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Abstract

Bamboo waste, a type of solid waste, is often thrown away ignorantly as non-usable hard waste or for combustion,
whereas still it could be a good source of raw materials for structural composites. The purpose of this research is to
extract and characterize the strips of internodes (only) and strips along with nodes of bamboo waste from composite
perspective in order to seek their suitability for prospective composite applications. Strips of bamboo waste were
collected from bamboo mats, and their morphological structure, mechanical properties (tensile strength,
compression, flexural, and impact testing) and thermal propertiecs were observed. It is found that three of the
mechanical properties such as, tensile, compression, impact test results as well as thermal properties of strips
bamboo waste are comparable to virgin materials and far better than many other bio fibers like, alifa, coir, feather,
pineapple etc. Resembling the fresh material, the node portion is somewhat inferior to internode because of
structural variations. The characterized properties also reveal that the waste bamboo can be used as a potential
reinforcement material for some composite applications.
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1. Introduction

(10 pt) La Mantia and Morreale (2011) state that composite industries have been led by synthetic fibers; for
instance, fiberglass, carbon fiber, polyurethane for their superior mechanical properties and lower preparatory cost.
However, due to growing global environmental concern, synthetic materials are now losing appeal, since most of
them cause higher carbon footprint during production. In addition, they are not bio degradable. So, the use of natural
fibers as reinforcement like jute, kenaf, sisal, hemp, coir, straw, bamboo, banana leaf is now a growing focal of
attention of stakeholders throughout the worldwide. Scurlock, Dayton, & Hames (2000) mention that especially the
appeal of bamboo fiber is gradually being boosted in the world market for its high mechanical properties, rapid
growing nature, low production cost, and environmentally friendly behavior.

Bamboo is the longest grass. It belongs to the Poaceae family, a sub-family of Bambusoideae with a large variety
of 1250 spices and 75 genera. It is one of the oldest building materials. Now, it is more extensively used for
household, handicraft, furniture, agriculture, architecture paper-making and other industrial purposes due to
advancement in processing technology and rising market demand (Li, 2004; Taijun & Gangyi, 2005). Ray, Mondal,
Das, & Ramachandrarao (2005) compare the mechanical properties of bamboo with other mostly used fiber for
composites viz. bamboo offers maximum mechanical strength and minimum density of 0.9 g/cm?®, whereas jute and
glass fiber have 1.45 g /cm?® and 2.5 g /cm® respectively. Although mechanical properties of bamboo are relatively
lower than fiberglass, they are approximately 10 times cheaper than fiberglass. La Mantia & Morreale (2011) find
bamboo have much higher aspect ratio than wood fibers originated from pine (La Mantia & Morreale, 2011).
Bamboo itself is considered as a natural composite material in which cellulose fibers are implanted in lignin and
hemicellulose matrix. It shows maximum strength along the fibers and minimum across the fibers. Thus, they
provide maximum tensile strength than many other natural fibers. Cellulose (60%) is the main chemical constituent
of bamboo. Other major constituents are hemicellulose and lignin (Kazuya Okubo, Fujii, & Yamamoto, 2004). The
microfibrillar angle of bamboo is relatively small (10°—12°) (Jain, Jindal, & Kumar, 1993). Due to these outstanding
specific properties bamboo fiber is also known as ‘natural glass fiber’ (Jain, Kumar, & Jindal, 1992). These superior
characteristics have made the bamboo suitable as reinforcement material for composite applications. But, the
extraction of undamaged long technical bamboo fibers of about 25c¢m is very challenging due to nodes (Van Vuure,
Osorio, Trujillo, Fuentes, & Verpoest, 2009). For this concern, recently an attempt has been made to produce
composite from bamboo strips instead of fiber for the difficulty associated to the extraction of fibers. This approach
is appreciable as it enables the researchers to take the advantage of cohesiveness. Because, the cohesive strength of
individual fiber is significantly low (Huda, Reddy, & Yang, 2012).

