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ABSTRACT
This project set out to conduct research on cob as a sustainable, low-cost and earthquake-resistant building
material for use in developing regions, using the Philippines as a case study. To do this scaled test
structures were built and tested under seismic conditions to determine the level of structural integrity that
can be expected from cob structures, to provide a comparison of different reinforcing conditions, and to
evaluate how this method of construction compares to alternative earth building methods.
These structures were designed to utilise Oregon cob, a material consisting of clay, sand and straw to
create monolithic walls. The role of our research was to determine the structural suitability of cob in
meeting the earthquake conditions of the Philippines and across South East Asia. Conventional building
methods typically used in developed nations are generally based on the assumption of high labour costs
relative to the cost of materials or transport; however, in developing regions the methods are often not
economically viable. The design used in our study has been developed to utilise only readily available
materials and to reduce transport and machinery costs. Similarly, the design exploits cob's thermal mass
properties to regulate internal temperatures.
To determine how Oregon cob reacts under seismic conditions, two 1:2 scale structures were constructed,
each weighing over one tonne. These structures were built in-situ in the Structures Libratory of the
University of Technology, Sydney and were then subjected to simulated earthquakes.
By maintaining dimensional consistency with existing research on reinforced mudbrick methods, we were
able to draw comparisons between the structural performances of the two materials. Our findings indicate
that cob offers a much higher seismic resistance compared to mudbrick. This, in addition to
constructability advantages, makes cob an arguably superior building method for the people of the
Philippines and South East Asia.
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1 INTRODUCTION
Worldwide there is a need for a greater range of building solutions for the millions of people without
access to affordable and adequate housing, with a large portion of these people residing in earthquake
prone regions. These communities often lack the materials, skills and funds necessary to design and
construct buildings that provide adequate resistance to earthquakes.
This inevitably leads to poorly built structures and subsequently disastrous consequences when
earthquakes occur, consequences which could otherwise be reduced. These challenges are of particular
relevance to the earth building field, with some estimates suggesting that as much as 50% of the
developing world lives in earth built homes (Weismann and Bryce, 2006, p.12). The earth building field
faces the challenge of finding affordable, practical and sustainable housing solutions for these masses of
people at the same time as providing sufficient resistance to the structural forces of earthquakes.
Zegarra & Giesecke describe the case of Peru, stating 65% of the rural population and 35% of those living
in cities live in non-engineered earth buildings with very poor resistance to seismic forces (1993, p.358).
The disproportionately poor response of mudbrick is shown with the example of damage resulting from
the Chimbote earthquake of 31 May 1970 "more than 60,000 homes were destroyed, most of them built
with adobe" (p. 359).
The two figures below, provided by De Sensi (accessed 15 November 2008) illustrate this correlation
between the distribution of earth built structures and zones of moderate to very high seismic hazard across
the world.

Figure 1.1 – World Distribution of Earth Architecture
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Figure 1.2 – Moderate, High and Very High Seismic Hazard Zones of the World
Previous research carried out at UTS has led to the development of highly successful reinforcement
methods for mudbrick structures to provide earthquake resistance for developing regions. However,
drawing from the experiences of professional earth builder Peter Hickson, who has undertaken earth
building projects for rural communities in the Philippines, we have set out to examine the potential
advantages in strength and constructability offered by Oregon cob.
To do this, this report will focus on earth building and its applications for developing communities,
earthquakes, design considerations, experiment preparations and procedures, and finally, findings and
conclusions.
In section 2, Jean-Michel will provide an outline of earth building. In particular, this section provides a
background of the history of earth building; describes the constituents that are used to make earth
buildings and their properties; compares some of the major types of earth building methods; and finally
evaluates the advantages and disadvantages of earth building compared to other building methods.
Luke will provide a justification for the use of earthquake resistant Oregon cob structures as a housing
solution for developing regions. Section 3 examines the conditions in developing regions of South East
Asia using the Philippines as a case study; section 4 provides an overview of the cause and effects of
earthquakes; and section 5 details the design considerations of the project, taking into account both real
world and laboratory limitations.
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2 EARTH BUILDING
Earth building refers to any construction method where unfired soil is the principal building material.
There are many different earth building techniques with varying levels of complexity and together they
are found all over the world, particularly in North Africa, Southern Britain, across Asia, Spain and Latin
America.
Today estimates as to the amount of the world’s population currently living in earth built houses vary,
though the numbers are no doubt vast. Wesimann and Bryce have claimed that somewhere around “30%
of the world’s population live in homes built of earth”; and “50% of the population of developing
countries live in earth buildings” (2006, p12). Generally earth building is most widely used in developing
countries by communities who are unable to afford “conventional” building materials. However earth
building is also finding a growing number of proponents in developed countries, among them many
builders and designers acclaiming its many benefits, particularly in the increasingly important area of
sustainability.
The following sections provide an insight into how and why earth building in its various forms have come
to be one of the most widespread building techniques remaining today, describing the properties of the
primary constituents found in earth buildings and how they affect the properties of the overall structure;
giving a background of how some of the main earth building techniques evolved and spread through
history; before providing a comparison of the characteristics of some of the main types of earth building
found today and finally summarising the advantages and disadvantages of using earth building in housing,
with a focus on the particular technique of cob.
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2.1 The History of Earth Building
Earth building has a long tradition. The earliest mudbrick structures discovered have been dated as over
9000 years old (Possehl, 1996) while archaeological evidence suggests that sun-dried mudbricks were
used more than 5500 years ago. The use of straw to make bricks was recorded over 3000 years ago in the
Biblical book of Exodus. In the 1950s, the CINVA Ram, a hand operated press used to make individual
compressed blocks, was developed in Colombia. In the 1980s mechanical presses that could produce large
numbers of high strength blocks were developed by several European and American manufacturers.
Another branch of earth building, rammed earth, where wet soil is compressed into formwork, dates back
over 7000 years in China and evidence suggests that its use had become widespread across Asia and
North Africa by 2000 BCE (Xujie 2000, pp. 12-14). European adoption of rammed earth has been
associated with the Carthaginians during The Second Punic War1. In the 20th century, methods were
developed to pour a mud mixture stabilized with either cement or calcined gypsum.
Cob is a comparatively simple form of earth building consisting of soil and large amounts of straw (or
their fibres) to create monolithic walls. Evidence suggests that cob originated from North Africa in the
11th century, with its use in Europe dating from the 12th century. The term “English Cob” is used to
describe a material that is loosely mixed and built in wide sections, typically 600mm wide. English cob is
usually placed with a pitchfork and is compressed underfoot (by walking along the length wall for each
“lift” of new material. By the 19th century the use of cob was widespread in Britain, however as a
reduction in transport costs saw an increase in the use of fired brick, cob construction had all but
disappeared by the onset of World War I.

1

Recorded some 300 years later in Pliny’s Natural History
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In 1989, Ianto Evans and his wife Linda searched for a sustainable building method for their home in the
American state of Oregon. The pair visited Britain to examine English cob as a suitable material for
Oregon’s cool, wet climate but found little information available. Instead they developed their own
building technique based on what they could determine from existing cob buildings. The method they
developed, known as “Oregon Cob”, allows load-bearing walls to be as thin as 300mm thanks to both
improved material proportions and the building methods.

2.2 Earth Building Materials
The different kinds of earth building that have developed over the ages all come from the same common
base ingredient consisting of a sandy-clay loam which when mixed with water forms the plastic mud
mixture from which the structure is built and allowed to harden. In some cases additives such as cement,
straw or other materials may also be included in the mud mixture.

2.2.1 Base Materials
The base construction material used in earth building is typically a loam comprising a mixture of clay,
sands and other aggregates of varying coarseness, and sometimes larger aggregates such as gravel or
stones. Depending on which component is dominant in the mix, the loam used in the creation of the mix
can be classified as a sandy, silty or clayey loam.
The properties seen in the final structure are determined by the characteristics of the individual
constituents found in the loam mixture and the ratios of these constituents in the overall mixture. For
example the location from where the loam materials were obtained influences their suitability for various
types of earth building, with gravely mountainous loams considered more suitable for rammed earth
(provided it contains sufficient clay). Riverside loams, by contrast, are often siltier and therefore less
weather resistant and weaker in compression (Minke, 2000, p.19). The ideal composition of the mixture
will vary according to the kind of earth building it is being used for; for example, mudbrick can be used
with a wide range of soils while rammed earth is suitable only for soils with low clay contents.
Clay
Clay particles are the smallest particles of the main constituents present in the loam, being less than 4µm
in diameter. They provide, however, the critical adhesive qualities that hold the final structure together.
Clay soils themselves are compounds created from the erosion of sedimentary minerals, most commonly
feldspar. The clay based minerals produced from this erosion process are distinctive for the binding forces
formed between the clay molecules due to ionic and hydrogen bonding. The formation of these bonds
begins when water is added to a clay mixture. This leads to the initial disruption of the hydrogen bonds
between the clay molecules due to the creation of stronger bonds between the water molecules, dispersing
the clay molecules. In this state the wet mixture will behave plastically allowing it to be moulded or
shaped. However as the mixture dries and excess moisture evaporates, the hydrogen bonds between the
clay molecules are re-established and the mixture becomes solid and gains strength. This allows clay to
act as an adhesive, binding all of the constituents present in the mixture together the same way cement
does in concrete (Keefe, 2005, p.45).
Minke notes however that the strength of the binding force and subsequent compressive strength seen in
the final structure vary according to the type of clay used in the mixture, as different clays have different
levels of ionic bonding (Minke, 2000, p.20). Among the different varieties of clay are montmorillonites,
illites, smectites and kaolinites.
The ratio of clay content present in the overall mixture is a primary influencing factor affecting the
structural properties seen in the final structure. In particular the clay content affects the water absorption
capacity of the initial mix and its subsequent susceptibility to shrinkage cracking. This can be explained as
clay will expand when it is wet and then begins to contract as the water gradually evaporates as the
structure dries out, resulting in shrinkage cracking. As observed by Minke “The amount of swelling and
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shrinking depends on the type and the quantity of clay (montmorillonite clay has a much larger effect than
kaolinite and illite)” (2000, p.25). It follows then that mixtures with too much clay will absorb excess
water, leading to the propagation of shrinkage cracks as water evaporates from the built structure during
the drying phase; and conversely where there is insufficient clay content in the initial mixture it will not
hold together consistently due to the lack of binding forces provided by the clay.
Sand/Aggregate
Aggregate particles are larger than clay, with silt particles ranging in diameter from 4µm to 60µm in
diameter, and sand particles ranging from 60µm to 2mm in diameter. Depending on the method of earth
building, even larger aggregates (i.e. gravels) may also be used.
The aggregate in the mix serves to stabilize the clay. By simply reducing the overall clay content in the
mixture, the inclusion of sand or other aggregates into the mixture reduces the potential for shrinkage
cracks to form as the structure shrinks during its drying process.
Weimann and Bryce note that to create a uniform mixture, loam mixes should ideally include a wide
aggregate grain size distribution, with sharper, more angular grain shapes leading to better results (2006,
p.53). The properties of the aggregates will vary according to the locality from which they are obtained,
with the preferable sharp cornered, angular particle aggregates formed from eroded stones; and round
particle aggregates formed in aquatic environments by the movement of water (Minke, 2000, p.20).
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2.2.2 Additives
Other materials are also added to the mixture to enhance various qualities such as tensile strength,
stabilisation, adhesion, drying and water resistance.
Synthetic Additives
Cement can be added to improve water resistance and the adhesive qualities of the mixture. In particular it
is the most effective means of stabilising the clay, reducing swelling and associated cracking. However
cement is only required where the clay content is too low to provide sufficient adhesion as it is also
known to decrease compressive strength (Minke, 2006, p.40) and significantly reduces the water
resistance of the structure, with the end result being a brittle, porous material.
Bitumen, when used to create an emulsion with paraffin, is another effective means of improving water
resistance, especially for mixtures with low clay content (Minke, 2006, p.41). It is particularly useful for
the mass production of mudbricks where large numbers of bricks need to be protected from water. In
Australia, where the materials are affordable and readily available, it is often difficult to purchase
mudbricks without bitumen additives. In developing regions, however, use of bitumen additives may not
be economically feasible.
Lime is one of the oldest methods of improving the water resistance of earth buildings, its ability to
readily exchange ions results in the formation of stronger bonds between particles, reducing the
permeability of the structure. Although lime improves the water resistance of the structure, it does not
however make it waterproof.
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Organic Additives
The most widely used organic additives are fibrous matter such as straw, usually wheat or barley; some
suitable grasses and in some cases animal dung. Straw is particularly effective in enhancing the tensile
strength of earth built structures but also aids in speeding up the drying process and reduces shrinkage
cracking by dispersing stresses (Practical Action, 2008). Additionally increasing the ratio of straw in the
mix will improve the thermal insulation characteristics of the final built structure as a result of the pockets
of air trapped inside the hollow straw stems (Minke, 2000, p.53).
In order to ensure the durability of the fibrous material, however, it is essential to ensure the material is
dry otherwise it is likely to rot. The fibrous material can only be added in the mixture’s wet, workable
state to ensure it is thoroughly and consistently blended into the mixture. This is a labour intensive process
and as such is not generally practical in counties where labour costs are high.
Tannins, made from the constituents of many plants, fruit and seeds can also be added to the loam
mixture. They have the effect of dispersing the smaller clay particles throughout the mixture, leading to a
more uniform grain size distribution and compact mixture. This reduces permeability and increases water
resistance (Practical Action, 2008).
Other alternative additives include gum arabic which is known to improve compressive strength and
reduce shrinkage; molasses which is known to improve strength and reduce permeability; palmo copal (a
resin produced by some tropical trees) which is known to improve adhesion and water resistance; and
even animal urine which has been observed to improve resistance to water erosion and reduce shrinkage
cracking (Practical Action, 2008).
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2.3 Advantages and Disadvantages of Earth Building
In assessing the feasibility of implementing a particular earth building technique as a housing solution for
communities where it has not been traditionally used, as is the case with cob housing in the Philippines, a
consideration of the advantages and disadvantages of earth building in general is critical in identifying the
potential constraints and opportunities that the technique would likely face. As such, the following section
outlines some of the main advantages offered by earth building, the most commonly cited criticisms of
earth building and offers possible responses to these criticisms.

