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Abstract: This paper reports on the utilization of recycled moso bamboo sawdust (BS) as a substitute
in a new bio-based cementitious material. In order to improve the incompatibility between biomass
and cement matrix, the study firstly investigated the effect of pretreatment methods on the BS. Cold
water, hot water, and alkaline solution were used. The SEM images and mechanical results showed
that alkali-treated BS presented a more favorable bonding interface in the cementitious matrix, while
both compressive and flexural strength were higher than for the other two treatments. Hence, the
alkaline treatment method was adopted for additional studies on the effect of BS content on the
microstructural, physical, rheological, and mechanical properties of composite mortar. Cement was
replaced by alkali-treated BS at 1%, 3%, 5%, and 7% by mass in the mortar mixture. An increased
proportion of BS led to a delayed cement setting and a reduction in workability, but a lighter and more
porous structure compared to the conventional mortar. Meanwhile, the mechanical performance of
composite decreased with BS content, while the compressive and flexural strength ranged between
14.1 and 37.8 MPa and 2.4 and 4.5 MPa, respectively, but still met the minimum strength requirements
of masonry construction. The cement matrix incorporated 3% and 5% BS can be classified as load-
bearing lightweight concrete. This result confirms that recycled BS can be a sustainable component
to produce a lightweight and structural bio-based cementitious material.

Keywords: bamboo; sawdust; pretreatment; bio-based material; mechanical property

1. Introduction

The Paris 2024 Olympics have committed to reducing their carbon footprint, with
the Olympic and Paralympic Villages being built using 100% bio-based materials. This
example illustrates that the trend in the construction industry in the twenty-first century is
towards sustainable and environmentally friendly building materials. To date, concrete has
been the most widely used building material in the world, with ordinary Portland cement
being the key ingredient in concrete. Cement production exceeds 4 billion tons per year
and leads to ~8% of the world’s carbon dioxide emissions [1], which is the main driver
of the greenhouse effect. According to the Paris Agreement on climate change, emissions
from the cement sector should decrease by at least 16% by 2030. These factors explain our
passion for investigating a natural and sustainable substitute for cementitious materials.

China contains 5.4 million hectares of bamboo planting area where the environment
and climate are suitable for bamboo growing [2]. Bamboo belongs to the grass family, which
consists of more than 1600 species. As the fastest-growing plant in the world, bamboo
can grow up to 90 cm per day and reach maturity in only 2-3 years. Mature bamboo
has almost the same strength and hardness as hardwood, which take more than 50 years
to mature [3]. Its rapid maturity and sustainability have made bamboo the main rival
for wood in the construction industry over the past 20 years. Applications of bamboo in
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various fields are increasing, and include framework, cladding, posts, and furniture. The
main environmental problem in the booming bamboo industry is solid waste disposal.
According to a report from the Cultural and Tourism Office of Anji, China, in 2015, the
city produced more than 0.16 million tons of bamboo waste per year. Most bamboo waste
is generated as clean biomass energy, but limited amounts of bamboo are reused. The
efficient recycling of these wastes and their reuse as an ingredient in bio-based materials
was the initial objective of this research.

Many studies have been carried out on mortar or concrete that incorporates lignocel-
lulose aggregates, including hemp [4-6], wood [7], sisal [8], jute [9], coconut [10], palm
oil [11], and sugarcane bagasse [12]. Cellulose, hemicellulose, and lignin are the primary
biochemical compositions of these natural fibers. Other components as impurities, such as
pectin and wax substances, also exist on the fiber surface. Cellulose is the main composition
of cell wall, which provides the strength of fiber. It is insoluble in water, organic solvents
and alkaline solution [13]. Hemicellulose comprises the sugar component, which bridges
cellulose fibers with hydrogen bonds. Lignin is a cementing material. Bamboo fibers
contain 40-55% cellulose, 18-20 hemicellulose, and 15-32% lignin [14]. The high propor-
tion of cellulose makes bamboo a potential component for building materials. However,
limited literature has focused on the valorization of bamboo in cementitious materials.
Fias et al. [15] studied the replacement of 10-20 wt.% cement by Brazilian bamboo leaf ash
(BLA) calcined at 600 °C. The same compressive strength resulted for the control mortar
and BLA blended mortar, which confirmed the use of BLA as a substitute for cement.
Xie et al. [16] observed that the flexural strength and impact resistance of mortar could
be improved by reinforcement with 4-16 wt.% bamboo fibers (BF). Shrinkage could be
inhibited by 12% because of the BF reinforcement [17]. However, efficient incorporation
of vegetable products in the cementitious matrix requires the overcoming of problems of
workability, compatibility, and durability. The workability problem relates to the high water
absorption of vegetable fibers [18]; the compatibility problem relates to a weak bonding
between natural fibers and the cement matrix [19]; and the durability problem relates to
biodeterioration and a resistance to freezing and thawing [20]. To overcome these problems,
the fibers are pretreated before fabricating the composite. The pretreatment methods, such
as cold water, hot water, and alkali solution, have been investigated in the literature in
order to modify the structure and morphology of natural fibers and improve the matrix
interface, as well as increasing the durability of fibers in the alkaline environment of the
cement matrix [21-24].

