MATERIALES DE CONSTRUCCION

Vol. 65, Issue 317, January—March 2015, e041
ISSN-L: 0465-2746
http://dx.doi.org/10.3989/mc.2015.05514

Non-conventional cement-based composites reinforced with
vegetable fibers: A review of strategies to improve durability

S.F. Santos*, G.H.D. Tonoli®, J.E.B. Mejia®, J. Fiorelli’, H. Savastano Jr°z=

a. State University of Sao Paulo (UNESP) — (Sao Paulo, Brazil)
b. Federal University of Lavras (UFLA) — (Lavras, Brazil)
¢. University of Sao Paulo (USP) (Sao Paulo, Brazil)
><Jholmersj@usp.br

Received 9 August 2014
Accepted 17 October 2014
Available on line 26 January 2015

ABSTRACT: The present review shows the state-of-art on the approachs about improving the processing, phys-
ical-mechanical performance and durability of non-conventional fiber-cement composites. The objective of this
review is to show some of these strategies to mitigate the degradation of the vegetable fibers used as reinforce-
ment in cost-effective and non-conventional fiber-cement and, consequently, to improve their mechanical and
durability properties for applications in the housing construction. Beyond the introduction about vegetable
fibers, the content of this review is divided in the following sections: (i) surface modification of the fibers; (ii)
improving fiber-to-cement interface; (iii) natural pozzolans; (iv) accelerated carbonation; (v) applications of
nanoscience; and (vi) principles of functionally graded materials and extrusion process were briefly discussed
with focus on future research needs.
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RESUMEN: Compuestos cementantes no convencionales reforzados con fibras vegetales: Una revision de estrate-
gias para mejorar la durabilidad. La presente revision explora la actualidad en el campo de los compuestos de
fibrocemento no convencionales en relacion a mejoras en el proceso productivo, el rendimiento fisico-mecanico
y la durabilidad. El objetivo de esta revision es exponer algunas estrategias para mitigar la degradacion de las
fibras vegetales utilizadas como refuerzo en fibrocementos no convencionales y rentables, obteniendo en conse-
cuencia una mejoria en el rendimiento de sus propiedades mecanicas y durabilidad para su aplicacion en el area
de la construccion de viviendas. Ademas de la introduccion en relacion a las fibras vegetales, el contenido de
esta revision se divide en las siguientes secciones: (i) modificacion de la superficie de las fibras; (ii) mejoramiento
de la interfaz fibra-cemento; (iii) puzolanas naturales; (iv) carbonatacion acelerada; (v) aplicaciones de la nano-
ciencia; y (vi) principios de los materiales funcionalmente graduados y el proceso de extrusion fueron discutidos
brevemente con un enfoque a investigaciones futuras.

PALABRAS CLAVE: Tratamiento de fibras; Carbonatacion acelerada; Nanotecnologia; Materiales funcionalmente
graduados; Proceso de extrusion
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1. INTRODUCTION

With more than half of the world’s 7 billion peo-
ple living in cities, urbanization presents an oppor-
tunity to transform production and income levels in
developing countries (1). However, 55 million new
slum dwellers have been added to the global popula-
tion since 2000. It is unacceptable today that about
1 billion people live in slums and other sub-standard
housing, with precarious guarantee of access and
inadequate water and sanitation (2). By 2030, about
3 billion people, or about 40 percent of the world’s
population, will need housing, basic infrastructure
and services. This renders into the need of complete
96,150 housing units per day, with documented
land, untill 2030 (2).

While some cities are shrinking, many urban
centres are having rapid and largely uncontrolled
population growth, creating a pattern of rapid
urbanization. Most of this growth is now taking
place in developing countries and is concentrated
in informal settlements and slum areas (3)The
total demand housing is a measurement based on
two aspects: the growth of the population and the
need for replacement housing units. For example,
according to 2010 census by Brazilian Institute of
Geography and Statistics (IBGE) the total demand
for housing in Brazil is estimated at approximately
9297214 households (4).

Developing countries usually face grave housing
deficits and the following hurdles against dwelling
construction have been typically pointed out: high
interest rates, elevated social taxes, high informal
labor indexes, and bureaucracy. Lack of loan is an
additional problem as banks may not be interested
on funding or because governmental programs are
scarce. As a result, a considerable percentage of the
population in developing countries still lives at sub-
dwelling units.

The housebuilding industry is changing. Market
forces are driving the industry to reconsider their
approach to serving their customers. Government
agendas on Rethinking Construction, planning pol-
icy and building regulations are forcing the indus-
try to reconsider the way houses are built. These
issues together with a construction skills shortage
and a huge demand for new houses mean that inno-
vative construction types are being developed and
used (5).

Thus, significant impacts on housing policy
implementation and management must be observed
to enable comprehensive exploration of possible
strategies that small companies in developing coun-
tries could adopt to benefit from the open construc-
tion market (6). Part of the global strategy is to use
regional and recyclable, renewable materials from
agroindustrial waste for civil construction (7-9).

Aiming at lowering costs of households, scientific
attention has been given to durable non-conventional

building materials with similar features as those pre-
sented by construction materials traditionally used
in civil engineering. Quest for such surrogate mate-
rials can be two-fold interesting as (i) it may help
to reduce dwelling deficits (particularly in develop-
ing countries) inasmuch as cheaper houses become
economically feasible and (i) it can be environmen-
taly friendly as low-value wastes can be recycled or
exploited. Accordingly, this review is particularly
interested in agroindustrial residues or by-products
as prospective non-conventional construction mate-
rials, combining some approachs such as the use of
vegetable fibers as reinforcement, the use of nano-
technology, extrusion processing and functionally
graded materials.

2. VEGETABLE FIBERS AS NON-
CONVENTIONAL REINFORCEMENT

The purpose of the fiber reinforcement is to
improve mechanical properties of a given cement
based material, which would be otherwise (if not
reinforced) unsuitable for several practical appli-
cations (9). A major advantage concerning fiber
reinforcement of a brittle material is the composite
behavior after cracking. Post-cracking toughness
produced by low elasticity modulus fibers in the
cement material may allow the large-scale construc-
tion use of such composites (9). Reinforcement is
distributed into the composite leading to the effec-
tive capacity of reinforcing and bridging cracks dur-
ing the bending or tensile tests.

The synthetic fibers, such as polypropylene (PP)
and polivinil-alcohol (PVA), are alcali resistant
and are commonly used as main reinforcement in
cement based composites. However, the produc-
tion of synthetic fibers consumes a large amount of
energy and chemicals and petrochemicals raw mate-
rial. For example, as propylene (raw material for
polypropylene fibers) demand continues to outpace
ethylene demand, there is increasing interest and
need to finding or developing alternative sources
of propylene without adversely affecting ethylene
availability. Besides, the polypropylene fibers manu-
facture demands a great quantity of energy, about
38 kl/kg, as well as it produces effluents (process
water, caustic steams), emissions (airbone polymer
powder, fumes containing carbon monoxide, form-
aldehyde and acrolein) and wastes (contaminated
polymer scraps, spent catalysis) (10).

