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Abstract
The aim of this thesis is to develop an earthquake resilient housing system, for the seismic region
of Kutch, located in the state of Gujarat, along the western coast of India. The intention is to employ
a monocoque style of construction, using composite panels, developed from recycled plastics.
The goal of this thesis is twofold – one is reducing damage to life and property caused by
earthquakes and second, is providing a solution for the reduction of plastic pollution.
The proposed housing typology is a long term, permanent dwelling unit and is not to be confused
with temporary, post-disaster, emergency housing. It has the potential for mass customization
and quick, low-cost, low-tech construction, allowing people to build their own dwelling units in a
symbiotic and self-reliant manner. The material used for the construction of these units is a
composite developed from recycled polyester fabrics using a traditional resin hand-layup
technique. This allows building loads to be transferred mainly through the skin following the
principles of monocoque construction. The manipulation of the material in terms of its form and
the overall composition of the house, help to increase its seismic resistance and establish a
congruent vernacular identity.
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Chapter 1: Introduction
1.1 History and Origins
Kutch is a dry, arid region, located in the state of Gujarat, on the Western frontier of India. The
region is characterized by vast dry riverbeds, extreme diurnal temperature variations, large
stretches of non-arable land and a very strong vernacular identity for visual arts and crafts.
On the 26th of January, 2001, an earthquake measuring 6.9 on the Richter scale rocked the region
of Kutch (Madabhushi & Haigh, The Bhuj, India Earthquake of 26th January 2001, 2005). The
epicenter of the earthquake was near a major town called Bhuj. The intensity of the earthquake
combined with poor quality of construction, led to large scale damage of life and property. A
March 2001, World Bank Report, pegs the estimated economic losses at $2.1 billion in addition to
20,000 deaths and 167,000 injuries (The World Bank and Asian Development Bank, 2001). In the
Kutch district, four major urban areas Bhuj, Anjar, Bachau and Rapar, suffered near total
destruction and upto 450 villages were extensively destroyed (National Disaster Risk Reduction
Portal, p. 10).
According to the Seismic Hazard Map, developed by the Gujarat State Disaster Management
Authority (GSDMA) the region of Kutch falls under Zone V wherein earthquakes upto an intensity of
8.0 can be expected. These maps are developed taking into account a 100 year long probabilistic
model predicting Peak Ground Acceleration from historical and stochastic models.
I myself hail from this region and have witnessed first-hand the extent of the damage, chaos and
confusion brought about this natural calamity. For me as an architect, it is an important personal
endeavor to develop a housing typology better suited for this region. Most of the construction in
India, especially in the rural areas, is carried out directly by local contractors, who, although skilled,
pay little attention to structural details such as type and number of reinforcing bars, correct
method of casting concrete, curing time, etc. Most of the construction in the villages is traditional
non-reinforced brick masonry resulting in further damage to life and property.
1

According to an annual report published by the Central Pollution Board of India (Central Pollution
Board, 2013, p. 2), each year, approximately 5.6 million tonnes of plastic waste is generated in the
country. Of this 2 million tonnes is recycled in the country and according to the Gujarat State
Plastic Manufacturer’s Association, about 0.5 million tonnes is recycled in Gujarat alone (Tiwari,
2011)
Plastic is non-bio degradable, which implies that waste plastic is either recycled, goes to a landfill
or mostly accumulates in the environment as undisposed garbage. This is especially true in the
rural areas of India wherein lack of civic disposal facilities has resulted in large amounts of plastic
waste such as polyethylene bottles, PET bags, etc lying around and polluting the environment. The
region of Kutch has a large number of livestock and according to Union Environment Minister
Prakash Javadekar, ( Press Trust of India, 2015) roughly 30kgs of plastic waste is found inside the
stomach of most cows or buffaloes that have suffered a premature, unnatural death. The ‘Great
Pacific Garbage Patch’ is yet another example outlining the problems of plastic pollution and
disposal in general.
Thus, the aim of this thesis is to solve the two-fold problem of producing earthquake resilient
housing and reducing plastic pollution in general.

Image 1 ‐ Gujarat Earthquake Hazard Risk Zonation, 100 year return
period (from ndma.gov.in)
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1.2 Overview of Research Methodology

The background research includes several subjects, namely, plastics, seismic engineering, the
development of monocoque structures, culture and climate of the region and vernacular traits.
The topics covered in plastics include types and categories, methods of production and a
historical overview of plastics in architecture and culture. The topics covered in seismic
engineering include, earthquake types, existing principles of seismic engineering and seismic
considerations that are specific to the site.
In terms of case studies, the Monsanto House is an important precedent example as it spans the
design process from start to end – from designing a prefabricated plastic house to on-site delivery
and fabrication.
The background research is followed by site-specific analysis. It is important to understand the
vernacular nature of the site and the housing requirements of the people. Soil and climatic
conditions give further input cues to developing and detailing the modules of the house. There are
certain geographical features of the site such as dry river beds, proximity to fault plates, scanty
rainfall etc. that result in specific earthquake behaviour and these have to be addressed as well.
The next section describes the methods and procedures of the plastic experiments and
summarizes the findings. It describes in detail, the method of developing the composite material
and the manner of using it in a built form. The manner in which one arrives at the built form is also
discussed.
The last part discusses the evaluation criteria as well as digital and physical methods used to test
the house. It summarizes the findings and also discusses future potential, further questions and
larger implications of the research.
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Chapter 2: Background Research
2.1 Plastics: Culture
In the early 1900’s plastics were heralded as a new wonder material, representing the potential of
technology and encasing the promise of futuristic living. An early marketing campaign of the
Bakelite Corporation produced a booklet illustrating pipe stems, necklaces, earrings, a candle
stand, shaving brush and other “art and jewelry applications” of plastic. It was seen as a material
intended for artistic expression and less as a strictly utilitarian material. It was in the years during
the First and Second World Wars that plastic found its way into the everyday use of home and
industry alike. At the home front, it was mainly appliances such as cameras, radios, toasters, table
clocks and smaller molded objects such as push buttons, bells, etc. At the industrial end, the early
Autographic Kodak camera with end panels of laminated Bakelite paper, Sears Silverstone Radio,
Belmont Radio Cabinet are some examples of the same (Meikle, 1995).The production of cellulose
acetate, the basic raw material of plastic, climbed from 3 million pounds in 1933 to 19 million
pounds in 1937. This led some journalists to abandon the phrase “The Machine Age” and proclaim
it to be the “The Plastic Age”.1
In the 1930’s the invention of new techniques such as compression molding and injection molding
led to an increase in the manufacture of plastic products. It also led to an increase in the number
of small scale fabricators providing custom plastic parts to private consumers and other small
scale industries that required plastic parts. In 1939, there were about a 170 registered custom
molders operating as small scale industries (Haynes, 1954).During the Second World War, plastics
were pressed into the manufacture of military products such as parachutes, aircraft components,
gun turrets, helmets, waterproof tents, and even parts of the atomic bomb. The government
poured in billions of dollars to develop manufacturing units that could produce synthetics. Also a
series of consolidations and takeovers led to the unification of the plastic industry, otherwise

1

For examples see “Approach of the ‘Plastic Age’ by Ellinor Hillyer, “The Literary Digest” 112 (January 2, 1932) Pg. 42,
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locked in a fierce competitive battle with each other. This unification brought about a sharp
increase in production which, post war, got directed to the manufacture of inexpensive consumer
goods. Plastics helped bring about a certain social stability because they were affordable and
could find a variety of uses. At the end of the war all these products found their way into the
American home. The post war era had led to an increase in disposable income and lifestyle
products such as TV’s, stereos, automobiles, the microwave oven, Tupperware bottles, etc. were
readily brought by the consumerist economy (Freinkel, 2011). It was in the 1950’s that the idea of
plastics as a mainstream building material was now being explored.

Image 2 ‐ An image of the early Bakelite advertising campaign, retrieved from
myamericantable.org
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2.2 Plastics: Architecture, 1950-1970

Plastic materials are fluid, shiny, industrialized, and by the very nature of their form and function
they have always seemed symbolic of modernity. In architecture, plastics were initially
incorporated in two different ways, one as standalone pieces of furniture – like chairs, cabinets,
lamps, etc. and second as paneling components - usually manufactured in sheet form like Formica
laminates and Plexiglass window panels.
One of the earliest houses exploring the concept of plastic in architecture and furniture was Alison
and Peter Smithson’s House of the Future, designed in 1956 (Faircloth, 2015). The chairs, especially
designed by the Smithson’s for this project took diverse biomorphic forms and were called
appropriately such as the “Petal”, “Saddle”, “Pogo” and “Egg”. The kitchen sink, the sunken bath,
the hand basins, and the shower cubicle were a Bakelite polyester and fiberglass molding. The
mattress and headrests were made from latex foam and covered with nylon. The House of the
Future was a veritable showcase of plastic and the showcase itself took its logic from plastic. The
exhibition catalogue describes the structure of the house “as a kind of skin structure with floors,
walls and ceilings as a continuous surface”. (Colomina, 2014)
From the 1950’s onwards there have been a number of projects and artifacts that have explored
the potential of plastic as a building material exploring its property to take on new forms. However,
without dwelling into a very deep historical narrative we will concern ourselves with specific
houses which directly influence or should be reviewed with regard to the thesis question. The
Monsanto House of the Future is an important project and in this regard it is covered in greater
detail later as a case study. Other houses are briefly described below;
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2.2.1 “All Plastic House”, Ionel Schein, Yves Magnant, and R A Coulon,1956.

Image 3 ‐ An image of the All Plastic House, retrieved from arqueologiadelfuturo.blogspot.com

The All Plastic House was described as “the first built” plastic house and was displayed in 1956 at
France’s annual Household Arts Exhibition. It was designed jointly by Ionel Schein, Yves Magnant,
and RA Coulon. The concept of the house was based on the organic growth of a snail’s shell,
growing outward from a central living space and comprising of a series of wedges. The planning
was advanced for its time and notable features of the house were its clip-on heating, moulded
sculptural doors, moulded- in equipment in the bedrooms and kitchen, the evolution of a true
structural skin and above all the idea of a bathroom core (Quarmby , 1974, p. 46) . The house was
expressed in bright colours chosen by a specially appointed color consultant Antoine Fasani.
(Faircloth, 2015, p. 199). Plastics donated their identity not only in terms of form and functionality
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but also as a material capable of expressing itself in a colorful grammar. This house, built in 1955,
is an important architectural landmark and merits a brief narrative as part of an overall discourse
on plastics in architecture. At the time of its building, fiberglass boat hulls were still unheard of and
as a consequence the fabricators faced many challenges that were unique to them. The early
panels were not fabricated to the corrected dimensions and required a great deal of manual
finishing to bring all the pieces together. Eventually, the house did come together and was
exhibited and dismounted fifteen times before finally finding its way to the grounds of
Charbonnages de France, the company that originally sponsored its production. (Quarmby , 1974,
p. 48)
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2.2.2 “Motel Cabin”, Ionel Schein, Yves Magnant, and R A Coulon,1956.

Image 4 ‐ An image of the motel cabin by Ionel Schein and Yves Magnant as seen in "Plastics and Architecture”, Quarmby, 1974

After developing the All Plastic House in 1950, Schein, Colon and Magnant also developed the
motel cabin. The modular motel is expressed in two doubly curved surfaces, a form unique to and
fully exploiting the potential of plastic. The idea that a shell typology is more representative of
plasticity had now found validation. Other concepts included ease of transportation - as an entire
unit that could fit in the back of a truck, easy multiplicity and modularity. Each of these criteria are
given due diligence in most Fiber Reinforced Plastic (FRP) housing units of the future and also
constitute an important part of the proposed housing system in Kutch. The cabin is an excellent
example in the development of a living capsule. Twin beds convert themselves to a couch and a
table and it also houses a very compact bathroom (Quarmby , 1974, p. 49).
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2.2.3 “Relay Room System” for British Railways, 1959, Arthur Quarmby with David
Appleby
In the year 1957, Arthur Quarmby and David
Appleby, working in the Architect’s Research
and Development section of the British Railway,
developed a Glass fiber Reinforced Plastic (GRP)
shell structure, intended to be used as Relay
Room. Relay rooms are signal monitoring
stations for railways.
This house is an important case study because
it maintained an overall rectangular form,
essentially breaking straight lines into smaller
folded curves. The rectangular geometry allows
for easy horizontal repetition of the units, in
addition to increasing the usability of internal
space. Moreover, the units could also be
stacked vertically and connected with an
external staircase, maximizing the yield of the
ground level foot-print. A total of three different
Image 5 ‐ An image of the British Relay Room by Ionel Schein
and Yves Magnant as seen in "Plastics and Architecture”,
Quarmby, 1974

kinds of shells were designed, each with a GRP
skin 1/8th inch thick and 3/4th inch core of

phenolic resin. The three types of shell panels were – (1) Corner panels at the fillet edge (2) Central
panels along the longer side (3) Central panels along the shorter side. The panels gently curved in
the middle and arched out as they met neighboring panels at the seam. The seams were
connected by steel bolts and the joints sealed with a type of polysulphide rubber sealant.
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A reduced number of panels and a simple overall geometry greatly increased the feasibility of the
house with regard to off-site construction, ease of manufacturing and transportation. Rectilinear
geometries also allowed for easy vernacular adaptability with regard to form and economical
division and use of interior spaces. The units underwent variations with time - while some were
tight and compact windowless units, other had smaller holes punched into them and were fitted
in with grilles, or rectilinear windows with a top hung transparent acrylic sheet. The house sat on
a concrete foundation.
The first structure was assembled at Thameshaven in Essex in 1961 and eventually over 300 such
units were produced and used as far as the Antarctic, making it the most successful GRP structure
to go into production (Quarmby , 1974, p. 52).Simplicity of form, structure and manufacturing thus
go a long way into ensuring its real world acceptability and success.
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2.2.4 The CARE/Winfield Bangladesh House

Image 6‐ The final prototype of the house, before testing, as seen in Fillers and Reinforcers of Plastics, 1974.

The CARE/Winfield Bangladesh house was jointly developed by the Cooperative Organization for
Relief Everywhere (CARE) and the Winfield Organization, in 1972. Previously, in 1970, rural housing
in Bangladesh, which was mostly located along the banks of the Ganges, had suffered extensive
damage from a cyclone, resulting in population displacement. In light of this event, CARE initiated
a program with Armand G Winfield, leader of the Winfield Corporation, to study the material
feasibility, design, prototype development and testing of a low cost, resilient housing unit, for this
region. (Faircloth, 2015, p. 251)
The criteria for this house were to be; (Winfield & Winfield, 1974)
1. The use of Jute, the main staple produce of Bangladesh, with a minimum of plastic
materials
2. Ethnic and social acceptability.
3. Use of self-help in construction.
4. High speed, on site production by unskilled or semi-skilled labour, in excess of 100 houses
completed per day.
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5. Cost under $300 for each 10ft x 20ft structure.
6. Ability to withstand cyclonic winds greater than 150 mph and other natural phenomena,
including monsoon flooding and land upheavals.

Image 7 ‐ Final composite sandwich for prototype structure, as
seen in Fillers and Reinforcers for Plastics, 1974

These criteria are very similar to the design criteria for my Earthquake Resilient Housing system,
except that these units were intended as rural settlements in a post disaster scenario, laying
emphasis on their simplicity and non-reliance on technology. In addition, manufacturing had to
be quick and inexpensive. As a result, formal variations and investigations in terms of folds or
complicated shell type geometries were avoided. The housing unit is strictly rectangular with a
pitched roof. The panels are flat minus any upheavals, folds or bends. An important gain from this
case study is that early estimations were made outlining the required minimum structural values
of the material. Initially jute, glass fiber and resin were tested to obtain a viable composite
material, however it was discovered that the presence of jute was not allowing the resin to be
absorbed sufficiently by the glass fibers. Subsequent laminates were built with only jute and resin.
In order to stiffen the in-between panels a corrugated jute panel was used as an infill material in
addition with a calcium carbonate filler that helped reduce resin absorption. The final composite
for the structure consisted of one layer of jute reinforced polyester for the inner skin, three layers
for the in-between corrugations and a two layer hybrid, one of a single layer of jute and one of
0.10” glass reinforced polyester. (Refer Image 7) A jute weave of 22 x 22 thread count, doubly
sheared and calendared was determined to be the most ideal in terms of its resin absorbing
properties. Shearing in fabrics is a process by which the fine surface fabrics are removed to give it
a smoother finish. Calendaring is a process in which the fabric is passed through hot rollers similar
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to ironing a fabric thus improving its texture and smoothness. It was predicted that the minimum
expected strength value for the material would have to approach; 18,000 psi flexural strength;
850,000 psi flexural modulus and 9000 psi tensile strength. These values will prove to be important
benchmark values, helping me to compare the mechanical properties my own composite
laminate with. A critical difference between the Care Winfield Bangladesh house and my proposed
housing system is the difference in the level of permanence, intended segment of the population
for which this house is built and also the cost of the house itself. The house was built and
transported to the Grumman Aerospace Corp, on the 7th of June, 1972. Two jet engine blasts,
delivering wind speeds over 230mph were targeted on the house. The external skin had buckled
slightly from the heat (200F) but relaxed after cooling. Although the prototype vibrated from the
force, it did not move or disintegrate. The foundation held and the house was left intact with only
minor damage on its glass fiber reinforced polyester skin surface. (Winfield & Winfield, 1974)

Image 8 ‐ The Final Prototype at Grumman Aerospace, as seen in Fillers and Reinforcers for Plastics, 1974
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2.2.5 Monsanto House – Detailed Case Study
The Monsanto House of the Future (also known as the Home of the Future) was an attraction at Disneyland
in Anaheim, California, USA, from 1957 to 1967. It was part of Disney's Tomorrowland and was sponsored
by the Monsanto Chemical Company. The design and engineering of the house was performed jointly by
Monsanto, Massachusetts Institute of Technology, and Walt Disney Imagineering. The MIT faculty members
were architects Richard Hamilton and Marvin Goody, and building engineer Albert G. H. Dietz. The fiberglass
components of the house were manufactured by the Winner Manufacturing Company in Trenton, New
Jersey, and were assembled into the house on-site. The house saw over 435,000 visitors within the first six
weeks of opening, and ultimately saw over 20 million visitors before being closed in 1967. The building was
so sturdy that when demolition crews failed to demolish the house using wrecking balls, torches, chainsaws
and jackhammers, the building was ultimately demolished by using choker chains to crush it into smaller
parts. The reinforced polyester structure was so strong that the half-inch steel bolts used to mount it to its
foundation broke before the structure itself did.
(Wikipedia, https://en.wikipedia.org/wiki/Monsanto_House_of_the_Future).

