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NOMENCLATURE \)
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©

. D, =.diameter of cylindrical section of an air structure.

Pi = inflation pressure of an air structure in inchgs w.G.
L = overall length of an air structure.
W = overal% width of an air structure.
h = overall height of an air structure. . p
R = radius of curvature of a membrane.
N¢ = circumferential stress resultant of a membrane section,
in’lb./ft. e P
Nx = longitudiﬁal stress resultént of a meébrane section,
in 1b./ft. ' : ’
g = stagnation'pressﬁre of a Qind tunnel.
. T ='¢a:;nafy cable tension in 1b.
b = ca:énary cable span in ft.
b = efsective pressure on an air structure.section.
Cp = mean pressure over some area in terms of the stagnation

pressure of the corresponding air flow.

W
i

Ce = wind exposure factor, describing the relative exposure
of a particular site. .
Zg = gust correction factor, describing the susceptibility
of a particular structure to dynamic loads.
a = volume £flow tﬁrough an orifice in c.f.m.
iz = a differ pressure across an orifice,/in»iﬁéhes w.g.
gp = density of air, 1lb./cu.ft.
Cv  -.= coefficient of velocity of air flow through a particular ©

orifice.

-




Ce

Co

inch w.g.=

=3

3 /

coefficient 'of contraction of air flow through a

particular orifice. o

Co x Cv = '0.65 for air through an orifice of

‘neglibible length. -

scale of pressure inches wéter'gauge,
(} inch w.g. = 5.20 p.s.£.)

Yocal pressure tending to 1lift some surface in terms

of the stagnation pressure of the corresponding air
flow. ) i )
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1 INTRODUCTION

The term air structure was-firstiused by Lanrhester -
[li.inia 1917 patent application. He described his_ jinvention
as "a structure of large size in which a material of iow‘
permeaﬁility is employed in an exected state by air pressuré.'

A schematic illurtration of the basic modern air
structure system is presented in Pigure 1. The commerczgﬁ
'structures usually have a configuration produced by the ccm—
bination of spherical and cylindrical elements, and can be ]
produced in sizes ranging'from smaller structures with diﬁ-i‘
ensions of several feet, up to larger lnstallatzons with .
maximum base dimensions of 200 feet in width and 500 feet
lnrlengtp.“rhe membrane is stabilisqﬂ against climatiec_ ... .
loads by the pressurised air within éﬁe structure; this
pressure is usually of the order‘l-z,incheg w.g. ﬂake up
air is ccnstantly_suppiied to the system—t;~ré§}ace any
losses. These losses are.mainly due to leakage aroﬁnd the

base of the membrane, where it is anchored to the grouﬁd or
roundarlon, and to'&affusxon of the air through the membrane.
Ancho—age is necessary to seeure the membrane against both !

r_at;on and wind induced loads. .
Air structures.in‘use today can be categorised into

" two groups, namely:




i)

ii)

single walled structures which utilize the
volume w;thzn a single inflated membrane.
These partlcular structures fozm the baszsu )
of this report, end as such are referred to
as air supported structures or simply as air
structures, and

dual walled structures which utilize inflated
tubes as structural gegbers. Details of
these inflated structures are reviewed in

References 2-6.

The development and physical characteristics per-

taining to the coﬁstruction, operation and maintenance of.

air structure systems is presented. The analysis of a typ;—

~

cal air structure is complex as a result of the significant

eflects c= the inflated structure of the environmental para-

. =eters of wind and temperature which in turn affect the un—

predictable behaviour of the membrane materials. Any struc-.

tural design criteria must therefore satigfy three important

cozsiderations:

"1}

. -

i1)

iii)

environmental conditions,
strength and behaviour of the membrane fabric
and other component materials, and

interactive effects of the individuaal components

which comprise the air structure system.

\

The successful lmnlementatlon of this design metho-

dologv developed by the author, is best illustrated in terms

e e
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of the air structure installed in cha.Scotia in éune 1973.
Thc details of this design are pnesented; all constraints
imposed as a result of the particular practical requirements
are discussed in terms of tn:ee additional designs which
permit further conceptual.modificationn to be introduced if
and when necessary. |

These applications have been specifically selected
to emphas;se the particular relevance of air structures to
Canadian geographic and climatic conditions, the needs of

industry and future development work.

S At At




2 THE DEVELOPMENT OF AIR STRUCTURES

The earliest recorded uﬁe of structural artefacté, ;
which utilised membranes tensioned by air pressure can be
traeed back 2000 years, to the use of inflated animal skins
as rafts on the Tigris and Euphrates [2]. Eigﬁteen centrries

later, balloon structures began to appear. These balloons

I
i
!
'
e
i

were the forerunners of the present air structure, being
constructed of fabric and equipped with a continuous air
supply. The concept of using both the inflated membrane and
the space it encloses is due to P.W. Léncheste; [1], who in
1917 was granted a comprehensive pateﬁt. The patent describes
*An Improved Constructlon of Tent for FPield Hospltals Depots
and Like Purposes”™. In the application, Lanchester outl;nes
'numerbqs aspects of present day systems: ’ suggested methods
of anchorage, airlocks and lnflation belng of part;cular
interest. Prcblems which various. manufacturers had over-
looked until the last decade in connection with anchorage
loads around openings were predicted and solutions ocutlined
(71. /A second example of this foresight is the recommenda-

tion for secondary inflation systems for use under heavy wind

loads, which wés adopted by one manufacturer following a
sﬁructural failure in 1974 [8]. Other examples included in

the text further illustrate Lanchester's foresight.



Lanchester made specific design proposals for a
large dome to be built in London in 1938; the dome was not

constructed due to the lack of satisfactory membrane materials. A

F SRR EEAA

Wartime improvements in the textile industry produced mater-

il o

ials for barrage balloons and other new inflated devices,

such as parachutes and life rafts. Utilising these fabrics

‘the first air supported buildings were produced, and used

Parricraten Srbh barh TP
.
'

predominantly as artillery targets. Some structures, produced

£

with stabilise§-£ubes were used as tents by the allies in

o .

the North African campaigns.

Bird, [9] working at Cornell on problems of radar

installations, proposed that the unreliable;wooden st:uctures 1
being used to protect installations at that time be replaced
by pressurised membranes. He predicted that these meﬁbfaﬁes

f

k

. -

would be more stable and would overcome problems of radar %
transmissibility through the wall. A seriQ§‘of*experiment311"ﬂvmk-§'
) i
3

models proved the feasibility of the new structure, . which
Bird named the Radome. The first ﬁadcmg was installed in
Canada in 1952 [9]. |

Ccmmércial interest in air structures was developed
by Bird. After leaving Cornell his team founded Birdaiﬁﬁto
manufacture and to promote air structures. They firstly
developed structures for use as warehouses, and in coopera-
tion with Cooley, a fabric manufactﬁrer,lsold the f;rst
commercial air structure in 1957 [10].— A domestic swimming

{
pool enclosure was then developed, but did not have the %

PRTLA Sy




success which was predicted in 1957 [1l]. This lack of suc-
.cess can largely be attributed to the use of transparent
.panels having a very short expected lifetime, wh;ch even

today would make this venture, or its equivalent, unllkely to

succeed.

P

During the following decade fhé principle users of
air structures were exhibition archztects, who enjoyed the
freedom of form and relatively large free spans of the new
buildings. The most famous example of these early structures
is the Boston arts centre described in Reference 12. The
architectural interest peaked in 1970 with the Osaka exhi-
bition in Japan, which housed 14 air structures on its si;e.
Photographs of the buildings and descriptions (in Japanese)
may be found in Reference 13; and further details of the
U.S. pavillion in 14, 15, and 16. This use in exhibitions
increased the acceptability of the air structure, especially’ o
in Japan [17], for 1ts use in industry and sport, and prodnced
the necessary incentive for fabric manufacturers to lmprove

and develcp fabrlcs for this new market.

R -

The first sc1ent1f1c and‘analyt&cal interest was
expressed by Otto [3], in 1962, who at that time poxnted out

the excessive competitive secrecy of the ﬁew air structure

builders of that time. Otto suggested that it would prob-
ably damage the long term future of the ;ndnstry. This
reticenge about technical information is still felt today.

The lack of cooperation has caused failures of air structures
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which were producéd by companies experienced in fabric utili-
sation but not in structural design. This is underlined by
design loads used in some of these structures [18, 19] which
are orders of magnitude. below the deszgn loads in use today.
otto has, been the driving force in organising con-
ferences [20,21,22] and attempt;ng to coord;nate world research
through his laboratory in Germany. The main success of this

effort has been in the areas of membrane analysis on a highly

"!
AN T fu ety M‘s-,..".‘:37..-‘!‘!,'.':!.SJ‘.&:.‘!“‘\I:-A':;.‘.'. N

theoretical level, with little relevance to actual materiais.
Research into material properties and their improvement would E
be more useful to the industry at the present time. - ‘_ 5
| Acceptance of'gir structures has been greatest in
the U.S.,ﬁwesterﬁ Europe and Japan In total over 100 comp—
anies are now equipped to pzoduce air structures. The

Canadian market is belng suppl;ed malnly from the U. S. and

PN TG TR W I N PR

Sweden. - ‘ -
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©3 AN OUTLINE OF TEE

CHARACTERISTICS OF AIR STRUCTURES

M

3.1 OPTIMUM AIR STRUCTURE SEAPES
‘ | Independent work by Otto [3], Brylka [23], Murata . "
[24], and Minke [25] illustrates the infinite choice of -
possible shapes for inflated structures. In evaluating any
systeﬁ-there are three specific areas of consideratiom.
These aréas can be discussed with reference to the more
common basic shapes shown in Figure 2, which are prq§uced
by the combination of cylindrical and spherical seéézbns:
A

i) End use of the enclosed volume will usually

predetermine the requirements of a basic

- -

i

2

¢

i

4

.
3.

1

A

¥

. ground plan and the usable height (volume)
of a structure. For example, the rectangular
. ground plan building shown !:'_n f‘igure 2(1) 1is
produced ffﬁm cylindrical sections and, finds

" use in both industrial and sporting appli-

cations. Wﬁile‘tennis courts and industrial
lots usually have this common gfound plan,
the tennis courts would require greater height'

than most industrial applications, or even

o ¢
o
o

other sporting applications such as swimming
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‘.
pool or ice rink enclosures.. The spherically

P
PR PRLER I

ended cylinder illustrated in Figure 2(ii)
finds,aécepta#ce in the bulk‘storage of powder.
Structures in'#his application generally have
a relaéi@ily lérge height to width ratio, to
suit the anglélof repocse of the materiél.

This shape has also been used successfully to
cover track-andbfield areas, where excessive

height is not necessary. The spherical stzuc-

IO SN A ey SRy AP Y g R - | AP TR TR

ture, shown in Figure 2(iii), is most commonly

GO

used to form a protection for. radar and communi-

1

YRGB I )

cation equipment. Other shapes exist which

- —

-

combine these forms with either solid end’
-

r

walls or sections of existing buildings [27].
Absolute size limitations have not been
. approached for any structural shape; limiting

spans of tens of miles have been shown to be

t s

feasible for dead load coné@de;ations only.
However, as discussed later:in the section on
wind loading, the author is of the opinian
" that size will be limited by wind induced
p

instabilities.

ii) Membrane loads are affected by both the aspect |

ratio (height/width) of a structure and the

form of the structure. Otto [2] and Brylka [25]
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highlight the constant tension feature of soap
‘bubble formed models, however, it should be
noted that wind loaas are the major structural:
consideration even in Canada, where wind

- speeds are not excessive as compared with say
Japaﬁ. These non~uniform wind loads induce
localised stresses even in spherical structures,
hence the constant tensioﬁ feature of a socap
bubbie which represents optimum conditions,
cannot be obtaiped. It can be shown that }
the membrane loads are a function of both the
pressure difference across and the curvature

of the membrane structure. Figure 3 illus-

trates the form of the variation in maximum
membrane loads as a function of aspect ratis, ;
for a particular structural.width and wind

speed [26]. Increasing the height of the

adhiariin. oie fIat i AN bk s d v e A

structure produces higher ‘localwz.nd loads,

and ét the same time increases the curvature

of the structure. Tﬁe interaction of those

two effects produces the minimum in membrane
load shown in the Pigure, at the optimum aspect
ratio. ¢

The basic shape of the structure affects the \

air flow and hence the wind loads on the

structure. For example the more severe:
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contours of the rectangular structure, Figure
2(i), are effective in reducing wind loading
as compared to a spherically ended structure
with similar dimensions. -
The technique of reinforcing tﬁéﬂ;é;brane
with caplés, presented in Figure 2{iv} can be
applied to all the previocusly described con-
figurations. The purpose of .cabling is t§
reduce the fabric loads by the introduction
of load carrving cables. The cables are often
in the form of a triangular or rectanqular
network and can be anchored at their inter—
se#tions, or as illustrated in Figure 2(iv},
as a series of ﬁarallel cables,runniné along

the structure. A second advantage of the

iii)

cabled structure is its capability to stop
the propagation of tears in a system, which
is a2 usual mode of failure'of the membrane

, system. B S .

Manufacturing considerations encompass mater-—

ial usage, eaée of handling and assembly.

In materials usage evaluation it must beﬂnoted
that air structure fabrics are supplied in
roll form, and that the most effective shape

to produce is the cylinder. The cylindexr has

i
El
¥
B
3
4
4
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T i
the added manufacturing advantage of straight ﬁ
seams, and like the sphere, has gecmetrically é
identical panels. The principle stress dir- 2
. ‘ C§
ections -in a structural cylinder are made to é
coincide with the thread directions in a ¢ S
3

conventional woven fabric. At the present

S

time the fabric cost compPises approximately
7% of the cost of total structure. BHence the

lower labour content of cylinder panels, which

require less cuttin§ and marking than do

b a2 e ot Ll & e b e e i's

spherical parnels, overshadows any advantage

associated with the reduction in scrap mater-

.4
.-‘.
“%

ials There are also difficulties involved in -
the assemblv of spherical partS}‘Eaﬁaed by
lack of fit between contiguous panels. This
problém arises because the fabric panels will
stretch in handling more easily on one edge
where the thread directid; is.more;oblique to
that edge than on thé a&ﬁoining edge of the
next section. The extra care invclvgd in
match marking of these panels makes handling
more time_cgnsuming and'expensivg.

Cabled structures are-by nature of theiracdm—
plex panel shapes more difficult to. cut and

assemble; furthermore, fittings to locate the

cables have to be attached to the membrane

-~
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at regular intervals. These extra costs re-
strict the use of cabled structures to larger
installations subject to heavy I;;dings.
Raising the absblute size of the structures
increases handling costs as the required sec-
tions become more difficult to maneouvre. -
These costs can contribute aﬁ much as 20% to

the total cost of a lérger air structure.

For structures covering more than approximately -

30,000 square feet, it is usually econamical

. to use field jointed sectioms.

Consideration of the above factors enables the —

design of shape providing an optimal comprcgé;effbcmmensurate

with both economics and applicatiqp./”“/

—

L
e
/

o > -

T
3.2 STRUCTURAL- EFFICIENCY ) -

—

/-The air structure system has only two major struc—
tural comoonents: l

i) The membrane, which when loaded in tension 1is

-

inherently'stablé. Under load the membragé
exhibits both 1a;ge strains and/égforﬁiéions.
Strains of up to 8%.an§/defafﬁ;£ions of up 7\
to iS% on rigiuS’oflggrvature_are normally

expected values [28]. These deformations in

oo | areas of high loading allow efficient carrying




I | | ; .  1a

anéd distribution of localised loads, as the
couponent of the membrane tension balancing
the applied loads increases with the deforma-,
tion. The stability ofrthe system under
dynamic loads is due to the damping provided
bv the second structural component, which in
a cogventional‘structnfe would be the compre-—
ssion member. .

ii) The enclosed air; gnlike its conventional

counterpart this compression member is inher-
ently stéble. In an unloaded condition the
structuie will take up the maximuﬁ volume -—-—
minimum engrgy.configuration; anyjloading
will tend to force the structure away from
this condition, and will decrease the volume;
the accompanying inCreasé in the internal pre-—
ssure will tend ‘to force the structure back
to its original form. i ’
This form of construction,unlike other buildings,

should not be considered as a rigid structure, but rather as

2 dynamic system, which in terms of material usage is the

zost qﬁficient building form available. . i

. :_‘;:,I. i : :r
3.3 INFLATION REQUTREMENT ;
O

To replace leakage from the a2ir strnéture; through

'crackage' around the base ané doorways, ané by diffusion a



!
.

