DEVELOPING BAMBOO CONCRETE COMPOSITE ARCH AND

COLUMN AS STRUCTURAL LOAD BEARING ELEMENTS

by
CHAARUCHANDRA ARUN KORDE

Centre for Rural Development and Technology

Submitted in fulfillment of the requirements of the degree of

Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

DECEMBER 2011



CERTIFICATE

This is to certify that the thesis entitled “Development of bamboo concrete composite arch and
column as structural load bearing elements”, being submitted by Korde Chaaruchandra to
the Indian Institute of Technology Delhi, is worthy of consideration for the award of the degree
of ‘Doctor of Philosophy’ and is a record of the original bonafide research work carried out by
him under my guidance and supervision. The results contained in the thesis have not been
submitted in part or full, to any other University or Institute for the award of any degree or

diploma.

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

-S(_//L(/i‘\”l\,\&\/L e ——'_'

J

Dr. P. Sudhakar
Associate Professor,

(Supervisor of Student)

Centre for Rural Development and Technology
Indian Institute of Technology Delhi
Hauz Khas, New Delhi — 110 016



ACKNOWLEDGEMENT

I wish to express my deep sense of gratitude to my supervisor Prof. P. Sudhakar, Centre
for Rural Development and Technology for his constant work centric approach in almost every
aspects of life. His keen efforts towards research and development work with a focused aim of
delivering technology that can bring a positive difference to the life of people made me to be up
with him all the time. 1 am very much thankful to him for his wonderful co-operation, constant
encouragement, guidance and fruitful academic discussions for carrying out my research work. It
was indeed a great pleasure to be working with him for a pursuit of delivering a technology to
the people.

It gives me indeed a great pleasure to express my heartfelt gratitude to Prof. Santosh
Satya, Centre for Rural Development and Technology for her constant and consistent
encouragement.

I wish to express my deep sense of gratitude to Prof. Supratic Gupta, with whom, along
with Prof. Sudhakar, in my early stages of PhD program, | learnt working in a research group. It
was here where my first seeds were sown to carry out research in multiple group environments
where Btech, Mtech & PhD students worked simultaneously on different problems. It was
indeed a pleasure being a part of that learning process.

I also express my gratitude to Prof. Suresh Bhalla of Department of Civil Engineering,
IITD for providing moral support and encouragement for the present Ph.D. research work. His
presence was like a wall to fall back upon, in course of any guidance on analytical fronts. Indeed

it was a support to keep me going.



Prof. Ashok Gupta, my Strudent Research Committee Chairmen, was like a source of
light in darkness. | value his kind suggestions & guidance that was all along with me during the
entire course of this research.

I am grateful to Prof. Roger West of Trinity Collage Dublin and Prof. Pradeep
Ramacharla, Earthquake Engineering Research Centre, IIIT Hydrabad for taking keen interest
and reviewing in our work. Also, | wish to express my gratitude to Prof. V. M. Chariar for
allowing an unhindered access to Micro Model Complex, CRDT where we carried out most of
our experimental work.

I am also thankful to Prof. Sanat Mohanty for extending his support for ensuring an
unhindered time to undertake writing of thesis.

I also had the benefit of company of Mrs. Smita Chugh, as my PhD colleague with Dr.
Sudhakar. At times, when | got sluggish in my research, | got to learnt to be up like her,
managing different fronts in studies, family, office & life. It was indeed a pleasure to have
worked with her during our PhD program.

I am thankful to my friend Anurag Kandya, without whom, at the outset, | would have
never been into this research. We shared all ups and down during our PhD program at IIT D. |
value him as a wonderful friend, philosopher & guide. At IITD | enjoyed a wonderful company
of Hitesh Shrimali and M. S. Nagananda, my fellow PhD colleagues. The sharpness of keeping
time and managing multiple interests in life like arts, music, etc made me to be exploring
something of a kind in me. | am also thankful to Sanjeev Singh for his kind support.

I am thankful to Mr. Raghaviji for his kind support in fabrication of equipments and Mr.

Umesh Raghav of Bamboo Technocraft for arranging the artisans and raw material for



fabrication process. | am also thankful to Mr. Lal Singhji, Bir Singhji, Nitin Chaurasiyaji of Civil
Engineering Laboratory for their kind support during experimental work.