2.3.1 Advantages
The benefits of earth building are many and varied: from its affordability and practicality; suitability to a
range of environmental conditions; its longevity; and to its overall sustainability which, as the world
becomes more aware of the increasing environmental pressures it faces, may lead to an even more
important role for earth built structures in the provision of housing in all communities, not just in the
developing world. These are just some of the advantages that have led to the success of earth building
through the ages and across the globe, and they are summarised in the following section.
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Availability and Affordability
One of the most immediately obvious advantages of using earth as a construction material is the ease with
which it can be obtained. In the case of cob suitable earth is available in large quantities wherever the
earth contains sufficient levels of clay content. On top of this the material is also relatively cheap and easy
to excavate and transport, especially where it is already located on the building site. The sheer abundance
of the soil resources required for earth building means that in many cases:
...the soil excavated for foundations can be directly used for earth construction. In
comparison with other construction materials costs can be greatly reduced by using the
excavated soil. Even if this soil is transported from other construction sites, it is usually
much cheaper than industrial building materials (Minke, 2000, p.13).
Likewise, straw or similar organic additives required in cob building are also readily available wherever
the local climate permits the cultivation of suitable plants.
This combination of factors help make the costs of producing materials required for building with cob
comparatively cheap. The simplicity and low cost associated with obtaining these materials is especially
advantageous when considering the use of cob in communities in developing countries such as Mindanao
in the Philippines, where communities are often isolated by both physical geography and lack of
infrastructure and can little afford the substantial costs that would come with importing other more
expensive building materials produced off site.
Simple Construction Methods
Earth building materials are also easily workable and many earth building methods require little or no
specialized, expensive equipment or machinery. Again, this is especially advantageous when considering
the appropriateness of earth building in communities in developing countries, where skilled labour and
specialized equipment are both scarce and expensive.
Often these communities often lack the experience required to be able to properly construct safe,
functional reinforced concrete structures. On the other hand Minke describes earth building as:
...ideal for self help construction: earth construction techniques can usually be executed by
non-professionals with just one experienced person controlling the construction process.
The techniques are labour intensive and need inexpensive tools and machines, and are ideal
for self help work (2000, p.13).
In the particular case of cob, the process of preparing the building material is especially simple (see
section 7.2 for preparation procedure), meaning the technique can be easily taught to local people. Hence
this knowledge transfer process directly assists with the community’s capacity building, and provides a
crucial step towards the ultimate aim of being able to provide these communities with the skills to be able
to maintain their own sustainable, low cost housing industry. As Hickson notes “A trained and skilled
[locally based] workforce could be mobile and travel short distances within the region” (2007 p.13),
meaning the community capacity building resulting from the transfer of knowledge in teaching people
simple earth building construction methods is far more feasible in the long run than continual dependence
on imported skills and aid.
Climatic Regulation
Another advantage of earth built structures such as cob is their natural ability to maintain a comfortable
internal environment. Stultz and Mukerji note earth building’s ability to regulate internal climate in a
variety external climates, due to their high thermal capacity, thus subduing extreme outdoor temperatures
and maintaining a satisfactory moisture balance (2005, p.13).
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The inherent thermal mass of earthen walls, that is their ability to store heat, results in this heat being
transferred between the outside and inside of a building very slowly. The effect of this “thermal lag”
means that in cold climates the loss of heat from the interior of the building is slowed, keeping the interior
comparatively warm; and likewise in hot climates the interior of the building will remain comparatively
cool as the transfer of heat from outside is also slowed. The end result is a comfortable year round inside
temperature in a wide range of climatic conditions. This temperature regulation is also seen on a day to
day basis, where the thermal mass of earthen walls store heat from outside during the day which is
gradually released and creates a warmer, more comfortable internal temperature at night, in effect
balancing diurnal temperature fluctuations (Hickson, 2005, p.218).
These inherent thermal properties in earth building materials are further enhanced in the particular case of
cob, where pockets of air trapped in the hollow strands of straw within the structure provide further heat
storage capacity. This ability to regulate internal temperature reduces the need for additional heating and
cooling and associated energy consumption.
Earth built structures also help to maintain a comfortable interior climate by balancing the indoor air
humidity. As stated by Minke, “Loam is able to absorb and desorb humidity faster and to a higher extent
than all other building materials. Therefore, it balances the indoor climate” (2000, p.13). Minke then goes
on to describe the results of a study in Germany into the ability of earth built structures to regulate interior
air humidity, where “Measurements over a period of eight years in a newly built house….where all
interior and exterior walls are from earth, showed that the relative humidity in this house was nearly
constant with 50% all over the year. It fluctuated by only 5-10%, thereby producing healthy living
conditions with less humidity in summer, and more in winter” (2000, p.13).
This ability to moderate the interior humidity level is very important to maintaining healthy living
environments, especially in areas where people pass a lot of their time indoors, for example during the
winter in colder climates or the rainy season in seasonally wet, tropical climates. Both excessively low
and high humidity levels can have negative impacts on the health of a building’s inhabitants.
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Relative humidity of less than 40% over a long period of time may dry out the mucous membrane (slime
film) which can lead to decreased resistance to colds and related diseases and a relative humidity of more
than 70% normally feels unpleasant due to reduction in the oxygen intake of the blood in more humid
conditions. Increasing rheumatic pains are observed in cold humid air. Fungus formation increases
significantly in closed rooms when the humidity rises above 70 or 80%. Fungus spores in large quantities
can lead to various kinds of pain and allergies (Minke, 2000, p.15).
Although no one building material or design can be considered ideal for all climatic conditions, the unique
properties of earth built structures, such as those seen in cob, that allow them to regulate indoor
temperatures and humidity without energy intensive and expensive artificial means, make them more
adaptable to a wider range of climatic conditions than many other building materials. This is an important
consideration when assessing the appropriateness of using earth building as a housing solution for
communities in earthquake prone regions of developing countries as many of these areas are also found in
parts of the world that experience harsh climatic conditions. In especially demanding environments, the
climatic performance of earth built structures can be further improved without significantly compromising
their overall cost or sustainability by incorporating simple passive solar heating design principles into the
building’s overall design; for example by maximizing the exposure of an earth building’s walls to the sun
in cold climates to take full advantage of the material’s thermal mass; or by incorporating roof overhangs
to provide shade in hot climates.
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Preservation of Organic Constituents within Structure
As earth built structures more often than not have other organic materials incorporated into in their overall
structure, such as wooden frames, bamboo reinforcement and straw in the case of cob, the ability of loam
to preserve these organic materials once the loam has dried out and hardened is an added advantage.
Minke describes the preservation effect that loam has on these organic materials as follows:
Owing to its low equilibrium moisture content of 0.4% to 6% by weight, and its high
capillarity, loam conserves timber elements that are in contact with it, as it keeps the wood
dry. Normally no fungus or insects will destroy such wood, since insects need a minimum
of 14% to 18% humidity and fungus more than 20% humidity to live. Similarly, loam can
preserve small quantities of straw mixed within it. (2000, p.13).
Longevity
The fact that earth built structures thousands of years old remain standing today is proof that these
buildings have passed the test of time. Hickson notes that although other building materials such as
“Stone, fired brick and concrete rival earth in longevity”, their suitability in the new age of sustainable
development is compromised as although these materials may be physically suitable, “stone is not
available or easy to work, fired brick consumes a large amount of energy to produce and is porous, cement
products also require huge quantities of energy and are hydroscopic and reinforced concrete’s potential
longevity is compromised by concrete cancer and a high embodied energy” (2005, p.217).
Environmental Sustainability
The above mentioned environmental impacts of these other building materials highlight another advantage
that earth building has over these other materials. As the world increasingly begins to turn to sustainable,
low environmental impact technologies and practices, one of the core underlying and intrinsic values of
earth building comes into its own: earth building is one of the most environmentally friendly construction
methods available today.
To start with, both Stultz and Mukerji have estimated that the energy required in the processing and
handling of unstabilised soil is as little as 1% of the energy needed to manufacture and process the same
quantity of cement concrete (2005, p.13). These energy savings are increased when the building material
can be excavated on or as close to the building site as possible.
The material can often then be completely prepared on site by non-energy-intensive means, i.e. through
manually mixing by hand and using the sun’s energy to dry the material. Therefore the environmental
advantages of being able to produce and use earth building material on site are twofold: not only is energy
consumption negligible (especially pertinent today given the onset of a global carbon market); but any
environmental disturbance, or the “environmental footprint” of the process is largely restricted to the
building site.
The material used in earth building is by its very nature a sustainable resource. It has unlimited
reusability, as when soaked in water for long enough old dried loam will eventually return to its wet
workable state. In effect the materials used are “simply borrowed from nature for the life of the building”
as put appropriately by Hickson, who goes on to remind us that “In 11,000 years [since earth building
began] the resources have not been depleted” (2005, p.217). The additives often incorporated into earth
built structures, such as bamboo and straw in the case of cob, are likewise completely biodegradable, zero
energy requirement resources as they are produced using the sun’s energy and can be processed manually.
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2.3.2 Disadvantages
While the benefits offered by earth building methods, such as cob, mean the practice has enormous
potential to be utilised as an affordable and sustainable building material; there remain several inherent
issues associated with earth building that must be addressed before its suitability for use as a widespread
housing solution can be properly determined. These issues stem mainly from the structural properties of
earth building materials, such as their susceptibility to shrinkage cracking, erosion and their weakness in
tension; but also include the potential for the entire concept of earth built houses to be rejected by
communities based on the belief that the material can be considered a “poor man’s” building material.
Weakness in Tension
Of critical importance to this study is the fact that earth built structures have an inherently “Low tensile
strength, making earth structures especially susceptible to destruction during earthquakes” (Stultz and
Mukerji, 2005, p.13). When not constructed properly, mudbrick buildings can be particularly dangerous in
earthquake zones as “their walls are heavy and they have low strength and brittle behaviour” and “During
strong earthquakes, due to their large mass, these structures develop high levels of seismic forces, which
they are unable to resist, and therefore they fail abruptly” (Blondet and Villa, 2003, p.3).
This inherent weakness in tension can be countered to an extent by the use of appropriate reinforcement
techniques. Reinforcement methods that have been found to improve the resistance of earth built
structures to tensile forces include incorporating materials such as bamboo and chicken mesh in both the
vertical and horizontal planes, which can be in both the interior and on the exterior of earth built
structures. A primary focus of this study was to attempt to determine the effectiveness of combined
vertical and horizontal bamboo reinforcement in cob structures to improve their resistance to earthquake
induced stresses.
The incorporation of fibrous additives such as straw, some grasses, hair and synthetic materials such
colophane, steel or glass is also known to improve tensile strength, though in developing countries using
these synthetic materials would generally be considered too expensive to be economically feasible.
Shrinkage Cracking
One of the most common problems that earth built structures are likely to encounter is shrinkage cracking
and this is most apparent in the case of earth building methods requiring a high clay content, as clay has
an ability to absorb large amounts of water. This becomes a problem as the structure will swell or shrink
as it becomes wet and dries out respectively, leading to cracks and deterioration of its structural properties
(Stultz and Mukerji, 2005, p.13). Shrinkage cracking is an often observed failure in cob. In some cases
this shrinkage cracking can lead to catastrophic failure of cob built structures.
Minke states that “The linear shrinkage ratio is usually between 3% and 12% with wet mixtures, such as
those used for mortar and mudbricks [this would also include cob], and between 0.4% and 2% with drier
mixtures used for rammed earth or compressed soil blocks” (2000, p.12).
Minke suggests several means to counter the potential problem of shrinkage cracking. For example
reducing the clay content in the initial mixture to reduce its capacity to absorb water and swell will mean
subsequent shrinkage and associated cracking as the structure dries will also be reduced. Additionally, by
thoroughly mixing the contents of the mixture a uniform distribution of varying grain sizes can be
ensured, creating a more densely compacted material and improving the binding strength between
particles within the material. Finally, by incorporating additives into the mixture, shrinkage can be
minimised. In the case of straw the dense interlocking mesh formed within the material helps bind the
overall structure together and spreads stresses (Minke, 2000, p.12).
Erosion
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As the materials from which earth built structures are made are not themselves water resistant, they are
also more at risk from being worn away as a result of erosion caused by heavy rains. However the
longevity of earth built structures is evidence that the incorporation of protective measures such as design
features, additives and coating can be used to counteract the effects of erosion even in the most hostile
environments.
Cement, lime and bitumen and all improve the can be used to improved water resistance and are discussed
in greater depth in the section 2.2.2.
A number of protective coatings, both organic, such as mud – animal dung mixtures; and synthetic
substances can also be used to improve water resistance. However there are arguments against their use of
synthetic coatings as they may often contain contaminants that go against the intrinsic healthy, sustainable
value of earth built structures.
The most effective and sustainable measure to protect the structure from erosion is to incorporate
sufficient eaves and overhangs. North (2008) claims “roof overhangs of at least 600mm all round are
recommended as essential for earth buildings, as is the case for other kinds of building materials”. Larges
eaves have the added advantage of assisting passive solar design, cooling the home in summer.
Where they are not adequately protected, earth built structures are also noted as having a “low resistance
to abrasion impact” (Stultz and Mukerji, 2005, p.13), which is erosion caused by solid, moving particles
scraping against the surface of the structure, for example from wind. Once erosion by abrasion has been
instigated in earth built structures, the cavities created may also leave the building vulnerable to
penetration from rodents and insects.
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Lack of Standardisation
Stultz and Mukerji also raise the interesting point that, possibly as a result of the above mentioned
disadvantages, earth building often suffers from a “lack of institutional acceptability in most countries,
which is why building and performance standards for this type of dwelling often do not exist” (2005,
p13). As well as often lacking official standardization in many countries, it is often difficult to make any
reliable assumptions even based on past experience in earth building. This is due to the vast amount of
inherent variables associated with earth building. This difficulty in establishing any form of allencompassing standardization in earth building is further highlighted by Minke, who states “Depending
on the site where the loam is dug out, it has different amounts and types of clay, silt, sand and aggregates.
Therefore, its characteristics may change from site to site and the preparation of the correct mix for a
specific application may also change. It is necessary to know the specific composition of the loam to be
able to judge its characteristics and change these additives when necessary” (2000, p.12). All of this
means that in real life situations it is vital to carefully observe the behaviour of earth building materials
before and during construction, making adjustments to the material and construction process wherever
necessary to best suit the demands of each particular building site.
Social Acceptability
Stultz and Mukerji note earth building often has a “Low acceptability amongst most social groups, due to
numerous examples of poorly constructed and maintained earth structures, usually houses of the
underprivileged population, thus qualifying earth as being ‘the poor man’s material’ ” (2005, p.13). This,
coupled with the fact that communities may not be immediately receptive to the idea of new building
methods and designs, means that introducing new earth building techniques into communities where they
have not been historically used may encounter some initial resistance.
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3 EARTH BUILDING IN DEVELOPING COUNTRIES
The advantages described above make a strong case for the use of earth building for developing
communities, although it must be noted that there are a number of methods that can be used to build with
earth and the suitability of the method chosen depends on the clay content of the soil and the economic
conditions.
For the sake of this report we have considered the circumstances of the Philippines in order to evaluate the
suitability of earth building as a case study for similar regions throughout South East Asia.