Image 9 ‐ Image of the Monsanto House., as retrieved from the Monsanto House.
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Prior to the Monsanto House and after it, numerous other all-plastic houses had been constructed. The AllPlastic House by Yves Magnant, the British Relay Room by Arthur Quarmby, etc. are all examples of plastic
houses. Yet, the Monsanto House stands out as a cultural and industrial icon, defining the potential of
plastics and the era of the American 60’s.The Monsanto Chemical Company aspired to enter the lucrative
building materials market. By then, it had already established itself as a market leader in the manufacture
of industrial polymers, solvents, gunpowder and a host of other chemicals and was seeking to capitalize on
its existing manufacturing capacity of resins by proposing a new kind of building material. Plastics had
already found their way into mainstream items such as toasters, microwave ovens and television sets. This
allowed the identity of plastics to be inextricably linked to the idea of a post-war, abundant, democratic
society. In the backdrop of this economic and social renaissance, the Monsanto House was heralded as the
home of the future, representing an ideal of a futuristic, convenient, all plastic living. California was already
beginning to establish itself as a pioneer state, breaking new technological, cultural and social ground. The
Monsanto House was displayed at Anaheim California and its growing popularity was also due to the
aggressive marketing campaign sponsored by the Monsanto Chemical Company. The house merits a
careful case study because it incorporates numerous key technological breakthroughs and social concepts.
(Monsanto Chemical Company, 1957)

Image ‐ 10 ‐ Image of the 4 C sections, cantilevering from the Monsanto House, corbis.com
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The house consisted of four C-shaped glass fiber reinforced (GRP) wings that emerged out from a central
concrete square core. Each wing in plan was 16 feet long and 16 feet wide, same as the dimensions of the
central core. This entire configuration was lifted four feet off the ground, allowing the landscape to flow
under it freely. All services to the house, such as plumbing lines, electrical conduits and heating and cooling
systems, emerged from the central core. Because of this, the kitchen and the bathroom are located directly
above the central core of the house.
Four wings surround this core – two wings act as bedrooms, another acts like the living while the fourth one
is a dining and pantry room. Arrows in the plan indicate that the kitchen affords a view to the common
areas, including the dining, living and outdoor patio. Spaces are economical and functional, the children’s
bedroom for example is further divided into a ‘his and her’ space by means of a plastic partition. The kitchen
included space saving modern appliances such as an under counter dishwasher and oven and stow away
crockery cabinets. Variations of this plan, for a larger unit, were also proposed. In those proposals, two
central cores were now available, the kitchen was expanded with a larger counter and pantry and two full
size bathrooms were proposed, in addition to two more bedrooms. Specially designed foam and plastic
furniture further increased the utility of spaces.

Image 11 ‐ Plan of the Monsanto House. Retrieved from daveland.com
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The House itself was an engineering feat, and deserves careful attention and understanding. From the
beginning, MIT engineers Albert Dietz and Marvin Goody felt that a curved shell typology would be more
representative of the material characteristic and potential of plastic. The All-Plastic House by Yves Magnant,
employed curves in the x and y axis. (Meikle, 1995, p. 207)The British Relay room, employed curves in the zaxis albeit the panel sizes were fairly small. The form of the Monsanto House was a deliberate breakaway
from the traditionally known housing typologies and it was conceived as a fairly large and spacious
cruciform shell structure.

Material – The Monsanto House uses GRP sandwich shells with an isocyanate foam core as the primary
material. In addition to this, it uses a resin impregnated honeycomb core as the floor of the shell. It also
incorporates the use of conventional building materials such as steel connectors, steel tension ties, glue
laminated wood beams and concrete.

Structure – It integrates the skin and the structure to behave as one large monocoque component with the
aid of tension ties – an idea borrowed from the ship building and aircraft manufacturing industries.

Form – The arched shell form greatly improves seismic building performance and effective stiffness of the
material. Vaulted geometries perform very well under compressive loads and the tension ties at the roof
improve tensile performance. In addition to the tension, the roof is also capped by a hyperbolic paraboloid.

Production Technique – The House of the Future positioned itself to plug-in the anticipated increase in
demand for housing, created by the post-war population surge. Hence, it embraced ideologies of industrial
mass production such as off-site manufacturing, flat – bed delivery and quick on-site assembly. An early
sketch elucidates this approach – the individual shell panels can be stacked on top of each other occupying
allowing for economical shipping.

Social Implication – The cruciform plan of the house was intended to reflect the growing and altering needs
of the American population. Rooms could be added as required to accommodate a large family and when
kids left for college, those additions could be removed or altered for a new program. The two nonstructural
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sides of the shell facade could easily be customized to reflect the identity of the user, permitting a fair
degree of personal do-it-yourself intervention.

All of the above factors are consistent with the requirements of the earthquake resilient housing for Kutch
and this validates the selection of the Monsanto House as the primary case-study.

Image 12 ‐ Sectional Construction Detail of the Monsanto House, retrieved from davelandweb.com
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Construction Methodology and Structure of the House.

As mentioned earlier, the house consists of four U-shaped wings cantilevering out from the center. Each
wing is further broken down into two L shaped bends – an upper half and a lower half. Each bend is 16’
long, 16’ wide and 4’ tall. Each L shaped unit is further divided into two L-shaped shells 8’ wide, 16’ long and
4’ tall. Each wing is thus effectively composed of 4 such individual panels and the house is composed of 16
such panels.

Two panels attach themselves along their sides by means of a polymer glue, and steel bolts to form the
lower half of the U, which is attached to the concrete core. The upper half of the U, which is connected by
steel tension ties, attaches to the lower half by means of vertical pins. The U shaped panel is connected to
the center by using a steel angle plates and bolted connections as shown.

The base of the floor shell is reinforced by a GRP rib structure. The ribs help maintain the profile of the form
under longitudinal compressive loads. The floor of the shell is flat sandwich panel. The outer layer is GRP
skin, inner layer is a honeycomb panel, followed again by a GRP skin to contribute a total thickness of 4.5”.
Essentially it behaves like a monocoque box girder, similar to that of a boat hull. The floor of the central
portion, above the concrete foundation has a similar structure.

The roof section is similar to the floor section except that the horizontal ceiling panel is three and a half
inches thick. Tension ties connect the four members of the roof together. A hyperbolic paraboloid roof sits
in the center. This roof is supported by glue laminated wood beams. The beams themselves are supported
by 4 slender reinforced plastic columns which go all the way to the foundation. A steel perimeter beam
rests atop this foundation. One additional beam runs in the center.

The house was also painted over in a glossy white paint to impart the futuristic appeal.
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Image 14 ‐ Isometric View of the Construction Details of the House – retrieved from davelandweb.com

Image 13 ‐ Section of the House, retrieved from davelandweb.com
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Nature of Joints

Between the upper and the lower halves of the U, a pinned joint was finalized to be the ideal
solution. An overlapping connection is employed at the juncture of the roof to the central area,
but here the connection is made across the laminated wood perimeter beams so that loads are
mostly transmitted to the upper central sandwich instead of transmitting them onto the wooden
beam. Webs of floors and roof bents are bent to form flanges and are bolted to steel members
resting on pockets in the concrete wall, or are bolted to the laminated wood perimeter beams.
(Monsanto Chemical Company, 1957)

Image 15 ‐ Image 15 ‐ Connection of floor sandwiches to foundation wall by means of anchor bolts and channel. Connection of
Roof and Ceiling to Perimeter Beams. Taken from the report of the Monsanto Chemical Company
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2.3 Plastics: Architecture, 2000 onwards.
Experimental plastic housing seemed to have peaked in the decade from 1960 – 1970 and from
1973 onwards there was a sudden loss of interest in investigating the potential of plastic as a
building material. This is explained by two reasons. One was a growing concern regarding the
flammability and the safety of using plastics as a self-extinguishable contiguous building material.
The performance of plastics in ASTM tests, as isolated strips was found to be different as compared
to its actual performance in buildings, when faced with a real world fire. This discrepancy between
the test results and the actual in-situ performance of plastics, led to a lawsuit, in which the US
Federal Trade Commission sued 26 plastic manufactures, ASTM and the Society of Plastics
Industry. Eventually, as an outcome of the lawsuit, a notice was required to be published in leading
trade journals clarifying this discrepancy and making it clear that the classification of plastics as
‘self – extinguishable’ is clearly misleading. At the same time, in the year 1973, the Organization of
Petroleum Exporting Countries (OPEC), announced cutting back oil production and immediately
hiking prices as part of a political retribution. Hydrocarbons obtained from the petroleums,
formed the major source of raw material for the plastic industry. It became increasingly difficult to
source inexpensive resin from large companies like DuPont, Dow Chemicals and Union Carbide that
manufactured monomers and who were now forced to watch their allocations closely. These two
events thus crippled the research on plastic, one event pronounced this material as ambiguous
and hard to use, while the other event, made the material more expensive and part of a larger
geopolitical controversy, changing the perception of society towards plastics (Faircloth, 2015, p.
267).
This interest in plastics, found a revival, in the early 2000’s. However, the quest was no longer to
create another “All Plastics House”. Plastics were now employed in three distinct ways; as building
envelopes, as structure or skin and as materials that allow advanced architectural expression.
These methods and techniques are very advanced, expensive and rely heavily on computation
and advanced knowledge – making most of them unsuitable for a rural application. Hence, a very
brief overview is provided for the benefit of providing a complete literature review.
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(1) As a building envelope;
In the form of high performance facade materials, for a specific purpose, such as energy efficiency,
solar gain or data visualization. They are responsive and behave in a specific way to external
stimuli such as light, heat, precipitation, solar heat gain etc. The environmental stimuli actuate
certain chemicals and the materials respond by providing a desirable output. For example
thermochromic films change their color when light falls on them, hydrogels inflate in high
humidity absorbing the moisture from the surroundings, polymethylacrylate sheets trap heat
between layers, photovoltaic polymer films trap energy and many such types of applications.

Image 16 ‐ The Media‐ICT building in Barcelona which uses a temperature‐controlling ETFE skin that inflates and deflates to
regulate the interior climate. Retrieved from inhabitat.com
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(2) For architectural expression;
The availability of advanced software and hardware tools have made manipulating and
manufacturing plastic geometries easier. As a material, plastics also allow for the architectural
expression of fluidity or the manifestation of plasticity. Hence, plastics are employed as building
materials to manifest curvilinear, NURB geometries. Polyurethane foams are relatively inexpensive
to manufacture and easy to form into intricate shapes using the CNC machine. This also allows
one to make inexpensive molds which can then be used for vacuum forming or thermosetting
plastics into a variety shapes. This in turn allows the articulation of complex, bulbous geometry
and previously unexplored sinuous forms. Here, the workability of plastics is leveraged to create
an intricate or innovative architectural piece.

Image 17 ‐ The mobile pavilion for Chanel in London, by Zaha Hadid Architects.
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(3) As structure / skin – robotic weaving, pneumatic inflatable structures, shape memory alloys,
Fiber Reinforced Polymer skins and many more.
Robotic fabrication and the development of advanced fibers such as carbons fibers, aramid fibers,
Kevlar, etc. allows on to use polymers to develop lightweight building structures of extraordinary
strength. In most of these processes a combination of resins, polymers or polymers mixes are
deposited using carefully scripted and controlled tools such as robots or 3D printers with the
ability to print different matrix materials. Such techniques rely heavily on technology and require
intensive training and understanding and although mass customization is a promise of
technology, it is still very expensive for developing economies. A few images provide indicative
examples of the nature of work carried out in the MIT Media Lab and the ICDTKE. The work is state
of the art, however, for the purpose of my thesis, it has little direct implication, although it is
undoubtedly an advancement in polymer and composite technologies.

Image 18 ‐ The 2012 ICD/IDTKE pavilion by Achim Menges in Sttutgart. Retrieved from achimmenges.net

26

Chapter 3 – Manufacturing Plastics
Bakelite was the one of the earliest thermosetting polymers and is considered to be one of the first
synthetic plastics. It was synthesized by an American chemist, Baekeland and was patented in
1907. Prior to Bakelite, Celluloid, derived from nitrocellulose and camphor, was an early derivative
of a hydrocarbon material. At the time of its development, Baekeland predicted a thousand
possible uses of plastic and famously, the infinity sign became the logo of the General Bakelite
Company (Meikle, 1995). Since then, numerous different types of plastics were manufactured and
employed, especially during WWI and WWII. Most of the plastics used in construction today were
already invented by the 1940’s and these include, for example, polyvinylchloride (PVC),
plymethylacrylate (PMMA), polystyrene (PS), polyethylene (PE), polyurethane (PUR) and
polytetrafluorethylene (PTFE). (Engelsmann, Spalding, & Peters, 2010, p. 9)
Hydrocarbons are the basic building units of plastics. Hydrocarbon units are abundantly found in
nature - in plant cellulose, wood fibers and naturally occurring fossil fuels such as coal, petroleum
etc. A single hydrocarbon unit is called a monomer. When a series of monomer units get linked
together they are referred to as polymers and the process is known as polymerization (Harper &
Petrie, Plastic Materials and Processes : A Concise Encylopedia, 2003). Polymerization occurs on
account of a reactive agent under specific temperature-pressure conditions. Depending on the
degree and complexity of cross linking between the individual monomer units plastics are
classified are classified into four distinct categories. They are – Thermoplastics, Elastomers,
Thermoplastic Elastomers and Thermosets. Each category varies with respect to its workability,
strength, heat distortion and formability and often times it is hard to precisely classify a plastic into
one of these sub-categories. (Harper, Handbook of Plastic technologies: The Complete Guide to
Properties and Performance, 2006)
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3.1 Thermoplastics

Thermoplastics are uncross linked and consist of polymer chains that can be linear or branched.
They are heat deformable and can be heated and reformed numerous times, however they are
prone to stress cracking and may be either opaque or transparent. Common examples include
PMMA, Polystyrene and PVC.
Manufacturing Techniques;
 Injection Molding
 Sandwich Injection Molding
 Extrusion
 Calendaring
 Compression Molding
 Casting
 Foaming
 Direct Digital Fabrication

3.2 Elastomers

Elastomers exhibit a three dimensional amorphous structure with slight cross linking that cannot
be loosened through heat without the material decomposing. Hence they cannot be heat
deformed, melted or welded. EPDM and the large number of rubber materials are examples of
elastomeric plastics.
Manufacturing Techniques;


Extrusion



Calendaring
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3.3 Thermosets

Thermosets have a tightly cross linked amorphous nature and are generally manufactured from
two liquid components that react chemically and harden to take the desired form. Thermosets are
hard and brittle and hence mostly always reinforced with specific kinds of fabrics. Epoxy and
polyester resins are common examples of thermosets.
Manufacturing Techniques;







Hand Lamination
Compression Molding
Injection Molding
Filament Winding
Braiding
Pultrusion

3.4 Thermoplastic Elastomers

Thermoplastic elastomers combine the elastic properties of elastomers with the workability of
thermoplastics, common examples include TPS made of styrene block and styrene butadiene
block.
Manufacturing Techniques;




Polymerisation
Polyaddition
Polycondensation
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Chapter 4 – Monocoque Construction

Monocoque is a structural approach whereby loads are supported through an objects external
skin similar to an egg shell. (Wikipedia). The term mono means single and the word monocoque
literally means single shell. A monocoque works by uniformly distributing and transferring the
loads through the entire skin surface, thereby avoiding concentration of stresses on a singular
joint. Since the entire system behaves like one cohesive unit, this greatly improves the strength
and structural performance of the system.
In most conventional systems of engineering, structure and skin are two separate entities. In
monocoque construction this dual system is fused into one.
In engineering design the term monocoque is commonly used to describe two kinds of
phenomena;
1. Monocoque as structural behaviour – When individual parts of a system are joined together
by means of continuous mechanical fastening, continuous welding, or continuous
adhesive bonding, so that the system as a whole behaves like a singular rigid space frame,
such a system is said to (only) behave like a monocoque. Such systems are not ‘true’
monocoque but semi-monocoque. They are assembled together from numerous different
parts and it is only on account of advanced joining technologies that they behave like a
unified single piece. ( i.e. monocoque only in behaviour not construction method)

2. Monocoque as manufacturing technique – When a structural system is developed in a
manner by which it is completely devoid of joints, mechanical fastening, or bonding, such
a system is said to be a ‘true’ monocoque. It not only behaves like a single piece but was
also manufactured using singular manufacturing techniques. (i.e. monocoque in behaviour
and construction method)
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The following examples will illustrate the differences and combinations of methods used in the
development of monocoque and semi-monocoque systems.

4.1 Conventional Frame + Skin
One of the earliest concepts of structural design is the ‘body on frame’ or the ‘body on chassis
concept’. In the use of this method, the skin of the body sits on top of a load bearing frame which
carries the primary stresses of the system. The frame consists of individual tubular sections that
are joined together by means of mechanical fastening and spot welding. (European Alumium
Association, 2013).The frame is usually constructed from tubular cross sections of steel or
aluminum while the skin is a lightweight aluminum sheet bent to shape. Most conventional
buildings are also designed along similar principles.

Image 19 ‐ The Body on Frame concept as seen in the Chevrolet Corvette C3, 1960. From the Aluminum Automotive
Manual,2012.
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4.2 Semi Monocoque Frame + Skin
In the next iteration of the above method, parts of the skin are now integrated into the frame or chassis
to create a semi-monocoque frame also known as a unibody. The frame itself consists of fewer
individual parts and the use of advanced technologies such as continuous laser welding,
hydroforming2 and self-piercing rivets3 increases the overall rigidity of the frame, bringing its behaviour
closer to that of a true monocoque system. Partial integration of the skin into the frame leads to an
increase in the number of stiffening panels and also allows for more surface area contact for
continuous adhesion or welding. Joining technologies play a very important role in the manufacture

of semi monocoque unibody systems.

Image 20 ‐ Self‐ pierce rivets (top left) and continuous welded joints (top right) used in the manufacture of the
semi‐monocoque Jaguar XJK, 2006 (bottom). Source www.jaguar.com

2

Hydroforming is a technique in which a high pressure hydraulic fluid is used to die cast sheet metal at room
temperature. https://en.wikipedia.org/wiki/Hydroforming
3
http://www.twi‐global.com/technical‐knowledge/faqs/process‐faqs/faq‐what‐is‐self‐piercing‐riveting‐and‐how‐
does‐it‐work/
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4.3 True Monocoque integration of Skin and Frame
A further advancement of the above step is completely integrating the skin and the structure to
develop a ‘true’ monocoque system that is entirely devoid of any kinds of joints or joining
mechanisms and behaves like a singular unit. The manufacturing of such components involves
the use of high strength fabrics such as carbon fibers, aramid fibers or glass fibers. The fabrics are
held together by an epoxy resin and cured under varying conditions of temperature and pressure.
Depending on the structural requirements, size and complexity of the final form different
manufacturing techniques are used such as robotic braiding, vacuum bagging, resin transfer
molding etc.
Image 21 ‐ The all carbon fiber body
of the McLaren Formula One racing
car, 2001. Source ‐
www.maclaren.com

Image 22 ‐ The all carbon fiber fuselage of the 2001 Hawker Beechcraft. Source ‐ www.beechcraft.com.
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4.4 Combining large individual monocoque pieces to create an even larger semimonocoque system.
In the case of complex and large machines such as airplanes, different parts are manufactured as
‘true’ monocoque pieces and these parts are then connected together to form an overall semimonocoque system. Since the number of joints are greatly reduced the overall rigidity of the
structure increases and its behaviour is closer to that of a true monocoque. Also, in the case of
airplanes, the requirements of stiffness, flexibility, temperature and pressure bearing capacity of
different parts such as the fuselage, tail piece, wings and nose vary. Hence, different composite
materials and manufacturing techniques are used to fabricate these parts which are then
assembled together by the use of advanced epoxy adhesives.

Image 23 ‐ The Boeing 787 is assembled from 10‐15 individual parts, in a span of 3 days. Image taken from
David Costanzo – 100 % Petroleum House, M.Arch Thesis, 2012.
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4.5 Considerations of monocoque development
There are three main constraints in the development of systems that are manufactured and
behave as true monocoque. They are;
1. Size of the part or component.
2. Method of transporting the said component from the place of manufacturing to the place
of use.
3. Cost of the manufacturing technology.
4. The structural requirements of different parts or in other words the function of the
component.
5. The form or shape of the component.
6. Cost.