-n“-uu.i..--.;_.J .
.-

continuous air supply is required. In remote areas, this,

air supply can be a severe limitation in the use of the air

structure. The air flow regquirement for the inflation of

i e o

many structures which are occupied, is less than that required

Paeda

" for ventilation or heating df the sg;tem. Since the primary

purpose of the air supply is to pressurise the building and

provide stability against climatic loads, additional aixr

RN
sunplles are often provided -for use under excessive load;ngs
high wznd condltlons,

h

Since hyéro supplies often fail due to

b

it is advisable to have a standby power system avallable.

»

These standby systems const;tute Z significant part of the
cost of an installation and as such their cost has o be
that of a probable systems fajilure in the

|

s

1

:

3

i

4
.

.;

i

weighed against

event of a high wind and the damage to the structore and

jts contents. Reliability of the air supply systems is

high, siznce they are based an the proven components of other

air handling systems, the techpology of which is well dev-

elbped- The air structures cperate in the same pressure range

25 these systems, between one half and two inches water .

cauge.-

3.4 WEIGHET AND SIZE CONSIDERATIONS

-rhe 24,000 ft-z cembrane déscrib'éa in this work

had a total welght of 4800 1b., and a sh;pplng volume of

less théh 200'ft-3- These values jllustrate the ease of
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which gives it a degree of portability not found in othex
struéﬁures of this size. The air structure can therefore
be used to advantage in both seasonal and seﬁi—permanent
installations, where fregquent handling of the membramne is

necessary.

3.5 PRODUCTICON

Production costs of air structures are predaminantly
factory costs related to the labour cgsts of handling the
structure- These costs are' considerably less than the costs
of on—sxte bulldlng labour as emphasised by the trend towards
factorv produced building components used in modular des_-:'.gn-

 The industry is not highly mechanised and requires aboué 20%

 skilled labour, the rest being umskilled; hence labour costs
a2re kept to a minimem. In Canada, the building season/is
relatively " short and can be economlcally extended lf most

‘\ T
of the work can be done indoors, to sub51d;se the extensive

-

cost of winter site working.
. .

3.6 THE DESIGN LIFETIME OF AIR STRUCTURES

At the present time, an expected -design life for
an air structure membrane is seven'gears- Five years ago,
the usual figure cuoted was three to five years. This
limited llfetlme is due to damage frcm.both handllng and
envxronmental exposure of. the membrane. This is an cbvious

@isadvantage of the building and kas led to the emphasis of
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the use of air structures on 2 temporatfy or semi-permanent
basis. Howevér, as is shown later, to replace the membrane
after its useful lifetime is not expensive. Most forms of

building regquire regular maintenance, and the membrane ren-

ewal can be viewed on this basis. As the fabric technology'

[

. improves, the expected lifetime will doubtless increase.

adle iy

3.7 ECONQMIC ASPECTS

Aot Akl L Bl

The following figures are estimates based on the
~20,000 square feet structure described in Chapter 7 and |
represent the customer costs. . This structure was supplied
with a foundation wall, two vehicular airlocks, two persomnel

airlocks, and heating and lighting systems.

"y
N
A
4
R
1
1
i
j

Canital Costs

LY

Membrane Materials . $13,000.00
X Factory Costs . 4,000.00 -

| Labour Costs E “ _ 8,000.00
Touncdation / __" 14,060.00
Airlocks ' 23,000.00
Heating System ‘ 26,000.00
Standby Air Supply System and Comtrol 1,000.00
Lighting | 5,000.00
Installation "3,000:Q0 i
'TOTAL STRUCTURE COST - $97,000.00 é

or $4.85 per sg.ft. ~

Tk

I
X,
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Runnin§ Costs: ($ per annum)

Inflation , o $ SOO.QQ
Heating ; , 7,000.00
Lighting ' ' 900.00
Insurance ' : 3,500.00
Membrane Replacement#* 3,600.00
TOTAL COST PER ANNUM $15,800.00

or .79¢ per apnum per sqg.ft.

In comparison a single story steel frame building
with heating and lighting facilities would cost approximately
$20 per éq.ft., a difference in initial outlay of over
$300,000, which would more than adequately make up for the

higher runring costs of the air structure.

* This figure is based on a linear amortisation over the
expected 7 year membrane life.




4 COMPONENTS OF AIR STRUCTURES ‘ “F

>

4.1 MEMBRANE MATERIALS

The vast majority of air structures are fabricated :
'using a coated fabric, in which a load carrying base cloth
is protected from its enviromment by an impermeable coating.
Three types of base cloth are in use at the present time. d
The first is nmylon which ﬁnti1‘1970, had by far the largest
share of the market,ibnt is presently losing this pcsitioﬁ
' ﬁo polyester. The polyester based fabrics are beirng used in

all but the. largest structures (structures whose smallest E

- dimension is larger than 150 feet) [30]. In these larger

structures, fibreglass is now the standard materiél [141.

Nylon and polyester cloths have many similarities,
such as their high strengths in an unweathered state, and
__ their excreme flexibility [311. Coating of these two mater-

jals witk other polymers presents little difficulty, good

adhesion being easily obtainable with both materials. Nylon
is the more elastic of the two, and is slightly less expensive
thar the polfester, whose main advantage over nylon is its
higher resistance to aging and highe;'ultimate“strength
[33,34]. XNylon in scme forms can be hydroscopic, an undesir-
able quality if the fabric has to be cut to shape thereby
exposing the ends of base cloth filaments. Fibreglass is

19
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'now being used in lﬁrgeé membrane structures of all types.

The fibregl;ss cioth is less susceptible to degradation from -
exposure, and has a much higher modulus of elasticity and
ultimate strength than the two materials previously mentioned.
problems which occur with the fibreglass cloth do not appea.':.
in nylon or polyester fabrics. FPirstly, in its woven form
the -fibreglass exhibits cannibalisation - a term used to
describe the damage caused by the abrasive interaction of

the single filament yarns as the fabric moves under applied
joads [34]. Secondly, the modulus of the fibreglass is
almost constant. This factor, coupled with its high value,
nake the fabric ;nefficieﬁt in dealing with stress concentra-
rions which occur at discontinuities in the structures such
as doors and ductwork.

Sefore considering the details of the fabric prop—
erties, =he fabric coatings which have considerable effect
on these properties must be‘described; Thé-coatings used

- require some of the properties of all building materials:
these properties anlude high strength, ease of fabrlcat;on,
toughness and abrasion reSLStance, stability under seve:e
climatic influénces, impermeability to gases and liquids,
and flame resistance. Air structure materials need the
added property of leXIblllty under a range of temperatures,
often between -50 and +150°F., and must be able to adhere to
the base fabric in use. Foux polymers.are in commercial use

as coatings: at the present tipe, polyvinylchloride, neoprehe,
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hypalon; and teflon, (urethane is sometimes applied over
p.v-c. coatings to provide additional abrasion end degrada-
+ion resistance). p.-v.c. is the wost common coating apa is
also the least expensive. It has advantages over the other
coatings mentioned in that it is thermoplastic and can be

heat welded Whlch can decrease fabrlcatxon costs substanti-

ally, as the weldirg is a seml-autcmatlc process. The alter-
native coatings require two processes to make an airtight:
joint; sewing, sealing, and in seme.insta5ces vuleanising

is neceésary- ‘The cementing- (sealing) is ; menual process.
p.v.c. is available in any colour required by the designe; ~ i
and can be tranelucent if recessazywﬂ It has high reflecti-
vity of light which gives an advantage in an illuminated s
structure. The properties of p.v-c. are matched to require-
rcents by the use of adéitiveslwhich can increase flexibility,
flame resistance and abrasion reeistance +o acceptable levels.
Susceptibility to ultra violet degradation is still the factor
which limits the life of the fabric and the air structure.
Details of the chemistry of these polymers %nd their aging
processes can be found in Referencelés. In cases where
design temperatures below -SOOF-‘are'expected, bypalon or
neoprene must be used, eitheé'singly or in eembination.
'(ﬁypalon being less susceptible to water absorption than is
'necprene) . These coatlngs do not deteriorate as rapidly as
does pP.-V.C., ‘having expected llfetlmes of up to fifteen

years, compared to seven years for the p.v.c. coatings.

a
2
»
M
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The relative costs oE p.v.c., neoprene and hypalon coatings
‘are in the épproximate ratio of 1;2:2.5.

Teflon, like hypalcn and neoprene cannot be easily
joined, but has excellent long term stability and abrasion

rresistancgﬁ,,TefIbﬁ can be made to adhere effectively .to

glass fibre with'ﬁhiqh it finds its application as a coating. -
Like the fibreglass, it is much more expensive than its
counterparts, but in‘large structures in which membrane
replacement or damage related costs could be excessive (in
terms of manpower, lost revenue anqidamage to contents of a
structure) the combination is findigg increasing acceptance.
An examplé of the use of this material is described for a
roof instélled on Pontiac Stadium in Reference 19. Table 1
'summarises the relative properties of the coating and base
raterials.

In the cése of nylon or polvester base fabrics,
spun filament yarns are woven inqb cloth in a variety of
commercial weaves. Two examples are the modified oxford
ané malimo used by the Seaman Corporation [37]. The modi-
fied oxford involves weaving pairs of threads in both warp
anéd £ill directions, in a manner used in simple basket
weave with single threads. In the Seaman version of the
malimo weave, the f£ill threads are simply overlaid on the
warp threads and held in place by a third thread set applied
by sewing in a quil;ing type process. As an extension of

this method, Goodyear has produced a fabric with three
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principle thread directions [34].-

| The coating process involves passing the fabric
through a series of rollers which spread and apply the coaﬁ- .
ing to the fabric. PaSsing the fabric over these rollers
has the effect of flattening the yarns into the ribbon like

form which they exhibit in the final product. In some cases

[37] the fabric may first be passed through a vat of the
coating material to apply an initial thin coating which can
improve tke adhesion of the final product. A typical poly-
es~er fabric would have 8 oz. per sguare vard of base fabric
coated with 20 oz. per squaregyard of coating. The fabric
would be approximateiy 0.030 in. in thickness and would
have the »roperties shown in Table 2, in.which nylon and
fibreglass fabrics are included for comparison. The final
ccating s usually applied with 60-75% éf the coating mater-
12l on ::g‘exposed side of the fabric, to improve its aging
oroperties. / ‘

The structural béhaviouriof the fabric depends
vzoz the fol;owing basic parameters: |

1) Properties of the base fabric material,

ii} Geometric construction of the base fabric, and

111} Properties of the coating material.

The above parameters are themselves variables dependent in
turn upon:

i) Load configurations,

~

i1) Temperature,




——

iii} Eﬁvironment, and
iv) Time.

0b§iou§ly, the analvsis of coated fabrics is comp-
lex, aé is their béﬁaviour. Quantitative analysis of the ‘
fabrics have thus far been limited to the study of non-
coated fabrics in a simple weave configuration. These anal-
yses extend to the areas outlined below.

The basic prediction of the form of a uniaxial
load extension curve has been attempted by Eearle, et.al.
[38]. This approach.to the problem is elementary, yet nece-
.ssary for the future develcpment of more detailed analyses
which could at .scme later stage have a direct bearing on
air struéture fabrics. hThe uniaxial load extensioﬁ curve
carn easilv be obtained experimentally as outlined later.

Ia an analysis, the two thread direction fabrics
are oftern assumed to be capable of supporting either un-
restricted or zero shear forces. Topping has shown, again
for an icdeal fabric*, that shear modulus depends almost
linearly on applied temsile loads, a conclusion justified
experimentally in his paper, which also showed the coating
to ccntribute to a marginal increase 1in moéulus [{39]. The
_effects of stress concentrations have been investigated,
indicating a makimum stress concentration factor of three
for a small slit in the fabric [39]. The case of small
holes is of little importance in air sﬁructnres because

of infrequent occurrence; of more importance is the effect

* An jideal fabric is one in which linearly elastic threads
are assembled in a basket weave.

24
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of wrxnkllng which commonly occurs due to manufacturlng and T
material irregularities. Wrinkling has been studled brlefly
[40], with initial conclus;onsﬂpelng'drawn that the defects
are not large stress raisers.

Exper;mental evaluatlon~of structural fabrics is
similarly not far advanced. Standard tests are basically
uniaxial in nature, while tﬁe»fabric behaviour is influenced
very much by interaction of threads in biaxial-loading-

Since the fabrics in use have three principle thread direc-
+ions at most, they must cbviously be anisotropic materials.

For example, the nylon and polyester materials are-woven

vsing a spun yarm, and therefore exhibit geometric non-

linearities, which are superimposed on those of ‘the .natural
properties of the material to produce the complex form of
uniaxial load extension curve presented in Figure 4. Tﬁe
forms of the curves vary for the different principle thread
directions because of constructicnal methods, even if the
thread covnt is egual in-all principle directions. In

spite of these properties, uml uniaxial test methods are univers-—

ally used in commercial material testing and specification.
Tﬁe basic test involves the extension of a strip specimen
to_failure by methods similar to that descrided in ASTM
methods [41]. |

In attempts to improve upon this test, and study
biaxial behaviour, researchers have used inflated tubes [42],

a bulging test {431, and cruxiform specimens {44]. -Skelton

"\a
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»

-

[44] produced sufficient results to show extreme sensitivity
of Poisson's ratio to both absolute and relative stress
values. Experimental préblems gfevented either tests to
failure or the development.of new standards. Qualltatlvely
the biaxial loading is shown to increase stiffness, and would
prcbably cause-the ultimate tensile strength of the materlal
to decrease by amounts depending upon the weave and the
propertles of the coating mater;al-

The second standard test applied to structural
fabrics measures fear strength, using the methods described
in Reference 45 and outlined irn Appendix I. These tear test
values are particﬁlarly difficult to interpret; whilst they
provide a means of camparison between competitive materials
they have little pféctical-value. The inadequacies of the
test are twofold:

i) Tear rate dependence; in practice, a tear <can

propagate at a rate in excess of 600 ft./sec.

i

which is orders of magnitude greater than that
_#E;ipu%atéafiﬁ fﬁe tes£ procedures [46] or
'''''' available on test machines. This high rate
of tearing prevents the relative motion of
the threads and hence their roping to inhibit
the tear [47.48].
ji} Temperature; the temperature dependence ish

primarily due to a similar reduction in this

mobility caused by the hardening of the




coatlng materials at lower temperatures. : E&

In many englneerlng materials, creep and fatigue
are limitlng factors on design loads. In strLctural fabrics
protectioq_against these phenomena has traditionally been
in the form-of a laige sagéty factor to counteract the lack
of experimental evidence. A recent preliminary study of
these factors [49] was undertaken for fabrics in use in Japan.
These studies, restricted again to uniaxial loading condi-
tions indicate severe loss of strength with prolonged static
and cyclic loading.- ;A loss of 40% in the ultimate tensile
strength'resulted after loading’fﬁgﬂspecimen for 25 hours at

. .,...‘.

a load eaualfto‘25% of the initial ultimate strength-‘
c_ed

e

"

similar lcss in strength occurred after 100 appllcatlogﬁ ‘of |
a similar cvelic load. During these tests permanent exten-—
sion of t=e Zabric was encountered, together with an increase
im material stiffness, see Figure 5. In the opinion of the
present auchor the resultslpresented underline the iméort—
ance of both creep and fatigue behaviour of fabrics, however
the zossidle effects of biaxial tension should have been
cons-éerec in the interpretation of the resu;ts, as applied
o ax stfucture design; The interaction between thread

sets resulting from biaxial loads could significantly effect
>oth creep and f;tigue propérties. Creep strength could be
lncreaséd-as friction between individual fibres is increased
by the ﬁormal loads from the separate thread sets. Fatigue

strength could similarly be increased and the permanent




extensxon and charge in modulus reqncecﬁbv the interaction
of the thread dlrect_ons which would tend to restore the
origina%,gecmetry.

Negligible data is available on aging,a_charéqt— |
exristic which is extremely sensitive to the geographic

location and the assocxated variables of temperatnre, solar

P

radiation and pollutlon, both within and outside the struc—
“ture. Tke nubllshed data reveals alsc:epanczes as great as 3
40% [2'34] - -

Low temperature flexibility of membrape materials

LR Y

is another area of concern, . standard testé being based an
standards of the clothing industry. in such tests the fabric
sazole is Zooled to the required temperature and bent, by

ha=3, over a small mandril, and examired visuwally for cracks

H’l

30 - -mese tests adhesion may be reduced between the

cca=ing 2=& the base fabrlc, or cracks may be initiated ' o
within the coating: such defects may be susceptible to opti- |
ca>. idenzification. In service, rapid ben&ihg Qill occux
:e;eatéély ére possibly to flutter uwéer heavy wind loads
Grori=s installation of the membrane. Furthermore in servicg
sne Zabric may be subjected to a 100°F. temperature @iffer-
amce across its thickness, thch would give rise to a grad-
ient of 3000°F./in., which itself may raise stresses due to
t=e composite nature of the material.