Sawdust is a by-product generated during the process of manufacturing. The recycling
of such waste provides the benefits of reducing the need to extract new raw materials
and limiting the air pollution due to incineration. Ahmed et al. investigated the potential
of wood sawdust as a replacement of fine aggregates in concrete [25], and confirmed
the utilization of this material for structure application. Besides, lightweight concrete
incorporated sawdust presented a thermal conductivity 23% lower than conventional
concrete [26].

To the best of our knowledge, few studies have reported incorporating bamboo
sawdust (BS) in a cementitious matrix. This study contributes to the design of a new
cementitious material containing local BS. The effect of different pretreatment methods
for BS on the composite were firstly assessed through their morphological, physical, and
mechanical behaviors, which aimed to choose a more efficient treatment. Furthermore,
the characteristics of composites incorporating different proportions of alkali-treated BS
were analyzed.

2. Materials and Methods
2.1. Raw Materials
The bamboo particles that were used in this study were recycled sawdust from a local

bamboo furniture manufacturing industry (Zhejiang, China). The species of bamboo was
moso (Phyllostachys edulis), which is most common in China.
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The particle size distribution of the recycled BS is presented in Figure 1. The average
particle size (D50) of the BS was 0.09 mm. A BS particle size of between 0.037 and 0.16 mm
was used. The basic characteristics of the moso BS are summarized in Table 1. The particle
density was determined by the Archimedes method, where the apparent mass of BS was
measured in air and after immersion in distilled water with a pycnometer. The bulk density
was calculated from the BS mass divided by the volume occupied.
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Figure 1. Recycled bamboo particle size distribution.
Table 1. Characteristics of moso BS.
Particle density (kg/ md) 1563
Bulk density (kg/m?) 390
Initial moisture content 6.089%
Water absorption capacity (1 min) 277.5%
Water absorption capacity (1 h) 320%

Sawdust treatment modifies the rheological, physical, and mechanical properties of
mortar that is reinforced with vegetable particles. Three types of treatment were used to
remove excessive lignin and hemicellulose, and to improve the wettability [22]:

Aqueous treatment: BS was soaked in cold water for 24 h.

Hot aqueous treatment: BS was soaked in hot water at 100 °C for 16 h.

Alkali treatment: BS was soaked in 10% sodium hydroxide solution for 30 min at room
temperature and rinsed with distilled water until neutral pH.

After treatment, the BS was dried in an oven at 60 °C for 48 h, and then stored in
a desiccator.

2.2. Mixture Proportion

Ordinary Portland cement CEMI 42.5 and standard sand with a proportion of 1:3 were
used to prepare the control mortar with no added BS in accordance with EN 196 [27]. The
relative specific gravity of cement and sand was 3.12 and 2.64, respectively. The water to
binder (W/C) ratio was fixed at 0.5 for mortar and 0.25 for cement paste. Similar to most
cellulosic fibers, the BS adsorbs large amounts of water. The BS was pre-wetted to prevent
the inner structure from absorbing water from the mixture. The quantity of pre-wetting
water (PW) was calculated from:

mass at saturation state — dry mass

Mass of pre-wetting water = x BS dosage (1)

dry mass

The pre-wetting time was determined by the saturation state of the bamboo particles,
as shown in Figure 2. The water absorption increased to 86.7% saturation in 1 min, the
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growth rate slowed in the following 4 min, and then the growth was stable until complete
saturation. The study of Monreal et al. [28] showed that the pre-wetting water should be
below complete saturation, otherwise excessive water may result in the mixture. From a
perspective of mixing time and energy saving, the pre-wetting time was set to 3 min, at 95%
particle saturation, where the pre-wetting water quantity was three times the BS. With the
same cement and sand ratio, 1 wt.%, 3 wt.%, 5 wt.%, and 7 wt.% cement was substituted
by BS, and the new biomaterials were designated as bamboo sawdust cement mortar BSC1,
BSC3, BSC5, and BSC7, respectively. The limit of substitution was set at 7 wt.% due to
the very low workability of composite at fresh state (nearly 0), which is not suitable for
construction. The results of the slump test are discussed in Section 3.2.1. Details of mixture
proportions for formulations are recapitulated in Table 2.
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Figure 2. BS particle water-absorption rate.

Table 2. Compositions of different formulations.

Designation Cement Fine Aggregate Bamboo Sawdust ~ Pre-Wetting Water Water
[kg/m3] [kg/m3] [kg/m3] [I/m3] [/m?3]

Control 511.018 1533.055 0.000 0.000 255.509
BSC1 509. 336 1528.009 5.145 16.463 254.668
BSC 3 505. 903 1517. 709 15.646 50.069 252.951
BSC 5 502. 374 1507. 121 26.441 84.610 251.187
BSC7 498. 745 1496. 235 37.540 120.128 249.372

2.3. Mixture Preparation

The BSC composite was prepared by using a mortar mixer. The bamboo particles were
pre-wetted for 3 min, and then mixed at a low speed of 140 + 5/ min~! for 3 min. Cement
and sand were added and mixed for 2 min at a low speed. Mixing continued for 1 min 30 s,
after which water was added. After 1 min 30 s, the mixer was stopped as it was scraping
the bowl. The last step involved restarting the mixer and running at 285 & 10 r/min~! for
1 min. The mixing procedure is summarized in Table 3.