Within the context of sustainable economy and
innovative construction, vegetable fibers, from
wood and non-wood sources, are widely available
in most developing countries as suitable reinforce-
ment materials for brittle matrix. Accounting for the
mechanical properties of the fibers as well as their
broad variation range, one may develop building
materials with suitable properties by means of the
adequate mix design (11, 12).
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The concept of vegetable fiber reinforcement in
cement-based materials was developed in 1970s,
when vegetable fibers were evaluated as substitutes
of manufacture of fibers. Natural vegetable fibers
(sisal, bamboo, fique, hemp, flax, jute and ramie,
for example) are used in regions where these mate-
rials are readily available. Motivations for their use
include decreased raw-materials costs and contribute
to sustainability of the sector. As reported in Coutts
(13), vegetable fibers contain cellulose (which is a
natural polymer) as the main reinforcement of these
materials. The chains of cellulose form microfibrils,
which are held together by hemicellulose and lignin
in order to form fibrils. The later are then assem-
bled in various layers to build up the fiber structure.
Fibers or cells are cemented together in the plant
by lignin (14). Vegetable lignocellulosic macrofibers
present several interesting advantages, particularly
their low real (1.3-1.5 g/cm’) and apparent density
(0.4-1.5 g/em’), high specific stiffness (1.1-80.0 GPa)
and strength (0.1-3.0 GPa), biodegradability, their
renewable character, their low processing energy in
the case of chopped natural fibers, and their avail-
ability everywhere at modest cost and in a variety
of morphologies and dimensions (15-17). The usual
denomination for fibers is indeed a reference to
strands with significant consequences on durability
studies.

The use of cellulosic fibers as reinforcement in
cement based composite materials has been stud-
ied to replace partially the synthetic fibers, espe-
cially glass and polymeric fibers in construction
materials (18-20). Nevertheless, significant losses
in mechanical performance in the long term have
been observed in vegetable fiber-cement compos-
ites after natural or accelerated ageing (e.g. wet/
dry cycling), due to the degradation mechanisms
of cellulose fibers in the cementitious environment
(21-23).

Several efforts are made to enable new air
cured hybrid composites reinforced with vegetable
and synthetic fibers (24). Some of these strategies
are described in the sections bellow, for example,
the approach with the use of blended cement as
matrix, which aims to reduce the free alkalis within
the matrix, by developing low alkaline binders
based on industrial and/or agricultural by-products
(15, 25-28). Other approachs described bellow are
the use of cellulose nanofibrills or whiskers from
vegetable fibers as nanoreinforcement (29-31) and
the use of carbonation curing (32).

2.1. Wood pulp fibers

Wood pulp fibers are composed of three main
chemical components: cellulose, hemicelluloses,
and lignin and are generally classified as hardwood
and softwood. Both hardwood and softwood uni-
tary cells are tubular structures and can be pulped.

The chemistry and fiber morphology of hardwood
and softwood pulps are significantly different. The
average length of hardwood and softwood fibers is
approximately 1 and 3 mm, respectively. The width
of the fibers may vary between 10 and 50 pm and
the wall thickness between roughly 1 and 5 um.

During the production of pulp fibers at paper
industry, the pulping affects each component differ-
ently. For example, cellulose pulps can be produced
from residual crops wood species, by chemical pulp-
ing (e.g., kraft pulping) with alkaline liquors (e.g.,
sodium hydroxide reaction), fractions, organosolve
pulping with organic solvents (e.g., ethanol) or
strand fibers underwent low-temperature chemi-
thermo-mechanical pulping in line with as con-
sequence modifies the chemical composition
and reduce the lignin and hemicellulose content
(33-39).

These pulps have been evaluated as processing
fibers in the Hastchek method of fabrication. The
fiber-cement industry has used mainly Eucalyptus
and pinus pulps in the Hatschek process. Pulped
fibers are also preferred for composites produc-
tion in laboratory scale using slurry vacuum de-
watering technique, which is a laboratory-scale
crude simulation of Hatschek process. During the
de-watering stage, pulp forms a net that retains
cement grains. Advances were proposed with
new methodology for flocculant selection (36)
or to evaluate the best refining degree (37, 38) in
order to improve fiber bonding, processing and
strength of the fiber-cement composites pro-
duced. Moreover, there are particular aspects
of the bleached and unbleached pulps that have
been discussed in the litetature. Bleached (i.e.
low-lignin) pulp exhibited accelerated progression
of fiber mineralization in cement matrix as com-
pared to unbleached fibers (39).

The cellulosic pulp can also be considered as
micro reinforcement in cement based matrices
(26, 32). An interesting waste is the paper pack-
aging used for binders (e.g., ordinary Portland
cement). It is obtained from civil construction
waste, as recycled Portland cement kraft bags. The
recycling of this paper-based residue is not trivial as
it is for other types of paper. It is a consequence of
the residual content of cement (or powdered binder,
in general) in the bags what can be highly abrasive
and, consequently, undesirable for there cycling pro-
cessing. In many countries (e.g., Brazil) the amount
of Portland cement commercialized in kraft bags
is significant and the destination of the used bags
is considered a key issue for the cement produc-
ers in these countries. Therefore, the approach of
recycling any Portland cement packaging is of
interest as the reinforcement in fiber—cement and
requires simple techniques for processing and con-
sequent application for the manufacturing of these
composites (26).
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2.2. Non-wood cellulose fibers

Considerable research effort has gone into the
study of fast growing, cheap agricultural crops and
crop residues, especially for those countries with
limited forest resources. Non-wood fibers naturally
occur abundantly in tropical and equatorial coun-
tries, where they have been essentially targeted to
cordage, textile, and some papermaking and auto-
mobilistic sectors. Their heterogeneity and perishing
allied to restricted market for their use have lead to
intense generation of residues with high pollution
potential. For example, each ton of commercially
used sisal fibers yields three tons of residual fibers,
whose dumping has originated environmental haz-
ards close to the producing fields (40).

Non-wood pulps constitute abundant and low-
cost raw materials in many developing countries.
Savastano et al. (34) and Joaquim et al. (41) presented
the attempt to produce viable fiber—cement materials
using the Hatschek method and non-conventional
pulps of sisal (Agave sisalana) as reinforcement. In
those studies (34, 41) the performance as reinforce-
ment of the fibers obtained from commercial and
by-product sisal (Agave sisalana) by thermomechan-
ical pulping, chemi-thermomechanical pulping and
organosolv processes were investigated.

Correia et al. (42, 43) produced bamboo cellulosic
pulp by the organosolv process, evaluating different
temperatures and reaction times, and the pulps were
analyzed aiming their future application for the rein-
forcement of composites. Bamboo presents advan-
tages such as rapid growth, short-term renewal and
easily of spread that indicate it as a potential raw
material for cellulosic pulp production.

Banana (Musa cavendishii) pseudo-stem strand
fiber subjected to chemo-thermo-mechanical pulp-
ing and kraft methods were also studied as reinforce-
ment in fiber-cement. The researchers presented the
results of an experimental study of resistance-curve
behavior and fatigue crack growth in cementitious
matrices reinforced with eco-friendly natural fibers
(44, 45).

Tonoli et al. (18) evaluated the effects of 14 years
of weathering exposition in Cali, Colombia, on
the microstructure and mineral composition of
cementitious roofing tiles, still in service, reinforced
with fique fibers (Furcrae gender). The kinetics of
vegetable (sisal) fiber degradation and the mecha-
nisms responsible for deterioration of continuous
sisal fiber cement composites are presented in this
paper (18).