In the design of an air structere the designer‘is

required to predict the response of the fabric in any stage
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©f 3ts aging process, to complex loading conditions and

extreme temperature variations. This is a difficult objec-

/

tive since new material specifications, provlded .by manu—
facturers, are restricted to ten51le and tear propert;es at
70%. It moest be mentioned that experience has indicated
that the materials in use perform adequately within the con-
fines of conseréativg desicn. Puture develﬁpments in experi;
zental and analytical techniques could realise the full

potential of these materials.

It

4.2 ATR SUPPLY EQUIPMENT

"‘7-'1)
1

The basic requirements‘;f the irnflation system are
twofold, to inflate the structure and to maintain the struc-
ture in that state. | |

Iaflation of the structure reguires a hlgh vclume
flow rate at a relatively low pressure, sufficient only to
maintain the weight of the fabric. The inflation period,
usually less than forty minutes, must be minimised, as during

this tize the structure is at its most susceptible to wind
.éazage. IOncg the membrane is tensiqngd and coperating pressure
is reached, the equipment must ¥eoly air at higher pressure,
in sufficie:x\: volume to match the system losses and to
stabilise the structure under load.

Principle losses are those due to leakage arocund
the perlmeter of the structure, and through airlocks and

doors. Diffusion losses through the membrane are of 1ncrea51ng

!
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importance in larger a:x.:: structures .as the ratio of surface .
area to perimeter increases. Additional flcwl-may be requ.ire&
for ventilation in high occupancy structures and in same . 1
industrial applications.’ | ‘ ' ‘
K Calculation of thesg-flcnrs through 'crackage' and | :

vents is based on the expression below [8]:

- 'A_P.
Q = 1096.5.20-Co [

where Q is the volume flow rate through the
orifice in c.f.m.,

P Ao is the area of the orifice in sg.ft.
Cc is the coefficient of coni:ractioxi,
Cv is the coefficient of velocity,
Co = Cwv.Cc = 0.65, P |
AP is the pressure differential in inckhes :

w.g-

go is the density of the air in 1b./ft.>

flow through sealing devices, or such things as
~echanical field joints have been measured in tests or esti-
—ated@ from opractical experience; some typical values are
show= in Table 3. | |

If temperature control is part of 2 system require-
—ent, recirculation of air is usually required to provide
adequate flow over the heat exchanger system, this necessi-

+ates an increase in air flow capacity of the actural system.

As is suggested in Canada‘'s Building Code [541,

two independent air systems are usually provided, each capable
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o{ supplying the full requ:.rements of the qstan. 'l‘his‘ is
necessary for safety and maintenance considerations..

| Electrically driven cent:ifuga fans with back-
ward inclined blades usually form the basis of the air supply -
' systems. ~They are, slightly mare expensive than axial flow
fans, but ha.ve the ;a&vantage of a quieter op;ration. Axial
flow fans have a reversibility feature which necessitates
t‘neir- use in some military installations where powexed de-—
flation is a system requirem:nt_ A comprehensive survey of
possible inflation systems was recently published by Tutt

[55]. Characteristics of specific centrifugal fans can be

found in Reference 56.

To control the system pressure supply various

I L

degrees cZ :efinat_:ent are possible. The extremes are:
""J % simple pressure controI: obtaired by venting
employing a partially open door. (this
pethod was employed by Barracudaverken until

April, 1974 [8])

i1) multiple pressure level control based on
variations in wind speed and used for highly
e::posedsystesnssuchésthetb._*eequarter
sphere Radome [3} -
Use of wind energy to stabilise the inflated struc—
tore by ‘venting® thest:‘ucl:zralmhranehasbeenshombo-
be feasible [57] by podifying an earlier concept [1] in

which Structures totally supported by wird were considered.
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A dual pressuore level system having more general
applicati_on, developed:-by the author, is illustrated in - 1
Figure 6. This system has been ut.x.l:.sed in subsequent designs, .
a.ndw:.l.bedlscussedmdetaz_lmc}:apterh 3
. The two pressure level system is used to reduce
noxmal running costs in. terms of heat loss, and to maintain
a lower level of working load in the membrare. Auxiliary
power for the system, while forming a substantial partion of
the capital cost of the system is usually warranted,- since

most power failures occur ir high wind situations which are :
dangerous to under-inflated air structures.

- The inflation systems‘may be located inside or.
outside the structure depending upcon the appl:.cat:x.c:n. One
fan being an integral unit with the heating system, the
other ,the standby unit, usually beiﬁg an indepéndent belted

-

vent set.

4.3 FOUSDATION SYSTEMS :

The purpose of the foundat:x.on system in an aix
structure installation is to transmit structural loads to
the ground, and to seal the perimeter of the air structure
against e;xcessive air losses.

The principles of two of the most common systems
-usedtoanchorthemembra.netothegfom_ﬂaresho\min
Figure 7. In Figuxe 7(i),  the membrape "is clamped contin-

uously arocund the structure, while in Figqure 7(ii), the
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meﬁhrane is held in place by a series of "caternary" arches.
In the latter system the membrane -loads are initially trans-
ferred to the cables assembled in pockeis around the perimetexr
of tﬁe structure; the cables are then clamped to the founda-
tion at regular intervals. |

In comparing the two systems, itlcan be shown that
the continuous system has the cost acdvantage while thg arch:
systen has structural advantages. The cost advantage of the
continuous system is restrictedlto the factory level, where
2 simple straight edge of £ c is rolled and sealed around
the rope. In the arch systel, the cable pocket is attached
to the str=cture in a premarked position and the structure
coxpleted before the cable can bé thréaded into position.

In the arch syvstem extra fabric is reguired to form the
zockets 2né to form the sealing skirt. The skirt is not
:eéuired o= the continucusly clamped foundation which is
Eo:maliy self-sealing.

The clamping system Fequires a continucus founda-
+ic= usually fabricated from concrete or steel; this reguire-
=ent zan be disadvantageous for

i) a2 temporary installation,

ii) an unprepared site, or
1331) a structure in séasonal operat;on.

The structural advantage of the cable anchoring

system stems from its flexibility, allowing movement of the

structure without excessive point loading of the fabric.
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Manufacturing imperfections in lengths do not produce large
stress concentrations, (which are in evidence on continuously
clamped structﬁres}.' The cable system also permits the
longitudinal stresses to be more effectively distributed
than does the clamped system, since this latter system does
not accommoéate any strain along the membrane edge. This
phenomencn is illustrated by observing the increase of strain
in the membrane as a function of height above the ground
in continuously clamped structures, sich as the structure
.used by Seaway Terminals Limited in Hamiltcﬁ Harboux.

The actnal foundations emplo;ed in an air stxucture
are dependent upon the use of the stfuctu:e. Scme examples -
of different foundations are shown in Figure 8. The screw

cr spreacding anchors are used in temporary installations

where a2 sermanent foundation wall is not required. If
sorrectir installed, in line with resultant membrane loads,
large locads can be carried. TFor example a 12; diameter /
soreading anchor is rated at 4000 lbs. in an 8 ft. depth of
‘c:éy'soil. If soil conditiois are such that deadweight
) systems of some kind are required; a concrete foundation is
ustally constructed. The concrete pier finds extensive usage
iﬂ tennis court applications, as it can be simply capped,
Flush with the ground, when the structure is not in use.
additiopally, the piers are inexpensive and permit rapid
installation. Full éoncrete footings are used primarily in

permanent installations. They provide a reasonably priced

-
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foundation and have the advantage of additional side height
for the structure which provides protection for the'sﬁructure
frcm.éhysical damage, and support for 2 drainage sSystem.
Simple metths such as burying the membrane edges,
[51] and the use of an integral wajerbag system [11] work
successfully in low load applications. These systems have
many severe disadvantages which prevent their adoption in
large structures; for example, the rapid aging of buried
fabric ard the inherent instability of the waterbag system
mzst be considered. Any system which can support the verti-
cal and horizontal loads and provides the necessary seal,

warrants consideration in the air structure industry.

1.4 EEATING CONSIDERATIONS

indirect fired space heaters using either fuel, oil
or natv-al gas are the most usual heating upits in air struc—
+ure use. Standard industrial heating units axre used having
=3rgr modifications whicﬁlare ofﬁén introdgced to satisfy
izcreased air pressure requirements. Detailed descript-
iq:s'of these types of units are available [581..

An outdoor unit is shown in Figure 9: the units
are oféhg housed in existing buildings,within the structure
or in spe&ially built control centres for larger structures.

‘The size of unit required dgpends on the tempera—
ture rise and the heat losses from the system. Heat losses

in air structures are consicderably in excess’ of those of

+
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4
more conventional structures. The losses occur through ]
the usual mechanisms of conduction and convectlon, and ‘are
increased in the case of the air structure by the direct

Joss of heated air in leakage from the structure. Using as d

an example the structure described im-Chapter 7, the total

heat loss of some 2,400,000 BTU per hour is made up of

1,600,000 BTU of heat ldse through the membrane and the
balance as a loss of heated air. The air structure can be

| compared to other buildirgs by using an effective heat loss

coctficient which for this structure is 1.56 BTO/hr./sq.ft./

©F. (This figure is based on a value of 1.08 for the 0.030

in. membrane which is proportionally modified to accoamodate
+he increase in heat losses due to air flow.) This figure
ceopares with 0.3 BTU/hr-/sq.ft.;bP. for a cavity wall type
s-—uciu=e having an insulated roof; indicating the five to

six-folc i:crease in heatirg requirerwents between the two

svstems [598]. _

various attempts have been made to reduce these
i1gsses. The most successful method is that of attaching a
seccod membrane within the air structure to provide an
insviating air space, which can reduce the heat loss through

the membrane to about 0.4 BTU/hr./sq-ft./OF. This method

»as only been applied to jnstallations requiring higk heat
clows for long time periods [51]. As an extension to the
double membrane concept, Laing {601 and Tulis [61] have

developed nultilaver membrane”materials with properties




be vaﬁied ejither mechanically, electrostatically
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which can
The reasons for lack of usage of these

£abri-

or pneumatically.
matefials include their high costs; hoth initial and

cation, (materials having 2 petal content cannot be H.F.

welded) . The overriding problem of these multilayer membrane

systems is tkeir weight, which could prevent their eventual

use in terrestlal anpllcatlons due to a decrease in stability
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under wind loads.
While some researchers have attempted to change

AT

others have endeavoured to make

the membrane properties,
full use of the exlstlng properties.
s being studied in the development of Goodgear's

At Moncton 1621 solar

radiation i

Greenhouse system [53]; at M.I.T. researchers have built a i

heat pumd system which utilises an air structure as a heat
—‘_———‘_—-_‘—

trap.
Distribution of heat within the structure is con-

trolled by air currents. These convectian currents are aff-

ected by the forced air flows into the system, and by external

wind effects. This latter effect ls be;ng studied extenslvely

at the Tniversity of Western Ontarlo [63]. Industrial

practice has-shown that these currents produce 2 satlsfactory

-.

heat d;strzhut;on when using a szngle heat source in struc—

tures with up to 30, 000 square feet of floor area.

The alternative to the usual heated air system is

rad;at;va heatlng which is used successfullv in structures

in whlch only a relatively small voluxe need be heated at
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any orne time, such as the construction shelter mentioned <
in Chaptexr 8.

-

4.5 COOLING CONSIDERATIONS -

There are three practical solutions to the problems
of cooling an air structure system , aeéending on the degree
of cooling required;

If the cooling is required only to preveht excess-

ive heat build-up, then venting and having an increased air

'flow available to the system provides an econcmical solution.

-
. X

To produce more severe cooling;-an air conditicning system

3
3
K

may be incorporated into the air supply unit. This is not
usually an econamical solution uﬁiess the membrane is insula-
t=d@ as Sascribed in the preéious secticn. . Air conditioning
srstems a2re expensive and have an energy reguirement of
aprroxizately three times that oﬁ%a heating unit for the
‘sanme syshem. .

In soﬁe comrercial installations notably irn Germ—

R i R PR PP, RO

- and Japan [13], evaporative cooling is an economical

solztion to the problem. The properties of the membrane
described in the previous section make the system guite

effective. The system is usually used in industrial situo—

ations, where fire prevention codes require sprinkler systems;
external systems can be added to these and used as 2 cooling
svstem. The sprinkler system has the added advantages of

cleaning the structure and slowing down heat induced aging

of the mem?fane-

i
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4.6 LIGETING coxsxnfkw;m\rs

Levels of illumination in common usage vary from
the 20 foot candles found in corridors apd stairways, through
+he 50 foot candles required for basic industrial assembly
and inspection processes, UP to as much as 500 foot candles
used in highlighted floor displays {591. In air structures
the transmission and reflection properties of coated fabrics
can often be utilised tO provide efficient lighting.

' Por a usual white coated fabric the transmission
of 30% of normally incident’ radiation is coﬁmon.-and allows
natu;al light to be utilised under most condLélons This
discussion applies only to P.V-.C- and teflon coated matex-—
jals, =he other coating materials are opaque (see Section
4.1}, =2=2 mast relv on artificial illumination. Either a
coempletaly white, oxr light coloured membrane may be utili-
seé, or in some CaseS:. such as bulk storage areas, white |
sectlons may be 1nc1uded to aid the j1lumination of a darkly
colon:ed structure.. Using a full white membrane illumina-
.idh of 50 foot candles is feasible with an over—-cast sky.
-nis lighting system has the advantage. when compared to
~hat of utilising glass wxndows, of producing RO bright spots
or glare. This makes more effective 111um1nation possible
with lower average jllumination parameters.

Two forms of artificial lighting are cogmonly
applied to air structurxes. In Sweden, commoR praétice.is to

suspend fluorescent 1ighting fixtures from the membrane.




40

This direct lighting systeu has three disadvantages. Firstly,

+he installation of the lighting equipment involves addi-

. . |
tional factory work on completed membrare sections and

additional site work; both these factors contribute to in- .
creased costs and the decreased portabxl;ty'of the structure
The second problem 1s,reia€”{to the bright spots and shad-

owS assocrated with the light source and the-motion of the

structure under wind loads. The resulting movement of shad-
ows coansiderably reduces‘the acceptability of the system.

The <inal disadvantage is thatvof increased membrane weight

R STR TRV I TV 1 LISV T I DEPPE I Pt
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which recuces the resonant frequency of the structure and
can cause instability under highwinds. To avoid these <~‘
problems and to provlde efficient lighting in an air struc-

tnre it is therefore necessary +to use indirect lighting,

whiich, 1iz2 dlffused 119ht1ng nas the advantage of eveaen dlstrl-/”fifﬁ.

bution. val air structure profiles form excellent reflec—
tive shapes for localised llght so T By locating flcod-
lightirng fixtures aroull & perimeter of the structure,

a=g ut;l~srngfthe high reflectivity of the membrane of over

T

80% for small angles/of incidence [64], optimum lighting

cozditions can be cbtained. Mercury vapour lights provide
an econcmlcal l;ght source suitable for use ln such install-
ations [59]. The lighting flxtures used must be carefully
located to prevent merbrane damage un@er wind loads, and to

ensure optimum light distribution.




41

¥

 4.6{b) ACOUSTICS OF AIR STRUCTURES

The properties of reflection and transmission of
sound waves froﬁ a tensioned membrane provide the air
structure with unusual cha:acterlstlcs. Sounds from wiﬁhin
the structure are both +transmitted through the membrane,
and often reflected and focused by the menbrane thereby en—
abling.sounds to be transmitted across large distances.
This can produce probléems in i?dustrial applications where
noise from machiqery_has’tbxﬁe absorbed by independent é;s—
‘tems. In most éppiicatiohs the phencmenon-is little more
than a npisahce to which users quickly become accustomed.

Mexbranes have been designed to absorb noise but
are preseatly not in commercial use as a result of cost of
producticz and the assemblv of such membranes. In cabled
and instl:ized structures, where the geometry is discontinu--

sus, sound is dispersed and therefore opresents no problem.

4. ACCSSS - REQUIREMENTS

In-addigion to the requirements of conventional
builiings, the access points of air structures should prevent
excessive air losses. &An open personnel door of 7 ft. by 3
St. could germit over 65,000 c.f.m. of aixr at l—l/2yzn WeGa:
+o escape. These air losses can be prevented by tgg;gse of
either revolving doors or airlocks.‘ Revolving doors are
exployed in high usage applications.whére thé“f;ow of per~

sonnel would reguire both airlock doors to be open




.

