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ABSTRACT

Besides the strength enhancement and strain improvement (strain-hardening behavior), the use of natural fibers
as reinforcement in cement-based matrices can also be highlighted as an economical and eco-friendly alternative
for the future of the construction industry. In the present work, cement-based composites reinforced by natural
sisal fibers were produced and tested under direct tensile loading. The Portland cement was partially replaced by
pozzolans (metakaolin — MK and fly ash — FA), aiming to produce a calcium hydroxide-free matrix to ensure the
durability of the fibers. The natural sisal fibers were used in a 5% volume fraction (in mass), divided into three
layers. The mechanical properties of composite plates were compared to other literature results and demon-
strated to be compatible with recent research. The crack pattern was analyzed by Digital Image Correlation
(DIC) for a better understanding of their failure mechanisms. The material presented a tensile strength increase
after the first crack formation, marked by multiple cracking partners from this point. Finally, a comparison
between direct (LVDTs) and indirect (DIC) methods of strain measurement was done and demonstrated minor
results for the DIC, approximately 84% of those obtained from the LVDTs.

Keywords: Cement composite; Natural fibers; Mechanical properties; Crack pattern analysis.

1. INTRODUCTION

As a substitution for the synthetic, metallic and glass fibers in cement matrices, natural fibers appear as an eco-
friendly alternative capable to provide the desired mechanical properties with the benefit of reducing costs and
CO, emissions. Recently, natural plant fibers, such as sisal, jute, hemp, cotton, coir, bamboo and curaua have
been considered as possible sustainable substituent fibers [1-6].

The use of natural fibers in cementitious matrix composites can considerably improve the physical-
mechanical properties of the material [4, 5, 7-9], can significantly reduce the material cost [10, 11], and can
reduce the environmental impact caused by the production process of the mixing materials [12]. Consequently,
several configurations of natural fibers have been mechanically explored in cement-based composites, such as
the textile form [13—15], short and randomly dispersed in the matrix [16—18], or in a continuous and aligned way
[19-21]. Despite the benefits cited, natural fibers have a high ability to absorb moisture [22] and may develop
durability problems when in the alkaline environment of the cement matrix [1, 23].

The hydrophilic nature of these fibers results in a high moisture absorption capacity, which can absorb
part of the matrix water and increase the fiber dimension. This mechanism may lead to an interface weakening
[24] and the decrease of the water-cement ratio of the matrix [16]. To avoid it, the fibers’ pre-saturation can be
a solution, as the saturated fibers can act as a water repository, leading to delayed hydration of the non-hydrated
cement grains, increasing the strength and density of the interface [22]. According to Silva Junior et al. [25],
the composites with saturated fibers showed smaller crack width, higher toughness, and higher tensile strength
when compared to those with natural humidity fibers.

To ensure the natural fibers durability in the cement matrices’ alkaline environment, it is necessary to
prevent alkaline degradation and mineralization [1, 23]. For such, the pozzolanic additions to precipitate the
calcium hydroxide of the matrix as calcium silicate hydrate can eliminate the degradation risks and improve the
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durability of this kind of composite [26]. FERREIRA et al. [27, 28] presented a Portland cement replacement
by metakaolin (30%) and fly ash (40%) for their sisal fibers cement composites. The authors justify that such
alteration provided a calcium hydroxide free matrix and, consequently, the higher fibers durability. WEI and
MEYER [29] showed by thermogravimetric analyses that the metakaolin and nano-clay addition significantly
reduced the calcium hydroxide and the ettringite formation. Another positive effect of the Portland cement
partially replacement by metakaolin and nano-clay was the fiber-matrix adhesion, resulting in a pullout energy
131% and 196% higher than reference samples.