Jarabo et al. (28) and Jarabo et al. (15) have stud-
ied the potential of both corn stalk (Zea mays L.)
and industrial hemp core (Cannabis sativa L.) fibers
as a renewable source of cellulose fibers in the pro-
duction of fiber-cement. For each source of fibers,
several chemical cooking treatments were studied.
The results indicated that both pulps can be used

for the production of fiber-cement, having the two
types of pulp morphological similarities with the
pine fibers currently used.

Amazonic fibers such as those originated from
curaua plant and jacitara palm, also have been
studied as reinforcement for fiber-cement compos-
ites (46). Curaua (Ananas erectifloius) is recognized
since pre-Columbian days for its valuable fibers.
These fibers are some of the unique lignocellulosic
fibers of Brazil. D’Almeida et al. (47). produced
cement based composites reinforced with 2, 4 and
6% of short curaua fibers. The results obtained
were compared with those found for cement com-
posites reinforced with sisal fibers. The jacitara
palm (Desmoncus polyacanthos Mart.) is also widely
used by the artisans of the Amazon Basin region of
Negro River, Brazil, and is known to provide excel-
lent fiber characteristics and appearance. However,
there is still a lack of technical/scientific informa-
tion about these important amazonic fibers. For this
reason, the researchers evaluated the main proper-
ties of jacitara fibers for their future technological
application as reinforcement in composites (46).

3. SURFACE MODIFICATION OF
VEGETABLE FIBERS

The reduction of fiber durability is caused mainly
by the alkaline (pH around 12) environment of the
cement matrix. Some progressive degradation mech-
anisms may take place, such as the destruction of
the macromolecular chains during the partial alka-
line hydrolysis of the cellulose, which causes their
rupture and the consequent decrease of the degree
of polymerization of the cellulose chains. This deg-
radation mechanism occurs by the easy movement
of the pore water towards the surface of the fibers.
Other mechanism is the gradually filling of the
inner cores of the vegetable fibers with the cement
hydration products, leading to the embrittlement
of the fibers, and reducing their mechanical perfor-
mance (23). These mechanisms could affect some
important properties of the reinforced material,
such as toughness mechanisms and other mechani-
cal properties of the fiber-cement. Furthermore,
the strength of the composite decreases in the long-
term. The severe degradation of weather-exposed
composites can also be attributed to interfacial
damages owing to continuous volume changes of
the porous and hydrophilic cellulose fibers inside
the cement matrix (48).

Mohr et al. (49). reported that the chemical
composition of virgin cellulose pulps significantly
affects the mechanisms of mineralization of the
fibers within cement-based composites. Lignins are
amorphous, three dimensionally cross-linked poly-
mers, which have good solubility in the alkaline
media. Lignin removal occurs mainly during pulp-
ing but a more complete extraction of lignin is called
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bleaching. Bleaching also affects the chain length of
cellulose and hemicelluloses as well as the bulk cell
wall structure and the surface (50). Mohr et al. (49)
reported that lignin and wood extractives protect
the fiber from mineralization phenomena. Thus,
pulp bleaching makes the cellulose chain more sus-
ceptible to degradation, which could lead to impor-
tant consequences for the durability of the fibers in
the fiber-cement composite. Previous studies have
reported the influence of the chemical nature and
morphology of the cellulose fiber surface on the
water absorption (WA) and fiber to matrix interface
(51, 52).

The possibility of new applications for the cel-
lulosic fibers has stimulated the interest to modify
their surfaces for specific applications. In the major-
ity of the cases, the fiber surface modification is
an essential requisite to improve the interfacial
compatibility between fiber and matrix (improving
adhesion) and thus yielding enhanced mechanical
performance of the fiber-cement (53). The optimal
situation would be the protection of the cellulose
fibers from water uptake, which can be achieved by
less hydrophilic surfaces (either natural or after an
adequate treatment), and without losing the qual-
ity of the fiber bridging that is responsible for the
composite ductility.

Silane coating of fibers is a promising process
for improving durability and adhesion of vegetable
fibers used as reinforcement material in a cementi-
tious matrix. Preliminary studies on natural lignocell-
lulosic fiber reinforced composite setting time show
the importance of the silane chemistry/structure, for
fiber treatments with silane solution containing up
to 6% (by volume) silane. In the case of compos-
ites reinforced with unpyrolyzed bagasse fibers, set-
ting time increases with silane coating. Combining
pyrolysis and silane treatment improved the water
resistance of the fibers, which become more hydro-
phobic (53, 54). Other studies were performed to
investigate Eucalyptus kraft pulp fibers submit-
ted to chemical treatment in order to reduce their
hydrophilic character (55, 56). The silanes employed
were methacryloxypropyltri-methoxysilane (MPTS)
and aminopropyltri-ethoxysilane (APTS), in a pro-
portion of 6% by mass of cellulose pulp. Composites
were prepared by the slurry dewatering technique,
using 5% by mass of (untreated or treated) pulp
in a matrix composed by 85% of OPC and 15% of
limestone.

The effect of treating pulp fibers on their min-
eralization was analyzed using scanning electron
microscope (SEM) and back-scattered electron
(BSE) image detector to view cut and polished
surfaces. In composites with MPTS treated pulp
fibers (Figure 1a and 1b), the fiber lumens are free
from hydration products, while in composites with
untreated and APTS treated (Figure 1c and 1d) pulp
fibers, it was observed that the majority of fiber

FIGURE 1. SEM BSE images (left) and atomic mapping (right)
of C (red), Ca (green) and Si (blue) of the polished surfaces of
composites reinforced with: (a and b) MPTS-modified fibers
and (c and d) APTS-modified fibers. Images obtained after
200 accelerated ageing cycles. Spot 1 show the fiber lumen free
from cement reprecipitation, and spots 2 and 3 show the
cement reprecipitation (rich in Ca) into the fiber lumen.

lumens were filled up with reprecipitated products
from cement hydration.

Table 1 shows the effect of pulp treatment on the
mechanical performance of composites. At 28-days
of curing immersed in water, composites with APTS
silaned pulp presented significantly higher modulus
of rupture (MOR) than composites with untreated
pulp or MPTS silaned pulp whereas toughness of
the composites was not influenced by silane treat-
ment. Similar results for composites reinforced with
silane-treated fibers were found in (9, 57).