Table 3. Mixture procedure.

Introduction of

Operation Pre-Wetting Addition of Addition of Water  Scrape the Bowl Mixture
Cement and Sand
Water and BS
Duration 3 min 2 min 1min30s 30s 1 min
State of mixer Stop Slow speed Stop High speed
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All molds that contained specimens were kept in a humid atmosphere (50 + 5 RH%)
for 24 h at 20 & 2 °C before being demolded, and the demolded specimens were kept under
water in a temperature-controlled wet preservation cabinet until the tests. A general view
of the BSC specimens is presented in Figure 3.

Figure 3. BSC mortar specimens.

2.4. Morphology

The BS microstructure with and without treatment, and the composite mortar at
28 days were investigated by scanning electron microscopy (SEM, HITACHI Model
TM3000). The BS samples were placed directly on aluminum stub with a diameter of
25 mm. The BSC samples were sputter coated with Au alloy in order to reduce white
regions on the image, which were caused by electron charging. The observation condition
mode 15kV was applied.

2.5. Rheological Properties

The cement paste and mortar that contained BS were evaluated according to their
setting time and workability in the fresh state, respectively. The setting time of the cement
paste was measured by using a Vicat apparatus in accordance with NF P15-431 [29]. Slump
tests were performed by using a mini slump cone with diameters of 50 mm and 100 mm at
the top and base, respectively, and a height of 150 mm, in accordance with MBE (method
to design mortar concrete containing admixture) [30] to evaluate the workability of the
composite mortar.

2.6. Physical and Mechanical Properties

The density, porosity, and compressive and flexural strength in the hardened state were
determined for all specimens. The specimen density was calculated from the measured
dry mass at 28 days and the volume. The porosity was characterized according to the
AFPC-AFREM testing protocol [31]. The specimens that were cured at 28 days were placed
in a desiccator, where a maximum internal constant pressure of 25 mbar was maintained
by a vacuum pump. After 4 h, water was introduced to immerse the specimens, and the
same pressure was maintained in the desiccator for 68 h. The water-accessible porosity was
calculated from: M M

o Vair — Vidry o
Porosity M. — Muy x 100% 2
where M,;, and Mg, are the mass of vacuum-saturated specimens measured in air and
water, respectively, and Mg, is the mass of specimen that was oven-dried at 105 °C for 24 h.
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The compressive and flexural strengths were measured according to EN 196 [27] at 3,
7,14, and 28 d curing. Cubic specimens (40 x 40 x 40 mm) were prepared for a study of
their compressive behavior. Tests were carried out using a compressive machine model
STYE-1000, with a force-controlled rate of 2500 N/s. The flexural behavior was evaluated
using an electric three-point bending testing machine, model DKZ-6000. The set-up was
force controlled with a rate of 50 N/s. Specimens of 40 x 40 x 160 mm were characterized
for flexural strength.

3. Results and Discussion
3.1. Effect of BS Treatment on BSC Composite
3.1.1. Mass Loss of BS

A remarkable mass loss was observed during the BS treatment. The percentage mass
loss because of the treatment was calculated from:
Percentage weight loss = %1% x 100% (©)]
where W; (g) and W, (g) represent the BS dry mass before and after treatment, respectively.
Figure 4 shows the BS mass variation between the different treatments. The mass
loss was rapid in 1 min, and then slowed to a plateau. The BS lost 13.7% of its mass after
aqueous treatment. The mass stabilized after 8 h. However, the hot aqueous accelerated the
component removal, and improved the efficiency with 17.5% of the components eliminated
in 4 h. The mass variation of alkali-treated particles was most important, with an earlier
plateau and a mass loss of 28.2% higher than in the aqueous treatment and 23.6% higher
than in the hot aqueous treatment. Das et al. [22] reported the similar significant mass loss
of bamboo fibers occurred by alkali attack. It can be noted that the fiber cell wall contains
an amount of hydroxyl groups (-OH), which can react with alkaline solution [32]:

Cell-OH + NaOH — Cell-O-NA* + H,O + Surface impurities 4
45 45
40 7‘ 40 I
st 354
— 30 iy 30
& =
@ 25 & 254
8 3
¥ = —=— Aqueous treatment
©201 520 —e— Hot aqueous treatment
s o —a— Alkali treatment
15 = 15
104 104 M
i+ Aqueous treatment
5 [ Hot aqueous treatment 51
|—*— Alkali treatment o
0 T T T T

T
12 16 20 24 0 5 10 15
Time [Hours] Time [Minutes]

(@) (b)

Figure 4. BS mass variation during different treatments (a) in 24 h (b) in the first 15 min.

