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SUMMARY

This seminar was highly successful in identifying common problems
related to the design of housing in typhoon-prone areas within the
network. It also provided instruction in ways to solve those problems
and some limited practice in the implementation of the solutionms.
However, the application of solutions in each country can be facilitated
by continued involvement of the regional metwork. The typhoon-resistant
design housing for low-cost housing has the potential to save a large
sum of money within the network in the long term, so it should therefore
be pursued as actively as possible at present.

1.PURPOSE OF SEMINAR-WORKSHOP

The explicitly stated objectives of the seminar workshop were as
follows:

- to provide a venue for participants from member countries to
identify problems, issues and corresponding solutions
related to typhoon-resistant housing design and constructicn
systems.

- to familiarise the participants with the existing research
development studies conducted by international organisations
on typhoon-resistant housing designs and construction
systems.

- to identify possible areas of training and research which
can be undertaken to effect information exchange in
technology transfer.

As the participants were drawn from member countries of the UNDP/UNIDO
Regional Network in Asia for Low-Cost Building Materials, Technologies
and Construction Systems, the purpose of the seminar was to meet these
objectives as they applied to low-cost housing.

A further objective was stated in the opening session of the
seminar/workshop and related to the form of output to be produced in the
workshop sessions. It was highly desirable that the outputs be in a
form that could be directly applied in each country either in continuing
research and development or incorporated into future house designs.
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As the seminar proceeded, it became obvious that the expectation of many
oarticipants and speakers was that this seminar workshop was to be the
first step towards the establishment of appropriate methods of
typhoon-resistant design and construction for housing and not
necessarily an ena in itself. This expectation seemed to be at odds
with the objective alluded to in tle previous paragraph. Never the
less, the workshop sessions were structured to produce some typical
structural details that could be incorporated into typhoor.-resistant
housing designs and would also establish a basis for continuing
investigation.

In this way it became a possibility that both of the additional
objectives mentioned above could be satisfied.

1.1 Structure of the Sesinar-Workshop

The regional secretariat had programmed three full days of seminar
activities, one day of site visits and two full days of workshop
activities.

The seminar activities included the presentation of papers by each of
the participants from the regional network to facilitate the
identification of problems and issues related to typhoon-resistant
housing, and the exchange of research findings within the network. A
number of experts from the Philippines also presented the results of
research activities within that country. Both the International
Consultant and the National Consultant presented papers in the seminar
session that led to the more practical aspects to be pursued in the
workshop sessions.

Ample opportunity for questioning was incorporated in the seminar
programme to allow free interchange of information between the
participants.

The programming of the workshop sessions was left quite open to allow
fiexibility for the consultants in achieving the objectives indicated by
the participants themselves in the opening session. The prog.amming of
the workshop sessions is presented in detail in Section 3.1.

1.2 Attendees at the Seminar/Workshop

Two participants from Touga

One participant from Fiji

Two participants from Sri Lanka

One participant from China

One participant from Bangladesh

One participant from Indonesia

Approximately 25 participants from the Philippines - these
included research workers, designing architects and engineers and
students of architecture.

Five invited experts from the Philippines

One National Consultant

One International Congultant

Four full-time supporting secretariat staff

2. INPUTS TO SEMINAR

/s indicated in Section 1.1, the programmed input to the seminar
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consisted of papers from network representatives which largely presented
the status-quo in participating countries; papers by experts from the
Philippines which presented current and recent research activities; and
papers by the consultants which provided technical information and
background data for tyhoon-resistant design of housing.

2.1 Papers From Network Country Representatives

The papers presented by network country representatives all differed in
style and format. In order to draw comparisons between the work
presented by the representatives they have been interpreted delow and
treated under the following headings.

(a) scale of housing problem

(b) scale and type of damage by typhoons

(c) current plans for mitigation of damage to housing
(d) motivation to produce typhoon-resistant design
(e) building materials commonly available

(£) specific problems faced

(g) planned research activities

It is to be stressed that where these issues were not specifically
addressed by the country representatives, the interpretation is that of .
the International Consultant.

2.1.1. Bangladesh
(a) Scale of Housing Problem

There is a very significant need for low-cost housing in this
country. 80% of the population live below the poverty line and
65% below the extreme proverty line. Less than 4% of houses could
be regarded as permanent structures, and there is a very
significant shortage of skilled tradesmen and professionzls to
implement new housing schemes.

(b) Scale and Type of Damage by Typhoons
Bangladesh has experienced a large number of tropical cyclones, one
of which has the dubious distinction of havins caused the largest
death toll of any tropical cyclone in recorded history. The reason
for the large death tclls in this area is not the ferocity of the
wind, but a combinarzion of a large number of low-lying inhabited
islands and significant storm surges causing inundation of land and
houses. Most of the deaths have been by drowning. The problem is
exacerbated by the fact that land is scarce, so newly risen islands
are inhabited while still quite low. Also, people are reluctant co
leave their belongings and property and seek refuge on higher
ground.

(¢) Currenct Plans for Mitigation of Damage To Housing

Currently government buildings are construcred in accordance with
the East Bengal Building Code (1°33). As a result, in most rural
areas, schools can be regarded as permanent structures able to
fulfil post-disascter functions. 1t is planned to embark on a
'nucleus house' construction programme. ir. which a typhoon
resistant core i{s built for each family with floor level above




(d)

(e)

(£)

(g)

tuenty-three feet RL. This will be sufficient to provide basic
shelter for family and belongings during the passage of a typhoon.
Temporary structures can be added to the outside of the core to
provide shelter for animals and additional rooms for accommodationm.

Motivation To Produce Typhoon-Resistant Design

The implementation of typhoon-resistant design seems to be a
government initiative aimed at minimising the loss of life in
typhoons. Most emphasis has been placed on ensuring that housing
is located where storm surge damage can be minimised.

Building Materials Commonly Available

The production of cement, lime, and bricks is energy intensive, so
to minimise cost, the most common form of wall construction is mud
brick for semipermanent housing and bamboo mats for temporary
housing. Roofing is commonly thatch though corrugated steel sheets
are being used on permanent and semipermanent buildings. Where
possible, concrete walls and or roof are used for permanent
buildings.

Specific Problems Faced

The largest specific problem faced is the siting of houses to avoid
storm surge, but maintain privacy and proximity to the agricultural
land worked by the family.

With respect to design for wind, the materials available have some
short comings. The mud used for walls deteriorates during the
passage of typhoons and can crack when dry. Both of these effects
cause loss of structural strength of the walls. Corrugated steel
roofing is being used quite effectively but, training will te
required to ensure that it is fastened in a manner that will
prevent its loss in a severe typhoon.

Planned Research Activities

Thin ferro-cement panels are being used to advantage in areas close
the the major cities. At present transport of these panels to more
remote settlements is a problem. Work will continue on the
development of efficient building panels that can be produced under
controlled factory conditions.

2.1.2. China

(a)

(b)

Scale of Housing Problem

Housing in smaller settlements in the typhoon-prone areas seems to
be at a high risk due to the lack of unified building scandards,
quality control and supervision in construction. As a result
significant reconstruction must take place after the pacsage of
some typhoons. !

Scale and Type of Damage By Tvphoons

Significant damage to housing occurs dur’ag the passage of a strong
typhoon with the pattern of damage being: damage to windows, then




(c)

(d)

(e)

(f)

(g)
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eaves and partial loss of roof. Some damage to walls may then
occur followed in some cases by total collapse of the house.

Current Plans for Mitigation of Damage To Housing

At present it does not seem possible to implement a nationwide code
for typhoon-resistant housing due to the large variatiom imn
architectural and climatic requirements for housing from the north
to the shouth of the typhoon affected acea. As well, the
nationwide variation in materials available for house comnstruction
means that implementation of a unified code will be difficult.
However, a number of basic principles for construction have been
identified which may lead to safer construction. These include
limiting room and opening size to improve the integrity of walls,
controlling the quality of masonry used, and incorporating ring
beams tied to the foundations at each storey height.

Motivation to Produce Typhoon-Resistant Design

At present inspections of damage following the passage of typhoons
have indicated that general lack of structural integrity of houses
has been a majur contributing factor to the damage. The government
has proposed the measures to reduce the level of damage in the
future.

Building Materials Commonly Available

These vary regionally, but frequently bricks or blocks are used to
construct masonry walls. Some concrete walls are cast in-situ.
Roofing materials show the greatest variation from flat concrete
slabs (which generally perform well) to wooden roofs, bamboo, straw
and tiled roofs.

Specific Problems Faced

The rain problem faced appears to be the implementation of some
type of unified typhoon-resistant housing programme for the
typhoon-prone coastline.

Planned Research Activities

As much of the low-cost housing in China is multi-storey,
considerable effort is being directed to solving wall stability
problems. One possible solution is the use of pre-stressing to
prevent crack formation in masonry. Continued research is being
directed in this area.

2.1.3. Sri Lanka

(a)

Scale of Housing Problem

The urban poor presents a very large problem for housing
authorities in Sri Lanka. Provision of sanitacion, safe water
supplies as well as shelter are of paramount importance.
Approximately half of the population in the urban areas lives in
sium and squactter areas. In the five years (1977-1982) the
goverament enabled the construction of 100,000 houses. 1Its current
program=e is for 1,000 000 houses.




(b)

(c)
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(e)

(f)

(g)
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Scale and Type of Damage By Typhoons

Only three significant typhoons have made landfall im Sri Lanka
this century, in 1907, 1964 and 1978. However, each of these
caused significant damage to housing and other buildings or the
east coast of the island.

Current Plans for Mitigation of Damage To Housing

At present construction guides for typhoon resistant buildings are
used only on government building, with private individuals or
companies unwilling to spend extra money on the typhoon-resistant
details necessary to comply with the manual.

Motivation to Produce Typhoon-Resistant Design

The low frequency of occurrence of typhoons in Sri Lanka does not
provide the rublic with an annual reminder of the need to
incorporate structural details in housing as it does in other
countries such as the Philippines, Fiji or Australia. As few home
owners have insurance, it would require public recognition of the
value of typhoon resistant design before it is incorporated in
housing in a widespread mannmer.

Building Materials Commonly Available

In the typhoon-affected areas the most common types of wall
materials are wattle and daub, sun dried bricks and fired bricks
although limited quantities of sand cement blocks are used. The
most common roofing is cadjan (matted bamboo leaves) though tiles
and to a lesser extent corrugated steel sheets are used. Timber
usage is small due to the risk of termite and insect a2ttack.

Specific Problems Faced

The major problem appears to be the provision of housing for the
urban poor. The government is assisting in the provision of land
and loans to be repaid over 20 years for this programme. However,
it seems unlikely that given the current economic constraints on
owner-builders, they will voluntarily incorporate typhoon-resistant
details in their houses.

Planned Research Activities

The search for inexpensive building materials in continuing.

Wattle and daub construction using jungle timbers has proved
successful in the past and has demonstrated some resistance t> the
effect of typhoon winds. However, as jungle timber becomes scarce,
the technique will become less common and unreinforced mud brick
construction will become more popuiar. Ways must be found to make
this type of construction typhoon-rezistant.

2.1.6. Piji

(a)

Sc:le of Housiﬁg Problem l

I'nprecedenced %rop{cal cyclone activity in 1985 in Fiji has caused
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(d)
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(f)
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a rapid reappraisal of the structural safety of housing in Fiji.
Scale And Type Of Damage By Typhoons

On average Fiji can expect 1.1 typhoons per year, however, recent
years have shown many times that number. (There were five tropical
cyclones in the Fiji group in 1985.) The recent cyclones have
caused significant wind damage to western style housing and the
traditional boorees alike.

Current Plans For The Mitigation Of Damage To Housing

The Fiji Building Standards Committee has been formed to frame a
national building code. This will provide design and construction
information that will enable the use of local and imported
materials in housing and other buildings in such a way that they
can resist tropical cyclone winds with minimal damage. A
publicacion - "Our War Against Cyclones” - has already been
published and contains design criteria that will help to make
houses cyclone resistant.

In order to ensure that the quality of workmanship is satisfactory,
at present an engineer must provide a design cerctificate and a
letter of completion for each house which indicates that it has
been competently designed for appropriate winds and constructed in
accordance with the design.

Motivation To Produce Typhoon-Resistant Design

In Fiji the main motivation for the production of a national
building code has come from the insurance industry. At present all
houses for which a loan has been taken must be insured, and the
insurance pay out in 1985 was substantial. Thus insurance
companies have a vested interest in the improvement of the

‘'structural performance of housing in typhoon winds.

Building Materials Commonly Available

Concrete blocks are currently manufactured in Fiji with the block
manufacturers belonging to an association that ensures standards of
quality are met. Also timber, both imported and locally available
is used as wall framing with plywood cladding. Some thatch is
still used as a wall cladding material. Roofing materials most
commonly used include rolled galvanised steel sheeting (minimum
thickness 0.42mm) and thactch.

Specific Problems Faced

The development of an appropriate national building code is che
most immediate problem at present. Development of engineering
properties for locally available building materials will reduce the
current dependence on imported building materials.

Planned Research Activities
Alchough nn building cystem research facilities currently exist in

Fiji, it is planned to maks use of Australian and New Zealand
expertise to assist with the production of che building code.
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2.1.5. Tonga

(a)

(b)

(c)

(d)

(e)

Scale 0f Housing Problem

Tonga has recently completed a large scale reconstruction programme
following widespread damage to housing caused by tropical cyclone
Isaac in 1982. The programme took two years to implement and has
produced over 1200 replacement houses that have been designed and
constructed to resist winds trom tropical cyclones. Housing
programmes are often hampered by a lack of capital and skilled
labour. Generally, there is no shortage of unskilled labour.

Scale And Type Of Damage By Typhoons

In the most recent tropical cyclone, both western and traditional
(fale) types of housing were extensively damaged. Some storm surge
damage occurred in low lying areas. As the kingdom of Tonga
consists of a large number of small islands, many houses have very
exposed conditions. In general, because of the coral origins of
the islands there are few high locations and many houses are at
risk from storm surge.

Current Plans For Mitigation Of Damage To Housing

The current redevelopment programme has utilised a single
engineered design of a two room, timber framed, plywood clad house
which will provide basic shelter for a family in the event of
another typhoon. The house can be used as the basis for an
enlarged dwelling by exterding it to include an enclosed kitchen or
extra rooms. The standard house was tested using simulated
tropical cyclone loadings at a full scale house testing facilicy
located at Townsville, Australia. During the course of testing,
one type of connection was found to be deficient. The housn was
subsequently modified, retested and found to be able to resist the
design cyclone with minimal damage, which was mainly confined to
the internal partition.

Motivation To Produce Typhoon-Resistant Designs

The impetus for the current programme was provided by the large
scale damage to buildings by tropical cyclone Isaac and the
programme was enabled by contributions from a number of sources
including the British Building Research Establishment, the New
Zealand Government and the Australian Development and Assistance
Bureau.

Building Materials Commonly Available

The traditional fale construction utilized coconut palm leaves,
local timbers and cane and bamboo. Western style buildings utilize
almost exclusively imported building materials. Framing cimber,
plywood and fibre cement cladding, galvanised steel strap and

roof ing materials as well as nails and bolts must all be imporced.
Cement must also be imporced. !

Western styles of housing have been widely accepted due to the
large number of Tongans that have migrated temporarily to Australia
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or New Zealand and returned. These people have become fami‘iar
with a Western lifestyle. Also, educaticn using Western books and
programmes has had sociological effects on professionals and the
population in general which has led to the ccceptance of Western
housing.

Specific Problems Faced

The high cost of imported building materials (currenctly 70% of the
total house cost) could be reduced if suitable locally available
alternatives could be found. Coconut timber is suitable if
protected, but even so there can be problems with those parts
buried in the ground or continually exposed to the elements.

There is a general problem with lack of experience and training in
the use of imported materials.

Planned Research Activities
Lack of research facilities in Tonga will hincder progress and more

work ..eeds to be performed on the determinatiun of engineering
properties of locally available products.

2.1.6. Indonesia

(a)

(b)

(c)

(d)

(e)

Scale Of Housing Problem

Indonesia needs approximately 700,000 new houses each year to ¢ope
with its increasing population and to rehouse these currently in
sub-standard accommodation. The wide variety in archite.ture
throughout the nation introduces complexities to this task.

Scale And Type Of Damage By Typhoons

Typhoons do not regularly occur in any part of Indonesia. Never
the less wind squalls associated with thunderstorms have cuased
damage to housing in the past.

Current Plans For Mitigation Of Damage To Housing

Poor connection details have been identified in many of the houses
recently damaged by wind. Also where no preservation is used on
structural timbers, insect activity can lead to loss of material
and hence strength. These problems must be addressed if wind
damage to housing is to be lessened.

Mdotivaction To Produce Typhoon-Resistant Design
This item is not applicable to Indonesia.

Fuilding Materials Commonly Available |

Extensive use is made of blocks in Indonesia. The constituents of
the blocks varies throughout the nacion, but lime, cement or
pozzolana is used as a binder with sand or gravel as a filler,
Frequently these blocks are much cheaper than clay bricks. Pulp
cement board is also used as a wall material. Roofing is
frequently made from ceramic tiles, cement tiles, corrugated
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asbestos cement sheeting or corrugated steel sheets.

(f£) Specific Problems Faced

The main problem facing the development of housing systems in
Indonesia is that of finding suitable low-cost building materials
that are also durable.

(g) Planned Research Activities

The main research z2ffort will be directed to finding low-cost
durable building macerials. This includes investigation into
lightweight aggrégates, pulp cement boards, design for earthquakes
and investigation of soil-cement blocks.