There is a large volume of published studies describing the performance of bamboo strips as reinforcement for
composites. Polyester resin composites can be prepared using bamboo stipes treated with Alkali (10-25%) as
reinforcement (Mahuya Das & Chakraborty, 2009a). Again, Kushwaha and Kumar (2009) also treat bamboo strips
with different concentrations (1-25%) of alkali at room temperature for 30 minutes in order to enhance mechanical
properties of bamboo fiber-reinforced plastic. A number of authors have considered bamboo strips to manufacture
unidirectional bamboo—epoxy laminates by changing the numbers of laminae and assessing their mechanical
properties (Corradi, Isidori, Corradi, Soleri, & Olivari, 2009; Kushwaha & Kumar, 2009). The moisture absorption
properties of bamboo strips and their effects on the interfacial shear strength of bamboo—vinyl ester composites have
been investigated (H. Chen, Miao, & Ding, 2009). To understand and compare the influences of different chemical
treatments (silane, alkali, oxidation and acetylation) on moisture absorption performance of the composites have
also been carried out (H. Chen, Miao, & Ding, 2011). Bamboo—polyester composites are developed by hand lay-up
method using alkali treated and untreated bamboo strips (Mahuya Das & Chakraborty, 2009b). Furthermore,
novolac based bamboo composites are prepared after mercerizing the bamboo strips with NaOH of various
concentrations (10, 15, 20 and 25%) (Mahuya Das & Chakraborty, 2007). Thermal and weathering properties of
alkali treated bamboo strips of novolac composites have also been reported (M Das, Prasad, & Chakrabarty, 2009).
Apart from these, detailed studies on the dynamic mechanical and thermal properties of untreated and treated
bamboo strip-reinforced Novolac composites have been reported by Das and Chakraborty (2008). Overall, all these
studies highlight the applications of virgin bamboo strips as a reinforcing material for composite applications. But
there is a comparatively limited body of literature regarding strips of bamboo wastes as reinforcement for
composites.
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Bamboo plays an essential role to the economy more than 5 billion USD per year sole in China (S. Chen, Zheng,
& Huang, 2011). Significant portion of them is invested to manufacture bamboo sleeping mat. But, after the end use
they are often discarded as trash which is a type of solid waste in the form of strips. Hence, waste management has
become one of the major concerns of the researchers (Cheng & Hu, 2010). Usually, there are two common practice
to dispose the waste: land filling and burning. Land filling barrens the valuable land and burning causes
environmental pollution (D. Q. Zhang, Tan, & Gersberg, 2010). Now, scientific community often use 3Rs principle:
reduce, reuse and recycle as the greatest mean of waste management (Yuan & Shen, 2011). With a view to
practicing 3Rs, researchers are showing keen interest for alternative means of recycling them than simply disposing.
Bamboo particle board has been manufactured by the unused parts (node portion) of bamboo (Biswas, Bose, &
Hossain, 2011). Transformation of bamboo scaffolding waste into activated carbon has appealed tremendous
research attention recently (Choy, Barford, & McKay, 2005). In another study, the effects of steam activation and its
surface chemistry for pore structure of bamboo waste were investigated (Y.-J. Zhang, Xing, Duan, Li, & Wang,
2014). Activated carbon from bamboo waste could also be prepared from phosphoric acid (H 3PO 4) (Ahmad &
Hameed, 2010).

In contrast, the solid waste from bamboo mat could have some more industrial applications like composite
manufacturing, which has not been attempted yet. In addition, whatever composites have been prepared to date, all
are from the internode portions of fresh bamboo, whereas separation of internodes is laborious, time consuming and
arises process complexity. It also deprives us to take the facility of long length of the culm. Therefore, this study has
been undertaken to characterize the nodes and internodes of waste bamboo to apprehend the variations in their
characteristics by comparing them with fresh bamboo from composite perspective, and finally finding out their
applications based on the observed properties. Consequently, we have determined various mechanical, and thermal
properties of strips including morphological structure analysis of strips of only internodes and stripes along with
nodes of bamboo waste with a view to assessing whether the strips of bamboo waste bear the properties for
composite applications.

