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ABSTRACT

In this study, disintegrated bamboo fibers (DBFs) were extracted from alkali-treated makino bamboo
sticks (BSs). The chemical compositions and tensile properties of DBFs were investigated using Fourier
transform infrared (FTIR), X-ray diffraction (XRD), thermogravimetric (TG) analysis, and tensile tests.
The results indicated that a change in functional groups, a reduction in the crystallinity index, and
better thermal stability were observed for DBFs than for BSs. Regardless of the collapse of
parenchyma cells and separation and twist of the fibers on the surface of the DBF, its average
tensile strength and tensile modulus were 204 MPa, and 13 GPa, respectively. Additionally, DBFs
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were added into a cement matrix to fabricate bamboo fiber/cementitious composites (BCCs).

The apparent density and most of the mechanical properties of BCCs decreased when the addition
of the DBFs increased above 1 wt%. However, the BCC with 1 wt% of DBFs showed the lowest drying
shrinkage and a slight increase in the specific energy under tensile testing. Accordingly, the results
showed that 1 wt% DBFs as an adequate content is proposed to be added into the cement.

Introduction

Natural fiber/cement composites have attracted increasing
attention in cement composite science. Many previous
studies reported that natural fibers, such as sugarcane
bagasse, sisal, hemp, jute, and bamboo, improve the mechan-
ical strength and yield a high energy absorption capacity of
cement composites (Li et al. 2006, Onesippe et al. 2010,
Silva et al. 2010, Chakraborty et al. 2013, Sanchez-Echeverri
et al. 2020). Additionally, the addition of natural fibers signifi-
cantly enhances crack resistance and increases the impact
resistance of the composites (Filho et al. 2005, Tonoli et al.
2013, Zhou et al. 2013, Xie et al. 2019). According to the pre-
vious studies described above, the variety of factors that
affect the physical and mechanical properties of natural
fiber/cement composites are as follows: (1) the nature of
the matrix and mix design; (2) the casting and curing of com-
posites; and (3) the type, modification, and characteristics of
fibers.

Among natural fiber resources, bamboo as an additive is
widely used in cement matrices due to its fast growth, biode-
gradability, and economical and eco-friendly properties.
However, bamboo, which is a natural resource, has an intrin-
sic hydrophilic nature, resulting in high hygroscopicity and
low compatibility between fibers and hydrophobic matrices.
Several previous studies reported that chemical modifi-
cations, especially alkali treatment, can cause fibers with
low hygroscopicity and increase fiber roughness, further
strengthening the mechanical strength and fracture tough-
ness of bamboo fiber/cement composites (BCCs) (Xie et al.

2015, Li et al. 2017, Xie et al. 2019, Sanchez-Echeverri et al.
2020, Sanchez-Echeverri et al. 2021). Li et al. (2017) investi-
gated the properties of alkali-treated bamboo fiber (BF)-
reinforced oil-well cementitious composites. The results
demonstrated that increases in the thermal stability and
roughness on the surface of BFs were observed after 10%
alkali treatment. Additionally, the incorporation of 0.5 wt%
alkali-treated BFs content increases the splitting tensile
strength and flexural strength of the cement composite
accompanied by a decrease in compressive strength.
Sanchez-Echeverri et al. (2020) stated that the flexural
strength and toughness of BCCs reinforced with Ca(OH),-
treated BFs were higher than those of BCCs without and
with untreated fibers. As mentioned by Sanchez-Echeverri
et al. (2021), the findings indicated that the incorporation of
Guadua fibers prepared by alkali treatment combined with
mechanical refinement improved the flexural strength and
specific energy of BCCs. Xie et al. (2015, 2019) reported that
BCC with the optimal content of cellulosic fibers, which
were isolated from bamboo, improved the flexural strength
and fracture toughness by 24.3% and 45 times, respectively,
while the absorbed energy of BCCs with 4-16 wt% BFs was
2-24 times higher than that of BCC without BFs.

