STUDIES ON MECHANICAL PROPERTIES OF
LAMINATED BAMBOO COMPOSITES

CHANDRA SHEKHAR VERMA

CENTRE FOR RURAL DEVELOPMENT AND TECHNOLOGY

Submitted in partial fulfillment of the requirements

of the Degree of Doctor of Philosophy

to

INDIAN INSTITUTE OF TECHNOLOGY DELHI

JULY 2012



CERTIFICATE

This is to certify that “Studies on Mechanical Properties of Laminated Bamboo
Composites” being submitted by Mr Chandra Shekhar Verma to the Indian
Institute of Technology, Delhi for the award of Doctor of Philosophy is a
record of original bonafide research work carried out by him under my
guidance and supervision. In my opinion, the thesis has reached the standard
of fulfilling the requirements of all the regulations related to the degree. The
research report and results presented in this thesis have not been submitted, in
part or in full, to any other university or institution for the award of any degree

or diploma.

I certify that he has pursued the prescribed course of research.

Dr V M Chariar

Thesis Supervisor

Associate Professor

Centre for Rural Development and Technology
Indian Institute of Technology Delhi

New Delhi - 110 016

India

ii



Acknowledgements

As it is said that ‘research is not a piece of cake” and it takes many hands to make a
bright work, I would like to graciously thank many people for their contribution to

various aspects of my thesis.

I am grateful for the relentless encouragement I received from my research
supervisor, Dr Vijayaraghavan M Chariar of the Centre for Rural Development and
Technology, Indian Institute of Technology Delhi, who has been highly inspirational.
He encouraged me at every stage of the process of doctoral research - right from
choosing the relevant pre-requisite courses, arranging my industrial visits to
Arunachal Pradesh, Assam and Madhya Pradesh, advising me in preparing for my
comprehensive examination, providing facilities for experiments and finally giving

comments on my research publications and dissertation.

I would also like to thanks Dr V M Chariar for introducing me to “bamboo man” Dr
P Sudhakar. Dr Sudhakar introduced me to the concept that bamboo is a
functionally graded composite. I would like to immensely thank Dr Naresh
Bhatnagar, Department of Mechanical Engineering, IIT Delhi for guiding me at every

step of the mechanical properties characterization.

I would like to sincerely thank to Dr P K Pandey, Director, NMBA, who wrote to
introduce me to various bamboo industry located in North-Eastern part of India for
industrial visits. During industrial visits at Namsai (Arunachal Pradesh), I received
tremendous help from Mr Jalan, Chairman, Arunachal Playwood Industries Ltd.
(APIL), Namsai, Arunachal Pradesh, who introduced me about bamboo processing
machines and production process of bamboo mat boards. I would also like to thank
Mr N Kothari, Managing Director, Kosons Forest Products Pvt Ltd, Guwahati and
Mr A N Sharma, Managing Director, Swaranga Agrotech Pvt. Ltd, Tinsukia, Assam

for introducing me about manufacturing process of various industries

iii



manufacturing bamboo ply and bamboo mat board. I would like to sincerely thank
to Mr Ankur Bhatia, Chairman, Garnet Tools, Dewas, Madhya Pradesh, who also
introduced me to different types of bamboo processing machines. These industrial

visits gave me a wonderful grounding into bamboo research.

I would like to sincerely thank to staff of TERY Gram, Gurgaon, Haryana, for
providing Dendrocalamus strictus species bamboo for studies and Dr Rajesh Purohit
of NSIT, Delhi for providing adhesives for preparing laminates. I would like to
thank Mr Rajkumar at Material Testing Lab, Pawan Sukla at Central Workshop for
providing me access to UTM and grinding machine respectively throughout the
course of my experimental investigations. I would also like to thank Mr Rishi
Prasad at Applied Mechanics Labs, Mr Rana of the Strength of Materials Lab, Mr
Tulsi at Central Workshop and Mr Hussain at Numerical Computational Lab of IIT
Delhi for helping me in testing of specimens. Further, I would like to thank Mr ]
Singh, technical staff at Delhi Test House, Azadpur, Delhi for assistance in

conducting screw withdrawal test.