2. Experimental
1.1. Materials

The waste bamboo strips were extracted from 50 sleeping mats randomly after using them approximately for one
year. They were bought from mid of China. The bed mats had an average length of 74 cm. The average distance
between the nodes was 26.5 cm, 16.5 cm at the top and 20 cm at the bottom. The width and thickness of bamboo
mats were 4 mm and 1.2 mm respectively.

1.2. Extraction of strips

The bamboo mats were manually splited longitudinally into fine strips with & without nodes in Wuhan, Hubei
Province and then brought into the laboratory where they were further processed for testing. The strips were
classified into two categories: internode strips (no nodes along the strip) and node strips (node with strip in the
middle of the strip). The term internode may also be interchangeably used as without node. All specimens were
tested in standard air-dried condition (65% relative humidity and 20°C temperature).

1.3. Surface Morphology

A scanning electron microscope (JSM-6510LV, voltage: 20 kV) was used to investigate the surface morphology
of the fibers to uncover the structural variation in terms of compactness and fiber orientation of both note and
internode portions along the bamboo culm. Before observation, the samples were coated in gold by ion sputtering.
1.4. Measurements

The properties of composite materials are mostly governed by some key properties; for instance, tensile strength,

compressive strength, flexural and impact strength (Kumar, Nair, & Ninan, 2008; Panneerdhass, Gnanavelbabu, &
Rajkumar, 2014; Samuel, Agbo, & Adekanye, 2012) and to understand the thermal properties of composite
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materials thermogravimetric analysis is performed (Petersson, Kvien, & Oksman, 2007; Yasmin & Daniel, 2004).
Therefore, all these properties will be evaluated, reported and compared. In addition, to illustrate the microstructure
of note and internode, scanning electron microscopy (SEM) analysis will be investigated.

1.1.1.  Mechanical properties

For each mechanical property, 20 samples were considered randomly and their averages were reported.

Tensile Testing: Tensile testing was carried out using an Instron 2712 pneumatic grips machine, ISO 11566 was
followed to determine tensile properties. The specimen geometry was 250 mmx4 mmx 1.2 mm. The gauge length
was 150 mm and the cross-head speed was 1 mm/min. The tests were carried out until the materials got broken. The
samples with Jaw break were not taken into consideration for the analysis. Furthermore, tenacity has also been
determined calculating linear density in decitex (dtex).

Compression Testing: Compression test was carried as per procedure given in ASTM-D3410 using an electronic
compression testing machine for both strips. The specimens were cut into samples with dimensions of
30mmx4mmx1.2mm for compression test. For more accuracy, the samples were placed within the center of the
cross head and perpendicular to the longitudinal axis. The cross-head speed was followed at10mm/min.

Flexural Testing: Loading nose and its supports were arranged and finally three-point bend tests were performed
with samples of 150mmx4mmx1.2mm dimensions. Flexural strength was received from auto generated computer
sheet through a software called WinWdw inbuilt in universal testing machine equipment as per procedure given in
ASTM-D7164 standard. The ratio of support span to thickness was maintained as 20:1 so that breakage could arise
at the outer surface of specimens for higher bending moment. The similar speed of cross head was maintained like
compression test.

Impact Testing: For impact behavior, test specimens without notch were of 60 mm long, cross-section of
4mmx1.2mm, and A 7.5 J pendulum was used to break the specimens. The impact energy was noted down. The
final impact strength was obtained by dividing the impact energy by the cross-sectional area. The unit of the impact
strength is KJ/m?. ASTM D7136/D7136-M15 has been followed for the test.

1.1.2. Thermogravimetric analysis (TGA)

The thermal degradation of bamboo strips occurred during the processing of composite that decreases the effect
of mechanical reinforcement. Thus, to analyze the degradation behavior of bamboo strips, TGA analysis was
conducted. The thermal decomposition of bamboo strip was evaluated by thermogravimetric analysis (TGA) using a
NETZSCH instrument of TG 209 F1 instruments. Roughly 5 mg of sample was heated under air from room
temperature to 600°C at a rate of 10 °C /min to yield the onset temperature for decomposition, mass loss and
maximum decomposition peak.