To the best of our knowledge, there is still little infor-
mation available on the investigations of the physical and
mechanical properties of cement composites with bamboo
fibers disintegrated by alkali treatment. Accordingly, the
present study aimed to determine the functional groups,
the crystallinity, thermal stability, morphology of the fiber
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surface, and tensile properties of disintegrated bamboo fibers
(DBFs). Furthermore, the effects of the DBF content on the
apparent density, drying shrinkage, and mechanical proper-
ties (tensile properties, flexural properties, and compressive
properties) of BCCs were further investigated.

Materials and methods
Materials

A type | ordinary Portland cement (OPC) as a binder material,
whose density is in the range of 2500-3300 kg/m?, was pur-
chased from Advaced-Tek Systems Co., Ltd. in Taiwan. Local
river sand (Ligang Township, Taiwan) was used as fine aggre-
gate, which had a content of particles less than 75 um of 2.2%
and a water-soluble chloride ion content of 0.0002%. Round
bamboo sticks (BSs) with a diameter of 2 mm were obtained
from 3-year-old makino bamboo (Phyllostachys makinoi
Hayata) strips, as shown in Figure 1. Sodium hydroxide
(NaOH) was purchased from Merck KGaA (Darmstadt,
Germany).

Bamboo fiber disintegration

Disintegration of round BSs was performed by submerging
and boiling them in the NaOH solution (concentration:
10%) in a digester at 100 °C for 3 h. The BSs were washed
with distilled water after alkali treatment, and then DBFs
were manually extracted from alkali-treated BSs. The length
of the DBFs was cut and fixed at 20 mm (Figure 1).

Specimen preparation

The cement composites were prepared and cured according
to CNS 3655 (2005). In the mix design for specimen prep-
aration, the ratio of cement:sand was 1:3, and the water-
cement ratio was kept at 0.5. Cement and water were
mixed using a mechanical mixer (GF-201, Friend Food
Machine Co., Ltd., Taiwan) to make a uniform slurry at a stir-
ring speed of 146 rpm for 15 sec. Afterward, the required
amount of sand was blended with the slurry at a stirring
speed of 313 rpm for another 30 sec. The fresh mortar was
cast immediately in various molds for test specimens.
Additionally, the mortar specimens, which were set in the
molds, were covered the plastic sheet for 24 h at ambient
temperature (30 +2 °C). After setting, the specimens were
removed from the molds and cured in saturated lime water
for 28 days. For cement composites with bamboo fibers
(BCCs), different mass fractions (1, 2, and 3 wt%) of DBFs
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Figure 1. Manufacturing process of disintegrated bamboo fibers.
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were used to replace cement in the present study. To
prevent the fibers from absorbing the required water
content for BCCs, the DBFs were immersed in water for 24 h
to obtain DBFs under saturated conditions. Before dropping
sand, the saturated DBFs were blended into the cement
slurry with stirring using a mechanical mixer. Other prep-
aration procedures for BCCs were the same as those
described above. The BCCs with 0, 1, 2, and 3 wt% DBF
were designated BCCO, BCC1, BCC2, and BCC3, respectively.

Characteristics of bamboo fibers

The functional groups

Fourier transform infrared (FTIR) spectra of BSs and DBFs were
measured on a Spectrum 100 FTIR spectrometer (Perkin
Elmer, Buckinghamshire, UK) equipped with a MIRacle attenu-
ated total reflectance (ATR) accessory (Pike Technologies,
Wisconsin, USA) and a DTGS (deuterated triglycine sulfate)
detector. The spectra were recorded in wavenumber ranges
of 650-4000 cm™' by coadding 32 scans at a resolution of

4cm™.