The removal of alkali-sensitive components (hemicellulose and lignin) results in the
mass loss of fiber. The good side is to provide the mechanical and thermal stability of fiber
in the composite matrix. The alkali concentration and immersion time both affect mass
loss [33].

3.1.2. Morphological Properties

The morphological changes to the bamboo particles from the different treatments are
presented in Figure 5. Compared with (hot) aqueous treated particles (Figure 5b,c), cell
walls of the untreated particles were wrapped in wax, pectin, and impurities (Figure 5a).
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Figure 5b shows that cold water removed the impurities, where the particle surface was
neater and smoother compared with the untreated particles. Cellulosic defibrillation is
shown in Figure 5c,d, where rougher and larger surfaces are visible. Alkali treatment was
more violent and intensive than hot water. The surface area increased and the network
porosity decreased because of the disruption in hydrogen bonding in the network structure
by alkali attack, so the surface roughness increased [34]. This effect may improve the
particle compatibility with cement by creating a more effective bonding area. Some authors
reported that alkali treatment could break the microfibril bundles and produce individual
fibers, so that the mechanical interaction between the particles and the matrix can be
improved [35,36].

Wrapping by

impurities and oil

materials

D46 x600 100 um

(a) (b)

Defibrillation,
Defibrillation, rougher

rougher

surface, large void

H D41 x600 100 um
() (d)

H D6.1 x600 100 um

Figure 5. SEM analysis of BS (a) without treatment, (b) with aqueous treatment, (c) with hot aqueous treatment, (d) 10%
concentration alkali treatment.

3.1.3. Setting Time and Workability

Plant particle addition delays the setting and inhibits strength development due to the
presence of hemicellulose and lignin [37]. The initial and final setting times of cement paste
with 3% BS by mass with different treatments were measured to meet construction material
requirements. Table 4 shows the initial and final setting time of BSC paste using different
treatments BS. Meanwhile, the final setting of aqueous-treated BSC paste occurred more
than 2 h after the control. Owing to the removal of lignin, which is soluble in water, the
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final setting time of hot aqueous-treated was 40 min faster than the aqueous-treated. The
setting was accelerated by approximately 1 h for the alkali-treated particle compared with
the control paste due to the dissolution of hemicellulose in alkaline solution. These results
confirmed that adding vegetable particles may inhibit the cement hydration and delay the
setting time. Cold and hot water treatment can remove some extractives. However, plant
particles require a more violent alkaline extraction to remove hemicellulose.

Table 4. Evolution of setting time with different treatments.

Control Aqueous Hot Aqueous Alkali
Treatment Treatment Treatment
- L . 230 190 160
Initial setting time (min) 110 (+109%) * (+73%) * (+45%) *
. L . 310 270 200
Final setting time (min) 140 (+121%) * (+93%) * (+43%) *

* Value compared with control cement paste.

Even though the same amount of pre-wetting water was used in each treatment,
slump was measured at 41 mm, 40.7 mm, 34.5 mm, and 9.8 mm for the control mortar,
cold aqueous, hot aqueous, and alkali-treated BSC3, respectively. Hot aqueous and alkali-
treated BSC3 showed a weak slump. A possible explanation for these results is cellulosic
defibrillation, whereas the expanded rougher fiber surface probably absorbed more water.
The same results have been reported previously in [35]. The water absorption was more
significant for the sodium-hydroxide treatment because of the removal of the lignin layer,
which is an impermeable layer of vegetable fiber.

3.1.4. Physical and Mechanical Properties

Despite the various treatments, no significant difference resulted for the density and
porosity, which were ~1994 & 10 kg/m? and 16.4 + 0.04%, respectively. The same results
were reported in [38] that only 0.7% difference was found between mortar incorporated
alkali-treated and non-treated jute fiber.

The experimental results for the mechanical behavior are shown in Figure 6; Figure 7.
Figure 6 shows that the compressive strength of BSC3 was lower than that of the control
mortar. The compressive performance between the cold and hot water treatments were
close, with only a 3% difference observed. The alkali-treated BSC3 exhibited a higher
compressive strength of 16.1% and 13.9% than the cold and hot aqueous treatments,
respectively. The alkali-treated BSC3 strength was 73% of the control mortar strength.

Control

Y Aqueous treatment
Hot aqueous treatment
E= Alkali treatment

7/

N

DDA LHIDIOOOMWN

40

Z
Z

)7

\

Compressive Strength [MPa]

3 7 14 28
Age [Days]

Figure 6. Compressive strength of BSC3 with different treatments.
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Figure 7. Flexural strength of BSC3 with different treatments.
The flexural strength f;, was obtained from:
fo= XL ©

where F is the applied load and [, b, and } are the specimen length, width, and height,
respectively.

Data from the three-point bending tests indicate that the flexural strength of the cement
matrix was attenuated because of the addition of BS (Figure 7). The degraded mechanical
behavior of the BSC is related to the lower modulus of the bamboo particles compared
with the cement. No significant difference in bending performance resulted between the
three treatments using the ANOVA analysis. The alkali-treated BSC3 had an 8.2% and 7.6%
higher flexural strength than the cold and hot aqueous treatments, respectively. The flexural
strength of the alkali-treated BSC3 decreased by 37% compared with the control mortar.