As stated above, natural fibers can be randomly dispersed or even can be placed as a continuous and
aligned reinforcement. CASTOLDI et al. [30] investigated the mechanical behavior of concretes reinforced
with discrete fibers of polypropylene and sisal with the same length (51 mm) and considering different dosages
(3, 6 and 10 kg/m?). The composites were tested under monotonic and cyclic three-point bending loads, and they
stated that sisal fiber can provide the same level of residual strength as polypropylene fiber, provided that the
equivalence of fiber strengths is considered.

On the other hand, continuous fiber-reinforced cement composites can be considered high-performance
construction materials due to their superior tensile strength and ductility [19, 25, 31, 32]. The improved mechan-
ical properties and its considerable strength make this kind of material suitable for use as structural panels,
impact and blast resistance, repair, and retrofit applications [33]. The behavior of these composites during tensile
tests is characterized by multiple transverse cracks, which appear along its length as the loading increase. In this
cracking process, the material toughness, strength, and strain capacity are directly associated with the fibers’
properties, the cement matrix, and the interfacial bond and anchorage between them [34-36].

The interfacial bond and the anchorage between fiber and matrix govern the mechanical properties of
the composite in the post-cracking regime [37—41]. However, it should be noted that a significantly strong bond
between fiber and matrix does not guarantee the ductility of the material by itself, since in addition to the qual-
ity of the interface, the quality of the fiber and matrix individually must be considered. Therefore, fiber tensile
strength, matrix microstructure, and fiber length, alignment, and content are important to the process of mitigat-
ing crack propagation [42]. Furthermore, in the case of composites with aligned fibers, attention should be paid
to the number of reinforcement layers, the distance between them, and the thickness and quality of the matrix
covering layer, in order to enhance the fiber’s action in controlling the opening of cracks [32, 43].

Depending on the fiber content and on the interface between fiber and matrix, if the fiber volume is suffi-
cient, the cementitious composite will not present a brittle failure after the first crack formation. In this case, the
ductility will be enhanced, and the strain capacity will be significantly improved as the load increases. After the
first crack, several other cracks are formed, and the failure will be marked by the fibers’ pull-out. Also, consid-
erable energy dissipation can be noticed [44—46].

The strain-hardening behavior can also be described by four distinct stages of the stress-strain curve [31,
47, 48]: Stage I corresponds to the linear-elastic range where both matrix and fiber behave linearly, which ends
by the first crack formation when the bend over point — BOP is reached (the start of the first crack (BOP-) to its
end (BOP+), after its propagation across the specimen’s width); Stage II exhibits a stiffness decreases due to the
formation of distributed cracks at regular intervals and, after the total amount of cracks is done, the progressive
debonding takes place to the fibers’ pullout at Stage I11; finally, the post-peak response occurs in Stage IV, which
only presents the residual strength (softening branch).

Although several studies have already addressed the basic properties of fiber-aligned cement-based
composites, this paper explores the analysis of the crack pattern using the digital image correlation technique,
comparing the results with research available in the literature, and the comparison between different methods
of external deformation acquisition. Therefore, this work seeks to fill the gap of mechanically analyzing the
composite and evaluating the test setup outputs.

2. MATERIALS AND METHODS

2.1. Sisal fibers

The sisal fibers used in this work were provided by the Community Association for the Production and Com-
mercialization of Sisal — APAEB, located in Valente city, in the state of Bahia — Brazil. The fibers extraction
from the Agave sisalana plant was done by decortication process [4, 49]. The fibers were received in bundles,
measuring approximately one meter in length, and were manually brushed to detangle them. Different from the
other authors that also used natural fibers [30, 32, 43, 50], the sisal fibers were not washed in warm water. In this
experiment, just brushing and cutting in the demanded length were executed. Some mechanical and morpholog-
ical characteristics of sisal fibers are summarized in Table 1.



[ er | TEIXEIRA, F.P.; SOUZA, F.R.; LIMA, V.N,, et al., revista Matéria, v.27, n.4, 2022

Table 1: Summarized mechanical and morphological characteristics of sisal fibers [30, 50-52].