The crystallinity indices

X-ray diffraction (XRD) patterns of BSs and DBFs were deter-
mined on a MAC science MXP18 instrument (Japan) using
Ni-filtered CuKy; radiation (A\=0.1542 nm) at 40kV and
30 mA. The 20 range and scan rate were 4-40° and 2°/min,
respectively. The crystallinity index (Crl) was calculated
according to the equation:

Crl = (oo — lam)/ 200 (M

where I,q is the intensity of the 200 lattice reflection at 26 =
22° and I, is the intensity of diffraction of the amorphous
material at 20 = 18.3°.

Thermal stability

The thermal properties of BSs and DBFs were investigated by
a Perkin Elmer Pyris 1 instrument (Shelton, CT, USA) through
thermogravimetric (TG) analysis. A total of 3 mg of a sample
was heated from 50 to 600 °C at constant heating rates of
10 °C/min in a nitrogen atmosphere (20 ml/min).

Fiber morphology

The morphology of DBFs was obtained from scanning elec-
tronic microscopy (SEM) micrographs using a JEOL
JSM6330F SEM (Tokyo, Japan) with a field emission gun and
an acceleration voltage of 3.0 kV. Before testing, all samples
were dried and sputtered with platinum.

Fixed-length
bamboo fibers

Disintegrated
bamboo fibers
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Tensile testing of disintegrated bamboo fiber

The DBFs were attached to paper with epoxy adhesive in order
to clamp with wedge grips. The tensile strength (TS) and tensile
modulus (TM) of a DBF were evaluated at a span of 15 mm and
a tensile speed of 20 mm/min. The diameters of DBFs were
measured using an optical microscope (Olympus BX53M,
Olympus Ltd.). Prior to tensile testing, the DBFs were con-
ditioned at 20 °C and 65% relative humidity (RH) for 14 days.

Properties of BCCs

Apparent density of BCCs

After curing for 28 days, the volume of the specimens (size:
50 mm x 50 mm x 50 mm) was measured. Meanwhile, the
weight of the specimens was determined to calculate the
apparent density (p) by the following equation:

p=m/V )

where m is the weight of the specimen and Vis the volume of
the specimen.

Drying shrinkage for BCCs

The shrinkage tests were carried out following the procedure
described in CNS 11056 (2005). The test specimens were
square prisms with dimensions of 25 mm x 25 mm X
285 mm. After moist curing, the specimens were demolded
and kept in a dry environment (25 °C and 80% RH). The shrin-
kages were measured after 7 and 28 days using a digital
length comparator (HCH-129, Jin Ching Her., Co. Ltd.,
Taiwan). The drying shrinkage values of the BCCs with
different DBF contents were calculated as.

Drying shrinkage = (Ly — Lo)/Lrer 3)

where L, is the length of the specimen at drying time x (mm),
L, is the length of the specimen before drying (mm), and L,¢
is the length of the reference (= 250 mm).

Mechanical properties of BCCs

The tensile properties, including the tensile strength (TS) and
the tensile modulus (TM), were assessed with a loading speed
of 5 mm/min and span of 75 mm according to ASTM C307-18
(2018). The flexural properties, modulus of rupture (MOR) and
modulus of elasticity (MOE), were obtained using a three-
point static flexural test (sample size: 40 mm x40 mm X
160 mm) at a flexural speed of 1 kgf/cm?/sec and a support
length of 120 mm according to ASTM C348-21 (2021). The
compressive strength (CS) and compressive modulus (CM)
were determined using cube specimens with dimensions of
50 mm x 50 mm x 50 mm at a tensile speed of 3 kgf/cm?/
sec according to CNS 1010 (2005).

Specific energy for BCCs

The specific energy (SE) of the BCCs with different DBF con-
tents after various mechanical tests were calculated by the
following equation:

SE = Absorbed energy/(ab) (4)

where absorbed energy is the enveloped area of the load —
displacement curve after various mechanical tests (tensile,

flexural, and compressive tests) from the start of elastic
behavior to a reduction in the carrying capacity to 50% of
the ultimate load, and a and b are the thickness and width
of the specimen.