Both the compressive and flexural strength value of alkali-treated BSC were higher
than for the two other treatments, which confirmed the efficiency of alkali treatment. Be-
sides, a more obvious advantage of alkali-treated BSC can be noticed on compressive
behavior. It can be explained that after alkaline attack, the particles bundle into microfib-
rils (Figure 5d), which simplified their dispersion in the matrix, making the composite
more homogenous.

3.2. Effect of BS Content on Composite

Results in Section 3.1 show that the BSC with alkaline treatment had a quicker setting
and better mechanical behavior than the other treatments, which indicates that a better
compatibility exists between BS and the cementitious matrix. Hence, alkaline treatment
was chosen in the following studies to evaluate the effect of particle proportion on the
physical and mechanical properties.

3.2.1. Setting Time and Workability

Table 5 provides the setting time of the cement paste with BS and indicates that cement
setting was delayed. BSC7 showed the most significant delay, at 64% later than the control.
The slowest final setting occurred for BSC7, which was postponed by 230 min (~3.8 h). As
mentioned in [39], all cement specimens with an initial setting time of less than 45 min or a
final setting time of longer than 6.5 h should be considered as unqualified and sub-quality
products. Hence, even though the final setting time was delayed, BSC pastes still achieved
a satisfactory setting time.
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Table 5. Evolution of setting time with different treatments.
Control BSC1 BSC3 BSC5 BSC7
o I . 140 160 160 170
Initial setting time (min) 110 (+27%) * (+45%) * (+45%) * (+55%) *
Final setting time (min) 140 170 200 220 230

(+21%) * (+43%) * (+57%) * (+64%) *

* Value compared with control cement paste.

The workability is an important parameter in concrete mixture design. Therefore,
slump tests were performed for all BSC specimens, and the results are shown in Figure 8. A
marked loss in workability resulted in an increase in the number of particles in the matrix.
A higher replacement of BP with cement led to a weaker slump. Nearly zero slump was
observed for BSC5 and BSC7 because the increasing content of BS may absorb additional
water from the mixture, which requires further investigation.

45

Slump [mm]

1

T T T T T T
0% 1% 2% 3% 4% 5% 6% %
Particle proportion

Figure 8. Slump evolution of alkali-treated BSC.

3.2.2. Morphology and Physical Properties

An analysis of BSC at 28 days by SEM in Figure 9 showed a favorable interface between
the BS and matrix. The particles were spherical or cylindrical, distributed nearly uniformly
in the matrix, and no large pores were observed. Some microcracks were visible, which
may be because of the dehydration of cement.

BS particles

-
-

-
-
gy

H D9.0 x600 100 um

Figure 9. SEM analysis of alkali-treated BSC.



Crystals 2021, 11, 1593

110f 14

Figure 10 compares the density and porosity for different BSC contents. A correlation
between the density and porosity showed that the specimens became lighter and more
porous with an increase in BS proportion. The same observation is possible in Figure 3.
BS addition to the mixture resulted in an increased void exposure at the specimen surface.
The substitution of 7 wt.% cement by BS yielded a matrix that was 14.1% lighter and 6.1%
more porous than the control mortar, which agrees with previous research [40].

e .
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&= B 3333333§ gt "
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e E \ :::::\ \ EEEEEE\ [
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\ N :::::::\ i [,
BN BN BN N BN

Particle proportion
Figure 10. Density and porosity of alkali-treated BSC.

3.2.3. Mechanical Properties

The compressive strength and flexural strength evolution of BSC with different BS
contents at three, seven, 14, and 28 days are presented in Figure 11; Figure 12. An in-
creasing substitution of alkali-treated BS content from 1% to 7% decreased the composite
compressive and flexural strengths in comparison to the control mortar. The reason for this
is that BS addition increased the porosity of matrix, while the strength of porous matrix
was consequently weakened. The composite with 1% BS behaved like the control mortar.
Only a 10.9% reduction in compressive strength and 7.3% bending strength resulted after
28 days. However, the composite with 7% BS showed a decrease of 66.7% and 50.5% in
compression and bending, respectively. The BSC was more resistant to bending than to
compression. The difference in strength reduction between the bending and compression
was significant with an increase in particle proportion. Ren et al. [41] reported similar
results for cement-blended bamboo charcoal with a particle size between 23 and 359 pm,
and the mechanical strength decreased after particle addition. All designed specimens met
the minimum strength required in Chinese specifications for masonry mortar [42], whereas
the compressive strength exceeded 5 MPa. Besides, according to RILEM [43], concrete with
a unit weight range of 1600-2000 kg/m? and a compressive strength minimum at 15 MPa
can be classified as lightweight concrete and can be applied as a load bearing wall. In our
case, BSC7 has a compressive strength lower than 15 MPa, which cannot apply to structural
components, while both BSC3 and BSC5 are in the light weight concrete class. The density
of BSC1 was superior than 2000 kg/m3, classified as normal concrete.
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Figure 11. Compressive strength of alkali-treated BSC.
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Figure 12. Flexural strength of alkali-treated BSC.