I would also like to express my gratitude to Mr S Sirohi and Mr Dhirendra Singh,
Research Scholars of IIT Delhi who have help me for taking Nikon Microscopic and
SEM photographs of laminates and their fractured surfaces at SMITA Lab of IIT
Delhi.

I would like to express my gratefulness to Mr Sanjay Kasyap of AICTE who has

helped me in drafting of figures time to time.

My aged parents were always a great source of motivation when everything did not
go as per plan. One of the most challenging phases in my research was when I joined
the AICTE as an Assistant Director at New Delhi - to be able to focus on writing my
thesis after long hours of administrative work was possible only because of the

relentless encouragement that the challenge could be surmounted.

iv



This thesis would not be in its present form without the secretarial assistance
provided by Mr Arun Shanker, Senior Project Assistant and Mr Rohan Kumar,
Project Attendant in Dr Chariar’s office. From library research to formatting of the

thesis to accounts and administration, I received many a help from them.

I have had many lively discussions on research, career and life in general with my
fellow research scholars - Mr Prasun Jain, Mr V Ganesh Prabhu, Md Azizur
Rahman, Mr Sanjay Kumar and Mr Naresh Kumar Sharma. Research would have
been a dull journey without these discussions over many cup of tea on the IIT Delhi

campus.

I would like to thank my wife Ms Harsha Verma for providing constant motivation

and total support in this challenging endeavour.

I express my gratefulness to God Almighty, who continues to look after me despite

my flaws.

Chandra Shekhar Verma



“Studies on Mechanical Properties of Laminated Bamboo Composites”
ABSTRACT

With the continued rapid development of the global economy and constant increase in
population, the overall demand for timber and timber based products will likely continue to
increase in the future. The available supply of quality timber in the world is reducing
rapidly. In India, as in other parts of the world, the trend is toward lower quality and more
expensive timber for the manufacture of wood products. In several European markets as
well as in other parts of the world, many tropical wood-based products have been either
banned or discouraged. End-users of wood-based products have realized the serious danger
to the environment if certain natural forest stands are depleted. Since the demand for these

products will continue, an alternative or substitute for timber is desirable.

A suitable substitute for timber should possess properties comparable to and be compatible
with existing processing technology. A fast growing and abundant species would be
preferable. Bamboo is such a material which has excellent growth rate, with some species
growing at a rate of 15 to 18 cm daily and maximum height achieved in just four to six
months. Over 1,200 bamboo species have been identified globally of which some bamboo

species grow to over 30 m high and have a diameter of 40 to 60 cm.

Natural fibre based composites are mixtures of natural fibres such as bamboo, sisal, coir, jute
(in fibre, mat or slat form) with polymeric materials, processed under controlled
temperature and pressure to obtain a class of products having superior properties than the
individual components (Thea, 2003, Mathur, 2006, Lakkad, 1980). These composites have
high strength to weight ratio, durability, and dimensional stability, amenability to be
engineered to any complex shape or size and above all lower the cost of production. Among
the various biomass sources, bamboo is one of the most rapidly generating resources.
Bamboo has been processed into composites as a wood substitute and replaced timber in
many applications such as doors & windows and their frames, partitions, wardrobes,

cabinets, flooring, furniture etc.

Over the last two decades bamboo-resin composites have been increasingly explored as a
material in the construction industry because the tensile, compressive and bending strength
of the composites is superior to that of both the natural material as well as resin component

in the composite. Use of resin prevents cracking and deformation under relative humidity.
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Also, bamboo-resin composites show higher resistance to insect pest bio-erosion. Detailed
research studies on mechanical properties of bamboo polymer laminates are few. Therefore,
there is need to characterize bamboo based laminates for mechanical properties including
tensile strength, compressive strength and flexural strength, so that the full potential of
bamboo as an engineering material could be realized. One of the objectives of this research is
to explore the mechanical properties of bamboo-polymer laminates to be used as an

environment friendly material in the construction sector.
The objectives of this research are :

e Study of mechanical properties of bamboo laminae from different regions of culm of
Dendrocalamus strictus.

e Study of compression, tension and flexural properties of Laminated Bamboo Composites
incorporating Dendrocalamus strictus and Epoxy with different lamina angles.

e Validation of mechanical properties of Laminated Bamboo Composites using rule of

mixtures and with other similar materials.