3.1 Comparison of Earth Building Methods
Earth building is a term that can be used to describe a number of different methods of construction. There
are arguably dozens of earth building methods, known by various and occasionally conflicting names and
there can be a large degree of overlap between terms with no clear distinctions or definitions. However,
for the purposes of this report, the following section provides a generalized summary and comparison of
the main earth building methods. These methods have different characteristics, advantages and
disadvantages, and are consequently suited to different conditions.
The types of earth building used for a particular locality depends on a variety of factors especially the
availability and composition of local soils, but also availability of equipment and labour. In many cases
however multiple earth building methods are used in the same community. For example, a survey of
homes across some regions of rural China conducted between 1977 and 1981 found that 95% of all homes
in China were built from earth – of which 15% were made from rammed earth with the remaining 80%
being made from mudbricks (Edwards, 1984, p.8).
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3.1.1 Mudbrick (Adobe)
Mudbricks, for the purpose of this report, refer to any earth brick sun dried before being set in place2.
Mudbricks can be pressed (detailed below), but unless stated otherwise, this term refers to bricks cast into
frames (or “puddled”).
The term ‘adobe’ (changed to single rather than double quotation marks) is less well defined. Derived
from the Arabic word for brick, at-tub, the term can be synonymous with mudbrick although many
definitions use the term only refer to mudbricks with fibrous reinforcing such as straw.
Of all the types of earth building, mudbricks can be made from the widest range of soil types. Soils
containing anywhere from 10% to 40% clay are suitable for making mudbricks without the need for
binders.
Mudbrick is also very versatile in regards to the production of bricks. Small-scale production of
mudbricks could consist of one person preparing a mud-mixture with a hoe and casting bricks in a single
timber (or sheet metal) frame. A mid-scale production might incorporate a paddle mixer, many workers
and frames lifted by two people that can cast several bricks at a time. Full-scale production could utilise
heavy machinery and vehicles to mix and place the mud-mixture into hundreds of frames at a time.
Mudbricks can be easily prepared on location or produced en masse (at a convenient location, such as a
river) and transported to the site.
Mudbricks are set in place to create walls with mortar, typically based on clay. In many cases the mortar
joints constitute the main point of weakness in a mudbrick wall, with stress-cracking occurring at along
these joints rather than through the bricks themselves. Mortar joints are also more prone to cracking due to
shrinkage (Australian Standards HB195-2002, sec.2.2, p.30).

3.1.2 Pressed Mudbrick (Compressed Earth Blocks)
The use of CINVA rams or mechanical presses significantly reduces the production time of bricks (or
blocks) compared to puddling. Pressed mudbricks have other advantages, such as improved strength, but
the process is not as versatile.
Lever-action manual presses produce only one brick at a time, while mechanical presses can produce
thousands of bricks (20m³) in a day. Unlike puddled bricks which require large fields for drying, pressed
bricks have a greatly reduced drying time.
Presses produce bricks with more regular dimensions than puddled bricks, which reduce both the
construction time and the amount of mortar needed. Puddled bricks typically have a compressive strength
of 2MPa while pressed bricks commonly have compressive strengths of over 10MPa. Additionally
pressed bricks have been found to have slightly superior thermal mass properties (Morony, 2004).
On the other hand, pressed bricks can be produced from a much smaller range of soils - only those with a
clay content between 5-25%. The presses themselves are costly, further limiting their suitability in
developing parts of the world.
It is common for stabilizers to be used with pressed bricks, as discussed in section 2.2.2. Pressed blocks
should be cured for four hours (ASTM, 2007, sec 6.3) although anecdotal evidence suggests that this
practice is seldom observed (Australian Standards HB195-2002, sec.2.3, p.36).

2

Mudblock can refer to “mudbricks” that cannot be easily lifted with only one hand
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3.1.3 Rammed Earth (Pisé)
The French term pisé de terre originated in Lyon, France in 15623 and was popularized in the 18th
century by François Cointeraux. Rammed earth is becoming the more frequently used term in English,
although the term “pisé” is not uncommon.
This method of earth building is suitable for low clay soils (those with less than 20% clay). The soil is
generally stabilized with either lime or cement.
The advantages of rammed earth include buildings made using this technique are typically stronger and
more durable than mudbrick; and the method eliminates the need for a large area to dry bricks and there is
reduced handling of the soil.
However even small scale production the rammed earth process requires considerable formwork to
restrain the wall, the cost of which may make the method unfeasible for some. Also to erect this formwork
a comparatively larger (and often stronger) workforce is often required and accordingly the construction
of second storey walls can be particularly difficult when resources are limited.
The quality of the finish can vary greatly. Where good quality forms, machinery and scaffolds are
available a very high-quality long-lasting finish can be achieved. Where these are not available the finish
will generally be of a lower standard than that of mudbrick.
We speculate that a potential advantage of rammed earth over mudbrick is that it may be better suited to
incorporating internal reinforcement. Internal vertical reinforcement in mudbricks requires a precast
opening or notch through which the reinforcement can pass and the ratio of this opening to the total
volume of a mudbrick is far greater than the same sized opening in a monolithic structure, such as
rammed earth.
However based on the experiences of Edwards’ in China rammed earth is probably better suited to the
conditions of developed countries rather than those seen in developing regions (1984, p.41). Although
rammed earth can be produced faster it demands a very physical method of construction. Edwards states
that in China while women are usually equally involved in the mudbrick building process but are rarely
involved in building with rammed earth. This combined with other limitations such as building at heights
and the relative expensive form work required are less of a concern in countries where machinery, safe
scaffolding and formwork are more readily available (Australian Standard HB195-2002, sec.2.4, p. 40).

3.1.4 Poured Earth (Cast Earth)
Poured earth is a process similar to rammed earth using a very-high moisture content mud mixture,
stabilized with either cement or calcined gypsum.
Cement stabilized poured earth contains as much cement as general purpose concrete. This product could
be considered a low grade of concrete rather than an earth building method per se.
Poured earth containing calcined gypsum will set in minutes and is consequently unworkable unless a
retardant is added. The addition of lime extends the working time to approximately 20 minutes while the
patented “Cast Earth” has a working time of two hours.

3
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Poured earth is more resistant to erosion than mudbrick with a higher tensile strength and hardness.
Despite the increased moisture content the presence of gypsum will result in less shrinkage cracking.
Unfortunately, the stabilization of poured earth has the effect of reducing the wall’s natural water
resistance and the surface will need to be sealed.
Poured earth, like poured concrete, can easily be internally reinforced. A network of reinforcing can be
placed in the formwork prior to pouring the mud-mixture. On the other hand it should be noted that, if the
mixture contains cement, the rammed earth will have higher natural moisture content and any internal
timber will need to be protected from direct contact with the cement stabilized earth.
Poured earth allows the construction of earthen walls with minimal labour and is well suited for use in
developed countries where labour is relatively expensive and plant and equipment are readily available
(Australian Standard HB195-2002, sec.2.5.1, p.46).

3.1.5 English Cob
As mentioned earlier, the use of English cob had effectively ceased by the start of the 20th century, with
no cob houses being built in Britain for over 70 years until 1994.4
English cob is suitable for soil containing 20-25% clay. English cob is not as strong as other earth
building methods – as a result the wall thickness should be over 600mm wide. The mix can contain up to
20% large aggregates. All cob requires straw or some other fibrous reinforcement – English cob can
contain anywhere from 5-15kg per m3 straw.
The voids created by the loose straw, along with the very wide thickness of English cob, provide excellent
insulation. This makes English cob very well suited to cold climates.
The straw added to English cob must be thoroughly integrated into the mud mixture (although not to the
extent required by Oregon cob, see section 2.3.6 below). It is possible to mix this straw manually however
traditionally this would be done by walking livestock through the mixture. Alternately the same effect can
be achieved using modern farm machinery (Australian Standard HB195-2002, sec. 2.5.2, p. 48).

3.1.6 Oregon Cob
Oregon cob is the term associated with the earth building method developed by Evans in the 1990s. This
new building method has a number of differences to traditional English cob.
Unlike English cob, Oregon cob requires soil with high clay content (30-60% clay). Accordingly Oregon
cob is much stronger than traditional English cob, requiring walls of only 300mm. Oregon cob does not
require any cement to be added.
Oregon cob is a relatively new building method and the construction process is not highly developed.
Straw must be extremely well mixed into the mud mixture, made possible by the larger clay content –
however failure to do so will result in cob that is unusable that will need to be remixed. As will be
discussed in the following section, there is currently no way to mix the straw into the mud mixture
mechanically resulting in a process that is extremely labour intensive; this is not a concern in countries
where the cost of labour is relatively cheap but this makes Oregon cob much less appealing for use in
developed countries.
The Oregon cob used in this project has been built around a timber frame (with specimens built with and
without reinforcing). As the cob is set by hand this does not hinder construction; and as no cement is used
in the in the mixture the waterproof dried structure encasing the frame will help preserve the timber
within. Loads will bear onto the timber rather than the cob however the cob will offer bracing and fire
protection to the posts. Load bearing posts allow a second storey to be constructed before the completion
4
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of the earth building; this has a practical application in that the dwelling can be liveable at an earlier stage;
and also offers protection to the cob from rain while it slowly dries in-situ. The slower drying times result
in reduced shrinkage.
As mentioned for rammed earth, building in-situ eliminates the need for large fields for bricks to dry.
Anecdotally, it has been noted that cob is better suited to wet tropical climates than mudbrick, as the space
and time required to dry mudbricks leave them vulnerable to rain, a threat eliminated in cob structures
where the load bearing posts previously mentioned allow for the laying of a second storey or even a
temporary cover at an early stage of construction to shelter the cob walls during construction and drying.
Additionally building in-situ leads to less handling of the material. Unlike rammed earth, however, there
is no need for formwork.
Oregon cob can be towelled to give a smooth finish that does not require rendering. During the building
process excess cob can be trimmed and when the cob is dry it can be worked with a rasp. That being said,
it is very difficult to maintain dimensional accuracy when building with cob even with the use of these
tools. It is possible that the thickness could be better controlled by utilizing some type of shuttering
however, given that Oregon cob is “welded”, usually by hand, rather than rammed, this would this would
be difficult.

3.2 The Philippines as a Case Study
Obviously no one solution could ever adequately address the many and varied circumstances for any
given region. The aim of this project to develop a low cost building solution for topical regions prone to
earthquakes, with a particular focus on the conditions generally present in underdeveloped regions of
South East Asia.
This report will use the conditions of Gingoog, a city with a population of approximately 110,000 people
on the north coast of the island of Mindanao, the southern most of the main islands of the Philippine
archipelago. The Asian Development Bank’s report “Indigenous Peoples/ Ethnic Minorities and Poverty
Reduction” states that the island of Mindanao is home to some 23% of the total Philippines population but
some 31% of its poor (2002, p.33), and is noted for the low standards of living of its inhabitants even by
Philippine standards. The city is subdivided into 79 barangays or traditional communities which
correspond to areas administered by local governments as described by Hickson In his report to the
GSMBEC (2007, p.19).
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Figure 3.1 – Cob House in Gingoog
Although the conditions described for Gingoog will by no means mirror those seen in other South East
Asian countries, important aspects such as the cost of labour, climatic conditions and the risk of
earthquakes are representative to the conditions in other underdeveloped countries in the region. In
particular the findings of this report could be easily adapted to meet needs of much of population
Indonesia, Papua New Guinea and Thailand.