4. Conclusions

This work evaluated the potential of BS as a sustainable substitute for cementitious

materials. Bamboo incorporation into mortar as a recycled byproduct of the bamboo
industry has not been described previously in the literature. In this work, a new bio-based
material that contained recycled BS (BSC) was prepared. The effect of different treatments
and particle proportions on the physical, rheological, and mechanical properties of the
BSC was evaluated. On the basis of the experimental results, the following conclusions
were drawn:

1.

Different BS pretreatment (cold, hot aqueous, and alkali) methods have no influence
on the composite density and porosity. Unlike the physical properties, the addition
of BS in the composite results in increasing the setting time and decreasing the
workability and compressive and flexural strength compared with the control mortar.
Alkali-treated particles exhibited superior compatibility compared with other pretreat-
ment methods. The SEM results showed a better microstructural interface between
the alkali-treated BS and cement matrix. The mechanical behavior of the alkali-treated
BSC was higher than that for the other two treatments. Hence, alkaline treatment is
recommended in future work.

The BS content in the matrix affects the physical, rheological, and mechanical behavior
of the composite. The replacement of BS with cement in the mortar makes the compos-
ite lighter and more porous. However, a greater particle content addition increases the
setting time, reduces the slump, and the composite compressive and flexural strength
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decrease. All BSC composite mortars satisfied the strength requirements for masonry
mortar. BSC3 and BSC5 can be classified as load-bearing lightweight concrete.

Compared with traditional building materials, the cementitious composite with BS
valorizes local waste, reduces cement consumption, and decreases the carbon emissions.
The replacement of recycled BS with cement in the mortar yields a new lightweight and
structural material. Further studies should focus on humidity control performance and
building comfort regulations of this bio-based composite with recycled bamboo wastes.

Author Contributions: Conceptualization, Y.T. and M.L.; methodology, Y.T. and A.-O.S.; validation,
Y.T. and A K,; Investigation, Y.T and A.-O.S.; resources, ].Y.; data curation, A.-O.S.; writing—original
draft preparation, Y.T.; writing—review and editing, Y.T., A.-O.S., M.L., AK,, and ].Y. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Natural Science Foundation of Zhejiang Province, grant
number LY19E080002.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors wish to thank CY Cergy Paris Université, L2MGC, for their techni-
cal support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gagg, C.R. Cement and concrete as an engineering material: An historic appraisal and case study analysis. Eng. Fail. Anal. 2014,
40, 114-140. [CrossRef]

2. Piazza, M.; Lobovikov, M.; Paudel, S.; Ren, H.; Wu, J. World bamboo Resources—A Thematic study Prepared in the Framework of the
Global Forest Resources Assessment 2005; Food and Agriculture Organization of the United Nations: Rome, Italy, 2007.

3. Yadav, M.; Mathur, A. Bamboo as a sustainable material in the construction industry: An overview. Mater. Today Proc. 2021, 43,
2872-2876. [CrossRef]

4. Collet, F; Chamoin, J.; Pretot, S.; Lanos, C. Comparison of the hygric behaviour of three hemp concretes. Energy Build. 2013, 62,
294-303. [CrossRef]

5. Dhakal, U,; Berardi, U.; Gorgolewski, M.; Richman, R. Hygrothermal performance of hempcrete for Ontario (Canada) buildings.
J. Clean. Prod. 2017, 142, 3655-3664. [CrossRef]

6. Arnaud, L. Mechanical and thermal properties of hemp mortars and wools: Experimental and theoretical approaches. In
Proceedings of the 3rd International Symposium on Bioresource hemp, Wolfburg, Germany, 13-16 September 2000.

7. Li,M,; Khelifa, M.; El Ganaoui, M. Mechanical characterization of concrete containing wood shavings as aggregates. Int. |. Sustain.
Built Environ. 2017, 6, 587-596. [CrossRef]

8. Savastano, H.; Warden, P.G.; Coutts, R.S.P. Brazilian waste fibres as reinforcement for cement-based composites. Cem. Concr.
Compos. 2000, 22, 379-384. [CrossRef]

9.  Ramakrishna, G.; Sundararajan, T. Studies on the durability of natural fibres and the effect of corroded fibres on the strength of
mortar. Cem. Concr. Compos. 2005, 27, 575-582. [CrossRef]

10. Galicia-Aldama, E.; Mayorga, M.; Arteaga-Arcos, J.C.; Romero-Salazar, L. Rheological behaviour of cement paste added with
natural fibres. Constr. Build. Mater. 2019, 198, 148-157. [CrossRef]

11. Thomas, B.S.; Kumar, S.; Arel, H.S. Sustainable concrete containing palm oil fuel ash as a supplementary cementitious material—A
review. Renew. Sustain. Energy Rev. 2017, 80, 550-561. [CrossRef]

12.  Rodier, L.; Bilba, K.; Onésippe, C.; Arsene, M.-A. Utilization of bio-chars from sugarcane bagasse pyrolysis in cement-based
composites. Ind. Crop. Prod. 2019, 141, 111731. [CrossRef]

13.  Vaickelionis, G.; Vaickelioniene, R. Cement hydration in the presence of wood extractive and pozzolan mineral additives. Ceram.
Silik. 2006, 50, 115.