The above research objectives have been investigated through an array of tensile, flexural
and compressive testing in addition to failure testing and validation through rule of
mixtures and constituting equations. The summary of results from this research could be

listed as follows :

The results of experimental evaluation of mechanical properties of bamboo laminae,
prepared from bamboo slivers of 4 year old bamboo culms of Dendrocalamus strictus species
show that mechanical properties such as tensile, compressive and flexural strength and their
modulus of bamboo increases from inner to outer regions and with height of bamboo culms.
The strength of the culms increases with height to compensate for the deterioration of
rigidity due to the culms geometry. Bi-linear stress-strain response was observed in lamina
under tensile loading. First change of slope took place at about 45% of ultimate stress.
Nonlinear stress-strain response was observed in laminae under both compressive and
flesural loading for which bifurcation points are difficult to identify. Mechanical properties
of laminas selected from outer regions were found to be superior to other regions due to
availability of higher volume fraction of bamboo fibres. Nodes were found to be the weakest
portion of the culm when it comes to tensile loads. Comparative study with hard wood
indicates that mechanical properties of bamboo culms were suitable for utilization in

Laminated Bamboo Composite (LBCs).
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Tensile and compressive properties of laminated bamboo composites (LBCs) decreases with
increase in lamina angle. A combination of different factors could be used to decide the
application of bamboo laminates because mechanical properties were affected by the lamina
configuration. Mechanical properties such as tensile strength, compressive strength, flexural
strength and screw holding capability and cost per cubic foot are resembling with the
properties of the other similar type of materials. A comparative cost and mechanical
properties of LBCs with other materials indicates that LBCs could be used as building and
general purposes material like furniture, beam and column etc because there is possibility to
increase the volume in any shape and in any direction by increasing number of layers where
the thickness and shape of composite can be tailored during fabrication to meet specific
requirement. Similarly, surface of LBCs could be as smooth as hard wood for aesthetic
purposes by surface sanding, policing and finally by ultraviolet finishing. Furthermore use
of more bamboo and technology for fabrication of LBCs could help to improve economy of
rural people. An empirical expression has been derived which is useful for determining

amount of adhesive required.

Studies for stiffness and strength of LBCs at macroscopic studies have been reported. Under
tensile loading, bi-linear stress-strain curves were observed for all internodal laminae of
Dendrocalamus strictus bamboo culm. Bi-linear stress-strain response upto 90% of ultimate
stress were also observed for all LBCs. The first matrix failure occurs followed by fibres
failure with metallic sound of any one layer and subsequently other layers in LBCs. The
study indicates god agreement between the estimated and predicted values for stiffness and
strength of LBCs which are satisfactory agreement for initial design purposes. The first
chord modulus for almost all LBCs is close to the theoretical prediction using rule-of-
mixture. Using elastic constants of top middle region lamina, stresses and strains obtained of
Hypothetical Laminated Bamboo Composite (HLBC) are lower than experimental failure
limit of said lamina. This indicates that proposed LBC behaves like a fibrous composite
which are presently in use for a variety of structural applications. Strength of LBCs were

compared with other similar composite materials.
Some recommendations from this research are as follows :

In view of global scarcity of timber, incentives need to be provided to small and marginal
farmers to cultivate bamboo and also an attempt should be made to set up small cluster-

based training cum production centres so that bamboo could be harvested locally and
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converted into value-added products. This would give a boost to the rural economy and
create livelihoods. This would also lead to utilization of greater proportion of green
materials in product design, building construction and in many other sectors where the

functionally graded composite that is bamboo can deliver based on its inherent strength.

Research and Development into innovative product design of bamboo composites needs to
be initiated by agencies promoting bamboo cultivation and product development in mission
mode. An exhaustive mission mode study of bamboo species of India with respect to their
utilization as a material for vehicle bodies, roofing material, flooring solution and furniture
applications needs to be urgently undertaken. Codes for various products need to be
developed so that architects and product designers could incorporate bamboo composites

much more in their practice.
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