3.2.1 Economic Considerations
The economic environment is arguably the most important determining factor of our design. The
Philippines has a developing economy with an unemployment rate 8.0% and an underemployment rate of
19.8% (National Statistics Office, April, 2008). The cost of labour is very low; Hickson claims that the
daily wage for tradespeople and other skilled labour can be as low as P180 (Philippine pesos), equivalent
to $3.40 USD or $4.50 AUD (2007, p.12). At this rate many of the standard building materials used in
developed nations, in particular cement, are prohibitively expensive. In his speech to congress, Domogan
declared that the cost of cement, at P190-P200 per 40kg bag, “has become unaffordable to the Filipinos”
(Congress of the Philippines, 2006). Furthermore, Hickson reports that the high cost of building materials
is a major cause of the low standard of reinforced concrete, claiming that there is a frequent tendency to
use unacceptably low amounts of cement in an attempt to reduce costs (p.8).
Similarly the cost of fuel is very high when compared to the cost of labour; recently the cost of petrol was
reported as P60 per litre (Gulf News, 2008). At this cost is only feasible to transport materials short
distances. The operation of heavy plant (such as excavators or backhoes) is not viable for anything other
than major construction projects.

3.2.2 Social and Environmental Considerations
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The social and environmental factors that must be taken into consideration in assessing the potential for
the widespread implementation of earth built housing, such as cob houses, in a community such as
Gingoog in the Philippines include the new technique’s compatibility with existing traditional housing
styles; the environmental pressures likely to be experienced by houses in the area; and the ability of local
people to adapt to new building techniques. These considerations are outlined in the following section.
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Typical Housing
Hickson describes how “There is a huge and urgent need for low cost housing in Gingoog and apparently
throughout the Philippines” (2007, p.7). Traditional “nipa” huts, pre-dating the arrival of the Spanish, are
still common in the Philippines. These homes are raised on stilts (typically 500mm above ground) and
built of bamboo with thatched roofing. The homes are not labour intensive and use readily available
materials however the homes are only strong enough to withstand heavy rain falls. In the event of a heavy
monsoon, typhoon or earthquake these homes will fail easily and a new home will need to be built.
Modern homes in the Philippines are generally constructed from hollow concrete blocks with corrugated
iron roofing. Hickson reports that “Local building standards are very low throughout the city” (2007, p.7);
specifically addressing the thicknesses of both the roofing material and in-fill walls as inadequate. The
Australian standards for external masonry walls call for a minimum wall thickness of 200mm. The typical
wall thickness in the Philippines is reported as only 100mm; furthermore Hickson claims that most
Filipino tradesmen would resist anything adopting wider walls as standard practice. Although thicker
material is available, the thickness of roofing typically used will not support the weight of tradesman
during construction and has a working life of less than ten years. Despite these criticisms, this style of
construction is unaffordable to the majority of Filipinos.
The most expensive homes are Spanish style houses. These have been built with a masonry ground floor
and a timber upper floor and utilise shade and ventilation advantageously.
Skills
The lack of available building materials is worsened by the lack of appropriately skilled tradespeople and
quality control. Where concrete can be afforded, poor preparation and placement often result in
dangerously unacceptable work; Hickson reports that concrete spalling, cracking around openings,
excessive sagging and cold joints are all observed regularly. It has been noted that often concrete blocks
are laid out of plumb and are structurally unsound.

3.3.3 Regions
The specific conditions, such as the availability of land and climate conditions, of any particular region
will dictate the suitability of any building technique and overall building design. The following section is
based on the Hickson’s observations and recommendations (pp. 14-16, 2007).
Mountain Plateau
The highlands experience a large temperature range, with temperatures often greater than 30°C during the
day and to 15°C at night. These regions are not densely populated so large building lots are available.
Designs exploiting thermal mass would help to balance the daily temperature range. Insulation
(particularly of the roof) to prevent the loss of heat at night is probably preferable than encouraging cross
ventilation.
Foothills
The daily range in temperature is not as pronounced in the foothills as it is in the highlands. The foothills
are shaded by extensive vegetation and the area is subjected to breezes. Building lots are large enough to
allow homes to be orientated for maximum ventilation.
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Two-storey designs, with solid lower walls supporting timber upper walls will provide thermal mass and
allow cooling breezes. Designs incorporation high cathedral ceilings will improve air flow and draw heat
away from the upper storey.
Coastal Strip
Temperatures on the coast consistently remain relatively high with only small daily temperature
fluctuations occurring of around 7°C. The coastal regions are the most densely populated and are
undergoing the most development. Lot sizes are as small as 80m², shade from vegetation is rare and the
positioning of homes may hinder breezes. The use of septic tanks in addition to bore water in such a
densely populated area poses a risk to health.
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A reduced floor area is desirable to accommodate the small lot size. Also, assuming that a concrete slab is
used as a foundation this will minimise cost of an expensive building material. The benefits of mixed twostorey design described above will also apply to a lesser extent. Additional, this method of construction
offers structural advantages that will be detailed in a later section.

3.4 Available Building Materials
A consideration of the building materials currently used by the local community and alternative materials
likely to be made easily available is of obvious importance in determining the economic feasibility of
implementing an earth building technique such as cob as a housing solution in these communities. These
considerations are outlined in the following section.

3.4.1 Conventional Building Materials
Building materials typically used in developed countries are the most obvious choices when designing
structures for seismic conditions as these materials have well understood properties. Conventional
building materials include: mechanically milled and processed timber, fired-clay bricks, reinforced
concrete and structural steel.
Timber is relatively cheap and workable building material with the added advantage of being renewable.
Unfortunately almost all of the Philippines’ most valuable timber has been removed by extensive logging.
Fired-clay bricks have consistent dimensions and engineering properties (with strength usually many
times higher than mudbricks). Compared to the cost of labour in developed countries fired-clay bricks are
cheaper, stronger, faster and easier to lay than mudbricks – however compared to mudbricks fired-clay
bricks are less sustainable, requiring much more processing and highly specialised equipment. In the
context of the Philippines, fired-clay bricks are expensive to buy and expensive to transport.
Steel and concrete both offer very high design strengths but they are also non-renewable, require a high
degree of processing and skilled tradespeople to produce and erect – ultimately, by Filipino standards
these are very expensive products and not affordable for low-rise construction.

3.4.2 Vegetation
Despite the lack of good quality hardwood and processed pine, Palmwood (locally known as Coco
Lumber) and Gmelina are (respectively) adequate and readily available alternatives.
Bamboo is abundant and has a number of uses. In addition to palm leaves and various grasses, bamboo
can be split and weaved for panels or used as thatching.
Straw is an important additive for earth building and a key component of cob. Rice straw is plentiful in
coastal regions but it is not abundant in the highlands. Coconut husks can be used as an alternative for
straw, although this is more labour intensive and not ideal. Cogan grass is readily available in the
highlands and is a preferable alternative in the absence of straw.
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3.4.3 Soil
As previously stated, earth is a low cost, sustainable, and readily available construction material. In the
particular case of Gingoog, local soils are noted as having high clay content and are suitable for mudbrick
(adobe), cob, and wattle-and-daub construction. The clay content of the local soil is a little too high for
rammed earth (pisé) or pressed earth bricks (Hickson, 2007, p.11).
In his report to GSMBEC, Hickson describes three soil groups, which he classifies as: Red, Grey/brown,
and Yellow. The red soil, located to the east is very reactive. The Grey/brown soil to the west is more
stable, although it contains coral that must be removed. The yellow soil, located near Consuealo Barangay
is the most suitable for earth building but is less abundant.
Despite the varied soil quality, it is recommended that the local soil be used to reduce or eliminate
transport. Natural additives can be used to improve poor soils. Sawdust and sand can both be used to
improve the workability of very clayey soils. There is no reason to use cement as an additive.
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4 EARTHQUAKES
Earthquakes have the potential to cause massive devastation. The M7.9 earthquake that hit Sichuan China
on 12 May 2008 was directly responsible for the deaths of over 70,000 people, the total collapse of 5.4
million homes and a total estimated cost of more than 85 million US dollars (USGS, July 28, 2008).
Though it is not possible to provide a detailed analysis of earthquake behaviour and their effects on
buildings in this report as this is beyond the scope of our research; this section will provide a basic outline
of the topic as far as is relevant to our project, providing a brief explanation of earthquakes, their general
and structural effects.

4.1 The Nature of Earthquakes
Earthquakes are a geological phenomenon caused by the release of build stresses due to plate tectonic
movements. Most of the released strain energy is dissipated however a small proportion of this energy is
released in the form of seismic energy.
This release of energy originates from a subterranean focal point known as the hypocentre, while the
epicentre is the point located directly above this on the earth’s surface. Gere and Shah (1984, p.66) refer
to the hypocentrical depth as the distance between the hypocentre and the epicentre. The depth of the
hypocentre can range from a short distance (2 or 3km) below the surface to well below the earth’s crust
(several hundred kilometres).
Seismic energy radiates from the hypocentre in the form of waves. Body waves are so called as they travel
within the body of the earth while surface waves travel along the earth’s surface. Body waves consist of
Primary or P waves, which travel the fastest and cause the first shock; while the second shock is caused by
the slower secondary or S waves. Surface waves consist of Rayleigh or R waves, which travel an elliptical
path in a vertical plane, and Love or L waves travel in a horizontal plane, perpendicular to the direction of
travel, moving back and forth. T his is illustrated in Figure 4.1 below:

Figure 4.1 – Earthquake Wave Motions (USGS, 2008, 16 July)

4.2 Earthquake Severity
Although the magnitude of an earthquake can be measured empirically, the severity of an earthquake in
terms of cost of damage and loss of life depends on a number of additional considerations such as the
geographical and cultural factors. For instance the earthquakes of Chimbote of Peru, 1970, and El
Salvador January 13, 2001 both had a magnitude of 7.8 on the Richter scale. However the earthquake in
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Peru resulted in the loss of 67,000 lives while the El Salvador earthquake resulted in less than 900 lives.
The devastation of the Chimbote earthquake was amplified by the destabilisation of Mount Huascarán
resulted in an avalanche with millions of cubic meters of rock and ice covering the nearby towns of
Yungay and Ranrahirca leaving 800,000 people homeless.
The distance of densely populated areas from an earthquake’s epicentre, along with the time of day and
especially the structural properties of buildings can have a direct effect on the severity of the earthquake.

4.2.1 Magnitude
Magnitude scales relate to the energy released by an earthquake. A number of methods can be used to
calculate this energy, all of which rely on the recordings of a seismometer. A seismograph records the
movement of the earth resulting from an earthquake, plotting the displacement, velocity or acceleration
against time in the form of a seismogram. This movement combined with the location of the earthquake’s
origin can be used to calculate the earthquake magnitude.
The hypocentre of the earthquake is determined by measuring the length of time between of P and S
waves. Given that P and S waves have differing velocities, the interval recorded by the seismogram can
then be used to determine the location of the hypocentre of an earthquake when compared to known data.
The Richter scale is the most commonly used method of referring to the severity of an earthquake
however, although the scale indicates the magnitude of an earthquake, it does not necessarily reflect the
earthquake’s potential for damage. Although earthquakes of the magnitude scales release the same amount
of energy, the severity felt at the surface may vary greatly for earthquakes of the same rating depending
on the relative distance of the earthquake and the geology of the location.
The local magnitude (ML) scale (commonly known as original Richter or Richter–Gutenberg Magnitude
scale) gave an empirical indication of magnitude based on the readings of a specific instrument, the
Wood-Anderson torsion seismometer.
A ten-fold in amplitude corresponded to an increase of one in the scale. This same increase in the scale
correlates to an increase of a factor of 31.623 in released energy; for instance, an earthquake with a
magnitude of M6.5 releases 31.6 times as much energy as that of an earthquake of M5.5 and 1000 times
as much as that of a M4.5 earthquake. The United States Geological Survey (16 July 2008) provides the
following formulas to estimate the amount of seismic energy (Es) in Joules released by an earthquake
based on magnitude:
Es = 4.8 + 1.5M
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A number of subsequent empirical magnitude scales, such as Richter’s surface wave magnitude (Ms) and
the moment magnitude (Mw) were developed, offering greater accuracy and were adjusted to correlate to
the values of the Local Magnitude scale.
With modern instrumentation, the USGS can measure the seismic energy of an earthquake directly from
velocity seismograms. Working backwards produces the energy magnitude (Me) scale, with values similar
to those of the original local magnitude scale:
Me = (2/3) log Es -2.9
Worldwide thousands of earthquakes occur daily below a magnitude of M4.0, of these, even the strongest
are barely felt. In a matter of seconds, an M5.0 earthquake releases seismic energy equivalent to the
electricity used by 52 Australian households a year5 and can be noticeably felt. An M6.0 earthquake
releases energy equal to that of an atomic bomb6 with the potential to damage to buildings7. On average a
little more than 19 earthquakes over M7.0 are recorded worldwide, these have the potential to cause
serious damage to areas for hundreds of kilometres. An M8.0 earthquake occurs, on average, once a year,
while only one earthquake of M9.0 is predicted to occur over a period of twenty years. An M9.0
earthquake can devastate and area of thousands of kilometres, releasing seismic energy equivalent to
electricity produced annually by all the power plants of Germany combined8.
Often variations will occur between the measurements of a seismograph at one location from that at
another location, despite the relative difference from the hypocenter. Gere and Shah (1984, p.76) state that
“variability is to be expected when one considers the great complexity of the earthquake process and the
fact that seismic waves may travel through many different kinds of rocks and crustal formations between
the hypocentre and the seismograph”.

4.2.2 Intensity
As previously stated the earthquake magnitude is only one factor in determining the overall severity of the
earthquake. The intensity of an earthquake gives a qualitative indication of the detrimental effect of an
earthquake in regards to the financial and human costs.
Several intensity scales exist, the earliest being developed in the 1800's, however the modified Mercalli
scale (used in the United States) and the European Macroseismic scale (EMS) are the most widely used
scales today. Both the Mercalli and the EMS scales give a subjective rating between one and twelve; a
rating of one being detectable only with instrumentation while a rating of twelve represents a catastrophic
earthquake.