1.5. Statistical Analysis

The average of the values and the comparisons of different properties between the strips of nodes and internodes
have been calculated using SPSS software with 95% confidence interval.

3. Results and Discussion
1.6. Strip Morphology

Fig. 1 (a) and (b) show the structure of bamboo strip with node and internode of bamboo culm respectively. It is
observed that bamboo strip with internode had smoother and compact structure compared to bamboo with node.
Bamboo strips with node have more cracks and discontinuous fiber orientation compared to internode. It is also
evident some holes like cavities on both pictures, which could be due to parching moisture from vascular cells of
waste bamboo (Wahab, Mohamed, Mustafa, & Hassan, 2009).
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Fig. 1. (a) SEM photograph of bamboo strip of node potion (b) SEM photograph of bamboo strip of internode
potion

1.7. Mechanical Properties

1.1.3.  Tensile Properties of Bamboo Strip

Tensile properties of the waste bamboo strip with node and without node are shown in Table 1. The average
value of Tenacity, Tensile Strength, Tensile Modules and Strain at failure% of bamboo strips of node and internodes
are 2.80cN/dtex, 160MPa, 13GPa, 1.6% and 3.90cN/dtex, 243 MPa, 15GPa, 2% respectively. These results seem to
be consistent with data of other research that tenacity, tensile strength, tensile modulus and strain at failure% are
2.41cN/dtex, 140-230Mpa, 11-17GPa and 1.1% respectively (Faruk, Bledzki, Fink, & Sain, 2012; Liu, Wang,
Cheng, Qian, & Yu, 2011; Yan, Chouw, & Jayaraman, 2014).

Table 1. Tensile properties of waste bamboo strip

Name of the Tenacity(c Tensile Tensile Strain to
specimen N/dtex) Strength Modulus Failure%+STD
+STD (MPa)tS (GPa)STD
TD
Bamboo trips 2.80+0.40 160+26 1312 1.6£0.4
with Node
Bamboo 3.90+0.44 243114 15+0.9 210.2
Internode strips

From table 1, it is also observed that the tensile property of bamboo internode strip was significantly greater than
bamboo strips with node. These results are in agreement with the study conducted by (Li, 2004; Oka, Triwiyono,
Awaludin, & Siswosukarto, 2014; Shao, Zhou, Liu, Wu, & Arnaud, 2010). A possible explanation for this might be
that the fiber cells in the bamboo internodes arranged directly and continuously, while those in the bamboo nodes
were arranged discontinuously. Furthermore, strip morphology and fiber alignment in the strip of nodes are less
compact than internodes (Qi, Xie, Yu, & Chen, 2015).

1.1.4. Compressive Properties of Bamboo Strip

The variation of maximum compressive strength and compressive modulus is presented in Figure 2. The
compressive strength and compressive moduli of internodes are 13 and 96MPa respectively. In case of nodes, the
corresponding values are 12 and 60 MPa respectively. The values of compressive strength are almost supported by
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Li’s finding which is 16.1MPa for one-year-old bamboo (Li, 2004) and (Oka et al., 2014; Shao et al., 2010).
surprisingly, there were no significant differences (P=0.43) in compressive strength between strips internodes and

nodes. On the contrary, the difference in compressive moduli between nodes and internodes is statistically
significant (P = 0.0013).

L P=0.43 =

12 100 P=0.0013

Compressive Strength(MPa)
@
Compressive Modulus(MPa)

With Node Without Node With Node
Bamboo Strip Bamboo Strip

Without Node

Fig. 2. Compressive properties of bamboo strip of node and internode

In contrast to earlier findings, no evidence of compressive strength and modulus of waste bamboo strip was
detected. The difference in the compressive modulus explained by the fact that node strips are loose and structurally

less compact due to the variation in characteristics (morphology and anatomy) (Qi et al., 2015), which ultimately
result less stiffness in node compared to internode strips.