. the airlock produces a total force of 110 1b. per airlock
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sim.ulta.neonsly.. fiowever, Yin'certain instances the airlock
forms 2 connectmg passage to a peighbouring building and
as such causes little inconvenience to the user of the air
structure. | |

The pressure difference across successive doors in
T

per 1 in. w.g. pressure m t.he stmcture and as such an aver-’

age force of 27 1b: isrequiredtoopeneach?ft. by 3 ft.

coor. The methods descr:.bed later in discussion of fire exits

. can be apphed to the airlock system. In Canada, air struwe-

_s operatmg at higher pressure pecessitated bg high \n.nds

‘U-.

. \':.4.1 close suff:.c;e;ﬂ:‘l.y +o mxnta:.n the structure at a’sat-

tures are normally required to comply with National Building
Code si:apdards on fire sa_e{:y: [651. This code requires the
use oﬁ -au*-ward opening of single doors for emergency ex:.ts.
"a::xot.s systems are :Ln use to overcome the problems associ= .
a..ed wizth the vz.olent opening of such a door once it is
‘-eleas§ bv the. pam.c bax svst:em as well as the gxcessive
air loss wh:.c:h occnrs once the door is fally opened. The
=ost e“ect.xve met:hod involves the use of a counterhalanmg

,}H
.__ght whlc:h recloses the door after use. If the structure
(:aeé Chapter 7) the.door will not be completely closed but
isfactory pres;urec This system has bheen successfully

appiied by the euthor in a number of installatiors. The

main cbjecticn to the svstem, with reference to the incom—

plete closing of the doors at hz.gher pressures, are usually

H
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. raised bylthe patent holdexrs of alterna;:’::.ve systems [66].
These systems invglve 1ipkages \ﬂnc:h initially rotate the
door sbout its ivertical centre line, before opening the door
cmpietely. The increased cimplexity and hence reduced

- rellablhtyofthesedoorslmtsthelracceptanceasﬂre
doors In a;-.rlocl: Jépphcatxons ‘these doors are not all self
closing, [Sl] , and: often have an equilibrium position of
_approximately 30° .to the door frame; a feature which is

highly undesirable for cbvious reasons.

-

™, n
For vehicular traffic airlocks are canstructed

using overhead doors, usually incorporated into a coumercial
fraze structure; the doors being interlocked to prevent
tche:.r sinultanecus oPen.uzg In high use applications, -air

curtains tave been used with mixed success. Examples of

rmeir use are in the E.D. Sm.th plant in Wirona, Cntario,

a=d in t=a2 Consoh.dated Bathhurst installation in Quebec.
Tie air curtain is nomlly used in series with a convent:mnal
Sccx for use in cée of failure of the air curtain system:
tha major dzsadvantages of its use being economic ard physical.
'rhe installation costs of-an a.u' curtain are substantially ‘
_zore than those of an airlock.; Large amounts of power are
., required; 40 EP being a typical value for a 12 foot by 12

oot door,: which would correspond to the poier necessary to

~ . X
sinflate a 70,000 sguare foot air structure. Associated with

she curtain are large air losses from within the structure,

these losses .restrict the use of this curtain particulaxly
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during high winds, i.e. higher inflation pressures. The

. highalrspeedwithm the.cnrtainhé.sprodnce&a seconda:y

Lol

" problem in the Winnipeg installation; the 108 ft./secand:

el i d e uf e

air flow causes a wind chill effect on the cperators using

the system.

A third system is in isolated use. Conventional
allow for the pressure differences. The reduced time of
opening allows a larger structure to maintain acceptahle
inflation pressure. Thi; system should be installed in
series with a secord door for use in the case of damage,
or to permit usage of a higher inflation pressure.

‘_Insmallo:lowocm:pancystructures,'emexgency
exits ofsa: take the form of zippered or laced panels in the
s::uctzﬁ:e wall, which can.be used ir case of the collapse

7’22 the mexibrane. .
Moving bnlkgcoésinandoutofthestructures

can de accomplished with relative eése. I.oadz.ng chuates with
"si—mie flap valves are installed during the manufacture of
‘the structure. These chutes enable loading to be done
throcugh the membrare. For bulk removal of material from the
strnc:ture auger and conveyor systems can be used. Small |
air curtains or other seals are necessaxy modifications to
conventional conveyor systém;. |

_ 'Any access to the system involves a hole ‘in the

rexbrane, ﬁally at ground level; associated with these
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holes, are st:eSSés which mustwbé prevented from§£éaring the
membrane agéwinmtheicaée of holes at ground level transmitted
““to the foundatian. The area must also be air tight. The
s&steﬁ.used to satisfy these requirements is shown7in Figure
10. The memhrane loads are isolated from the access by use
of a cahled arch, which may-be'cnntinnnns or may be attached
to the foundation. The boot or trxansition piece connects

~the hardware of the door to the structure thereby providing

an air tight seal. The boot must also accommodate motion
in the"s:zﬁctnie. The extra fabric required to achieve this

fleiihility.is damaging to the appearance of the structure

as a whole, however a restricted transition piece can have

S PP UFO VS DUV S YU PSS S P P

éisastreus consequences by increasing stress concentrations
which could initiate tear in the fabric, see Appendix IT

and Figtwe 10. The use of excess material results in the

p:obleércf prodncing'wﬁﬁer and/or snow traps.

' Two methods exist for assemhly of the structure;
iz the Sirst case the memhrane is left intact and the transi-
=iza piece attached to the outside (see Figure 10¢ii)). Ino

+>e alternative method the membrane is cut away in the fac—

tory and the boot attached to the inside face of the memdrane.
The first pethod enables the structure o be inflated into
pos;txon for assemhly onto the access fixtures, but can

cause damage to the joint by 2 peeling action,_an effect
discussed in section 4.8. '
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4.8 JOINTING AND FABRICTION TECENTOUES

The fabrication of ‘air supported structures is
still #elatively anmechanised. In cont:asttoexcept:.ons
in the clothing industry where numerically controlled laser
-beams cut hundreds of thicknesses of fabric to produce men's
suits, air structure sections a::e cut by hand held machirpes,
from manually produced patterns laid out on a cutting tablé
or shop floor, no more than 15 panels being cut simultan-—
ecusly. The separate parels are then joined to produce -
sections of easily -manageable size, which are in turn joined

to form either the completed structure or large port.ions

of the structure which will be assemdled oa the site.
- The requirements of the joining technique are simple.

The join: mmust be as strong as the base material, and it

- =ust be air tight. 1In ‘additian, it nust have closely contr-

2lled =zlerances, as cmﬁulative erxrors over thirty or forty

canels could be disastrous, especially to a structure with -

a continuous foﬁndation. | -,

The most common joints in air structure materials
are welded seams in p.v.C. coated fabrics. These are heat
vrcduced welds, dependent on the breakdown of electrical
resistance of p.v.c. when suhj‘ected to high frequency
alternating current. The two or more parts to be joined
are located between a pair of electrodes, (usually pneumati-
cally operated) which clamps the :Eabric-: while the current

is passed through it and holds it in place until it cools



mpro&ucethew_e;gi. Theproduc;tionofaseambetwegntwo

layers of 0.03 inch pP.V.C- coated polyester would typically

requires:
Clapping pressure 15 psi -
Energy input 400 watt.sec./sqg.inch
Clamping time 4 seconds
(under load) ‘ )
Clamping time S seconds
(cooling)

This process requires skilled operators because of the large
wvariaticn in matexial properties within any batch. | These

variaticns can result in either weak seams or danage to the

fabric Irowm overheating. The strength of the seam prodnced
‘in this canner is limited by the shear strength of the coated
=3ic and its adhes;on +o the base fabrlc, but is norma.lly :
as strong as the base fabric under simple tensile loading,
‘Figure 11({i), but is comparatlvely geak under a peeling type

load, FTigure 11(3ii) .

=y either stationary OX moving machines [671. After they
ave produced the seams must be sealed to pake them air tight
and to protect the thread from damage. This sealing is done
either with a solvent type adhesive or by a tape applied

over the seam [68] . In spite of the sStress concentrations
produced by the threads the strength of sewn Seams can be
‘as great as g0% of the strength of the base fahric, see

Figure 1ll.
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| In some /#pplicatioiis using neoprene fabrics cemented
seams are used. These seams are produced by hand with the
fabric clamped on shaped jigs to produce smoothly cu:ved |
seams. Againsemsvithastrengthéqua.ltoth'atofthe

base fabric can be produced by this method.

If the jbix?t is to be sﬁbjected to any peeling
loads then it must be sewn for all ma_terials- Sewing can
also be used to join dissimilar materials.

The field joints used@ on larger structures, for
ease of assembly or other reasoné. involve proprietry mechan-
ical claméing d:vices. Pigure_lz. In many cases, especially
in permanent installations, field welding equipment is fn.nd:mg
»

increa%ing use.
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5 ST‘QUCTTIRPAI. DESIQI CRITERIA

PR TI T Y LTy

5,1 WIND LOADS

Wind induced fabr;c loads are by far the largest

Sdid

loads exerted on the air structure syster and can produce
local pressures of as much as 40 lb./ft.2 in certain con-

figu:ationsT In camparison, the inflation pressure of 9

[Py FORGL FIRSY JF FYTY BV FPRY PR

p.s.f. reduces to minor importance, and the 3 ounce per
sguare f06£ fabric weight can be considered'to have a neg-
ligible contribution. The larger component of the wind
loads are as with most structures, the suction loads which
cften exceed the‘magnitude of the direct pressure loads by
as mucﬁ as 300%. Becauselof the air foil type profile of
the struvcture,the lifting forxces act over the majority of
the surface area. To predict these loads for any given
szructure the results of wind tunnel tests are reguired;
f2llowipc some initial work by Beger [70}, Dietz [28] and
Niesan {71,721 have probably made the most significant
con=cibutions. Dietz prodnced non-dimensional des;gn data
‘or 2 range of parameters: mDore recently Nieman bas described
the pIessure distributions which occur across a variety of
structural shapes. Variables uhicﬁ'affecﬁ the-iiﬁd induced
loads, in tests are: |

i} the absolute size of the structure,

49
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i3} the shape of the structure,
ii3) wind speea and temperature,

iv) wind direction, and .

v) inflation pressure. u

The pressure distribution om a structure can be
assumed independent of tﬁe size of the structures. Nieman
‘showed this to be valid, using an indirect means, by vary-
ing the Reynolds nnmbef-in a seriés of tests on the same
model. . It can therefore be inferxred that the stresses |

ipduced in structures are directly proporticnal to their

size (;tregses being proporticonal to fhe product of the
local'pressure difference and the radii of curvﬁture)- ig

“he shape of the structure effects therloadé in
three wavs. Greater lencth to width ratios for structures of N
given foI= <can produce a larger smooth contour to obligue |
winds a=n3 “*gher lifting pressure over this area. Similar-

ily, a spherical or spherically ended structure produces -

\izher pressures than does a cylindrically ended structure
having moTe severe contburs which facilitate the break up.
eddias. These effects are illustrated by Figure 13, uh;ch
3ekails Niemah's results for two structures of dxffer;ng
strface form. A difference of 20% in the peak pressure
“o02d is produced by the change in shape. For a fixed farm
of structure on a given §round plan there is an optimum

height which will result in the membrane loads being mini~

nised. This minimum is produced by a combination of the-
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" reducing radius of curvature and the increased exposure o

wind loads. At low profiles the rapid decrease in radius
of curvatire is more effective in controlling the membhrane
stresses than is the increase in exposure which prodnces
hlghe: wind pressure loads. .

It is well known that the wlnd has a stagnat;on
pressure varying closely with the square of its velocity..

For normal wind speeds (0 - 100 m.p.h.) and air
at S.T.P., this pressure gq is approximated clesely by

S
T 5.1

where V is the wind speed in m.p.h. This pressure is
affected by the density of the air which is in turn a fune—
rion of the climatic conditions. Figure 14 presents a wind
speed pressure chart, uhich can be used in conjunction with .
Tigure 13 which provides the correction factors necessaxy
for site altitude and temperature considerations.

_ All structures othexr than the sphere ake sensitive
to wind dizection. This can be attributed to effective _
geometric changes and has been illustrated for lnzlat&d ;odals
tested at 307 intervals [71,72]. Hence, in testing. models
should be rotated within a wind tunnel until the maximunm
load cond;t;on is observed |

Inflation pressure affects the load on the men-
brane b&ih directly and indlrectly. As a component ot_the;
pressure difference across the membrane it has a direct

-
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effect on the membrane stress Ievels: The effect of infla-
tion pressure on the stiffness of the structure under wind
load has an, influence on the deformation of the structure,
which in turn can modify the wind loads on the structure.
Hence, spec;f;ed inflation pressuxes and flexible models
are effective variables for qse in wxnd.tunnel work. (Dletz
work has the limitation of ggving used rigid models). In
consideration qf these effects it is usval pfactice to use

N an infiation pressure held at the lowest value which ensures
stability. The value of 0.55gq* is shown to be satisfactory

P
in the tests mentioned ahove for low profile structures

[h/@ < 1/2]. Table 4 summarises the requirements of other

PR R

‘structural forms. At pressures below this value a depres-
sion is produced by the direct pressure on the windward side

of the structure. This deformation may then traverse the

structure resulting in shock loading on the memhrane and ;{
anchor systems. ' _ ;

I
,rm“fgafsevere'lzm;tat;on of all the published wind tunnel

tests men.;oned thus far, . is that they were conducted in

i
v

laminar tunnels, and as such can only describe steady state
lcad conditions. In any desigg sitvaticn, the effects of )
turbulence should be considered. The literature indicates
that muéh work is being done i;th a view ﬁo the nodelling
and simulation of wind boundary layer velocity profiles

and the spectra of the individual components of the turbu=

lence [73-84]. Advanced techniques use models of local

* g - stagnation pressure in the wind tunnel
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topography to develop the full load pattern for a particular
situation. Boundary layex tunnels, such as Davenport's
tunnel at the University of Western Ontario, are still few
in number. Because of the low priority of air strucéﬁre;J
in relation to downtown develépment areas, air structuré
modellipg is generally excluded from such tuﬁnels: the cne
exception being the U.S. pavillion for Expo 70, Osaka.

The effects of turbulence are two-fold. While the
turbulence plays a significant role in breaking up large eddy
formation, i.e. vortex rolls and as such reducés loadin
it also contributes to the dynamic loadingfofiﬁhe structure.

The passage of a severe area*df’ggzg;I;;;e can produce la:ge

separation points, say at the txalllng edge of
a duilding adjacent to the structure. The passage of this
disturbance downstream, as a pocket of lgw pressure, can
cause local distortion of the membrane as it is carried
across the structure and may initiate a degree of instabi- |
lity. Recent work by Davénporﬁ has shown that the velocity
these disturbances is approximately one third of the L
mean wind speed [75]1. The one structure tested in a bound—
‘ary layer tunnel was the Osaka pavillion, which showed signs
of instability at 120 m.p.h. in such a ‘tunnel, after havzng
proved to be completely. stable ag- 200 m.p.h. in a convent;onal
laminar wind tunnel [81] test. These values can be used

qualitatifely to show that smaller structures at similar

inflation pressures would be stable under all but the most

- _.:_Jﬁﬁ
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severe conditions, unless the fundamental frequency of the
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structure was reduced by either excessive wexght in ﬁhe

membrane or by low inflation aTessuxe. Add;t;onal weight
can be introduced by the suspension of fixt
membrane, O by use of oversi ing. The under inflation

of a structure

removal of the structure, at which time even under
light winds the membranes can became unstable and suffer
extensive damage from shock loading.

Steady state loads have been shown to be lower,
by as much as 45% for conventional buildings in the bounéary
layer wind tunnel when compared to laminar wind tunnel tests, ;f;
however, since no values are available for air struc- ;w
tures:whose behaviour is dynamic in nature under wAnd load,
steadv state values must be used for the present with some
allowanca being made for gusting effects.
Maximum design wind speeds for most locations in

Ccanada ara outlined in the National Building code [85],
which is one of the most advanced in the world with respect
to wind loading analysis. In the code a maximum design
wind pressure P can be calcu}ated for use with wind tunnel

data for any particulax structure. P is defined by the

equation
P = q-cg-c&.cp : " 5.2

where, g is a reference mean velocity pressure in 1b./sqg.in.
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having a specified probﬁbility of occurrence. Values of g
are tabulated in the code for use in all Canadian locations.
Cg is a factor between 1 and 2.5 which describes the sus-
ceptibility of various types of structures to gusting effects.