2.2. Papers Presented By The Philippine Consultant And Other Experts
from the Philippines.

As these papers are all availabie in published form, the comments in
this subsection are by no means exhaustive but serve to put each paper
into the general context of the seminar workshop. Some specific
references drawn on by the international consultant during subsequent
sessions are also highlighted.

2.2.1. Climatology

The fact that the Philippines is the most typhoon-prone na:ion in the’
world remains undisputed. Indeed, the Philippines seems a most
appropriate location for a workshop such as cthis. Bawagan (1986) and R.
Kintanar (1986) both referred to the annual frequency of typhoons in the
Philippines metecrological region.

However, R. Kincanar made the point cthat typhoons in themselves are not
disasters, rather it is the way our structures are damaged by them that
makes a disaster out of a typhoon. Other problems can be caused by the
immense volume of rain dumped by a typhoon, even though this rainfall is
required by many areas to support agricultzure.

Much climatalogical data is available in che Philippines, as it is for
many other countries, however it is frequently not in a form that can be
readily used by engineers and architects to formulate design guidelines
for implementation by builders.

2.2.2 Housing In The Philippines

A number of speakers mentioned problems faced by housing authoricies in
the Philippines. These will be treated under the same headings used for
the papers presented by network country representatives. The comments
were drawn from the following papers: Bawagan (1986), Q Kintanar (198b),
Tabujara (1986), Siopongco (1986).

{a) Scale Of Housing Problem

As of June 1984 the housing backlog in the Philippines was
estimated at 1.2 million units. Projections over the next five
years show that an additional 600,000 housing units will be
required in urban areas and 1,200,00 will be required in rural
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areas. Also slum redevelopmenc programmes are in progess in the
major cities.

Scale And Type Of Damage By Typhoons

On average, 9 tropical cyclones per year cross the Philippines
coastline of which 4 cause significant damage to housing and
buildings. The accompanying rain from these events floading of
river basins can occur. The combined effects of flooding and
structural damage cause huncreds of deaths each year and render
thousands of people homeless.

Current Plans For Mitigation Of Damage To Housing

Slun redevelopment programmes are aimed at replacing high risk
shanty structures with low-risk housing complete with adecate
sanitatior and services. Also a self help book in Tagalog has been
produced ' .ich shows construction details for small timber framed
houses - "3Sariling Sikap Sa Pagtatayo ng Bahay".

Motivaction To Produce Typhoon-Resistant Design

Various government agencies concerned with housing have, as part of
their main objectives, the provision of safe low-cost housing for
all income groups in the Philippines. It is sound economic
management to ensure that government housing has minimal
maintenance.

Building Materials Commonly Available

The most common wall material used in government sponsored housing
is hollow concrete blockwork with reinforcement and filled cores.
For other housing, timber or bamboo framework provides a basis for
plywood or bamboo matting cladding. Roofing in urban areas is
almost unmiversally corrugated galvanised steel sheeting. In rural
areas nipa or cogun grass is the main type of roofing used.

Specific Problems Faced

The provision of safe but low-cost housing for very low income
earning families i{s the largest single problem faced by the nation.
Education in the use of modern materials such as corrugated
galvanised steel sheets is required. The evaluation of engineering
properties of traditional materials such as bamboo, nipa and cogun
is requred to develop recommendations for the use of these
materials in typhoon-resistant housing.

Planned Research Activicies

Continuing research is planned into the use of alternative building
materials, particularly those that utilize agriculcural wasce
products or those such as coco wood that are currentlv availabie.
Suitable low-cost housing for rural and urbar areas needs to be
ceveloped using the structural properties of readily available
local macerials such as bamboo, nipa and cogun grass. Typhoon |

resistant crees are being sought to for use as reliable shelcer
around otherwise exposed houses.




2.2.3. Basic Principles of Wind Engineering

A number »f speakers indicated the steps to be followed in the
engineering design cf any structur2 subjected to wind loads. The
processes were outlined by Tabujara (1986) and R. Kintanar (1986) and
quantified by Manahan (1986a, 1986b, 1986¢c).

The basic steps are as follows:

- Selection of design wind recurn period

- Selection of de ign wind speed
(This is a function of climatalogical data, the height of the
structure, the terrain in which the structure iz located, and the
topography in the vicinity of the structure).

- Conversion of design wind speed to pressure.

- Use of geometry of the structure to determine pressures on external
and incteral panels of the building.

Once these steps had been followed it was possible to undertake detailed
structural analyses of housing to determine member and conmnecrion loads.

De Castro (1986) also outlined gust response factor methods and wind
tunnel testing that could be used to determine wind loads on larger and
more expensive structures.

2.2.4. Materials Used In The Building Industry In The Philippines

A wide variety of materials are used in domestic construction in the
Philippines and many of these materials were outlined by the speakers.

Siopongco (1986a) gave a comprehensive coverage of the use of timber in
housing. This included not only the use of timber structural members
but also timber panelling, doors and floors. Some typical methods of
providing connection between timber members were also illustrated.
There are many species of timber native to the Philippines and
engineering properties are not yet available for all of these.

Siopongco (1986b) reported on the state of the art with respect to
bamboo construction. Engineering properties of bamboo are available for
some of the more commonly used species. Connection details that have
been traditionally used in bamboo construction need to be evaluated for
strength to enable engineered designs of bamboo housing to be produced.
Familiarity with bamboo construction techniques and the widespread
occurrence and rapid growth of bamboo made its use for housing an
attractive proposition if questions of strength and durability of che
material can be resolved.

Lazaro (1986) discussed the use of masonry in housing. The most
commonly used masonry construction method used in the Philippines is
hollow concrete block construccion. Lazaro's paper contained a number
of sketches of details which showed effective methods of reinforcing
masonry in such a way that it caa resist typhoon and earthquake
loadings. )




.13,

2.3. Papers Presented By The Intermatiomil Consultamt

Four written papers were prepared in advance of the seminar workshop
without any knowledge of the other papers to be presented. The full
text of these papers is included in Appendix A. Their titles are -

“Design Philosophies for Tropical Cyclones™

"Design Criteria for Tropical Cyclones™

»Srructural Design of Housing for Tropical Cyclomes”
"The Struztural Response of a Tongan Hurricane House to
Simulated Cyclone Loading"

2.3.1. Presentation Of The Papers

The presented papers differed from the written papers for two main
reasons. A number of salient points presented in the papers were also
covered by other speakers and the time available for the presentation
did not permit a complete presentation of all the written material.
Further, in order to comply with the availability of visual aids the
presentation was divided into two parts, one relying on 35mm slides and
the other on an overhead projector for visual effect.

(i) Slide Presentation

This made use of photographs of damaged houses, suitable
cyclone-resistant connections and details, and highlighted line
drawings r> illustrate the result of the use of poor details,
appropriate details to use to prevent damage and the importance
of each and every structural elemcnt in housing.

The first slides introduced the phenomenon of tropical cyclones
and the locations in Asia and the Pacific in which typhoons can
form and cause problems. The meteorological properties of
typhoons were contrasted with those of tornados. The large size
and slow movement of a typhoon system means that buildings can be
subjected to very strong winds for up to eight hours, during
which ctime the wind may undergo significant changes in direction.

The concept of regional design speeds was introduced and related
to the Saffir-Simpson Scale. 1In this way meteorologists could be
asked to determine typhoon intensity for a given location and
return period. The Saffir-Simpson scale could then be used to
relate the central pressure to a design wind speed.

The effects of topography were demonstrated and the importance of
designing a sctructure for a wind speed appropriate to its '
position in the topography was sctressed. Likewise the protection
offered by trees was called into question and the categories of
exposure were illustrated with slides of damaged houses after the
passage of a cyphoon.

The wind speeds were related to load effects by furcher
examination of damaged houses and illustrated on cardboard models
of houses. Both the slides and che models werc used to
{lluscrace cthe high uplift on roofs near gable ends regardless of
the roof slope. The aerodynamics of the whole house weré then
illustrated to explain the origin of all panel pressures'on cthe

external surface. Particular atctention was paid to fluctuations
in load on all suction surfaces.
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The issuve of debris in urban or semi-urban environments was then
addressed. Only two design alternatives exist — the use of
strong, tested storm shutters to protect openings; or the use of
full internal pressure in the design of all elements in the
house.

It was noted that once the loads had been determined on the whole
building, the structural action of housing in transmitting these
loads through structural elements within the building to groundis
very complex. The structural integrity of a whole house is
frequently only as good as that of its weakest element. Slides
were then used to illustrate the effects of all elements in the
house.

- Roofing fasteners are required to resist highly fluctuating
uplift loads. Fatigue failures have been observed in roof
sheeting at fastemers where an insufficient number of
fasteners has been used.

- Batten fasteners must carry high uvplift loads to the rafters.
There is little point in securing the sheeting adequately to
the battens if the battens themselves are not adequately tied
down.

- Rafters or the roof structure must be adequately connected to
the top of walls. Thé roof structure not only performs an
important role in providing shelter, but is also required to
provide stability to the top of walls. This dual role was
illustrated using both slides and a cardboard model.

- The walls themselves must also be tied adequately to the
foundations.

~ Stability of the structure as a whole must be ensured by
designing foundations with suff:. ;ent weight to resist the
combined effects of uplift and overturning.

- The lateral lozd chain of strength was treated in a similar
manner to the uplift load chain of strength. Strength of
claddings and studs in bending needs to be considered. This
is particularly true for glass panels in windows.

- The loads transferred by the studs to roof level must be
carried by bracing in the plane of the roof. 1In many cases
the roof sheeting i:cself can mobilise the bracing resistance
but, in other cases either ceiling diaphragms or special
bracing must be used to carry lateral loads to bracing walls.

- Bracing walls must be fastened to the roof structure with a
sciff connection to effectively transmit loads from roof level
back inco the wall structure.

-~ Bracing walls musc have sufficient strength to carry loads to
ground without failure.

- Where elevated housing is employed, additional bracing between

floor level and ground level must be incorporated in the
structure.
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Presentation Using Overhead Projector Tramsparancies

Copies of the cverhead transparancies used in the presentation
are included in Appendix B.

This session presented a number of practical steps that must be
implemented in the preparation of typhoon resistant design. The
basic starting point is the determination of design criteria. In
presenting their country papers many participants indicated that
their design criteria had been borrowed from other countries,
either the U.S., Australia, New Zealand or the U.K. This should
be regarded as a temporary measure only as climatic conditions in
the member countries in many cases differ quite markedly from
those in the U.S., U.K., New Zealand or Australia.

In choosing an appropriate design return period, the statistical
nature of typhoon occurrence must be recognised. By designing
typoon-resistant housing, we are increasing the time interval
between expected major repairs after the passage of typhoons.
Unforseen circumstances, and the finite probabilicty of the
occurrence of a typhoon more intemse than the design event, mean
that it is possible that damage can still occur to a house that
incorporates typhoon-resistant design. The level of damage that
can be tolerated for the type of structure and location must be
determined. This will be a function of community expectation,
the type of structure, and the economy of the district. The
frequency that this damage may be accepted must also be
determined. For example if the structure incorporates a roofing
mzterial with an average life of ten years and the level of
damage tolerated is slight damage to roofing onlr, then it seems
unreasonable to design the building for a fifty year return
period event. Possibly twenty years is more appropriate.

Until these decisions have been made, it is impossible to
determine a design wind speed. Once the rerurn period of the
design typhoon has been determined, local meteorologists can
estimate the intensity of the design typhoon. Tnis will often be
most easily presented as a central barometric pressure. The
Saffir Simpson Scale can be used to determine an appropriate
design wind velocity for the region.

This design wind velocity can then be used as a basis for the
typhoon-resistant design of structures by conventional methods.

The imporzance of invelving government, insurance industry
personnel and communicty representatives in the making of design
criceria decisions was stressed. Prior to investing valuable
time in the design process, all interested parties must agrez on
the design criteria to be adopted.

The design process is one that can vary for different types of
structures and three different approaches were briefly outlined.

tAY The first related to large engineered buildings in which the
value of the building warrants a very detailed wind load
study. An appropriate wind speed may be determined for each
building based on the type and role of the building and on
the results of mathematical models or wind tunnel tescs on
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the topography in the vicinity of the building. The
~erodynamics of the building may also be determined by wind
tunnel tests. These tests can be used to determine wind
loads on the structure, with detailed structural analysis
being used to determine the loads om individual elements.
The individual elements can :then be designed for optimal
performance at minimum cost. This type of process minimises
macerial cost but at a significant investment of engineering
effort. It is quite appropriate where material costs are
high such as large commercial buildings, but quite
inappropriate where material costs are low, such as houses.

This mechod is most appropriate for small buildings which
are tc be mass produced. In this case a regional wind
velocity would be used with wind code information to produce
a wind speed at building height for an appropriate
topographic description and exposure. The wvind loads would
be determined in accordance with a wind code and a crude
analysis performed to determine the loads on elements, each
one of which would be structurally designed.

This technique was used to design the Tongan hurricane house
which was mass produced 1200 times. The tecknique calls for
significantly less engineering input than that required by
(A), however, it still enables material costs to be kept low
without necessarily being optimal. It is quite compatible
with the level of supervision expected on government housing
sires. :

This method requires that all engineering input be directed
in advance to the preparation of a manual which contains
safe, tested design details for buildings of a stated size,
in an appropriate category of exposure in a given region.
The details would have been designed for the worst possible
case within the scope of the manual. A prospective builder
then decides which manual to use based on house size,
exposure and region, then incorporates the structural
details therein in the structure of the house. The
application of the method to any one house requires no
engineering input, but if corectly applied, the manual may
produce some conservatism in the details which is quite
compatible with low levels of supervision expected on many
housing sites. This method is certainly the most flexible
to apply, but it does require significant engineering and
archicectural input in the preparation of manuals.

The remainder of the session related to the practical
implemencation of typhoon-resistant housing designs. The
steps for production of a typhoon-resistant design procedure
included -

choice of a design ultimate wind speed

choice of a design process as indicatcd above
choice of appropriate decails

testing of details

production of manuals

training of supervisors
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continuing evaluation of desig s and design method

* indicates steps to be followed if design process (C) is
chosen for the implementation of typhoon resistaut design.

In the presentation, the impo-tance of testing all of the
details published in manuals was stressed. Also,
considerable emphasis was placed on the continuing
evaluation phase of the implementation. Further experience
must be scientifically evaluated and lessons learned
incorporated in the manuals or code.

Finally, in this presencation the cost of typhoon-resistant
design was qualitatively examined. In Australia, the extra
typhoon-resistant features add 5% tec 10% to the cost of the
building. In network member countries the cost may in some
instances be higher due to the lower material and labour
cost in the basic house and the higher cost of the generally
imporzed, typhoon-resistant details. However, the point was
made that typhoon-resistant construction represents an
investment that should be offset against reconstruction

- costs following the passage of future typhoons.

3. INPUTS TO WORKSHOP

For the conduct of the workshop, the participants were divided into
threa groups. Each group contained participants from two overseas
network countries, some delegates from the Philippines and some
architecture students.

There were four programmed sessions which were programmed as indicated
in Section 3.1.

3.1 WVorkshop Programme

Session 1.

8.30am - 9.00am Briefing

9.00am - 9.15am - Address by International Consultant on design
criteria.

9.15am - 10.15am Group discussions on criteria to be used for -
(i) large commercial/public buildings
(ii) small shops/houses from modern materials
(iii) small shops/houses from traditional

materials.

10.15am - 10.30am Address by International Consultant on
implementation methods.

10.45am -~ 11.45am Group discussion on implementation methods.

11.645am - 12.00noon  Report back, complete questionnaire for sessions 2
and 3.

Session 2.

1.30pm - 1.45pm Address by International Consultant on
typhoon-resistant details using modern materials.
1.45pm - 3.00pm Preparation ot Jetails for timber construction.
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3.00pe - 3.15pm Break

J.15pm - 4.30pm Preparation of details for masonry construction

$.30pm - 5.00pm Report back on group progress

Session 3. )

9.00am - 9.15am Address by International Constultant om
typhoon-resistant details using traditional .
marerials.

9.15am - 10.30am Preparation of details using coco wood, bamboo,
cogun.

10.30am -~ 10.45am Break

1C.43am - 11.45am Preparation of details using scil blocks etc.

11.45am - 12.00m0oon Report back on group progress.

1.30pm - 1.45pm Address by International Consultant on panel
systems (requested by some delegates).

1.45pm - 2.15pm Address by International Consultant on practical
ways to implement typhoon-resistant design
manuals.

2.15pm - 3.30pm Group discussion on preparation of manuals

3.30pm - 3.45pm Break

3.45pm - 4.00pm Report back on group progress.

4.00pm - 4.30pm Summaries by International Consultant and National
Consultant.

Throughout the workshop discussion sessions, the National Consultant,
Professor Geromino Manahan, the International Consultant, Mr Geoffrey
Boughton and Dr Joachim Siopongco of Forest Research and Development

Institute Products, were available as resource persons.

3.2. Session 1 - Design Critera and Implementation of Typhoon Resistant
Design

The principle aim of this session was to assist delegates in
understanding that typhoon-resistant design must be approached
systematically, and was in fact, a decision making process. The
technical decisions about detail geometry and materials that designers
are used to making are the last decisions to be made.

Tvphoon-resistant design is not an end in itself but, is one way of

ensuring that money is effecrively spent to improve the standard of

living and accommodation for the populations ol the countries

represented. To illustrate this, a parallel was drawn between the

decision processes involved in writing a cake recipe and the production .
of typhoon-resistant designs for housing.