1.1.5.  Flexural Properties of Bamboo Strip

Figure 3 shows the results of the flexural tests conducted on waste bamboo strips of nodes and internodes. Paired
Student’s t tests were used to determine statistical significance. It is found that nodes have significant effect on
lowering bending strength having p value 0.018, which is statistically significant. Most of the available studies have
been done on the flexural performance of fresh bamboo, since fresh bamboo having high moisture content can alter
the flexural properties of material. (Taylor et al., 2015).

P=0.018

Flexural Strength(MPa)

With Node Without Node
Bamboo Strip

Fig. 3. Flexural properties of bamboo strip of node and internode

Author could not found previously studied flexural property to compare their results, but bending property.
According to (Oka et al., 2014; Shao et al., 2010), nodes do not reduce bending strength of bamboo culm. These

findings raise intriguing questions regarding the nature and scope of waste bamboo material for composite
application in terms of flexural performance.
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1.1.6. Impact Properties of Bamboo Strip

Impact strength is defined as “the ability of a material to resist fracture under stress applied at high speed”
(Srinivasa & Bharath, 2013). The Pendulum type impact test provides a record of the impact event.
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Fig. 4. Impact properties of bamboo strip of node and internode
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Figure 4 shows the results of impact tests conducted on strip of node and internode specimens. This finding supports
previous research, which reveals that the impact strength of bamboo along the fibers is 63.54(+4.63) (Jain et al.,
1992). Paired Students t tests were used to determine statistical significance. It is apparent from figure 4 that
internodes having a little less strength of 65.8 KJ/m? (SD=17) than nodes of (66.9 KJ/m? (SD=17) make sure no
statistical significant difference (P=0.38). It is probably due to different shapes and sizes of samples. These results
suggest that the nodes have only a minor effect on the impact properties of the waste strips. The significant effect
could be obtained for high frequency of the nodes along the culm and for more compact structure in the nodes areas
(Taylor et al., 2015).

1.8. Thermal Property
Thermogravimetric analysis (TGA)

The thermo-gravimetric curves of waste bamboo strip at a heating rate 10° C/min are shown in Fig 5. There is a
peak at approximately 100°C indicating the removal of moisture from the strip. Bamboo strips show thermal
decomposition within the temperature range of 200 and 360°C, which are in line with those of previous studies .
However, the maximum decomposiion peak was observed at 343°C. Thus the bamboo strips had higher thermal

stability as compared to other natural fiber commonly used in the polymer processing industry (Yao, Wu, Lei, Guo,
& Xu, 2008).
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Fig. 5. TGA results of bamboo strip
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4. Conclusion

Bamboo waste in the form of strips of with and without node were characterized in terms of mechano-physical
and thermal properties from composite perspective. This study has shown that all the criteria of mechanical
properties of internode except flexural properties: tensile (243MPa), Compression (13MPa), Impact (66.9KJ/m?)
have been found almost like fresh material. In addition, interestingly, the thermal property shows that the molecular
degradation of wastage material does not get significantly deteriorated from its initial condition. Although both
mechanical and thermal properties of waste bamboo do not possess as high as those of synthetic materials (Glass
,Carbon), they do have better performance than other bio fibers like alifa, coir, feather, pineapple etc. (Faruk et al.,
2012; K Okubo & Fujii, 2002; Yan et al., 2014) . The second major finding was that the contribution of node on
improving the mechanical properties of bamboo strips, which is not much encouraging. Rather, they have negative
influence on the strip property.

Despite we considered only the waste of bamboo sleeping mat hence research can also be conducted on bamboo
wastage from other sources. However, the properties revealed from the characterization imply that materials could
be applied for structural and non-structural applications. Consequently, future research can be conducted by
developing composites from bamboo waste materials to understand their performance and behavior in the
composites and other high-performance materials. However, the test results these materials could be fit for structural
and non-structural applications. Consequently, future research can be designed using these bamboo waste materials
to assess their suitability for fabrication of high performance composite materials which will facilitate the
sustainable approach of composite industries. As the material is reusable, recyclable, lower in cost and easily
available it could be a good replacement for traditional wood in terms of indoor and outdoor applications; for
example, furniture, housing, packaging, transportation, automobile, decking, fencing, dustbin.
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