I was wondering how to thank them all and others who have helped me in carrying out
this research work. It is here, where | got an opportunity to coin a name for the technology which
we have developed and validated through this thesis. During the whole of evolution process
which last from the times of Dr. Sudhakar at Haritha Ecological Institute, A.P. to Prof. Sudhakar
at IIT Delhi, we all, as his team, worked on developing the concept of joining bamboo together,
and give a reproducible performance. I, hereby, through this thesis, wish to acknowledge their
efforts by naming the technology as Haritha — 11ITD Bamcrete Technology.

I am thankful to HUDCO for extending the prestigious HUDCO Fellowship under
HUDCO-IITD joint project of setting up a National Resource Facility for Bamboo Technology
in India at 11T Delhi. Here, | wish to express my thanks to Mrs. Gayatri Ratnam, Architect,
HUDCO for continuous support and encouragement. Further, 1 am thankful to ICAR for
extending the funding support under its NAIP scheme for project titled “Bamboo as a green
engineering material for rural housing and agricultural infrastructure for sustainable economic
growth”.

I express my deep heartfelt gratitude to my respected parents, Smt. Padma Korde and
Shri Arun Korde for their blessings and patience which allowed me to pursue this research. | also
wish to thank my sister Ankita Korde for her moral support. There was a time where | became
empty with life source and was blessed with a blossom in the form of my wife Puspanjali Das. It

is indeed a great pleasure to have a companion like her.

KORDE CHAARUCHANDRA



ABSTRACT

The growing demand for housing has increased pressure on the existing resources
and ecological concerns have forced the researchers to search for alternative materials
which are green and renewable. Among the natural building materials perhaps bamboo is
unique for the extent of negative carbon foot print, quality timber and its extremely short
maturity time (3-5 years). Bamboo, a ‘timber grass’, thus has the potential to qualify itself
as a rapidly renewable material. The present thesis explores innovative structural load
bearing applications of bamboo. This is expected to enhance the acceptability of bamboo as

a key engineering material of the 215t century.

A new innovative form of bamboo concrete composite (bamcrete) arch and column
are developed as structural load bearing elements. Under the process of development the
concept of integrating two or more bamboos together using an innovative joint, termed as
Haritha IITD Bamcrete (HIB) joint, is applied for making parabolic tied arches and columns
for their strength characterization. In order to test the arches & columns to their ultimate
capacity, new test setups are developed, keeping in mind their remote operations &

handling by marginally skilled labor in rural areas.

Bamboo has inherent variability from bottom to top where it tapers and inside to
outside where the fiber density increases being densest at the skin. A comprehensive
literature study is undertaken to understand the status of research on bamboo structures.
Also, a most widely available species of India, Dendrocalamus strictus, which is 45 % of

Indian bamboo, is used to develop the structural elements. More than 18 arches of nearly



similar rise to span ratio are fabricated. From their performance under various forms of
loading, it is determined that they give a very narrow band of variation under acceptable
limits of building guidelines, which can be considered as reproducible. Also, a closed loop
expression is developed for predicting the crown deformation of the arch, as will aid in
deciding the size of bamboo and rise to span ratio before fabricating of a parabolic tied
arch. It is also concluded & demonstrated form this analysis that the deformation at crown
of a parabolic tied arch has contributions from arch and tie elements independently.
Further, the arch is modeled using a software to study the stress conditions in the arch and
parametric study is undertaken to study the effect of change of various parameters of an
arch such as span, diameter of bamboo, rise to span ratio, slenderness ratio and stiffness
ratio. A bamcrete column is fabricated using HIB column joints and its performance is
tested under the developed test setup in laterally restrained pure axial loading conditions.
Further, fabrication, testing and designing procedures are also given for bamcrete arch and

column.

The HIB construction technology, using these structural elements, is then
demonstrated through construction of demonstration structure. The experience gained in
working with the artisans and cost estimations of the demonstration structure, a cost
prediction is made for future expected cost of construction of a 27 m? structure, after
proper supply chains are established, using this technology. However, since the
acceptability of a bamboo house being one of the key issues to be addressed, few strategies

for popularizing bamboo in housing are also proposed.
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