Tensile strength (MPa) 357 to 484

MECHANICAL Strain to failure (%) 3.3t0 14.7
Modulus (GPa) 8.7t0 19.5

Fiber cross section area (mm?) 0.02 to 0.03

MORPHOLOGICAL | Microfibers per cross section (unit) 144 to 228
Cell wall thickness (um) 2.60t02.95

. : . b | \ s
"l 8 . Y
HV [det| HFW [mag O WD [ — O |1 Ra— HV [det| HFW [mag O] WD [spot] —————— 50 ym — |
20.00 kV[ETD | 497 um | 600x |12.9 mm| 4.0 V 20.00 kV|ETD | 124 ym | 2 400 x [13.0 mm| 4.0 CETEM
(a) (b)

Figure 1: The sisal fiber cross-section images, in which is possible to see its rough longitudinal surface (a), the lumens and
the microfibrils (b).

On the natural fibers structural view [51, 52], it is summarily composed of a bundle of microfibers in an
aligned arrangement. Each microfiber is formed by a layered structure, named cell walls, composed of a primary
wall and three secondary walls. These cell walls are made by microfibrils, which are disorderly arranged in the
primary wall (like a mesh) and following a helical shape in the secondary walls. Another microfibers character-
istic is the hollow that makes it looks like a tube, called the lumen. Figure 1 shows a cross-section of the used
sisal fiber (Figure 1a) and its magnification (Figure 1b), both by a Scanning Electron Microscope (SEM) model
FEI Quanta 400 (Thermo Fisher Scientific, Hillsboro, OR, USA).

2.2. Matrix desing

The cement matrix was designed for the 1:1:0.4 ratio (cementitious content, sand, and water). The cementitious
content was made of 50% Portland cement type CPV, according to Brazilian standard NBR 16697 [53]; 40%
metakaolin (MK), from BASF in Germany; and 10% fly ash (FA), from POZOFLY. The supplementation by
pozzolans (MK and FA) aims to produce a calcium hydroxide-free matrix, providing an unaggressive environ-
ment for the natural fibers, as previously reported [5]. The quartz sand adopted presents a maximum diameter of
1.18 mm and 2.67 g/cm?® of density. The GLENIUM® 3500 superplasticizer was used in a proportion of 2% of
the cementitious content, in mass, to offer the required workability. The matrix presented compressive strength
equal to 80.1 = 4.4 MPa after 28 days. Seven cylindrical specimens measuring 100 mm in height and 25 mm in
radius were used in the compression tests.

2.3. Manufacturing

For the matrix homogenization, the cementitious content, the quartz sand, and a portion of the water were mixed
in a bench-mounted planetary blender; after this, the superplasticizer was diluted in the remaining water and
slowly spilled down into the running mixer. Seeking to minimize the water absorption from the matrix by the
porous fiber structure and provide better workability, the sisal fibers were submerged in water for one hour to
reach their maximum saturation [34]. After saturation, the fibers were air-dried for 15 minutes to eliminate the
extra humidity on their surface.
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Figure 3: The schematic parameters of tensile tests with dimensions in mm (a) and the cameras setup during the tests (b).

For the composite manufacturing process, a matrix layer was placed in steel molds followed by a layer
of sisal fibers, one layer at a time. The sisal fibers amount per specimen corresponds to a volume fraction of 5%,
divided into three layers. It is worth mentioning that sisal fibers were longitudinally oriented, continuously, and
without overlaps. The laminate composite plates presented 500 mm length, 60 mm width, and 10 mm thickness.
Figure 2 presents a schematic illustration of the layering orientation.

2.4. Tensile tests

The tensile loading on composite plates was performed in a servo-hydraulic MTS 311 system with a 1000 kN
load cell and a pair of external LVDTs (MTS, Eden Prairie, MN, USA). The specimens were fixed in steel plates
with clamped screws controlled by a torque (8.5 Nm), and the tests were carried on under displacement control
at a 0.1 mm/min rate. For this work, seven specimens were tested up to failure. Figure 3a presents a schematic
about test parameters.