The process of determination of design criteria was then addressed by
each country representative. They had to decide on the - ‘

- basic housing ﬁroblem facing their country
- basic aim ‘

- specific housing problems

- appropriate architecture

- level of damage tolerated

- frequency of damage deemed acceptable

- realistic cost'of housing
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For the second part of this workshop session, the aim was to concentrate
on implementation of typhoon-resistant designs for different types of
buildings. By including large commercial buildings as well as small
houses, it was hoped that the design processes of each type of structure
would be contrasted.

The main output from this session was a list of manuals needed for each
country with some sort of assignment of priorities. Certainly the
number one priority should have been highlighted.

At cthe conclusion of workshop Session 1, a questiomnaire was distributed
to all country representactives. This questionnaire drew on the
activities of cthe first :assion and provided information that would
enable subsequent design sessions to be directed at specific structures
for each country.

In the questionnaire, each representative was asked to furnish the
following information for a typical low-cost house of modern materials
and one constructed from traditional macterials:

- return period for design typhoon

- exposure condition most commonly encountered in typhoon-prone areas.

- basic geometry of the house which included floor height above the
ground, height of walls, length of house and width of house.

- materials for walls

- materials for roof

- batten spacing

- rafrer spacing

3.3. Session 2 - Typhoon-resistant Details Using Modern Materials

Prior to this session the results of the questionnaire were processed.
The design typhoon return period was used to guess a design typhoon
intensity and hence a wind spced. The Australian wind code AS 1170-1II
(1983) was then used to produce a structure height wind speed from the
given exposure condition. This in turn was used to calculate loads on
the panels of the house again using AS 1170-II (1983). A very rough
structural analysis produced element loads which could then be used in
the following session to choose appropriate details for each of the
structural elements.

It is to be noted thact this exercise was indicative only. Appropriate
design criteria will have to be established by much more rigorous
methods prior to the performince of actual designs. Also materials
available for each country will have to be tested to determine strength
of connections. Every effort was made to ensure that the loads were
close to those likely to be encountered in each participant’s country
for this exercise, however it must be repeated once true design criceria
are known.

The chains of scrength for each house were detailed and for each
connection in the chain, loads were matched againsc available strength
in commonly used details. For timber, these conneccions included nails
in direct withdrawal and nails loaded in singlc shear.

For masonry construction, no attempt was made' to gquantify the strength
of walls due to the wide variation in mortar and block strengths used.
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Racher emphasis was placed on the need to provide continuity of
ceinforcement to resist not only uplifr but alsc latera loads.

3.4 Session 3 - Typhoon-Resistant Details Using Traditional Materials

No attempt was made to quantify the performance of these macterials, but
again attention was drawn to the need to provide a continuous chain of
structural strength to carry both uplift and lateral loads from the
extremities of the building to the ground.

The loads on the indivudual comnections imn these houses were calculated
for cach country and the following points made. Because of the lower
life span of these structures, generally lower return periods were
chosen for the design typhoon. This indicated that in any one typhoon
event, more damage would be tolerated in buildings comstructed of
traditional materials than for those constructed of modern materials.
Lower regional design wind speeds for houses built with traditional
materials were produced than for buildings constructed from modern
materials in the same areca.

However, whereas houses constructed from modern materials are generally
located ir suburban or urban settings and hence can be considered as
sheltered, houses that are constructed from traditional materials are
frequently in rural sectings and are often exposed on at least one face.
The difference in exposure conditioms in many cases meant that the
actual structure height design wind speed was higher for the traditional
housing than for that constructed from modern materials.

The smaller size of the houses constructd from traditional materials and
closer member spacings meant chat the element loads ‘in these houses were

frequently less than the equivalent element loads in houses constructed
from modern materials.

There is a clear need for engineering data on the strength and stiffness
of connections in traditional materials such as bamboo or bundled reeds
to enable the process of design to continue to the selection of details.

The workshop session consisted of an exercise in ske-ching typical
details that provide structural continuity within the house. It
remained to test these details with materials appropriate for each
country to determine their scructural suicability. )

Where decails are found to be unsuitable it may be nsossible to improve
their performance by using a more Secure fastening or by reducing
element loads by reducing spacing between similar structural elements.

Likewise, for detailing of walls from earth bricks, mud, wattle and
daub, no attempt was made to provide quantitacive designs due to the
paucity of strength data on those materials. The workshop session was
again gqualitative, and produced sketches showing strucctural continuicy
between walls, between the walls and the roof structure.

3.5. Session &4 - Panel Systems and Manual Production

The address on panel construction systems made delegates aware of
housing construction systems currently very popular in Japan and to a
lesser extent Australia and che United States. Their main advantage is
their speed of erection. Their structural strengch is drawn from che

fact that cach panel is a structural element which can be securely
fastencd o a1l adjoining panels.
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As light gauge steel is frequently used in framing elements for these
systems. attention was drawn to the possibility of fatigue failures
where stress concentrations occur near bottled connections. It is
possible to design these panels and frames so that fatigue failures do
not occur under cyclonic conditions. Also, as every panel forms part of
the structural fabric of the house, if some are to be removed as part of
architectural modifications later, the house must be checked to ensure
that it still has structural integricy.

For the address on manual preparation, a number of suggestions were
made. These were stressed as being guidance to make the manuals easier
to use. Many of the suggestions related to the use of the manuals by
illiterate or semiliterate people. They include the use of isometric
sketches wherever possible rather than plans or elevations, minimal use
of words, and inclusion of some form of easily identifiable object in
each sketch to give scale.

However it was stressed that only tested details were to be included in
any manual. Manuals produce standardisation, and standardisation of
good details is to be sought after, but standardisation cf inadequate
details can lead to disasters of a huge scale.

Actention was also give to the requirements of checking the practicality
of the manuals prior to publication and widespread distribution, by
allowing a few builders access and asking for constructive comments.

The need for public educarion and publicity was also stressed, to ensure
that at cthe time the manuals were released the public understood that
long-term savings could be made by using the manuals properly.

The group exercise for participants in this session was long range
planning of manual preparation and timetabling of activities required,
as well as drawing up rough guides for the table of contents for the
manuals.

3.6. Outputs From The Workshop Sessions

All of the sketches oproduced in the workshop session were collected by
the regional secretariat for subsequent publication. Represenctatives of
network countries took home with them notes made by themselves that were

relevent to their own country's problems and available materials.

More general outputs and observations of the International Consultant
are included in Section 4.2.

4. EVALUATION OF THE SEMINAR-WORKSHOP

The inputs to rhe Seminar-Workshop from all participancr. showed that
there is a great enthusiasm wichin the network to minimise the cost of
tvphoon damamge to housing. This enthusiasm meanz chat all of the
expressly stated objectives could be mer and che implied objectives
could be satisfied at least in partc.

4.1. Evalustion Of The Seminar Sessions

The country papers showed that the largest single housing problem facing
ail countries is the provision of sufficient safe., hygenic low-cost
housing for low income earners.' lt appcars to be houses occupied by
those below the poverty line that are at greatest risk of damage by
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typhoons. 3angladesh has rather unique but very serious potential
problems with regard to storm surge which dictates a particular
structural form for safe housing in that country. Elsewhere the major
problems caused by typhoons are the damamge to buildings.

It appears to date that most implementation of typhoon-resiscant housing
design has been confined to government buildings. In Fiji where
insurance companies have played a prominent role in pushing for national
house construction standards, more pressure has been exerted on the
private sector. In Australia too, the insurance companies follow with
keen interest, progress in research into the resistance of housing to
tropical cyclones. The interest of the insurance companies indicates
the sound economc sense of the use of typhoon-resistant design in the
private sector..

1f typhoon-resistant design of housing is to become widespread
throughout the community, the public sector must be made aware of the
economic gain to be achieved through its use. This can ounly be
accomplished if publicity campaigns are mounted and builders and home
owners alike are educated in the ways of good house design.

The country papers also indicated that there is a lack of understanding
in the use of Western building materials which can lead to their use in
an inappropriate manner and subsequent failure in typhooms. Again
systematic education is the answer to this problem.

Problems with supply of building materials are not quite as easy to
overcome. The large number of housing units required and the high cost
of imported building materials means that low-cost locally available
building materials must be used if existing shortfalls in housing are to
be met. These materials are being sought using agricultural waste
products such as bagasse, rice husks, coconut waste as well as locally
available materials such as mud, bamboo, coco wood and nipa palm thatch.
While the establishment of inexpensive manufacturing methods for these
locally produced building materials represents a2 major step forward, the
evaluation of resistance to decay, long-term reliability and engineering
properties of not only the materials themselves but also the connections
between those materials and other structural elements will take
additional time. Many traditional materials currently used in Louse
construction do not have well documented engineering properties for the
materials or their connections. Nearly all countries in the network
have planned further activity in chis area, though few have facilities
to perform tiie necessary testing.

The first stated objective, the identification of problems and issues,
#as met within the seminar sessions and this naturally led to che
identification of areas in which further work was required. In this wayv,
the third stated objecrive was also met.

The papers presencted by both consultants and the other experts from the
Philippines indicated that scructural engineers can make a significant
contribucion to the design of housing “hat will continue to provide safe
shelter during the passage of a typhoon. The bastc principles of wind
enginecring as currently applied to engineered structures can be applied
to low-cos: housing, alchough there is often a tendency to use design
¢riteriy and structural safecvy factors that are appropriace to large
commercial buildings, when designing housing that has a much lower
expected 'life. As a result, the establishment of appropriate design
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criteria for housing is extremely important. These decsisions will
require inpur from governmment officials, meterorolcgists. engineers,
architects and financial planners.

Only once appropriate design criteria for each type of housing has been
established can the work of the wind engineer Le attempted.

4.2. Evaluation Of The Workshop Sessioms

The workshop sessions were very enthusiastically actended and generally
discussion continued past the programmed completion time. In most
sessions the second part had to be curtailed because of time overruns on
the tirst part. The sessions had been structured with the most
important aspec.s covered in the first part and with reinforcement of
basic principles covered in the second part, so that the effect of
curtailment was not very significant.

The first workshop session on design criteria and implementation
techniques generally forced participants to address new issues for their
countries. It was recognised that cthis process in reality will take
many months of work and correspondence in their own work environment,
and that the workshop exercise was largely illustrative. However, the
principle that return period for design events could be related to
frequency of damage and the lifetime of building components was well
understood. The different techniques for implementation of
typhoon-resistant housing were also comprehended. Nearly all of the
delegates favoured the production of manuals of typhoon-resistant
features for small, low-cost housing. Most also identified the modern
materia: small houses as having top priority followed by small houses
constructed with traditional materials. This reflected the earlier
comments with respect to general lack of understanding of modern
materials.

Engineering properties for modern materials can be obtained from the
manufacture or easily ascertained in labcratory tests to enable work to
commence on preparation of manuals almost immediately. Much testing and
material performance evaluation is required before manuals for
traditional macerials can be commenced, althc. ;h it is hoped that the
technology manuals initiated in previous network seminar workshops may
provide a suitable starting point.

The second session, which covered design of typhoon-resistant details
for modern materials introduced che participants to the process of
matching applied loads determined from wind cata to strengths of
individual fasteners as determined by testing Among other points drawn
out in this session were the following:

- where fasteners are used in parallel, the aggcegate strength of the
complete connection can be le<s than the sum of strengths of che
individual fasteners. A lJerating factor of 0.9 was suggested.

- the importance of maintenance of structural connections was stressed.
To thac end all light gauge .teel should be galvanised to prevent
corrosion and resulcting loss cof strength.




- some problems were experienced in the following areas.

Where many nails are used in a connection, care must be taken not
to cause splitting of the timber.

Where the roof structure was fastened to the top of masonry walls,
there were problems with joing the two dissimilar raterials in
such a way as to give structural continuity without using costly
details.

- the participants were urged to use ingenuity to overcome thse and
other problems using materials and techniques ccmmonly available in
their own country, but to ensure that the details are appronriately
tested.

The third session which centred on the production of design details that
may be appropriate for resisting typhoon strength winds was also
productive. Many of the issues raised here were similar to those raised
in the previous session.

- particularly with reference to mud walls, maintenance is important.
Cracks must be patched to ensure that walls behave as monolithic
units.

- the connection between roof structure and mud, or mud brick walls
proved difficult and engenuity was required to make use of
available materials to provide continuity between the roof structure
and walls.

- with bamboo construction, the position of nodes is extremely
important. Cuts should be made close to nodes to prevent splicting
of the culm.

- it is essential to use correctly treated traditional materials so
that they have resistance to insect, fungus and radent attack.

The final session saw the participants make a start on the layout and
production of manuals and it was here that the largest variations in
outputs were seen. Some outlined comic book style leaflets and ochers
quite large, comprehensive manuals with index and cross referencing.
Each may well be appropriate for particular countries. However, it
should be borne in mind that the production cost of the manual may
preclude che widespread distribution of large, expensive documents and
hence lessen their effectiveness.

Simple manuals were seen as having wide appeal and providing the best
possible vehicle for education of all sections of che community.

4,3. Overview Of The Seminar-Workshop

Aside from the formal seminar and workshop sessions there was octher
valuable interchange of information between the participants. The
Philippine Consultant had available a number of resource materials and
the International Consultant also took a number of publicactions to the
seminar-workshop which were used as resource materials and made freely
available to participants for their inspection. Quite a number of
participancs borr ‘~d publicactions for one or two nights to study Chem
in more detall. {st of resource materials taken to Manila by the
International Consultanc has been (ncluded on Appendix C.
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The seminar-workshop addressed a very complex issue and the enchusiasm
of the response from the participants was very impressive. As a resule,
the objectives of the seminar-workshop were effectively met.

The seminar achieved the objectives that r:lated to identification of
future research and training activities.

The workshop sessions provided some ideas that can be further developed
by the participatirg countries to establish their own appropriate sets
of typhoon-resistant design details for small housing. The workshop
gave each parcicipant first hand experience in 2:fZerent aspects of
typhoon-resistant design. However, it must be stressed that many
person-years of work will be required to bring workable designs to
fruition on a scale that can provide solutions to each country's basic
housing problems.

The workshop provided a pattern that must be applied by teams within
each country and be accompanied by testing of locally available
structural materials and details. To that end, the seminar-workshop was
only the first step along the way providing typhoon-resistant design.

As a first step then, the seminar-workshop was very successful due to
the combined effects of -

- enthusiasm among the participants

- efficiency of the organisation provided by the regional secretariat

- input from resource persons

- drafring support provided by the architects and architectural
students present ’

5. RECOMMENDATIONS FOR FUTURE ACTIVITIES

Typhoons cause much damage to property in most of che participant's
countries, and with existing housing backlogs existing in each country,
they cannot afford to spend money on reconstruction following the
passage of typhoons. Typhoon-resistant housing is not a luxury, it
makes sound economic sense and must therefore be pursued. While the
seminar-workshop was successful in addressing its objectives, follow up
activities should be arranged to ensure chat the principles learned and
reinforced at this stage are successfully applied in each membrr
country.

Some practical suggestions for follow up of the activities of the
recenctly held seminar-wcrkshop are given below.

5.1. Tasks For Member Countries

Each member counctry must determine design criteria for all parts of
their country. Where the nation is large or widely spread there may be
readily idencifiable zones in whizh typhoons of differenc incensicies
can be expecred.

Once the zones have been established chen design criteria can be
determined housing constructed from either modern or traditional
macerials in each zone. This will enaole the task of typhoon resiscant
structural design to commence.
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Concurrently, appropriate styles or each type of housing can be

selected, and architectural drawings prepared of typical houses that

will both appeal to the inctended inhabitants and be within their price

range. These drawings will be the basis of preparation of structural -
details.

Engineering properties of commonly used local building materials should

also be sought. These should nof only include the properties of the *
materials themselves but also the connections commonly used for these

materials. The desired information should be in terms of failure loads.

The lower five percentile failure load, is generally taken as the

characteristic failure load and is an appropriate one to use for

typhoon-resistanct design. A load factor or safety factor should be

chosen by a structural engineer to relate to the level of damage that

will be tolerated in the design typhoon.

This phase of the work will involve the performance of tests. Where
fatigue may prove a problem tests involving repeated load/unload cycles
must be applied in a manner similar to those experienced in typnoons.
Where factilities do not exist for the performance advice can be sought
from the following sources.

Professsor G. Manahan Geoff Boughton

Building Research Service School of Civil Engineering
National Engineering Centre Curtin University of Technology
University of the Philippines Kent Street

NEC 102, Diliman Bentley 6102

Quezon City.3004, Philippines. W.A., Australia.

Dr J Siopongco Greg Reardon

Forest Products Research and Cyclone Testing Station
Development Institute P.0. James Cook University
College, Laguna 3720 Qld 4811 Australia
Philippines

All of the tasks indicated above provide essential groundwork for the
preparations of manuals for typhoon-resistant housing design. The
actual preparation of the manuals will draw on other skills outlined in
this first seminar-workshop.

5.2. Follow Up Workshop

Because not all network member countries have appropriate testing
facilities, there are going to be problems in determining the
engineering properties of their building materials. Other problems will
almost certainly be encountered when drawing up manuals. To solve these
problems and to enable a further interchange of ideas and technology
once more of the essential background work has been completed, it is
suggested that a second workshop be held in approximately twelve months
time. Such a workshop would provide valuable impetus to the ’
decerminacion of design criteria, architectural requirements of low-cost

nousing and engineering properties of materials.

The principal objective of this workshop would be the preparacion of a
first drafc design and construction manual for low-cost,
typhoon-resistant housing appropriate to each member country.