4.3 Historical Earthquakes
For the purposes of this report our earthquake simulations will be modelled on historical earthquakes.
As our case study for the earth quake resistance of cob structures is based on the Philippines consideration
was given to the use of a simulation based on the Luzon earthquake of 16 July 1990, with a magnitude of
7.8 However in order to ensure that our experimental results maintain consistency with existing research
conducted by Dowling (2006) the modelling used for our earthquake simulation was based on the El
Salvadorian earthquake of 13 January 2001.

5

Based on the 2000 figure of 9400kWh per person (GENI, 2008)
Approximately equal to that of the bomb used in Hiroshima (Malik, 1985)
7
Also equal to six hour’s output of Bayswater power plant (Macquarie Generation, 2006)
8
Based on the 2001 figure of 544.8 billion kilowatt hours (GENI, 2008)
6
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M7.8 El Salvador, 13 January 2001
This earthquake resulted in the deaths of over 1,100 people, injuring a further 4,700 (USGS, 2004).
According to the El Salvadorian department of statistics Dirección General de Estadísticas y Censos
(DIGESTYC in Dowling, 2006, p. 28) 157,070 houses were destroyed by the earthquake, of these
113,469 were mudbrick.

Figure 4.2 – Land Slide Caused by El Salvador Earthquake, 2001
The following information was obtained from the Consortium of Organisations for Strong-Motion
Observation Systems (COSMOS, 2007)
Station: Hospital Santa Teresa, Zacatecoluca, La Paz
Station Latitude & Longitude: 13.5170, -88.8690
Hypocentral Distance: 27.4km
Hypocentral Depth: 60km
Figures 4.3 – 4.5 shows the acceleration versus time graphs recorded at this station:
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Figure 4.3
– North-South Acceleration Versus Time for El Salvador Earthquake, 2001

Figure 4.4
– East-West Acceleration Versus Time for El Salvador Earthquake, 2001

Figure 4.5 – Up-Down Acceleration Versus Time for El Salvador Earthquake, 2001

4.4 Earthquake Effects
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Earthquakes have both direct and indirect impacts on the environment. Damage can result from the direct
effect of ground shaking due to seismic forces and damage can also occur due to subsequent effects from
earthquakes such as landslides, tsunamis and fires.
Ground Shaking
Typically ground shaking is the primary cause of earthquake damage (NICEE, 2004, sec. 2.2.1). Seismic
forces create stresses within buildings which may result in structural failure. These effects are the primary
consideration of this report and the basis of our research.
Ground Failure
As previously described in the case of the Chipote earthquake in Peru, the subsequent avalanche greatly
compounded the devastation of the original earthquake. Earthquakes can result in subsequent ground
failures including landslides, ground rupture, soil settlement and soil liquefaction (NICEE, 2004, sec.
2.2.2). Ground rupture occurs along fault lines and can lead to physical separations at the earth’s surface,
with the 1990 Luzon earthquake resulting in ground rupture over 125km long. Landslides are caused by
the destabilisation of hillsides and can have devastating effects on infrastructure such as roads and dams;
and have the potential to bury entire towns (1600 landslides were caused by the El Salvador earthquake of
2001 and were responsible for much of the devastation). Soil settlement can result in the structural failure
of building and bridge foundations. Soil liquefaction occurs when soil behaves as a heavy liquid, reducing
the shear resistance of the soil and resulting in foundation failure. Quick clay, prevalent in areas of
Canada, Russia and Scandinavia is particularly susceptible to soil liquefaction.
Tsunamis
Tsunamis are large waves resulting from earthquakes occurring under the seabed. These waves travel at
great speeds, causing devastation even after and travelling distances of hundreds of kilometres.
As recently as 2004, the M9.1 earthquake off the North West coast of Sumatra (the third largest ever
recorded) created a devastating tsunami that resulted in the death of 228,000 people and widespread
destruction throughout the Indian Ocean rim.
Fires
Fires are a secondary result of earthquakes. Fires may result from damage to pipelines caring flammable
materials (such as natural gas) or due the spread of normally controlled fires (such as those used for
cooking). In the turmoil following an earthquake, with infrastructure damaged and emergency responses
hindered, it can be extremely difficult to contain the spread of these fires and consequently have the
potential to cause more damage than an earthquake itself.
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5 DESIGN CONCEPTS
When determining the requirements for our structures, we needed to consider both the limitations of the
tests that can be performed and the real conditions of our case study. For the unreinforced and reinforced
test units the most important consideration is that the design will maintain comparability with the research
conducted by Dowling (2004). For our final test unit, comparability has been sacrificed in order to
represent real world conditions as accurately as possible.
It should be noted that the design of all test units was in conjunction with Peter Hickson and greatly
influenced by his designs.

5.1. Material Suitability
In both cases we have endeavoured to only use materials that are readily available to the greater
population of the Philippines. During our design it was deemed preferable to err on the side of a design
that was weaker, if the choice was more applicable to the conditions of developing countries, than to
choose a design that, although structurally more resistant, would be unaffordable in practice.
Previous chapters have described the advantages and disadvantages of earth building when compared to
“conventional” building materials, however in the context of the Philippines the benefits of earth building
becomes more apparent. Although conventional building methods are used in the Philippines, outside of
major cities these become less feasible for various reasons.
In many cases cost of the materials themselves, or contributing costs such as transport, make certain
design choices unsuitable. Shortages of certain skills and materials mean that even where these are
available they are unaffordable to the general population.
The design has set out to accommodate the standard sizes of structural members available in the
Philippines. Timber sizes chosen for this project all reflect sizes available in the Philippines. Similarly, the
following section will describe the selection process for the size of windows.
Other design choices are unsuitable because they are not structurally adequate to meet the conditions
encountered in the Philippines, such as earthquakes and typhoons. For instance, traditional “nipa huts”
meet many of the needs of the Filipino people however they are structurally unable to withstand strong
rain and winds and will need to be completely rebuilt.
Beyond these limitations, considerations such as sustainability and comfort have been considered. The
renewability and reusability of materials has been taken very seriously. Similarly, the design has
attempted design for the climate, particularly by utilizing the thermal mass offered by earth building to
moderate the internal temperature as previously discussed in section 2.4.1
Tools
In practice, the design does not require the use of any specialized tools. Power tools may be used to assist
and accelerate construction – however these are not necessary.
Power tools were used during the construction of our test specimens however the only tools critically
required for our project were a power drill and a drill press. Pre-drilling was required to prevent the
scaled-down timber from splitting, however when working with full-scale timber this is not critical. A
hammer drill was used to drill into the previously cast concrete base although in practice this can be
avoided by casting starter bars and post brackets can be set into the concrete prior to its setting. Similarly,
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concrete can be mixed and placed with tools similar to those needed for cob, although machinery ranging
from electric or petrol powered cement mixers to concrete transportation trucks will greatly assist
construction.

35

THE EARTHQUAKE RESISTANCE OF COB STRUCTURES

As discussed in the construction section of this report (sec 7.2.3), the process of mixing cob allows straw
to be added much more thoroughly. The mats used for our construction were made from synthetic shadecloth but any mat of reasonable strength can be used.
The timber used in our construction was purchased miller and ready to use. It is likely that in practice the
timber used for our design would be obtained by felling a suitable tree, milled on site with a chainsaw.
The finish produced from a chainsaw will not be of the standard as that provided from a timber yard
however it is suitable for local standards.

5.2 Testing Limitations
The primary design consideration of this project was adapting the design used in practice by Peter
Hickson to meet the limitations of what could be reasonably tested with the available resources and to
offer maximum scientific value.

5.2.1 Comparability
A major aim of this project is to compare the results of our research to that previously produced by others,
in particular the existing research on reinforced mudbrick conducted by Dowling (2006). To do this we
have set out to maintain as much experimental consistency as possible. Similarly, we set out to compare
the earthquake resistance of reinforced structures to those without with bamboo reinforcement.
The design of test specimen developed by Dowling were based on the predominant failure of earth
structures under earthquake forces by “vertical cracking at the intersection of orthogonal walls, and the
cracking and/or overturning due to out-of-plane flexure” (2006, sec 6.2.1, p. 171). Both the research
conducted by Dowling and in this project are based on the construction and seismic testing of u-shaped
wall units which “focus attention on vulnerable corners and out-of-plane wall” (p. 172).
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Our research is based on test specimens of the same nominal dimensions as those used by Dowling. To
prevent overturning, we set out to apply the same restraint conditions as practical. The same shake table
input, a modified reproduction of the M7.8 earthquake recorded in El Salvador on 13 January 2001, used
by Dowling was also used for our testing.

5.2.2 Project Scope
Ideally several test specimens should be constructed to provide conclusive results; a set of specimens
should be built for each reinforcement condition (bamboo horizontally, vertically and in combined, steel
wire or mesh reinforcing, with or without corner posts etc.) in addition to another set acting as a control.
This would allow us to pin point the benefit of each aspect of reinforcement. Set of at least three
specimens would provide greater reliability of results.
Unfortunately given the time constraints of completing the testing as part of an undergraduate thesis this
level of accuracy cannot be achieved. The construction of test specimens is very labour intensive, each
requiring over 180 man hours to building before considering the time for instrumentation, transport and
testing.
In order to determine the effect of reinforcing a single control specimen was constructed, with timber
internal corner posts connected to a top plate. A second specimen was constructed with the same timber
frame and ring beam but with additional horizontal and vertical bamboo reinforcing; this reinforcing
combination was chosen as it the most practical considering material limitations.

5.2.3 Reduced Scale
Both the specimens constructed by Dowling and for this project were scaled down to one half of full size.
The need for scaling is due both to the limitations of the shake table, transportation and the available
resources. The UTS shake table only accommodate a structure of up to 3m by 3m. Although the shake
table can support up to 10t, it become difficult to transport a structure with a weight greater than 1.5t; a
structure heavier than this will need to built directly on the table. The design that is used in practice cannot
be entirely adapted to this reduced scale creating a small number of constructability problems.
The particle sizes of materials cannot be scaled – in most cases this is not a problem however this creates
a something of a problem for timber sections that are half size. When fixing into narrow timber sections
there is a tendency for the timber to split-out – this can result in the timber no longer being usable. To
avoid this every precaution was take to avoid splitting, particularly pre-drilling almost all screws.
The scaling down of the timber members creates a bigger problem in fixing the vertical bamboo
reinforcement to the beams of the scaled house. In practice the bamboo would be fitted into an additional
block 100mm wide with a housing bored through, wide enough to accommodate a 50mm diameter piece
of bamboo fixed to the underside of the beam. In our construction, steel hollow square sections were used
to provide housing for the bamboo which was fastened to the underside of the beam instead. This solution
provides significantly more resistance to failure than that offered by the method used in practice.
Window sizes in the Philippines are typically multiples of 600mm (based on the standard size of louvers),
however windows measuring 800mm are available and these have been chosen for our scaled house. In
practice windows of this size would not be used however, because only one half of the entire house is
being constructed, it was determined that it was necessary to reduce the window size to provide greater
bracing.
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5.3 Other Considerations
The small floor area of the design, measuring only 3.5m by 6.5m, is due to two considerations. Firstly the
lot sizes available in the densely populated coastal strip are very small (often 8m by 10m) and this restricts
the size of homes that can be built; however, in our design size of the concrete slab footing, which forms
the ground floor of the house, has been additionally reduced. Concrete in the Philippines is an expensive
material and typically the standard of workmanship is well below the standard required in Australia; by
minimizing the dimensions of the slab it is possible to reduce costs and to potentially improve the
standard of construction. A concrete slab on ground footing can also serve as the finished floor for the
ground level and offer a barrier to termites; however concrete strip footings can be used depending on the
circumstances.
A larger area second floor can be achieved by counter-levering the beams and joists well past the ground
floor wall area as timber is a less expensive building material than concrete. This design has the added
advantage of providing large eaves that will help to protect the cob walls from excessive erosion during
heavy rains.
The second floor, in addition to doubling the available living space, also has the added benefit of
providing a structural diaphragm. This diaphragm adds considerable bracing and, consequently, structural
resistance to the building. From his experience working in the Philippines (Hickson, 2007) claims that
typically Filipino builders will not build homes with ceiling joists or any other form of ceiling diaphragm
in order to reduce the cost of construction; a tall loft acting as a second floor provides a practical use for
this structural diaphragm.
The weight of the ground walls provided a hold down for the second floor, restraining it from uplift in the
event of strong winds and the forces of typhoons. The panels of cob provide good bracing to resist
racking.
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5.4 Alternatives not adopted
Many design features could be employed that would greatly increase the strength of the test units.
Although many of these alternate design features are relatively low cost we have opted not to incorporate
them into our design. The aim of this project was to evaluate the strength of the design that was most
appropriate to the conditions of developing countries.
In the preliminary stages of our design it was decided that these more complicated or expensive features
would only be considered if subsequent test results showed that our more simplistic design failed to meet
the minimum requirements for practical use.
The most affordable feature is to provide continuous wire post-tensioning to prevent the spreading of
walls under seismic forces. The low-gauge wire required is affordable and readily available.
It is important to consider that a cob structure is a complete unit rather that a sum of its parts - the
comparative material properties of component, such as the reinforcement may not be relevant. For
instance, steel has a higher tensile strength than bamboo however but unless the forces imposed on the
structure are great enough to cause bamboo reinforcement to fail then there is no benefit in using steel
reinforcement in place of bamboo.
That considered, rather than the small diameter bamboo used for horizontal reinforcing in our design, steel
mesh used in conventional masonry (such as Bricktor) would probably offer greater strength - even
chicken wire cut into lengths 150mm wide may be a more efficient alternative and offer the same
structural resistance for little additional cost.
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Steel rods cast into the concrete footing, in place of vertical bamboo reinforcing would no doubt increase
the resistance to earthquakes and uplift – albeit at increased cost. Angle reinforcing imbedded in the
corner would help to prevent perpendicular walls from separating.
The greatest resistance would be offered by a continuous internal steel framework – this would allow
forces to be dispersed throughout the entire structure and resist cracking and walls from separating.
Despite the structural properties of such a system, it would make the process of cob building very difficult
in addition to being unrealistic in terms of cost.
Dowling suggests that the use of buttresses for earth structures “provided significant restraint to the outof-plane bending of the walls” (2001 p.127). Restraint is provided in both directions by locking the wall
between supports and allowing “a transfer of the bending stresses from the cantilever walls to the support
walls”. The choice not to use buttresses was based on constructability concerns; buttresses require much
more skill and effort to build and create problems for both corner reinforcing and eaves.
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6 HYPOTHESIS
This purpose of our experimental testing was to confirm or disprove the following hypotheses:
•
•
•

That cob structures with internal bamboo reinforcing will offer greater resistance to seismic
forces than that of those without bamboo reinforcement;
That cob structures will offer a resistance to earthquakes equal to or greater than that of mudbrick
structures; and
That our house design, incorporating Oregon cob, can withstand the effects of a major
earthquake.