While air structures are not mentioned in the code fébviously

.
o i i i
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Cg for such structures is large, and a valuve of 2.0 would
be appropriate, being between the extremes of concrete and

IR LAY

shingled roofs. (Ve%gfzi has suggested a factor of 1.69 to

2Lt

be applied to all forms of structure [84].) In othexr
building cocdes outlined in Section 11.3, only Japanese and

German codes nention air structures, but do not mentién gust
. >

effects in suggested design methods. Similarly, U.S. and

Swedish air structure manufacturer's standards neglect the

subject. ,

Ce is an exposure factor which varies from 0.4 up

A

tc a maxinum value of 1.0 for a structure totally exposed
to the prevailing wind direction. Ce also allows for height
of the structure above ground,

Cp is a pressure coefficient.for_?he particular
building in guestion and is svaluated from. wind tunnel tests
as a mean value of the pressure distribution; on some area

of the structure. -~

5.2 SNOCW LOADS L

' Excessive snow loads are a severe hazard to air

structure installations. The damage is not caused by
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excessive loading of the maﬁh:ané_itself. but rather by the
-contact hetueen goods or equipment housed within the strue-
ture and the membrane. Larger d;stortlons occur uhen a
section of the membrane inverts its curvature and hecomas.
a snow and water trap [83]. ‘
The solutions to the problem involve the preven-
tio#_of build up of snow. Taller structures are usually
+too steep to allow build up of snow to occur on the smooth
merhrane surface, but for larger and cablad'st:uctnres this -
build up can occur. In remote areas it may be necessary to -

have additional heating cap&fity added to the st:uctuke as

advocated by Bird for use in Radcme 1nstallat;ons. to prevent
buaild vy of snow by melt;ng on contnct with the structure.

- In less remote areas cpntract snow removal services can be
usilisad o preveni any buzld up. which could not be controlled

by the zormal heat;ng capacity of the structure. The reﬁoval :?
is a sizple operatxon involving the use of a rope passed -
- sver the structure and moved sufficiently to dislodge any

initial snow build up. The only structural failure due
Ve

= snow on which the author has any information, was caused
by drifting snow which blocked a structure's air inlet system;
the necessary pracautxons can eliminate ‘difficulties of th;s

nﬂtm - ' * - _



Y

5.3 STRUCTURAL ANALYSIS = -

In a.ny stmct:uxa,l design problem the pre-recuisites
:Eor a solmon are:

.Y

i) Constituitive equations for the mterz.a-s.

o

i3i) Rnwledge of the structural gecmet>, anc -
1ii) Knowledge of vhe loading systex.

It has been .uxc‘ncated earlier, in Secticz 4.1.
that the behav:.our of, the usuval memhrane matexials cannct e
expressed analytically, either as:,a ne\r material or after
the material has been subjected to variou; exvironxzental
' conditions. The ‘structure's initial _geometry is known; hiwe
ever the modxf;ca.tz.ons induced by large stra....ns and cefor-a-
tions aurxng loading can only be estimated. In addition 2 ‘
these observations wind loads and their inflvence on the

nenbrane fom.-and on ghe quasi-constant volume of compres—

sible gas enclosed within the membrane, canrot be predictes

' completely. cnearly no exact analys:.s of the .problen can >e .

considered. As a first appronmt:;on to-a solution the us.al

a.ssml;tions of membrane theory, i.e. only tensile stresses

and no bending moments being transmitted by the material ave -

employed. The assumptions of linearty and small strains

can be justified for the basic analysis. The basic membrane

appicach is a widely\a.pplied basis for design [86-88]. |
Work in the ear;y; sixties describes a finite dif-

‘ference analysis to pred.:.ct: the non-linear displacements of

axially symmetric surfaces\ of revolution under symmetric

/ -il
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| loads [esl. !he prznc;ple of super—pos;t;on was ut;lxseﬁ .
" as was a Mooney type constltuztxve equation [901. Finite
element technigues have since been’used extensively as in-
aicated by the following comments [91-921. Oden used ==i-
angulat-elenents to pxedgct.the geometric response of a
heavy rusber sphiere when inflated [93,34].  Jonés bas stows
that curved quadrilateral elements are more suitable Sor
this type of analysis [9sl. Utlng such elexents ‘Leczar *d
predlcted the response of an infinite cylip@er to a wind
load d;strxbut;on expressed as a simple size Iunction LSE .
‘L; has developed an approach for arbitrary shells caﬂable
early elastxc 1sot:oplc material [9.1.
Haug bas used the direct stiffness—method on fluid £illed

membrane structures and employed a coarse grid petwork wiil
idealised materials [98,99. 1001. -
Excessive computer time imposes 2 severe llmlta-
tion on the general use of the fzn;te elexent method, and
as such has limited its applxcat;on to the axisymmetric
cases of exther long cylinders or spheres; assuned distrit.-
rions for the wind loads being expressed in-analytical-terzﬁ.
In cabled structures the finite elemant technigue
is more readily appl;ea.as the small cable strains remcve
one crder of complexity [101,1021. Houevcx, large deforma~
tions and lack of accurate wind tunnel data have limited
its success in design applxcat;ons. The analyszs for the
U.S. pavillion at Osaka was based on this ma;hod [14]. The
1
i

|
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stresses vhen checked against those on the final structure
were found to be within 25%, a satisfactory result [14]. .
This discrepancy could be due to the differences in hoth
wind and material bbhaviour.

To analyse the problem completely we reguire:

i) material data and specifications, and

ii) the wind distridution over the whole struc-

ture for all compatible defarmed shapes.
Computational costs escalate as 2 series af

solutians is required for any particular structural analysis.

The designer is faced withtle problem of producing
a lc§ cost,—upber hound' soluticn from the.data available.
An acceptable solution can be found ‘using membrane analysis
for the Icllowing assumptions. |
311 @eformations are neglected. While this is an
znreasonable assumption for an exact ;olupion it can be used
in an upzer bound s?luticn. The justification for this de-
z2xds on the nature of the structural défoxmation. which
will increase local curvature in areas of high pressure
s22ecences, and will for example, in the case of a circum~
fere:ti;l section of a cylinder, equalise the stresses along
*he hoop. Using the membrane theory assumptions of no
" zending mements and the negligible shear strength, tia basic

esuilibrium equation for the element shown in Figure 16

gives R‘?%c. +* 3% - RE’x‘ - 0,

A
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R.gNox . - 3§§5 + RPx =0, and

ox

- | ..g& + PR = 0, 5.2

¥
. . s
. L St e ik oA B lihm

where, R is the radius of curvature of the element,
N¢ and Nx are membrane stress resultants, '

L : '
Px, P$, and PR are pressure faorces acting in the x,
circumferential and radial directions respectively.

can be reduced to . T

ézif
f+
EE |
"
3

-‘% + PR = 0. ©o5.3

Tor an element with two principle curvatures,

yadar raiial pressure only the corresponding egquation is

N | Nx |
\) -® " R t-R=0 | 5.4

~: I+ has been shown for air structure applicaticns
thas this approach, when using an averaged pressure differ-
ence over the section in question, yields soluticns within

10% of those given by a‘more :horough membrane analysis

[87,103,1041 .
" 7his method of analysis, modified slightly to' suit

a cabled structure, was used to analyse the design of a
cabled structure erected in the Hamilton area; predicted



. slight deformation of the anchor system under wind loads

justified this approach, see Chapter 8.

8l
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- In a rigb:_o&s mathematical study it would be nec—
eséary ﬁo analyse the complete structure, but as is often'
the case manufacturing and production technigues accelerate
design compromises. /In most structures only oné strength

of material will be used. It becomes only necessary there-

fore to calculate the loads at the most highly stressed areas.
Experience and obsmatidn indicate that the central sect;on
of a long structure for example is most highly stressed;

wind tunnel tests confirm that the highest wind loads cccur
in these areas [72]. This could be inferred from the reduced
mexhrane curvature, i.e. curvature in only one direction,

in the-cylindrical section, avayvf:om the influence of the
end sections. -

The development of yield criteria for use in fab-
ric design should be considered once maximum stress levels
have been established. The use of von Mises' cﬁte:ion is
suggestedyin the literature [3.281. This has no theoretical
or practicai justificaticn when applied to fabrics, which
consist of twao, or in some cases three, semi-independent
thread sirstens. It would appear that the criterien should
bé subject to a maximum tension level in a mlimo fanric,
or some modified version for a conventional fabric where
Qreave tensions ipteract. Selected criteria can only he

established when satisfactery biaxial testing equipment and

-~



procedures are produced.

) In addition to the establishment of yield criteria
applicable to the material béhaviéur. special consideration
should de given to the complexities introduced into the mem=
brane as a result of seams and joints. In directions across
the seams the strength of the seams must be considered, and
in directions along the seams a reinforcing effect, dependent
_on seam width, is introduced, which increases the strength
by between 3% and 6%. |




6. CANADIAN APPLICATIONS \
e

There are approxXimately cne hundred air structure
jnstallations in Canada at the present time. The nexbranes
for over 80% of these structures are impoﬁt&d in final form,
mostly from Sweden. The balance of the mcnhranas'h-ing
fahricated in Canada using Arerican materials.

Air structures are arincipally utilised in three
of the areas of application discussed below, .

i)  Industrial, g )

..ii} Recreational, and

3ii) Constructional.

. ‘6 .1 INDUSTRIAL APPLICATIONS

| Industrial users account fox approximately half of

the air structure instéllations in Canada, and about three

quazters. o3 the covered area [105]. . _
Together with the low costs of air structures, thn

large span and centre height make the structure ideal for

warehouse use. Sto:aée of bulk materials, such as fertilizers

and wood pulp are current uses in Canada; for exanple ferti-

lizer is housed in the 50,000 square foot structure shown

in Figure 17, and Consolidated Bathurst store wood pulp in

+wo structures in Portage Du Foxt, Quebec, one of which is

63
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shown in Figure 18. In a&ﬁitién to the normal reasons for
installing air structures for the two examplés nentioned,

i. e. protection of the fertilizer from water damage, and
of the wood from freezing in winter, interesting additional
points should be noted.

i) In the fertilizer applications the air
structure replaced a'conwentional steel
building which was chemically incompatible
with the phosphate and suffered severe

corrosion damage. ©

ii) In the wood pulp application pollution
complaints against the company‘ve:e-raduced
_cansiderably as the structure eliminated
drying and the‘resnlting wind losses of
wood chips.

~he air structure can be des;gned to match the

angle of zepose of the material to provide an afficient
valune for storage, app:éximntely the natyral form of the
mazerial. Loading can be accomplished by either using i;r-
locks, or by using the conventicnal methods of the powder
.ind:stries; in which the struchture is filled using discharge
natches in the roof of the strﬁcture'(which in the case of
-he air structure is autcmatically self-closing) and emptied
by auger and conveyor nechanisms feeding either transpoxters
or linked directly to process machinery.

The low cost of the air structure and short nang=

facturing time as compared to other structures, enable
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a company to rapidly respond to an increase in demand. The
Volvo assexbly and storage area described in Chapter 7 was
occupied‘in June of 1973 - three months after an initial

inquiry. The E.D. Smith Company of Winena, Qntario uses

two air structures in theix fruit processing plant: The

low cost'enahles fluctuations in demand to be accommodated

without large permanent investment in building hardware:
IS
if cemand should fail, the s&eggms have good resale

value and can be quickly relocated)

Shr b s o S B b YL

For promoticnal and ical reasons, two airx | i,
structure manufacturers utilise the ;;:ge uninterrrupted
tloo:‘space of air structures to produce their structures. . ﬁ
The ;ompaniea are Birdair of_ucw York, and Barracudaverken

of Swedan.

$.2 CCUN3ITRUCTIONAL

Constructicnal shelters accounted for 15% of air
structures built in North america in 1965}.howavar. this
would prebably be an overestimate of current usage [106].

In Zanada, the Ministry of Transpoxt is the only current
use= of air structures fox constructicnal pu:posis; Radax
installatiﬁhs are assembled within a structure of the
author's design, see Figure 19, allowing year round con#trus
etion in the severest climate. One other Canadian ;tructuxe
is meatiocned in the literature [107]: a two acre building

site in Quebec, which was used throughout the wintex of 1971
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to 1972, Price deScribed house construction in Europe ﬁhiéh :
utiliseslair structures [3]:; Jumph il}ustrates their use in
transformer installations [108].

The large free space, low cdst and a hiéh degree
of portability are sufficient justification for use of air

supported structures. The ability to assemhle an air struc-
ture over an existing bdbuilding or remove the structure from

a completed site is improved by use of field joints. Lifting
equipment which is often needed can be housed within the
structure and suspended from the membnnhe. This often
rgquires an increased inflation pressure [3]. Feor occasionalf

movement of large equipnent a gipgle sleeve arrangsment can
be utilised {108].

Canada‘'s severe climate and ahort'éonstruction

. Scason satuld ‘warrant further investigation of this system.

6.3 RECRIZATIONAL

In Canada's long severe yinte:, the recreatiohal
use of air structures has recently ‘increased rapidly. This
increase, mostly in the covering of tennis courts, is well
“ilisstrated in Toronto where the six principle clubs are all
using covered courts during the cold seascn, November to May
of each year. This acceptance is attributable to the low
cost and the advantages of free span, height, portability
and lighting properties of the structure.

Hockey, unlike tennis, is well established in
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—Canada, and has shﬁéicient financial support for conﬁentional
framed buiidinga, and  to the auvthor's knowledge, no air
structure rinks have been installed in Canada. Rain has
shown the feasibility of such sﬁru;turea for use in Canada
{271. Their use in Japan, where over fifty such facilities
exist is further justification for their use in Canada [17].
Covered swimming facilities have been in use in
the United States and Europe since the ea:ly'Sixtiea and
smaller versions of those structures have had limited success
in the milder parts of Canada where the swimming season has
been extended into Spring and Fall. In thesae smaller units
problems of anchorage design and stability often occur as
the units are made to be competitive in price with small
framed structures. In laxger structures, reinforced fabrics
igd cos: advantages allow the structure to'cémpote favour-
abdly in the United States (109!, but no installations 7&?&

been made in Canad&.

Track and field areas have heen accepted by Humber - -

College where the arana was modtlled/pn the lines of the
Hasvard structure installed two years earlier in 1968. The
structure is a basic cyldndrical structure with spherical
section ends, and was the forerunner of a ngmber of ‘more
advanced projects in which both existing at&dia and new

' com;lexns have heen covered with either ataticnary or remov=
able air structures [103].. Barlott proposed several air

structure types for use in Montreal for the Olympic Games

P A
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in 1976, for both stadia and residences, howefer. the pro-

TP ErFEy PR RS

jects have not come to fruition [110]. .

)

6.4 AGRICULTURAL

L T

L Al

Use of transparent p.v.c. fabric fozx inflated

greenhcuses is being danIOped/;;héoodyga: who have p;oducéd
over twenty such structures [53]. In Canada, the shorxt

growing season could be substantially increased in the fruit
/ and vegetable areas by employing structures for this purpose.
| Reports of threefold yield increases in tomatoe Crops are

reportea in the United States using the system. Bleasdale
- pointed out design weaknasses which made the structures

susceptible to wind damage in areas of high atreas [71.

b s e e o r g, £ miin L,

These effacts are minimised by using a cabled design used
in an exgerimental structure iqstalled in éaltimo:e in 1972
[S1]. 'The life axpectancy of the structures, which is
imited by the rapid degradation of the unsupported p.v.e
By sunlight, has been increased to oﬁer two years by
improvements in the p.v.c. chemistry. If the mexbranea are
~omoved and stored through the severe winter monthsa theiz
hlifa could be extended making the structure more econcnical

in Canada's fruit and vegetable balt.
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6.5 NOVEL APPLICATIONS

Novel air structures in Canada include the largest

temporary air structure on the continent, ‘and scue of the

P

smallest. _

Tﬁﬁ large structure was a f;oating roof type fuel
storage tank, 367 feet in dianpeter and 40 feet high. A new
dcnqtructidn method {used by Horton Steel of St. Catharines,
Ontazio), involves the existence of the tank as an air
‘structure for a sew hours of its life. The sides and roézf_
of the tank are assembled concurrantly, the roof now being
assenmbled on the ground within the walls: p:eviously tha
roofa of such tanks were assenmbled in situ-a_;ongcr. more
complox task. Once tha roof is assembled, alﬁe:iea of
gmall sealed inflated air tubes are vaed as a temporary seal
around the paerimeter of the, roof, and a tan is used to
*{inflase" the roo: into position, where ita support syaten
is installed uhile the tank functions as an air structure.
The tine saved {s over two months and coastructicnal coats
are raduced by .over $200,900. Metal air atructu:aa have
baeen proposed scé;ral tines since- the 1930's but this ia
the firat completed projeét {111.112]; 'In construction of
large span shells air atructu:Qs have been proposed as forms
by several authors, either to& concrete (113,114} oF rigid
olastics [1151. |

An Qqually tunctional example iz the propoaal by

-a Toronto company to incozporate air.atructu:ed covers for

A
5.

|.
¥
!
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settling tanks into its future sewage treatment. phnt
designs: not to contain fumes’ hut to reduce heat losses
) sufncuntlx +o remove the need for heaters in the tanks
— ’during the winter months when ice. fomtion can b. a mjor
" problem. ' | ' -

The Firestone Company markets an inflatable dam,
an exa.mple of this p:oduct is in use on the Beverly Swamp
where water levels are ccnt:olhd by varying the inflation

- ‘ t'c:. the veir‘
Structures of interest and of. posai;ble use to
Canadians in the future, include: ' -y p
1) Mxlituy ﬁ@ld hospitals, as uaed. by thc
< -~ United States in ?ietnan,
ii)  Disaster ‘azea service builclinqs. g
o ¢ 1i1) - Inflatable 1cading dock shelters tor use in
' -7 loading of rai? cars and trucks, both in
wmter and ﬁ.n summer, | -
iv) Air hags dawloped recently rn thq
H& « for protection of hoth persons when
_ ‘ ) travelling and gooda in transit.
3-%% L \ Putum applicaticns of aif structures could b.
" " in the form of complete.climate controiled cdiunities, in

either the Canadian: A:ctic. as atudied by Couter 1107} ..,or

_‘r-

L g

Flad

on the moo:s as is hning atudied by R, &. .1\‘ ‘EI\;. ‘1\. havc .