The cracking behavior were analyzed by Digital Image Correlation (DIC), a method capable of quantify-
ing full-field deformations without physical contact [54, 55]. To proceed with this analysis, it was necessary to
create a speckle pattern on the specimen’s surface, which in this case, was made with a standardized paint roller
used to produce random black dots over a white background. The process utilized two high-resolution digital
cameras, model GS3-U351S5M by Point Grey, equipped with AF-X M100 Pro D lenses to monitor the speci-
men surface at a spatial resolution about 120 um/pixel. The image acquisition was controlled by the Correlated
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Table 2: Summarized mechanical properties.

FIRST-CRACK TENSILE | ULTIMATE TENSILE | STRAIN-TO- YOUNG’S
SPECIMEN STRENGTH STRENGTH FAILURE MODULUS
(MPa) (MPa) (%) (GPa)

SPEC 1 4.8 13.9 1.6 11.0
SPEC 2 45 9.9 1.0 23.0
SPEC 3 3.2 10.7 1.4 17.6
SPEC 4 3.2 10.8 1.6 17.9
SPEC 5 42 12.2 1.6 23.8
SPEC 6 3.4 12.3 1.8 11.2
SPEC 7 4.3 14.0 1.9 27.8
Mean = SD 3906 120+ 1.5 1.6+0.3 18.8+5.8

Solution’s Vic-Snap 9 software in a 2 Hz capture frequency. The main goal of the imaging system is to use the
images to calculate the specimen’s deformations and strains over the test. For the DIC analyses, the Correlated
Solution’s Vic-3D 9 software were used, and the algorithm applied used the Gaussian weights over 47 pixels
windows and one measured every 5 pixels to calculate the deformations and the strains. It is important to men-
tion that only three specimens were submitted to this process. Figure 3b shows the camera setup during the tests.

3. RESULTS AND DISCUSSIONS

As expected, all the composite plates presented a strain-hardening performance with multiple cracks formation
along their length. The stress-strain initial response was marked by a range of linear-elastic behavior up to the
first crack appearance (stage I), and from this point, the load-carrying capacity remains increasing due to multi-
ple cracking caused by the fibers bridging effect (stage II). These cracks were arranged at regular intervals and
started to open exponentially when the new fissures stopped to appear, leading the composites up to their max-
imum stress (stage III). Thereafter, the crack-opening remains while load capacity slowly reduces (stage IV).
Figure 4a present the mechanical behavior of all seven specimens tested while Figure 4b illustrates the different
stages during the strain-hardening performance. The cement-based composite reinforced by sisal fibers reached
a maximum tensile strength equal to 12.0 MPa at a strain capacity of 1.6% and modulus of 18.8 GPa, the first
crack formation appeared at 3.9 MPa. Table 2 summarizes the composite mechanical properties.

For comparison, the composite mechanical behavior in the present work was confronted by the results of
other authors [19, 25, 31, 32] who also used natural fibers in cement matrices. All these authors used the same
specimen geometry adopted in the present work, except for thickness which varies according to the parame-
ters such as the number of fiber layers, fibers volume, and manufacturing technique. The matrices were also
very similar in composition, reinforced by sisal or curaud natural fibers. The fiber volume fraction adopted by
the authors corresponded to 4% up to 10%, arranged in layers that vary between 1 to 5. Table 3 present the
physical characteristics and mechanical comparison of all composite plates. The composites with three fiber
layers presented similar strengths results, from 9.7 MPa up to 12.8 MPa. The specimen reinforced by a single
layer showed significant strength decrease (47.5% lower) while the five layers specimen exhibited a substantial
increase (22.5% higher), both compared to the composite in the present work. Though it is known that the fiber
volume increase is directly associated with the strain-hardening capacity, in this comparison, it is not possible
to verify a precise relation between strength and fiber volumetric fraction above 5%. For example, the high-
performance composite presented by SILVA et al. [31] (10% of volume) showed the same maximum strength
as the composite produced in the present work (5% of volume), both reinforced with the same type of natural
fiber (sisal). Furthermore, SILVA JUNIOR et al. [25] used a volumetric fraction equal to 6% in composites rein-
forced by curaua fibers and reached 10.2 MPa, 15% lower than the achievement in the present work. However,
it is worth mentioning that the composite by SOUZA et al. [19], with 8.5% volume (curaua fibers), presented
the highest strength among all. In general, the authors describe a similar strain capacity at failure, except for
TEIXEIRA and SILVA [32] and their three layers curaud composite, which exhibited a strain result 68.8%
higher than specimens presented in this work.