To elaborate, we set out to prove that the structure with internal bamboo reinforcing would offer greater
earthquake resistance than those without. The expectation for our testing was that the specimen without
bamboo reinforcement would display signs of failure at a lower scaled intensity than the reinforced
specimen.
In order to compare the earthquake resistance of cob structures to that of mudbrick we will use the results
found by Dowling (2006). A review of these results will be provided in section 9.1.
Finally, the structural suitability of Oregon cob for use in earthquake prone regions will be evaluated by
assessing the damage resulting from a full intensity earthquake simulation and a simulation of 125%
intensity.
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7 EXPERIMENT PREPARATION
Experimental investigation is the only research methodology that can be employed to produce a realistic
indication how a structure will behave during an earthquake (Samali, 2008, pers. comm., 17 April). When
considering seismic forces the structure must be evaluated as a complete system. Although an initial
analysis can be conducted on the base materials this data cannot be used to predict of how the material
will perform as part of a greater structure. To generate representative results, a scaled model must be
constructed and then subjected to simulated earthquake conditions.

7.1 Specimen Design
This section details the design specifications to which the experiment specimens were built, before going
on to outline the mixing, testing and construction procedures involved in the physical creation of the test
specimens.

7.1.1 Specimen Specifics
A primary aim of this research is to compare the seismic resistance of cob structures to that of mudbrick
structures. Dowling (2004) provides an in depth analysis of mudbrick structures using specific dimensions
for his test specimens, each specimen having the following nominal dimensions:
Length:
Wing Wall:
Height:
Thickness

1800mm
600mm
1200mm
150mm
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Figure 7.1 – Specimen Diagram
By maintaining dimensional consistency with this previous research a more reliable comparison could be
made between the behaviour of mudbrick and cob structures.

7.1.2 Support Structure
Prior to any building with cob a support structure must be prepared. This includes the reinforced concrete
footing, starter bars and also the skeletal frame. The reinforced concrete base consists of a “C” footing
cast into a galvanized steel frame 100mm deep and 300mm wide. The base is supported by steel
universal-beams with bolt holes to allow fixing to the shake table.
Vertical timber posts the height of the wall were fastened to the centre of each corner. These posts were
made from Radiata pine with a cross-sectional area of 50x50mm. Each post was held in place with two
150,150x50x3mm mild steel angle brackets. Each bracket was fixed to the concrete footing with two 8mm
Dynabolts and fixed to the post with 3mm wood screws. To prevent the splitting of the small timber
section each wood screw was pre-drilled and lubricated.
Mild steel starter bars were used to locate the cob wall into the concrete base. Typically 10mm bars would
be used in practice, so following the project scale of 1:2, bars 6mm in diameter were used as the closest
available bar size. Bars 300mm long were bent into a “C” shape 80mm horizontally and 110mm on each
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vertical “arm”. These bars were spaced at 300mm centres set into 8mm diameter holes drilled into the
concrete using a tungsten-carbide drill to an approximate depth of 50mm. These bars were only intended
to act as horizontal restraints, providing no vertical resistance and were held in place by friction alone.
The concrete base, timber corner posts and steel starter bars are illustrated in Figure 7.2 on the following
page.

Figure 7.2 – Concrete Base, Corner Posts and Starter Bars

7.1.3 Reinforcement
The control specimen was built with no reinforcing other than the skeleton structure while the reinforced
structure was constructed including both horizontal and vertical bamboo reinforcing.
Figure 7.3 on the following page, depicts the reinforcing conditions of the unreinforced [above] and
reinforced [below] specimens.
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Figure 7.3 – Diagram of Reinforcement
The main effect of the vertical reinforcement is to secure the structure to its foundation; whereas the
horizontal reinforcement serves to transfer bending and inertia forces in the out-of-plane walls to the
supporting in-plane walls and to withstand the shear stresses imposed on the structure’s corners where its
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walls join. The reinforcement when tied together provides a matrix which is stronger than the individual
components (McHenry in Dowling 2001, p.44).
In practice horizontal reinforcing would typically be placed at 400mm centres, so in the 1:2 scaled down
specimens built for this project this was reduced to 200mm. The horizontal layers of reinforcing consisted
of two parallel lengths of bamboo approximately 10mm in diameter (20mm in practice) running the full
length of both the in-plane and out-of-plane walls. All joins in the parallel length were lapped and these
laps were staggered. Lengths of 10mm diameter bamboo approximately 120mm long were fixed
perpendicular to the parallel bamboo with steel reinforcing ties. The setup of this horizontal reinforcement
system is illustrated in Figure 7.3 below:

Figure 7.4 – Horizontal Bamboo Reinforcement
When the wall had been built to a height of 200mm vertical reinforcing consisting of 20mm diameter
lengths of bamboo was placed at 600mm centres was inserted into the cob wall while still wet, after which
the cob was built up around the reinforcing. This vertical reinforcement system is illustrated in Figure 7.4
below:
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Figure 7.5 – Vertical Bamboo Reinforcement
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7.1.4 Wall Restraint
In keeping with the design of the mudbrick test specimens used in the research of Dowling, restraints were
applied to the tops of the wing walls in the same fashion as with his mudbrick specimens. The restraints
themselves were tension bars that bolted an LVL beam, which spanned the two wing walls, fixed to
concrete base, as shown in Figure 7.5 below:

Figure 7.6 – Restraints
By simulating the restraint that would normally be provided by a continuous wall; the downward forces
applied by these tension bars served to focus the majority of the seismic stresses on the weakest parts of
the wall, namely the long wall and the corner connections. Importantly, the restraints also prevented the
specimens from overturning during the test procedure.

7.2 Earth Building Process
The construction process involved in creating the test specimens mirrored the general process observed in
the creation of real cob structures in the Philippines: the construction materials were processed and
prepared on site; the building technique was simple, easy to learn and required no complex machinery
though at the same time it was highly labour intensive. The following section outlines the creation of the
test specimens from mixture preparation to construction itself.
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7.2.1 Mixture Composition
A mixture of two soils of differing compositions was used to create the final cob mix used for the
construction of the test units. The first load (Sample 1), a sandy loam, was sourced from the Kangaloon
area in the Southern Highlands of New South Wales.
Sample 1 found to have too high sand content where upon mixing it was found that the binding force was
not strong enough to hold the cob together, with free straw and particles of sand/aggregate coming out of
the mix. After conducting turbidity tests (see section 7.2.2) the composition of Sample 1 was estimated to
be approximately 27% clay and 73% sand/aggregate.
To improve the binding force of the cob, a second load was acquired (Sample 2). The soil for this sample
was a clay-rich loam based from kaolinite clay, a variety of clay noted for its reduced swelling and
shrinking tendency. This loam was sourced from the lower Shoalhaven River Valley on the south coast of
New South Wales, some 0.5 km from the banks of the river and at a depth of between 100 mm to 1 m
below the ground surface. Sample 2 had a clay content of approximately 72% clay.
Samples 1 and 2 were then mixed together at a ratio of 1:1, to produce the final sandy-clay loam mixture
(Sample 3) which was used to construct the cob test specimens. Following the 1:1 ratio of Sample’s 1 and
2 used to create Sample 3, it was assumed that the mixture of Sample 3 would comprise approximately
50% clay and 50% sand/aggregate. This ratio is consistent with the 30-60% clay content generally
recommended for use in construction with Oregon cob.

7.2.2 Mixture Testing
Before construction of the final test specimens could commence a number of simple tests needed to be
conducted during the mixing phase in order to first provide an indication of the suitability of the mix for
use in cob construction, and then make any alterations or additions to the mix deemed necessary to create
a cob mix with the desired properties. These tests were the wash test, the render test, the sedimentation
test and the workability test and are outlined in the following section.
Wash Test
The first and most simple test conducted, the “wash test” was conducted on Sample 1 after adding water
to the loam mix and thoroughly mixing the soil on a geo-textile mixing mat (refer to section 7.2.3 for
details on the actual mixing procedure). A moist sample of loam was taken from the mix and rubbed
between the thumb and index finger.
The grains of the aggregate could be clearly felt; and the rubbing motion was noted as producing an
audible crackling noise.
These are early indications of a sandy or gravely soil with a low clay content and suggested that soil with
a higher clay content would need to be added, which was confirmed by the later workability test.
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Render Test
The next test conducted was the “render test”. Using a gauging trowel, a handful of both the Sample 1 and
Sample 2 mixes was wiped onto a vertical surface, namely a previously built, dry mudbrick wall, and
allowed to dry. One week later the test samples were observed for the appearance of shrinkage cracking.
As could be expected, Sample 1 being a sandy loam with low clay content and hence reduced water
absorption capacity, exhibited very little visible cracking.
Sample 2 by contrast, being a clayey loam and thus having a higher water absorption capacity, displayed a
series of highly visible horizontal cracks across the render.
These observations helped to identify the extent of shrinkage crack development in any final built
structure made from either of Sample 1 or 2 during its drying phase; and suggested a clay content
somewhere between the two would be preferred to either Sample 1 or 2 on their own.
Sedimentation Test
To determine rough estimates of the compositions of both Samples 1 and 2, a transparent jar was
approximately half filled with water, after which a sample was taken from each of the mixes enough to fill
the remainder of the jar, which was then shaken vigorously to stir the mixture. By gravity, the largest and
heaviest particles in the mix settle out at the bottom the jar, with the smallest and lightest particles
eventually settling at the top of the mix.
As the sandy loam of Sample 1 was made up of coarser, heavier particles, the sedimentation test for
Sample 1 produced visible layers of clay and aggregate within 2 hours.
On the other hand, the particles in the clayey loam of Sample 2 were much finer and lighter, and it took 2
weeks for barely distinguishable layers of clay and sand to settle out and appear.
The results of the sedimentation tests for Sample’s 1 and 2 are shown in Figure 7.6 below:
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Figure 7.7 – Results of Samples 1 and 2 Sedimentation Tests
This stratification of the constituents present allowed the composition of the mix to be roughly estimated
by measuring the depth of the sandy/aggregate layer and the silty/clay layer and comparing this to the
total depth of the mix settled in the jar.
The results of the sedimentation tests are summarized in Table 7.1 on the following page.
Table 7.1 – Sedimentation Test Results
Total Depth of
Sediment

Depth of Clay
Layer

Depth of Aggregate
Layer

% Clay

% Aggregates

Sample 1

6 cm

1.6 cm

4.4 cm

26.7%

73.3%

Sample 2

7.2 cm

5.2 cm

2 cm

72.2%

27.8%

It was taken into consideration that “It is a wrong interpretation that the height of each layer corresponds
with the proportion of clay, silt, sand and gravel” and “The fact is that one can only distinguish successive
strata at sudden changes of grain size distribution, and these may not coincide with the actual defined
limits between clay and silt, and silt and sand” (Minke, 2006, p.22). In other words, measuring the depth
of the visible layers of the constituents in the mix could only provide a rough estimation of the mix’s
composition was used only as a guide to estimating the addition or reduction of clay content required to
achieve the desired mix composition and properties.
Workability Test
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This test was an entirely qualitative observation rather than a quantitative test. Upon adding straw to the
loam on the mixing mat and thoroughly mixing it into the mix to produce cob, handfuls of cob were
removed from the mixture and were attempted to be moulded into balls. Where the handful of cob could
be easily moulded into a cohesive ball with the straw thoroughly mixed into the ball, with no free
aggregate or stems of straw coming out of the ball it was considered that the mixture has a sufficiently
high clay content to provide the binding strength required to hold the components of the cob mix together.
The mixture produced from the soil of Sample 1 created a poor quality cob where the binding strength of
the material was weak, allowing free material to come out of the cob balls formed; and the straw was not
properly integrated into the cob to form a cohesive mass.
The poor quality of the cob produced by the soil from the sandy loam of Sample 1 led to the decision to
significantly increase the clay content of the mix, and the clayey loam of Sample 2 was mixed into
Sample 1 at a ratio of 1:1 to produce the sandy-clay loam of Sample 3. After mixing straw into the
mixture produced by Sample 3, it was observed that the workability of the mixture was significantly
improved.
Conclusions of Mixture Tests
The improvement in workability seen from increasing the clay content of the sandy loam of Sample 1 by
mixing it at a ratio of 1:1 with the clayey loam of Sample 2; and the observations of the wash test
indicating a deficiency in the clay content of Sample 1 suggested the clay content of the final built
structures would need to be higher than that of Sample 1. However the identification of significant
shrinkage cracking in Sample 2 in the render test suggested that the clay content in the final structures
would need to be lower than that of Sample 2. These observations led to the decision to use the sandyclayey loam of Sample 3, created from a mixture of Samples 1 and 2 at a ratio of 1:1, as the loam for the
construction of the final test specimens.