Morphology of the fracture surface for BCCs

The fracture cross-sectional surfaces of the BCCs were photo-
graphed by a smartphone camera (ASUS ZenFone 8, ASUSTek
Computer Inc., Taiwan). Its resolution and aperture ratio were
4032 x 3024 pixels and /2.2, respectively. To observe the
fiber distribution in the cement matrix, the color saturation
and color temperature for all the pictures were adjusted to
300% and 4396 K, respectively. For failure modes under com-
pressive loading, individual images were recorded by a CMOS
(complementary metal-oxide semiconductor) camera (GS3-
U3 51S5M-C, Flir Systems, Inc., Canada) with a Computar
M7528-MP (New York, USA) lens (a focal length of 75 mm
and maximum aperture ratio of f/2.8). The deformation of a
specimen surface was photographed at a frame rate of
0.2 Hz during compressive loading and streamed using
Point Grey FlyCapture2 (USA). The full-field strain contour
employing Gaussian filtering and a filter size of 15 was used
by Vic-2D DIC Analysis Software (Correlated Solutions, Inc.,
Canada).

Analysis of variance

All of the results are expressed as the mean + standard devi-
ation (SD). The significance of the differences was calculated
by Scheffe’s test, and p values < 0.05 were considered
significant.

Results and discussion
Characteristics of bamboo fibers

As shown in Figure 2, the functional groups of BSs and DBFs
were characterized by an FTIR spectrometer to estimate the
efficiency of alkali treatment. To compare the spectra of BSs
and DBFs, the intensities of all spectra were normalized at
2898 cm™', which corresponds to C—H stretching in CH,
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Figure 2. FTIR spectra of the bamboo stick (BS) and disintegrated bamboo fiber
(DBF).



and CHs (Das and Chakraborty 2006). For the spectrum of the
BSs, the band at 1728cm™" was assigned to the stretching of
the carbonyl groups (C=0) of acetyls in hemicellulose. This
band intensity of the DBFs obviously disappeared after
alkali treatment, indicating that alkali treatment causes the
removal of hemicellulose. The other characteristic bands of
aromatic ring stretching in lignin appeared at 1595 and
1504 cm™' for BSs. In addition, a band appeared at
1237 cm™', which corresponds to C—C, C—0, and C=0
stretching in lignin and xylan. These peak intensities for the
DBFs significantly decreased. This finding revealed that the
hemicellulose and lignin of bamboo effectively decompose
during alkali treatment. Furthermore, after alkali treatment,
we noted that the spectrum for the DBFs has an increase in
the intensity at 898 cm™', which corresponds to the asym-
metric out-of-plane ring stretching in cellulose. This was
attributed to the fact that the relative percentage of cellulose
increased due to the degradation of hemicellulose and lignin.
Similar results were reported by several researchers (Das and
Chakraborty 2006, Chattopadhyay et al. 2011, Li et al. 2017,
Lin et al. 2018).

Figure 3 shows the XRD patterns and crystallinity indices
(Crls) of BSs and DBFs. For the BS sample, a small diffraction
peak of cellulose crystallographic form was observed at
34.6° (040 lattice plane), while two noticeable peaks were
observed at 15.6° (110/10 lattice planes) and 22° (200 lattice
plane). In addition, the amorphous region was at 18.3°. The
diffraction for untreated bamboo, which corresponds to the
preferred orientation along the fiber axis in cellulose I, was
reported by previous studies (Liu and Hu 2008, Chen et al.
2017, Yang and Lee 2018, Yeh and Yang 2020, Chen et al.
2021). For DBFs, these characteristic peaks were not signifi-
cantly different from those of the BSs, implying a similar cel-
lulose structure. This result indicated that the peak positions
of bamboo were not influenced by alkali treatment in the
present study. However, the Crl of the BSs decreased from
58.6% (DBF) to 48.0%. The reduction in the Crl of alkali-
treated BSs (DBFs) may be related to partial lattice transform-
ation from cellulose | to cellulose Il. Previous studies reported
that alkali treatment led to different lattice transformations in
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Figure 3. XRD patterns and crystallinity indexes (Crl) of the bamboo stick (BS)
and disintegrated bamboo fiber (DBF).
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natural fibers (Ishikura et al. 2010, Kobayashi et al. 2011,
Nakano and Nakano 2014, Cai et al. 2015, Chen et al. 2021).

