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ABSTRACT

In the present study sisal fiber—cement composites reinforced with 4% and 6% of short fibers were
developed and their physical-mechanical behavior was characterized. To ensure the composite
sustainability and durability, the ordinary Portland cement matrix was modified by adding fly ash and
metakaolin, and the natural aggregate was substituted by 10% and 20% of recycled concrete
aggregate. Flat sheets were cast in a self-compacted cement matrix and bending tests were
performed to determine the first crack, postpeak strength and toughness of the composites. Cyclic
flexural tests were carried out to determine the stiffness variation of composite due to cracking
formation and propagation. It can be seen that the reinforcement provided by short sisal fibers for
recycled cement matrices guaranteed a composite with multiple cracking and an increase of strength
after the first crack. Reduction of stiffness and increase the damping capacity of composite are verified

with progressive cracking.
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List of notation (examples below)
ARF is the aspecto ratio of fiber = Vf.Lf/df

P is the applied load

L is the specimen’s span length (= 300 mm)
b is the width of the plate’s cross section

e is the thickness of the plate’s cross section
ftd is the average indirect tensile strength

fc is the average compressive strength



E is the elastic stiffness

\%i is the fiber content, in volume
Lf is the fiber length
df is the fiber diameter

1. Introduction

Cement based materials are the most important building materials used in the world, as paste, mortar
or concrete. However, their production is associated with major environmental problems due to large
energy consumption, solid waste generation and consumption of natural resources. One solution to
minimize this negative impact is to use nonconventional materials, called green materials and
characterized by the use of local, renewable or recycled materials, which consume little energy for
production and transport. Unfortunately, the image of these materials is associated with lower
performance and few commercial applications are currently available in the world, which requires a

search for green materials with high strength and durability.

The fiber cement industry is one of the most relevant in the construction sector, with large-scale use of
cement and fibers. With the banning of asbestos fiber, the reinforcement of cement composite was
replaced by polymeric fibers manufactured from fossil fuel, such as polypropylene fibers (PP) and
polyvinylalcohol (PVA). However, the use of vegetable fibers as reinforcement of cement based matrix
has demonstrated great potential: roofing tiles?, large span tiles? and formwork slabs?® have been
produced further demonstrating the possibility of producing semi-structural constructive elements

reinforced with high-performance cementitious composites+>

The constructive elements reinforced with sisal fibers has the advantage of using biodegradable
fibers, derived from renewable sources and low power consumption for production, which
characterizes it as a sustainable building material®. However, due to the low fiber-matrix adherence,
the high-performance composites were produced with long fibers and with the use of pressure molding
or mineral microfibers resulting in higher production costs and limiting the type of building element.
The use of short sisal fiber in conventional cement matrices doesn’t result in multiple cracking
behavior, due to the difficulty in dispersing higher fiber volume fractions and fiber lengths higher than
25 mm. In order to produce a composite reinforced with short vegetable fibers that present deflection
hardening (after crack initiation the flexural resistance increases with the deflection), a modification of

the cement matrix and treatment of the fiber was developed in the present study.

The development of an appropriate matrix is achieved using chemical additives, mineral admixtures
and appropriate fine aggregates with a particle size modified to ensure a good dispersion of the fibers
in the matrix and the required fluidity for the mixture”®. The use of mineral admixtures such as fly ash
and metakaolin ensures an increase in mechanical strength and workability of the mixture, as well as
the durability of fibers in an alkaline medium?®, and reduces the cement consumption making it more
sustainable. Previous works®1° have shown that continuous sisal fiber cement-based composites

produced with a matrix with low contents of calcium hydroxide preserved its original toughness and



strength even when subjected to 25 wetting and drying cycles, while ordinary cement based

composites loses toughness and flexural strength after 10 cycles.

The refinement of the matrix can be obtained using fillers or aggregates obtained by recycling
construction and demolition waste. Fine recycled aggregate has been used to produce mortar without
a reduction of physical and mechanical properties when compared with conventional mortari112, In
fibrocement, the fine particles (less than 75 um) present in this recycled aggregate can contribute to
the workability of fresh mixture and to the refinement of the pore structure of hardened matrix.
Although studies indicate that the addition of fine recycled aggregate in relatively large percentages
contributes to an increase in shrinkage and water absorption, leading to a reduction of the mechanical
strength of the corresponding composite material’314, the use of lower levels, up to 20%, is

recommended by standards?s.

The most serious concern with natural fibers is their hydrophilic nature, due to the presence of
pendant hydroxyl and polar groups in various constituents, which can lead to poor adhesion between
fibres and matrix'. Sisal fibers present a great capacity for water absorption’, thus the swelling and
shrinking of the fibers due to wetting and drying of composites in use may lead to cracking in the
fiber-matrix interface. As a result, the mechanical properties of the composite reinforced with
vegetable fibers are very sensitive to moisture content, to a greater extent than other fiber reinforced
composites, in which the fibers are not hygroscopic. However, a reduction in the hydrophilicity of the
fiber can be obtained through the use of wetting-drying cycles?8, with a reduction in the dimensional
change of the fiber and an increase on the fiber-matrix adherence, allowing for a better flexural

performance of the composite material®.