All of the above factors need to be considered simultaneously when developing a monocoque
system, because they are interdependent. For instance, the choice of selecting a manufacturing
technique is influence by cost considerations, size of the component, nature of the fiber and shape
of the part. The size of the component in turn also depends on the method and cost of
transportation, the limitations of the manufacturing technique and the function of the
component.
For instance, the aerospace industry can afford to manufacture large parts at the same facility
using expensive technologies, have them assembled together and fly the assembled airplane to
site. For example, Boeing has developed a 2.5 million sq.ft Composite Wing Center in Washington
to manufacture the 235ft long wings of its new 777x airplane. Since the company is able to invest
in and recover the high costs, the use of such techniques are warranted.
On the other hand, when constructing the Monsanto House or the Relay Room, given the
constraints of transportation and cost, the hand layup technique was the most viable method to
manufacture individual parts of the house.
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Thus, all of the above factors need to be considered simultaneously, for monocoque development

Image 24 ‐ The 2.5 million, Composite Wing Center, developed by Boeing at Everett Washington. It will manufacture composite
wings of the Boeing 777x upto 235 feet long in span. Courtesy – www.boeing.com
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Image 25 ‐ A 20 foot long Robotic arm on a track, at the Composite Manufacturing Center at NASA
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Chapter 5 – Earthquakes
5.1 Geological and Technical Aspects of Earthquakes
An earthquake (also known as a quake, tremor or temblor) is the perceptible shaking of the surface
of the Earth, resulting from the sudden release of energy in the Earth's crust that creates seismic
waves (Wikipedia). An earthquake is what happens when two blocks of the earth suddenly slip past
one another. The surface where they slip is called the fault or fault plane. The location below the
earth’s surface where the earthquake starts is called the hypocenter, and the location directly
above it on the surface of the earth is called the epicenter (United States Geological Survey).

There are a number of tectonic plates below the Earth’s surface. There are 52 important tectonic
plates (United States Geological Survey) of which there are 14 major ones and 7 plates that are the
largest and most important ones. Earthquakes occur when tectonic plates below the earth’s
surface collide into one another driven by the force of convection currents that travel from the
outer lithosphere to the inner most asthenosphere.

Image 26 ‐ Tectonic plate boundaries, retrieved from Wikipedia.
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5.1.1 Plate Boundary Type
The edge of the tectonic plate is referred to as the plate boundary and these plate boundaries are
of three types – divergent boundaries, convergent boundaries and transform boundaries. (Gioncu
& Mazzolani, 2011)
(1) Divergent boundaries are when two plates move away from each other and the
resulting gap is filled in by the ascension of molten lava.
(2) Convergent boundaries are when two plates move towards each other in the front or
in contrary directions
(3) Transform boundaries are when two plates move side by side along the same fault with
different velocities or in opposite directions.

It is along these plate boundaries, with jagged edges, that faults are created. In geology, a fault is
a planar fracture or discontinuity in a volume of rock, across which there has been significant
displacement as a result of rock mass movement (Wikpedia).These faults cause three different
kinds of earthquakes, which are characterized by three different kind of ground movements. The
three different kinds of earthquakes, depending on where (which part of the slab) they occur are,
(1) Crustal Interplate Earthquakes.
(2) Crustal Intraplate Earthquakes.
(3) Intraslab Earthquakes.

(1)

Crustal Interplate Earthquakes are produced along the tectonic convergent plate
boundaries, where a fault exists due to previous plate movements. Along the fault, shear
friction forces between the two plates equilibrate the gigantic tectonic plate forces. In other
words, when the force of the moving blocks finally overcomes the friction of the jagged
edges of the fault and it unsticks, all that stored up energy is released. The energy radiates
outward from the fault in all directions in the form of seismic waves like ripples on a pond.
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The seismic waves shake the earth as they move through it, and when the waves reach the
earth’s surface, they shake the ground and anything on it. (United States Geological Survey)
(2)

Crustal Intraplate Earthquakes are produced in the interior crust of the tectonic plate, far
from the plate boundaries, in the diffuse zones. In this case the ground movements are
caused by a previous rupture, or by a new one, due to the reaching of the rock bearing
capacity (Gioncu and Mazzolani, 2011). In other words, the bearing capacity of the earth in
the anterior gives way, before the earth at the edges, and this stored energy is released in
the form of earth waves.

(3)

Intraslab Earthquake, affected by thermal phenomena, the earthquake occurs in slab
(subducted oceanic plate), at shallow or deep depth. It is situated in a slab, in a zone under
the Earth’s crust, where the solid rock begins to be transformed into molten lava, due to the
high temperatures and pressures. Therefore, very special features, characterize this source
type. (Gioncu and Mazzolani, 2011).

5.1.2 Fault Type
The above three earthquake types lead to three distinct types of faults.
(1) Subduction or normal fault
(2) Thrust fault
(3) Strike-slip fault.
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1. Subduction of normal fault is when one plate boundary collides and descends beneath
another plate boundary. For example, typically the oceanic plate will collide and slip beneath
the continental plate.
2. Thrust fault is one when the two colliding plates cause an upliftment or an upward movement
of the ground. For example, when the Indian plate collides with the Tibetan plate, the upward
thrust leads to the formation of young fold mountains called the Himalayas.
3. Strike Slip fault is a kind of fault in which two tectonic plates slide and grind against each other
along a transform fault. For example, the San Francisco earthquake of 1989 which occurred
along the San Andreas Fault is a type of strike slip earthquake. (Doglioni, 2002)
The above text was an introductory overview of the key textbook definitions and concepts in
seismology. There are a few more concepts that need to be covered prior to explaining the
strategies used on site for the building.
5.2 Earthquakes and Ground Motion
Ground motions are the major cause of damage during an earthquake. The dynamic response of
buildings to ground motions is the most important cause of earthquake-induced damage. (Gioncu
Image 27 ‐ Divergent, Convergent and Transform Faults, retrieved from www.age‐of‐the‐sage.org

& Mazzolani, 2011). Other important factors include soil and sub-soil conditions, surrounding
geography or building types, wave propagation and obviously the earthquake resistance of the
structure itself. The impact of these factors is discussed in a later chapter as these are more specific
to site. Of all the factors, predicting ground motion is the most challenging task, while designing
earthquake resistant buildings. Conceptually it should be done by considering all possible ground
motions which can occur in a given site and can drive the structure to a critical response during its
service life (Anderson & Bertero, 1987). Factors influencing ground motion include source,
travelled path, site conditions and wave types.
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From the source of the earthquake to the site, various geographical features affect the propagation
of seismic waves. Hills, valleys, rocky deposits, soft soil sediments, water bodies, surrounding
buildings, urban density, all contribute to amplifying or dissipating the wave intensity. The waves
travel though the ground surface or along the surface of the earth hence they are classified into
two wave types namely (1) Body Waves and (2) Surface Waves.
The Body Waves are of two types P waves and S waves. The P waves push and pull the rock along
the direction of propagation compressing and dilating as the move forward whereas the S waves
cause the rocks to move side to side or up and down perpendicular to the direction of propagation.
The Body waves travel with greater velocity and higher amplitude as compared to the Surface
waves. (Gioncu & Mazzolani, 2011)
The Surface waves are of two types L and R. They are shallower and slower, however, they are
usually the primary cause of destruction. (Kulhanek, 1990).

5.3 Ground Motion and Structures

When ground waves reach a building, depending on the size, weight, structural system, wave
intensity, site conditions, etc. different kinetic mechanisms are induced in the structural system.
Depending on the building materials and the structural mechanism, buildings may either
withstand the wave impact or collapse due to different kinds of failure mechanisms. The failure
can be caused due to buckling, fracturing, inelastic deformation, lack of plastic hinges, inter-storey
drift, foundation slippage or any one of the many causes of building failure.
The response mechanism of different parts of the building to this external wave motion, predicts
the overall resilience of the building. The techniques and strategies differ depending upon the type
of construction material and the structural system in place.
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5.3.1 Foundation Response.

The general causes of shallow foundation failure are as follows. (Pappin, 2002). We are using a
shallow foundation type (raft foundation) and hence the causes of failure of deep foundations such
as pile foundations are not discussed.

1. Horizontal sliding failure occurs when the lateral load exceeds the lateral capacity of the
foundation. In this case the foundation slips in the horizontal axis. In shallow raft or spread
foundations this does not cause a serious problem however in pile foundations this can
lead to the breaking of pile caps.
2. Overturning is a result of the differential seismic waves hitting the foundation at different
intervals together with the presence of soft soils. Essentially, a torque like motion is
produced in the building foundation resulting in foundational overturning.
3. Shear failure occurs when the shear stresses along the sliding surface overcome the shear
strength of the soil effectively producing a slip mechanism. This is a more specific instance
of a horizontal slip.
Image 28 ‐ Foundation Failure (a) Horizontal Sliding Failure (b) Shear Failure (c) Overturning from Gioncu and Mazzolani
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5.3.2 Structural Response

Ground motions produce a series of forced oscillations in the building. These oscillations are a
function of acceleration, velocity and displacement and are amplified on account of wave
resonance. Wave resonance is described as the phenomena in which the frequency of ground
waves matches the natural oscillation frequency of the structure. In such a scenario, the impact of
the ground waves on the structure is amplified producing large scale swaying and leading to major
damage in the building. It is therefore important to incorporate measures which help break the
synchronization of wave frequencies between the structure and the ground

Depending on the kind of materials and the structural system employed, the height of the building
and the intensity of ground motions, different structural response mechanisms are produced in
the building. These response mechanisms are essentially descriptions of the structural behaviour
with respect to time. They are classified into four main types as follows. Each mechanism
corresponds to an overall mechanical property that comes into play, when a particular kind of
structural behaviour is exhibited. (Gioncu & Mazzolani, 2011)

Image 29 ‐ Wave frequency resonance with the building, after Gioncu and Mazzolani

1. Stiffness – Usually the structure behaves in elastic range until the first yielding point (or

plastic hinge) is formed and both the structure and non-structural elements remain with
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or without minor damage. Stiffness is the ability of the structure to resist displacement
(Gioncu and Mazzolani, 2003, p.314). The property of stiffness comes into play when
designing houses for low seismic activity or when aiming to avoid large scale interstorey
drift. Behaviour within elastic range implies that the structure will regain its original form
when the external stress is removed.

2. Strength – When the structure is subjected to loads that overcome the elastic limit, a

number of plastic hinges form, taking advantage of the property of structural redundancy.
The nonstructural elements will be partially or totally damaged. Strength is the property of
the structure to resist forces. (Gioncu and Mazzolani, 2003, p.314). Structural redundancy
implies the absence of any one primary or critical structural unit. If the singular piece fails,
it leads to the collapse of the overall structure and in most buildings such structural
strategies are avoided. In a redundant system all the components participate in carrying
the load and system failure corresponds to the failure of all active components (Bertero &
Bertero, 1999).The formation of plastic hinges leads to permanent, partial deformation of
the structure and it will not regain its original form. Thus, plastic, in this context, refers to
the property of inelasticity.

3. Ductility – After the formation of sufficient plastic hinges the structure is transformed into

a plastic mechanism (Gioncu and Mazzolani, 2003, p.315). This means that it will no longer
retain its original form and the extent of maximum possible deformation prior to
permanent buckling or collapse depends on the inelastic range of the material. It also
depends on the material used in the member and the ductility of the joint, for example
using steel bolted plate connections in a steel structure amplifies overall ductile behaviour
of the system. Hence, ductility is always considered at a local level and also a global level.
Slender members tend to buckle under plastic deformation, it is therefore important to
carefully design parts expected to bear compression loads. This property is also referred
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to as rotational capacity and acquires added importance in regions of high seismicity. The
form of the plastic members also plays a great role in allowing or disallowing rotational
movement or buckling.

4. Robustness – The attainment of maximum lateral load means the beginning of structural
collapse. There are two collapse types, depending on the structural robustness: brittle
collapse or ductile collapse. The main design target is to obtain a structure with ductile
collapse since brittle failures are quite sudden and catastrophic. A structure is said to be
robust if it can withstand maximum damage and still stand up permitting repairs at a
reasonable expense. (Gioncu and Mazzolani, 2003, p.315) .Robustness is the quality of a
system of being able to withstand sometimes unpredictable variations of the designed
forces with minimal damage, alteration or loss of functionality (Wikipedia).

Image 30 ‐ The mechanism of structural response (a) Strength ‐ Loss of rigidity (b) Ductility ‐ the beginning of plastic hinge
formation (c) Robustness – The attainment of maximum lateral load
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5.4 Strategies for developing earthquake resilient structures

This section will cover the existing provisions, concepts and mechanisms in seismic engineering
for developing earthquake resilient buildings.

Depending on the building type, size of the building, foundation type and the material used
various engineering methods exist to improve the seismic behaviour of buildings. A detailed
description and evaluation of each approach is outside the scope of this thesis and different
techniques are simply enumerated and listed to provide an overview. Only if a particular system is
incorporated in the proposed building type, is a more detailed description provided.

5.4.1 Foundation Strategies

In seismic engineering a raft or a mat foundation is the most commonly adopted practice for
countering the effects of liquefaction and this foundation type has been adopted in the proposed
housing unit. Since liquefaction is the biggest problem for foundations on site, a raft foundation is
the ideal counter measure (http://geomaps.wr.usgs.gov/sfgeo/liquefaction/what_can.html).
Hence, strategies only specific to raft foundations are discussed here.

In a raft/mat foundation, the footing, which would normally just cover the base of the column, now
forms a continuous ‘mat’ which spreads across the entire building footprint. The mat foundation
is also called a raft foundation as the entire sub-structure acts as a singular unified unit allowing it
to effectively “float” over the fluidic soil. The heavy loads of the columns and walls are spread
uniformly over a large surface area, avoiding point loads and reducing the risk of settling and
overturning. The behaviour of mat foundations is influenced by the condition of contact between
the foundation and the soil beneath. As tensile stresses are excluded by the manner of reinforcing
bars, this allows for a partial or full uplift of the structure. In other words the idea is to avoid hogging
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or sagging of the base slab and allow for uniform up thrust or downward movement in a condition
of partial contact (Savidis R. , 1979).

In certain cases, raft and pile foundations are combined together to give a raft-pile hybrid also
known as a deep raft foundation. Deep raft foundations are generally proposed for high rise or
taller structures and have proved to be successful in places like Tokyo, Japan (Hamda & Shigeno,
2013). Pile foundations alone are known to fail in regions of high seismic activity and this failure is
mainly caused by two reasons. (Bhattacharya & Bolton, 2004). In the first case, liquefaction leads
to large lateral displacement and the soil pushes the pile laterally, causing bending failure in the
pile. In the second case, the pile pushes the soil and fails due to pile buckling. This is the case
mostly in slender precast piles. During earthquakes in areas of liquefaction, the soil surrounding
the pile loses its effective strength and it can no longer offer sufficient support to the pile which
now acts as an unsupported column prone to axial instability (Gionccu and Mazzaloni, 2003).
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5.4.2 Superstructure Strategies - Masonry Construction

There are two masonry construction systems that are commonly adopted to improve the seismic
performance of modern masonry structures. In both the cases, the main premise is to introduce
tensile members and divide larger masonry wall panels into smaller units. The two types are
reinforced grouted masonry and confined masonry.
In reinforced grouted masonry, reinforced cement concrete is poured between two parallel
masonry walls. In confined masonry, walls are built between a frame of reinforced cement
concrete beams and columns. Steel beams and columns can also be used in place of RCC
elements.
Image 31 ‐ Confined Masonry, as seen in NICEE, Svetlana Brzev

Image 32 ‐ Reinforced Grout Cavity Masonry, retrieved
from archexamhandbook.com
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5.4.3 Superstructure Strategies - Concrete Construction

Concrete is mostly never used by itself and is generally used in conjunction with reinforcement
steel bars which makes it a favorable material for seismic performance. Concrete is a mixture of
sand, cement, water and metal aggregates and performs well in compression and the steel bars
improve tensile strength. While concrete derives its compressive strength mainly from the
aggregates; the cement to water ratios also play an important role in final outcome of the material.
The typical strength of concrete is between 120-150 MPa and now high strength concrete with 250
MPa compression strength is also produced using high strength aggregates (American Concrete
Institute, Commitee 544, 2002).High performance fiber reinforced concrete is a very suitable
material in the regions where a large inelastic deformation capacity is desired. (Aziz,
Parmaswivam, & Lee, 1984).The type of fibers used include steel, polyethylene, aramid or carbon
fibers in addition to natural fibers such as jute, hemp, husk, coconut hair etc.

In the year 2002, the American Concrete Institute published a detailed and comprehensive report,
analyzing the mechanical properties of concrete when reinforced with a variety of natural and
synthetic fibers (American Concrete Institute, Commitee 544, 2002) . In terms of natural fibers, the
study details the findings when using at least ten different varieties of fibers such as coconut hair,
jute, flax, hemp, etc. The performance of concrete certainly improves considerably when
reinforcing with natural fibers. What the study also brings to light is the importance of other
parameters such fiber length, degree of moisture content in the fiber, fiber: sand: cement ratios
etc. It concluded that natural fiber reinforced concrete is suitable for low cost construction, which
is very desirable for developing countries. It is important for researchers, design engineers, and the
construction industry to vigorously pursue the use of local materials.
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5.4.4 Superstructure Strategies - Concrete Construction

On account of its carbon content and excellent tensile behaviour, steel is capable of withstanding
substantial inelastic deformation and is generally preferred for its seismic resistance. While the
proposed housing unit does not employ steel directly as a structural material, it does propose the
use of steel pins and plates to join the prefabricated composite panels together. Steel connections
improve the ductile behaviour of the units, delaying the onset of catastrophic panel failure. Most
approaches in steel construction, for improving its seismic behaviour, involve cross bracing in
some format. Steel structures also allow the use of active hydraulic dampers, spring mass dampers
and base isolating systems. The following list enumerates the types of approaches used in steel
construction (Mazzolani, 2000, a, b)

1. Moment Resisting Frames
2. Centrically braced Frames
3. Eccentrically braced frames
4. Infilled frames

1. Moment Resisting Frames - When a traditional rectangular steel frame is bolted in addition
to being welded at the corner joints it is called a moment resisting frame. The bolted
connections prevent the frame from developing rotational or torque-like movements, thus
helping to resist seismic forces
2. Centrically Braced Frames – Cross bracing is more effective than bolting the structure at
the edges because now the frames are broken down into smaller triangles. When the cross
meets in the center of the rectangular frame it is known as a centrically braced frame.
3. Eccentrically Braced Frame – In case of longer spans, sometimes the frames are braced
closer to the edges, as shown in Image 33. Such frames are called eccentrically braced
frames.
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4. Infilled Frames - Instead of bracing the frame to increase its moment resistivity another
effective approach is to build masonry or concrete infill walls that help increase the
stiffness of the structure. Infill walls can also be used in any other kind of structure such as
masonry or concrete structure since essentially they increase the overall inertia of the
building. Heavier masonry infills are preferred for smaller structures whereas taller high
rises prefer lighter sandwich panels.