14. Gowthaman, S.; Nakashima, K.; Kawasaki, S. A State-of-the-Art Review on Soil Reinforcement Technology Using Natural Plant
Fiber Materials: Past Findings, Present Trends and Future Directions. Materials 2018, 11, 553. [CrossRef] [PubMed]

15. Frias, M.; Savastano, H.; Villar, E.; Sanchez de Rojas, M.L; Santos, S. Characterization and properties of blended cement matrices
containing activated bamboo leaf wastes. Cem. Concr. Compos. 2012, 34, 1019-1023. [CrossRef]

16. Xie, X.; Zhou, Z.; Yan, Y. Flexural properties and impact behaviour analysis of bamboo cellulosic fibers filled cement based

composites. Constr. Build. Mater. 2019, 220, 403—-414. [CrossRef]


http://doi.org/10.1016/j.engfailanal.2014.02.004
http://doi.org/10.1016/j.matpr.2021.01.125
http://doi.org/10.1016/j.enbuild.2013.03.010
http://doi.org/10.1016/j.jclepro.2016.10.102
http://doi.org/10.1016/j.ijsbe.2017.12.005
http://doi.org/10.1016/S0958-9465(00)00034-2
http://doi.org/10.1016/j.cemconcomp.2004.09.008
http://doi.org/10.1016/j.conbuildmat.2018.11.179
http://doi.org/10.1016/j.rser.2017.05.128
http://doi.org/10.1016/j.indcrop.2019.111731
http://doi.org/10.3390/ma11040553
http://www.ncbi.nlm.nih.gov/pubmed/29617285
http://doi.org/10.1016/j.cemconcomp.2012.05.005
http://doi.org/10.1016/j.conbuildmat.2019.06.029

Crystals 2021, 11, 1593 14 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ramaswamy, H.S.; Ahuja, B.M.; Krishnamoorthy, S. Behaviour of concrete reinforced with jute, coir and bamboo fibres. Int. |.
Cem. Compos. Lightweight Concr. 1983, 5, 3-13. [CrossRef]

Coutts, R.S.P. A review of Australian research into natural fibre cement composites. Cem. Concr. Compos. 2005, 27, 518-526.
[CrossRef]

Fan, M.; Ndikontar, M.K.; Zhou, X.; Ngamveng, ].N. Cement-bonded composites made from tropical woods: Compatibility of
wood and cement. Constr. Build. Mater. 2012, 36, 135-140. [CrossRef]

Walker, R.; Pavia, S.; Mitchell, R. Mechanical properties and durability of hemp-lime concretes. Constr. Build. Mater. 2014, 61,
340-348. [CrossRef]

Akinyemi, A.B.; Omoniyi, E.T.; Onuzulike, G. Effect of microwave assisted alkali pretreatment and other pretreatment methods
on some properties of bamboo fibre reinforced cement composites. Constr. Build. Mater. 2020, 245, 118405. [CrossRef]

Das, M.; Chakraborty, D. Evaluation of improvement of physical and mechanical properties of bamboo fibers due to alkali
treatment. J. Appl. Polym. Sci. 2008, 107, 522-527. [CrossRef]

Li, M.; Zhou, S.; Guo, X. Effects of alkali-treated bamboo fibers on the morphology and mechanical properties of oil well cement.
Constr. Build. Mater. 2017, 150, 619-625. [CrossRef]

Agarwal, A.; Nanda, B.; Maity, D. Experimental investigation on chemically treated bamboo reinforced concrete beams and
columns. Constr. Build. Mater. 2014, 71, 610-617. [CrossRef]

Ahmed, W.; Khushnood, R.A.; Memon, S.A.; Ahmad, S.; Baloch, W.L.; Usman, M. Effective use of sawdust for the production of
eco-friendly and thermal-energy efficient normal weight and lightweight concretes with tailored fracture properties. J. Clean.
Prod. 2018, 184, 1016-1027. [CrossRef]

Sales, A.; de Souza, FR.; dos Santos, W.N.; Zimer, A.M.; do Couto Rosa Almeida, F. Lightweight composite concrete produced
with water treatment sludge and sawdust: Thermal properties and potential application. Constr. Build. Mater. 2010, 24, 2446-2453.
[CrossRef]

NF EN 196-1. Méthodes D’essais des Ciments; Association Francaise de Normalisation: Paris, France, 1990.

Monreal, P.; Mboumba-Mamboundou, L.B.; Dheilly, R M.; Quéneudec, M. Effects of aggregate coating on the hygral properties of
lignocellulosic composites. Cem. Concr. Compos. 2011, 33, 301-308. [CrossRef]

NF P15-431. Liant Hydraulique-Technique des Essais-Détermination du Temps de Prise sur Mortier Normal; AFNOR Editions: Saint-
Denis, France, 1994.