The objective of this work is to develop sustainable cement based composites with natural fiber
reinforcement and recycled matrix that can be used in semi-structural building elements. To obtain the
new matrix, the fine natural aggregate was replaced by 10% and 20% of recycled concrete aggregate.
Water absorption test and mechanical tests were carried out to investigate the effect of this aggregate
replacement content on the properties of the matrix. The composites were reinforced with 4% and 6%
of treated sisal fibers of 40 mm length, based on previous studies conducted by Ferreira?®, which
evaluated composites with reinforcement content ranging from 2% to 6%, and fiber length of 25 to 50
mm. For the mechanical characterization of composites, compression, indirect tension and flexural

tests (in monotonic and cyclic loading conditions) were executed.

2. Experimental Program

2.1 Materials

2.1.1 Sisal fiber

The sisal fibers (Agave sisalana) were collected in the city of Valente, state of Bahia — Brazil. They
were extracted from the sisal plant leaves by semi-automatic decorticators in the form of long fiber
bundles. In laboratory, the long fibers were first washed in hot water (50 °C), to remove surface

residues from the extraction process, and then cut into short fibers of 40 mm length.



The fibers were subjected to a treatment with wetting-drying cycles to reduce water absorption and
therefore its dimensional variation. Fiber treatment, conducted according to the method described by
Ferreiral®, consisted in immersing the fibers in water (T ~ 23 °C) and their removal after saturation (3
h) for drying in a furnace at a temperature of 80°C (16 hours). After 16 h of drying, the furnace was
allowed to cool down during a 5h period to the temperature of 23 °C in order to avoid possible thermal

shock to the fibers. This procedure was repeated 10 times.

2.1.2 Aggregates

Construction and demolition waste (CDW) from a building demolition site in Feira de Santana
(Northeast of Brazil) was used to produce the recycled aggregate. The composition of CDW was 56%
of mortar, 27% of ceramic tiles and bricks, and 17% of concrete. The concrete phase of waste was
crushed separately using a jaw crusher and screened in a 2.36 mm sieve to produce the fine recycled

concrete aggregate (RCA) used in this work. The natural aggregate used was fine sand (NA).

To determine the physical properties of the fine aggregates absorption and specific weight tests were
carried out, as shown in Table 1. As expected, the recycled aggregates presented higher presence of
materials finer than 150 um, which is attributed to the methodology of obtaining aggregates from
concrete recycling. It can be observed that crushed aggregates have a large portion of fine grains,
even when originated from granitic rocks2!. The values of fine content and water absorption indicated
in Table 1 are also compatible with the nature of the recycled concrete aggregate, and are in

accordance with the values observed by Corinaldesi and Moriconi?,

Table 1

Characterization of aggregates

. Natural aggregate Recycled aggregates

Characteristic

NA RCA
Maximum diameter (mm) 1.20 2.36
Fineness 1.73 2.11
Materials finer than 150 um (%) 0.95 14.36
Absorption (%) 0.03 6.11
Unit weight (kg/dm3) 2.65 2.60
F-circle (see Fig. 2) 0.74 0.65

Fig. 1 shows the gradation curve of aggregates; manual granulometry was performed to determine the
maximum diameter, the fineness and the amount of material finer than 150 um; laser granulometry
was used for the characterization of the material finer than 150 um. Within the fine fraction (< 150

mm), Fig. 1b, the recycled aggregates appear to be more fine than the natural one.

The circular shape factor (F-circle in Fig. 2) of sand particles, shown in Table 1, was determined
through SEM analysis as described in a previous work?2. The samples were segregated by a sieve

series and the fractions retained in 250 pm were cold mounted with epoxy resin, and subsequently



ground and polished in a conventional metallographic approach (see Fig. 2). The analysis of shape,
summarized in Table 1, demonstrated that the natural sand sample presented a more rounded particle
shape (F-circle ~ 0.74), as previously described?!, and confirmed the higher roundness of the natural
aggregate when compared with the recycled one. The qualitative evaluation of the surface of particles
by stereoscopic microscopy revealed that the surface texture of recycled aggregates is irregular and
rougher.

X-ray diffraction (XRD) analysis, performed in a powder X-ray diffractometer (Bruker D8 Focus with Cu
ka tube, 30 kV and 35 mA) was used to characterize the crystallographic structure of aggregates. The
typical results presented in Fig. 3 reveal that the main components of the natural aggregate is SiO2
(quartz), while the main components of RCA are CaCOz (calcite) and SiO2 (quartz). This illustrates
that RCA is mainly composed of sand and hydrated cement, similar to that observed by Chen4. All

aggregates showed a crystalline structure.