Image 33 ‐ (a) Moment resisting frames (b) Centrically braced frame (c) Eccentrically braced frame
(d) infilled frame, from Mazzolani.
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5.4.3 Response Control Mechanism

In addition to these systems which are specific to a certain kind of building material there are
other technologies that can be generically applied to any building type. These systems are called
response control systems and are of three main types (Gioncu and Mazzaloni, 2003)

1. Base Isolating Systems
2. Energy Dissipating Systems
3. Spring Mass Effect Mechanism

It is important to note that these engineering methods require a high degree of precision,
knowledge and reasonable expense for installing and maintaining them, especially active spring
mass damper systems and energy absorbing systems. Base isolating systems require
comparatively little maintenance once the initial equipment has been installed.

Base isolating systems – Base isolation also known as seismic base isolation or base isolation
system is one of the most popular means of protecting a structure against earthquake forces. It is
a collection of structural elements which should substantially decouple a superstructure from its
substructure resting on a shaking ground thus protecting a building or non-building structure’s
integrity. (Wikipedia).Base isolating systems are passive systems.

Base isolating systems principally consist of two components. The first component should permit
displacement and also deflect/dissipate the lateral energy (damper) and a second component
should allow the structure to return to its original position (spring), once the external force has
been removed. The component as a whole should be stiff enough to be able to withstand the
vertical load of the building and flexible enough to allow for horizontal displacement. Following
years of development, elastomeric bearings have been developed to fulfill the various needs of
base isolating systems. (Wu, 2001, p. 8)
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The most commonly used rubber bearing dampers consist of layers of thin steel plates
interspersed with rubber dampers. The steel plates provide the necessary stiffness in the vertical
directions while the rubber bearings provide damping in the horizontal axis. There is cylindrical
lead plug which travels vertically through the core and augments the stiffness of the overall
component.

“This system gives the structure a fundamental frequency that is much lower than its fixed-base
frequency and also much lower than the predominant frequencies of the ground motion. The first
dynamic mode of the isolated structure involves deformation only in the isolation system, the
structure above being to all intents and purposes rigid. The higher modes that will produce
deformation in the structure are orthogonal to the first mode and consequently also to the ground
motion. These higher modes do not participate in the motion, so that if there is high energy in the
ground motion at these higher frequencies, this energy cannot be transmitted into the structure.
The isolation system does not absorb the earthquake energy, but rather deflects it through the
dynamics of the system” (Kelly, 1998)

Another type of base isolating system operates on a sliding mechanism but this system is relatively
not very widespread. In this system two stiff plates essentially roll over a number of spherical
elastomeric bearings. The plates are curved and essentially this helps the system to return to its
original configuration hence this system is also known as a Friction Pendulum Isolator. (Malu &
Pranesh)

There has also been research in using Shape Memory Alloys to develop isolating systems for
bridges and buildings. Nitinol is one of the most widely used shape memory alloys. (Krzysztof,
Gardoni, & Fujino, 1998)

For the intended housing unit, a typical lead-rubber-steel, base isolating system is proposed.
Isolating systems are most effective in regions of high seismic activity or in tall buildings since they
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disrupt the synchronization of the seismic frequency with the natural resonating frequency of the
structure. The intended housing unit is only 12 feet tall, however considering that it lies in a Zone
V region (Highest Risk), the use of a lead-rubber-steel base isolating system is validated.

Image 34 ‐ Base Isolated System, after Rai 2000, from Earthquake Engineering for Structural Design, Gioncu and Mazzolani.
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Energy dissipating systems - Energy dissipating systems are essentially another category of
passive systems that can be applied to buildings post construction to enhance their seismic
performance. The come in various types, for example hydraulic dampers in steel structures or X
braced dampers as show in Image 35

Image 35 ‐ Energy Dissipation Systems, from Earthquake Engineering for Structural Design, Gioncu and Mazzolani.
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Spring Mass Damper - Spring mass dampers fall under the category of active systems and
principally they perform two important tasks. One is that they maintain the center of gravity of the
structure by increasing its inertia at a central focal point by means of a very heavy mass that
stabilizes the swaying and reduces interstorey drift. The second more important feature is that in
the case of hydraulic spring mass dampers, computer numerically controlled actuators effectively
push or pull the mass in a direction that helps cancel out the frequency of the incoming ground
wave, thus preventing resonance. Active spring mass dampers use advanced technology and are
generally employed in tall buildings most notable among them is the Taipei 101 in Tokyo Japan.

Image 36 ‐ Tuned Spring Mass Damper, installed in the Taipei 101 Building, from Wikipedia
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Chapter 6 – Ship Hull Design
6.1 Types of Loads

A series of conversations and observations led to a brief foray into understanding the design and
structure of large ship hulls. While examining the manufacturing techniques of FRP polymers, I
studied the techniques used in the construction of small scale fiberglass boats. This led to the
realization that ships and boats, while travelling over the waves, also resist wave motion
consistently. This analogy is especially true of larger ship hulls that are laterally impacted by
stormy oceanic waves in deep seas. In addition, ship hulls are constructed as semi-monocoque
shells that consist of an outer metal plate supported on the inside by a hierarchy of structural
members.
Background research proved this initial hunch to be fairly accurate. For all practical engineering
design considerations the hull of a ship is assumed to behave like a slender beam.

The forces that act on the hull of a ship are classified as follows;4
1. Longitudinal Strength Loads
2. Transverse Strength Loads
3. Local Strength Loads

1. Longitudinal strength loads are loads that act along the longer side of the ship hull. When a
wave travels along the bottom of a ship hull the crest of the wave produces a hogging of the
hull whereas the trough produces a sagging. In addition to swaying up and down in the vertical
direction, a ship hull also bends horizontally on account of the waves hitting it on its side.
These side waves on account of their different velocities also produce torsional movements.
Loads due to wave impact can be further categorized into two parts (a) Wave impact loads due

4

This classification and the overall summary are mainly derived from Okumoto and Takeda, 2009.
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to slamming of the ship (b) Impact loads due to green seas on deck. Wave slamming occurs at
the bow of the ship, called “ bow flare slamming” and as the ship heaves forward , slamming
occurs at the bottom plate and is called “bottom slamming”.
2. Transverse strength loads are loads on the cross section of the ship (perpendicular to the
longer side). A transverse section of the ship hull is subjected to loading of two types, (a)
Hydrostatic and hydrodynamic pressure from surrounding water (b) Internal loading due to
self-weight and cargo weight. In some cases if a ship is carrying a cargo of oil, internal sloshing
also generates cyclic impact loads on the transverse sections. The loads acting on the
transverse sections are to be considered independent from the loads acting on the
longitudinal side. The design and behaviour of transverse girders is considered to be
independent of longitudinal loads.
3. Local strength loads are loads which act locally on members like fasteners, stiffeners,
connections, shell plates, etc. (Okumoto & Takeda, 2009)

Image 38 ‐ Forces affecting a Ship's Hull, from
Okumoto and Takeda, 2009

Image 37 ‐ Hogging and Sagging of Ships Hull from
Okumoto and Takeda
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6.2 Structural Makeup
The method of evaluating structural failure in a ship hull is similar to the evaluation criteria of
buildings;
1. Yielding – Rapid elongation and eventual tearing of a structural member in tension, once
the load reaches a certain critical value.
2. Buckling – Sudden deflection of a structural member in compression, once the load
reaches a certain critical value
3. Fatigue – Cracking or fracturing of a structural member due to repeated impact by a
cyclic load. In this even smaller loads have the potential to cause serious damage.

Image 39 depicts the hierarchy of structural members that hold a ship’s hull together. Essentially
they are compose of three main parts;
1. The outer shell plate
2. The longitudinal members that run along a ships length to which the outer plate is attached
3. Transverse girders
In addition to this there are numerous angle fasteners, pins and junction plates that are welded
and bolted together to develop a singular monocoque frame.

Image 39 ‐ The Structural Hierarchy of a Boat Hull
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6.3 Learning from Ship Hull Design
An essential principle for engineering the design of any built form, be it a ship hull or a house, is to
consider the maximum possible load that is expected to impact the structure and also the
likelihood or frequency of impact. For a ship’s hull the loads are constant and so is the frequency
and likelihood of impact, hence it is worth the added expense to design extremely strong hulls that
can withstand such continuous tremendous loads.

On the other hand, a house may experience a very severe dynamic earthquake load maybe once
or twice in a 75 year lifespan. Hence, engineers always plan and design for less than the maximum
impact load as this makes the project economically viable. It is for this reason that I am not
adopting the structure of ship hull identically as it is, but utilizing a more economically viable
method, that of composite layering, to develop a semi monocoque shell.

Another key difference is that a ship’s hull is not divided into a substructure and a superstructure,
like that of a house that consists of a foundation and a mass that sits on top of it. Certain physics
such as buoyancy, surface tension, flotation etc. are specific only to sea faring objects. The larger
point is that while there are many similarities between ground motion waves and sea waves there
are also key differences because of which direct analogies are not possible.

The hierarchy of the hull structure is essentially the primary significant learning and input that I
have derived from a background review of ship hull design
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Chapter 7 – Site Analysis
7.1 Climate and Geography Overview
Kutch is essentially a peninsula, situated between the deserts of Sindh (in Pakistan) and Thar (in
India) and flanked by the Arabian Sea. It is a desert with vast stretches of dry, saline land,
interspersed with erstwhile riverbeds and small low lying mountains. Most of the fertile arable
land is located in the southern belt of the region, which receives scanty rainfall and has the
Narmada River flowing through it. Between the deserts in the north and the fertile land in the south
lie the Banni grasslands permitting the sustenance of large numbers of livestock. . Temperatures
can soar upto 45oC during the summers and winter night-time temperatures can range from 2-8oC.
This diurnal variation is common theme of desert regions and also leads to the breaking of rocks
into fine sand. Numerous ports in the south such as Kandla, Mundra, Mandavi, etc have added to
the prosperity of the region in the past, as trade routes from Kutch went as far as Africa and East
Asia. Traders and farmers are the two main occupants of this region and the Kutchi community is
renowned for its business acumen throughout Western India. This region also has a very strong
identity in terms of textile arts and crafts. A variety of indigenous attires and embroidery styles
mark the cultural and communal identity of the wearer. Textile exports are a major industry in
Kutch.

Image 40 ‐ Satellite image of Kutch
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7.2 Housing Typologies
There are two main two main settlement types in the region of Kutch. Urban settlements which
are dense and configured like any other crowded Indian metropolis and rural settlements (villages)
that are spacious, dispersed and have a low-lying profile.

In the case of urban settlements, port cities like Mundra and Mandvi have older city centers,
surrounded by a fort wall. Bhuj is the largest city in this region, and a major transit center with the
only operational civilian airport. Post the 2001 earthquake, major parts of the city were rebuilt from
scratch, new housing colonies were developed and much of the older vernacular flavor was lost.
The new planning however helped ease traffic congestion in the city, because unlike Europe where
older city centers are completely pedestrianized, in India they are choked with vehicles and
commuter traffic. A law has also been passed restricting the height of the buildings to a maximum
of three stories and this imparts a general low lying profile to the urban mass. The intended market
for the Thesis housing are local inhabitants who either live on the outskirts of the city, in the newly
formed urban areas or those who live in villages.

The rural settlements on the other hand are mostly always ground hugging, with a careful
arrangement of spacious indoor courtyards, verandahs and thresholds. The villages have very little
vehicular traffic and streets serve as channels of communications and wayfarer greetings.
Thresholds of houses abut the narrow streets and are important sites of everyday passer-by
interactions and invitations. Naturally, the space abutting the street is part of the public sphere
and most houses have their living and drawing rooms located at such points. As one moves further
inward, there is an obvious progression from private to public, with the bedroom occupying the
inner-most sanctum. This layout of the house is peculiar to the merchant class or those with
houses closer to the center of the village. The location of the house is a function of two parameters.
One, an erstwhile caste system and second, occupation. For example, the houses of individuals
rearing animals are mostly located on the outer peripheries, making it easier for them to take large
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number of cattle and livestock in and out for grazing. These houses also require larger threshold
spaces such as backyards and adjacent fields. Merchant housing is located closer to the center,
and almost always adjacent to the markets or main town squares allowing them to foster business
networks and interactions. Another peculiar feature of this region is that houses and buildings are
closely packed together to increase their thermal mass and allow for shaded streets. This is a
common urban feature of settlements in hot and dry zones of the world.

Now, with the increase in education and overall economic prosperity of India and Gujarat in
particular, erstwhile mindsets have changed. Most individuals (myself included), that belong to
the trading class have moved out of Kutch and their houses simply serve a heritage and
recreational value, frequented for a few days every year. Permanent settlers consist of traditional
farmers, retirees from the city and a younger generation that has found employment in the
numerous factories that have sprung up in this region.

This has now lead to changes in the housing stock - the folks in the city require a native dwelling
that is sturdy, relatively small, and easy to maintain because they visit their homeland on occasion
and if they intend to build a new house, they do not wish to invest heavily. On the other hand, with
the increase in income of the farming class and availability of jobs, local settlers are willing to
invest in a more permanent dwelling that is a departure from their rural mud and masonry building
units. The dimensions, cost and structural makeup of the proposed unit sit comfortably at a point,
where they are appealing to both these segments of the population. To reiterate once again, the
intended housing is not post-disaster relief housing but a new kind of permanent dwelling. The
housing unit is perfectly poised to meet the new and varied demand of the permanent and
temporary settlers of this region.
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Image 41 ‐ Plan of a typical merchant’s house showing the progression of spaces from private to public, from Architecture for
Kutch by Sanjay Udamale

Image 42 ‐ Section and Plan of the house of typical Brahmin family, from Architecture for Kutch by Sanjay
Udamale
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Image 43 ‐ Two units with a shared wall and a large verandah, typical of farmer’s dwellings. Retrieved from
Architecture for Kutch by Sanjay Udamale
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Image 44 ‐ Six types of housing typologies from, The Architecture of Kutch by Sanjay Udamale.
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Image 45 ‐ Typical layout of Bhoongas, connected together on raised platforms
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7.3. Fault Types on Site
The region of Kutch in Gujarat, is bounded by major fault lines. These include the Allah Band Fault
which lies in the north, closer to the Greater Rann of Kutch ,the Kutch Mainland Fault which lies in
the south near the Banni Plains and the Katrol Hill Fault. Each fault has been the cause of one
major earthquake in this region.
The epicenter of the 2001 Bhuj earthquake was located in the Kutch Mainland Fault. (Madabhushi
& Haigh, The Bhuj India Earthquake of 26th January, 2001 : A Field Report by Earthquake
Engineering Field Inverstigation Team , 2005). The Kutch earthquake of 1819, which was similar in
magnitude to the Bhuj earthquake had its epicenter in the Allah Bund Fault. Another earthquake
in the same region at Anjar in 1957 had its epicenter in the Katrol Hill Fault. The northern boundary
of the Great Rann is demarcated by the Nagar Parker Fault (Juyal, 2014) . Majority of the populated
urban and rural settlements are located around the Kutch Mainland Fault, moving towards the
coastal plains in the south and crossing over the Katrol Hill Fault.

The proposed housing is intended to withstand heavy earthquakes regardless of its proximity to
any particular fault line, hence one does not need to pinpoint a site location and analyze its
response. Proximity and specificity become important considerations when designing houses that
are only able to withstand low impact earthquakes. According to the IS 1893 Building Code of
India, the region of Kutch lies in the seismic zone 5, which is the highest risk scale on a scale of 1
to 5. The intended housing unit can essentially be placed anywhere in this zone.
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7.4 Soil Types on Site
The soil condition in the region of Kutch varies geographically but the most commonly found soil
type is black cotton soil. (Gujarat Ecology Commission, Government of Gujarat)
Specific to the region of Kutch, majority of the soil type is sandy desert soil - this soil type is soft
and has high levels of saline and silica. It is akin to beach sand and the absence of rocks or hard
lumps in the soil implies that ground waves can travel through it unhindered. In another method
of site classification, this soil type falls under class C, characterized by a shear wave velocity of 350
m/s, natural period smaller than 0.4 seconds and a soil depth between 6 and 60 meters. (Marek,
2000)
The geographic make up of Kutch is largely flat and planar with large, dry river beds and this
translates into easy wave propagation, in fact, the Rann of Kutch is the largest saline marshland in
India. Each year, the Arabian sea enters the Rann through the Kori creek in the south and the Luni
river in the east resulting in the silting of desert sand (Juyal, 2014). Based on the surface
assemblages and the flooding pattern, geomorphologically the Rann is divided into four east-west
trending zones which are; (Roy & Merh, 1982, pp. 519-539)
1. Bet Zone 2. Linear Trench Zone 3. Banni Plain 4. Great barren Zone.
Scanty rainfall of less than 200mm per year, leads to further cracking and desertification of the soil
and also leads to the development of underwater soil capillaries aiding liquefaction. Alluvium or
sandy soil type leads to a wave amplification of nearly 1.5 times over a distance of 40 kilometers
(Gioncu and Mazzolani, 2002, after Edrik, 1995).Although the sandy and saline soil type cannot be
classified exactly as alluvial type, it definitely contributes to wave amplification to some extent. So
in conclusion, for the region of Kutch ground waves generally travel unobstructed and their energy
does not dissipate substantially on account of landforms.
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7.5 Proximity to Epicenter and Earthquake Duration

Two other factors that influence the extent of damage caused by earthquakes are proximity to the
epi-central site and earthquake duration. As narrated earlier, the region is bounded by numerous
major faults to the north and the south and proximity to epicenter is largely outside our circle of
influence and so is the duration of the earthquake. Depending on the distance, sites are classified
as epicentral, near field sites, intermediate sites and far field sites. Earthquakes which last longer
produce stronger ground motion attenuations leading to wave amplification in buildings and
greater structural damage. In this regard, certain combinations lead to further ramifications - for
instance, an earthquake which lasts for a longer duration in a region of alluvial soil causes greater
damage due to the combination of duration and undesirable soil type.
Once again, the intended housing unit is proposed to withstand maximum impact loads hence no
specific measures are taken in this regard. In a democratic process, where rural communities
choose to build their homes is left upto them.

Image 46 ‐ Kutch Fault Map, from researchgate.net

71

7.6 Liquefaction on Site –
Liquefaction on site is probably the biggest concern and a key factor leading to damage in tall
high-rises. (Gioncu & Mazzolani, 2011) Liquefaction is commonly observed in dry, arid regions as
the soil in such regions is loosely packed together and contains numerous underground water
capillaries. The region of Kutch, as mentioned earlier, is largely made up of sandy desert soil, in
addition, it is crisscrossed by numerous dry river beds indicating the presence of erstwhile water
bodies and the existence of underground water tables. Hence, two key ingredients of liquefaction
– soft soil and underground water are present throughout the region of Kutch. Liquefaction causes
the ground to behave like quicksand and softer soils amplify ground motions.

Liquefaction occurs when the soil beneath the surface actually behaves like a fluid under strong
shaking. (Brandes, 2003, Yeats and Gath, 2004).
Soil liquefaction describes a phenomenon whereby a saturated or partially saturated soil
substantially loses strength and stiffness in response to an applied stress, usually earthquake
shaking, causing it to behave like a fluid. (Wikipedia)
Liquefaction refers to a process that results in the loss of shear strength due to a buildup of excess
pore pressure in the soil. Loosely packed soil has voids between the particles and these voids get
compacted on account of shaking. As a result, compression of the pores leads to an increase in
pore pressure forcing the water beneath the ground, to spurt out, where the pressure is relieved
(Dobry, 1989).