Secondary objectives would be the pooling of engineering information
relating to the performance of building materials commonly used in
tvphoon-rusiscant design of housing and the establishment of uniform
cesian merhods for structural components of housing within the nctwork,
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Prior to attending such a workshop it would be expected that each
country would have prepared appropriate design criteria for each type of
housing in all its typhoon-prone zones, and architectural drawings
showing typical acceptable and affordable low-cost housing using each of
modern materials and traditional materials. It would also be expected
that as much information as possible on the engineering properties of
their building materials would be sent in advance of the workshop.

Prior to the workshop, the consultants would have collated and checked
the engineering data returned so that it could be used by all
participants in the course of the workshop. A guidebook to the writing
of manuals on typhoon-resistant design of housing would 2lso have been
prepared in advance.

This workshop would provide an excellent opportunity for member
countries to make rapid progress towards the implementation of low-cost,
typhoon-resistant housing, and may significantly reduce the work loads
of individuals charged with their preparation in the member countries.

The workshop will involve structural emgineering calculations so that at
least one representative from eack country should be a structural
engineer. As considerable emphasis will be placed on the production of
a pictorial manual, architects or architectural students who will assist
with the manual preparation should be grouped with representatives from
the member countries.

1f deemed necessary, a brief symposium could be held at the conclusion
of the workshop to present the results of the workshop to a wider
audience for their information and comment.

5.3. Related Network Activities

One outcome of the recently completed seminar-workshop was the need to
continually evalvate the performance of building systems by maintaining
dialogue with builders and by assessing building performance following
the passage of typhoons.

A number of countries indicated that assessment of buildings was
performed following damage from severe typhoons, but there seems little
basis for comparison of the results of these surveys. The passage of a
typhoon offers a unique opportunity for structural engineers to assess
both those systems cthat appear to work and those that appear not to
work. However, even though there is the potential to learn much about
the performance of building systems, the extraction of the information
from a tangled mess of houses, trees and possessions is a very
specialised activity. Where it has been performed properly and
adequately documented, people from many different nations can benefit
from the experience and prevent similar disasters from happening in the
future.

The network presents a good opportunity for nacions inm this region to
exchange such information and also provides a good opporctunity to ‘
develop a training programme. As the network also incorporates nations
where earthquakes cause damage to building systems there is a good ‘
reason to include assessment of earthquake damage in the same training‘
activity.
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The implementation of damage assessment should be accomplished in two

stages.

(i)

(ii)

(iii)

A compendium of damage assessment experts should be made. Upon
occurrence of a natural disaster that causes damage to
buildings, experts from other countries could work alongside
local engineers and produce composite reports. This would serve
as on-the-spot training and would also assist in the production
of uniform damage assessment reports that could be used by all
regional netwcrk members.

This antivity could be very quickly implemented and used during
the next typhoon season if nececessary.

A formal training session could be introduced whereby
representatives from each country are trained in the complex
task of determining actual wind speeds from damage patterns,
evaluating damage to determine the order of structural failurcs,
the reasons for the failures, and the loads at which they
occurred. Other issues are also involved and these include
evaluation of intact buildings and establishment of reasons for
their survival, and the detailed analysis of structural action
within whole houses and partially damaged houses.

These types of analysis require a good understanding of the
structural action of houses subjected to typhoon winds. While
at first sight this appears trivial, in actual fact the large
number of structural elements within even simple houses can make
their analysis more complex than that of a tall building.

This training session which could incorporate the action of
houses under earthquake loads if required, could be held in
Quezon Province or in the islands of Samar or Leyte during
August or September, as the examination of some actual houses
that have been damaged would greatly assist the value of the
seminar.

Some form of risk assessment within the network should be
performed. At present, there are only qualitative notions of
the risk faced by individual countries. A quantitative
assessment of the risk to housing posed by natural disasters
will enable economic decisions by housing authorities and
private organisations in each member country to be based on
extra vationally determined data.

6. CONCLUSIONS

The Seminar-Workshop on typhoon-resistant housing designs and
construction systems, Manila, December, 1986 was successful in char ic
sacisfied all of ics initial objectives,

It has provided sufficient informacion to member countries to initiace
their own programmes to implement typhoon-resistant design, and has also
1llowed exchange of {nformation relating to specific problems faced hy
each country.
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In many countries massive housing programmes are required to accommodate
particularly the urban poor populations. In order to make effective use
of money spent on housing in typhoon-prone areas, some engineered
typhoon-resistant features must be incorporated into newly construcced
housing.

Appropriate typhoon-resistant structural details can be incorporated at
reasonable cost and therefore provide safety to the large economic
investment represented by housing.

Each participant has received instruction in the requirements of
typhoon-resistant design and various methods of achieving those
requirements. The workshop sessions have provided opportunity to
practice the implementation of those methods.

Some follow up activities will provide an opportunity for speeding up
the lengthy process of implementation of typhoon-resistant design
details in housing.

These activities include:

(1) Publication of a guide book for the preparation of
typhoon-resistant details for housing.

(ii) Organisaction of a workshop in approximately twelve monthstime
for the preparation of first drafts of appropriate
typhoon-resistant details for housing.

Other activities for the regional network have been suggested as a
result of needs made obvious at the seminar-workshop.

These activities include:

(i) Formation of teams for rapid assessment of damage to housing
after the occurrence of a nacural disaster

(ii) Organisation of a training seminar to improve skills in
assessment of damage to housing

(iii) 1Implementation of a housing risk assessment programme.
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APPENDIX A
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Design Criteria for Tropical Cyclcnes, G.N. Boughton.

Structural Design of Housing for Tropical Cyclonmes, G.N. Boughton.

The Structural Response of a Tongan Hurricane house to Simulated Cyclone
Loading, G.F. Reardon and G.N. Boughton.
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STRUCTURAL DESIGN OF HOUSING POR TROPICAL CYCLONES

Geoffrey N BOUGHTON

Senior Lecturer in Structural Engineering
Western Australian Institute of Technology

ABSTRACT

The complex nature of the structural action of housing, togethar with the
variation in housing types, building materials and construction technology
available means that the structural design of houses to resist tropical
cyclones must vary from place to place. This paper indicates the basic
processes to be undertaken in performing the structural design of housing

using either timber or masonry wall materials and a timber framed roof.
1. INTRODUCTION

Once design loads for a house in a specific locaiion have been determined,
it remains to create a structural fabric that will resist those loads. This
is the process of design. While materials, style of construction,
workmanship, and construction methods will vary from place to place, the

basic principles of cyclone resistant design remain the same.

The terminology for timber framing adopted within this paper is as shown in

figure 1.
2. STRUCTURAL ACTION OF HOUSING

Having indicated that structural engineers can make a contribution to the
design of housing to resist tropical cyclones, it must be made clear at the
outset that the structural action of housing is quite different from chat of
buildings with vhich structural engineers are traditionally associated.
Larger chgineered buildings have a structural framework through which all
wind loads are directed to ground. These frames may incorporace beams,
columns.:moment connections and structural bracing systems. Cladding in
such structures attracts wind load but sheds it immediately to the
structuﬁal frame for dispersion to the ground. By contrast, housing also

incorporates a frame, often referred to as a light frame. It serves as a




solid base to which the cladding is fastened, but in many cases, the
cladding can carry higher in-plane loads than the frame. House frames are
thought of as beam elements but rarely as column elements and connections
are never regarded as moment carrying. Wind loads are transferred
throughout the fabric of houses via the fasteners and connections passing
between the light frame and the cladding a number of times before reaching
the ground. This makes a rigorous analysis of even a two room house
subjected to wind loads more complex than the anzlysis of a five storey
office block. A finite element analysis of a house would require
anistotropic plare/membrane elements for the roof and wall cladding, small
bending elements for the fasteners, larger bending elements for the frame,
and truss elements that can carry only tension for the many straps and rods

included in the structure of housing in cyclone-prone areas.

BEAN
CLEAT

coLurn ="

Figure | - Light timber framing /.
I
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Fortunately enough information on the structural action of housing is

available to enable good estimates of the loads carried by various elements

to be found without the use of computer analysis programs. The structural

action of a house can be thought of as a number of load paths carrying

horizontal and vertical loads to the ground. Each of these load paths

contains many elements, - connections, cladding, frame members, fasteners,-

and each must remain intact for the load path to remain effective.

2.1 Load path for Uplift Loads

(i)

(ii)

The action of wind on a house produces a net uplift on the roof
sheeting comprising an external suction, and an internal pressure on
the underside of the sheeting. This load is carried by bending of
the ribs in the sheeting to the lines of fasteners that run along the
battens.

The fasteners, acting in tension, transfer the uplift forces from the
roof sheeting to the battens. In the event of the sheeting/fastener
system being unable to carry the required loads, the roof sheeting
lifts off the battens as shown in figure 2. The load redistributions
in the roof sheeting following such a failure generally cause
ovarloading of adjacent fasteners and hence loss of sheeting over a
significant porportion of the roof. Figure 2 shows the lifting of
the roof sheeting from the battens close to the leading edge of the
roof. Highest uplift is experienced in this region, and as a resulc,

the failure modes depicted in figure 2 are the most common.

Fix sheeting properly to
purlins.

Figure 2 - Roof sheeting disengagement due to failure

of the sheeting/fastener system




(iii)

(iv)

(v)

The battens act in bending to carry loads from the sheeting fasteners
to the rafters. Complications occur where battens are to be joined.

Some practical joint details will be given in section 3.2.

Batten fasteners, again acting in tension, transfer the uplift forces
from the battens to the rafters. In the event of a batten fastener
being unable to carry required load, the battens would lift off the
rafrers as shown in figure 3. Again load redistributions following
such a failure often cause over-loading of adjacent fasteners, and
hence loss of battens with sheeting still attached over most of the

roof.

N
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Figure 3 - Battens lifting from rafters due to the

failure of batte:. fasteners

The roof structural system must be capable of spanning between the
tie down points. In general these are at the external walls. Where
the rafters are not tied together at the ridge with sufficient
strength, there is a possibility of large scale roof structure
failure as shown in figure 4(a). Where trussed roof systems are not
used with gable ended roofs either the ridge must be tied down or a
lateral restraint provided at the top of the walls to prevent

combined roof and wall failure as shown in figure 4(b).

(a)

(b)

Pigure 4 = Roof structure failures




(vi)

23z,

The roof structure must be adequately tied to the tops of the
excernal walls. This transfers load from the roof trusses or
rafrers into the wall systems of the house. Where the rafters
are not tied correctly to the walls, the complete roof
structure may separate from the top of the walls as shown in
figure 5(a) and 3(b). This is a very serious failure, as the
top of the wall relies on bracing in the plane of the roof to
lend it lateral support. After loss of the roof, failure of

the walls frequently follows as shown in figure 10.

.,

(a)

RN
LG

(b)

Figure 5 - Tie down of roof system to walls

(vii) The uplift load, now cransferred to the top of the external wall,

must be carried to the base of the wall. For timber framed walls,

this is generally accoaplished by tension members built into the wall

structure. In masonry comnstruction, tie rods are generally installed

well into the wall. 1If the depth at which these rods are fixed is

inadequate separation of the wall can result as shown in figure 6.

Wind
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Figure 6 - Uplift forces must be carried from the

top to che base of the walls




(viii) Masonry houses built on concrete floors provide opportunity to carry
the roof tie down through to the foundations, thereby resisting the
uplift forces with the combined weight of concrete footings, masonry
walls and a concrete floor. However, houses with timber floors must
incorporate a method of carrying the uplift loads to the floor
support piles and thence to footings of sufficient weight to resist

the uplift forces.

2.2 Load path for lateral loads
(i) Lateral loads are applied by wind pressure to the windward and

leeward walls. Those walls must be able to carry the lateral loads
by bending to other elements in the house. Timber framed walls have
well defined structural action in which the sheeting generally spans
horizontally between vertical studs. The studs carry loads to the
floor and roof levels by bending. Masonry walls carry out of plane
loads by bending in a manner not dissimilar to concrete floor slabs.
Their behaviour is very significantly influenced by the edge

conditions as shown in figure 7.

I===
@]@

Supported 1 side only Supported 2 sides Supported 3 sides
Note: A door or high
opening in a panel
supported on 3 sides
will have the same
effect as this

‘upprciadl 4 miden Long panel:

tseronacse) Cerives its strength from Derives its strength
bending between the top from bending between
place and the floor. the two vercical

suppores

Figure 7 - The action of masonry walls

under lateral wing loads
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As the strongest configuration for masonry walls carrying lateral load is
with lateral support around four edges, every effort must be made to ensure
that the constructed configuration of the wall has beams around each side.
Openings can significantly weaken masonry walls under lateral load and

should be surrounded by bond beams as shown in figure 8.

Support provided by
-~ roof structure

PAREL WEAKENED BV OPENING

provide an extra pier or filled core

Figure 8 - Cpenings in masonry walls

(ii) The walls must be adequately supported. In the case of external
walls, this implies support at roof level, and in the case of
internal walls, by piers or return walls. Where external walls are
not tied properly at the top, they can fall inwards under the action
of external pressure as shown in figure 9(a). Internal walls may
also be subjected to ccusiderable load where the combination of
openings allows it. They should be designed to resist those loads by
provision of supporting piers or return walls as shown in figure 9(b)

to prevent toppling failure.

(iii) The loads at top of wall level are generally transferred to the roof
structure which can span between the end wallc of the house as a
large horizontal truss if it is properly braced. In some cases, the
roof sheeting itself may have sufficient in-plane strength to be able
to act as a diaphragm. Figure 10 shows the failure mode of the house
where insufficient bracing in the plane of the roof has been
provided. Where sufficient roof bracing is installed the stiff end
walls carry che load dowﬁwards to the ground by shear wall action,

and the roof structure carries the lateral loads at top of wall level
to them.
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Figure 9 - Lateral support for walls
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wall

Shea
wall

Provide bracing at roef level to
transfer horizontal forces to shear
walls.

Figure 10 - Bracing in the plane of the roof

spanning between shear walls.

(iv) The shear walls in the house must have sufficient strength to carry
the lateral loads from the roof level to the floor. Where inadequate

strength is available, racking failures can occur as shown in figure

svem——) ——

Figure Il ~ Provision of bracing walls
to prevent racking failure




(v)

Wind
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The shear walls and bracing walls thus provided must be adequately
fixed to the roof structure to effect the lateral force transfer
indicated above. The detail of the connection can be quite
complicated and is discussed in section 4. Where this detail is
inadequate, racking failures of the structure may still occur in
spite of the presence of adequate bracing walls as shown in figure

12.

Tie down bolt
Forces transmitted Forces transmitted
by roof framing by bond beam

Inadequate
Connection

= 2
<=

ML

(vi)

i}ifi"“" 1 4 9 'l ]

Figure 12 - Adequate connection of shear

walls to the roof structure

The shsar walls must be adequately tied down. Under the action of
lateral load applied at the top of the wall, an overturning moment is
established. This must be counteracted by tie down at each end of
the wall as shown in figure 13. Tie down of shear walls is
especially important in timber framed walls as their weight is not

sufficient to generate resisting moments to counteract the

overturning moment. 4 Anchorage bond beam”)

-
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Vv  Good Better

Provide anchorage to shear wall panels
as shown above.

Figure 13 - Anchorage of shear walls

to prevent overturning
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(vii) Where houses have elevated timber floors, it is possible for the
house to be rigidly braced above floor level but suffer racking
failures below flror level as shown in figure l4. Bracing must be
provided to prevent racking failure below floor level. Likewise,
sufficient weight must be provided in the footings to prevent

over-urning of the complete structure.

Figure 14 - Bracing of the sub-floor

support system

3. DESIGN OF HOUSES FOR UPLIFT

Each of the elements mentioned in the load path from the roof sheeting to
the yround must be designed for uplift forces. The most appropriate system
to be implemented in any given location is dependent on the materials

readily available, and the skills established by the builder

3.1 Roof Cladding

Many different cladding systems are available ranging from tile systems that
have large dead weight to very lightweight aluminium sheeting systems.
Nbviously the net uplift experienced by the tiles under the action of
cvclonic loads will be lower than that on metal deck roofs because of the
larger downuard gravity forces experienced by the heavier ties. However, in
all cyclones of intensity SS3 and greater, uplift forces on rooting are

sufficient to exceed the weight force of both clay and concrete tiles.

ALL ROOFING MATERIALS MUST BE ADEQUATELY TIED DOWN.

The safe uplift load of each roofing and fascening system to be used in




crclone areas should be evaluated by testing, preferably using a test method
that takes into account the repeated nature of wind loadings. In Australia
most roofing system manufacturers have performed these tests and make the

results freely available in their technical literature.

The technical literature should also specify recommended fastening systems,
as the performance of the roofing/fastener is a function-of fastener shank
diameter, head diameter and washer material and size, as well as the roof

sheeting properties.

3.2 Batten Systems

Timber battens generally wust be jointed to provide sufficient length for
use in housing. As the battens act in bending, the only feasible place to
effecc the join is over a truss or rafter. This may be performed in two

ways.

(i) Side lapping is very effective, but leads to uneven lines of sheeting
fasteners. This may be regarded by some people as unaesthetic and
also creates difficulties in installing roofing fasteners so that they

penetrate the battens.

(ii) Butring battens over rafters can cause problems with end distances for
the fasteners. It is recommended that the battens be joined with an
oblique cut as shown in figure 15. This allows maximum end distances
to fasteners while still allowing the battem to be joined over the top

of a rafter.