2.1.3. Cementitious materials

The binder is composed of 33% of Portland cement CP II-F (Portland cement with filler), 27% of
metakaolin (MK) and 40% of fly ash (FA), whose respective chemical compositions and specific
gravity are presented in Table 2.

Table 2

Chemical composition and specific gravity of cement and pozzolanic materials
Chemical Component CP Il F-32 Metakaolin Fly ash
CaO 73.09 - 1.94
SiO2 13.64 46.22 51.58
SOs 3.97 0.38 151
AlzO3 3.78 48.78 28.24
K20 0.39 0.64 3.39
SrO 0.30 - -
TiO2 0.30 1.41 1.30
MnO 0.06 - 151
Zn0O 0.05 - -
CuO 0.02 - -
Fe20s 2.30

BaO 0.18

Specific gravity 3.01 2.65 2.01
(g/cm?)

The percentage of fly ash and metakaolin aims to develop a matrix that is free of calcium hydroxide
(CH) at 28 days of age, and to preserve the durability of the fibers as much as possible, as shown in
previous research®. Thermal analyses were performed in cement paste and cement + MK/FA paste to
determine the calcium hydroxide content. The tests were performed in a SDT Q600 from TA

Instruments. Samples weighing 10 mg were submitted to a heating rate of 10°C/min until reaching



1000°C in a platinum crucible using 100 ml/min of nitrogen as the purge gas. The most important
products of the hydration reactions are calcium silicate hydrate (C-S-H) and CH. With an increase of
temperature in cement paste, it is possible to identify, using a derivative thermogravimetric (DTG)
curve, the range of temperature correspondent to the dehydroxylation of the CH, and calculate the

CH content of paste, using thermogravimetric (TG) analysis.

Fig. 4 shows thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of the cement
and cement+MK/FA after 28 days of curing. In the DTG curve of cement paste the peak between 380
C and 440 C corresponding the dehydration of calcium hydroxide, Ca(OH)2 can be seen. For
cement+MK/FA paste this peak does not exist due to the very small free lime content.

2.2. Composite production

The mixtures were divided into three groups: matrices; cement composites with 4% in volume (Vf) of
fiber and cement composites with Vf=6%. In each group, three mixtures were produced and the
difference between them is resumed to the content of recycled aggregate, as shown in Table 3. The
aggregates substitution rate, in mass, was 10%RCA and 20%RCA. The water/binder ratio was kept

constant and equal to 0.45.

Table 3
Mix proportions of natural (REF) and recycled aggregates matrices and composites (kg/m3)
Mix Cement Fly Ash Metakaolin Natural Recycled Water SP Fiber
aggregate aggregate
Matrix
REF. 314.52 381.24 257.34 476.55 - 428.90 24.71 -
10RA 314.41 381.11 257.25 428.75 47.64 428.75 24.71 -
20RA 314.31 380.98 257.16 380.98 95.24 428.60 30.86 -
Cement composite reinforced with 4% of fiber
REF4F 301.74 365.75 246.88 457.18 - 411.47 59.26 36.57
10RA4F 301.64 365.63 246.80 411.33 45.70 411.33 68.13 36.56
20RA4F 301.54 365.51 246.72 365.51 91.38 411.19 74.02 36.55
Cement composite reinforced with 6% of fiber
.REF6F  295.73 358.46 241.96 448.08 - 403.27 58.08 53.77
10RA6F 295.64 358.35 241.88 403.14 44.79 403.14 66.77 53.75
20RA6F 295.54 358.23 241.81 358.23 89.56 403.01 7255 53.73

Since the water absorption rate of recycled aggregate is larger than natural aggregate (see Table 2),
superplasticizer (SP) was added to the mixtures to avoid major modification of the water/cement ratio,
and to maintain the consistency of matrix, measured by mini slump test, of about 140+10mm. A third
generation superplasticizer (Glenium 51) with a solid content of 30.9% and specific gravity of 1.1 g/

cm?® was used to guarantee the good workability of the mixture. The viscosity modifier admixture



(VMA) Rheomac UW 410 with specific gravity of 0.7 g/cm3, at a dosage of 0.05% relative to the

binder, in weight, was also used, in order to avoid segregation during molding.

The mixtures were produced using a mixer with capacity of 20 dm3. The following mixing procedure
was used to produce the matrix. Cement and fly ash were homogenized in the mixer and then water
and superplasticizer were added. Metakaolin and fine aggregate were added and mixed for 4 minutes
at low speed (125 RPM). After this, the mixing process was stopped for 30 seconds to remove the
material retained on the mixer walls. Then, the mixing procedure continued for 2 minutes at medium
speed (220 RPM). The VMA was then added and mixed for another 2 minutes at 125 RPM. To
produce the composites, the matrix was produced using the same procedures as described above.
After 2 minutes mixing at medium speed, chopped sisal fibers of 40 mm length (Vf=4 % or 6%) were
added, and mixed for 4 minutes at 125 RPM.