Figure 4 illustrates the residual weight (RW) and differen-
tial RW curves of BSs and BDFs from the results of the TG
analysis to evaluate their thermal stability. As shown in
Figure 4a, all RW curves slightly decreased at temperatures
from 50 — 120 °C due to water evaporation. In the range of
200 — 370 °C, significant weight loss was observed for all
curves since hemicellulose and cellulose completely decom-
posed, and the partial decomposition of lignin occurred.
With a temperature range of 370 — 600 °C, the RW curves
for all specimens gently decreased and flattened. This is
related to the combustion of the residues, such as the remain-
ing lignin combusted. Additionally, the temperatures at 5% of
weight loss (Tse,) were 266 and 284 °C for BSs and DBFs,
respectively. The results demonstrated that the DBF exhibited
better thermal stability than the BSs since the Tsq, for the
DBFs was higher. Figure 4b displays the differential RW
curves of the BSs and DBFs. For BSs, a significant shoulder
was displayed in the range of 240—-310 °C. Yang et al.
(2007) reported that hemicellulose was decomposed by
pyrolysis in the range of 220 — 315 °C. However, the curve
for the DBFs disappeared in the same temperature range.
This result implied that alkali treatment effectively removed
hemicellulose in bamboo fibers. The SEM images on the
surface and end of the DBFs are shown in Figure 5. It can
be observed that parenchyma cells severely collapsed,
while the fibers separated to twist. This is likely because the
alkali treatment removed hemicellulose and lignin in

&
o
=
.20
o
z
=
3
=t
v
[}
~
4| — DBF
o4+
o
=
=
=
[
3
&
=
[a)

50 125 200 275 350 425 500 575 650

Temperature (°C)

Figure 4. Thermogravimetric curves of the bamboo stick (BS) and disintegrated
bamboo fiber (DBF): (a) residual weight (RW) curves; (b) differential RW curves.
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Figure 5. SEM images of the surface: (a) and end (b) of the disintegrated bamboo fiber (DBF).

parenchyma and in the middle lamellae between fibers (Adel
Salih et al. 2020, Chen et al. 2021). In this study, the diameter
distribution and tensile properties of the DBFs were further
investigated (Figure 6). After alkali treatment, the diameter
was in the range of 0.1977 — 0.4295 mm (Figure 6a). For the
tensile tests of DBFs, the tensile strength (TS) and tensile
modulus (TM) range from 117 MPa to 398 MPa and 6 GPa
to 21 GPa, respectively. The results are also shown in
Table 1. The average diameter, TS, and TM were 0.334 mm,
204 MPa, and 13 GPa, respectively.

Physical and mechanical properties of BCCs

Physical properties

Generally, the density of a material is positively related to its
mechanical strength. Additionally, it is well known that
cement or concrete undergoes drying shrinkage, which is a
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Figure 6. Diameters and tensile properties of the DBFs: (a) diameter; (b) tensile
strength (TS) and tensile modulus (TM).

spontaneous dimensional variation during drying without
any external load. Therefore, the effects of adding DBF
content on the apparent density (Table 1) and drying shrink-
age (Figure 7) of the DBF/cement composite (BCC) were inves-
tigated in this study. As shown in Table 2, the average apparent
density (p) of the composite without DBFs (BCCO) was 2090kg/
m?3. When the DBF content was added to 1 wt% (BCC1), there
was no significant difference compared to the p value of BCCO.
On the other hand, the p value of the BCC significantly
decreased from 2086kg/m> to 1906kg/m® as the DBF
content was increased from 1 wt% (BCC1) to 3 wt% (BCC3).
The results showed that the addition of DBFs to 3 wt%
reduced the apparent density of BCC by 8.8% compared to
BCCO. The reason for this phenomenon is that the DBFs have
a lower density than cement. According to previous studies
(Li et al. 2006, Andi¢-Cakir et al. 2014, Xie et al. 2015), the
increase in the natural fiber content in the cement matrix
results in an increase in the porosity of the cementitious com-
posite, causing a decrease in its apparent density. Figure 7
shows the drying shrinkage of the BCCs with different DBF con-
tents. The drying shrinkage of BCCO was 0.0897% after 7 days