Average MOR values notably decreased after
ageing cycles for composites with either treated or
untreated fibers compared to those after 28 days of
cure. For accelerated ageing, specimens were suc-
cessively immersed into water at 205 °C for 170
min and, after an interval of 10 min, they were
heated to the temperature of 60£5 °C for 170 min
in a ventilated oven. Another interval of 10 min at
room temperature elapses before the subsequent
cycle, as recommended by EN 494 Standard (1994)
(58). A total of 200 cycles was executed in order to
better identify the modification in the physical and
mechanical behaviour of the composites. MOR dif-
ferences after ageing were not observed between
composites with treated or untreated fibers. As
suggested in Table 1, the fact that MPTS-treated
pulp did not present fibers filled up with prod-
ucts from cement hydration seems to influence the
higher toughness of the corresponding compos-
ites after 200 ageing cycles. Yet, for untreated and
APTS-treated pulps, the composite capacity to
absorb energy was markedly decreased most likely
due to reprecipitation of hydration products into
fibers permeable voids, with consequent composite
embrittlement.
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TABLE 1. Average values and standard deviations for properties of composites: limit of proportionality (LOP),
modulus of rupture (MOR), modulus of elasticity (MOE) and toughness (TE)

Fiber treatment Condition LOP (MPa) MOR (MPa) MOE (GPa) TE (kJ/m?)
Untreated 28 days 6.9%+1.1 9.9+1.4 13.3£1.2 0.86£0.25
MPTS 6.5+1.0 10.7+1.3 16.3£1.7 0.83+0.46
APTS 7.8%1.3 12.1£1.4 16.31£2.5 0.82£0.29
Untreated 200 cycles 6.310.9 7.5%0.5 17.7£1.1 0.13%£0.07
MPTS 7.2+0.9 8.0£1.0 18.6t4.6 0.30£0.12
APTS 6.9+1.7 8.3£1.0 18.4£3.8 0.13£0.07

TABLE 2. Average values and standard deviations for
physical properties of the composites: water absorption
(WA), apparent void volume (AVV) and bulk density (BD)

Fiber treatment Condition WA (%) AVV (%) BD (glcm3)

Untreated 28 days 16.4£0.9 29.0+1.0 1.77+0.04
MPTS 17.7+£1.3 30.8+1.5 1.75%0.04
APTS 16.7£0.8 29.9+1.0 1.79£0.03
Untreated 200 cycles 15.2+1.2 26.5£1.9 1.75%£0.03
MPTS 16.2+1.7 27.9+2.4 1.72%0.08
APTS 13.5£0.5 24.6+0.7 1.83%£0.03

The effect of silane treatment on composites phys-
ical properties is presented in Table 2. Significant dif-
ferences were not observed between composites with
treated or untreated pulp at 28 days. However, after
200 ageing cycles, composites with APTS-treated
pulp presented lower water absorption and appar-
ent porosity in relation to composites with untreated
pulp and MPTS-treated pulp. Bulk density of com-
posites with APTS-treated pulp was significantly
higher after 200 ageing cycles. This behavior suggests
that chemical treatment increased the interaction
with cement, which influenced physical properties of
the composite. Lower porosity of composites rein-
forced with silaned carbon fibers was reported in
(57). In such study, authors attributed this behavior
to the hydrophilic character of the silane used, which
improved fiber-matrix bond. The fact that fibers
are filled up with cement hydration products also
explains the porosity decrease of the composites.

4. THERMAL TREATMENT OF THE
VEGETABLE FIBERS

The durability of cementitious composites
depends on the dimensional stability of the ligno-
cellulic fiber in the cement matrix (53). One strat-
egy is the thermal treatment named as hornification
process. The term hornification is used to describe
structural changes in cellulosic fibers caused by the
removal of water or recycling of fibrous pulps (59).
Originally it was expressed by the german word
“verhornung”, the first translation into English as

“cornification” and later changed to “hornification”
(60, 61). The process may be carried out by press-
ing and drying the pulp at room temperature or by
forced drying in oven (62). The exact mechanisms
and the effects of hornification are still under discus-
sion, although some researchers show a decrease in
the ability to retain water of the cellulosic pulp (63).

The hornification refers to the irreversible
decrease of the water retention capacity of the cel-
lulosic fibers by the formation of hydrogen bonds in
the cellulose chains when subjected to cycles of dry-
ing and re-wetting. It doesn’t modify fiber strength
and length, but causes a reduction in cell wall thick-
ness. It can be quantified by the percentage reduc-
tion in water retention values (30, 63-66).

The collapse of the fiber wall starts and has the
most significant effect after the first drying cycle, and
it continues working after each cycle of drying and
re-wetting. However, it stabilizes after two or three
cycles (63, 66). Figure 2 shows the hornification
stages. Stage (a) represents the wet kraft fiber before
drying. In stage (b), the water drainage starts to cause
morphological changes in the fiber cell wall at about
30% of humidity content. The fiber wall lamellae start
to approach each other due to the capillary forces.
During this stage, the fiber cavity (lumen) can col-
lapse. With additional drying, spaces between lamel-
lae continue shrinking to the stage (c), whose most
free voids in the lamellar structure of the cell wall
become closed. Toward the end of drying in the stage
(d), the water removal occurs in the fine structure of
the fiber wall. Kraft fiber shrinks strongly and uni-
formly during this final phase of drying, i.e., at solid
contents above 70-80%. The shrinkage occurred in
the stage (d) is considered irreversible (67).

FIGURE 2. Hornification stages of the
individualized cellulose fibers (67).
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During the process of hornification, the fibers
suffer changes that are directly related to their struc-
ture. In the outer cell wall occurs collapsing and
hardening, which prevents the complete wetting of
the fiber, which means reduction in the water absorp-
tion capacity and swelling of the fiber (68, 69).

The loss of swelling capacity of the fibers is
related to the closing of pores into the fiber wall
that leads to a loss of flexibility of the cellulose
molecules (63, 66, 70). The reduction in water reten-
tion values of the cellulose fibers may have ben-
eficial effects as the reduction of pre-debonding in
the interface fiber-matrix caused by morphological
changes in the natural drying, providing improved
adhesion between fiber and matrix. These horn-
ificated fibers exhibit greater dimensional stability
and decrease in the formation of calcium hydrox-
ide into the lumen cavity of the fibers, resulting in a
reduction of the cellulose degradation in the cement
matrix (29) Different studies have been developed
in this area to study the behavior of hornificated
pulps as reinforcement of cementitious matrices
(29, 30). Claramunt et al. (30) used four types of
chemical pulps from softwood with different per-
centages of lignin (unbleached, oxygen delignified,
semi-bleached and fully bleached) and compared
with natural fibers from cotton linters. In that study,
the samples were pretreated with hornification and
subsequently used in the manufacture of cementi-
tious composites. Those results indicate that the
treatment of hornification reduced the water reten-
tion values and the swelling capacity of the fibers,
thereby improving dimensional stability and reduc-
ing the water gradient in the fiber-matrix interface
and decreasing the alkaline attack from the cement
matrix.

According to the original concept, the hornifi-
cation process is irreversible. However, Fengel and
Wegener (71) and Minor (60) indicate that the hard-
ening of the fibers can be reduced using methods
that break hydrogen bonds or interfering in their
formation. One of these may be partial substitution
by the hydroxyl groups of the cellulose by groups
that do not form hydrogen bonds with the fiber or
between themselves. Other method is to subject the
fibers to dry in the presence of additives that pro-
vide volume to the cell wall (68).

Ferreira et al. (72). investigated the effect of
sisal hornification on fiber-matrix bonding char-
acteristics and bending behaviour of cement-based
composites. The fibers presented higher dimensional
stability with hornification process. The fiber-matrix
bonding was improved and the pull-out resistance
of the fibers submitted to ten cycles of wetting and
drying was increased by about 40% to 50%. This
contributed to an increase in the ductility and post-
cracking bevaviour of the composite.