7.2.3 Mixture Preparation
The test specimens were build in-situ in the UTS Structures Laboratory, located on the bottom floor of the
UTS tower building. There is no direct vehicle access to the Structures Laboratory, so the loads of soil
used for the preparation of the test units were transported to the car park on Level 2 of the UTS Building 2
by truck. The tray of the truck could carry approximately 1 metric tonne of soil at a time. Keeping the
Sample 1 and 2 loads separate, upon its arrival the soil load was shovelled into two hoppers so that they
could be easily transported to the work site in the basement, or Level 1 of the Building.
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After the creation of preliminary sample mixes from the imported soil and conducting basic tests on these
sample mixes to identify a mix with the desired properties (see section 7.2.2 above), production of cob to
be used for the construction of the test units could commence.
Production of the cob mix began by first mixing the Sample 1 sandy loam and Sample 2 clayey loam
materials into a single mixture to create the sandy-clayey loam of Sample 3. This mixture was created by
shovelling approximately 40L of both Samples 1 and 2 (80L in total) into a single wheelbarrow. 20L of
water was then added to the wheelbarrow using buckets and the contents were mixed together thoroughly
using a mortar hoe, also known as a “larry” until the mud mixture flowed smoothly through the holes in
the larry as it was pushed through the mix. This is illustrated in Figure 7.7 below:

Figure 7.8 – Initial Mixing of Samples in Wheelbarrows
Once the contents of the wheelbarrow were adequately mixed, a mixing mat (a square sheet of shade cloth
measuring roughly 1.2m by 1.2m) was spread out on the floor onto which the contents of the wheelbarrow
were then poured from the wheelbarrow. Ideally the mass of mud would form a relatively cohesive, single
blob on the mat.
The mass of mud was then further mixed on the mat by taking the corners of the mat and folding it and its
contents over, then walking through the mix with a rapid stomping motion to ensure the sandy and clayey
constituents of the mix were thoroughly and uniformly blended. While mixing the mud on the mat it was
important to try and keep the mix contained as centrally on the mat as possible to minimise spillages and
wasting of the building material.
Over the course of the mixing process it was observed that wearing safety boots while mixing the mud by
foot was not as effective as mixing bare foot. This is because the boots has the effect of spreading one’s
body weight out over a larger surface area than bare feet, reducing the penetration of the feet into the mud
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and hence the effectiveness of mixing by feet. However despite the improved effectiveness observed by
mixing bare foot this was often impractical as the mix at times contained hard, sharp pieces of rock or
sticks. To counter this, diving boots made from tight fitting neoprene (the same material wetsuits are made
of) were worn, which protected the feet from the occasional sharp object in the mix while still enabling
the feet to penetrate deep into the mud.
The use of the mixing mat allowed the mass of mud to be manually compressed, rolled, folded and
worked, by lifting the mat at the corners and pulling both it and the mud contents into the centre of the
mat. This is much easier than trying to lift a mass of the mud mixture directly from off the floor. This was
particularly important when it came to thoroughly mixing straw into the mixture, the most difficult stage
in the creation of the cob. The mixing by feet process, after the addition of straw, is shown in Figure 7.8
on the following page.

Figure 7.9 - Mixing by Feet with the Mixing Mat
As a rough guide, approximately three, 10 L buckets of straw (with the straw compressed relatively tightly
into the buckets), were added to each wheelbarrow load of mud on the mixing mat. With the mass of mud
spread relatively flat over the mat, the straw was sprinkled over the loam. The spread of straw was aimed
to be uniform and only deep enough to cover the entire surface area of the loam on the mat with a single
layer of straw, avoiding the creation of any thick clumps of straw which were difficult to blend into and
amalgamate into the loam, where they would remain as separated constituents in the mixture and hence
fail to form the interlocking, binding network it is supposed to in cob.
Following this, the same process of taking the mat’s corners and folding the mat and its contents over,
then walking through the mix to thoroughly blend the straw into the mud was repeated continuously to
form the cob. The determination that the cob contained enough straw was made when the mass of material
was sturdy enough to support the weight of a typical adult male with very little to no resulting sinking.
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Finally, the judgement on the cobs suitability for construction was made based on the workability of the
cob, or its ability to form workable, easily moulded balls of clay with little to no free mud or stems of
straw coming out of the ball. The cob mix was then deemed ready to commence the construction phase.

7.2.4 Cob Building
Before the construction of walls can commence the 150mm wide wall widths were marked onto the
concrete base using a chalk line, in order to provide the initial guide to the cobber as to the location and
required thickness of the cob wall. The process of building the cob could then start by wetting the
concrete base on which the walls were to be built, which allowed for a stronger binding force between the
cob walls and the base to be established.
The next step was to prepare the cob balls en masse. To start with two or three handfuls of cob were
pulled away from the cob mixture and lumped together to form a rough mass. It was noted that a good cob
mixture will have straw thoroughly blended into the mud forming an interlocking mesh and it should be
difficult to pull-away a handful of cob from the overall mass.
The handfuls of cob were then forcibly rolled into a tight ball of a diameter between 120-160mm, ideally
with little or no free stems or clumps of straw coming out of the ball. This initial working by hand
provided greater compaction and the easy to handle balls allowed the wall to be built at a faster rate.
Initially this process of rolling cob balls was performed by project members with the cob mix still lying on
the ground on the mixing mat, the balls then being passed to another project member working the cob
balls into the wall, known as the “cobber”. This process, in combination with the mixing process, was
highly labour intensive involving continuous bending over, lifting and passing of cob balls. To improve
the energy efficiency of this process a system for creating cob balls used was developed over time that
was both faster and more comfortable. In this new system, once the cob batch had been prepared on the
mixing mat, the mass of cob was rolled into a tight heap slightly off the centre of the mixing mat. A
wheelbarrow was then positioned lying on its side on the mixing mat next to the cob heap and the free end
of the mixing mat was drawn over the wheel barrow. Two people could then simultaneously tilt the mat,
wheelbarrow and cob heap upright, causing the mass of cob to roll into the wheelbarrow. It was now easy
to move and manoeuvre the cob in the wheelbarrow, which was then set up with a chair and a timber
board (approximately 900x300x50) lain over the two wheelbarrow handles. With the cob in the
wheelbarrow, a person sitting in the chair could easily reach for handfuls of cob without kneeling or
straining their back, roll the balls of cob on the wooden board and simply pass the cob balls to the
“cobber”.
Rather than stockpiling cob balls and then later adding these balls to the cob wall, we found that it was
easier to position the wheelbarrow in a location conveniently close to the wall, and then throw the finished
cob balls to the “cobber”. Stockpiling cob balls requires greater handling and slows down the building
process. Also, by throwing the cob balls the cobber no longer had to reach for more cob. This is
particularly important as the walls reached greater heights and it became necessary for the cobber to work
from a raised platform. Once the cobber had been passed the rolled balls of cob, they could then begin to
“weld” them onto to the damp concrete base or onto the existing cob wall, as shown in Figure 7.9 on the
following page.
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Figure 7.10 – Cob Wall Construction
In building up the cob walls by incorporating the cob balls, a certain degree of attention to detail was
required in order to maintain a uniform wall thickness. This was important as much for creating an
aesthetically pleasing building as it is for helping to improve the building’s structural integrity. The wall
thickness was maintained while wet by “rubbing” the wall into shape with the palms of the hands. Where
a consistent wall thickness could not be maintained, excess “lumps” of cob in the wall were removed
while the structure was still wet by cutting them off with a machete; or sawing them off with a hand saw if
the structure had already become semi-dry. A completely dry wall can still be worked with a rasp to
remove unevenness in the cob walls.
The consistency of the wall thickness was further maintained while the structure was still wet by
flattening the surface using a trough, creating a smooth surface with no protruding straw stems. This kind
of surface finish is advantageous as it does not require render while still preventing termites being able to
access the straw and the wooden skeleton of the structure’s interior – although this method requires
greater time and care. On the other hand, if the walls are to be covered in a render, then the surface should
not be smoothed out with a trough as a rough surface will allow for a better binding force between the
render and the surface of the cob wall.
This process of cob building was staggered over several weeks, with each day approximately 400mm of a
cob wall being built, and leaving a gap of four to seven non-building days between building days. This
gap between building days was left in order to allow some drying time for each portion of the walls built.
The final step in the construction of the test specimens was the incorporation of a Radiata pine top plate
attached to the top of the U-shaped specimens. The top-plates provide a connection to the corner post and
vertical reinforcement and serves as a structural ring beam. For the top plates to be able to sit flat on the
top surface of the test specimens however, this surface can be levelled using a shovel to scrape off excess
lumps of cob.
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The corners of the ring beam are joined with half-lapped joints. The connection between the corner posts
and ring beam was achieved by reducing the 50 x 50mm timber section a dowel 20 mm in diameter (using
a hole saw and chisel) to fit matching housings bored into the top plate.
In the case of the specimen without bamboo reinforcement, the hold down point is provided by a length of
wire attached to a bamboo anchor. This anchor is built into the last 400mm of the wall height leaving the
wire length protruding from the top. A hole is drilled into the top place through which the wire in passed;
the wires are then tensioned and held in place with Tekscrews. Finally the top-plate is set in place with a
mud mixture to ensure a firm connection.
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The setup of the top plates for the unreinforced and reinforced specimens is illustrated in Figures 7.10 and
7.11 respectively, shown below:

Figure 7.11 – Unreinforced Specimen Top Plate

Figure 7.12 – Reinforced Specimen Top Plate
The specimens were given several weeks to cure completely. To ensure that the earth was dry throughout
the entire wall thickness a 25mm hole was drilled was through the wall. The colour of the earth produced
was consistent throughout and the wall was determined to be ready for testing.
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The final step prior to transporting the specimen was the attachment of the wing wall restraint. A 200 x
50mm LVL beam spanning the distance between the two wing walls was placed on two LVL pads
300mm in length. The beam is held down with four threaded rods (10mm in diameter) fixed to the
concrete foundation with Dynaset ferrules, with 14Nm of toque being applied with a torque wrench.
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8 EXPERIMENT PROCEDURE
8.1 UTS Shake Table
Earthquake simulations were carried out on a high performance programmable shaker table supplied by
MTS Systems Corporation. The table can accurately simulate earthquakes within certain limitations.
The structures’ performance in the test was measured not in terms of the earthquake simulations’
magnitude, which is just a measurement of energy released by a quake that varies according to distance
from the hypocentre and the geological conditions; but by the force resulting from the quake felt at the
earth’s surface, which can be measured in terms of acceleration. Fully loaded, the table can produce a
maximum acceleration of 0.9g’s (8.82m/s²) within a maximum displacement of ±100mm and a maximum
velocity of 550mm/s. The table is unable to reproduce frequencies greater than 50Hz. The positioning of
the reinforced specimen on the shake table is illustrated in Figure 8.1 below:

Figure 8.1 – Positioning of Test Specimen on Shake Table

8.2 Test Input
The input data used for this test is a modified simulation of the M7.7 El Salvador 2001 earthquake. The
choice to use this as the signal input was both to maintain consistency with that used for the research
previously undertaken by Dowling (2006) with mudbrick structures and the proven potential to damage
earth buildings both in reality and in subsequent simulations. Specifically the simulation is based on the
data collected from the seismometer at Hospital Santa Teresa in Zacatecoluca, as the hospital was located
in one of the worst affected areas and was the closest seismometer station to the earthquake’s epicentre.

60

THE EARTHQUAKE RESISTANCE OF COB STRUCTURES

Of the available acceleration-time graphs for the three dimensions of movement (i.e. North-South
Horizontal, East-West Horizontal and Vertical) the East-West component of the earthquake’s acceleration
was used for testing, as this was the most severe and to maintain consistency with Dowling’s research.
Maintaining this consistency with previous tests also meant the original input data for this quake
simulation had to be modified as the higher frequency components of this earthquake were beyond the
maximum 50 Hz the UTS shake table was capable of reproducing. Details of the modifications made to
the original simulation input data are provided by Dowling (2006, p.156). These modifications to the
earthquake simulation were not considered important to the ultimate results of the test as those higher
frequencies were much higher that the frequency range in which it was expected the structures would
suffer damage as discussed further below. The displacement versus time graph of the modified El
Salvador 2001 earthquake that was used as the basis of all testing (prior to intensity- and time-scaling) is
illustrated in Figure 8.2 on the following page.
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Figure 8.2 – Modified Earthquake Simulation Input

8.3 Resonant Frequency
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In order for the earthquake to cause damage to the structure, the major frequency range of the earthquake
must approach the natural frequency of the structure. The natural resonant frequency of the test specimens
were determined by conducting “hammer tests” whereby the specimens were hit with a testing hammer
and the resulting vibrations were recorded by accelerometers and interpreted.
Having determined the natural frequency of the test specimens, time scaling of the earthquake simulation
input data was conducted by based on the earthquakes major frequency range 14.3 – 15.9Hz. This time
scaling of the original data was required in order to maximise the simulation’s potential to impart damage
on the specimens. For example where the natural resonant frequency of the reinforced specimen was
found to be 28.7 Hz; the corresponding time scaling was determined finding the factor of the resonate
frequency of the specimen divided by the quake’s average major frequency (i.e. 28.7/15.1) giving a
scaling factor of 1.9. This relationship is illustrated in Figure 8.3 below where the dark blue dataset
represents the original, unscaled earthquake’s displacement versus time relationship; and the light blue
dataset represents the same earthquake after its data has been time-scaled, again using the reinforced
specimen as an example.