- 'almdy used non-occu‘pﬁﬂ air stmctuxes as satclfit&s in

o wgich the weight and volum charqcte:istiqs of aix structms )

¢ .
¥

"a‘ '
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are nost effectively utilised.

N Projects of this nature require furthex :.mpmve-

mts in the developmnt o£ the mexbrane mm:er:.als to conbat

increased pnssun lcads and denands pextaining to tenpera—

ture variation and resistance to sunlight.
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7 DETAIL DESIGN OF AR AIR STRUCTURE

_—_————___—.

7.1 SPBCIFICATIONS AND REQUIRENENTS
| The final purchasezr of the air structure described
in this chaptﬁr was Volvo Canada Ltd., Halifax, Nova Scotﬁl.
The structure was required in the spring of 1373, to nxttnd
the sto:aqc and assumly ams of the automcbile plant. f |
The basic qucifxcations for the structure wWere ou:lintdlin
Ap:.\l 1973 and are sumu‘isod below. ‘ |
i) Dase einensions of th§ structure of 120 tt.
width and 170 f£t. length, ,
ii) a centre height of 36 ft., together with a
‘vertical clearance of 9 £e., msu:ed 4 £t
' inside the structure's basc.
11i) o minimum inside temperature of ss°r\.
v minimun.illunin&éien.ot 50 £t~ candlts.
- ) access for vehicles up to 20 £t. in 'hngth
© at two locations as indicated in tiguxo 20,
vi) four personnel doors, and
«ii) minipal ail/flov for ventilation.
T initiate a guaign which ‘satisfied these :pc;i—
details jaa to be finalized with

gications, tht followi
reference to the site location.
' i) | National Building codt " design wind pn:;_u._:_t
) " for Halifax, @ = 8.4 p.s.f. , (831,

72
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ii) mtional Building » 2=1/2% January temp- .
erature for Halifax &4 F., [83].

iii) Site exposure factor, Ce = 1, for the totally
P expased dockside area, [117]. )

iv) Soil condition —- compacted £ill with a -
pinimum bearing capacity of 4 tons per sq.it.

v) Snow load, Halifax design snow load is 45
1y./sg.ft. In areas having sinila.s load
specifications the heat loss at 63 inside
temperature has been proved to be adequate

(9

in preventing build yp. The customer however was

advised to secure a 3InoW ramoval contract o
to use available personnel to ensure that
build up would not ocour.

| 7.2 STRUCTURAL FORM

"\Q'PQ rectangular §$te which was available for the
structure suggested the use of the cylindrically ended form
of structure, Figure 2(i). The accompanying advantages of

: optj:mum wind load characteristics, and materials usage are”

-

discussed in Secticn 3.1l.

‘ _ ‘ The aspect :at.ié for the structure was dctermintdl :
after consideration of the end use of the structure, which
required Dassage of fork lifts arcund the perimeter of the
suu;tm. The use of an above ground wall az a foundation
for the structure provides: )
1)  height close to the wall of the stzucture, .
and . " TTN—
1i) protection of the membrane £rom contact with
" the mechanical tquipnnf: using the area close
to the wall.

preede
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The dimensions of the final structure are presented in
-~ Figure 20. ' |
It has been shown that it is both unnecessary and
uneconomical tousiacahledmmprmina:t:uctmotthis

site, i.e. 168 £t % 118 ft¢

7.3 MEMBRARE ANALYSIS
The maximum strtnn accurring in a stmct\ka of
this form are the ci:cmhmtiu atresses in the Qund:ictl

!
portion of the structure dencted by “the arrow AA in Figure 13(1) ;

g

. 79 calculate these stress levels it iz necessary o estimate
the maximum wind loads which occux on such a section and
the corresponding inflation pressure. Rind tunnel data for
this structure is not directly available, howevVer Iesults
are avanahle for a series of spherically ended structures
which, as was shown previously, produce slighuy highex wind
load values thah do the cylindrically ended structures.
These values of \3@ load can therefore hc. interpreted as
safe values for use-in dcsign. rigu.n 21 illustrates the
varjation of the wind load eotﬁticimt (as & m::tion ol
the structuxal hngt-h to width ratic) on the mt nighly
loaded cylindrical section of a series of rigid nodels
tested in a lamimar wind tunnel [28]. In these tests the

. wind load coefficient, Cp. is defined as the ratio of the
mean lifting preasure on any section of the structure to
the sftagnation pressure in the wind tunnel.

/
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For the structure in question,

a
a™ I3

36
26, and

= Q.

w 118
7" 18%
= 0.70

-

where h is the maximum height of thfa&iictm.‘ d is the
'diameter of the cylindrical secticn, and W iz the width of
the structure and /is the ovexall length.

The reported results vere limited to structures
vith h/d values of 0.375, 0.500, and 0.750, it.vas there
fore necessary to extrapolate values of the wind load
coafficient, Cp, from these curves. A qtiad'ratic extrapola-

tion was used whi;:h yields for w4 = 0.70.
.(X

c, = 31.547 /)2 - 3.853 (/d) + 18533 7L

substituting for h/d = 0.26 in Bquatica 7.1 enables t-valuc
to be dstermined for Cp, i.e. Cp = 1.12 in coajunction
with daE3 supplied by the National Building Code 183l to
calculate an effective wind pressure, ?, for the structuzal

e

section. P is calculated from the expression:
P = Cp.Cg.Ceq - 7.2
& \ |

where i) g is the maximum wind s#(cd pressure, averaged
: ) over a pericd of one minute which can be

!

expected to occur in any 10 year period: for




this study a value of 8.4 1b./sg.ft. corres-
ponding to a wind speed of 58 m.p.h. has bheen
. soployed, -
- 13) cg is the gust gactor which describes the
© gusceptibility of the structure to dynanic
loads. A value of 2.0 has been adopted as
wag discusszed in Chapter 5.1,
3ii) Ce is a factor related to the exposure of
o the structure, and depands o both the loca=
tion of the site and the paximum height of
rhe structure under copsideration. The site
of this particular structure iz a watezfixont
and is therefcre completely axposed and the
. wmaximum value for Ce of 1.0 is warranted.
Hence the mean pressure aon she most heavily loaded
sacticn of the structure can be obtained by substituting

these values into Equation 7.2

P = 1.12 ¥ 2.0 % 1.0 x 8.4
p = 18.8 1b./sg. £t

as previcusly noted the optimum _inﬂa":ion ptessurs
- fax uisc in a particular instalhticm is the mifiimum pressure
which will ensure stability under maximum wind loads. In

a low protile stmctm: such:;t this a value of Q.55 tines
the tunnel stagnation pressure has proved to be adequate in
wind tunnel tests. IO apply this facter in the evaluaticn
of the required inflation pressure it is necessary to modify-
the design wind pressure by the gust and axposure factoxrs

as detailed below. mncc'."t_-.ht inflation pressure undex
m;cimm wind loads can be defined by |
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Pz‘ 0\55 (q\cg\c‘} ’ 713

where the terms in brackets represent the modified wind

Pressure. . o _
Substitute the appropriate values and we have,

P, = 8.4 % 2.0 % 1.0 X 0.55 1b./8g. 2t.

Pz = 9‘2¢ @f,ﬂttts. Qr
= 1.75 in. WG

Naving established the wind load and inflation
pressure on a particulax section it iz possible to calculate
the circumferential stress resultant, N, of that section,

in this caze a paxinum value is given by Bgquatioca 3.
. - e .
Ny = P2 * Pl . R 7.8
wheze 3 is the radius of curvature of the cylindrical section
of the structure having a value of 69 ft. for this particular
study, and P, and P are Qefined by Equations 7.3 and 7.4

respectively, hence

Nopge = [9:2¢ + 18.81 x 69 1b./ft. | /

To calculate a value for the longitudinal loads
on the Texbrane an tit.tn_att for the xedn v;nd presgure
coefficient, Cp. over the end secBons of the structure ie

required. The values given by Dietz cannot be justified in
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this case fox three Ieasons:

1)

i)

134)

The prulu.tc distributions oa the tpht:ical
ends of th! nodels used have :iqniﬂmtly
highu: values than the corresponding valutt
for a cylindrically ended gtructure, see
Figure 13. " '

The application of this preasuce digtribu=-
tion to the long cylinder analysis is valid
only for those st:ﬁctu:ta Vhwinq an h/a - |
ratic of 0.5, and

c:maidmtion is not gi.m to the anchor
aystem used, which can’ tiguiﬁmtly atfect -

the distribution ot these stresses as discussed

in Section 3.3

an alternative methed of evaluating 2 Cp value for

the end section is %o integrate and determine a DMean value

from the distribution curves punm:ed in Figure 13, fox
"the end section of a structuxe of similar contiqmﬁon‘ '

The value-of Cp calculated is equal %o 0.38. This will be
an overestimate of the value for the structure presently

being analysed, at a :uixlt the lower profile of this -

latter tt:uctﬁrg 1721. This value applied to the free body

diagram otl rigu:e 22 provides an upper pound value for the
longitudinal streas resultant Nx,: given by ntalution of

forces along the structure,
Wk w (B, * Cp.Ce.Qg.q} A * ny.w.maal'l@ 7.3

L A L. . -
M-.-A—‘.-m-—-..‘—‘--a-l....—.o-;,x‘.J;l -
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where, ‘Mx is the 1ongi£udinal stress resultant assumed
to be equally distributed over the width of
the struckure, .

N@R is the circunferential stress regultant of
the cylindﬁical an section, given byt
Q} - PR

A iadthe c:ou-i&ctional u.én of the structure
-3¢t *

§ is the angle batween the nmexbrane edge and
© a vertical plane. ‘

2 &a lba e aa % - e s

hence,

Nk = (9.24 + 6.33) x 5695 + (9.24 + 6.4) x 63 x U x 0.519 -
¥x = F091 1b./fk.

2.4. MNEMBRANE NATERIALS ' -
| Following the arguments ocutlined in Section 4.1
a p.v.c. coated polyestq:_tab:ic. of a malimo weave was
chosen for use in the structure. Using the maximum lcad ‘

values of Section 7.3 an initial factor of, safety of the

nembrane against uniaxial tensile failure of 3.6 is avail-
able with this material. Values in this area are in current
usage, and arxe recomended in the few standaxds which |
exist, (49,1161, | |

The lp«iﬁuﬁimsh of this fabric are presented

‘;
i
1

i.i\ cable $, and test results for samples of the material
are included in Appendix Il. |
Price and delivery of the fabric were alsgo in its

favour, ag was the availability of suitable colour and 5

LS
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paint. The structure {s white with the Volvo trademark in
6 tt. high “Blue lettexing in two places on the menmbrane.
The expected life of the membrane (%o §0% of original
gtrength) i3 seven yeaxs, according to manufacturers of the
material.
7.5 FOUNDATIOR ANALYSIS
a) cable lLoads

_ rrom the maximum membrane load calculations it
is practical to deduce the maximum anchor 1oada. Figure 23
ghows the catenhary cable systems fzom which the cable 10&6}
can be calculated, bY equilibrium consideraticas in the
plane of the nenbrane.

da. T o—irgy (N6 . B 7.6
wheret T is the cabl§ tension,

6 iz the angle between the end of the cable

and a vertical plan..
1% ig the circumferential at:au. mlﬁltmt. ‘
b is ‘the distance hetwean anchoxs.

In this case a tension of 4,750 1b. is calculated,

nence, using the

usual safety factor for a structural cable

of 3.0, a 3/8 in. diameted galvanised aircraft cable is

gelected [1221.

A
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b) Foundation Wall o .
fhe final wall system i shown in Figure 2. The .

loads on the syatem aze shown in Figure 24(&)‘ The National
Building Code [117] indicates that a £actor of safety

againat overturning of 1.5 is requirqd in retaining wallt

A3

and similazr structures. ,
Considering ovc:tuxhing ljcads about A in Figure 24
for a 1'0% section of the wall, the overturning moment, Mo,
can be calculated as —
Mo = 1600 % 9/12 = 80Q x 3.79 = 1600 x 0.5 7.7
& i- 2632 lb.ft.
Thit must be supplied by eo?l preaiure, SP, in
the gurrounding earth, which Edr»an assumed linear increase

in pressure.with depth gives

se > | | S 18
i.@. SP > 1300 ib./sg.&&.
whicp is not excessive for the gravel £ill at a 4'0" depth,
{1171, ~ |
Additional safety is p&ovid.d_by the friction and
uplift forces in the soil, which are maximiac¢ §y pouxing
into the trench in an esxcavated condition, or in areas where
this ie impractical the back £ill muat be :ecompaqted on
completion of pouring.
s The reinforcement :oqui:ad was dcte:mincd as
described in Reference 39, with the ndditional p:ovilion

N

~G



=

asee Figure 24.

Trete was apecified.

o
"0
T WO _—J

of the :qqula:iy apaced aﬁir:ups which carry thg membrane .
loads to the foundation. The ﬁaiﬂ lcads heing carxied by
8 numScr 6 :einto:c;ng bars equally spaced within the croas-
section of the wall. -Vertical temperature reinforcement
being provided by pairs of numbexr 4 bars on 18 iach cenﬁ:ea.
A
Since the moat impo:tant p:opcrty requi:cd of thq
concrete in such a low load application ia w.tqht rath.:
than strength a standard construction (2300 p.a.i ) cone=

7.6 AIR FLOW REQUIREMENTS . | , %
The air flow aystem must igpply air to inflate, '
stabilise, ventilate and heat the structure, and contxrol

the pressure of the alr ‘within the structure. “The inflation
pressure éelected‘to: use arat |
) Py, 0.73 inch w.g.,-ig the normal operating
p:oslu:d for the syatenm, which is maihtained
at this level for wind up«dl less than ‘
30 m.p.h. Applyinq unatiun T and Figurea 1
L and 18 1ndicntal that tho structure would 1
be stable in windl of up to 32 m.p.h., when
inflated at Pl‘ _
i) Pz' 1.7% inch w.¢., is the opcrutinq prasgure

of the ayatem. which ie maintained at this
level for wind speeds greater than 30 m.p.h.
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A_achematic of the air flow systen which gatiaties
these reguirement® is p:esentod‘in-rigu:e §. The unit
' provides inflation for the air gtructure €O &WO operating
pressures, By apd Par {in this case ¥, = 0.7% imw.g. and
L2 = 1.78 inawegede Pl-ia the normal operating pressure
and P, is the deaign pressure under high wind load condi=
rions. The values of 2y and Po n:dfbont:olle# by presetting
the damping aystem Dy and D, In this case D, is shown
installed within the heating unit, with the primary infla-
tion unit, gan I (in 3 non=heated gtructure fan 1:would '
be similaz to fan ). . D3 has two presst values controlled
by a motor dzive uniﬁ. thlﬂ D, haa one maﬁﬁally-adjuated
lavel. ?ﬂe norﬁai oﬁeratinq pressuze ig provided by Fan I
kigh the damping ayntﬁm in its normal position. ?h:od
over=zide ayatemlt.cont:olled‘by presgure gwitches, Psl.a.a.

~ aze available for use in problen situations.