Through DIC analysis, it was possible to generate a strain map (SPEC 5 specimen), which presents the
strain fields (E€yy) concerning the orientation of the tensile test (Y-axis). As the stress increases, transverse cracks
gradually appear along the specimen length, one after another. At the maximum number of cracks is reached
(end of stage II), the cracks start to open, bridged by the fibers (causing fibers to stretch and begin to split, up
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Figure 4: Mechanical behavior of all seven specimens (a) and the described stages of strain-hardening performance (b).

Table 3: Comparative of mechanical properties under tensile tests.

Strain (%)

(b)

NATURAL| NUMBER | FIBER | ULTIMATE UTL;E\Sql‘iTEE STRAIN-| (0o v

REFERENCES| "Gy |'LAVERS | FRACTION [STRENGTH| STRENGTH |y [ VARIATION

(kind) (unity) (%) (MPa) (%) mm/mm
Present work Sisal 3 5.0 12.0 - 0.016 -
SILVA et al. [31] Sisal 5 10.0 12.0 0 0.015 6.3 (lower)

Curaua 1 4.0 6.3 47.5 (lower) 0.012 25.0 (lower)
f’g;jZA etal. Curaua 3 7.0 9.7 19.2 (lower) | 0.014 | 12.5 (lower)

Curaud 5 8.5 14.7 22.5 (higher) | 0.016 0
giléfgg and | s 3 5.0 12.8 6.7 (higher) | 0.027 | 68.8 (higher)
S:I;X‘A[‘zgl]INIOR Sisal 3 6.0 10.2 15.0 (lower) | 0.015 | 6.3 (lower)

to the end of stage III). These mechanisms are responsible for the post-crack stiffness increase presented by the
composite, and its progression is graphically described by strain distribution along the longitudinal Y-axis at
each stage in Figure 5. At the end of stage I, just a single crack is formed (represented by a peak), while at the end
of stage II several cracks are already disseminated along with the specimen; and finally, at the end of stage III,
the established cracks present a distinct evolution. As mentioned by YAO et al. [56], by the correlation of the
strain fields with the strain distribution along the longitudinal Y-axis, it is possible to identify three different
zones intrinsic to the cracking pattern of this kind of composite: a) the localization zones, in red, in which the
cracks present the higher image strain and load is majority carried by the fibers; b) the shear lag zones, in blue
and green, marked by the bond tensions between the fibers and the cement matrix (this zone precedes the crack
appearance and remains adjacent after its establishment); and c) the uniform zones, where there isn’t any crack
formed and the composite still presenting a linear behavior.

The DIC analyses also provided the number of cracks established, their opening range, and the average
spacing between then; these parameters are described in Table 4. The measurements were observed at the end
of stage III when the composites reached its maximum strength. The cracking patterns are compatible with
those mentioned by other authors [19, 25, 31, 32], with a wide variance which may be explained by the fiber’s
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Figure 5: Cracking diagram concerning the stages and the identification of the DIC zones.

Table 4: The DIC composite cracking parameters from tensile tests.