=
Figure 15 - Joining of battens with

an oblique cut
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Battens can be held down using many proprietry and generally available
fasteners. The most commonly used in Australia include power driven screws,
straight and twisted shank nails, straps nailed in shear, and proprietry
plates. The screw connection is shown in figure 15, and provides a positive
joint but requires power to drill and install. Nails can be used instead of
screws in a similar configuration, but as the comnection is in direct
tension, withdrawal of the nails is commonplace, particularly if plain
bullet head nails are used. Twisted shank nails have better holding power,
but are harder than plain shank nails to install and are therefore not

favoured by builders.

Nailing plates, framing anchors and twisted straps all provide resistance to
uplift by placing nails in shear, and are therefore much less prone to nail
withdrawl under load, when compared with nails acting in direct temsion.
However, each of these fastening systems utilize light gauge steel elements
and should therefore be tested for fatigue resistance prior to specification
for cyclone resistant construction. They are shown in a slightly different

context in figure 16.

3.3 Roof Structure

The advent of nailing plates has made engineered roof trusses an economical
proposition for houses in Australia. Whether trusses are marufactured in a
factory or ongsite, their analysis is reasonably simple, so adequate timber

sizes and connections can be designed without great difficulty.

3.4 Roof Structure tie dowm

Again, this often is a problem of joining two pieces of mutually
perpendicular timber. Similar fasteners to those used for batten fasteners
can be used for this detail. The higher loads carried by these joints, and
the use of larger member sizes preclude the use of nails and screws carrying
load in direct tension. Figure 16 shows a number of alternative fasteners
which include various combinations of framing anchors and looped straps.
Also included is an overbatten method which uses bolts. The three different
methods presented in that figure relate to three different load ranges.

Method 1 has the lowest capacity and method 3, cthe highest.
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Figure 16 - Fasteners for fixing rafters

and trusses to top plates

3.4 Wall tie down

Elements must be incorporated into wall structures cthat can carry tension
from the top of the wall to the bottom. For masonry walls these elements
are most commonly a number of scteel rods that are cast into hollows in che
wall, and embeded in concrete to provide protection from corrosion. Timber
framed walls may on occasions incorporate plywood cladding which can be used
to carry the uplift forces through the full height of the wall. Sufficienc
fasteners must be provided.a: top plate and bottom plate level to transfer
the load into and out of the plywood panels. Sceel rods can be placed

adjacent to studs and tie the top and bottom plates together as shown in
figure 17,
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Figure 17 - Tie down rods in timber

framed walls




3.5 Tie dowm of floor substructure

“here the rimber floor of a house is supported some distance above the
ground, the uplife f;rces must be carried from thz floor joists to the
stumps. This Erequ{ntly calls for a positive connection between joists and

bearers and then between bearers and stumps as shown in figure l7.
4. DESIGN OF HOUSES FOR LATERAL LOADS

Again. each of the elements mentioned in the lateral load path from the
walis to the ground must be designed for lateral wind forces. 1In gemeral
these forces can be:obtained by summing windward wall pressures and leeward

wall suctions. ‘

4.1 External wall systeas

The design of timber framed walls for out-of plane forces can be
accomplished using ¢onventional engineering mechanics. The cladding
material spans horizontally between the studs and the studs span vertically

between top and bottom plates. The effects of noggings can be ignored.

However masonry walls present more problems. Because of the poor tensile
properties of mason;y. steel reinforcement is incorporated into the
structure as shown in figure 18. Much of the reinforcement shown serves two
functions

The vertical rods c;n be used to tie the roof structure to the foundations,
and create strong bands in the wall that can carry significantly higher
moments than the uﬁreinfcrced masonry. They therefore reduce the horizontal
span of unreinforced porctions of the masonry walls. The vertical bars are
also palzed alongsﬂde all openings and again provide strong bands adjacent
to a potenzial! weakness in the wall.

The horizontal rods around the top of the wall allow the connection of the
roof structure to 4 stiff bond beam capable of spanning between the vertica!l
tie down rods in transmision of uplift loads from the roof to the floor.
Zhev can also span:over openings such as doors or windows. The horizontal
hond beam around the top of the wall sciffens to the top of the wall and

prevents many of the failure modes shown in figure 7.
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Concrete or
blockwork —
bond beam

Tie-down bolts for
/‘ timber wall plate

Footing

Figure 18 - Reinforcement of blockwork

4.2 Roof Bracing

Bracing in the plane of the roof can be designed by taking the uniformly
distributed load at top of wall level and carrying it to designated shear
walls utilizing the bracing as the web members of a large horizontal truss.
Evidence in recent research work (Boughton, 1984) suggests that the roof
sheeting itself is capable of carrying all of the required loads without
support from bracing. However, if the roof sheeting is relied on for

stabilicy, then {t must be very securely fastened, as its loss would mean

loss of the entire building.
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4.3 Comnection between the roof structure and shear walls

The importance of providing a good lateral load transfer mechanism between
shear walls and the roof structure has already been mentioned, however,
where the roof structure is based on a truss system, it is important that no
vertical load be transferred at internal walls. Where transfer points occur
at mid chord in the truss, vertical loads could induce bending stresses in
the lower chord of the truss. In some instanca2s, these have caused flexural

failure of the lower chord with resulting sevious damage to the house.

The Queensland Home Building Code requires that all timber roof trusses have
a 20mm gap between the underside of the bottom chord of the truss and the
top of internal wall top plates to prevent undesirable flexure of the bottom

chord.

Complex lateral transfer details have been devised that enable lateral loads
to pass between roof structure and bracing wall while offering minimal

transfer of vertical loads.

4.4 Bracing Walls

Masonry walls effectively tied down at each end function as bracing walls.
However, timber framed walls require extra strengthening to function as
shear walls. The extra strength can either be supplied by the wall cladding
or by specially constructed timber braces. Many types of cladding including
plywood and fibre cement sheeting have been tested as bracing panels.

Figure 19 shows a typichl detail of a bracing wall which utilises the shear
rigidity and strength of its cladding to carry ‘'ateral in-plane loads. Note

that tie rods are provided at each end to prevent overturning of the wall,

Either timber bracing or steel strap cross bracing can also be used to
provide strength as shown in figure 20. Again the bracing panel has tie
down bolts at each end to prevent overturning of the wall. The stiffener of
this type of wall is generally less than that of the walls similar to that
shown in figure 19. The screngths of all wall bracing systems are

determined by testing.
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5. ROLE OF TESTING

The observation of damage caused by tropical cyclones has shown that
failures often originate at connections. Great care must be taken in the
design, fabrication and assembly of connection details to ensure that they
will work as intended. Many of them have proved very difficult to examine
theoretically, and their strength and stiffness properties are best
determined by testing. With timber framed buildings, the strength of
connectors can vary significantly with the species of timber used in the

joint. This gives testing an even more important role.

The process of design involves matching available strengths with the loads
that are necessary to resist the wind effects. Before design can be
attempted, testing of components, elements and fastening systems must be

performed to give the necessary design data.

5.1 Special considerations for Timber and Timber fasteners

Timber is a term that embraces many different species. It also has
orthotropic characteristics. Thus when performing or evaluating tests on
either timber, or fasteners in timber, it is necessary to éake particular
notice of the orientation of grain with respect to applied load, and the
edge and end distances. Because each of these properties can influence the
outcome of a test, it is important that they all are modelled in a manner

that duplicates actual practice on location.

Timber is also characterised by defects. The presence of knots, twisted or
crooked grain, small checks, and splits, and sapwood, or heartwood can all
influence the strength of a timber connection or specimen. As a result, a
large number of samples must be tested to obtain representative strength
characteristics. 1In obtaining specimens for testing, every endeavour must
be made to ensure that the timber comes from a number of different trees and

if possible, from different areats.

The allowable stresses in timber are factored from characteristic stresses.

A large number of samples must be tested to enable determination of rhe 5%

confidence limit of strength.

Durability of timber is also an issue, in that many tropical cyclone-prone

areas have high ambient humiditi:s that can cause rotting of the timber and
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tavour fungus growths which can also reduce the strength of timber. Where
posible, fungus and roct-resistant species should be used, or alternacively,
~imbers chat would otherwise be susceptible can be impregnated with

preservatives.

In some areas too, borers and ant infestations may be a problem. The
physical damage that these insects can cause may prevent the timber from
carrying any load at all. Again some insect-resistant spuecies of timber
exist, and others can be impregnated with chemicals to render them resistant

to attack.

5.2 Special considerations for steel
Many fasteners commonly used in the building industry are fabricated from
various grades of steel. Steel in cyclone-prone areas suffers from two

distinct problems.

The fasteners made from light gauge steel may be subjected to deterioration
due to fatigue. This is particularly the case if they incorporate punched
holes or other locations of stress concentratiorn. The action of fatigue may
mean that lower ultimate loads than those gredicted by static tests, may be
experienced during the repeared loadings characteristic of tropical
cvclones. Testing of such fasteners, particularly where they are to be used
in roof s:iructures should be performed using a test sequence such as that
indicated in che EBS (1977) publication, Technical Record 440, in which a
la-ge number of load cycles are specified. This type of test indicates the
susceptibility of the detail to farigue under repeated loading and will give
appropriate ultimate loads for cyclonic conditions.

Steel fasteners used in tropical cyclone-prone areas may also be highly
susceptible to corrosion damage. The environment in many cyclone-prone
regions is hot, humid, and if in close proximity to the sea, salety. Many
fisteners used in the construction of houses are in quite inaccessible
posizions for che performance of cither maintenance or inspection work. It
:s highly recommended cthat all stcel fasteners to be used in houses for
tyclone-prone areas, including nails, be galvanised to ensure that cheir

tontinued sfructural performance can be relied upon many years after

installacion.




5.3 Special Considerations for Masonry

Masonry products are generally highly variable to the large range of local
materials used in their manufacture. Bricks and blocks vary with the
constituents, and mortar strengths are a function of not only the grading of
the sand, the sand/cement ratio and vater/cement ratio, but also the

temperature and humidity on the day on which it was used.

The use of masonry construccion in cyclone prone areas must be undertaken by
competent tradespersons and under guidance rom a specification written

particularly for local conditions and local materials generally encountered.

Reinforcing bars used in masonry construction are often not galvanised,
however, where either the mixing water or the aggregates used are saline,

only galvanised reinforcement should be used.

6. INCORPORATION OF CYCLONE RESISTANT DESIGH IN PRACTICE

The design of each and every house by a structural engineer from first
principles would be a task of both daunting magnitude and high .ost. Walker
and Eacon (1985) re.ommend the use of standardisation to spread the design
costs over a large number of houses. The standardisation may be on a number
of levels. Three will be outlined here.
(1) Sctandardisation of details based on load carrying capacity
This system is used by both the Darwin Reconstruction Manual and tne
Sri Lanka Building Regulations (Sri Lanka Govt (1981)). It provides
for a very high degree of user flexibility, but must be used by a
person who is proficient in the basic principles of structural

engineering.

The philosophy adopted by this type of standardisation is that the
designer must calculace the loads on all panels in the house and use
those loads to determine the maximum forces carried by each
connection and element of the house. Test data is presented in the
document in such a manner that it is easy for a designer to match
maximum loads with decails capable of safely carrying those loads.
The selected details can then be incorporated in the structural
fabric of any house in almost any location provided the load carrying
capacity of each detail is larger than the load applied to it in an

extreme event. ‘
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Standardisation in this manner has a very high user flexibility, and
can be easily implemented by making an ordered collection of
available and vetted test data. However, the fact that such a system
can only be used by a qualified person increses the cost of its use.
This cost increase may in some cases be slightly offset by the fact
that as details are chosen purely on the basis of adequate strength,

there may be lictle conservatism incorporated in designs produced.

Standardisation of details based on locatiom and terrainm.

This is the system adopted within the Queensland Home Building Code.
It is restricted in its use to conventiorii Jetached single
dwellings in sheltered locations. The details are therefore only
applicable to buildings in flat sheltered terrain within one cyclone
intensity zone. As such, the wind loads on all panels do not have to
be calculated. There are some restrictions on the geometry of the
building, but there is also limited flexibility in the placement of
internal walls, size of rooms and the house, and materials to be used

in construction.

The details included in the document, if applied with good
workmanship would ensure that the constructed house would have
adequate strength to resist cyclonic winds but at a structural cost
marginally above that of conventionally designed houses. For most
details, a small amount of conservation has been incorporated in the
design to allow the geometry of the house to be flexible. Rather
than specifying the performance of each detail in terms of the load
it could sustain, the number of details or length of wall in a given

sized house was specified.

The application of such a code could be implemented by regional
inspectors without formal engineering training. After some years of
use in Queensland, the code has received wide acceptance from
builders, as it enables the rapid design of structural provisions for
housing by inclusion of reference to the full document in any house
specificécion. Both the builder and the supervisor are then bound co
comply with the provisions of the code which minimises disputes over

the scru?cpral integrity of housing.

The expe%i?nce of a recent tropical cyclone in the north of
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Queensland (Walker, Reardon and Jancauskas, 1986) and the results of
full scale tests on a house constructed in accordance with the
provisions of the Queensland Home building code (Boughton and
Reardon, 1983) have both shown that the structural performance of the

code is satisfactory.

A large amount of research and testing is required before such a code
can be putlished, but the implementation of the code by the majority
of people in the housing construction industry can be easily
facilitated. The cost of implementation of the code is small.
Structural engineers do not have to be employed in the design of
conventional houses, but small extra costs may be incurred in the
purchase of the building materials due to the conmnservatism in the
code that is necessary to allow flexibility in the architecture of

the houses.

Standardisation of complete houses

Following extensive damage to housing in Tonga in 1982 by cyclone
‘Isaac’' the Tongan Ministry of Works instituted a reconstruction
program which utilised standard houses prefabricated in Tongatapu
from a mixture of imported and local materials. The reconstruction
houses could be entirely erected by unskilled labour using only hand
tools in under a week. Because many identical houses were producec,
it was possible to invest much structural engineering input in the
design and testing of the house. In fact a complete house was tested
for structural performance under simulated cyclonic conditions
(Reardon and Boughton 1986).

The cost of implementing this high degree of standardisation was also
small. Little skilled labour was required to erect the houses, and
the high investment of structural engineering skill in the early
stages of the programme ensured that optimal use was obtained from
all of the structural details in the house. There was no expenditure
on conservatism, the structural and functional provisions of cthe

house had “een reduced to the minimum required to perform adequacely.

The construccion programme involved a high degree of parcicipation

from local experts and tradespersons and could be very quickly
implemented.




7. SUMMA.. OF TRE DESIGR PROCESS

Regardless of the type of standardisation chosen to practically implement *
rationzl design of house structures to resist tropical cyclones, the
following steps must be included in the design process either implicitly or

explicicly.

(i) examination of the proposed site to determine the susceptzibility of
the site to damage frrm storm surge. The house floor level should be

well above the highest expected storm surge level taken at high tide.

(ii) selection of a regional basic ultimate wind velocity

(iii) modification of the regional basic wind velocity to give a site
specific basic ultimate wind speed. This takes into account local
topographic effects and shielding by adjacent structures.

(iv) use of pressure coefficients appropriate for the geometry of the
house to derive external pressures and hence loads on all external

surfaces.

(v) use of assumed dominant openings to calculate internal pressures and

hence loads on all internal surfaces.

(vi) cthe summary of all external and internal surface locds to produce net

structure loads.

(vii) selection of details to resist the net structure loads. These

include

roof cladding resisting uplift, spanning between battens

roof fasteners resisting uplife, fixing cladding to batcens .
battens resisting uplift, spanning between rafters

batzen fasteners resiscing uplift, fixing battens to rafters
roof structure resisting uplifc, spanning between walls
rafter fasceners resiscing uplift, fixing rafters to walls

carrying lateral loads, from top plates to roof

struccure.




wall top plates/
bond beams resisting uplift, spanning between tie down
points.
carrying lateral loads, from walls to roof
tie down points resisting uplift, securing top of wall vo floor
carrying lateral loads by preventing overturning
footings resisting uplift, securing the floor to the ground
walls carrying lateral load by out-of-plane bendiag
carrying lateral load by in-plane shear
roof bracing carrying lateral load to internal bracing walls
bracing wall
connectors carrying lateral load omly to internal braring

walls from the roof

sub-floor
bracing carrying lateral load from floor level to ground
level
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ABSTRACT

The design of buildings for tropical cyclones requires that a decision
making process be undertaken in order that appropriate loads be determined.
These decisions establish the design criteria and rely on meteorological
information, terrain classification, aerodynamic principles and cthe end use

of the structure.

This paper examines the establishment of appropriate design criteria to

enable the structural design process to begin.

1. INTRODUCTION

In establishing a design philosophy for buildings in tropical cyclone-prone
areas, it was found that the application of structural engineering
principles could reduce the potential for community disruption and hardship

due to wind damage from tropical cyclones.

In some countries, clearly laid out design criteria exist in loading codes,
material use codes and test procedure manuals. In other countries these
criteria have not been established and those in use in neighbouring areas
may be quite inappropriate for social, economical or physical reasons. In
these cases design criteria must be established from first principles to

enable the structural design of buildings for tropical cyclones to have a

rational basis.
2. DESICN WIND SPEEDS

Nesign wind speeds in non-tropical cyclone prone areas are generally based
on estimates of the 50 year return period wind speed. However, even in

locations where relacively long duration records are available problems

exist wizh che interpretation of recorded data to produce 50 year recurn
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period wind speeds. Terrain conditions in the vicinity of the measurement
point may change over time, causing doubts to be cast on the validity of the
record. Also periods of missing data can cause problems with the estimation
of the statistical significance of the data, and comparison of records from

nearby measurement points can produce conflicting informatiom.