Table 1. The diameter and tensile properties of DBFs.

Diameter (mm) TS (MPa) TM (GPa)
DBF 0.334 £ 0.062 204 + 68 13+4
Values are mean + SD (n = 20).
0.18
7 days
—_ 0.16 —= 28 days
S 0.14 A A A
% 0.12 B & A a a
20109 , B b B
e be ¢ b
<= 0.08
2 0.06
2
;5 0.04
0.02
0.00
BCCO BCCl1 BCC2 BCC3

Figure 7. Drying shrinkage of the BCC with different DBF content. Bars with
capital letters indicate significant differences among curing times (p < 0.05).
Bars with lowercase letters indicate significant differences among the BCCs
with various DBF content (p < 0.05).



Table 2. The mechanical properties and specific energies of the BCCs with different DBF contents.
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Tensile properties

Flexural properties

Compressive properties

Code p (kg/m?) TS (MPa) T™ (GPa) SE, (kJ/m?) MOR (MPa)  MOE (GPa) SEp (k)/m?)  CS (MPa) CM (GPa) SE. (kJ/m?)

BCCO 2090 +16° 4.02+0.12° 032+001* 205+0.10® 6.88+059° 163+0.07° 024+003° 23.60+093" 1.15+002° 34.58+0.18
BCC1 2086+ 9° 407+011%  026+001° 245+015° 638+030° 093+037° 035+009° 2401+070° 1224004 41.53+427°
BCC2 2001+29° 336+025° 020+000° 220+0.15®° 596+0.12° 137+051° 023+006° 17.02+042° 142+012° 3596+9.72°
BCC3  1906+13° 258+021° 0.15+001% 163+028° 430+0.07° 080+023° 030+009° 13.04+126° 1.29+0.18° 19.06 +0.96"

Values are mean + SD (n = 3). Different letters within a column indicate significant differences among the BCCs with various DBF content (p < 0.05).

of curing. When the curing time reached 28 days, the drying
shrinkage of BCCO significantly increased to 0.1116%. An
increase in the drying shrinkage of the cement is due to the
reduction of the relative humidity in the pores by water evap-
oration, leading to the occurrence of drying shrinkage and its
increase over time (Guo et al. 2020). For the BCC, the drying
shrinkage at 7 days of curing time decreased to 0.0787% as
the DBF content increased to 2 wt%. When the DBF content
was 3 wt%, the drying shrinkage increased to 0.0829%. Simi-
larly, the BCC with 1 wt% DBFs exhibited lower drying shrink-
age at 28 days of curing time. The drying shrinkage
significantly increased for BCC2; however, there was no signifi-
cant difference between BCCO and BCC3. The results indicated
that BCCs with DBFs had lower drying shrinkage at the initial
stage (7 days) than BCCO. After 28 days of curing, there was
no significant difference between BCCO and BCC with DBF con-
tents above 1 wt%. Furthermore, the change rates of shrink-
age from 7 days to 28 days of curing time were 27.0%,
20.0%, 36.6%, and 34.3% for BCCO, BCC1, BCC2, and BCC3,
respectively. These results explained that the greater the
DBF content in the BCC, the greater the rate of shrinkage
changes. This is attributed to the fact that an increase in the
DBF content causes an increase in the porosity, including the
porosity of the bamboo fibers and the porosity between the
fibers and matrix, further facilitating water evaporation in
the pores to increase the shrinkage (Bederina et al. 2007,
2012, Guo et al. 2020).