As a consequence, liquefaction can cause serious damage during an earthquake. Settling of the
soil can cause structures to sink or topple over on account unequal weight distribution. Likewise,
as the liquid moves up through the soil capillaries it exerts a tremendous amount of upward soil
pressure leading to underground structures such as sewers, pipes, etc being brought upto the
surface. Above all, this dual motion of lifting and sinking produces torque like conditions in
buildings, causing them to topple over.
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7.7 Effects of liquefaction on site –

In the aftermath of the 2001 earthquake in Gujarat, liquefaction was observed in numerous places
in Kutch. The nearby cities, which lie outside the region of Kutch did not observe this
phenomenon, however Kutch witnessed numerous cracks, fissures and sand boils created on
account of liquefaction. A sand boil is essentially a pore through which a mixture of water and sand
gushes out from a fissure underneath. Numerous sand boils were found in the village of Lodai, in
the Kutch district in the aftermath of the earthquake.

In the image below the field reporters had reached the site approximately ten days after the
earthquake, yet the soil was found to be moist and wet despite the day time temperatures searing
upto 35-40 degree centigrade. One explanation was that the liquefied soil had flowed up for
several days after the earthquake. In addition, longer ruptures, like the ones seen in Image 47 were
also observed on site. These were probably caused by the presence of loose soft soils deposited
on account

Image 47 ‐ Landsat
TM image of
January 26, 2001
Mw 7.7 earthquake
near Bhuj. Image on
the left taken before
earthquake. Image
on the right shows
accumulation of
surface water
produced during
widespread
liquefaction. (Raw
scene courtesy of
Ken Hudnut and
Zhong Lu, USGS.
Image processing by
Andrew Baroon,
William Lettis and
Associates)
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of flash flooding which occurs during periods of brief rainfall (Madabhushi & Haigh, The Bhuj India
Earthquake of 26th January, 2001 : A Field Report by Earthquake Engineering Field Inverstigation
Team , 2005). These soft soil provide a continuous strip outlet for the high pressured sediments
unlike the point outlets observed in sand boils. Another geographical condition initiated by
earthquakes is called lateral spreading. In this case, soil on sloped sites gets unpacked and starts
spreading horizontally. If the slope is steep and provided that the excess pore ground pressure is
retained sufficiently, the sloping ground can suffer a flow slide. This flow slide tends to result in the
movement of the ground by several hundreds of meters. It can also cause cracks and fissures on
surface structures like roads and railway lines. Liquefaction played an important role in the
damage to many civil engineering structures in the Kutch region and the Navlakhi Saurashtra
region. (Madabhushi & Haigh, The Bhuj India Earthquake of 26th January, 2001 : A Field Report by
Earthquake Engineering Field Inverstigation Team , 2005).
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Chapter 8 – Experiments and Techniques
8.1 Early Heat Gun Experiments
While reviewing the background literature I was also performing a series of experiments that would
help me understand the behaviour of plastics firsthand. The aim of these experiments was to
finalize and narrow down an effective methodology for manufacturing composites using recycled
plastics. The manufacturing approach required a low-cost, low-tech method. Hence for the first
set of experiments it was decided to use a HeatGun as the primary tool of alteration. HeatGuns are
safe and easy to use and one can imagine people in a rural area wielding them to make their own
houses.

In order to help me work with the
plastics, I developed a base mold that
would play the role of a generic shell
structure typology. The form was
developed in Rhino and physically
manufactured from three layers of 1”
thick glue laminated Medium Density
Fiberboard (MDF) using a three-axis CNC
machine. The physical dimension and
the shape of the form can be seen in the
illustration to the left.

Image 48 ‐ Plan and Side Elevation of the CNC Mould
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8.1.1 Plastic Fish Line and HeatGun
In the first experiment the mold was wrapped with thin plastic finishing line. The type of fishing
line used was an 8lbs breaking strength, green colored, Cabela’s Pro fishing line, which had a
thread diameter of 0.011”. The idea was to try and melt the plastic over the mold, with the help of
a HeatGun, to acquire a panel in the shape of the outer form. The type of Heatgun used was a MHT
Model 750 HeatGun, with a temperature range from ambient to 1000F.
This was my first attempt at using the HeatGun to melt plastic. The plastic fish line thread was
found to be too thin and despite wrapping it in two layers, it began to break at certain points. The
heat led to breaking of the chords, in place of the anticipated uniform melting and eventual shape
formation.
This led to the following two conclusions –
1. The HeatGun concentrates heat on small areas of the object and is unable to provide
uniform heating. As a result, as certain parts are being heated, others are simultaneously
cooling down leading to uneven shrinkage of the material.
2. The first mold was also too large in size and a much smaller mold was needed for two
reasons. A smaller mold would allow for more uniform heating, if still using a Heatgun.
Secondly, a smaller mold would allow for more economical experimentation with many
different materials.

Image 49 ‐ Image of the mold wrapped in plastic fish
line thread
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8.1.2 Plastic Thread and HeatGun
In this experiment a thicker plastic thread was wrapped around the mold and uniformly melted
using a HeatGun. This thread performed in a more favorable manner given the smaller size of the
specimen and availability of uniform heating. The type of thread is the one normally used in plastic
jewelry making. It is approximately 2 mm in diameter and is soft and stretchy5. When the melted
form was removed from the mold, it held the shape of the mold but was still very flexible. In the
next set of experiments, attempts were made to reinforce this mold with the aid of fabrics.

Image 50 ‐ Plastic thread wrapped around the mold. The mold is approximately 3” x 3”

5

http://www.joann.com/pepperell‐s‐getti‐string‐50‐yards‐
spool/1128073.html?mkwid=VQJ6TPZb|dc&utm_source=google&utm_medium=cpc&utm_term=&utm_campaign
=Shopping+‐+Crafts&CS_003=12310052&CS_010=[ProductId]&gclid=CIXOyOe3u8wCFQwPaQod24QK9Q
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8.1.3 Plastic Thread with Polyester Sheet
Aim - In this experiment an attempt was made to create a composite material, by wrapping the
previously used plastic thread around a polyester fabric. The polyester fabric used is
manufactured by the Mermet Company in USA and is part of their line of products called
GreenScreen6. They are a 100% polyester fabric out of which 78% is recycled and are generally used
in shade systems.
Method - The polyester sheet was wrapped around the mold and the thread was then wound over
it. Both were uniformly heated by means of a HeatGun, kept approximately 10” away from the
surface of the object. Heat was applied till the plastic thread was visibly melting and this
approximately took six to seven minutes.
Observations – The thicker thread kept the polyester sheet in place, however it did not seep into
the pores as expected and did not behave like a matrix material. Hence, a plastic + fabric
composite could not be developed.
Conclusions – This method is not viable to develop a composite.

Image 51 ‐ The Recycled Polyester Fabric with Plastic thread wrapped around it.

6

http://www.mermetusa.com/translucent/greenscreen‐evolve‐1‐3.html
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8.1.3 Painter Tarp with Polyester Sheet
Aim - To develop a composite plastic using thin painter’s tarp and a polyester fabric. The intention
was to melt the painter’s tarp, which would then act like a matrix material strengthening the
polyester sheet. The Painters tarp is a standard HDX manufactured, 6-mil clear plastic tarp.7
Method – The polyester sheet was wrapped around the mold and was then covered with painter’s
tarp. The same HeatGun was used to melt the tarp. Uniform heating was applied from a distance
of approximately 12” for a time period of 2-3 minutes since the tarp is relatively thin and melts
rapidly.
Observations – Although the tarp melted and took on the shape of the mold, it failed to embed
itself into the polyester sheet. The sheet remained largely unaffected and the tarp sat on the sheet
like a secondary cover.
Conclusion – This method was not viable to develop a Fibre Reinforced Composite since the
melted painters tarp would not behave like a matrix material.

Image 52 ‐ Painter's Tarp Melted over the Polyester Fabric.

7

http://www.homedepot.com/p/HDX‐20‐ft‐x‐100‐ft‐Clear‐6‐mil‐Plastic‐Sheeting‐CFHD0620C/204711640
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7.1.4 Painter Tarp+ Painters Tarp

Aim – To develop a simple plastic panel using two layers of painter’s tarp. The intention of this
exercise was simply to develop a sturdier plastic panel of the desired shape.
Method – Two layers of painter’s tarp were wrapped around the mold and uniformly heated by a
heat gun kept approximately 12” away. The time period was approximately 4-5 minutes or until
visible melting.
Observation – This method proved to be effective in developing a plastic panel, however the
painter’s tarp proved to be too thin and the final thickness was less than a millimeter. It would take
numerous more layers and repeated melting to get a thicker plastic form of a desired shape.
Conclusions – Although the technique worked it was not viable, time-wise, for large scale
production.

Image 53 ‐ Two Layers of Painters Tarp, heated together
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8.2 Experiments with the Vacuum Press
The experiments with the HeatGun helped gain an early understanding regarding the behaviour
of simple plastics. After thoughtful discussions and conversations it was concluded that while the
HeatGun was indeed a low-tech method, given its small size and lack of uniform heating,
producing larger panels at the scale of a house would prove to be very ineffective. Distance from
the surface of the object is the only practical way to control the intensity of heat emitted from the
gun. Hence, even if more people were employed to the task of manufacturing panels, the absence
of controlled uniform heating would lead to a lack of standardization and poor quality of
production. A new method had to be conceived to solve this problem.

A vacuum press is an existing, established industrial method of developing thermoset plastics. In
this technique, a sheet of Plexiglass or any plastic that falls under the category of thermosets is
heated in an oven or an infrared heater for a specified amount of time. The molten is the quickly
laid over the mold which is placed on a vacuum bed. The vacuum is switched on and the air is
sucked out from around and under the mold, forcing the plastic sheet to drape itself over the mold
and take its form upon cooling.
Vacuum presses are available commercially and used extensively in the manufacture of plastic
furniture. These presses are of different types and the difference is mainly in terms of vacuum
capacity, bed size and method of drawing the vacuum. In some cases a compressive tank is used
to draw out the air, in others a very powerful motorized vacuum is used.

A vacuum press is especially effective because once the mold is made, it can be used repeatedly
to manufacture identical panels. The method is industrialized, controlled and uniform. The
workshop in the architecture department did not already have a vacuum press and so one had to
be built specifically for the project
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Parts and Details of the Press
Steps –
1. An MDF board, 12” x 12” and 1” thick is used as the top cover. Using a CNC machine or a
hand-held drill machine, holes 1/4th” in diameter are drilled in a grid of 1”. (Image 54).
2. The middle layer is essentially a hollow box section. On the side of this box section, a
circular hole approx. 1.5” in diameter is carved in, and the mouth of the vacuum is inserted
through this hole.
3. The bottom layer is a simple flat covering plate.

Image 54 ‐ Drawings and Dimensions of the Vacuum Press

Vacuum Press Experiment

Aim – The initial presumption was that the vacuum press could be used to develop a fiber
reinforced plastic composite. Heating a plastic sheet in the oven and then draping the molten
plastic over a fabric covered mold, might lead to the formation of an FRP
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Image 55 ‐ Vacuum Press with the Mold Placed on Top and vacuum connection

Method – A Plexiglass sheet, 12” x 12” and 0.125” thick was placed in a regular home oven, which
uses infrared heat. It was allowed to stay in the oven for 3 minutes at a temperature of 375 F. At
that temperature, the sheet starts to sag a little in the center and at this point it is quickly removed
and immediately draped over the mold. Prior to draping, the mold is covered with a polyester
fabric and securely fixed over the vacuum bed. The workability of the sheet is about 30 seconds
hence the process has to be quick and effective.

Observations – While the sheet drapes fairly well over the mold and takes on its shape, it did not
behave like a matrix material as expected. Despite being in a semi solid, partially molten state, the
Plexiglass sheet did not stick to the fabric and it remained as it is.

Conclusions – The Vacuum Press technique did not yield the expected results and eventually this
approach was also abandoned. It did however prove to be effective in developing plain panels of
a specific shape if a certain manufacture technique demanded it.
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Image 56 ‐ The molded form of the Plexiglass sheet, post vacuum forming.
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8.3 The Composite Hand Layup Technique
The hand layup technique is an established industrial method for developing FRP’s. Polymer resin,
when mixed with a chemical hardener, cures and hardens to form a category of plastics known as
thermosets. Thermosets are rarely often used alone and mostly reinforced with fabrics to improve
their structural integrity. The resin acts like a matrix material and gets soaked-in and absorbed by
the fabric upon which it is applied. Depending on the porosity of the fabric and the absorption
capacity of the fibers, the quantity of resin required may vary. The overall strength of an FRP
depends on the nature and quantity of fabric used.
The fabric used for this experiment is a type of upholstery fabric developed by the company
SteelCase and is manufactured using 93% post-consumer recycled plastic.8 The epoxy resin was
manufactured by 3M and is generally used for the repair of fiberglass automotive parts.9
Method
For this experiment, new kind of mold was developed and especially prepared for resin use. The
mold was deliberately fashioned like a folded plate as the anticipated final form of the house
incorporated the use of fold geometries. In plan the mold was 6” x 6” and details of the final form
can be seen in Image 56. In order to apply uniform pressure to the resin-fabric composite, another
negative mold was shaped. This mold is inverted and clamped on to the first one and allowed to
remain for an hour, during the initial curing of the material. The mold was once again carved out
from an MDF block using a CNC machine. When using the hand layup technique, it is important to
ensure that the fabric-resin mixture does not stick to the surface of the mold. For this the surface
of the mold is made smooth by repeated sanding and application of a filler material, in this case,
commercial available Primer. After the initial preparation of the MDF mold by sanding it, a layer of
Primer is sprayed on it and sanded to acquire a smooth glossy surface. This process is repeated
thrice. Following this, another layer of silicon mold release is sprayed onto the surface of the mold.

8
9

http://finishlibrary.steelcase.com/index.php/redeem.html?color=96491
http://www.homedepot.com/p/3M‐Bondo‐1‐qt‐All‐Purpose‐Fiberglass‐Resin‐20122/202077790
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Once the hardener has been mixed into it, the workability of the mixture is restricted to about ten
minutes. Hence, prior to beginning the experiment, all the required material has to be carefully
laid out and prepared as needed. The resin and hardener are mixed in specific proportions as per
the manufacturer’s instructions. Ten drops of the hardener are added to a quantity of resin that
can be filled in the mixing cup that is supplied with the container. The mixture is stirred by means
of a painters brush or a stick for about 1 minute. Pieces of fabric are laid out over a plastic sheet to
protect the table top. The resin is then poured over the fabric and spread evenly by means of a
roller or a painters stirring stick allowing the excess resin to squeeze out. This resin soaked fabric
is then laid over the mold. It is important to wear gloves throughout the entire process and work
in a very well ventilated area as the fumes may cause dizziness. A minimum of two layers of fabric
are required to form a composite. Composites were eventually developed using two, three, four
and five successive layers of the SteelCase fabric.

Observations – The final panels formed exhibited favorable structural behaviour. The combination
of using a fold geometry with multiple layers of fabric and resin resulted in the development of a
very sturdy composite. The strength of the fabric increased with an increase in the number of
layers. It takes around 48 hours for the material to cure fully at a room temperature of
approximately 68F.

Conclusions – This method of production and the final outcome satisfactorily meet the evaluative
criteria prescribed in the beginning. The hand layup technique can be easily taught to and be
adopted by the local population of the region. The technique is low tech, easy to learn and can
be readily used for the mass production of panels with consistent physical properties and
uniform characteristics. The manufacturing process utilizes fabrics crafted from recycled plastics
and a local variant of this fabric type can be easily obtained. Hence, this technique was finalized
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as the intended method of production

Image 57 ‐ The Mold, Resin, Fabrics and Hardener. Ingredients required for the hand layup process.
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Image 58 ‐ Clockwise from Top Left ‐ 1. Composite with two
layers 2. Composite with three layers. 3. Composite with four layers 4. Composite with Felt + Resin.

Image 59 ‐ Fabric laid over a shell mold
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8.4 Origami Studies
Origami was briefly explored as a form finding strategy for numerous reasons. In the literature
review, during the 1960’s and 1970, Arthur Quarmby had experimented with numerous folded
geometries wherein the in-between panels where a composition of polyethylene and foam. The
frame which folds, was an aluminum or plastic frame and precise calculations were required to
ensure that folds and pleats line up. Origami folding was promising for two reasons, one is that
numerous structures flat-fold unto themselves allowing for easy transportation and storage from
place to place. And secondly, folding is an established strategy for improving the structural
performance of flat panel materials. The individual pieces or panels in origami are also repetitivethis is a useful quality when mass producing panels using an industrial technique.
Once the composite material had been developed using the previously mentioned technique,
origami was explored as method of finding a potential housing form. Later discussions led to the
understanding that while Origami does allow one to purse a new formal typology, by their very
nature, origami joints are flexible and not rigid. If using Origami principles to develop earthquake
resilient housing, one has to rely on flexibility of joints to dissipate the ground forces and the
formation of a sufficient number of hinges to permit movement. The composite material however
is very rigid and if one were to rely on hinges or a system of movable joints, it does not leverage
this material property, instead making the stiffness (or the lack of it), redundant.
So while adopting and taking certain cues from the folded origami shapes, it was decided to drop
the idea of flat folding the structure based on a system of hinges. The joints would essentially be
stiff, rigid joints and the structure would rely on its material property of stiffness and inelastic
deformation to counter seismic forces. The true potential of origami is realized when developing
structures that need to be folded or manufactured from a single sheet of flexible material much
like paper. The final form, as seen later, is inspired by origami folding but is essentially not an
origami structure in the truest sense of the word.
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Image 60 – Folded origami structures, from Arthur Quarmby’s : Plastics and Architecture
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Image 61 Image taken from Plastics in Architecutre and Construction by Stephen Engelsman
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Image 62 ‐ Origami fold geometries, crease patterns courtesy of Paul Jackson
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Chapter 9 – Working with Composites
Composite materials are materials that are obtained through the artificial combination of different
materials in order to attain properties that the individual components by themselves cannot
attain. (Chawla, 2010) An example of a composite material is a lightweight structural composite
that is obtained by embedding continuous carbon fibers in one or more orientations in a polymer
matrix. In general composites are classified according to their matrix material. The main classes of
composites are polymer-matrix, cement matrix, metal matrix, carbon matrix and ceramic matrix
composites. (Chung, 2010).

The recycled plastic laminate developed by me is a type of polymer -matrix composite, wherein
the overall mechanical properties of the composite depend on the strength and orientation of the
individual fibers and the fiber-matrix ratio.

9.1 Advantages of using composite materials –
1. Composite materials are lightweight yet strong on account of their low density and high
tensile strength. This is especially advantageous in the manufacturing of airplanes and
automobiles as this helps reduce weight and improve fuel efficiency.
2. In building construction, this allows one to pre-fabricate parts and install them on site
minus the use of expensive machinery.
3. They have high stiffness, good fatigue resistance and a very low co efficient of thermal
expansion. Because of this, they maintain superior dimensional stability when placed
under stress or under high temperatures.
4. They also good vibration damping ability, allowing them to be used as building materials
for earthquake resilient structures.
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9.2 Composite Failure –
The interface between two adjacent lamina is called the interlaminar interface and this is the only
mechanically weak link in the laminate (Chung, 2010). Consequently the main modes of failure in
a laminate are;
1. Shear Failure – Shear failure occurs if the maximum design stresses are experienced in the
transverse direction whereas the primary fibers are oriented in the longitudinal direction.
It is therefore important to consider the directionality of the fibers with regard to direction
of anticipated stress or loading.
2. Delamination – A low fiber-matrix ratio can lead to cracking of the matrix under impact
loads, resulting in delamination of the composite. If the matrix is exposed to an adequately
high temperature, or kept underwater for prolonged periods of time, the strength of the
adhesive bond is reduced also leading to delamination. (D, 2013)
3. Catastrophic failure – This mode of failure is more typical of brittle materials that crack
under impact unlike ductile materials that undergo plastic deformation. Aramid and
carbon fibers have high ductility whereas glass fibers are brittle. It is therefore important to
carefully select the combination of fabrics to be used with regard to the anticipated
stresses.