Tradirionally the accepted process for non-cyclone-prone areas has included
a Gumbel analysis of annual maximum wind speeds to produce arn estimate of
the 50 year return period wind speed. Safety factors have then been used to

give an ultimate or exireme event wind speed.

However, this approach is not appropriace for the design of buildings in
tropical cyclone-prone areas. The statistical description of tropical
cyvclone extreme winds is very different from that for temperate zone extreme
winds. In temperate zones winter gales occur every year, although the speed
of the maximum wind may vary from year to year. In cyclone-prone areas, a
number of years may pass in which particular recording stations are not
influenced by a tropical cyclone at all. The distribution of maximum annual
wind speeds is therefore a combination of events associated with tropical
cyclones, and much smaller events such as winds associated with
chunderstorms. This has the effect of reducing the estimate of the 50 year

recurn period wind speed thereby making it unconservative.

There is also evidence to suggest that the ratio of the probable extreme
wind speed to the 50 year return period wind speed in tropical cyclone-prone
areas is generally much higher than in non-cyclone-prone areas. A number of
mechods have been proposed for estimating extreme wind speeds in tropical
cyclone affected locations but the limited length of record, heavy reliance
on poorly defined data, and the common use of the Gumbel distribucion to
describe variabilicty make most of them inappropriate as estimators of
extreme wind speeds. Good records of extreme wind speeds in tropical
cyciones are very rare, as the high winds that frequently cause much damage

to buildings can also cause significant damage to anemomecers.

Walker (1985) suggested cthe use of the Saffir-Simpson intensity scale to
define wind speeds. This scale, reproduced in the paper 'Design
Philosophies for Tropical Cyclones’ relates expected wind speed and cencral

pressure to a Saffir Simpson intensity number. Often records of central

pressure are mor reliable than those of wind during the passage of tropical
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cyclones and the Saffir-Simpson scale allows rough correlation of wind speed
with central pressure. In order to define a design wind speed for a given
location, it is first necessary to determine an appropriate design cyclone
intensity. This decision must be made with meteorological advice. In
general, areas that have low frequencies of occurrence of cyclones will be
subjected to severe cyclones (SS3), with basic ultimate wind speeds of 60
m/s. Localities that have historically been subjected to mcre tropical
cyclones may have a higher probability of very severe tropical cyclones
(SS4) and require basic ultimate wind speeds of 75 m/s. In localities that
have a history of many tropical cyclones, then the basic ultimate wind speed
appropriate to catastrophic tropical cyclones (SS5) may be chosen. This may
be as bhigh as 90 m/s.

The extreme wind speeds generated by other meteorological phenomena are
likely to be of the same order as those generated by an SS3 tropical
cyclone, so it is suggested that if an area is at any risk from tropical

cyclones, it must be zoned for at least an SS3 event.

"It is to be noted that these speeds refer to basic ultimate wind speeds.
This term must be defined carefully as many current codes use similar terms
tv describe quite different phenomena. The basic ultimate wind speed
corresponds to the highest probable g'ist speed in an event of that
magnitude. In terms of building response, it could be reasonably expected
that damage to the building would start to occur at about this speed. this
speed is NOT the basic design velocity as currently defined in the
Australian, New Zealand and other wind codes, which give wind speeds for
working stress design conditions. Both the basic ultimate wind speed and
the basic design velocity are defined as the speed at a height of 10 m above

flat open terrain, typical of a large grassed field.
The wind speed thus obtained is a property of a region and may pertain to

many towns, communities and buildings. In order to tind an appropriate

design wind specd for a particular building, due account must be taken of

its settiag.
3. THE INFLUENCE OF TERRAIN ON WIND SPEEDS

Buildings are located in a highly rurbulent boundary layer of air, and wind

speeds at the location of particular buildings are a function of the
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roughness of the landscape surrounding each location. The passige of wind

over many houses such as in a suburban or town setting, can increase the

depth of the turbulent boundary layer. This effect reduces the mean wind

velocity but increases turbulence. Likewise the passage of wind over a very

smooth surface causes a reduction in the height of the boundary layer and a
corresponding increase in the mean wind velocity with a reduction in .
turbulence. Damage to buildings appears to be highly correlated with the

approach exposure. This indicates that in the past not enough importance

has been placed on the effect of upwind surface characteristics. Figure

1 illustrates sheltered and exposed positions.

In non-cyclonic conditions, trees can afford some protection fr~m high
winds, by both sheltering houses directly, and increasing surface roughness.
Both effects cause a reduction in the mean wind speed. However, in tropical
cyclones, many trees are compietely stripped oi leaves. Those types that do
not readily lose their leaves may be blown over. The long duration of
tropical cyclone events means that for much of the period of high winds, the
trees can be discounted as either surface roughness or shelter for houses.
The effect of defoliation means that surface roughness must be found

independently of vegetation considerations. Figure 1 illustrates the

effect.

Other complications occur in hilly or undulating country. The aerodynamic
effect of a cliff is to increase the wind velocity near the edge of the
cliff. The structure eaves height is effectively increased by the height of
the cliff, and the convergence of flow over the top of the cliff may cause
even higher velocities. Design wind speeds could be between 10 and 207%

higher than an equivalent structure in flat locations due to proximity of a

small abrupt rise.

Wind that approaches a building over a large stretch of water may have quite

turbulent characteristics during tropical cyclones. Under normal .
conditions, the nearly flat surface of the water causes little turbulence in

an air stream that passes over it. However, the winds experienced during

the passage of tropical cyclones can cause significant wave action. This

has an effect on the airstream that is similar to that caused by a large

number of houses. Wave profiles can reduce wind speeds and increase

turbulence. Houses located close to the sea shore should be located above

the scorm surge zone, which can result in increased wind speeds due to




topographic effects, offsctting reductions duc to the roughness of the sea

surface.

EXAMPLE OF A BUILDING SHELTERED
BY TREES.

FULLY "EXPOSED” AFTER LOSS OF
TREES IN A CYCLONE.

wino

/ CLIFF OR ESCARPMENT

/ OR
! EXPOSED SITE IN HILL COUNTRY

Figure 1 - Exposure Clargificatirns
(from Sri Lanka Gove, [9R0D)

TH1S BUILDING WILL BE
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&. EXTERNAL AND INTERNAL PRESSURES ON BUILDINGS

The action of wind in passing around an obstruction such as a house causes
positive and negative pressures to be applied to different external surfaces

of the building. -

The wall that faces the direction from which the wind is blowing (the
windward wall), blocks and redirects the wind stream. It therefore always

experiences positive pressure.

The leeward wall is opposite to the wall mentioned above and is affected by
the wake of the building. It genmerally experiences suction, although the
turbulent nature of the wakes observed from most common building shapes
means that the magnitude of the suction may fluctuate wildly. The other
walls of rectangular buildings generally experience fluctuating suctions on
their external surfaces. High turbulence in the vicinity of these walls
contributes to fluctuations in pressure observed on them as well. The

average pressures are shown on figure 2.
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wind flow around house plan of house showing
pressures and suctions

Figure 2 -~ External wind pressures
on walls of houses




The effect of wind on roofs is a complex function of roof slope, house
geometry and wind direction. In general houses with low roof slopes
experience suction over all parts of the roof. Buildings with steep roofs
may experience external pressure on the windward slope and high suctions on
the leeward slope. At some points on all roofs and for all wind directions
there are very high suctions generated by the separation of the airstream
from the roof surface. The external suctions in these locations, which are
generally near the edges, are very high and subject to large fluctuations.
Roof sheeting failures generally originate in these areas. Figure 3

illustrates the effect.

The numerical value of external wall and roof pressures is a function of che

geometry of the building.

very high suctions

(a) Suctions on low-slope roof

very high suctions

(b) Pressures and suctions on high slope roofs

Figure 3 - External pressures and suctions on roofs




In extreme events, windows and doors are often damaged. Walker and Minor

(1985) show that window failure of 5 to 10 percent can be expected due to

wind pressure alone. However tropical cyclones are invariably accompanied .
by flying debris. In rural settings, the debris may originate from branches

torn from trees. In villages and towms, unsecured belongings stored outside

may be lifted by the wind and hurled at nearby houses. Flying debris camn be
minimised by mounting clean up campaigns at the commencement of the cyclone

season, but even so, parts of damaged houses and other buildings can form

airborne debris.

The Australian experience of cyclone Tracy has shown that windows on the
windward wall have a very high probability of being broken by debris even if
they are strong enough to withstand wind pressure. A large number of broken
vindows or wall panels on the windward wall will admit the full positive
pressure on the external surface of the windward wall to the inside of the
building. This can more than double the total net load on surfaces which
experience external suctions. 1lhus after windows have been broken, the
total net outward force on the leeward walls, side walls and roof panels all

increase significantly.

Special screens can be designed to absorb the impact of flying debris a.d
therefore protect window glass. Alternatively, vents can be designed in
buildings to automatically release high internal pressures should windward
windows break. Test procedures have been in place in Australia for
evaluating the effectiveness of cyclone protection screens, but litcle work
has been performed on the evaluation of vents for the release of internal

pressure.

" <\ 7 .
AN — paiit '

wind flow around house section of house showing
internal preéssures

Figure 4 - Infernal pressure from openings in the
windward wall
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For buildings in which the contents represent a high value compared with the
structure cost, the use of permanent cyclone debris screens may be
warranted, burt for all buildings where debris screens are not installed, the

structure must be desined for full positive internal pressure.
S5S. FATIGUE SUSCEPTIBILITY OF BOUSING COMPONENTS

It has been observed in both the previous section of this paper and the
paper 'Design Philosophies for Tropical Cyclones' that those panels of
buildings which experience extermal suctions are also subjected to
fluctuations in the load due to the structure-induced turbulence in the
wake. Some components commonly used in domestic construction are
susceptible to metal fatigue under conditions of repeated loading due to
fluctuating suctions.

Morgan and Beck (1978) reported failure of sheetmetal roofing systems under
repeated loading at loads much lower than their corresponding ultimate load
under static loading. As a result of these observations, and those ~f many
other workers, a test procedure (EBS, 1977) was devised in which building
materials could be subjected to repeated loading. The procedure ensured
that the loads we*e applied in a manner that was thought to represent
loading patterns typical of those experienced in tropical cyclones. This
document presencs:two separate procedures - one for elements associated with
walls under external suction and another for elements associated with roofs

under external suction. They are presented in Table 1.

At the conclusion:of a fatigue test of the type indicated in Table 1, the
component is loaded to failure and the ultimate load recorded. This test
procedure is curr;ntly under review, but nevertheless provides a basis for
assessing the Eat}gue susceptibility of building components under conditions

reasonably representative of those experienced in tropical cyclones.

Boughton (1986) has noted that as well as roeof sheeting, a number of
elements can show susceptibility to fatigue. These include light gauge
steel framing in the vicinity of fastei.ers, liglt gauge steel straps and
steel fasteners.

The work performed to date on fastening systems shows the importance of

fatigue testing in the minimisacion of significant damage in tr(; ical

cyclones.




Table 1 - Wind Loading Farigue Criteria for Building Components in
Tropical Cyclone-Prone Areas

(a) Wall elements
Cycles Load range
800 0 + 0.625 x design load + 0
200 0 +>0.75 x design load + 0
20 0+1.0 x design load -+ 0
(b) Roof elements
Cycles Load Range
8000 0 ~ 0.625 x design load + O
2000 0 »>0.75 x design load + 0
200 0+1.0 x design load -+ O

6. IMPORTANCE FACTORS

Under tropical cyclone conditions, the function of some buildings may give
them an increased importance when compared with others. These buildings

include emergercy shelters, hospitals and essential facilities.

Walker (1985) indicates that these buildings should be designed for wind
loads that are 30 tO 50% higher than those used for other buildings. The
significance of designing important buildings with higher ultimate loads is
that the onset of serious damage could only be expected once most

conventionally esigned buildings have been very seriously damaged.

For example. in a zone designated as SS3, conventionally designed buildings
may start ¢~ show some signs of distress when the basic wind speed is 60 m/s
- equal to t.e basic ultimate wind sgeed used in the design of conventional
buildings. A building that is to be used to protect people during the
passage of a tropical cyclone should be designed for 1.5 times che load of
normal buildings - equivalent to a basic wind speed of 75 m/s in the same
zone. Thus in the event of an SS4 event (75 m/s) in the SS3 zone, which
would be an extremely rare occurrence, most buildings would exhibit severe

damage, but the specially designed building to be used as a shelter designed
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to 1.5 times the load of conventional buildings, would show litcle, if any

damage.

7. CRITERIA

In determining the loads on a building a number of decisions need to be
made. Some are on the basis of meteorological data, others on aerodynamic
principles, the physical properties of the construction materials and the

importance of the structure.

(i) Zone designation
Cyclone-prone regions need to be zonmed to enable a design wind speed

for a given location to be determined.

(ii) Terrain designation
The design wind speed at the building site is determined on the basis
of terrain characteristics. Rules for determining site exposure and

topographic effects must be formulated.

(iii) External pressures -
The design ultimate wind speed can be used to calculate appropriate .
external pressures from aerodynamic information relation to the
structure shape. Data for the most common house shapes must be

collected and tabulated.

(iv) 1Internal Pressures
Where cyclone debris screens or effective venting are to be used,
very low internal pressures can be utilised in the design, otherwise
it must be assumed that some fraction of the full windward wall
pressure is available as an internal pressure. The actual internal
pressure is a function of wall permeability which will vary with che

most common type of housing used.

\v) Design Loads
The sum of internal and external pressures give the total design
loads on all portions of the structure. Where che structure has a
particular disaster or post-disaster function it may be necessary to

apply an importance factor to the design loads determined above. A

decision regarding the size of the importance factor must be made.




{vi) Fatigue Effects

Where light gauge metal fasteners or components are to be used in the
building, their effective strength under cyclonic repeated loads must
be reduced from their static load stremgth. The reduction is a .

function of the geometry and form of the component used.

REFERENCES

BOUGHTON, G N (1986) "Failures in Full Scale Houses under Simulated
Cyclonic Wind Loads", 10th Australasian Conference on the Mechanics of

Structures and Materials, University of Adelaide.

MORGAN, J W and BECK, V R (1977) "Failure of Sheet-metal Roofing under
Repeated Wind Loading™ Civ.Eng.Trans., Instn Eng Aust. Vol CE19, No.2,

pp 1-5.

SRI LANKA GOVT (1980) 'Design of Buildings for High Winds - Sri Lanka",

Sri Lanka Ministry of Local Govt, Housing and Construction.

WALKER, G R (1985) "Cyclonic Storms and Related Design Criteria" Asia

Pacific Symposium on Wind Engineering, Roorkee

WALKER, G R and MINOR, J E (1985) 'New Developments in the Struccural

Design of Glazing"” Qld Div Tech Paper, IEAust, Vol 26, No.ll, pp 1-6.




DESICN PHILOSOPHIES FOR TROPICAL CYCLONES -’l-
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ABSTRACT

Tropical cyclones have historically caused much disruption to households,
communities, towns, islands and in some cases to natiomns. Much of the
hardship can be actributed to the high winds which are a significant
characteristic of tropical cyclones. While it is generally recognised that
it is very expensive to design all buildings to eliminate damage during the
passage of tropical cyclones, cyclone-resistant designs can be produced that
will minimise the long term cost of cyclone damage to communities. This
paper examines the characteristics of tropical cyclones and the damage they
produce and indicates a design philosophy that has been successfully

implemented in a number of countries to reduce community hardships.
1. INTRODUCTION
Tropical cylcones, also known as typhoons, hurricanes, etc. occur in

tropical waters in Asia, Oceania, the Americas and on the east coast of

Africa. Figure 1 shows a reproduction of a map giving the location of

cyclone prone areas and commonly recorded directions of movement.

afrows indicate preferred direction, numbers average no. of cyclones/year

Figure 1 - World map of ﬁa:ural hazards
(Munich Re.‘1978)




Considerable regional variations in tropical cyclone characteristics appear
to occur. The size of this meteorological phenomenom tends to vary.
Tropical cyclones in Australian waters are generally much smaller in
diameter than those elsewhere but their intensity is not dimirished. Also,
the generally western movement of most tropical cyclones is in ccitrast with
the generally eastern movement of those in the SW Pacific. There are wide
variations in frequency of occurrence and intensity of the events both
within regions and between regions. This is complicated by global and

regional climatic variations and cycles.

In combination with the relatively short history of detailed records of
tropical cyclones, these variations can make the estimation of cylcome risk
very difficult. The risk varies with the intensity of an expccted extreme
event. Land crossings of catastrophic cylcones are very rare, but their
potential to cause damage is extremently high. Mild and moderate events are

much more common but rarely cause major disasters from wind damage.
2. CHARACTERISTICS OF TROPICAL CYCLONES

Tropical cycles are large scale meteorological events that take days to
generate over warm water and transfer energy from heat stored in the ocean
to wind and wave energy. While a number of aspects of tropical cyclones
vary regionally, the thermodynamic principles that determine their

formation, and enable their growth are essentially the same in all regions.

Warm sea surface temperatures allow upward movement of moist heated air.
Where the latitude of such a column of upward moving air is greater than
about 10 degrees , Coriolis forces cause it to spiral. Warm moist air is
then generally moved into the centre of the spiral where it rises to add
moisture to the cloud layer established in the ctropical low pressure cell.
When the cloud mass builds up to a sufficient size, rain causes of lacent
energy of condensation to be released which accelerates the horizontal
movement of air in the lower lavers. The tropical cyclone therefore forms a
high heat engine hundreds of kilometers in diameter that draws energy by
lowering the sea surface temperature by between 2 and 5 degrees C, and

converts that energy to kinetic energy in the form of air movement.