2.3. Test methods

The sisal fiber's microstructure was investigated using a scanning electron microscope (JEOL JSM-
6460). The Fourier transform infrared (FTIR) spectroscopy method, using a Perkin Elmer
spectrometer, was used to analyze the possible composition change of the sisal fiber after treatment.
Tensile tests of fiber were performed in a TA.XT Plus Texture Analyzer with a load cell of 500 N. The
tests were performed with 20 fibers using a displacement rate of 0.03 mm.s1. The fibers with a gage
length of 50 mm were glued on a paper template for better alignment in the machine and for better

gripping with the upper and lower jaws.

The apparent diameter of fiber was achieved using an optical microscope QUIMIS model Q711FT.
The fiber strands were observed in the optical 10X lens (tenfold) and finally the mono-strand was
photographed with a camera attached to the microscope. Then, the picture was transferred to the
program MOTIC IMAGES PLUS 2.0 for the measurement of the fiber thickness. This thickness value
is associated with the apparent diameter of the fiber, assuming a theoretical model in which the cross
section is circular. However, it is known that the fiber section has multiple shapes and may vary along

the length?3. To reduce the error, sixty diameter measures were conducted for each treatment.

Water absorption test of matrix was carried out according to NBR 9778/0924. Three cylindrical

specimens of 50 mm in diameter and 100 mm in height were used in each test.

Compressive tests were carried out in three cylindrical specimens of 100 mm in diameter and 200 mm
in height, after 28 days of cure, according to NBR 5739%5 (equivalent to ASTM C39-04a). The
specimens were tested on a 2000 kN Contenco testing machine at a rate of axial load of 1000 N/s.
Indirect tensile tests, according to NBR 722226 (equivalent to ASTM C496), were carried out on three
cylindrical specimens of 100 mm in diameter and 200 mm in height. The specimens were tested on a
2000 kN testing machine at a rate of axial loading of 500 N/s, and using a load cell of 50 kN.

For the flexural test, initially, flat plates with dimensions of 400 mm x 400 mm x 10 mm were molded

(see Fig.5a). The mortar mix was manually placed into a steel mould, followed by external vibration.



After 28 days of curing with immersion in water, the plates were cut in prismatic specimens with
dimensions of 400 mm x 70 mm x 10 mm for the flexural tests. Bending tests were carried out with
specimens of 28 days of age under displacement control at a crosshead rate of 0.3 mm/min in a
Shimadzu UH-F 100 kN machine with load cell of 1 kN (Fig. 5b). Three specimens for each mix were

tested under four-point bending configuration. Flexural stress was obtained using the following

equation:
PL
O = —
be
1.

The effect of the fiber on increment of toughness of the composite was measured using the
Toughness Index (l20) — defined by ASTM C1018-97 standard?’ as the ratio between the area under
the curve from zero to 10.5 times the first-crack deflection and the triangular area under the curve up

to first-crack deflection.

By using a digital camera possessing a 10X macro zoom lens and frame grabber capable of capturing
images of 480 x 640 in resolution at 60 s intervals, the cracking patterns at regular time intervals were
recorded. These images were used to measure the crack formation process during the flexural tests
following the methodology proposed by Silva?8. Photos of the tension face in the flexural tests were

taken using a mirror positioned below the specimen, as shown in Fig. 5b.

3. Experimental results and discussion

3.1 Treatment of sisal fiber

A reduction in the fiber hydrophilicity can be achieved by rewetting and drying cycles to promote
hornification, which is the stiffening of the polymeric structure present in lignocellulosic materials.
When wood pulp or fibers are dried, the internal fiber volume shrinks, because of structural changes,
which can cause a significant loss of large pores and a reduction of surface area of fibers. If fibers are
resuspended in water, the original water-swollen state is not regained?®. Fig. 6 shows the cross
section of sisal fiber. After 10 cycles, the sisal fiber shows a reduction of volume of lumen and the
presence of micro-cracks across fiber cells. The fiber equivalent diameter decreases with treatment
(see Table 4) since there is a shrinkage of fiber due to hornification starting in the final phase of
drying, when tightly bound water leaves the microstructure of the fibre, causing reversible shrinkage in
the direction of the fibre width?8.

Fig. 7 shows the normalized FTIR spectrum of untreated and treated sisal fiber. An infrared spectrum
represents a fingerprint of a sample with absorption peaks corresponding to the frequencies of
vibrations between the bonds of the atoms making up the material. Because each different material is
a unique combination of atoms, no two compounds produce the exact same infrared spectrum.
Therefore, infrared spectroscopy can result in a positive identification of the chemical alteration of sisal
fiber due to treatment. The peak at 1733 cm! is assigned to the hemicelluloses and the peak at 1240

cm is assigned to lignin3%31, The peak at 3300 cm* and the peak at 1630 cm* are due to the



characteristics of axial vibration of the hydroxyl group of cellulose®?. The disappearance of any of
these peaks indicates a change in the chemical composition of the fiber due to treatment. The
presence of all peaks in the spectrum of treated fiber can be noted however, which indicates that the

treatment applied does not alter the chemical structure of the fiber sisal.