The hornification process did not cause any sig-
nificant change in the crystalline degree or in the

surface of the pulps, but there were morphological
differences between untreated and treated pulps. The
process of hornification of Eucalyptus pulps con-
sisted of 4 cycles of drying and rewetting, as follows:
(1) drying the pulp in an oven with air circulation at
60 °C for 7 h; (2) rewetting by immersion in water
at room temperature for 15 h; (3) disintegration of
wet cellulose pulp in a disintegrator (30000 rpm);
(4) filtering the pulp suspension through a Buchner
funnel equipped with a wire screen (150 mesh). At
the end of the process (after 4 cycles), the fibers were
stored in sealed plastic bags until their subsequent
use. Figure 3 shows noticeable morphological dif-
ferences between treated and untreated unbleached
Eucalyptus pulps. The untreated Eucalyptus pulps
present a smoother outer surface compared to
the treated ones (Figure 3a).There is clearly a
form resembling small flattened tubes (lumens)
in the fiber surface i.e., a collapsed structure can
be observed in the hornificated pulps (Figures 3b
and 3c). Consequently, the hornificated pulps have
higher roughness at the surface. However, there is
not significant difference between the fiber width of
the untreated and treated pulps.

Figure 4 shows SEM micrographs of the
untreated bleached pulps (Figure 4a) and treated
(Figures 4b and 4c). The hornificated Eucalyptus
bleached pulps presented the same morphological
change (collapsed walls), but with lower intensity
than hornificated unbleached pulps. This differ-
ence can be explained by the fact that Eucalyptus
bleached pulps have been already subjected to
drying process (one cycle) during manufacture.
Therefore, as hornification refers to the irreversible
loss of water retention capacity of the fibers due to
the formation of hydrogen bonds in cellulose, then
bleached pulps present better dimensional stability.

The cellulose crystallinity of the pulps was
determined based on the diffracted intensity of Cu
radiation (1.54056 A, 40 kV, and 40 mA) using an
Analytical X-Ray (AXS) Systems Siemens D5005
diffractometer. The samples were scanned at 26 val-
ues ranging from 5 to 45°. Crystallinity index (CI)
was calculated using the following empirical equa-
tion [1] (73):

CI = @-100% [1]

Cr

where I, is the average intensity of the crystalline
region in the 26 range of 22.56° to 22.65° for cellu-
lose I and in that of 21.66° to 21.75° for cellulose 11
and I, represents the average intensity of the amor-
phous region at the 26 range of 18.96° to 19.05° for
cellulose I and at that of 15.96° to 16.05° for cellu-
lose 11 (74). Indeed, the crystallinity of the cellulose
is responsible by mechanical properties of fibers,
such as the Young’s modulus.
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FIGURE 3. SEM images of Eucalyptus unbleached pulps: (a) untreated (reference);
(b) hornificated; and (c) details of the effect of hornification.
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FIGURE 4. SEM images of Eucalyptus bleached pulps: (a) untreated (reference);
(b) hornificated; and (c) details of the effect of hornification.
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X-ray diffraction patterns of Eucalyptus pulps: (a) unbleached pulp before (EnBnT) and after (EnBT)

the hornification process; and (b) bleached pulp before (EBnT) and after (EBT) the hornification process.

Figure 5 shows the X-ray diffraction patterns of
the unbleached and bleached pulp samples, before
and after hornifaction process, with distinct peaks
at approximately diffraction angle (26): 16.6°, 22.6°
and 34.5°, indicating that their crystal structures
consisted of celluloses I and II. Table 3 shows the
estimaded crystalline index of the unbleached and
bleached Eucalyptus pulps, before and after the hor-
nification process. There is not significant difference
between them, indicating that the process of horni-
fication has not changed the crystallinity index of
the pulps.

5. IMPROVING FIBER-TO-CEMENT
INTERFACE BY MECHANICAL TREATMENTS

One possible treatment to enhance mechanical
performance of composites reinforced with cellu-
lose pulp is the refining process, which is carried
out in the presence of water, usually by passing the
suspension of pulp fibers through a disc refiner
composed by a relatively narrow gap between rotor
and stator (75, 76). Cellulose fibers are intrinsically
strong and refinement improves their ability to be
processed, which is necessary if the composite is
manufactured using Hatschek production method
(77). The main effect of refinement in cellulose fiber
structure as a result of mechanical treatment is the

TABLE 3. Crystallinity index (CI) of the unbleached and
bleached Eucalyptus pulps before (0 cycles) and
after (4 cycles) the hornification process

Type of pulp CI (%) [0 cycles] CI (%) |4 cycles]
Unbleached 65.4 65.2
Bleached 65.7 66.8

fibrillation of fibers surface (78). Figure 6 shows
what happens in the fiber cell wall with refining. The
micro/nanofibrils were more exposed in the refined
pulp (Figure 6b) than microfibrils in unrefined fiber
(Figure 6a). This is a consequence of the mechani-
cal treatment promoted in the fiber surface during
refining. The refining energy is sufficient to partially
rupture the bonds between microfibrils, leading to
a more fibrillated surface. In fiber—cement com-
posites, the higher the fibrillar surface of fibers, the
higher their capacity to bond with cement matrix
(37). These fibrillated and short fibers are respon-
sible for the formation of a net inside the composite
mixture with the consequent retention of cement
matrix particles during the de-watering stage of
manufacturing process. Better fiber-matrix inter-
face adhesion and mechanical performance can be
achieved by increasing the specific surface area of
the fiber, by reducing the fiber diameter and pro-
moting a rough surface with better mechanical
anchorage in the matrix (77).

The poor adhesion of unrefined sisal pulp
fibers was observed by Tonoli et al. (18) with void
sizes up to 3 um at the interface between fiber and
the cement matrix. In composites with refined
pulp fibers, external layers were partially pulled
out from cell wall after refining and these exter-
nal layers improved the fiber anchorage into the
cementitious matrix. In the fiber-cement material
reinforced with refined pulp the bond between
fibers and cement seems to be stronger than the
fiber-cement reinforced with unrefined fibers, as
asserted in (39). The large superficial contact per-
formed by refined cellulose pulp has enhanced the
mechanical performance and has improved the
load transfer from matrix to fibers (79). The effects
of Eucalyptus pulp refining on the performance

Materiales de Construccion 65 (317), January—March 2015, e041. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2015.05514


http://dx.doi.org/10.3989/mc.2015.05514

10 « S.F. Santos et al.

Absence of
& fibrillation

ccV  Spot Magn Det WD Exp
500 kv 40 500x__ SE_ 100 1

—
UFSCar - DEMa - LCE - FEG

S|
5.00 kV 3.0 500x SE 1011

Det WD F P um
UFSCar - DEMa - LCE - FEG

FIGURE 6. Typical scanning electron micrographs of (a) unrefined (CSF 600 mL) and
(b) refined (CSF 130 mL) Eucalyptus bleached fibers.

and durability of fiber-cement composites was
reported in Tonoli et al. (56). Figure 7 shows the
improved fiber to matrix interface in the compos-
ites reinforced with refined fibers (spots 2 in Figure
7b) in relation to composites with unrefined fibers
(spots 1 in Figure 7a).

The surface structure of vegetable pulp fibers
may vary due to their natural source or due to
the pulping process. Roughness of unrefined and
unbleached Eucalyptus and Pinus pulps were evalu-
ated via atomic force microscopy (AFM) (51). The
surface of Eucalyptus fibers presented some fibrillar
structure in most samples. Typical surface structure
of Pinus fibers was granular possibly related to the
amorphous non-carbohydrates (lignin and extracts)
present in the fiber surface. Fibrillar surface struc-
tures of the Eucalyptus fibers suggest the higher
potential of these fibers to anchorage in the cement
matrix.