Mechanical properties

To understand the effects of adding DBF content on the tensile
properties of the BCCs, a tensile test was carried out to
measure the tensile strength and tensile modulus. Figure 8
presents the tensile stress — strain curves of the BCCs with
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Figure 8. The tensile stress — strain curves of the BCCs with different DBF
content.

different DBF contents. The curve of the BCC without DBF
(BCCO) rapidly decreased after the ultimate stress, indicating
that BCCO is a brittle material under tensile testing. Addition-
ally, brittle failure for all curves of BCCs with different DBF con-
tents was also found. The results implied that BCCs showed the
same trend as BCCO regardless of the DBF content. As shown in
Table 2, the tensile strength (TS) and tensile modulus (TM) of
BCCO were 4.02 MPa and 0.32 GPa, respectively. When the
DBF content was 1 wt% (BCC1), the TM value significantly
decreased. However, there was no significant difference for
the TS value. For the BCC with a 3 wt% DBF content (BCC3),
the TS and TM values decreased by 35.8% and 53.1%, respect-
ively. This result indicated that the TS and TM values of the
BCCs decreased with increasing DBF content above 1 wt%.
Figure 9 illustrates the failure cross-sectional surfaces of the
BCCs with different DBF contents after the tensile test. As the
DBF content increased from 1 wt% to 3 wt%, fiber agglomera-
tion was obviously observed. Therefore, the reduction in the
tensile properties can be related to fiber agglomeration
(Figure 9) and lower apparent density (Table 1). Furthermore,
the absorbed fracture energy of a cement or concrete is one
of the important parameters to evaluate the impact strength
and the required energy for crack formation (Koksal et al.
2013, Xie et al. 2019). As described in Table 2, the specific
energy under tensile test (SE,) of BCCO is 2.05 kJ/m?. The SE,
slightly increased to 2.45 kJ/m?2, when the DBF content was
1 wt% (BCC1). With the addition of DBF content to 3 wt%
(BCC3), the SE, significantly decreased to 1.63 kJ/m?.

Figure 10 shows the flexural stress — strain curves of BCCs
with different DBF contents. The strain at the ultimate stress
of BCCO is low compared to that of BCCs with DBFs. When
DBFs were added into the cement matrix, the higher strain
at the ultimate stress of the BCC was due to the DBFs.
Additionally, the curves for the BCCs with various DBF con-
tents obviously exhibited gradual failure after the ultimate
stress, representing strain softening. The results indicated
that the mechanical behavior of the pure cement (BCCO)
was brittle fracture, while the BCCs with DBFs showed
quasi-brittleness. Therefore, DBFs were effective in restricting
the crack propagation and played a role as the bridge of the
extended cracks after the ultimate stress (Cao et al. 2019).
According to previous studies (Marcalikova et al. 2019,
2020, Cajka et al. 2020), the fiber type and content are impor-
tant factors affecting the fracture parameters on the stress —
strain curves of cementitious composites. In Table 2, BCCO
exhibited flexural properties with MOR and MOE values of
6.88 MPa and 1.63 GPa, respectively. The MOR of the BCCs
showed no significant difference when the DBF content
reached 2 wt%, at which point it significantly reduced to
4.30 MPa when the DBF content was more than 2 wt%.
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Figure 9. The failure cross-sectional surfaces of the BCCs with different DBF content after the tensile test. The brown areas are fibers.
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Figure 10. The flexural stress — strain curves of the BCCs with different DBF
content.

However, the MOE for all samples ranged from 0.80-1.63 GPa,
and there were no significant differences in the MOE values
among all samples. The decrease in the MOR of the BCC
with higher DBF content is related to the agglomeration
and nonuniform mixing of fibers in the cement matrix. Fur-
thermore, the flexural toughness of BCC was also character-
ized in terms of the specific energy under the bending test
(SEp). The statistical analysis indicated that SE,, had no signifi-
cant differences between the BCCs with various DBF contents
in the range of 0.23-0.35 kJ/m?.