The Fig. 8 presents the typical results of tensile test in terms of stress-strain behavior. The
experimental results presented in Table 4 indicate that the treatment with 10 cycles influenced fiber
strength (reduction of about 3%) and elastic modulus (reduction of about 21%), associated to the

formation of microcracking of sisal fiber (see Fig.6).

Table 4
Experimental results of direct tension tests of sisal fiber (mean values and coefficient of variation in
percentage)
Sisal fiber

Cycles Apparent diameter Tensile strength Elastic Modulus

(um) (MPa) (GPa)
0 280 (27) 363 (26) 20.06 (52.9)
10 244 (27) 353 (27) 15.72 (42.4)

3.2 Characterization of matrices

Table 5 shows the experimental results of matrices. Due to the higher water absorption of recycled
aggregate (see Table 2), the water absorption of recycled mortar is higher (up to 11.7%) than
reference mortar. The porosity of recycled aggregate (RA) also contributes to an increase in water

absorption and porosity of recycled mortar?3,

Table 5: Physical properties of matrices (coefficient of variation in percentage)

Water absorption Mechanical Properties
Mix Absorption Porosity (%) Density fc (MPa) ftd (MPa)
(%) (g/cm?)
REF 19.28 (0.9) 29.52(0.9) 2.17(0.3) 30.42(0.8) 2.13(11.6)
10RA 21.08(1.1) 32.60(1.0)  2.30(0.4) 30.24 (0.3)  2.09 (19.4)
20RA 21.53(0.6) 32.17(0.1)  2.20(0.5) 31.27(2.0)  2.06 (15.5)

While the addition of 10% of RA results in an increase in physical properties compared to reference
matrix, it can be seen that the increment of content of RA to 20% reduces the porosity and density of
mortar. This fact can be associated with the presence of finer material in RA that promotes a
refinement of porosity. Thus, the negative effect of water absorption of RA33 is compensated by the
filler effect of smaller grains. In addition, the increase of the superplasticizer permits a better

homogenization of the material (self compacting mix) and reduces the water sorptivity of mortar3*.

The experimental results corresponding to mechanical tests of matrices are included in Table 5. For
the percentage of recycled aggregate adopted, the compressive strength was not affected, while a

tendency for a small decrease (about 3.3%) in the indirect tensile strength was observed. This small



influence of the replacement of natural aggregates by recycled ones (up to 20%) can be caused by the
relatively high content of cement (both hydrated and non-hydrated) present in the fine recycled
concrete aggregate?®. The splitting strength shows a decrease of about 4% with the increase of NA

replacement with RA, also identified by Evangelista and Brito?2.

3.3 Evaluation of composites

In table 6 the mechanical results of cement based composites are presented. Fig. 9 shows the
envelope and the average of the flexural stress versus the central deflection relationship of the 4 point
bending tests. The graphics of this figure also include the relationship between the central deflection
and the average crack spacing. The relevant results are included in Table 6, namely the flexural stress
at crack initiation, the flexural strength, toughness index and the average crack spacing.

Table 6
Results of the mechanical tests of composite (coefficient of variation, in %)
Property REF4AF 10RA4F 20RA4F REF6F 10RA6F 20RA6F
18.66 18.91 17.86 18.07 17.17 15.78
fc (MPa)
(1.2) (4.19) (3.5) (2.9) (3.2) (1.9
2.23 2.22 2.21 1.95 1.93 1.88
ftd (MPa)
(1.2) (3.0 (1.8) (0.7) (9.7) 3.3)
) . 2.90 3.43 3.06 2.05 2.94 2.33
First cracking strength (MPa)
(12.4) (12.8) (16.0) (15.5) (11.3) (3.6)
3.33 3.53 3.35 2.70 3.78 3.43

| | h
Flexural strength (MPa) (3.8) (4.4) (2.6) (4.3) (13.3)  (6.0)

20.42 16.94 20.74 20.8 22.22 16.78

Toughness index l2o
(4.3) (13.8) (11,0) (16.2) (14.0) (16.9)

Saturation crack spacing (mm) 25.0 16.7 12.5 4.4 5.9 5.0

3.3.1 Mechanical strength

By analyzing the results of compressive strength, it can be seen that the use of randomly distributed
short fibers in cement-based matrices often reduces their compressive strength (Figure 10); the fibers
reduce the workability of the material and a greater amount of air is incorporated, making it more
porous. In conventional mortar reinforced with relatively low aspect ratio fibers (ARF = 500) a
decrease of compressive strength up to about 30% was reported’. In the present work, the
selfcompacting character of the matrix permitted the incorporation of a higher content of fiber (ARF =
1400) without occurrence of fiber winding or segregation of the mixture. Thus, it was possible to

achieve a better fiber distribution and produce a more homogeneous composite.