The characteristics of the bond between the
vegetable macrofiber reinforcement in cement
based materials still remain relatively unexplored.
Silva et al. (80) studied the effect of fiber shape

Detector=QBSD ~ EHT =20.00 kV
WD= 26 mm

FIGURE 7. Typical back-scattered electron images of cut and
polished cross-section surfaces of composites after 200 ageing
cycles reinforced with (a) refined (CSF 250 mL) and (b) unrefined
(CSF 665 mL) Eucalyptus pulp; Spot 1 show the voids around de
fibers, while spot 2 show the improved fiber—matrix interface.

and morphology on interfacial bond and crack-
ing behaviors of sisal fiber cement based compos-
ites. An experimental investigation was performed
to understand the pull-out behavior of sisal fibers
from the cement matrix. Besides, the effect of curing
age and fiber embedment length on the fiber-matrix
interface was investigated. It was found that the sisal
fiber morphology plays an important role in the
bond strength. Average adhesional bond strength as
high as 0.92 MPa were reported for the fiber shape
that promoted the best interfacial performance.
Thus, the importance of the bond is becoming fully
recognized and the development of standard pull-
out test procedures and, later, standardisation of
equipment suitable for testing particular vegetable
fibers should be considered.

6. NATURAL POZZOLANS AS MINERAL
ADDITION

Since 1970, global annual production of Portland
cement increased 271%. Portland cement is pro-
duced in nearly all countries in the world. Cement
consumption is closely related to construction
activity and to general economic activity. In 2004,
developed countries produced 570 Mt (27% of
world production) and developing countries 1560
Mt (73%). China has almost half the world’s cement
capacity, manufacturing around 1000 Mt in 2005
(47% of global production), followed by India with
130 Mt in 2005 (USGS, 2006) (81).

The production of clinker, the principal compo-
nent of cement, emits CO, from the calcination of
limestone and is also highly energy-intensive. The
major energy consumptions are fuel for the pro-
duction of clinker and electricity for grinding raw
materials and the finished cement. Coal dominates
in clinker making. Based on average emission inten-
sities, total emissions in 2003 were estimated at 1587
Mt of CO, (432 MtC) to 1697 Mt of CO, (462 MtC),
or about 5% of global CO, emissions, half from
process emissions and half from direct energy use
(81). This situation does not change, according to
the Fifth Assessment Report Climate Change 2013.
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Annual CO, emissions from fossil fuel combus—
tion and cement production were 8.3 GtC* yr
averaged over 2002-2011 and were 9.5 GtC yr in
2011, 54% above the 1990 level. Annual net CO,
emissions from anthropogemc land use change
were 0.9 GtC yr on average during 2002 to 2011
(medium confidence) (82). From 1750 to 2011, CO,
emissions from fossil fuel combustion and cement
production have released 365 (335 to 395) GtC to
the atmosphere, while deforestation and other land
use change are estimated to have released 180 (100 to
260) GtC. Therefore, the cumulative anthropogenic
emissions are equivalent to about 545 (460 to 630)
GtC (82).

Shi et al. (83). discussed the environmental issues
surrounding binders used in construction as a
whole, and, especially, to provide a certain amount
of elementary information on alkaline activation
technology and alkaline cements. In particular, they
stressed that such technology may shortly reach a
stage of development in which it will serve as a link
in the necessary transition from ordinary Portland
cement to the blended cements in the future.

Natural pozzolans possess by themselves little
or no cementing value. However, some indus-
trial by-products and wastes are attracting much
research attention because of their high silica and/
or alumina content for the use as mineral addi-
tion and as partial replacement in the commer-
cial Portland cements. The term pozzolan has
been extended to cover all siliceous/aluminous
materials, which in finely divided form and in the
presence of water, will chemically react with cal-
cium hydroxide (CH) to form compounds with
cementitious properties. Blended Portland cement
production from the combustion of silicon-rich
plant residues such as sugar cane bagasse ash, rice
husk ash are reported elsewhere (25, 84-91). The
use of regional agro-industrial residues is a con-
structive way to save energy in transport and for a
more simplified logistics to attend the global civil
construction market.

Blended Portland cement involves two or more
stages. In the first stage, the organic residues are
burned to produce ash having reactive silica. In
the second stage, the ash produced is blended with
Portland cement. The pozzolanic reaction between
amorphous silica and calcium hydroxide must be
optimised to produce blended Portland cement with
good mechanical and physical properties. It is opti-
mized when an amorphous (non-crystalline) silica
is obtained with high surface area (particle size less
than 45 um) is combined in the appropriate propor-
tion with Al,O; and Fe,O; (at least 70% by weight)
(25,90, 92).

‘1 Gigatonne of carbon =1 GtC =1015 grams of carbon =1
Petagram of carbon =1 PgC. This corresponds to 3.67 GtCO,

Cordeiro et al. suggested that the sugar cane
bagasse ash presents physico-chemical properties
appropriate for its use as mineral addition and its
reactivity was mainly dependent on particle size
and specific surface area (87) Jacobsen et al. (90)
concluded that pozzolan reaction has promoted
changes to the C-S-H structure so that it can interact
more strongly with water molecules than a common
C-S-H structure of an OPC paste.

Additionaly, the use of natural pozzolans as
cement addition can reduce the alkaline media that
weakens the vegetable fibers, diminishing the miner-
alization phenomena discussed in the previous sec-
tions and elsewhere (93, 94) associated to the loss of
composite tenacity at long-term.

Pereiraetal. (25) showed that the mechanical perfor-
mance evaluated by bending test after 28 days reached
the modulus of rupture of 15.7 MPa after the acceler-
ate aging, for the composites reinforced with the green
coconut fiber and with high levels of Portland cement
replacement by rice husk ash. This result demonstrates
that the use of green coconut fiber can be very promis-
ing for the reinforcement of the binary cement based
matrix. Thermogravimetry allowed identifying the
larger portlandite consumption in the rice husk ash
formulations. The obtained results show that highly
reactive rice husk ash presents suitable characteristics
for their use as pozzolanic material in Portland cement
products, with very high portlandite consumption,
finding approximately 93% of portlandite fixation at
28 days when the replacement of ordinaryPortland
cement by rice husk ash was 50% by mass.

7. ACCELERATED CARBONATION OF THE
COMPOSITES

Carbonation can be described as the diffusion of
CO, from the atmosphere through unsaturated pores
of the cementitious matrix. The CO, is dissolved in
the aqueous phase in the pores and transformed into
carbomc acid HQCO;) which is dissociated in 1ons
HCO* and CO*” Addltlonally, the calcium hydroxide
[Ca(OH),] is dissolved in Ca’*and OH ™ ions, resulting
in the precipitation of calcium carbonate (CaCO3)
The advantage of accelerated carbonation in the early
stages of hydration under controlled conditions was
investigated in previous works (95, 96). Accelerated
carbonation curing has been studied to mitigate the
cellulose fiber degradation in the cementitious com-
posites, and for the maintenance of their mechanical
performance under aggressive conditions as reported
by the literature (32, 96). Tonoli et al. (18) indicated
the utilization of accelerated carbonation as an effec-
tive procedure to mitigate the degradation suffered by
the cellulose fibers in the less aggressive medium. They
evaluated the effects of accelerated carbonation on
mechanical and physical characteristics of cementi-
tious roofing tiles reinforced with vegetable fiber.
The maximum load and toughness of the tiles have
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increased approximately 25% and 80% respectively as
a consequence of the accelerated carbonation. Water
absorption and apparent porosity decreased with
carbonation while bulk density increased as a clear
indication of the densification of the composite. The
improvement on the mechanical performance sug-
gests that the fibers retained their tensile strength in
the inorganic matrix. Results of specimens extracted
from the tested tiles after approximately 480 days in
laboratory environment and further aged indicate
that soak and dry cycles promoted some leaching of
hydration products and increased porosity and lower
density when performed before carbonation.