Image 63 ‐ Shear and Delamination, taken from David Costanzo, 100% Petroleum House
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9.3 Fibers and their effects on composites.
The reinforcing fibers are primarily responsible for the strength and overall material performance
of the composite. Hence the following considerations are important;

1. Type of fiber – Fibers can be either continuous or discontinuous. Discontinuous fibers are
usually in the form of chopped fibers and random mat. Continuous fiber orientation is
usually in the form of unidirectional cloth, woven cloth, or helical winding of a single
strand. Continuous fibers are advantageous because their orientation can be controlled
and also because they have high length to diameter ratios (also called aspect ratios).
2. Diameter of the fiber – The diameter of the fiber directly affects the aspect ratio. As a rule,
thinner the diameter of the fiber, stronger the fabric. For example, Kevlar (bulletproof vest)
is manufactured from aramid fibers that have a diameter of 12 microns which is lower than
that of carbon fiber (15 microns).
3. Orientation of the fiber – Fiber orientation plays an important role with regard to overall in
situ performance of the composite when put to actual use. The performance of the
composite depends on the directionality of the applied stress and the orientation of the
fibers. For instance, let us consider a 4 ply laminate developed from a unidirectional fabric
in which all the fibers are orientated in the same direction. If the maximum design stress is
applied in a direction parallel to the orientation of the fibers, the laminate will perform well.
However, if stresses are applied in the transverse direction (perpendicular to the fabric
orientation), the laminate may fail on account of shear failure. In order to remedy this, the
fabric is laid in successive 0/90/0/-90 orientations, improving its performance in both axes.
The performance of the laminate in other axes can be further enhanced by orienting the
plies in successive configurations of 0/90/-90/+45/-45.
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4. Fiber to matrix ratio – As a general rule, higher the fabric to resin ratio, stronger the resulting
composite. Typically, this ratio ranges from 30-70 to 50-50. Resin forms a continuous
polymer matrix that cures slowly leading to formation of an intractable solid hence fiber to
matrix ration is important.

9.4 Core types and their effects on composites.
Laminates are sometimes reinforced by a core material to form a sandwich composite. Cores may
be structural or non-structural depending on the intended use and design stress criteria of the
composite. Structural core materials improve the stiffness and strength of the material however
they are expensive and increase the weight of the composite. Non-structural cores are mainly used
for insulation when employing composites in building construction.

Types of core materials – There are three main type of core materials honeycomb, foam and
wood.

1. Honeycomb core materials are made from Kraft paper, thermoplastics, aluminum, steel,
carbon and ceramics. With the exception of Kraft paper, the rest are examples of structural
core materials.
2. Foam cores are typically heavier than honeycomb and not as strong. A variety of materials
can be used as foam cores, common examples are polystyrene (Styrofoam), phenolic
foam, polyurethane, PVC etc. Foam cores are not environmental friendly.
3. Balsa is the most commonly used wood core, on account of its relatively low density
(compared to other woods). It is most commonly used in boat hulls and snowboards where
cyclical impact loads are expected.
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Image 64 ‐ Types of Fibers, from Structural Composite Materials.
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Image 65 ‐ Configuration of possible fiber‐ply orientation with respect to input stress.
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Chapter 9 – Housing Unit – Iteration 1
Presented below is the first iteration of the housing unit, the design factors that led to the
development of this iteration and its subsequent critique. Numerous lessons were learned after
developing the first prototype which eventually led to the narrowing and focusing of the thesis
outcome.
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9.1 Design Considerations of Iteration 1
From Plastics in Architecture:
After studying the development of various plastic houses and specific case studies, certain design
principles became apparent, like the use of folded plate or shell geometries to increase the
structural integrity and strength of plastics. This principle is consistent with the six geometrical
typologies as alternative strategies for achieving maximum efficiency and utility, as laid down by
Albert Dietz (Bettum, 2014). When using prefabricated panels, in order to maintain the accuracy
and consistency of the panel sizes it is best to manufacture them at a central location and then
supply the panels to the required site. In addition, the plan of the house should also permit
addition, subtraction and configuration flexibility to suit the altering requirements of the people.

From Manufacturing Plastics:
I used a traditional hand layup technique to develop the composite prototypes. The molds were
carved using a CNC mill machine and the composites themselves had to be sanded to get the final
precise form. It is impractical to expect people in rural areas to be able to develop the geometries
themselves. Hence I proposed that the two main components i.e the floor and the ceiling panels
be manufactured in a factory off site and simply be transported to the required site by means of a
truck. All villages are connected by an excellent road network and the presence of existing large
scale industries will make the process more economically viable. Using machines can help save
resin and reduce setting time and also make allow for perfectly sized consistent panels.

From the development of the folded composite prototypes, it was important to leverage the two
key material characteristics;
1. Initial Stiffness
2. Large Capacity for Plastic Deformation.

101

Post the Gujarat Earthquake numerous housing project initiatives also outlined design guidelines
which were adopted;

1. Climatic Suitability – The material and the form should be suitable for the climate –
although FRP panels are not the most ideal, the presence of insulation and the ability to
coat these panels with traditional clay or earth-based plaster improves their thermal
performance. Sloping roofs are ideal for improving ventilation especially when houses are
closely packed together.
2. Expandable – From the previous discussions on their communal way of living, extensions
and attachments to the house should be possible.
3. Ease of Maintenance – It should be easy for the homeowner to maintain the structure using
inexpensive and mostly locally available materials. The integrity of the structure should not
rely on removable parts such as nuts and bolts. In case of prefabricated panels, certain
centrally located hubs shall carry the spares.
4. Architecturally and Spatially Appropriate – In keeping with the vernacular identity of the
region, the houses should be appropriately designed. Elements like covered thresholds,
courtyards, platforms are integral to the communal and climatic features of this region. 10

10

The above four considerations are modelled after Hausler, 2003
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9.2 Proposed Housing Unit – Layout
The layout of the houses is designed keeping in mind the vernacular architecture of the region, the
social fabric of Kutch and the spatial requirements of the dwellers. Each modular unit is intended
to be self-sufficient and it is the specific arrangement and clustering of these units that gives rise
to an overall plan. (Refer Chap 6.2)
A few typical arrangements of the units are presented below. From the previous study of the
housing typologies it is evident that the settlement pattern in the villages is organic and an
outcome of bottom-up processes. As such, I have proposed a few possible layouts but eventually
it is left upto the people to decide for themselves the orientation and arrangement of these units.
Type A – 4 units – 2 Bedrooms, 1 Kitchen+Bath, 1 Living
Type B – 3 units – 1 Bedroom, 1 Kitchen +Bath, 1 Living
Type C – 2 units – 1 Kitchen +Bath, 1 Living
Type D – 1 unit – User-defined. E.g. Storage, additional utility space etc.
Type A - In this layout four units are
clustered together to create a
central, open to sky courtyard. The
living room is part of a public
threshold and ideally it should abut
a street or a public space. Since the
kitchen and bath are grouped
together only one unit will require
plumbing services. As the units face
inwards and look toward one
another, they foster visual
interaction and communication.

Image 66 ‐ Type A ‐ 4 Units
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Type B – In this arrangement of the
units, one of the bedrooms is
eliminated, opening the courtyard
on its side. Depending on the
surrounding layout of the houses,
streets and boundary walls, it can
either lead to a large public space or
a private enclave.

Image 67 ‐ Type B ‐ 3 Units

Type C – This is the most compact
plan wherein the living room also
doubles as a bedroom by night. A
minimum of two units are required to
create a dwelling unit. Individual
units may be additionally built and
serve as storage spaces if required.

Image 68 ‐ Type C ‐ 2 Units
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9.3 Components of first iteration
The overall components of the house are briefly described below;
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9.3.1 Component - Roof

The roof of the housing unit is made of four individual parts or shells joined together in the middle
by means of steel plates and anchor bolts. The outer layer of each shell consists of 8 plies of the
Recycled Plastic Lamina giving it a thickness of 1/4th of an inch. This is followed by 3” of
nonstructural insulating foam core and a second layer of lamina which is again 1/4th inch thick.
Thus the total thickness of the roof shell is 3.5”. This roof then sits on a square, glue laminated
timber beam and column post. It is attached to the beam and the vertical side panels by means of
additional triangular steel plates.
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9.3.2 Component - Side Panels
Each side panel of the house is
folded and extrudes outwards
as it meets the square plan.
Folding improves the stiffness
and structural integrity of the
panel.

The

panels

are

connected to the base of the
concrete floor with the help of a
U-Shaped steel channel. At the
upper level triangular steel
plates act as connecting joints
between

the

roof,

vertical

panels and the horizontal beam
post tying all three elements
together.
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9.3.3 Component - Foundation
The whole house is then fixed onto a
concrete raft foundation. A raft
foundation

helps

to

overcome

horizontal sliding failure that occurs
on account of liquefaction. Given the
small footprint of the house a raft
foundation is also viable. Consistent
with the overall use of fabrics as
reinforcing materials, the strength of
the raft foundation can be further
improved by the addition of jute
fibers.
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Image 69 ‐ Elevation Type 1
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Image 70 ‐ Elevation 2
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Image 71 ‐ Longitudinal Section

111

9.4 Critique of Iteration 1 and proposed changes.

The above construction methodology was not viable for developing a truly monocoque housing
unit for a number of reasons as follows,

1. The proposed four part construction of the roof and vertical components with the
subsequent use of steel plates and bolts as joining systems, weakens the overall structural
integrity of the housing unit and it does not behave like a true monocoque (Refer Chapter
4). The presence of metal to polymer joints requires the use of special epoxy adhesives and
exactly specified bolts. If people are expected to build such houses with little technical
assistance on site, the proposed methods are not advisable as improper joining may lead
to partial collapse in the event of an earthquake.

2. The presence of steel, timber and fiber reinforced panel’s results in a large palette of
materials with different structural properties again obstructing the behaviour of the system
as a true monocoque. The presence of different materials also makes it difficult to predict
the behaviour of such a system in the event of an earthquake.
3. Since the entire system relies on a beam-column frame to connect itself together,
maximum impact loads eventually get transferred to the frame and are not carried by the
skin anymore. This is not desirable as the presence of a secondary structural system makes
the primary composite system redundant.

4. Triangular joints connecting the roof, vertical panels and the beam lead to point load
concentrations at these joints resulting in possible system failure.
5. Failure of any one of the roof joining plates may lead to the collapse of one of the four roof
parts, injuring the occupants.
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6. The steel plates join the individual roof sections along the lines of the valley and not the
ridges. This may lead to potential water leakage problems in case of improper joinery on
site.

7. In order to withstand the impact of lateral forces during an earthquake, the vertical wall
sections need to be stiffer and heavier. The vertical components of the proposed system
lacked the required inertia to resist deflection.
8. The junction at the base of the wall and the floor proposed the used of steel plate
connections. Although the joint is continuous, this again introduces a new connection
requiring skilled assistance on site.

9. Overall, it was imperative to reduce the number of joints and materials, so that the house
behaves like a true monocoque and one that requires little technical assistance on site to
assemble together.
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9.4 Bracketing of the thesis to develop a monocoque roof system

Considering the complications involved and the limitations of time, it was decided to focus the
efforts on developing a roof that would satisfy the criteria of being a truly monocoque system
devoid of individual parts. As we have seen from the previous discussion on monocoque
construction (Refer Chapter 4), factors such as the size of the component, method of fabrication,
total cost involved, mode of transportation to site etc. all need to be carefully considered when
developing a truly monocoque structure.
It was therefore decided to detail the construction methodology, mode of transportation and on
site assembly of just the roof, leaving the detailing of the vertical sub-structure as pursuits of other
creative processes and providing only brief guidelines for the same.
The design criteria of the new roof;
1. To be manufactured and installed as a single component devoid of any joints. This
eliminates the risk of partial roof collapse and the need for complicated joining
mechanisms.
2. Strong enough to withstand the lateral impact loads of an earthquake and support its
own self weight.
3. It should be relatively light in weight so that it can be easily installed on site, by means of
a hand operated pulley.
4. Easily transportable to site on the back of a truck
5. Made from recycled plastic components and environmental friendly materials.
6. Provides adequate insulation.
7. Manufactured using relatively inexpensive and viable methods
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Chapter 10 – Development of the Monocoque Roof
10.1 Details of the roof
The form and dimension of the final monocoque roof is the same as proposed in iteration 1, except
that it is now manufactured as a single piece. This allows the original layout concepts to still be
valid. In plan, the roof is 15 feet long and 15 feet wide with a maximum pitch height of 4 feet. In
section, it is a sandwich composite with an insulating foam core with a total thickness measuring
6.5”

Image 72 ‐ Final Composite Roof, 1/4th" FRP on the top and bottom layers with 5" foam insulation in between.
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10.2 Section of the Roof – 8 layers of the top and bottom FRP panel.

From the previous discussion on working with composites (Refer Chapter 9.3), it is clear that fiber
orientation plays an important role in determining the final in situ mechanical properties of the
composite. It is therefore logical to orient as many layers as possible in the direction of the
anticipated load. However, for all practical purposes and especially during an earthquake one
cannot predict the direction of the incoming force. It is therefore necessary to balance the load
carrying capacity of the laminate in a number of different directions such as 00, 900, +450, and-450.
(Campbell, 2010) In addition to orienting the fibers in all possible horizontal directions, it is also
important to ensure its vertical symmetry by mirroring the plies about a symmetrical plane.
A balanced laminate having equal number of plies in all the four horizontal and two vertical
directions is called a quasi-isotropic laminate because it exhibits perfectly uniform behaviour in
any axis. (Campbell, 2010).
Since the said fabric is woven, in order to achieve a perfectly balanced quasi isotropic laminate a
minimum of eight layers of fabric orientations are required. Four layers of ply are inadequate to
withstand the applied pressure and may lead to sagging or deflection. Hence, the final laminate
will have eight layers of ply in the following fiber orientations 00, 900, +450, -450,-450, +450,900, 00.
This will result in a total laminate thickness of approximately 0.25”
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Image 73 ‐ The orientation of the ply’s in order to attain maximum potential strength, to create a quasi‐isotropic laminate
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10.3 Section of the Roof – Insulating Core Material.

The first step in selecting an appropriate core material is to determine the functional requirements
of the core. In case of the monocoque roof, eight layers of the fabric composite laminate are
sufficient to bear the necessary structural loads exerted on the system. However, they provides
insufficient insulation and since the proposed roof is going to be installed in a warm and dry
climate, adequate insulation is necessary.
The insulating core needs to be lightweight, able to absorb resin and preferably be manufactured
in a sheet form, making it easier to lay the insulation in a hand-layup- vacuum-bag manufacturing
process.
For dry climates, the required R value for roof insulation ranges between 19-21 (International
Energy Conservation Code, 2012). R value is the capacity of an insulating material to resist heat
flow. Greater the R value, higher the insulating capacity. (Wikipedia).
For the monocoque roof construction, a type of insulation, manufactured from recycled denim
fabric called UltraTouch Denim Insulation is proposed to be used11. It is lightweight and
manufactured in sheet sizes of varying dimensions and thicknesses. In order to attain an R value
of 19, a 24” x 94” sheet, with a thickness of 5.5” is proposed. 12
Thus final section of the roof will consist of eight layers of fabric at the top (0.5”), followed by an
insulating core (5.5”), followed by another layers of fabric at the bottom (0.5”), leading to a total
thickness of 6.5”

11
12

http://www.homedepot.com/catalog/pdfImages/28/288222f7‐ed93‐4629‐a888‐54082fc51509.pdf
Product Code in UltraTech Denim Insulation Catalogue ‐ 10002‐0192
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10.3.1 Sourcing the products for manufacturing in India..
The roof is essentially made of three primary manufacturing ingredients;
1. Eco-Resin.
2. Recycled polyester fabric. ( The type manufactured by SteelCase and sold under the brand
name Redeem is the ideal benchmark product and the same is used to develop the
prototype )
3. Insulation made from Recycled denim fabric.

All of the above products were sourced from manufacturers in the United States, it is therefore
important to list local suppliers, in India, with the capacity to manufacture or import identical or
similar products at competitive prices.
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1. The eco-resin is manufactured by the company Ecopoxy and is headquartered in Canada.

Unfortunately, this company is the only manufacturer of this unique, plant based resin. The
resin will have to be imported in large quantities from Canada. Government intervention or
public subsidy will be required to make this product available at a much lower price. Since the
roof is intended to be manufactured off site in a factory, mass production and bulk order
purchases will further help to reduce material costs.
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2. The recycled polyester fabric manufactured by SteelCase i.e Redeem

In Gujarat, a company called Komal Fibers13, is also in the business of manufacturing
polyester fibers from recycled plastic bottles. They are located in Gujarat, in the district of
Valsad, which is close to Kutch. Currently they do not weave the recycled yarn into fabric,
however they do possess the manufacturing capabilities for the same and their business
model can easily integrate the manufacturing of fabrics to the required sizes.

.

Image 74 ‐ Manufacturing plant of Komal fibers at
valsad, Gujarat, India

13

http://www.komalfibres.com
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3. Recycled Denim Insulation, manufactured by UltraTouch Industries

The proposed insulating material is developed by UltraTouch and is essentially composed of
recycled cotton fibers derived from discarded denims. Tonnes of discarded garments find their
way to second hand markets in developing countries like Haiti, India, Brasil etc.
Panipat, a region located in North India, is Asia’s biggest textile recycling hub. Dharam Pal Woolen
Industries manufactures 10,000 kg’s of yarn each day from 20 tonnes of scrap fabric14. Similar
recycling plants such as VP Udyog

15

in Gujarat are also in the business of recycling cloth and

converting them into useful items of clothing.
Numerous such industries can be contacted for manufacturing and procuring recycled cotton
fabrics for insulation.

(http://www.livemint.com/Companies/x9tnCSRrdT3RSn3BXfRtON/Old-clothes-spin-a-newyarn-in-India.html)

14

15

http://www.vpudyog.com/cotton_waste/
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10.4 Manufacturing the Roof – Step 1 – Mold Fabrication
The first step in manufacturing the roof is to fabricate the mold of the required dimensions. The
mold will be carved out of a lightweight polyurethane or polystyrene foam16 using an industrial
CNC machine. The geometry of the roof is complex with smooth bends at the roof and valley
junctions. Hence, digital fabrication by means of a CNC machine is the chosen method of mold
production as the complex three dimensional form can be quickly and easily manufactured minus
any errors.

Foam is a lightweight, inexpensive material which can be carved using a CNC machine and it can
also be easily glued together to form a large block. Also, since the vacuum bagging method is
proposed to develop the composite, it is imperative to have a continuous solid material, below
the fabric, that can withstand the pressure of the vacuum without crumpling or deforming.
Although foam is not environment friendly it can be recycled - scrap foam is used as lining for
carpets, as filling for mattresses etc.17 In addition, since the making of the mold is one time process
and we need to use a material that can be carved by a CNC machine, the use of foam is justified.

Most industrial CNC machines have a bed size 8 feet by 4 feet with a maximum cutting depth of
upto 2 feet. Hence the mold will be made from 16 individual pieces, glued together under vacuum
pressure by using rubber cement18.

