivering their entrained water to the matrix, therebgctiy the compressive
strength and drying shrinkad@&70,323,324] No evidence of agglomeration was detected during

the assessment of dispersion for both-treated and pr&reated MW fibres. The effective
dispersion of internal curing agents (i.e., MW fibres) is a crucial factor which not only contributes
to the mechaical properties of the final cementitious composite but also impact their internal
curing capability in reducing autogenous shrinkage. For instance, recent studies on Eucalyptus
fibres and cellulose fibres revealed that higher dosages can lead to p@sidis, resulting in
inadequate internal curing efficiency and diminished performance in reducing autogenous

shrinkage of the cementitious compos|&3,163]
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Dispersion of
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Figure6.12. SEM image of dispersion of MW fibres across cement paste matrix

As previously mentioned, botthe N- and HTMW fibres primarily consist of cellulose,
hemicellulose, and lignin. IRigure6.13. b-1, it is evident thatheHT-MW fibres exhibit an empty
lumen cavity within the cementitious matrix, a characteristic also observed in N MW fibres. The
main component of lignocellulosic fibres which acts as a physical and or chemical barrier to the
migration and precipitation of cemanto the fibre cavity is reported to be ligi825,326] which

is present in bottheN- and HT-MW fibres. In fact, fibres with lignin have lower surface energy,
resulting in higher contact angles with water (or other polar liquids) and reduced hydrophilicity
compared to fibres from which lignin has been removed duringr@a¢ément (i.e., the HY sate)

[327]. Consequently, the presence of ligninthe N- and HFMW fibres renders them less
susceptible to mineralization comparedhieHY -MW fibres. It's worth mentioning, however, that

in some HT and N fibres, minor mineral precipitation was observed at the fibre openings with no
penetration into the lumen, as shown in as showigare6.13.b-2. This observation showed how

the presence of lignin can disconnect the fibres from the pore network of cementitious system,



which resulted in a better drying shrinkage behaviour of the N and the HT sample compared to the
HY sample as observed kgure6.8.

On the other hand, the elimination of lignin in HY MW fibres resulted in increased surface energy
and hydrophilicity, thereby increasing their susceptibility to mineralization, as demonstrated in
Figure6.13.a1. The mineralization of HY MW fibres occurs through the migration of calcium
hydroxide (CH) and C4 ions to the lumen cavity, where CH crystalli828]. The depth of
penetration of these hydration products inside the fibre lumen reached upnim,1&€ evidenced

by SEM micrographs ifigure6.13.a2. Consequently, it is crucial to note that not all MW fibre
incorporated samples led to empty macro voids after delivering their entrained water, as
mineralization can fill up the fibres in the absence of lignin. Furthermore, as discussed earlier,
minenralization is one of the main reasons for the formation of an integrated pore network within
the cementitious matrix after incorporating HY MW fibres, resulting in their poor drying shrinkage
behaviour compared to the N and HT sample.

Elemental maps presentedHigure6.14, Figure6.15, andFigure6.16illustrate spatial distribution

of major chemical elements at the interface between the N, HT, and HY MW fibres with
cementitious matrix after 28 days, respectively. Micrographs and data summarizaole®.4

show that the HY samples exhibited the highest concentration of Si and Si/Ca values in the vicinity
of the fibres, followed by the HT samples. This observation is attributed to the enhanced internal
curing efficacy of HY MW fibres, improved hydration, andy also be related to mineralization
occurring in their lumen, which was not possible for the N and HT MW fibres due to the presence

of lignin within the structure of fibres.
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Figure6.13. SEM micrographs of the effect of a) hybrid treated (HY), and b) hydrothermally
treated (HT) on the microstructure of cement paste samples after 7 days

Another significant characteristic observed in the micrographs is the degradation of all fibres after
exposure to the cementitious matrix for 28 days. This phenomenon explains the lower observed
28-day flexural strength of MWhcorporated samples compatedheir corresponding references.
FortheN and HT MW fibres, the alkaline attack due to the severe alkaline environment of the
matrix led to the destruction of fibre integrity through alkali hydrolysis of hemicellulose and lignin.

In contrast, HY MW fibes exhibited a different mechanism of degradation, namely mineralization

through the growth of hydration products inside the lumen.
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Figure6.14. Elemental map by EDS of ndreated MW fibres in cement paste

Figure6.15. Elemental map by EDS of hydrothermally treated MW fibres in cement paste
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