Almeida et al. evaluted the effects of accelerated
carbonation in the early stages of hydration (32).
Accelerated carbonation was applied after 2 days of
controlled curing, which was investigated aiming to
find a durable composite with vegetable pulp as an
exclusive reinforcement. The effect of carbonation
curing on the mechanical, physical, and micro-
structural properties of composites at 28 days of
age, after 200 and 400 accelerated aging cycles and
one year of natural weathering was evaluated. The
interaction of the reduction in Ca(OH), content,
the increase in CaCOj; content, the lower porosity,
the higher density and the good fiber-matrix adhe-
sion, according to researchers can explain the better
mechanical performance after the aging conditions.

Santos et al. (97) investigated the effects of the
supercritical carbonation, after pre-curing of three
days, on extruded fiber-cement reinforced with
bleached Eucalyptus pulp and residual sisal fibers.
The supercritical carbonation curing in the initial age
led to lower water absorption in the composites and,
consequently, to higher bulk density, which improved
the microstructure by sealing the opened pores with
calcium carbonate in the vicinities of the vegetable
fibers. After 200 accelerated ageing cycles (soak and
dry), the average values of energy of fracture of the
carbonated and non-carbonated composites decrease
approximately 28% and 56% respectively. The pos-
sibility of using carbon dioxide for accelerating the
hardening and stabilization of products made from
Portland cement is attractive. Moreover, Shao and
collaborators (98) suggested the possibility of using
an energy efficient carbon dioxide curing to replace
autoclaving in cellulose fiber reinforced cement com-
posites production. Consequently, according to these
researchers, carbonation curing can save consider-
able amount of energy.

8. APPLICATIONS OF NANOSCIENCE AND
PRINCIPLES OF FUNCTIONALLY GRADED
MATERIALS

Cementitious materials exist for over 2000 years.
Historically, it has been assessed the physical and
mechanical properties of these materials majoritarily
at macroscale, despite its undeniable importance,

ubiquity and low technology, due to its complex
nature. The prospect of applying nanotechnology
to improve many cementitious materials is a reality.
Cement-based composites naturally possess a com-
plex nanostructure due to hydration process. For
example, calcium silicate hydrates that are the main
product of the hydration of Portland cement and pri-
marily responsible for the strength in cement-based
materials is an excellent phase for the manipulation
and control of its properties through nanotechnol-
ogy. Fundamentally, the hydrated cement paste is
a nanomaterial. The structure of calcium silicate
hydrate is very similar to clay, formed by thin lay-
ers of solids separated by gel pores filled with inter-
layer and adsorbed water. Besides, the incorporation
of nanoparticles or nanofibers allows refining the
structure of materials by means of increased con-
tact surfaces and reactivity. This approach opens up
great prospects regarding the manufacture of syn-
thetic materials with special properties (99-103).
Initial efforts to explore nanotechnology and/or
nanoscience in the development of the construction
industry have focused on understanding nanoscale
phenomena and improving the performance of
commercial materials and products. In this scenario,
there is a tendency to use nanoscience for character-
ization and to increase the strength and durability
of cementitious composites using nanofibers and
nanoparticles. The nanofibers act as reinforcements
in nanoscale dimensions. This approach makes
possible the manufacture of more resistant cement
products, preventing the formation and propagation
of micro or nanocracks (100, 104).
Nanotechnology and nanoscience also enables
the application of the concept of functionally graded
materials (FGM). The term FGM is used to desig-
nate materials in the composition and/or structure of
constituent phases that vary physical, chemical and
mechanical properties gradually and locally within
the material itself. Some natural materials present
property gradients as the result of an evolutionary
process when adapting to environmental conditions
(105, 106). FGM is a class of materials whose proper-
ties change over the volume aiming to obtain a desired
performance. In other words, the material properties
are engineered to change locally in a controlled way to
meet the actual need. Normally, a functionally-graded
material system in cement based composites has been
developed with a spatially tailored fiber distribution
(107). Therefore, they are intrinsically more efficient.
However, the nanoparticles have attracted the
interest in FGM components of the civil engineering
dueto the special property such as high surface to vol-
ume ratios. The characteristic behaviour of nanopar-
ticles and their reactive mechanism, with complex
materials like Portland cement, have to be studied
in detail in order to utilize the full effect of nano-
materials for improvement of the performance of
the construction materials (108). Figure 8 illustrates
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the relationship between specific surface area and
particle size of some raw materials that can be used
in fiber-cement.

Besides, nano/micro-scale reinforcement systems
comprising nano and microscale fibers have been
found to be particularly effective in cement com-
posite. Introduction of fibers and more recently
nanomaterials offer effective means of enhancing
the toughness (110). Development of nanocompos-
ites based on nanocellulosic materials is a rather
new but rapidly evolving research area. Cellulose
is abundant in nature, biodegradable and relatively
cheap, and is a promising source of nanoscale rein-
forcement material for cement-based composites.

Cellulose nanocrystals (also reported in the lit-
erature as cellulose whiskers), nanofibers, cellulose
crystallites or crystals, are the crystalline domains
of cellulosic fibers, and can be isolated by several
methods (111). Figure 9 describes some of these
methods. Method 1 uses an aggressive acid (nor-
maly sulphuric acid) and applies sonication to
break down fibril aggregates to cellulose rods, i.e.,
whiskers, which form a weak physical network by
hydrogen bonds. In the method 2, microfibrillated
cellulose is prepared by mechanical disintegration
(refining for example) with application of high shear
forces which leads to highly entangled and inherently
connected fibrils and fibril aggregates and mechani-
cally strong networks. In the method 3 an additional
enzymatic hydrolysis is incorporated which yields
a mixture of dominantly cellulose I fibrils (about 5
nm thickness) and fibril aggregates (about 10-20 nm
thickness) (112). Various definitions have been given
to the fibrillated materials, e.g. nanofibrillated cellu-
lose, nanofibers, nanofibrils, microfibrils and nano-
cellulose (113). Figure 10 depict the morphology of

10 000 100000 1000 000
Particle Size, nm

Specific surface area vs. particle size of raw materials used in fiber-cement production (Based on (109)).

cellulose nanocrystals (whiskers obtained by acid
hydrolysis) and nanofibrils (obtained by mechanical
refining) from Eucalyptus pulp.