16

https://www.generalplastics.com/rigid‐foams.html
http://www.pfa.org/intouch/new_pdf/lr_IntouchV4.1.pdf
18
3M Scotch Weld Neoprene High Performance Rubber Cement.
17
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Image 75 ‐ Diagram of the Vacuum Bagging Technique. The important parts in the process are vacuum connector, two way shut
off valve and vacuum gauge.
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10.5 Manufacturing the Roof – Step 2 – Mold preparation

Once the individual pieces are glued together and made ready the mold needs to be covered with
a layer of gelcoat. A gelcoat is a surface coat of clear resin that acts like a mold release agent. It
also protects and preserves the foam mold from potential damage that may be caused by the
epoxy resin that is coated on the fabric. The type of gelcoat to be used is manufactured by the
company ‘Ecopoxy’19. It is a plant based, environmental friendly resin, manufactured from
hydrocarbons obtained from natural cellulose. It is a clear finish that hardens upon application
and it can be applied on by using a brush or a roller. A layer of wax is also applied over the gel-coat
so that the composite piece can very easily slide out.

10.6 Manufacturing the Roof – Step 3 – Fabric preparation

Before the fabric is laid onto the mold it is important to stitch it together to get one large square
piece that can be easily draped over the mold. The company Steelcase20 manufactures the
recycled fabric in a roll that is 54 inches wide and upto any required length in yards. Laying the
fabric would be quicker and easier, if individual strips 54” wide and 18 feet long were stitched
together into large drape measuring 18 feet by 18 feet. Stitching can be done easily and quickly by
means of an industrial stitching machine.
Individual strips are harder to lay down because they may slip and slide and move out of place
during the vacuum bagging or the hand-layup process. They will also require more time and this
is not advisable when using the hand layup technique on a large scale.

19
20

http://ecopoxy.com/products/ecopoxy‐uvpoxy‐kit
http://finishlibrary.steelcase.com/index.php/redeem.html?color=96491
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Image 76 ‐ Stitching individual pieces of fabric to manufacture one large piece to the required
dimensions. The said piece is then rotated and aligned in an angle as determined previously.
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10.7 Manufacturing the Roof – Step 4 – Hand Layup
Selection of the right manufacturing process for composite development depends on a number
of factors, the most important of which is the nature of the fiber (continuous or discontinuous).
Selection of a manufacturing technique also depends on the final form of the composite. For
example, complex three dimensional shapes like the fuselage of an aircraft or car components are
often manufactured using robotic braiding. Cost, technology and consistency in production are
the other significant factors that influence choice of manufacturing technique.

Image 77 ‐ Manufacturing process selection, from Structural Composite Materials

The Steelcase recycled fabric is woven from a continuous fiber. Since it is a woven fabric, robotic
filament winding is unsuitable and also very expensive. Pultrusion is ideal when combining a series
of different continuous fibers to develop long and narrow profiles. Injection molding is better
suited for the mass production of smaller parts.
Thus given the nature of the material and the various other conditions, the hand layup technique
assisted by vacuum bagging is the most ideal and effective method. The other technique that may
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be used is Vacuum assisted Resin Transfer Molding (VRTM). In this technique the resin is sucked
into the fabric by means of a very powerful pump under vacuum. The major constraint in using
this technique is the number of plies of a material that can be infused with resin at a time. In most
cases, a maximum of four plies of the material can be drenched at a time and our minimum
requirement is eight plies. Another major difficulty is calculating inter laminar flow rates in order
to determine the amount of pump pressure required. Over an undulating surface, like that of a
roof, which has an area of over 225 sq. feet, the VRTM technique is simply not feasible.
In the proposed method, the resin is first laid by hand over the fabric and then placed under a
vacuum bag, squeezing out the excess material and allowing for uniform curing and thickness.
Once the mold is readied, successive layers of fabric are laid over the mold and coated with resin
using rollers. The type of resin to be used is a slow curing, environmental friendly ‘Ecopoxy’21 resin.
This resin type is odorless, non-toxic and also does not require ventilation while curing making it
the most ideal type of epoxy resin. When working with resin there are two important cure times to
be considered – the initial curing period and the final curing period. In the case of this resin type,
the initial curing period is nearly eight hours, allowing for adequate time to layup all the successive
plies. (The composite will remain soft and pliable for this time and not harden). The pot time is
three hours, which implies that the resin-hardener mixture will remain in the liquid state for three
hours.
Given the large size of the roof, it would take eight workers a total of fifteen minutes to layup one
layer of the fabric. Eight layers would therefore take two hours and the whole process would
roughly take around four and half to five hours. It is important to have adequate people, especially
during the hand layup process on account of the curing time. Workforce in India is not expensive
and it is more viable to hire labor than to invest in heavy machinery. The average hourly rate of
even the most skilled worker in India does not exceed 2$/hour, so it is affordable.

21

http://ecopoxy.com/products/ecopoxy‐slow‐kit
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Image 78 ‐ Details of the final
layup with all the respective
layers.

Image 79 ‐ Eight individuals are
required to hand lay the resin
using paint rollers, taking a total
of 20 mins per layer.
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10.8 Manufacturing the Roof – Step 5 – Vacuum Bagging
Once the successive plies have been laid over the mold, the final step in the process is to vacuum
bag the entire system and allow it to cure. Vacuum bagging consolidates all the individual layers
into one homogenous piece and eliminates excess resin.
A large sheet of thin plastic tarp (similar to painter’s tarp) is placed over the topmost ply of the
layup. This primary sacrificial layer prevents the resin from coming in direct contact with the
vacuum bag.
This secondary layer is called a combined breather + bleeder bag. This bag collects the excess resin
that is squeezed out during the vacuum process and also has tiny perforations in it which allow
the gases to escape during curing. The whole system is then connected to a vacuum pump and is
allowed to cure under pressure for approximately four hours.
A commercial vacuum pump capable of pulling out air from a cubic volume of approximately 25
m3 is required. An 18 horsepower pump with a suction rate of 0.1m3/second would approximately
take 300 seconds to completely drain all the air out. 22-23
Once the curing process is complete, the upper layer is once again coated with a transparent resin
and painted with an acrylic paint.

22

http://natvac.com/product/defender‐500‐commercial‐duty‐vacuum‐pump/

23

http://www.engineeringtoolbox.com/vacuum‐evacuation‐time‐d_844.html
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10.9 Manufacturing the Roof – Step 6 – Logistics of Transportation
Calculating the weight of the roof –
From the physical tests, the density of the composite material is determined to be approximately
0.025lbs/cubic inch. The volume of the roof as calculated from the digital Rhino model is
approximately 12,500 cubic inches. This is the total volume of 16 plies of laminate adding upto a
thickness of 0.5 inches. Hence the weight of the composite roof is 312 lbs. Dry roof insulation adds
another 86 lbs. of weight (Refer 10.3) thus making the total weight of the roof approximately 400
lbs. When this roof is soaked with resin, it will add another 100 lbs. to its weight taking the total to
approximately 500lbs.
An average male human, weighing 150 lbs. can lift upto 70% of the body weight (100lbs) over his
head (Lloyd R, 2011) . Thus the entire roof can be carried on the head by five to six people max. the
roof is ready it is hoisted vertically by means of a pulley and placed in an upright position in the
manufacturing unit. It is then placed on a trolley and loaded onto the back of a truck for
transportation.
The total dimensions of the roof are 15 feet by 15 feet and upto a maximum height of 4 feet. The
roof is placed vertically on its side, on the back of a ‘dropdeck’ flatbed truck. The flatbed truck has
a bed size which is 20-40 feet long and 8 feet wide. Thus the roof can be placed securely on the
truck. A dropdeck truck is one in which the bed is low and close to the permitting one to transport
tall objects. The vertical height restrictions for flatbed cargo are based on the maximum,
unobstructed clearing of an underpass. The region of Kutch in Gujarat is an industrial region and
keeping this in mind the Gujarat State Road Development Corporation24 has mandated that all
underpasses must have a clear opening of 5.5 meters which is equal to 18 feet. Thus the roof can
be transported as a single piece on the back of a truck because it is 15 feet tall plus an additional
2.5 feet of truck ground clearance.

24

Gujarat Motor Vehicles Road, 1989.
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Image 80 ‐ Tilting the roof into an upright position on the factory floor using a pulley.
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Image 81 ‐ Placing the upright roof on a trolley, for easy transportation onto the back of a flatbed truck
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Image 82 ‐ The form of the roof allows for nesting, or permitting numerous panels to be transported together.
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Image 83 ‐ Transportation and Logistics ‐ The dimensions of the roof sit comfortably within the maximum permissible limits for
shipping goods on a flatbed truck.
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10.10 Manufacturing the Roof – Step 7 – On Site Installation –

Once the roof is delivery on site, it is dismounted off the back of the truck and placed on the top of
the vertical (housing) substructure by means of a hand pulley. Any installation method will require
the roof to be kept hovering in place, for a couple of hours while it bolted or glued. The average
cost of renting truck mounted crane in India is roughly around 100$/day 25. Since this is relatively
expensive, an alternative system using a locally crafted hand pulley is also proposed.
Given the weight of the roof it is advisable to connect the pullet to a hydraulic pump, which can
turn the wheel of the pulley. Once the roof is lifted up, the scaffolding has wheels on its base by
which it is simply positioned in place and kept still. After installing the roof, the scaffolding slides
out.

25

Hydra Crane Rental Service, Kutch. http://www.exportersindia.com/kutch/hydra‐crane‐rental‐service.htm
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Image 84 ‐ A movable scaffolding with a mounted pulley assists in the transportation and installation of the roof on any generic
vertical structure.

Image 85 ‐ Belts such as the one seen on the image are used to lift
the roof. These belts are wound around the roof and hook onto the
pulley.
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10.11 Reducing the weight of the roof by carving out material.

The weight of the roof is approximately 600 lbs as discussed earlier. Areas of maximum stress
concentration and maximum deflection were determined using Finite Element Analysis in CATIA.
The method of loading, manner of support and the outcome of the tests are discussed in detail in
Chapter 12.3. It was discovered that, for vertical loads, maximum stress concentration occurs at
the four valleys whereas maximum deflection occurs at the center of each triangular panel. (Refer
Page 165). For lateral loads, maximum stress is concentrated at the center of the ridge and
maximum deflection occurs along the edges. (Refer page 167)
From the above analysis, parts of the roof which were not bearing any weight or experiencing any
major stresses were determined. These parts could be carved out allowing one to reduce the
overall weight of the roof by a considerable amount. The roof will have to be manufactured as a
single piece and circular cutouts can be made using a machine operated drill. Carving of the roof
in this manner allows one to filter light into the volume. Transparent Plexiglass panels can be fitted
at the bottom to prevent water from entering during the rains. In summer, these panels can be
removed to allow the hot air to escape from the top, improving natural ventilation. The articulation
of small openings is consistent with the jail pattern seen throughout this region. The suggested
strategies are very similar to the ones used to make lightweight yet strong fiberglass bike helmets.

Image 86 ‐ Carving out unwanted material to make the roof
lightweight, similar to the strategy used in the manufacture of
bike helmets.
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Image 87 ‐ The Roof with the carved out Jali pattern. Each opening is circular in profile with a diameter of 6". A thin
and light Plexiglass sheet is fixed on the underside of the roof to prevent water from seeping in during the rains.
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Chapter 12 – Load Calculations and Testing

12.1 Required Load Calculations
As a first step in engineering design, one has to calculate the maximum expected design loads and
anticipate the direction of the impact stresses. Through physical material testing and digital
simulations, we can then ascertain if the structure is able to withstand these forces or not.
The loads on the roof are experienced in two main directions, vertically downward acting loads
and lateral loads
Load calculations of vertically downward acting loads;
1. Maximum design load of an inaccessible roof in accordance with the Indian Standard
Building Code IS 875 is equal to 1.5 KN/m2 = 0.25 psi26 (load due to gravity is included in
this)

2. Weight of the roof insulation – The dimensions of the roof insulation sheet are 93” x 15”
and it weighs a total of 28lbs. This equals a pounds per square inch pressure of less than
0.1 psi27

3. Loads due to rainwater and accumulation of dust – This region receives an average
annual rainfall of less than 500 mm. Maximum possible rain and dust loads add to
another - 0.25 psi28

26

https://law.resource.org/pub/in/bis/S03/is.875.2.1987.html

27

http://www.homedepot.com/catalog/pdfImages/28/288222f7‐ed93‐4629‐a888‐54082fc51509.pdf

28

http://publicecodes.cyberregs.com/icod/ibc/2009f2cc/icod_ibc_2009f2cc_16_sec011.htm
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Load calculations – Lateral loads.

1. Wind loads - There are two steps to calculating lateral wind pressure. In the first step
maximum possible wind speed is determined for a region with regard to the average wind
speed, surrounding typography, terrain and height of the building above the ground.
Mathematically this is given by the equation,
Vz = Vb x k1 x k2 x k3
Where,
Vz = the maximum wind speed at a height z above the ground
Vb = basic wind speed on site.
K1 = Probability factor (risk coefficient)
K2 = terrain, height and structure size factor
K3 = topography factor
The above formula is according to the guidelines of the Indian Standard Building Code –
IS 875 (3)

For the region of Kutch, the basic wind speed is 55m/s for a height of upto 10m. The
probability factor is 1. The co-efficient of terrain and topography are 1.05 and 1.36
respectively. Hence the maximum calculated wind speed equals 78.54 m/s. The next step
is to calculate the wind pressure based on the value obtained for wind speed on site.
The impacted wind pressure is given by the formula,
Vp = Vz x Vz x 0.36
Where,
Vp = Pressure in N/m2
Vz = Maximum calculated wind speed
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Accordingly the maximum wind pressure equals 2220 N/m2 = 0.32 psi

2. Earthquake Loads – Earthquake loads are calculated by first determining the maximum
dead load and live load of the structure. This value is then multiplied by a series of seismic
co-efficient which are specific to a particular region. Since developing the roof is the main
focus of the thesis, for the purpose of load calculations the sub-structure is assumed to be
built using masonry construction (heaviest). It is assumed to have a square footprint which
is 15 feet x 15 feet (the size of the roof). Seismic load calculations are based on the Indian
Standard Building Code IS - 873 (5)

Calculation of Design Seismic Force by Static Analysis Method

The floor area is 15 feet x 15 feet, i.e. 4.5m x 4.5 m = 20.25sq.m. Since the live load class is
3kN/sq.m, only 25 % of the live load is lumped on the floors. At roof no live load is to be
lumped. The dead load class for this building type is 12kN/sq. 29
Hence the total seismic weight on the floors and the roof is
Floors:
W1 = 20.25 x (12 + 3 x 0.25)
= 258.18 kN
Roof:
W2 = 20.25 x 10
= 202.5 kN
Total Seismic Weight of the Structure,
W = W1 + W2
= 460.68 kN

29

Buildings are classified according to their program. The live loads for residential building is stipulated as 3kN/m
and the dead load for masonry construction is stipulated to be 12kN/m. Depending on the program type and
construction type, values of dead and live loads are calculated. For live loads upto and including 3kn/m, 25% of the
imposed load is to be considered in seismic weight calculations. Clause 7.3.1 of Indian Seismic Building Code :1893
Part 1
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Fundamental Period:
Lateral load resistance is provided by moment resisting frames infilled with brick masonry
(assumed). Hence approximate fundamental natural period: (Clause 7.6.2 of IS:1893 Part 1)
Equivalent Load in X direction
T = 0.09 H / √ d
= 0.09 x 4.5 / √ 4.5
= 0.85 seconds
The building is located on Type 3 (soft soil), for T = 0.85 sec, Sa/g = 1.94 (From Figure 2 of IS: 1893
Part 1)
Final Seismic Co-efficient (Clause 6.4.2 of IS 1893 Part 1)
Ah = Z. I. Sa/ 2R.G
= 0.36 x 1.0 x 0.85 / 2 x 1.5
= 0.1
Design Base Shear ( Clause 7.5.3 of IS :1893 Part 1)
Vb = Ah x W
= 0.1 x 460.68
= 46.8 kN
Since the plan is symmetrical, shear in the X and Y direction is the same. This is the single maximum
static load which is a summation of individual impact loads.

Conclusion –
Total vertical load on the structure is 0.25+0.25+0.1 psi = 0.51 psi
Total horizontal load on the roof acting along the x /y axis line is 46.8kN (10,521 lbs.) in addition to
a uniformly distributed 0.32 psi.
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12.2 Results of the Physical ASTM tests.
In the case of new laminates that are developed from novel fabrics, physical testing is the only way
by which one can acquire mechanical properties of the lamina such as tensile stress, tensile strain,
compressive stress, etc. Carbon, glass and aramid fibers are used extensively in the manufacture
of composites and most commercially available software packages that perform digital composite
analysis have the mechanical properties of these materials pre-installed in them. Since the
laminate that was developed by me consisted of a new kind of fabric + resin combo, it was
necessary to obtain the mechanical properties of the same via physical testing so that it could be
defined in a digital platform.

The said laminate is made from recycled upholstery fabric manufactured by the company
‘SteelCase’ and an epoxy resin manufactured by ‘3M’ (refer footnotes on Page 85). From here
onwards this laminate will be referred to as ‘Recycled Plastic Laminate’. A software called ‘Helius
Composite Analysis’ developed by Autodesk was used to study the behaviour of the Recycled
Plastic Laminate under differed loading conditions.

In order to define a new lamina in this software the following mechanical properties were
required;
1. Tensile Stress or Tensile Modulus ( also known as Young’s Modulus)
2. Tensile Strength
3. Shear Stress or Shear Modulus
4. Shear Strength
5. Compressive Strength
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The following tests were carried out in accordance with standards laid down by the American
Society of Testing and Materials (ASTM).

ASTM D3039 – Tensile Strength and Tensile Strain30
ASTM D3518 – Shear Strength and Shear Strain31
ASTM D6641 – Compressive Strength32

The detailed methods and testing procedures can be found online on the ASTM website. (Refer
footnotes on this page). I will describe the method of manufacturing the laminate as the
manufacturing technique varies and is not prescribed by the guidelines.

30

ASTM D3039 ‐ http://www.astm.org/Standards/D3039

31

ASTM D3518 ‐ http://www.astm.org/Standards/D3518

32

ASTM D6641 ‐ http://www.astm.org/Standards/D3039
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12.2.1 For the ASTM D3039 – Tensile Strain and Tensile Strength
Method of developing the sample –
The samples were developed in rectangular strips measuring 10” by 1”. The laminate consisted of
two layers of fabric, laid up in 0 and 90 degree orientations. The hand layup technique, described
previously was used to develop the samples. The samples were cured at room temperature (70 F)
and under a uniformly distributed pressure of approximately 18 psi. The pressure was obtained by
placing weights over the sample pieces.

Image 88 ‐ Specimens used for Tensile Stress and Tensile Strength

A total of three sample specimens were developed and tested and an average of the three values
is determined to be the final value.

147

Image 89 ‐ The sample with a strain gauge fitted on it. Test for tensile strain.

The following are the results of the testing,

Tensile Strain
Tensile Strength

Value 1

Value 2

Value 3

Average Value

2320 MPa
31.89 MPa

2104 MPa
29.94 MPa

1880 MPa
22.46 MPa

2101 MPa
28.10 MPa
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12.2.2 For the ASTM D3518 – Shear Stress and Shear Strength
Method of developing the sample –
The samples were developed in rectangular strips measuring 10” by 1”. The laminate consisted of
two layers of fabric, laid up in 0 and 45 degree orientations. The same hand layup technique,
described previously was used to develop the samples. The samples were cured at room
temperature (70 F) and under a uniformly distributed pressure of approximately 18 psi. The only
difference is the orientation of the samples. Since the machine can push or pull the sample in only
one direction the layup is oriented differently to measure shear.