The indirect tensile strength of composites was not affected by recycled aggregate and neither was it
affected by increasing the fiber content. However, the effect of recycled aggregate on flexural behavior

indicates an increase of first cracking strength (MPa) and flexural strength (MPa) with an increment of



RA content, compared to reference matrix (with natural aggregate); the maximum increment was

about 43% and 40%, respectively.
3.3.2 Flexural behavior of composite

Fig. 9 evidences that the developed composites presented a deflection hardening response with an
abrupt decrease of the average crack spacing up to the interval of 5 to 10 mm deflection, followed by a
stabilized cracking process up to the end of the tests. As expected, the stabilized cracking process
became more premature the higher the fiber content. The flexural behavior begins with an elastic-
linear range where the composite material behaves linearly up to a point where the matrix cracks
(zone I). The first cracking strength decreases with the increase of the fiber content (up to 29.3%).
The post cracking range was characterized by a multiple cracking formation (zone Il) until no more
cracks are formed. The widening of the existing cracks takes place in region lll, where the crack
spacing is almost constant, which is similar to that observed by Melo Filho®. The flexural stress
observed in this region was higher than first cracking strength for all mixtures, indicating the flexural
hardening behavior of the developed composites. Due to the relatively low flexural stress at crack
initiation in the 20RA6 composite (2.33 MPa), a continuous deflection hardening stage was observed
up to the end of the test, at which point an ultimate flexural strength of 3.00 MPa was recorded at a
deflection of 27 mm (increase of 47% regarding the flexural stress at crack initiation). In the other
composites, a pronounced deflection softening stage was formed with a smooth decrease of the
flexural capacity with the evolution of the deflection, caused by the localization and widening of one of
the existing cracks (zone 1V). Apart from the 20RAF6 composite, this stage initiated at a deflection of

around 15 mm.

The crack spacing measurements, as shown in Fig. 9, demonstrate a general reduction in spacing
during loading until a steady state condition is reached. This zone covers a large range at the end of
Zone Il and Il and remains constant throughout Zone IV. This constant level of crack spacing, defined
as saturation crack spacing (SCS)%, is presented in Fig. 10 and Table 6. Beyond this point, reduction
in crack spacing is not observed, since no new cracks form.

It can be seen that the SCS is inversely proportional to the fiber content for all mixtures. For composite
reinforced with Vf=6% the SCS value is up to 5 times lower than composite with 4%. The lowest value
obtained for the SCS, 4.4 mm, is comparable to sisal cement composites reinforced with long

fiberss:36,

For composites reinforced with 4% of fiber, a reduction of SCS with increment of recycled aggregate
content was reported. This behavior may indicate a higher fiber—matrix bond adhesion for the recycled

composite system.

Toughness index values of 16.78 to 22.22 demonstrated the high ductility capacity of the short sisal
fiber composite when compared with cement-based matrix. It can be seen that there is no

proportionality between the strength (or, toughness) and the fiber content or the recycled aggregate



content separately, indicating that the interaction between these components affects the mechanical

behavior of the composite.
3.3.3 Cyclic behavior in bending

In many possible applications of cement-based composites reinforced with sisal fibers, such as the
roof or floor of buildings, the presence of dynamic loads is common, which generate loading and
unloading cycles on the constructive element. Within the elastic layer, in which the composite is
uncracked, limited cyclic loading will have no effect on the performance of the composite. In the post-
cracking stage, however, any residual deformations and the subsequent deformational behavior on
reloading of the cracked composite become important®”. In materials subjected to cyclic loading,
during the realization of the hysteresis loop, the dissipated energy corresponds to the damping of the
material. In composites, the hysteresis loop area can be used as an effective tool for monitoring the
progression of the damage under deformation and its damping capacity under usual dynamic loads,

such as shock loads or seismic actions.

Fig. 12 shows a schematic representation of the loading-unloading cycles used and experimental
typical curve of test. The initial stiffness (E0) is the stiffness of the uncracked composite obtained by
the inclination of the first section of the load-displacement curve. The postcracking stiffness (E1,
E2...Ei) was assumed as the inclination of the dashed line connecting points A and B of the hysteresis
loop. The degradation of stiffness is the ratio between the stiffness of the cracked composite and the
intact composite (Ei/ Eo ratio). Evaluating the results shown in Fig. 13, it appears that in the initial
stage of cracking, the stiffness degrades rapidly and the dissipated energy increases. According to
Holmes and Chu38, such behavior is associated with multiple cracking of matrix, fiber-matrix
debonding and interface wear.