Although wood cellulose fibers have constituted
the main source for microfibrillated cellulose produc-
tion, the utilisation of non-wood pulp fibers, agri-
cultural crops and vegetable by-products have also

Natural Cellulose Fibers
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FIGURE9. Methods to preparation of cellulose
nanofibers (Adapted from (112)).
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FIGURE 10. Typical scanning transmission electron microscopy

(STEM) images of nanofibers obtained from Eucalyptus pulp: a)

cellulose nanocrystals (whiskers obtained after 60 min hydrolysis);
and (b) cellulose nanofibrils pulled out after pulp refining.

been explored as natural source. Figure 11 shows
microfibrils from residual sisal (Agave sisalana)
fibers.

Hoyos et al. (31) evaluated the influence of inter-
actions between cellulose microcrystalline particles
(MCC) and cement hydration products on rheology,
hydration kinetics, microstructure and mechani-
cal properties of the cement based products. Some
results showed that interactions between MCC,
cement particles, hydration products and water,
decreased the workability and delayed the hydra-
tion reaction. However, the results from thermo-
gravimetric analysis showed that, both accelerated

curing and with 0 wt.% and 3 wt.% MCC addition
increased the hydration degree of cement materials
because of increases in temperature during the cur-
ing process and because of MCC releases its water
content, contributing to hydration process.

Thus, the potential of nanotechnology and FGM
concept in fiber-cement must be further explored,
seeking for new processing techniques, modeling
and design overlooking the high mechanical perfor-
mance and durability. The gradual concentration
of fiber within the cross section of a corrugated
fiber-cement sheet, as showed in Figure 12a, is a
strategic way of reducing the average fiber content
without reducing the mechanical strength under
bending solicitations and at the same time can
reduce the manufacturing costs. Figure 12b shows
a theoretical example of the potential benefit result-
ing from gradation of physical and chemical prop-
erties. Composition of the matrix designed to be
highly resistant to environmental degradation can
be applied only on the side exposed to weathering
(105).

9. EXTRUSION PROCESS

The manufacture of the fiber-cement products
on industrial scale is usually carried out mainly by
the Hatschek process, although this process has
high investment cost for the implementation of
a plant line. Extrusion process is presented itself
as an excellent alternative to Hatschek process in
the manufacture of fiber-cement composites. It is
an efficient method in the following aspects: low
energy consumption, varied geometry of products
and lower cost of investiment for a new plant, the
use of simpler machines for continuous produc-
tion, the possibility of partial alignment of fibers
(which makes it advantageous for certain products),
and the possibility of using low water/cement ratio,
which promotes greater compaction of the compos-
ite generated, and consequently greater resistance
against fatigue situations generated in natural aging
(114-120).

The extruders used in the ceramic industry
are adaptable to the extrusion process of cement
materials, therefore assumed that the investment
amounts for the implementation of a production
line of extruded cement are close to a line of ceramic
materials with similar production capacity (121).
According to Kuder et al. (122), despite the great
potential of extrusion technology, it has not been
widely adopted by the fiber-cement industry. Some
reasons are the lack of information about the appro-
priate rheology of the extrudable mixtures and the
high cost of rheological modifiers. In this context,
the definition of methods for evaluating rheologi-
cal formulations is essential to the feasibility of the
extrusion of fiber-cement composites.
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Microfibrils

FIGURE 11. SEM micrographs of microfibrils from residual sisal (4gave sisalana) fibers: (a) network of
microfibrils covering the outer wall layer; (b) details showing the microfibrils network; (c) fractured
surface area exposing the microfibrils; and (d) details showing the microfibrils.

High

fibres/nanofibres
content

\ Low

fibres/nanofibres
content

High resistance to
weathering

Low resistance to
weathering

FIGURE 12.  Scheme showing: (a) heterogeneous fiber/
nanofiber content distribution in a transversal section of
a fiber-cement corrugated sheet; and (b) heterogeneous
composition distribution of matrix in a fiber-cement
corrugated sheet. (Adapted from (105)).

The extrusion of fiber-cement can also be associ-
ated with the concept of functionally graded mate-
rials described in the previous seccion. Namely,
when the material composition and/or structure
of the constituent phases gradually varies locally
within the material itself resulting in a correspond-
ing variation of properties. Dias et al. (106) stud-
ied functionally graded fiber-cements (FGM) and
applied techniques of mixing and extrusion pro-
cessing. Shen et al. (107) used processing techniques
of extrusion and pressing to successfully fabricate
a functionally graded material system with a four-
layered spatially tailored fiber distribution.

10. CONCLUDING REMARKS

Non-conventional building materials have been
extensively investigated as an alternative option for
cost-effective housing in developing countries. The
present review addressed and discussed some strate-
gies to enable the vegetable fibers as reinforcement
in cement based composites that are likely to provide

Materiales de Construccion 65 (317), January—March 2015, e041. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2015.05514


http://dx.doi.org/10.3989/mc.2015.05514

16 « S.F. Santos et al.

a suitable as well as a more sustainable solution for
construction. Based on discussions in the present
review, the following conclusions can be made:

*  The possibility of new applications for the cellu-
losic fibers has stimulated the interest to modify
their surfaces for specific ends. Silane coating
of fibers is a promising process for improving
durability and adhesion of vegetable fibers used
as reinforcement material in cement-based com-
posites. Preliminary studies on vegetable ligno-
celllulosic fiber reinforced composite show the
importance of the silane chemistry/structure.

* The fibers presented higher dimensional stabi-
lity with hornification process. It was observed
that the hornification process did not cause any
significant change in the degree of crystallinity
or in the surface of the Eucalyptus pulps.

e Characteristics of the fibers, such as fibrillation
and chemistry of their surface lead to important
changes in the fiber to cement bond in vegetable
fiber reinforced cement materials. Fibrilation
and hydrophilicity of the fiber surface improves
the fiber to cement adherence. The development
of standard pull-out test procedures and stan-
dardisation of equipments suitable for testing
particular vegetable fibers should be considered
and better explored.

* The use of regional agro-industrial residues
and natural pozzolans is a constructive way to
economize energy in transport and for a more
simplified logistics to attend the global civil
construction market. These mineral additions
have a perspective to partially replace the cement
Portland, as its production creates environmen-
tal pollution due to the release of CO, into the
atmosphere, and to mitigate the degradation of
vegetable fibers in the blended cement matrix.

*  The possibility of using carbon dioxide for acce-
lerating the hardening and stabilization of pro-
ducts made from Portland cement is attractive.
The accelerated carbonation curing has been
studied to mitigate the cellulose fiber degrada-
tion in the cementitious composites and for the
maintenance of their mechanical performance
under weathering.

* Initial efforts to explore nanotechnology and/
or nanoscience in the development of the cons-
truction industry have focused on understan-
ding the nanoscale phenomena and improving
the performance of commercial materials and
products. The use of nanoreinforcements and
functional nanostructures has been explored in
the literature. Nanotechnology and nanoscience
also enables the application of the concept of
functionally graded composites.

» Extrusion process may be an efficient method
for manufacturing of fiber-cement composi-
tes due to the following aspects: low energy

consumption, varied geometry of products,
lower cost of investiment for a new plant, the
use of simpler machines for continuous pro-
duction, the possibility of partial alignment of
fibers, and possibility of using low water/cement
ratio, which permits a greater compaction of the
composite generated, and consequently impro-
ved durability.

The present work contributes to the widespread
use of the vegetable fibers as a source of raw mate-
rial that may be used to engineered composites and
new materials for multipurpose applications in the
near future, using new concepts and technologies.
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