Image 90 – Specimens used for Shear Stress and Shear Strain
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Image 91 ‐ An image of the specimen subjected to shear strain

The following are the results of the testing,

Shear Strain
Shear Strength

Value 1

Value 2

Value 3

Average Value

1647 MPa
27.08 MPa

1825 MPa
28.06 MPa

2336 MPa
27.33 MPa

1936 MPa
27.49 MPa
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12.2.3 For the ASTM D6641 – Compressive Strength
The samples were developed in rectangular strips measuring 5” by 1”. The laminate consisted of
two layers of fabric, laid up in 0 and 90 degree orientations. The same hand layup technique,
described previously was used to develop the samples. The samples were cured at room
temperature (70 F) and under a uniformly distributed pressure of approximately 18 psi. In the case
of the compression test, the samples used were smaller in size. This makes it easier for the
machine to apply uniform pressure and it does not compromise the results obtained as all values
are Force/Unit Area values.

Image 92 ‐ Specimens used for Compressive Strength
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Image 93 ‐ An image of the specimen subjected to compressive pressure

The following are the results of the testing,

Compressive
Strength

Value 1

Value 2

Value 3

Average Value

7.46 MPa

5.61 MPa

4.33 MPa

5.80 MPa
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Final Summary of Results
Tensile Strain
Tensile Strength

2101 MPa
28.10 MPa

Shear Strain
Shear Strength

1936 MPa
27.49 MPa

Compressive Strength

5.90 MPa
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12.3 Helius Composite Analysis
Autodesk Helius Composite Analysis is a software that allows one to perform stress-strain and
failure analysis on a composite material.
The main limitation of this software however is that analysis can only be carried out on flat panels
and not folded geometries. Since the behaviour of a folded composite is different from that of a
flat one, stress strain analysis will be incorrect.
However, Helius Composite Analysis can help us, by better defining the material with regard to its
failure envelope, mode of failure, etc. Just as physical testing defines certain values of the material
Composite Analysis furthers this understanding by providing a more detailed description of loads
and behaviour.
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12.3.1 Properties of the Laminate

The Recycled Plastic Laminate is laid up in the above sequence. This sequence is the same as the
one intended to be used for the layup of the roof. 8 plies of the lamina are stacked in the said order
and the property of the composite is described below. Physical testing did not give us flexure
properties or the effective mechanical properties of the laminate when arranged in this specific
order – this is given to us by Helius Composite.
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Results –
EX (psi)
Effective Young's modulus of the laminate in the global X-direction –

420,576

Effective Young's modulus of the laminate in the global Y-direction -

420,0576

EY (psi)
EZ (psi)
Effective Young's modulus of the laminate in the global Z-direction - 304,724
Gxy (psi)
Effective shear modulus of the laminate in the global XY-plane 198,109
Gxz (psi)
Effective shear modulus of the laminate in the global XZ-plane 280,793
Gyz (psi)
Effective shear modulus of the laminate in the global YZ-plane 280,793
Laminate Flexural Properties:
Exb (psi)
Laminate bending modulus in global YZ-plane –
338,674
Eyb (psi)
Laminate bending modulus in global XZ-plane. –
338,674
Gxyb (psi)
Laminate twisting modulus associated with twisting deformation that produces
displacement in the global Z-direction. 260,122
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12.3.2 Mode of failure –
The next step is to calculate the amount of load at which the Recycled Laminate will fail. In order
to determine this value, loads are progressively applied in incremental amounts, until the
laminate breaks.
From the Helius Composite Simulation, it was determined that the 8 ply laminate will fail when
the maximum strain in the x axis and the y axis exceeds 4100 psi. This value is much higher than
the maximum impact load of an earthquake which is approximately 30 psi. (Dividing the area of
the roof, by the value obtained by Static Analysis Method 12.1)
Hence, the laminate can withstand the impact of an earthquake many times over.

Image 94 ‐ Progressive Failure when increasing strain value in the x axis. Note the break in the graph is the point of all ply failure
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12.4 Digital Simulations of loads using CATIA
The method of calculating and arriving at the exact values of the vertically and horizontally acting
loads is explained in section 12.1.
The determined loads were then applied onto the roof by using the Finite Element capabilities of
CATIA. Maximum stresses values and deflections were obtained for these loads acting individually
as well as collectively. Simulating in CATIA helped to determine the behaviour of the roof at full
scale and most importantly helped to prove the earthquake resiliency of the roof. In civil
engineering, the maximum permissible deflection for an RCC beam under permissible loading
length/180. The same formula when applied to the dimensions of the roof yields a maximum
permissible deflection of 1”. As long as the deflection is within this range, it is an acceptable value.
In any conventional building structure, the load bearing frame comprising of beams and columns
is distinct from the non-load bearing skin. Finite Element Analysis is usually limited to ascertain
the resiliency and load bearing capacity of the structure, the skin is not taken into account as it
does not carry any stresses. However, in monocoque construction, since the structure and skin are
fused into one, the entire system needs to be analyzed.
The Recycled polyester fabric is the main load carrying fiber in the roof. The purpose of the denim
insulation, made of cotton fibers, is to simply provide insulation. Cotton fibers have poor tensile
and shear strength and have therefore not been considered in the stress analysis. Moreover, these
fibers are short in length and as discussed earlier, on account of their poor aspect ratio, they do
not have any considerable strength.
Therefore only the roof, made of 8 plies of the Recycled Plastic Laminate, arranged in the said
orientations, and totaling a thickness of 0.5” are considered for Finite Element Analysis.
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Image 95 ‐ Since the roof is a departure from conventional frame and skin structures, the entire skin is considered for Finite
Element Analysis.
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12.4.1 – Diagrams explaining the types of loads and their directionality.

Gravity and the weight of dry insulation are uniformly distributed loads, acting evenly over the
entire surface of the roof and they cause deflection in vertically the downward direction.
Earthquake loads act only along the edge of the roof as shown in the figure and they cause
deformation in the horizontal axis. The scalar value of the load takes into account the dead load
of the roof, probability of an earthquake in the region, soil type and also dimensions of the roof.
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The second uniformly distributed load, acting in the downward direction is the load caused by
rainwater.
In the case of wind, since the directionality of the incoming wind is uncertain, it is applied as a
uniformly distributed pressure over the entire surface of the roof. For the purposes of
categorization wind load is tabulated as a laterally acting load.
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12.4.2 – Mesh Size and Edge Conditions in CATIA – Downward Loads.

Mesh Size –
For finite element analysis, the mesh size determines the accuracy of the computation - smaller
the mesh size, the more accurate the result. The mesh size used for all of the CATIA simulations is
2 square inches.
Determination of the mesh size is a function of accuracy and computing power of the machine.
For the given scale and dimensions of the roof (15 feet by 15 feet) a 2 square inch mesh is
appropriate.
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Edge Condition for Vertically Downward acting Loads –
In order to behave like a true monocoque the roof needs to be continuously supported along all
the four edges. Point supports, like the ones normally given by columns are not advisable since
they will concentrate the lateral thrust on the joint between the column and the roof and
eventually break.

Hence, for the purpose of the simulation, the roof is clamped along all the four edges, not allowing
any translational movement in the x,y or z axis. This condition is maintained throughout in all the
simulations for vertically downward acting loads.
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12.4.3 Analysis of vertically downward acting loads - Gravity. Uniformly Distributed
Load, Acting Downwards, Simply supported on all four edges.
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12.4.4 Analysis of vertically downward acting loads – Gravity + Rain +Uniform Wind
Pressure. Uniformly Distributed Load, Acting Downwards, Simply Supported on all four
edges.
`
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12.4.5 – Mesh Size and Edge Conditions in CATIA – Lateral Loads.

Image 96 ‐ Diagram representing the edge condition of the roof along for laterally acting loads. The roof is clamped
along two edges while the other two, upon which the load is acting are allowed translational displacement.

Edge Conditions – Earthquake loads are the only laterally acting loads. Since the structure is
symmetrical along the x and y axes, regardless of the loading direction, the results will be identical.
For asymmetrical geometries, individual scalar values are calculated for each side of the structure
and simulated separately. In this case, a single simulation is adequate to understand the
implications of earthquake loads. Two edges are clamped and not allowed any movement
whereas translational movement is permitted for the load bearing edges.

166

12.4.5 Analysis of laterally acting loads + vertical loads – Earthquake +Gravity + Rain
+Uniform Wind Pressure.
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The above analysis is a combined study of all possible loads acting in both the vertically downward
and horizontally lateral directions. Gravity, rain and dust loads are uniformly distributed loads
acting in the downward direction. Wind is applied as uniformly distributed pressure. And
earthquake loads are applied as a vector force in the x axis. Refer Chapter 12.1 for individual values
of the forces.
The roof is simply supported and clamped along two edges, whereas the other two edges are left
unsupported so that translational movement is permitted.
The maximum deflection is 0.44” which is below the allowable deflection of 1”. It is thus proved
that the roof is able to withstand its own weight under gravity and also the maximum earthquake
thrust.
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Chapter 13 – Guidelines for the vertical system

I would like the development of the vertical system to ideally continue in the vein of manufacturing
monocoque structures. Similar to the roof, the verticals should be made of fiber –reinforced,
recycled polymer composites, manufactured off site in a factory setting and delivered to site for
easy installation. They should bear the key characteristics of composite construction i.e. they
should be strong yet lightweight, able to withstand the lateral forces of earthquakes. Accordingly,
key guidelines are provided to continue the research and development of an ideal vertical system
consistent with the form and hierarchy of the monocoque roof.
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1. The walls or vertical panels need to be have adequate bearing capacity to withstand lateral
impact loads of an earthquake and torques that may be caused to due to liquefaction.
They should be constructed of a material that employs the use of a honeycomb sandwich
core, to increase its stiffness, while at the same time providing an adequate thermal barrier
against the heat.
2. It is important that the vertical panel be lightweight. In case of the roof, it is designed such
that it will protect the inhabitants of the house, if they are sitting down or lying flat on the
ground during an earthquake. Similarly, walls need to be light enough or designed such
that they do injure the inhabitants or fall on them in the event of a calamity.
3. The joint between the roof and the vertical structure should be designed as a continuous
joint. This allows for the uniform distribution of loads as the behaviour of the whole system
is now closer to that of a true monocoque. Concentration of stresses at singular points
needs to be avoided, as this may lead to potential failure of the structure at those points in
the event of an earthquake. The roof should sit directly on the vertical system in the
absence of any beam column frame. In keeping with the principles of monocoque
construction, a secondary structural system of beams and columns is to be avoided and
the loads must be transferred through the skin of the structure.
4. The joining mechanism should be such that local labor or ordinary carpenters can easily
execute these joints on site, without any fear of joint failure. Learning from the
manufacturing techniques of cars, continuous epoxy adhesive joints, continuous laser
welding or self-piercing rivets should be used such that the system as a whole behaves like
one cohesive unit.
5. The location and position of the openings such as doors and windows should be carefully
defined, after taking into consideration its effects on the structural integrity of the house.
Just as the roof panel is made lighter by carving out the excess material, post FEA analysis
in CATIA, the vertical panels should also account for openings such as doors and windows.
Areas that do not experience major stresses or deflections due to impact can be removed,
thus making the panel lighter without compromising its structural integrity.
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6. The architectural or aesthetic value should ideally be congruent with the vernacular
identity of the surroundings. As proposed earlier, in Chapter 9, the housing units need not
be connected to one another. Each unit is an individual, free standing unit and the idea of
connectivity is imparted by a continuous, low-height mud platform as seen in vernacular
houses.
7. The vertical system should follow the outline or the boundary constraints set by the roof
so that the proposed housing types (from Chapter 9.2) are still valid. Altering the size or
form of the housing unit dramatically, in such a way that the main housing concept is
rendered unusable should be avoided.
In addition to the above, one also needs to keep in mind cost considerations as the house is
intended for a rural population, one that may not be able to afford it if the price is too high. Looking
for alternatives such as government funding or funding by non-profit organizations is good idea if
one intends to make this house available to everyday people.
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13.1 Sketches of potential vertical systems and joining techniques.
I am providing a few generic sketches of the potential monocoque systems that could be
implemented on site. These sketches are indicative of what could possibly be accomplished as an
outcome but are not a final proposal. The development of the vertical system is left for the pursuit
of other creative processes.
In monocoque construction, a plug and play technique is one of the most effective ways of joining
individual building components of a system together. Such joining techniques rely on the use of
continuous adhesive joints which is desirable. Potential sketches elucidating and illustrating the
use of this technique are also provided below.

Image 97 ‐ Indicative sketches of potential monocoque systems.
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Image 98 ‐ Joinery Type A ‐ Potential plug and play of vertical and horizontal components.
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Image 99 ‐ Joinery Type B ‐ Potential plug and play of vertical and horizontal components.
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13.2 Potential roadblocks in the development of the vertical system as a true
monocoque.
A house that adequately follows the above prescribed guidelines would be an ideal solution to the
problem of earthquake resilient housing. However as seen earlier from the example of automobile
and aircraft construction, connecting individual monocoque pieces to develop a larger semi
monocoque structure requires the use of technologically intensive manufacturing techniques.
Although the above proposed plug and play technique has the potential to turn into a viable
joining mechanism, expecting the local population of a rural region to wield heavy machinery and
expensive adhesives carefully, is not reasonable.

Herein lies the inherent problem of monocoque construction and the dichotomy of the larger
thesis question. FRP panels are hi-tech and assembling them together in a Do-It-Yourself low-tech
manner is difficult. Even if the panels are manufactured off site in a factory, fixing them together
on site is the work of expert, skilled technicians. In case of a house, maneuvering large individual
pieces of the roof and wall next to each other using a crane, gluing or bolting them together and
securely fixing them to the foundation, is a complicated task. Fixing the house to the concrete
foundation invariably involves the house of foreign material such as steel channels and bolts, and
this is yet another problem impeding the execution of the house.

Large companies like Boeing and NASA can invest in expensive technologies, large work spaces
and especially designed freight and cargo services to carry their large composite parts from the
production center to the point of delivery. However, such methods are very expensive and not
viable when developing housing for a rural region. Until inexpensive and simpler joining
technologies become available in the near future, the monocoque roof is most likely going to site
on a vertical structure of masonry walls, built easily by the people themselves.
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13.3 Masonry walls as the most likely form of the vertical system

Image 100 ‐ Until inexpensive and simpler joining technologies become available in the near future, the monocoque roof is most
likely going to site on a vertical structure of masonry walls, built easily by the people themselves.

Until new technological breakthroughs are made in the joining technologies of composite
panels, masonry walls are the most likely form of the vertical system. Almost all of the
construction in the rural region is load bearing masonry construction.
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There are two masonry construction systems that are commonly adopted to improve the seismic
performance of modern masonry structures. In both the cases, the main premise is to introduce
tensile members and divide larger masonry wall panels into smaller units. The two types are
reinforced grouted masonry and confined masonry.
In reinforced grouted masonry, reinforced cement concrete is poured between two parallel
masonry walls. In confined masonry, walls are built between a frame of reinforced cement
concrete beams and columns. Steel beams and columns can also be used in place of RCC
elements.
Image 101 ‐ Confined Masonry, as seen in NICEE, Svetlana Brzev

Image 102 ‐ Reinforced Grout Cavity Masonry, retrieved
from archexamhandbook.com
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13.4 The roof as the protective building component, saving the lives of the
inhabitants.
The monocoque roof is very sturdy, resilient and strong in addition to being designed as a single
piece to withstand the maximum impact of an earthquake. In the event of an earthquake, one of
the most commonly advised precautions is taking shelter under a table or a door frame, to
protect oneself from falling objects and debris. Because the roof is a single piece, lightweight
monocoque, it essentially behaves like a large sheltering canopy. The form of the roof is such
that will not crush the occupants even if the vertical masonry walls give away, provided the
occupants are in a crouching position of lying flat on the ground. Crouching under a table or
sturdy canopy is an instinctive survival response in an earthquake, and as such the roof will
protect the inhabitants from the falling debris of surrounding buildings. In the event of a major
calamity, people are trapped below debris for days and hence such a roof design will prove to be
extremely useful and help save lives during a crisis.
Even of the vertical masonry walls are destroyed, they can quickly be rebuilt and the roof is once
again hoisted up on them.

Image 103 ‐ . In the event of an earthquake, one of the most commonly advised precautions is taking shelter under a table or a
door frame, to protect oneself from falling objects and debris.
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Image 105 ‐ Because the roof is a single piece, lightweight monocoque, it essentially behaves like a large sheltering canopy. The
form of the roof is such that will not crush the occupants even if the vertical masonry walls give away.

Image 104 ‐ Crouching under a table or sturdy canopy is an instinctive survival response in an earthquake, and as such the roof
will protect the inhabitants from the falling debris of surrounding buildings
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13.5 Earthquake Resiliency of the overall system

The following earthquake resilient measures are incorporated in the house and behave
coherently together to develop a sound, sturdy system

1. Raft Foundation - As per the previous discussion (Refer 5.4.1), a raft foundation is an ideal
method to counter liquefaction on site. Three types of foundation failures namely
overturning, shear failure and horizontal slide failure are avoided by implementing a raft
foundation.
2. Vertical Sub structure – (Refer 5.4.2, 5.4.3, 5.4.4, 10.11) Llthough the design and
construction of the vertical wall system is left to other creative processes, exhaustive
guidelines have been provided for the same. Depending on the type of construction,
different methods can be followed as previously discussed. Essentially the vertical walls
need to provide adequate stiffness to counter torsional or lateral thrust.
3. Monocoque Roof – The single piece roof is stiff enough to bear the maximum lateral load
impacted on it. Its mode of failure is inelastic deformation, which is desirable since the
material undergoes deformation and not catastrophic failure which can lead to partial
collapse. It is lightweight, inexpensive and sturdy.
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Chapter 14 – Conclusion
The region of Kutch in Gujarat is at the cusp of economic and social change. The development of
a new monocoque roof system that helps reduce plastic pollution will greatly improve the cultural
and architectural identity of this region. Monocoque construction helps one develop strong,
lightweight and efficient structures with a very long lifespan and high resilience to natural forces
and calamities. As such, they have immense potential for applications in developing nations that
require quick, inexpensive and sturdy housing units in large numbers. Important contributions of
the thesis include;

1. Developing and specifying the mechanical and physical properties a new composite
material made from recycled plastic, one that can be used for numerous different
engineering design and architectural applications.
2. Answering the two-fold thesis problem – that of providing earthquake resilient housing in
the region of Kutch and reducing the problem of plastic pollution by developing a new
architectural roof vocabulary in the roof.
3. Proposing new spatial configurations that can be used to plan and organize building units
in Kutch, keeping in mind the cultural and social preferences of the people.
4. Detailing the process of manufacturing, developing and transporting to site a versatile
monocoque roof system that can be easily applied to different vernacular regions around
the globe.
5. Successfully demonstrating the earthquake resiliency of the monocoque roof through
digital tests.
6. Outlining comprehensive guidelines that be used for the development of earthquake
resilient buildings using different construction methodologies and the factors that should
be taken into consideration when building in Kutch.
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Image 106 ‐ Image of the prototype roof
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