The degradation of stiffness, after the start of cracking, approximately reflects the process of formation
of cracks® since the matrix (stiffer) reduces its contribution and part of the stress is transferred to the
sisal fibers. This degradation occurs throughout the cracking zone Il (see Figure 9) and stabilizes in
region Il when more cracks are not formed, which occurs for deflections of approximately 15 mm. This
exponential variation (see Fig. 13) of the stiffness degradation with the crack evolution process is
similar to that obtained by Keer#. As expected, during the crack formation process, the stiffness
degradation was less intense the higher the content of fibers was*'. The content of fibers had a
relatively small influence on the evolution of the stiffness degradation up to the cracking stabilized
stage. After this stage, the composites with higher content of fibers presented a larger stiffness
degradation than the composites with smaller content of fibers, which can be justified by a more
intensive slip between fibers and the surrounding matrix due to the difficulty of assuring proper bond

conditions when the content of fiber is appreciable.

The energy dissipated during the unloading-reloading cycles corresponds to the area of the hysteresis

loops (hatched area represented inset of Fig. 12a). In this work, the energy dissipated in the



unloading-reloading cycles was normalized by the energy consumed up to 24 mm (area under the

envelope of the load versus deflection relationship).

In cracked composite, where the multicracking and fiber/matrix interface debonding are present, the
hysteresis loops develop as a result of energy dissipation through frictional slip between fibers and the
matrix upon unloading and subsequent reloading*2. Therefore, the absorbed energy in a load-unload
cycle increases as the deformation in which the discharge is applied also increases?°. However, in
Figure 13 a linear increase in the dissipated energy with increment of deflection value of about 13 mm
(Vf = 4%) and about 20 mm (Vf = 6%) can be seen. These limits correspond exactly to the end of
region Il of cracking (described in Section 3.3.2) of the composite, which indicates that the crack
opening region (Region Ill) corresponds, in fact, to a significant reduction in the bond between the
short fibers and the cement matrix, with increases of debonding and pullout of the fibers. After this
limit, the energy dissipated had a tendency to decrease as a consequence of the softening nature of

the structural response of the specimens (smaller load carrying capacity in the post-peak stage).

4. Conclusions

In this paper, the mechanical behavior in early ages of sisal fiber cement composites under flexion is
presented. The following conclusions can be drawn based on the results obtained in the present
investigation:

1.The use of recycled fine aggregate, despite its large absorption, does not significantly affect the
physical and mechanical properties of the mortar and allows for the production of a self-compacting
matrix, more appropriate to ensure a homogeneous distribution of the fiber.

2. The sisal fibers, after being subjected to treatment with 10 cycles of wetting and drying, modified
their morphology, resulting in reduced fiber lumens, despite the change in the mechanical behaviour
under traction.

3. As expected, the addition of short fiber results in a reduction of mechanical strength and elastic
modulus but in lesser proportion than that observed in composites with conventional matrices.

4. Under flexion, the process of fracture of all studied composites was characterized by a multiple
cracking behavior with deflection hardening. The crack spacing as a function of applied deflection was
characterized using an exponential decay function under displacement. The crack saturation spacing
in flexure reduces with increase of fiber content and shows, for composites with vf=6%, values similar
to that observed in sisal long fiber reinforced cement composites

5. An increase of stress after first cracking and an increase of dissipated energy with cracking of
composite can be observed, which characterizes it as a possible sustainable material with structural or
semi-structural use. This presents a hew perspective for the premise of producing high-performance

materials reinforced with natural fiber.
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Figure captions

Figure 1. Granulometric analysis: a) grading curves of the aggregates; b) size distribution of particles
passing in 150 ym.

Figure 2. Determination of the circular shape factor (F-circle) of natural and recycled sands particles
Figure 3. X-ray diffraction pattern of aggregates

Figure 4. TG and DTG curves of the cement pastes with and without additions

Figure 5. Flexural test: a) Production of the composite; b) test setup

Figure 6. Effect of treatment on sisal fiber morphology

Figure 7. Fourier transform infrared (FTIR) spectrum for treated (10 cycles) and untreated sisal fiber
Figure 8. Effect of treatment on stress-strain behavior of fiber

Figure 9. Flexural stress versus central deflection relationship and average crack spacing evolution for
the composites

Figure 10. Influence of type of matrix and fiber aspect ratio on the compressive strength of sisal-
cement composites

Figure 11. Effect of fiber volume on cracking pattern

Figure 12. Flexural cyclic tests: a) Determination of properties; b) Typical experimental load versus
deflection relationship (Vf = 6%)

Figure 13. Relationship between deflection and both the normalized dissipated energy and stiffness

degradation



Figures

100
80
60

Passant (%)

40

20 A === Concrete recyulad uggrepne

a) 7 —Natural agprege b)

0 [ =AT]
0.1 1 10 0.1 1 10 100 1000
Sieve (mm) Sieve (um)

Figure 1. Granulometric analysis of the aggregates: a) grading curves; b) size distribution of particles
passing in 150 pm.