The centre of a tropical cylone is generally known as thke eye, and is

relatively calm and free of clouds. It cam vary in size from less than cen
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kilometres to more than fifcty kilometres in diameter.

In contrast to the calm of the eye, the strongest winds are experienced in a
circular belt immediately surrocunding the eye. The wind direction is
generally circumferential in this region but the forward motion of the
cyclone tends to increase wind speeds on the right hand side of the cyclone
in the northern hemisphere and the left and side in the southern Lemisphere.
The maximum wind velocity measured in tropical cyclones appears to be
related to the central pressure of the cyclone. As the central pressure
falls, so the pressure gradient driving the wind increase, hence

accelerating the wind.
The relationship between central pressure and wind speed is shown in the

Saffir-Simpson Scale (Simpson and Riehl, 1981), which has been reproduced as
Table 1.

Table 1 - Saffir-Simpson Scale and Tropical Cyclone Intensity

} saffir | Central | Maximum | Maximum | |
| Simpson | Pressure | Wind Gust | Storm Surge | Effects |
{' Scale } (m) | (knots) (m/s) } (m) | : |

| | |
| 1 | <990 | 40-60 20-30 | 0-1 i Mild ]
| 2 | 970-985 | 70-90 35-45 | 1.5~-2.5 | Moderate |
| 3 | 950-965 | 100-120 50-60 | 3-4 i Severe |
| 4 | 93c-945 | 130-150 65-75 | 4,5-5.5 | Very severe |
! 5 : >925 | 160-180 80-90 | 6-7 ! Catastrophic |
| | | | |

Tropical cyclones with low central pressures have very high wind speeds in
the band immediately surrounding the eye and thus have potential to do much
damage. However, the low central pressure also causes the water level at
the centre of the tropical cyclone to rise in the same wav that liquids rise
in a drinking straw in response to low air pressure in the mouth. The

increase in water level at the centre of cylones is known as storm surge.

The preceding discussion has therefore alluded to the three principal
potential sources for damage in tropical cyclones:

(1) high wind velocicies

(ii) flooding due to high rainfall

associated with the cropical cyclone

Lifid flooding due to storm surge




Each of these has the potential to cause damage to housing in areas known to
experience tropical cyclones. Suitable design requirements can be

implemented to minimise the risk to housing due to these three effects.
3. DAMAGE TO ROUSING IN TROPICAL CYCLOMES

The Bangladesh cyclone of 1970 caused an estimated 300 000 deaths, though
the actual toll including starvation following damage to crops and
livelihood may have been as high as 500 000. Storm surge caused inundation
of heavily populated low lying areas and was the direct cause of the very
high death toll. 1In general, storm surge causes more significant loss of
life than wind damage, although the economic loss due to wind damage may be

larger.

Two regions prone to storm surge damage have been identified. The wave zone
is immediately adjacent to the sea, where breaking waves may be superimposed
on top of the surge. These waves have high inertia and are capable of
causing significant damage. Oliver and Reardon (1982) reported thaz a
number of substantial front row houses had been swept off their foundacions
and moved bodily more than 10-metres during the passage of cyclone Isaac in
Tonga. Lighter houses have been totally anihilated by wave action in the

wave zone.

The second zone lies behind the wave breaking zone and is subjected to
inundation by saline w#ater. Flood damage to both houses and contents can be
severe in this zone, and the effects of salt on land use can remain for many

years after flood waters have subsided.

Flooding by fresh water can also be associated with the passage of tropical
cyclones as high intensity rainfall often accompanies the high winds.
Recently cyclone Naamu in the Solomon Islands caused much flood damage
including the removal of forests, topsoil, and whole villages from ferctile
river and creek flats. Often flooding can continue to impose a threat to

housing for days after the high velocity winds have abated.

Damage by high winds is almost invariably experienced during the passage of
a tropical cyclone. The hardship caused by the damage is not completely
decermined by the structural quality of buildings. Because tropical

cyclones are large scale meteorological events, whole communities can be




simultaneously affected by the action of strong winds.

The damage caused to Darwin by tropical cyclone 'Tracy' in 1974 is of
particular significance as that cicty was the major population centre, a seat
of government and commercial centre for the Northern Territory. More recent
experiences in Tonga and Fiji have highlighted the problems experienced by
small nations in which most public buildings and facilities are concentrated

in one or two communities which are at risk from tropical cyclomes.

The involvement of a whole community in the effects of damage by tropical
cyclones escalates the cost of the damage. As well as costly physical
damage to structures, significant community disruption is caused by
diversion of productive effort to cleaning up and re-building. Imporctant
personal and community records can be lost making administrative functions
difficult for a significant period after the passage of a cyclone. Damage
to property and buildings can mean loss of livelihood for many, while
rebuilding programmes often draw extra materials and manpower from outside
the community which place extra strains on reduced local resources for
accommodation. Each of the disruptions mentioned above becomes even more

significant if a large érovincial centre was damaged by the cyclone.

By contrast, tropical cyclone 'Kathy' caused very significant damage to a
small isolated town in the Northern Territory in 1984, but in this case an
effective emergency servict procedure was implemented in which the entire
populacion of the town took shelter in three strong public buildings. No
injuries were sustained during the period of high winds although many houses
and other buildings were completely demolished within the town. Power, .
water and telecommunications were restored within 24 hours to most of the
town and temporary accommodation was arranged within days because the area
traditionally relied on maintenance services from larger centres elsewhere.
These larger centres remained operative and emergency services could be

deployed at the damage site expediently.

In most documencted damage studies, observations have been made that housing
seems Lo sustain more serious damage from high winds than thact observed in
industrial and commercial buildings. Studies of cyclone damage to

Australian housing has shown a number of recurring damage pacterns have

occurred.




3.1 Frequently occurring wind damage patterns observed im housing
The action of a high velocity wind stream on a house causes pressure on the
windward wall, suczion on the roof surfaces and suction on the back and side

walls. These principai surface pressures are illustrated in figure 2.

—_—
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Figure 2 - Wind pressures and suctions on external

surfaces of a house

Because housing is situated close to the ground, it is embedded in the
turbulent boundary layer of the air moving across the earth's surface. This
can cause rapid fluctuation in the speed and direction of the individual
wind gusts. This in turn causes changes to wind pressures on wall and roof
surfaces. In addition, the structure itself induces turbulence in the wind
stream that passes over the leeward part of the house. Thus those areas
that experience external sucti.. are also subjected to increased turbulence

and highly fluctuating loads due to structure induced turbulence.

One of the major consequences of the investigation of damage from Cyclone
Tracy in Darwin in 1974 was recognition of the influence of wind induced
fatigue on the failure of light metal roof cladding under the sustained
fluctuations in external suction for the duration of a tropical cyclone
(Walker, 1975). 1In Australia, the most common types of roofing material
used for domestic housing are roof tiles manufactured from fired clay or
cured concrecte, or light meral roof cladding fastened by nails or screws.
Soth these roofing materials have demonstrated inadequacies in resisting
cvclonic winds for extended periods. External suctions on tiled roofs can
exert uplift forces on the tiles that are larger than ctheir weight. If the .
tiles are not ctied, they will lift under those conditions. Where tiles have
Seen tied with light gauge steel wire, the wire ties themselves may be
subjected to repeated loading which may cause railure by metal fatigue. The
loss of some tiles will allow the wind to pressurise che roof space and

greatly accelerate the loss of ocher tiles.

Sheet metal roofing generally fails due to metal fatigue near the fasteners.




Under external suction, the roof sheeting is restrained by the heads on the
fasteners causing high bearing stresses and flexural stresses immediately
adjacent to a hole in tle sheeting. During fastener installation radial
cracks may be placed in the sheeting immediately adjacent to the holes.
This type of cracking is most common with nailed roof sheeting. The action
of fluctuating loads causes metal fatigue resulting in propagation of the
radial cracks. Failure occurs by pull through of the fastener once the
cracks have increased in length so that they extend beyond the fastener

head.

Walker (1975) observed that in many cases, the first noticable damage to
housing was the loss of some or all roof sheeting. In many cases this was
precipitated by window breakage. Figure 2 shows that on the windward wall
positive pressure is observed. Also flying debris due to failure of
adjacent buildings or tree damage has a higher probability of striking a
windward-wall surface than any other surface of the house. Thus window or
door failures due to either wind pressure or debris impact cause the high
external pressure on the windward wall surface to be admitted to the inside
of the house. For roofs, which generally have high external suctions, the
addition of internal pressure causes extra load on the roof which may lead

to premature failure. The effects of internal pressure is illustrated in

figure 3. \

(a) All windows intact (b) After window breakage
on windward wall

Figure 3 - Effect of window breakage on roof loads

Loss of roof sheeting invariably results in damage to other parts of houses.
The roof structure generally provides lateral support to the top of walls,
so after the roof structure has been damaged, walls can lose their support
and as a result are commonly blown in. While observations of wind damage
from cyclones have shown that many houses that sustain significant roof

damage also have wall damage, few houses are observed that have wall damage

alone.
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Wall damage is generally precipitated by the combined action of windward
wall pressure and leeward wall suction which produces a significant lateral
force on the house. Three types of wall failure have been observed and are

illustrated in Figure 4.

wind

(a) cladding damage (b) racking damage (c) bending failure
due to roof loss

Figure 4 - Types of wall damage

Wail damage may be caused by flying debris, or inability of the wall fabric
itself to carry the lateral loads applied by wind. Where wall failures in
brick houses are observed, they are generally of this type. Thin plywood
sheets may also be prone to failure at the fasteners to wall studs under the

action of lateral loads.

Racking damage occurs when walls are deflected out of square and bhas been
observed in houses that make extensive use of louvres or where the cladding
has been removed by the action of wind loads or debris. Racking type
failures are prevented by the use of large, adequately fastened sheets.

These may be fibre cement or plywood panels nailed to a wooden frame.
The bending failure of walls due to roof loss has already been mentioned.

Elevated and multistorey housing have additional problems in that the
laceral loads fiom the top parts of the building must be transferred to
ground by lower storevs as indicated in figure 5.
wind
— -,/\~
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unbraced supports ‘
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(a) elevated housing (B) multistorey housing
I

Figure 5 - lamage to elevated dnd multi-~torev
. . ‘
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Wind speeds tend to increase with height, applying higher pressures to the
upper storeys. The extra cross sectional area of multistorey housing also
increases the total lateral load attracted by the complete building. Lower

storeys must therefore be designed to carry high lateral lozds to ground.

In the case of elevated housing supported on vertical piles, where the piles
are not braced, racking displacement of the lower storey can occur as shown

in figure 57a).

Observations of multistorey brick housing after the passage of cyclones have
shown that the higher wind velocities at roof level are more likely to cause
roof structure damage, and also that the high lateral loads transmitted to
ground through the lowest storey may cause cracking of the brickwork as

shown in figure 5(b).

In summary a progression of damage thrcugh buildings has been observed to be

as follows:

(i) window and door damage due to pressure or debris
(ii) roof damage
(iii) roof loss or roof structure damage
(iv) wall damage
(v) wall loss
(vi) elevated and multistorey housing may also be subject to

substructure damage.

3.2 Relationship of housing damage to other buildings:

The major cause of disrupt.on following cyclones is the failure of buildings
and other faciliries to withstand the extreme winds accompanying the
cvclone. In most cases some buildings do perform well. In Darwin, cyclone
'Tracy’ caused serious structural damage to over seventy percent of housing
but the same relative level of damage was sustained by less than five

percent of the lai.ger buildings which had been structurally engineered to
resist wind loads.

The design of these larger buildings uctilised an escablished technology
based on wind tunnel tests, experimental and theoretical studies and
structural mechanics. Their performance highlighted the contribution that

structural engineers can make to the mitigation of disasters arising from
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structural damage of which wind and earthquake are the principal examples.
Had the housing in Darwin performed as well as the larger engineered
buildings, the economic cost would have been reduced by about 80% and the

human cost would have been reduced by an even larger factor.

The poor performance of housing in cyclone 'Tracy®’ was not a unique event.
Most of the disasters caused by extreme winds around the world show a
similar pattern. In both developed and developing countries, sociecy has
tended to regard housing construction as a traditional art for which
sufficient experience exists to build safe structures without resort to
modern technology. 1In some locations this rationale is justified as extreme
winds occur with sufficient regularity to test out most houses every two or
three years. Systematic structural deficiencies can be located and changed
before being incorporated in many houses. Wellington (NZ) and Hobart
(Australia) are good examples of these locations, as their climate is such
that very strong gales associated with winter weather patterns occur each
vear. However in tropical areas, many years can pass without a given

location being subjected to a tropical cyclone. This has two effects.

(i) Complacency within the building industry may lead to a reduction in
attention to detail necessary to resist high winds after a long period

without damage due to tropical cyclones.

(ii) A large number of new houses may be constructed and incorporate
deficiencies prior to the flaws being detected in the next passage of

a tropical cyclone.

Both of these effects indicate that for cyclone-prone areas, experience can
be a poor guide to the performance of building practices, especially as

building techniques are changing relatively rapidly.
However, the recent Australian experiences of tropical cyclones have shown

that engineering principles applied through building regulations can play a

major role in minimising damage, community disruption and hardship caused by
high winds.

4. DESIGR FOR TROPICAL CYCLOMES

In the years since tropical cyclone 'Tracy' caused such massive damage in
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Darwin, the philosophy of housing design and construction in Australia has
changed radically. The benefit of structurally designed components and
details in housing has been recognised and as a result structural engineers
have played an increasing role in the dev2lopment of new building techniques
and materials. Also, structural engineers have been able to play a vital
role in the development of new building regulations for tropical

cyclone-prone areas of the country.

The media exposure given to the effects of tropical cyclone 'Tracy’ has
enabled householders to become aware of the necessity to maintain houses in
a structurally safe condition. In most cyclone affected regions of
Australia regular seminars are attended by builders, architects, engineers
and building supervisors at wlich changes to building regulations are
outlined, reasons for their existence given and the effect of ignoring them
presented. While no tropical cyclones of the magnitude of cyclone Tracy
have made land fall in Australia in recent times, surveys of damage
following tropical cyclone 'Kathy' (Boughton and Reardon, 1984) and tropical
cyclone 'Winifred* (Reardon, Walker and Jancauskas, 1986) have shown that
the performance of modern housing has been significantly better than housing

which was constructed more than ten years ago.

4.1 Design philosophy

The characteristics of cyclonic wind loads are quite different from those of
other structural loads. In the case of normal structural loads, we
generally ersure thar the risk of failure is so low that in practice,
failure is extremely unlikely even under the worst combination of loads.
This is achieved by the use of adequate load factors or factors of safety,
and means that under the normally expected maximum loads, the structures

will remain completely serviceable.

However tropical cyclones have a number of charactzristics that set ~hem

apart from the normal structural loads.
(i) They are discrete events separated by long periods of low wind loads,
(ii) chey are generally infrequent in their occurrence, and

(1i1) they can be extensive in ares. One event may affect an entire

community should it be situated within the area affected.
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In deciding on the primary objectivé of cyclone resistant design, it is
generally accepted that if a severe natural hazard strikes a community, some
damage may occur. The level of protection provided by building standards is
derived by weighing up the economic cost of the provision of stronger
housing with the social and economic cost of failure. Planners are required
to determine the level of damage with which each community can cope without
major disruptions. Engineers should then ensure that building standards are
set which prevent damage from tropical cyclones exceeding the limit set by
the planners. Thz concept is one of 'cyclone-resistant' design, not

‘cyclone-proof' design.

4.2 Comsequences of 'cyclome-resistant' design
The design philosophy gi n above implies that:

(i) the primary concern is the prctection of the community as a whole and

not individual b.:ldings, and

(ii) the aim is to provide a degree of protection which may vary as a
function of the anticipated frequency and level of the event, and not

to provide guaranteed protection.

The degree »f protection provided will also vary from building to building,

and community to community depending on the following factors:

(1) Some buildings may have specific disaster or post-disaster functioms.
These may include hospitals, health centres, water supply facilities,
but may also extend to buildings intended for use as community shelters
during an event, or as centres for emergency activities such as
administration or communication immediately after an event. These
buildings should be designed to be significanrly cafer than normal

buildings. 1In general, housing does not fall {ntu this category.

(2) Some buildings house contents of high value. For excmple banks and
insurance offices hold titles, records and money. Some warehouses may
hold goods whose economic value far exceeds the value of the building
structure. Where the contents of these buildings may be at risk from
structural failuve, a higher degree of structurai damage may be
warrante?. Where water damage presents a risk to the contents as in

the case of buildings housing computers or degradeable goods such as
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sugar or fertilizer, then a higher degree of safety must be extended to
the design of claddings, flashings and window glass. Again, housing

generally does not fall into this category.

(3) Some communities house essential administrative and commercial
functions which make them more vulnerable to disruption from tropical
cyclones. Where surrounding towns or communities rely on a larger
centre for warehousing facilities, government functions or financial
administration, community disruption to the larger centre will also
cause inconvenience and hardship in the surrounding smaller commmities
even though they were not directly affected by the tropical cyclone.
Housing definitely is included in this category, as the reconstruction
or repair of housing can divert manpower from essential functions and
effectively cripple large centres even though commercial and

administrative facilities may have remained largely undamaged.