For compressive properties, Figure 11 depicts the com-
pressive stress — strain curves with various DBF loadings for
the BCCs. All of the samples showed similar curves and
strain softening in the curves after ultimate stress regardless
of the DBF content varying from 0 to 3 wt%. To evaluate the
effect of the DBF content on the compressive properties of
the BCCs, the compressive strength (CS), compressive
modulus (CM), and specific energy under a compression
test (SE.) were further investigated. As shown in Table 2,
the CS, CM, and SE. of BCCO were 23.60 MPa, 1.15 GPa, and
34.58 kJ/m?, respectively. When DBFs were added to the
cement, these values were not significantly different from
those of BCCO. As the DBF content increased from 1 to 3 wt
%, the CS significantly decreased from 24.01-13.04 MPa.
Additionally, the SE. was reduced by 44.9% compared to
BCCO, when the DBF content increased to 3 wt%. The
results indicated that the CS of the BCC has the same ten-
dency as the TS and MOR. In addition to the causes of
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Figure 11. The compressive stress — strain curves of the BCCs with different
DBF content.
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Figure 12. Positions showing failure modes on the compressive stress — strain
curve of the specimen at different stress levels.

nonuniform mixing and fiber agglomeration, Bentchikou
et al. (2012) reported that the porosity in the cement matrix
increases with increasing fiber content, resulting in BCC
forming a light and fragile material. The failure modes of
the BCCs at different stress levels are presented in Figures
12 and 13, respectively. The failure mode of BCCO and BCC1
showed a nonexplosive and shear failure mode after ultimate
stress. However, the BCCs illustrated more than one longitudi-
nal crack on the surface of the specimens when the DBF
content was above 1 wt% (BCC2 and BCC3). Xie et al. (2020)
reported that multiple longitudinal cracks were formed
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under uniaxial compressive loading since the fibers can sig-
nificantly transfer stress in various directions due to their
random and three-dimensional distribution in the cement
matrix.

Conclusions

In this study, DBFs were extracted from alkali-treated makino
BSs and were added into a cement matrix to fabricate
bamboo fiber/cementitious composites (BCCs). Regarding
the functional groups of DBFs using FTIR, hemicellulose and
lignin effectively decomposed after alkali treatment, while
the relative percentage of cellulose increased. In addition,
the crystallinity index of the DBFs calculated from the XRD
pattern was lower than that of the BSs due to partial lattice
transformation of cellulose. Due to the removal of hemicellu-
lose, lignin and extractives in bamboo fibers, the DBFs exhib-
ited better thermal stability than the BSs. The SEM images
demonstrated the collapse of parenchyma cells and separ-
ation and twist of the fibers. The diameter, tensile strength,
and tensile modulus of the DBFs were in the ranges of
0.1977 — 04295 mm, 117-398MPa, and 6 —21GPa,
respectively. When the addition of DBFs increased above
1 wt%, most of the physico-mechanical properties signifi-
cantly decreased with increasing DBF content, including the
density, tensile properties, flexural properties, and compres-
sive properties. For drying shrinkage, BCC with 1 wt% of
DBFs exhibited the lowest shrinkage at 28 days of curing
time. However, the specific energy under the tensile test of
the BCC with 1 wt% DBFs slightly increased, while there

were no significant differences with the pure cement for
the specific energies under the flexural test and compressive
test. For the failure mode, more than one longitudinal crack
was observed on the surfaces of the BCCs as the DBF
content increased above 1 wt%. As described above, the
optimal DBF content was 1 wt% in the BCC. These results indi-
cated that alkali treatment changed the functional groups,
crystallinity, and thermal stability of the bamboo fibers, and
the addition of DBFs significantly affected the physical and
mechanical properties of BCCs.
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