Figure 8.3 – Unscaled and Time-scaled Simulation Input

8.4 Instrumentation
The displacement of the specimen during testing was measured using a series of accelerometers and
Linear Variable Differential Transformers (LVDTs). These were glued to the face of the specimens as
illustrated in Figure 8.4below:

63

THE EARTHQUAKE RESISTANCE OF COB STRUCTURES

Figure 8.4 – Location of Accelerometer and LVDT Attachments on Specimens
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8.5 Simulation
Having nominated the M7.7 El Salvador 2001 earthquake as the simulation earthquake, the test procedure
previously used by Dowling (2006) was adopted for these experiments. The original displacement versus
time of this simulation is considered 100% intensity.
In order to determine the relative proportion of this original intensity at which the specimens would fail,
the specimen was subjected to a sequence of simulations where the intensity (displacement versus time) of
each simulation was scaled incrementally. The intended sequence of intensities tested on each specimen
was as follows: 25%, 50%, 75%, 100%, 125% (with the 125% intensity being the limit for time-scaled
simulations), before repeated simulations of 100% and 125% intensities.

8.6 Sine Sweep
Where the simulation procedure using pre-recorded input data outlined above failed to produce any
damage in the specimens, as a secondary resort it was decided that a sine sweep simulation would to be
conducted. This simulation method allows the shake table operator to manually control the output of the
table, varying the artificial earthquake’s frequency until based on the specimen’s observed response. The
shake table’s output can be hold held at this frequency until the specimen fails. However it is important to
note that this kind of simulation is in no way representative of natural earthquake behaviour and merely
serves to provide an indication of the possible failure patterns of a structure.
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9 FINDINGS
This section will detail the result of our experimentation and compare these outcomes against those
initially hypothesised.

9.1 Existing Research
A key aim of this project was to compare the results of our simulations with Oregon cob with that of those
conducted by Dowling (2006, based on pp.178-179) with reinforced mudbrick. A summary of Dowling’s
results has been provided below.
As previously described, the displacement of the shake table resulting from the original input data was
denoted as 100% of the displacement intensity of the original earthquake, and a series of simulations at
proportions relative to this original 100% intensity simulation. In Dowling’s testing a strict sequence of
simulations was observed as follows: 25%, 50%, 75%, 100%, 125%, 75% repeated (denoted as 75%x2)
and finally 100% repeated (denoted as 100%x2).
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Table 9.1 – Findings of Dowling (2006)
Spec.
Reinforcing conditions
3A
No reinforcement

Test Date
6/04/2004

Test Result
destruction at 75%

3B

Corner pilasters

25/06/2004

destruction at 100%

3C

Internal horizontal chicken wire

28/07/2004

destruction at 100%

3D

External chicken wire (h.& v.), timber
ring beam

13/11/2004

heavy damage at 75%

3E

Int. h. chicken wire, ext. v. bamboo, ring
beam,
30/11/2004

heavy damage, destruction at
75%

3G

int. h. chicken wire, int. v. bamboo, ring
beam
9/12/2004

moderate damage 200%
(unscaled)

3I

int. h. chicken wire, ext. h. & v. bamboo,
ring beam
19/01/2005

heavy damage at 100%x2

3H

as for 3E (100mm wall width)

14/04/2005

heavy damage at 100%x2

3F

ext. h. fencing wire, ext. v. bamboo,
timber

27/04/2005

heavy damage at 100%x2

3J

as for 3E with ext. h. fencing wire
(optimum)

6/05/2005

moderate to heavy damage at
100%x2

3K

int. h. chicken wire, int. v. timber poles,
ring beam
11/05/2005

heavy damage, destruction
at 100%x2

9.2 Experiment Results
Graphs depicting the results measured from accelerometers and LVDTs have been included as an
Appendix.

9.2.1 Specimen 5A
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The name specimen 5A here refers to the Oregon cob wall unit without bamboo reinforcement. This
specimen may also be referred to in other sections as an “unreinforced” structure although though this is
not strictly correct; the specimen, like all of those tested in this project, incorporates an internal timber
post at each corner. Although the primary role of this post is to support the construction of the roof it also
provides a degree of reinforcement. Additionally, specimen 5A refers to the structure before the timber
top plate is removed (this is discussed further in the following sub section), this top plate acts as a
structural ring beam and helps to reinforce the structure.
Natural Resonance: 23.8Hz
The specimen was subjected to a sequence of intensity-scaled simulations as follows:
S1:
S2:
S3:
S4:
S5:
S6:
S7:
S7:
S9:

25%
50%
75%
100%
125%
75%
75%
100%
100%

no damage
no damage
no damage
no damage
no damage
no damage
no damage
the structure began rocking, no damage
no damage
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9.2.2 Specimen 5B
When we were unable to damage specimen 5A as described above, the decision was made to remove the
top plate from the structure in an attempt to determine if the benefit provided from a structural ring beam.
It was speculated that the removal of the ring beam would have the added effect that, as corner posts are
now unrestrained at one end, the corner posts would adversely affect the strength of the structure.
The modified structure was then renamed specimen 5B.
Natural Resonance: 19.5Hz
The following test sequence was applied:
S1:
S2:
S3:
S4:
S5:

25%
50%
75%
100%
125%

no damage
no damage
no damage
no damage
the structure began rocking, no damage

Even without the ring beam, the 125% intensity simulation was still unable to cause any observable
damage to the structure.
The decision was then made to subject the structure to a “sine sweep”: the earthquake simulation was no
longer used. Instead shake table manually controlled with a prolonged sine wave input. The table was held
a frequency of 13Hz for several seconds when a crack appeared in the centre of the wall.
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Figure 9.1 – Initial Cracking in Specimen 5B

The hold down restraint was then tightened and the sine sweep was continued. These cracks developed as
the frequency of the table increased, becoming seriously damaged between 16Hz and 20Hz. Total collapse
was prevented.
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Figure 9.2 – Detail of Advanced Cracking in Specimen 5B
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Figure 9.3 – Advanced Cracking in Specimen 5B

9.2.3 Specimen 5C
Specimen 5C is the name used to refer to the Oregon cob wall unit reinforced with horizontal and vertical
bamboo in addition to the timber corner posts and top plate.
Natural Resonance: 28.7Hz
Simulations S1 to S9 were scaled in the same manner as all other tests
S1:
S2:
S3:
S4:
S5:
S6:
S7:
S8:

25%
50%
75%
100%
125%
125%
100%
125%

no damage
no damage
the structure began rocking, no damage
no damage
no damage, loud “clack” heard
connection between base and hold down restraint failed.
no damage
no damage (one LVDT became disconnected)

After the simulation S9, another hammer test was carried out and the resonating frequency of the structure
was found to be within the major frequency of the unscaled earthquake. While the shake table can only
produce a simulation 125% of the intensity of the time-scaled earthquake, limitation of the unscaled
earthquake is higher, with the table able to produce a simulation with an intensity 200% of that originally
recorded.
Second Natural Resonance: 15.7Hz
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S9:
S10:
S11:

50% (unscaled)
100% (unscaled)
150% (unscaled)

no damage
no damage
no damage
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10 CONCLUSIONS AND RECOMMENDATIONS
As shown in the section above, the shake table was unable to produce a simulation of sufficient intensity
to damage the specimens. As a result it is impossible to determine the structural benefit of bamboo
reinforcing.
Nonetheless we have demonstrated conclusively that the structures, both with and without bamboo
reinforcing, are able to withstand the effects of a major earthquake. Consequently, we find no reason why
the use of Oregon cob should not be adopted in the Philippines and in other regions facing similar
circumstances throughout South-East Asia.
The inability to damage the test specimens makes it difficult to accurately determine the level of
resistance of Oregon cob and to subsequently compare this resistance with that of mudbrick. Nonetheless
it is the opinion of Dr. Li, the academic who carried the earthquake simulations, that “cob is many times
stronger than mudbrick” (2008, pers. comm., 17 October).
Despite the advantages in strength and constructability offered by Oregon cob compared to mudbrick, this
does not necessarily make Oregon cob the best choice for all circumstances. Firstly, cob is only an option
for new homes, while the findings of Dowling (2006) provide earthquake resistant solutions for existing
earth structure structures. Secondly, cob is only practical where there is soil with high clay contents.
The strength offered by Oregon cob has led us to consider the possibility of using thinner walls. Although
NICEE (2004, sec 7.5) states that an earth built wall should not have a slenderness of 10 to 1, there is
evidence to suggest that this will not be adhered to in the Philippines (Hickson, 2007, p.7). Further
research could be conducted what level of resistance would be offered by thinner walls and to determine
what is the minimum slenderness that can be safely adopted.

We have already commenced further research to determine the effect of a structural diaphragm and
openings, mirroring “real-world” construction. Although the construction of this structure had been
completed we were unable to conduct testing prior to the submission date of this report.
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Figure 10.1 – Specimen for Further Research
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12 APPENDICES
The following figures display the relationship between the displacements of the shake table and the
displacement measured by LVDT-3, which was located at the top and in the centre of the specimen’s long
wall face, as produced by the 100% intensity earthquake simulation for each of the specimens: 5A(S4),
5B(S4), 5C(S4) and the second sequence of [unscaled] simulations to 5C(S10).

Relative Displacements of Shake Table (Blue) and Top of Front Face (Red) of Specimen 5A
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Relative Displacements of Shake Table and Top of Front Face of Specimen 5B
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Relative Displacements of Shake Table and Top of Front Face of Specimen 5C (scaled)

80

THE EARTHQUAKE RESISTANCE OF COB STRUCTURES

Relative Displacements of Shake Table and Top Front Face of Specimen 5C (unscaled)

81

THE EARTHQUAKE RESISTANCE OF COB STRUCTURES

82

13 PERSONAL REFLECTION
My component of this project only entailed 6-credit points, however over its one year course my
involvement extended beyond my obligation to the equivalent workload required for a 6-credit point
capstone. In terms of the physical construction component required for the project the total hours I worked
on the project totalled over 100 hours, as shown in the timesheet record provided below:

Date

Start Time

Finish Time

Hours Worked

13 June

8.00

17.00

9

14 June

7.15

16.30

9.25

23 September

10.30

16.00

5.5

25 September

8.30

18.45

10.25

29 September

8.30

18.30

10

3 October

8.15

19.30

11.25

7 October

14.00

17.00

3

10 October

7.30

18.30

11

13 October

8.00

22.00

14

14 October

9.00

22.00

13

17 October

12.00

19.00

7

Total Hours

103.25

Worked

The time spent on the preparation of the report, where I was heavily involved in the gathering of
information relevant to the project, associated research and report writing, was at least comparable to this.
In particular my component of the research conducted for this report focused on earth building in its
general sense, whereby I provided a history of the practice of earth building, described the development of
various branches of earth building around the world and their appropriateness to different environments,
and considered the advantages and disadvantages of earth building. This contribution to the research
project served to give an indication of the feasibility of employing the earth building method of cob as an
affordable, sustainable and earthquake resistant housing solution for communities where it has not
traditionally bee used, such as in the Philippines.
The project group consisted of the two members, Luke Punzet and myself. Managing the project as a
group in order to achieve successful completion within the given timeframe proved challenging as it
required careful consideration of the availability and capacities of not only the two group members, being
Luke and myself, but particularly that of our industry supervisor, Peter Hickson; the UTS structures
laboratory staff; and other people who assisted in the project such as Dr Jianchun Li and Dr Dominic
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Dowling who provided both great experience and background knowledge as well as technical and
physical assistance. Bearing in mind the importance of all of these people involved in the project, careful
planning and timing of the project, especially in the construction and testing phases was critical and this
was achieved with the direction of the project supervisor, Professor Bijan Samali and Dominic Dowling.
In this respect the key lesson learnt in managing a team project was that project planning is never a simple
matter of planning for any single party or outcome, nor is it ever possible to rely on tasks being completed
by other parties involved with the project without constant and effective communication. Rather, planning
for group projects requires a meticulous approach that satisfies as best as possible all parties involved,
though at the same time every party is required at times to make individual concessions, particularly in
respect to their own time in order for the project to succeed. This was the case in the construction phase of
the project where, having had virtually no practical construction experience before participating in this
project, I would regularly require the time of other people working on the project to explain and
demonstrate various tasks.
This learning of practical building skills then was one of the particular technical challenges for my
personal involvement with the project, as although Peter Hickson with his wealth of building experience
was constantly available and willing to pass on his knowledge the practical learning curve was steep. An
additional technical challenge I faced in this project, this one of a theoretical nature, was developing an
understanding of earthquakes and the behaviour of structures when subjected to their seismic forces. This
was for obvious reasons critical in the development and interpretation of the experiments conducted. At
the same time however these challenges proved to be the most valuable learning experiences I had while
working on the project, as learning various building skills, working with a completely unfamiliar material
and developing an understanding of the behaviour and effect of earthquakes was as rewarding as it will be
useful in the future.
With regards to how these technical skills learned will continue to be of value to me in the future, this
grew in relevance to me over the course of the project. At the time of our first discussions with our
supervisor, Professor Bijan Samali, I had little appreciation of the significance of the ultimate goals of this
project, however Professor Samali mentioned one thing in particular that stuck with me over the year long
course of the project: that is that by their very nature the people involved in and motivated by work such
as this have a kind of higher understanding or consciousness of the reasons behind their work. As the
project progressed and through being exposed to the work of people such as Peter Hickson and Dominic
Dowling, this then led me to developing an understanding of what I now realise is the original and true
purpose of the field of engineering: that the combination of not only possessing the technical aptitudes
required for the field, but also having had the opportunity to develop these skills means having a certain
responsibility to the rest of society, especially to those not born into such fortunate circumstances. This
responsibility then is to make full use of these skills and experiences to improve the quality of individual
human lives, while at the same time as not compromising the health of the environment that these lives
depend on.
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