4.3 Practical isplementation of cyclone-resistant housing design.

Large commercial, administrative or industrial buildings have traditionally
‘had significant engineering input in their design, in contrast with housing
which traditionally has received little, if any structural engineering
consideration. However, it is apparent from the previous sections, that if
housing is to be regarded as ‘'cyclone-resistant' then some consideration

must be given to engineering principles in design of the structural shell.

The :wo largest obstacles to the application of structural engineering

technology to houses are:

(i) cthe high cost of the associated design process relative to the cost

of individual houses, and
(ii) che tradicionally conservative nature of the building industry.

To overcome these obstacles, two basic principles have been incorporated
into the Auscralian approach to the problem. These are standardisation to

spread the design costs over many houses, and evolutionary change as opposed

to sudden change.

Walker and Eaton (1983) {dentified che wajor steps rn azpplying wind

cngineering technclogy to domestic buildings:
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- identification of risk areas

- zoning

— establishment of design philosophy

- standardisation of wind loads

- standardisation of assessment of structural strength
- standardisation of construction details

- implementation

In Australia, currently all buildings, including houses, in tropical cyclone
prone areas have structurally engineered details built in to resist wind
loads. In some states 'deemed-to-comply’' standards have been prepared.
These set out a large number of engineer designed and tested details which
can be incorporated within the structural framework of buildings to provide

adequate resistance to tropical cyclones.

Similar codes have been developed for Sri Lanka (Sri Lanka Govt, 1980) and
are pianned focr Fiji (Walker, 1985). The Kingdom of Tonga has developed a
standard house [or use in reconstruction following tropical cyclone Isaac in
1982. This house has been tested for resistance to cyclonic winds and
details that were found to be inadequate have been modified to provide

adequate resistance (Boughton and Reardon, 1984).

In the development of ‘deemed-to-comply' standards, consideration of local
availability of matzrials and expertise needs to be made. The details used
need to have been tested adequately to ensure their structural performance
under the action of cyclones. These tests may have to take into account:
(i) the complexity of loading, being a combination of uplifc and lateral

loads,

(ii) the repeated nature of cyclonic loads over a long period causing low
cycle farigue in some details,

and

(iii) the high ambient humidity encountered during tropical cyclones.
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S. CONCLUSIONS

Tropical cyclones have the potential to cause wind damage that has high

economic and social cost for whole communities.

Studies of damage to housing have revealed systematic failure patterns that
indicate weaknesses in many currently used details im tropical buildings.
The types of damage observed can indicate the most cost effective structural

details to upgrade in cyclone-resistant designs for any given area.

Design and conszruction of buildings that have su.licient strength to resist
tropical cyclones is possible at an extra cost that is frequently less than
107 more than the structural cost of an equivalent building with no cyclone

resistant provisions.

The design philosophy te be used for housing is complicated by many
practical details relating to the function of the building, the size of
community and the avzilability of materials. It is generally possipble to
reduce the extra cost of cyclone resistant features by trading off extra
capital cost at the time of construction with.repair costs should a major
wind event occur. The penalty for the trade-off is a slight increase in

community disruption following the passage of a tropical cyclone.

Implementation of cyclone resistant housing design will necessarily include
testing and structural engineering analyses of locally available materials
and building technologies. Stzndardisation of details where possible will
spread the cost of development of adeéuate structural details over a large

number of buildings.
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THE STRUCTURAL RESPONSE OF A TONGAN BURRICANE HOUSE TO SIMULATED
CYCLONE LOADING

G.F. Reardon
Cyclone Testing Station, James Cook University, Townsville

G.N. Boughton
Vestern Australian Institute of Technology, Perth

ABSTRACT

The hurricane house has been loaded simulating the pressures of cyclone
vinds. Its elastic response has been measured, and an analysis made to
determine load sharing betveen lateral valls, together vith the effect of a
roof diaphrage. The cyclic loading regime pinpointed a veakness in
construction in respect of light gauge metal hold-dovn straps. The house vas
modified and successfully vithstood the full complement of load cycles, despite
a number of local failures and some resultant excessive deflections.

1. INTRODUCTION

A severe housing shortage vas one of the main consequences of cyclone
Isaac, after it devasted the Pacific island kingdom of Tonga in 1982 (1). Two
thousand families vere left homeless. The Tongan Ministry of Vorks eabarked on
& reconstruction programse and designed a cyclone resistant house of timber
framed panel components. The panels vere constructed at Nuku’alofa, the
capital and transported either by land or sea to the villages. One set of
components vas shipped to the Cyclone Testing Station vhere facilities have

been developed to simulate cyclone vind forces on houses, and measure their
response and strength.

2. THE TONGAN BURRICAN HOUSE

The structural design of the components vas undertaken by Ministry of Vorks
(MOV) engineers in consultation vith the Building Research Establishment, U.K.
(BRE) vho had been involved in a similar exercise at St. Vincent in the

Caribbean (2). The results of the combined MOV, BRE design became knovn as the
‘Rurricane Souse’.

Simplicity vas the basic concept of the reconstruction programme. The
decision vas made to have only one floor plan, Fig. 1, vith the possibility of
later ext¢nsion by the ovner. The plan is based cn modular vall construction

2.4 ® long, thus the standard house is three panels long and tvo panels vide
(7.2 2 x 4.8 m).
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Figure ] Floor plan of hurricane house

BRE co-operated vith MOV to organize a sample set of components to be sent
to the Cyclone Testing Station for erection and test. By doing this, the
strength of that prototype house under sisulated cyclone vind conditions could
be determined. Further if there vere an unforseen veaknesses in the design
they could be pinpointed during the test programme. This vould allov
modifications to be made to existing houses if necessary, and thus they could
be made safer prior to the next cyclone.

To ensure that the cosponents vere correctly assembled in Australia, the
Tongan Assistant Secretary of VWo-ks supervised and participated in the
construction of the test house. Thus vith Tongan components and construction
techniques the house represented as closely as possible a typicel hurricane
house. Only the foundation conditions vere different.

Structural details of the test house nominally vere as follovs:

200 mam dia. pile stumps on 1200 mm grid

100 x 75 am bearers at 1200 am spacing

100 x 50 m» joists at 600 am spacing

100 x 50 am wvall studs at 600 ms spacing

100 x 50 mm top and bottom plates

4.8 » span roof trusses at 1200 am spacing

75 x SO mam battens at approximately 600 mm spacing

The house vas clad externally vith 8 s thick plyvood and had a corrugated
galvanized steel roof. The timder vas hes-fir from USA. |

The int#rnal partition vall vas basically non-structural. The tizber
framing of that vall vas clad on one face vith 4.5 am hardboard fastened vith

light gnugeibrads st about 150 == sﬁacing. There vas no other internal lining
or ceiling.
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3. VIND LOADINGS AND SIMULATION

3.1 Design Vind Loads

Structural engineering calculations for the design of the test house vere
provided tor the Station by the Tongan MOU. They vere based on the Nev Zealand
vind loading code (3) and timber code (4). The basic gust vind speed vas taken
as 66 metres per second vhich after various modifications yielded a design vind
speed of 62 m/s and a quasi static design pressure of 2.36 kPa. Net uplift
design pressure on the roof structure vas calculated as 2.6 kPa and the vall
bracing vas designed for 3.5 kPa. A subsequent check of the calcilations by
the Cyclone Testing Station revealed that the light gauge setal strap securing
the trusses vould be overstressed by about 60X at design load, but that stress
vould still be only sbout 5.1 of the predicted static failing load.

3.2 Simulated Loading and Measuresent

After having determined design loads, forces vere applied to the hurricane
house in such a sanner as to produce the same structural effect as those loads.
The mechanics of the force application are illustrated in Pig. 2.

Racking forces vere applied to the top of the structure by a hydraulic ram
(a) vhich applied a tension force to a cable. This cable passed over a pulley
(b) and through the house to s load spreader (c). Three such loading frames
and spreaders distributed lateral loads over the length of the top plate of the

house, approximating the uniformly distributed load applied to the valls in
high vinds.

. (e) (e)

(f) (f)

(b)

(c)

(%“F (a) td)

Figure 2 Configurstion of loading systes

Uplift forces vere applied using the hydraulic ras (d) vhich pulled
dovnvards on one end of a large "see-sav® bean (¢). The other end lifted a
loa¢ spreader (f) vhich distributed the uplift loads to losd spreaders adjacent
to the roof battens.
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The forces vere monjtored using strain gauge load cells, and deflections vere
measured using a computer based instrumentation system (5). Over fifuy
specially constructed displacement transducers vere placed on the house, and
they electronically transaitted measuresents to a portable computer. The data
acquisition systes took less than 5 seconds to record readings from 52
transducers, so that creep during the measurement period was minimised. The
loads and deflection curves could be vieved as the test vas being performed.
These curves verified that the house vas behaving in a linear fashion during

elastic tests and vere used to determine modes of failure during the
destructive tests.

3.3 Test Programme

There are tvo separate areas of investigation in the house testing research
programme. The first involves stiffness tests on elements of the building
during its construction; the second is the determination of strength of the
building as an entity and of its components.

3.3.1 Stiffness tests

This test programme necessitates tonstruction of the building in an unusual
sequence, vhereby the valls are erected and lined prior to the installation of
the roofing. By building in this manner, racking tests can be conducted on
individual valls to determine their stiffness. Addition of the roofing
material may constitute a structural diaphragm, capable of distributing the
spplied racking force to nearby valls. Roof sheeting can act as an efficient
diaphragm, depending upon its fastenings (6). Internal lining materials can

also act as structural diaphragms, but this house had no such linings or
ceiling.

3.3.2 Strength tests

Vhen testing a house designed to resist tropical cyclones, ir is essential
to sisulate the continual buffetting forces that the house vould receive from
vind gusts. The sequence and magnitude of application of the forces vere in
sccordance vith an industry accepted standard (7). The programme required
10200 cycles of uplift load to be applied to roofing, and 1020 cycles of
lateral load to be applied to valls.
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For roofs the folloving sequence is adopted:

8000 cycles 0 - 5/8 design load - 0
2000 cycles 0 - 3/4 design load - 0
200 cycles 0 - design load - 0

For valls one tenth cf the number of cycles to each load level is applied.

Racking and uplift forces vere applied to the house simultaneously. During
the cyclic loading programme this wvas accomplished by applying nine cycles of
uplift only folloved by a cycle of combined uplift and racking.

At the completion of the cycling sequence the house vas loaded
incrementally in both uplift and racking, maintaining the correct ratio of
forces, until failure occurred. This wvas taken as the strength of the
hurricane house.

4. RESPONSE OF THE RURRICANE BOUSE

4.1 Elastic Loading

Racking tests vere conducted on each transverse vall of the house, vith the
roof structure in place, but no roof sheeting. The measured racking stiffness
of the three transverse valls of the Tongan house vis a follovs:

Vest vall 2.02 kN/mm
Interral vall 1.35 kN/am
Bast vall 2.03 kN/am

The end valls shov resmarksble agreement and the internal wall, which vas not

designed as 2 bracing vall, demonstrated that it had the capacity to act as
one.

Although the racking force vas applied directly to the top of each
transverse vall in turn, there vas some 'ateral distribution of that force by
the side valls of the house. Table 1 lists the percentage of load carried by
each vall. Although the end valls had indentical stiffnesses, they attracted
different percentages of the applied load. This is z reflection of the
discontinuity provided by the doorvays in the external vails (see Pig. 1). It
vas more difficult for forces to be transferred betveen the vest vall and the
lntcrpnl vall than betveen the internal and the east vall.
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TABLE 1

Racking force distribution in hurricane house vithout roofing

Percentage of applied load carried by
Racking load

spplied at top of

VYest vall Internal vall Bast wall

Vest vall 83 17 0
Internal vall 9 78 13
Bast wvall 2 30 68

After the corrugated steel roofing vas installed the racking test on each

vall vas repeated. The results of the force distribution analysis are listed
in Table 2.

The diaphragm effect of the roof sheeting vas most pronounced vhen the vest
vall vas loaded. It negated the effect of the discontinuity, and made the
response almost the same as for the case of the loaded east vall. The roofing
disphrags also affected the force distribution for the internal vall, but the
effect of the doorvays vas still evident.

The response of the east vall is interesting in that it shovs little effect
of the roofing diaphrags. This suggests that, in the elastic range of the
house response, the looped strap connecting roof trusses to valls alloved some
lateral movement of the valls before the roof diaphragm could act, virtually
nullifying the effect of the diagphrags.

TABLE 2

Racking force distribution in hurricane house vith roofing

Percentage of applied load carried by
Racking load

sppliad st top of

Vest vall Internal vall East vall
Vest vall 64 32 4
Internsl vall 15 52 33

East vall 4 3% 62
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4.2 Cyclic lLosding

4.2.1 Original house

Complete details of the Tongan hurricane house under simulated cyclic

loading have been published by Boughton and Reardon (8). A summery is given
belov.

During application of the proposed 8000 cycles of 5/8 design uplift load, a
tvisted metal strap securing a truss failed. The strap had been installed in
such a vay as to attract a disproportionate amount of tensile force to its
outer edge. Pigure 3 shovs the installed strap. A crack started at the edge
and propogated until the strap failed in tension, after 2500 cycles of uplift
loed (hence 250 cycles of lateral load). At about 4000 uplift cycles straps
securing three other trusses failed, alloving significant lateral movesent of
the top of the ‘vindvard’ wall.

25 x 1.2 mm metal strap truss

stud

Figure 3 Truss hold-down detail

The test vas stopped and the situstion sssessed.

It vas acknovledged tha¢ the straps vere overstressed by about 57X in
uplift. Purther, the lateral racking force on the valls caused the trusses to
spply en extra force to the straps by means of a vedging action. This may have
increased the uplift force to spproximately 2.2 times design, and the cycling

force to 1.4 times design. But this force is still only about 50X of the
anticipated failing load of the strap.

It must be concluded therefore that the strength of the straps had been
significantly reduced vith spplication of the loading cycles.

4.3 Modified aouse

The house vas repaired by installing overbatiens on top of the trusses and
bolting thes to the top plate of each vall. Pigure 4 deuonstrates the
principle. This sytem vas chosen so that it could easily be implesented on
existing houses in Tongs, if necessary.
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Figure & Bolting of overbatten

In order to fully load the nev hold-down system it vas decided to apply the
total 8000 cycles of 5/8 design uplift load to the modified house. Bovever as
no modifications vere made to the bracing strength of the house only 400 cycles
of 5/8 design lateral load vere applied, that is, the complement of the
original nurber.

Only minor failures of the internal wall occurred during application of the
8000 uplift cycles. The deflections, hovever, vere quite significant vith 20
mn vertical moment at the eaves and 35 mm lateral sovement at the top of the
vindvard wvall.

Commencement of the 2000 cycles of 3/4 design uplift load, and the
cbtrcsponding lateral load, caused a significant increase in total movesent of
the house. The eaves lifted 35 ma and the top of the vall soved 60 ==
latetally.' These deflections vere due in part to the concrete footings lifting
by about 15 mm on the vindvard side of the building.

Significant structural dasage occurred during this loading sequence. Nails
pulled out of batten straps, teeth broke off the truss plates and the hardboard
vas being sprung off the internal wall.

Despite its overall deterioration the house managed to resist that full
cczplement of load cycles.

After 50 cycles of design uplift load (5 of design lateral) the internal
vall vas virtually destroyed, but the house vas still resisting the applied
loads. The apex joint of tvo trusses had completely failed, but truss action
continued as the ridge capping started to act as link betveen the tvo top
chords, despite a relative movement of about 30 mm betveen chords, Fig. 5. |
This situation prevailed for the rest of the loading sequence, but it resulted
in large dofloc#ions, beyond the capcity of the measuring equipment.

Subsequent analysis of the forces st the ridge of the truss indicated that:

the ridge cappihg had the capacity to resist even higher loads if it ascted ‘
sinilar to steel roofing (6).
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Vith the coopletion of the cycles to design load the fuvll cyclic loading
sequency vas achieved. The modified hurricane house had been able to resist
sisulated cyclone vind conditions commensurate vith a design vind velocity of
62 m/s. The house had deflected significantly but it had not totally failed.

Loads Applied to Truss

flattened ridge

capping
broken najls in
timber
= pH fa
8 N\\\~;jh~k ‘4‘: - ===y AL
Appex joint intact Failed apex joint

Figure 5 Load transfer through ridge capping

After the cyclic loading sequence the house vas loaded incresentally in
uplift and racking until failure occurred. This happened at 1.3 times design
load vhen the top chord of one of the trusses broke at a position near the

heel. The very clean break indicated that the failure mode vas caused by a
combination of shear and tension forces.

The consequences of this 302 reserve of strength should be considered in
the light of the Tongan economy.

3. CONCLUSIONS

All transverse valls acted as bracing walls. The roof diaphrage had a
greater effect on the vestern end of the house than on the eastern end, during
the elastic response tests. Almost 402 of racking forces spolied to a vall can
be transferred laterally by the roof disphrags.

The vulnersbility of a traditional sethod of joining structural components
has been highlighted, insomuch as the strength of the light gauge setal straps
vas significently affected by the losd cycling.

The modified hurricane house resisted the sisulated cyclone vind forces
based on s design velocity of 62 s/s. Although some joints broke and the house

deflected significantly, the structural redundsncies slloved it to maintain its
integrety.




.96.

The authors are of the opinion that the structural principals used in the
modified hurricane house could be used as a model for the design of cyclone
resistant housing in other countries in the Pacific area. The architecture may
need to be changed but the basic concepts could be maintained, especially as
they have nov been tested by a sisulated cyclone. Hovever, traditional
jointing materials such as light gauge steel or vire may have to be replaced by
bolts and other elements less prone to degredation under cyclic loading.
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