Under wind cpeeds greater than 30 m.p.he Psl is

e

Situat.{an i. high uind agr;i;du o ' ‘

clogsed, which in turd ﬁctivatel the damper Dy meving it to

ite @ora cpen position. Closing P8,y also actlivates Timexs

F‘ Ty agﬁ Tt Ty nolds the ayatem in this congiguration for -

* 18 minutes, and thereby ensures the stability of the systenm,
{¢ atter this time P8 i still clossd ¥p will be maintained

. tor a gubgsequent 13 minutes. -~Ts after 13 secondn.'nwiteheu

8, into a contrelling position over=riding Pd; whose

o

PRy

[P
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function ié‘described_in situation 2 below.
It should be noted here that the system is safe

under 30 m.p.h. wind loads-at Plf The purpose of the
ﬁighér pressure qép?ing is to pretenéion the structure R
before ény higher wind speeds-occuzQ' The location of | « .t
sensing devices should be made remote fromztﬁé-structnre |
Jif possi;ie, in order to be unaffected by it. -If this is
not practical then secondgry switches ar;und.the structure
or lower settings are advisable. |
The\:eacéion time in which the system changes
from Pl to P2 is usvally of the corder 10 secondé, which is
increased to 25 by the operaﬁion'of Tz, this tipe should
still be small enough to ensure the safety of the structure
in the Qind, which‘is unlikely'to double in speed in ﬁhis

-

time.

Situation 2, failure of Fan I to maintain required pressure
| Should therstructure's pressu%e fall below the
preset la=vel of P52 in the case of no:mal opeéation or the
levei of PS3.under wind load conditions, the switches acti-
vate Fan 2, which will supply additional inflation to ﬁ%e
system. A warning system is initiated dnd a holding relay
" will maintain FPan 2 in operation until the system is manu-

ally reset.
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Situation 3, pcwér failure to the system

In the event of-g‘power failure, relay 3 will.
close switch ss; and. start ﬁhe auxiliary gene:ator,.which ¥
will stpply power to the system. étandard syétems supplied
with the unit switch back to main supply on its restoration,
relays preventihg'the simultaneous supply from both mains

and generator.

To flnallse the details reguired to satisfy the'
alr flow requlvements it is first necessarv\to calculate
the air losses occurring at inflation pressure Pl' These
"have the following components: ‘ )
i3 Perimeter leakage: previous experience has

shown that a value of 6.0 c.f.m. is a , . o
reasonable estimate of the leakage through 1
a one foot 1ength'of,a catenary cable/:ype,

anchor system, when a 2 ft. seal skirt i

emploved in conjunction with a concrete

foundation at a 0.75 inch w.g. inflation
pressure. In this installation there are
558 ft. of perimeter resulting in a total

fperimeter leakage of 3350 c.f.m.

ii) = Leakage aroﬁnd airlocks; at Pl an air loés

of 14 c.f.m. is expected per foot of door

edge [28], which occurs in the 152 ft. of »

such "crackage” in-this application to

| d
C 1
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produce a leakage of 2130 c.f.m.

©iii)  Diffusion losses at P, account for .0045
c.f.m. per sg.ft. of meﬁbrane surface [34],

which for the 25,300 sq.ft. membrane is a
total loss of 110 c.f.m. ‘

The total loss due tg leakage, at‘Pl, is there-
fore 5,590‘c.f.m. In considering ventilation requirements
of one complete air change per hour, in the structure with
.an.enclosed-volume of 970,000 cubic feet, additional flow of s
approximately 2200 c.f.m. is required, i.e. a total flow
of 7,800.

The additional flow can be provided\by the intro-
duction of a circular vent.into the membrane as.-in Figure‘és.

Using Zguation 7.4 the required area of the vent can be

o Pirgll 3 iy W BULUNCIEF PV L35 <y ¢ To RN SRS B S

calculazed, [28],

AP

‘ - Q = 1096.5 CoAo —gz 7.9 .
where o] is the flow through the vent in c.f.m.,
AO is the area of the vent iﬁ ft.z,
b

AP is the differential pressﬁre in inches w.g.,‘
Cc is the coeffiqient of contrﬁction,
Cv 1s the coefficient of vélocityﬁ
Co = Co.Cv = 0.65. [23], and

ge is the demsity of air in 16/cu.ft.

rearranging Eguation 7.9,
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e = .
RO = 1356.5.Co - V&P . 7.10

_ 2200 .075
A0 = 73596.5.065 \}.75 _ - :

Ao ﬁ-976.ft.2, which is equivalent to a
‘ . 13.4 in. diameter circle. ' T

Once the basic'air flow, at Pl has been established

it is possible to calculate the increased. flow at P,.

Ecuation 7.9 indicates that the leakage losses will increase |
in thejratio 'JPZ/PI, or 1.53, hence the losses at P2 will ‘
bé 11,900 c.£.m. The losses throggh the seal skirt will be '
increased‘in a lesser ratio due to the increased sealing
effecﬁ on the skirt, since-no data is available on this
behaviour the higher wvalue is used. The standby air fan
nmust be able to supply these requiremgnts, and is selected
accordincly, al}cwing 15% oversize to accommodate the
approximate nature of the analysis. The pressure in the

final svstem being determined by adjustment of the damper

system D, in Figure §. The fan unit selection was mad?
using the characteristic chart shown in Figure 26. The
unit used is a 13,500 c.f.m. belted vent set, and has a

27 inch diameter wheel which is driven by 7-1/2 H.P.

induction motor, supplying air through a 4.2 sqg.ft. outlet
at 3200 ft./minute.

‘The main fan unit is an integral part of the

heating system, discussed in the following section where its

i
2
o
|

i

é

i
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size is finalised with reference to the reguirements of the
heat exchange system in addition to the wventilation and

air loss reguirements established above.

7.7 HEATING REQUIREMENTS

The 2-1/2% January design temperature for EBalifax,
Nova Scotia is 4°F., hence the temperature rise_fequired
for 2 minimum temperature of 65° within the structure is

61°F. Heat losses occurring under these conditions are

‘made up as follows:

1) Losses due to air flow, h,, depend on the
product of air flow, 12,000 c.f.m., mean

specific heat of the airxr 1.12 BTU/OF./ft.3

r

[59], and the temperature rise, i.e.

hf = 12,000 x 1.08 x 61

hf = 820,000 BTU/hr., and

ii) Losses through the membrane, hm, depend on -
the femperature difference,‘the area, and
the effective conéuctivity, 0, of the mem-
brane‘(usually defined for 15 m.p.h. winds),
and estimatéd for this membrane as 1.08
BTO/hr./OF./ft.0, il ' F

hm = 61 x 24,500 x 1.08

h
m

1,600,000 BTU/hr.

These losses produce the total heating requirement, E, as

i

BE=h_+hg ;J
= 2,400,000 BTU/hr. : S -
\ _
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. The total heat regquirement 6f 2,400,000, suggests
the use ofla 2.5 million BTU heater. Many standard, ihdirect }
fired, recirculating heaters are available. In the present
application the over-riding consideration in the choice of
the National Champion Unit was delivery time.

The stfpdard unit is ecquipped with a 15 E.P.

motor to provide the necessary £flow of 21,000 c.f.m. over

the heat exchanger at up to .75 inch w.g. back pressure.

s 1t fun- g+ ape-opmis- f vt BRATY VLY DT W T - S

To accommodate higher back pressures, the fan system is

modified bv increasing the power supply to 20 H.P. and by

e ZnToiiah

changing the fan wheel geometry. The unit may be modified

i

to use either natural gas or oil. In this case the natural
gas was specified.

In this particular iqstéllation the purchaser of
she air structure had an in-plant auxiliary power supply,
which had sufficient capacity to support the full require-
cents of this air structure. The control system designed
for use ir this structure was described in.Section 746

except that the auxiliary power switching was not required.

7.8 LIGHTING SYSTEM

Thg_white membrane is‘sufficiently translucent
%_to allow nétural lighting to Se used in_the daytime.
For‘nighttime use, 50 ft.‘candles of argifical lighting
;re suppli?d by 24 mercury arc units, manufactured by

Westinghouée Canada Ltd. for use as floodlights. The
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lights are mounted in pairs on portable standards within
the structure.
Basing alcalculation on 80% }eflectivity of the

light from the membrane [37]

24 kw. at 52 lumens/watt provide

1.248,000 lumens.

|
1
)
t

of which 80% is reflected ané distributed over the 118' x

168' structure,

1,248,000 x 0.8 _
T18 x 168 = 50136 lumens/f;._

Final location and adjustment of the lights to ensure
even discribution is determined on installation.

7.9‘ ACCZESS

Airlock and@ emergency exit locations are shown
iz Tigure 20. The airlocks, Figure 27, utilised metal
buildings mandfactured by a company near the site. An

lnterlock system lS incorporated to prevent szmultaneous

-

door openlng. The airlocks are mounted on concrete decks

_nteg“al with the main fourdatlon.

The flre exit doo*s utlllse standard kalameln fire

doors,. mounted in a welded steel frame. The doos are

a o b —

B,

self-closing using a counter welght. The frame is attached
, : -

SR VP
i}u‘i.a-;td.t_
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’

riéidly to the foundation wall which removes the need for :
outside braces on the frame which are often necessary to'
suppoﬁt the door frame.

| The transiticn pieces for béth airlocks ané exit
doors are attached +o the hardware by the detail shown in
Figure 9(i), which provides a simple air tight joint, as
the Zfabric tension pulls the roped edge taut against the
strip. The cable arch is approximately in the form of a
semi-elipse which effectively carries the full fabric
tensions across the discontinuity in the fabric. The cable
tension i$ 23,000 1lb. for the larger span, a 3/4 in. gal-
vanised a2ircraft cable is used to transmit the load io the
foundétio:,-which has an oversize anchor to ca{;yrthe in-
c:easeé load.

| The traﬁsition pieces are patterned to allow

che motizcn of the structure under wind loads, as discussed

j
f
!

in Section 4.7.

7..0 CONSTRUCTION AND INSTALLATION

The patterning of the structure is accomplished
vsing proprietry technigues. The fipal ‘'structural shape
involves large areas of single curvature involving £lat
sanels with approximately straight seams. The main struc-

cural ?anels being cut and marked in 4 days {2 operators).

Patterning and cutting of ductwork and transition sections

Pir e Pt v

jnvolved a further three days, during which time ‘assembly

e e a
rreTy

““;“‘—-‘&_‘_
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of the structure haé started. The assembly absorbed 15
days, of full time effort by a "skilled” welder and helper,
with longer manpower of up to 20 'being recuired to mancevre
- larger sections as they were campleted. The structure was
asgembled from 56" wi@e material using 1-1/2" wide welded
-

seams. The catenary arches are fitted to each panel before
assembly using a 3" widé welded seam. The transition pieces
are similarly attached to the émalles£ practical section
to reduce handling problems.

rThe cables are fitted on site, after the struc-
ture is spread out in its final position. Whilst it would
be advanté;eoﬁs for factory content to coverrthis task, it
cannot be done until all welding is completed because of
the large indﬁced currents caused by the welding process,
and space réguirements are such as +o make the additional
handling time uneconomical.

The 1-1/2" welds are tested in Section 11.l1 and
showﬁ to b2 as strong in tension as the parent fabric.

| Installation at the site Qas done by Halifax

sub-contractérs who installed the"heating equipment; foundaj
.tion airlocks, fans and controls before the membrane arrived
on site. The emergency doors were made by a Hamilton company
and shipped with.the structure. On site final assembly
was supervised by one nember of the manufacturer's personnél.

The procedure involves:

i) Locating and spreading the membrane,

VI
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iii)

iv)

93

Attaching éhe'catenary cables to the mem-
brane ahd.the foundation;

Lifting the membrane over the airlocks and
fa?tening transition piecés and ductwork.
Inflation, tésting and inspection of the

system, which is functioning satisfactorily.




8 CQMPARITIVE DESIGNS -

4 In this chapter four air structure designs are

described in.the areas in which they differ.significantly ' E
~ L4

* from the structure in Chapter 7. | '
Figure 19 illustrates a sectioﬂ throuéh a constru- ?

ction shelter used by the Canadian Ministry of Transport

for the installation of radar eguipment. The detail differ-

ences occur because the structure is temporary in nature, .

has an exposed site, and 1is épherical. The differences

are: _—

i) Ground sScrew anchors or concrete friction
piles are used as the foundation, depending :
on the loﬁation.

ii) A field jointing system is utilised to enable
the structure to be removed f:oﬁ the completed
installation.

iii)  Localised@ heating within the structure 1is

accomplished through the use of infra-red

radiative heaters.

iv) The fans and the generating unit are located

inside the structure. !

and v) The fabric used has-extra additives in its 3

p.v.c. coating to provide extra flexibility ‘ l

94 a
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2+ the extremely low design temperature of
-40°F. S
;Alternative'golutions for prdblems'éf extreme
conditions are  discussed by Weitz [12%]. .
?he smali structure shown in Figure 28 was installed
in Waterloo, Ontario early in 1974, as a'dcmestic swimming

pool enclosure. The small size of the structure allows the

following design differences: . &

i) Continuous fastening of the membrane to the
foundation can be used at 2 decreased cost
over a catenary cable system becausé of the .
small loads involved, and the lack of manu-
facturing ﬁrobléms in holding design toler-
ances over the small length of the structure.

The ratic h/d is greater than 1/2 which is

l-!
}J-
Nt

-~

unusual- in a cylindrical structuig) but
again because of the small size of the
structure problems of stability do not arise.

iii) The entrance to the structure in this case
is a simple fabric door on 2 polyethyle#e
frame, suspended from the membrane. The low
frecjuency of use limits the time the door
is open and ainimises any associated aix
loss. '

iv) The sizé of the structure limits maximum

stresses to about 200 1b. per foot and by

T T
TR TRAT ek Bl wpca - -
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s a i)

using a fabric of initial strength 380 1b.

[EPPLV T S .|

per inch, a design life of about 15 years
can be exﬁected. Damage due to handling .
during installation and ;nnﬁal remo#al will
probably be the limiting factor on the‘life i
of thé structure. ' [
The foundation design shown in Pigure 29 was- i'
.préposed for use in a pulp storagé installation in Qﬁebec. 1
Sténdard doors and air ducting equipment could be mounted ;
3

in the full helght of the wall used. As in the warehouse

structure this wall was reculred to protect the membrane

e ) b

from contact‘'damage with a front end loader. A similar_
design was utilised by Dent [118] to accommodate 2 safety
net system tqeprevent injury to occupants in the event of é
a catastroshic collapse of an air structure used in Black-
pool Zco in the U.K. The system's foundation allows maximum

use to be made of the weight of the wall and the backfill 1

on the focting, and reguires minimal material usage on the

_ foundation itself.

-

The structure shown in Figure 17 is not of the

author's design. It was fabricated in 1974 by Baracuda-

verken, Djursholm, Sweden_and‘iﬁstalled in Hamilton, Ontario. :
The structure is 400 ft. long, 140 ft. wide and 42 £t. high E
at its centre. The structure is cabled by a parallel system Eg
of 7/8 ineh diameter cables on 20 ft. centres. By intro- s ¥t

ducing secondary curvature the membrane stresses are reduced




in this case to about one third the level that would exist
in a ;imilér uncabled membrane. This is believed to be the
first structure euaéfbgilt with this.particular configura-
tion [119], a variation of one Suggested by Otto, [3]. An
analysis of the structure using=a sigii?r approach to that
outlined previouSiy and the same factor Cp of 1.05 pﬁoduced
the followiég fiqures, for a 60 m.p.h. wind load, (noc gust-—
ing allowance), and the 2 in. w.g. used to inflate the
structure: | >

i

Maximum fabric stress = 400 1b./£ft.

Maximum cable load 27,000 1b.

The initial purpose of the analysis had been to
estimate the bending loads on the 1 inch diameter bolts
vsed as shackle pins for the 1/8 inch cable. Applyving’

elastic —endéing theory to the pin indicates that it would

need a vield stress of some 380,C00 lb-/in.2 to prevent

'
a4

ielding vnéer a 60 m.p.h. wind. Subsequent inspection

0f the szructure after such a wind had occurred showed

shat several of the pins had in fact yielded. The pins

were subseguently replaced by 1-1/2 ingh diameter bolts.
This analysis allows two conclusions to be drawn:
1) that the ana1y§is used produces reascnably

accurate results, and

1i) the structure in guestion was designed with-

out due consideration of wind load.

LLA
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This structure i;lns;rqtes the problem of stability
menticned earlier in this wﬁki. During installation the
structure in question was inflated to 1/2 inch w.g. for a

. period of several days; at this préésure and ﬁndér wind

. loads of approximately 25 m.p.h., an instability in the

(Rl

\
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form of waves traversing the length of the structure at

i p-_u'l!i

between 5.and 6 cycles per 'minute. This low stability at

low inflation pressures gives some measure of the struc-

ture's stability when fully inflated. If the natural
frequency of the membrane is assumed to depend on the root

a

of the membrane tension, which is in turn related to the

e s

pressure difference across the membrane, i.e.

F =JK§ - .KzJ(Cp-q +P.) 8.1

where  F is the natural frequency of-the membrane,

PR Py PE

K, and K, are constants,

-~ . F:

N is a measure of the mean membrane tension,

g is the stagnation pressure of the wind,

Cp is the mean wind pressure coefficient for
the complete structure, and

Pi is the inflation pressure.