P - parimater

4 -
FCircle » ——
A-area = P

Natural K 7 '7gp0§n| Recycled

Figure 2. Determination of the circular shape factor (F-circle) of natural and recycled sands particles

3000 -
2500 -
2000 -

1500 4

Lin (counts)

1000 -

500 14~|l-l_-n.—]-—-h-, Natural

o A N LL 2 Recycled

0 10 20 30 40 50 60 70
20

Figure 3. X-ray diffraction pattern of aggregates



160 3
— — = cemeat + metakaolin + Ny ash
cement
140 ’
(os. -1 K = 2 —~~
< 20 \\_\ 2
z i T L S
s = — TG
e A O
é 100 — | csu E E
11N e Cat0, ;
\, Efnngite
1 :”Q’H /’ﬂ’
{ \ | | DTG
i S A
60 — e 0
0 200 400 600 800 1000
Temperature (°C)

Figure 4. TG and DTG curves of the cement pastes with and without additions

Figure 5. Flexural test: a) Production of the composite; b) test setup

o —— ~
L E— ———
sy .

U

Figure 6. Effect of treatment on sisal fiber morphology



W
o
=
&
E 0.90 1733 -
s i3 ; \
g = 0 é0| | \
= L 1 \
= 0ss HE—4
1 |
| |
0.80 w'
|| 10 cycles
0.75
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm')

Figure 7. Fourier transform infrared (FTIR) spectrum for treated (10 cycles) and untreated sisal fiber

400 -y T 1 T T 1 |

1 rtreated

W

200 4

Stress (MPa)

0 0ol 002 0nas 004

Strain (mm/mm)

Figure 8. Effect of treatment on stress-strain behavior of fiber



— 100

— 80
- 60
— 40
A A Soucing i
1 A A A A A A A AAaA
- 20
n 1 v
0 I T ' L) I ¥ 0
0 10 20 30
B TR Rca=10% [ 190
Vi=4% K
© — 80
Q.
== I
g - 60
w2 I
3 - 40
©
= L
321
i - 20
° I T l L ‘ T 0
0 10 20 30
4 - A ~ 100
RCA = 20%
4 Vi=4% -
— 80
3
= 60
2 I
— 40
y "
i - 20
A A A L4 A s
I I i v
° l T l Ll ] T 0
o 10 20 30

Deflection (mm)

: Ja 1. < RCA=0% = 100
1 Vi=86%
80
3 -
60
40
1 - A
oo 20
R ‘A
LN S h b KAAL A NS
0 T T T T T j °
0 10 20 30
4 ~ 100
| AE
3 ol =
2
_502
2 )
[ o3
Q
. RCA=10% &
7 Vi=6% 203
J A o =
h' I AAadr s aaaa
0" T —l L) ' Ll o
0 10 20 30
47 4 RcA=20% %
Vi=86% -
~ 80
3—
) — 80
2 — L
i — 40
1—
A m w2
- F'y L
i bhasasadaaaa
0 L) l L) I 1) o
0 10 20 30

Deflection (mm)

Figure 9. Flexural stress versus central deflection relationship and average crack spacing evolution for

the composites



—
"~

—
o

o
o0

Relativestrength (Ie'fim)
o
o

- O Toledo Filho (1997) - Conventional matrix
& Lima etal (2013) - Conventional matnx
02 OLima etal (2013) - Appropiate matnx
A Self-compacting matrix
00 + . '
0 500 1000 1500 2000

Fiber aspect ratio (V.L/d)

Figure 10. Influence of type of matrix and fiber aspect ratio on the compressive strength of sisal-

cement compos ites

Figure 11. Effect of fiber volume on cracking pattern

a) w- b)
4
§ £ £ E2 e _E" ES ES
= o .=° : :
: ' ; / e /
o M
< ! I : ! !
LS MY [\ J ¢ ( f
B “ ! f ¥ ¥ o |
Area of histeresys - ! ! | i f
~ 7 loop R
a0 4} ' § il
{ ! W I
A y
A A O A
E s E _ 20 4 | | f i
& — e ™ y— P 4
Deflecton 0 5 10 15 20 25 w0

Figure 12. Flexural cyclic tests: a) Determination of properties; b) Typical experimental load versus

deflection relationship (Vf = 6%)



1.6 -8 - |
—~ . Vi=a% o <
~° 9 o
2t Vi=6% Q a
> A o)
o)) QD
5 1.2 - o - 08 N
A @
c
@ 0 =
2 @
@ =
~ =
8 o8- a o e al-06 3
5 & nergy '
w A 1]
- Q.
9 ("]
8 ©Q
04 - A O - 04 [
N A Stiffness -4
E o “ A A o
o n N 3
o C - b |
Z 0 . T - 1 T - T v 0.2
0 s 10 15 20 25
Deflexion

Figure 13. Relationship between deflection and both the normalized dissipated energy and stiffness

degradation