Schwartzentruber, A.; Catherine, C. La méthode du mortier de béton équivalent (MBE)—Un nouvel outil d’aide a la formulation
des bétons adjuvantés. Mat. Struct. 2000, 33, 475-482. [CrossRef]

Laboratoire Central des Ponts et Chaussée. Maitrise de la Durabilité des Ouvrages D’art en Béton: Application de L'approche
Performantielle; Techniques et Méthodes; LCPC: Paris, France, 2010.

Mwaikambo, L.Y.; Ansell, M.P. Chemical modification of hemp, sisal, jute, and kapok fibers by alkalization. J. Appl. Polym. Sci.
2002, 84, 2222-2234. [CrossRef]

Ray, D.; Sarkar, B.K. Characterization of alkali-treated jute fibers for physical and mechanical properties. J. Appl. Polym. Sci. 2001,
80, 1013-1020. [CrossRef]

Li, X.; Tabil, L.G.; Panigrahi, S. Chemical Treatments of Natural Fiber for Use in Natural Fiber-Reinforced Composites: A Review.
J. Polym. Environ. 2007, 15, 25-33. [CrossRef]

Braga Costa Santos, E.; Moreno, C.; Barros, J.; Moura, D.; Fim, F; Ries, A.; Wellen, R.; Silva, L. Effect of alkaline and hot water
treatments on the structure and morphology of piassava fibers. Mater. Res. 2018, 21. [CrossRef]

Hamidon, M.H.; Sultan, M.T.H.; Ariffin, A.H.; Shah, A.U.M. Effects of fibre treatment on mechanical properties of kenaf fibre
reinforced composites: A review. J. Mater. Res. Technol. 2019, 8, 3327-3337. [CrossRef]

Vo, L.T.T.; Navard, P. Treatments of plant biomass for cementitious building materials—A review. Constr. Build. Mater. 2016, 121,
161-176. [CrossRef]

Jo, B.W,; Chakraborty, S.; Kim, H. Efficacy of alkali-treated jute as fibre reinforcement in enhancing the mechanical properties of
cement mortar. Mater. Struct. 2016, 49, 1093-1104. [CrossRef]

Zhang, H. Cement. In Building Materials in Civil Engineering; Zhang, H., Ed.; Woodhead Publishing Series in Civil and Structural
Engineering: Southston, UK, 2011; pp. 46—423. ISBN 978-1-84569-955-0.

Xie, X.; Zhou, Z.; Jiang, M.; Xu, X.; Wang, Z.; Hui, D. Cellulosic fibers from rice straw and bamboo used as reinforcement of
cement-based composites for remarkably improving mechanical properties. Compos. Part B Eng. 2015, 78, 153-161. [CrossRef]
Ren, Q.; Zeng, Z.; Jiang, Z.; Chen, Q. Incorporation of bamboo charcoal for cement-based humidity adsorption material. Constr.
Build. Mater. 2019, 215, 244-251. [CrossRef]

JGJT 98-2010. Specification for Mix Proportion Design of Mansonary Mortar; Ministry of Housing and Urban-Rural Development of
the People: Beijing, China, 2011.

RILEM. Recommandations: Functional Classification of Lightweight Concretes; RILEM Publications SARL: Bagneux, France, 1978.


http://doi.org/10.1016/0262-5075(83)90044-1
http://doi.org/10.1016/j.cemconcomp.2004.09.003
http://doi.org/10.1016/j.conbuildmat.2012.04.089
http://doi.org/10.1016/j.conbuildmat.2014.02.065
http://doi.org/10.1016/j.conbuildmat.2020.118405
http://doi.org/10.1002/app.26155
http://doi.org/10.1016/j.conbuildmat.2017.05.215
http://doi.org/10.1016/j.conbuildmat.2014.09.011
http://doi.org/10.1016/j.jclepro.2018.03.009
http://doi.org/10.1016/j.conbuildmat.2010.06.012
http://doi.org/10.1016/j.cemconcomp.2010.10.017
http://doi.org/10.1007/BF02480524
http://doi.org/10.1002/app.10460
http://doi.org/10.1002/app.1184
http://doi.org/10.1007/s10924-006-0042-3
http://doi.org/10.1590/1980-5373-mr-2017-0365
http://doi.org/10.1016/j.jmrt.2019.04.012
http://doi.org/10.1016/j.conbuildmat.2016.05.125
http://doi.org/10.1617/s11527-015-0560-3
http://doi.org/10.1016/j.compositesb.2015.03.086
http://doi.org/10.1016/j.conbuildmat.2019.04.173

	Introduction 
	Materials and Methods 
	Raw Materials 
	Mixture Proportion 
	Mixture Preparation 
	Morphology 
	Rheological Properties 
	Physical and Mechanical Properties 

	Results and Discussion 
	Effect of BS Treatment on BSC Composite 
	Mass Loss of BS 
	Morphological Properties 
	Setting Time and Workability 
	Physical and Mechanical Properties 

	Effect of BS Content on Composite 
	Setting Time and Workability 
	Morphology and Physical Properties 
	Mechanical Properties 


	Conclusions 
	References