This instability will be excited when the wind

speed is in fixed ratio; K3 to the freguency F, i.e. when IR

. 1
e bt k.

F = K.V . ' 8.2 3
where K is the wind speed. i

3
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Substituting for V= 25 m.p.h.,and p;= 0.5 in. w.g. in

Bquations 8.1 and 8.2 produces values of XK, and K ‘which *

 can be used with Equation 5.1 to predict that the structure

will beccme unstable at wind speeds of approximately 50 m.p.h.
Uncabléd‘structures of similar size aré sFabie under both -
sets -of conditions mentioned above ., the instability in

this case being attriiutable to the increased weight and

the decreased tension of the cabled structure, whi;h must

be compensated by higher inflation pressures. In the

case of this particular structure a design.pressu:e of

L]

2.75 in. w.g. was specified [8].




9 CONCLUSIONS

This study has shown:

1. That air strﬁctures are feasible for iow cost,. large .

span temporary or semi-permanent appllcatlons.
2. That p*ac ical deszgn methods ex;st, which provide ;
acceptable solutions. - ' F
3. That certain limitat;ons exist in these methods such
as: g - |
a) Exact wind loads ¢annot be predicted unless improvea
testing methods ére appliea.
#//b) Material properties cannot be predicted unless

izoroved understanding and measurement technigues

ave developed, particularly in the areas of response

PR AR TS Fuil PUNPIT- LS SRR

+o biaxial loads and aging. 3

c) Exact analysis will have to incorporate 3a) and
p .

35) together with allowance for the effect of the

enclosed alr space.
4. That loss of stability could be the ultimate size

1imitation on single span air structures.

5. That potential axreas of further development include:
a) The analysis of the statistical nature of wind 3
loading as applied to the decay in physical

propetties of the mexmbrane materials. ' : )

100
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b) Stability analysis of membranes, both local (wrink-
ling) ané structural, as initially investigated -
by Yokoo et.al. [120].

c) - Analysis of the effects of large transient tempera- g

ture gradients on membrane materials.

Y]

d) Development of low cost insulating materials for
air structures. ‘ ' . ' {

e) Improved wind tunmel studies perhaps with an exten-

PRSI PP P VT

sion of boundary layer testing applied to flexible
photoelastic models developed from the rigid mbdél,
laminar flow tests of Donaldson [121].

If air structures are to‘be accepted in Canada then a
_code modelled on that in use in Japan, with the Canadian
Structural Design manual's approach to wind loaaing, would
ke an ideal base to promote fair ébmpetition betweén.thé-
manufacturers of air structures, andiE%uld improve thelr
reliabilitv and increase the acceptance of air structures

1
preventing failures such as that described in Section 11.2.

.
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FIGURE 16 ELEMENTAL CYLINDRICAL SECTION WITH
ONE  PRINCIPAL CURVATURE.
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FIGURE 25. AIR STRUCTURE VENT AND LIGHTING.
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11 APPENDICES

11.1 FABRIC TESTS

Objcctibea \gab :
To astaxzlisgh: .

) Uniaxial stresas strain curves,

“11) Uniaxial strengths}
.. - ] Wy )
- i} Seam strengths for 1«1/2 in. welded seams,
.‘ (5N
and o

iv)  Tear strengths for the three fabric samples

described below.

Matarials
L) Bar&cudaverken #1599, a plain weave polyvater
fabric of 6 oz. per square yard coated with
p.v.c. to a total weléht of 25 oz. per aguarc -
yard, in as new condition.
ii)‘ Aa above, aged 18 months, under ld&d in

Hamilton.

" 4i1) Shelter-Rite #7028, a modified malimo weave
of 7.5 oz. per aguare yard polveatex fabrie,
coated with p.v.c. to a total weight of

28 oz. pur aquare yard.
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Mathods o B i
1) The tenaile teata of fabric‘and weld wero
éarried out in accordance with ASTM method oo
¥ o DI683 (911, tenaile testa for fabrica, In . L ,
thia.teat an 8 in. x 2 *n. rectangulacg
apecimen i8 gripped in £lat jaw:..éith a
~gauge length of 3 in.. and is extended to
failure at 2 in./min,
il) The tear teata followed ASTM method D2261
g ‘ . c- {45!, Thia test involvea the propagation
'cf a tear aa the extenaion of a 3:;?2 in.
alit cut lengthwise down the centre of an ‘ ;
- 8 in. x 3 in. :gecimqqg The toﬁguea pio- .
’ o jﬁf duced are gripped im the jawa of the testdng
. machine and the specimen axiendad. ‘ "
An Inatron recording te&fing machine waa u;ed in
the teats, with a croasshead speaed of 2 iﬁ. pertminute.' |
The teat differed Eébm the ASTM atandards in that
s120e ¢loae Aq"eemaggsbetween feaulta from pai:a of asamplea
waa ubtnined the minimum number of teata auggeatad by the
& EhﬁﬁaqTﬂ were not conpleted: further ainge eall roll widtha
ES ) uauai;;xaged i atructurea aamples were not llndtad o
~ the central portion of the roll as auqqeated in ASTN. tNo ji
{ .d ﬁf@renca beﬁﬁean theae aanples. wag noted Yy ?H\?
. . Reaulta of the :3&?& ave presented in Eigurea

A . . -

¥E . 30 and 3;.*hnq sumariged aa Table 5.
o AT : o :

-




Concluaiconsa

1)

i)

1:i)

iv)

s
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All the measured uniaxial tensile gtrengtha

had valuea in exceas of the manufactures's
7
specificaticns.

.The tear tests did not produce tearing similar

to that occurring in a atructural failure.
In both types of fabric tegted the threads
tended to rope up and break away fr the
coating rather than failing rdpidly in suge=
egslon. Ihcreaainghthe teat gpeed to the
maximum available did not influence the
results. Tear propagation apeeds of 600
ft./sec. are reported in recent literature
on. fabric failure [34]. |

The malimo weave fabric had better low aspeed

tear atrength than did the conventional woven

fabric of similar weight.
The zample aged 18 months had not aufferred

algnificant lostses to itz tenslile atrength,

" tear strength had reduced by approximately

108. "Decause of the influence of the coating
on the -thread motion in the tear telt, it is
to baiaxpectcd that the tear teat will be
nore ;onaitive to aging tﬁan iz the tenslle

teat,

ki
|
]
1
'
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v) More acatter was noted in strain ﬁo failure
than in stroga values at fallure. This caﬁ g
‘be attridbuted to diffu:anlinL:ial goomatTy
between eamples. ' -

vi) . The welds weore ghown %o be stronger than the

bagse fabric, which failed away from the

——— 2 PR

geam in all the testa. Thiz increase in

R .

. measured atrengthn over thome noted in the
tenaile tests can be attributed to the iy-'
creaged strain in the coating which increaszes
the ability of the sample to redlistrzlbute

loads hway from the ahorter threads in the

sample.

11.2 AIR STRUCTURE FAILURES

;
i

!

B
!
.
i

2% tho four air structure failures mentioned below
two\we:o.causod by membrane aging.‘ono by defective membrane
maéé:ial and one by a deaign/maintanaﬁce Qrror.

The Harvard Univeraity track and £ield houge which
.Qéa ;qst;lled in 1968 failed in the spring of 1974. The
strusture was damaged beyonqi?epair in high windas. S&ince
she membrane waa in its sixtl year of use such aging of the

. !
seve@, coated nylon was to e expected. Damage to stored

equipment could have been avoided by inapecticn of the atruce -

tural material. s

In Torento a tennis court structure failed in the

»
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gpring of 1973 in ite third year of uge. This structure

was also p.v.¢. coated nylon. viaual'inspoction ol the

membrane showed that‘:he cuter ccating was cracked over
‘:;%arqe areas of tho‘st:uctura expoaing the nylen to moliature

.which would accelerate its aging. This atrucﬁure was

occupied at the time of failure, under high (35 m.p.h.)

winds. The occupanta whe were unhurt describe the faillure ; )

e A b et em o, e e e s

as a rapid tear opening the structure acroas its centre,
and causing a loud report{l05]. It is probable that the
toar started at localized damage caused in the annual rein=
atélling of the structure. The tear would prgpa$3te oan;ly
through the aged\§dbric. Such aging of coated nylon fabrics |
{s not uncommon, and can be attributed to their greater - | o
extenasion Pnder load cavsing higher stresses in the coatling ﬁ
than would occur when the same coatinge are applied to =
polyeater, Viaual inﬁpaction would have ghown cracking and
the risk of injury to occupants could have been aveided.

A material deficiency contributed to failure of a
Miniatry of Transport shelter only two weeka after initial
‘{nstallation. The shelter wae inatalied in Northern Alberta
and waa unattended uﬁqn failure occurred, under winds of

cover seventy miles per hour and tumperaturé'ot lesa than

-so%r. Structural damage to the structure and contents wat
extonaive. It was postulated that snow had blocked the air
{intake to one of the structure's alr supply aystems which

dropped the operating presaure of the atructuze, which under
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thclextrome wind and low temperature waa damaged by ungtable
motﬁsn of the fabric, which it was shown later had become
brittle at the low temparature. Since tha fabric had been
gpecified ae for its low teﬁporature flexibility to -67°F.,
the suppliers of thé atructure'and the fabric were held

responsible and replaced the structure.

e - AT e = B

The failura‘¢ue to design and maintenance problems . !
occurred in a structure in Kamilton in January this year. |
The failure ocgurred in the aarlykmo:ning, gecurity peraonnel
on the aite, a half mile from the structure reported a léud
report being emitted by the structure. wind apeeds of
87 m.p.h. were recorded [8]. Inspection of the atructure
ghowed a horizontal tear in the membrane for about 90 EE.{
adjcining_igar: had'ﬁropaqated over the atructure akt two i@
reintordinq\bandu.“ An airlock cable and a reinforcing bar
anchor had aleo !ailag.:'Sea Mgure 33.

An‘analynid cf the membrane tension shows that
mean design loads of 1400 lb«/ft. hoop tension in the mem=
brane would be acceptable. These loads would be reduced
2y 13.5\ if equal streases occur in the reinforcing strapa
AR oseur in the membrane, which is the game material.
\pplyinq theze reduced loade to the catenary cable (Figure-

:2) for equilibrium gives from Dquation 7.6

T = N¢ « b/2.ain0 ‘ \
« 17,300 1b. . ‘
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A 5/16 dlameter cable had been uded which haa a
maximum breaking load 9,000 lbs., a zafety factor of 3 is
commonly applied to atructural cablea [122]. The following
mede of failurcviﬁ therefore suggested.

Aftor the failure of the cable, at a previous

'apair. the fabric above the airlock would begin to move

!
!
{
'
[
i
1
|
I

upwgrda. at the aame time %oada previoualy‘carriac by the
¢able would be transferred to the areas of the membrane
surroundihg the airlock, hoatly the reatraining bands.
The band anchor waz unable to carry the increazed load and
broke at its cornera. The fabric's upward motien éguld be
restrained by the shorter section of the tranasition piece,
and the hi;naly localised shock load would initiate the
horizontal ﬁear inﬁtha membrane. The vertical £eara prob=
ablyv occurring due to 2lapping of the locse membrane under
the wind 1-ada aa i£ wouié,be lifted againat the restraining
bands. .
| Contributory causes to the failure were therefore:
) The small diameter of the cable, which would
gupport the structure only if wind loads were
not considered.
i1}  The repair of the cable after a previocus
break, which. only alightly damaged the membrane.
44 The :cinforcing band atirrupa had right angle

bends, (non-atandatd const:uctioﬁ\pract&cq)

which could initiate cracking of the bars. .
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iv) Lack of fullness in the tranaition plece,
which would have allowed extra loads to be //‘
carried by tho main membrane areas agound

the alrlock.

1
!
i

v} The low temperature, which'embrittlas the
fabric to a marked extent. It'a probable
that, the higher temperatuzre at the time of
the previcua cable fallure contributed to

. pravantion-of failure of the structure at

that time.
vi) The gtructure wag inflated ﬁo only 1/2 inch

w.Q. at ghia preseure applyina the previous

stability criteria the structure would only

be atable up :E.QO,m‘p.h., which could cauac'
wavea to be formed and travel over the mem=
brane whiéh could have initliated the fallure.

Knewledgeadle inapection of the structure on its inatalla«

tisn would certainly have prevented ita failure. -

.

11.3 DUILDING CODES = A SURVEY

canada |
| The Canadian Nuilding Code mentiong air structures

~ briefly., fqueating:

~

1)  that the secondary inflation system be
gufficient to malntain the system under

emargency conditions, and

-~



170

1i) that conventional firuv prevention ueparationa
betwean bulldings be utilized.
{A brief descriptlon of Adr Stzucturesa wad given by Lutea

[123} in the Canadian Builélnq Digesat.)

Weat Germany

In the German code [124] in addition to inflation
ayatems requirements and location :equirehenta, maximum
structu:e gizes are included,. together with standazd ;nfla-
tion ﬁrcaaures up te 0 kp/m2 being required for structures
ovér 8m in helight. Membrane stioaa‘calculationa are baged
on simple thin cylin@ar analyvels, with_no'allowaﬁca'tor end

con@itiona. i.0.

‘No = (Py = Pa) R 1.1

Nk = (P, = P,) R/2 \ 1.2

where, P, is the inflation pressure, . -
D, i@ the effective wind lcad preasure,- and

R is the radiuz of curvature of the membrane.

or on similar analysie for sphexical structures, a single

Cp value Lu specified for all conditicns ag<0.9, i.e. ;

Pa L -°cgq- - .
Safety and occupancy requlations are alse included.
Snow loading figures are also given but nggd not be conai@e:ed

1¢ gnow removal ie provided.




Japan

Japan hag the moat comprehensive conatructionsa
atandard conalating of 56 pages rvelevant to alyr structuresd
and la mandatory in application, [l28].

In addition to the usual bullding code requirew-
mente of access, fire safety, ocoupancy and maintenance,

doaign'apeéiticationa are given and are summariged below:

i
|
|
i

1) Maximum wind loads ave specified for a range
of atructures, gust lcading belng based on
conventional buildinga at 1.5 x g and the,

- Cp valuea varying with structural shape and
; being equivalent to thoase of Dletz (a@].
Dagic atress analyeis gimilar to Rquatiena

11.1 and 1ll.2 being applied.

s
o~
—

Materials which are acceptable for uae muat
Vsatiafy Japanese fabric standarda aa muat
any cableas or ropes uszed in the conatruction.
gafety facters of frem 2.5 to 3.3 béing ve~
quired for the membrane and ité jeinte, and
3.0 for cables and ropes.

iy Internal preassure values similar to those

discusaed elsewhere in the report are speci-

fia&; dependent on the héiqht of the structure.
iv)  anow loada ave dqﬁailed with provision being

made for their applicatien, or not;-dapendinﬁ

upeon structural usge. -
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v) Anchor and foundatlon requlirements are made
based on Dletz'a reuﬁltﬁ.

vi) Minimum specificatlona are made on tha quadity
and type'of inflation equipment,more than
two fana being the requiéemant for any occu-
pled atructure for example.,

vii) Maintenance and inepection are required on a

regqular basia, as are materiala tesating

before lesue of annual permita.

ot

U.8.A,
| In the U.9.A. the CPAI have a suggested atandazd,
[116], wis™ basic design astresa tables, which ignore uuch
variablee 23 location or atructural shape. Miniﬁum atand-
arda are :ujgested for industrial adoption, cover anchor
loada, ani fabric loads and generaliaed pattacninq proced=
urega, Minimum inflation preasure of 1.5 in. w.g. 18 nuqqeﬁted
for all inatallations, :
Daaic regulatigna covering inflation dyatems,
inapectieon (viauwal), exitways, flame reaistance are covered
in the geven page publication.
The U.g. is the only country whose fire safety ‘

| codes diacuas alr structures specifically in detall. Inde=

pendent teate on full scale atructures have shown excellent
pehaviour in smoke removal and atructural atability, in fire

as eacly as 1967 [01,126], and CPAT [116] veporte no fire
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damage in over 1700 structurea over a three year perlod.
California was the firat atate to accept air structures in

1973, it {8 expacted tpat the othuer statea will tollow .ule
in the future. '

quc * s

While Dritaln haes an official atandard it iz more
brief than that of the CPAI and requesta that deglon speci-
fications and methods be aubmitted with permit requests, in

the areaaoutlined in the other codes, [127].

. France

Prance haas'a code aimilar to but even more brief

than that of the U.X.

fiwaden

ki -y S

Sweden's code la aimilar but like the CPAI's

standard it is the result of industrial co-cperatlien and

ig ~on mandatqry, [12%91.