DIC CRACK ANALYSIS
SPECIMEN | NUMBER OF CRACKS MEAN CRACK WIDTH MEAN CRACK SPACING
(unit) (um) (mm)
SPEC 5 9 288 + 137 20.0
SPEC 6 9 352+ 167 20.0
SPEC 7 5 508 + 75 33.3

morphology and their distribution in the matrix. Compared to SPEC 5 and SPEC 6, SPEC 7 presented the largest
crack width and the smallest number of cracks, demonstrating that these parameters are inversely proportional,
which is explained by the higher stress concentration in each crack due to its smaller number.

Comparing the strain behaviors acquired by LVDTs and DIC (Figure 6), it can be noticed that the DIC
strains appear to be more conservative compared to those described by the LVDTs. TEKIELI et al. [57] explain
that the LVDTs integrated into the tensile test system can overestimate the strain when specimen slips concern-
ing the clamping wedges. Other possible reasons are the LVDTs misaligns during the axial displacement or the
specimen rotation. YAO et al. [56] noted that the LVDT displacement is usually higher than the DIC measure-
ments during the multiple cracking stages, while in the linear elastic stage the results are comparable, as possible
seen at the zooms in Figure 6. It can be explained by the crack’s non-homogeneous strain during its opening,
which may influence the computational analysis on quantification of the full-field deformations. Other authors
[58, 59] also presented these same strain variances in comparisons between LVDT and DIC measurements.
From the known points analysis in both stress-strain curves (at the end of stages I, II, and III), it is possible to
observe that these variances represent an approximate ratio of 0.84 (DIC/LVDTs), as summarized in Table 5.
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Figure 6: The graphic comparison between LVDTs and DIC strains along same tensile stress: SPEC 5 (a), SPEC 6 (b) and

SPEC 7 (c).

Table 5: The comparison between LVDTs and DIC strain measurements form tensile tests.

spECIMEN | POSITION | STRESS STII}\‘,‘];?SBY STRS‘IIS BY |STRAIN RATIO MEAN
(end of) (MPa) %) %) (DIC/LVDTs) |STRAIN RATIO
Stage I 4.2 0.020 0.015 0.77

SPEC 5 Stage IT 8.3 0.832 0.773 0.93 0.84 +0.07
Stage I1I 122 1.567 1317 0.84
Stage I 3.4 0.072 0.056 0.79

SPEC 6 Stage IT 6.7 0.713 0.614 0.86 0.84 +0.04
Stage I1I 12.3 1.757 1.550 0.88
Stage I 43 0.040 0.033 0.83

SPEC 7 Stage IT 8.5 0.840 0.715 0.85 0.83 +0.02
Stage I1I 14.0 1.888 1.527 0.81

4. CONCLUSIONS

This paper presents valuable information about the tensile behavior of cement-based composites reinforced with
sisal fibers in continuous and aligned configuration, comparing direct (LVDTs) and indirect (DIC) methods of
strain acquisition. From the direct tensile tests on cementitious composites with 5% fibrous reinforcement per
sample volume, the following conclusions could be drawn:

All the continuous fiber-reinforced cement composites presented strain-hardening behavior with strength
and strain capacity consistent with the literature, which means the sisal fibers, the used matrix, and the manufac-
turing protocols provided a high-performance material, potentially useable in the construction industry.

Through the cracking analysis it was possible to associate the material’s mechanical behavior with its
failure mechanisms, which is crucial for understanding its characteristics of ductility and increased stiffness.
It was possible to observe that the stress is not uniformly distributed but locally concentrated in the cracked
regions, which leads to the identified zones: Localization, Shear lag, and Uniform.

The strain comparison involving LVDTs and DIC methods showed that the physical measurements can
be overvalued when compared to those without physical contact. This variance can be associated with the rigid-
ity of the test system, which may present some misaligning during displacement. In the present work, the DIC
measurements represent approximately 84% of LVDTs results, but this ratio can vary depending on the kind of
test, the test system integrity, and the DIC setup parameters.
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