
Wire meshe s ma y b e use d i n application s suc h a s aviaries ,

where openness t o light and ai r i s required i n combinatio n with th e

toughness of steel. Wire meshes include both grids of closely space d

interlocke d wir e rope simila r t o cable net s an d heav y wires inter -

woven in the manne r of chain link fence.

Cables and Fittings

Cables ar e ke y tension-carryin g elements in fabri c structures , criti -

cal to their stability, shape, and load resistance. Cables, like the fab-

ric itself , are selecte d fo r thei r strengt h and durabilit y characteris -

tics. Their flexibilit y (i n accommodating required bendin g radii) and

appearance also play a role in the selection of cable materials .

The most commonl y selected cables use high-strengt h steel wire

rope, i n whic h individua l wires are woun d int o strands tha t ar e i n

turn woun d int o completed ropes. In typical configurations , 19 or 37

wires ar e woun d int o each o f the seve n strand s tha t for m a  cable .

Wire rope combines high strength (ultimat e tensile strengt h of up to

1,900 Mpa ) with relative flexibilit y and ease of handling. At connec-

tion points , the ropes can be shaped to radii of about 15 times cable

diameter wit h no reduction in allowable stress (ASCE 1997). Their

flexibilit y adapt s t o the tightes t radi i require d a t catenary , valley ,

ridge, o r radia l application s an d accommodate s reasonabl y size d

saddles where the cable mus t bend around steel fittings . Wire rope

can be rolled t o package readily fo r shipment to the site, and i t can

be manipulated into position with relative ease in the field.

Where less flexibilit y is required , designer s ma y select stee l

structura l strand , i n whic h larger diamete r wire s ar e woun d into a

single stran d tha t forms the finishe d cable. In general, strand s hav e

slightly highe r tensil e strengt h an d stiffnes s tha n wir e rope o f the

same diameter , bu t the y can onl y be ben t t o a minimu m radius of

about 20 times cable diameter without weakening. Their characteris-

tics are well suited to uncurved guy or tie-back cables.

Tensioned fabric structures also provide limited applications fo r

steel tensile rods , formed o f a single round or rectangular cross sec -

tion withou t individual wires. The use o f tension rods i s limite d to

applications where no curvature is required and where the inflexible

length o f the ro d does no t presen t a n impedimen t to shippin g an d

handling.

On smaller structure s usin g vinyl-coated polyester fabrics , par -

ticularly those for temporary or demountabl e applications, polyeste r

webbing may be use d i n lie u o f steel cable s bot h to reduc e initia l

cost an d t o provid e excellen t flexibilit y for tigh t radi i an d eas e of

handling. The limite d strengt h and stiffnes s o f webbing restricts it s

use t o application s wit h workin g loads o f 80 k N or less, usin g cur-

rently available products , and assumin g a webbing width of 100 cm.
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Durability is a critical consideratio n i n cable materia l selection .

Steel cables , particularl y i n exterio r applications , mus t hav e ade -

quate protectio n fro m corrosion . Thi s protectio n i s critica l t o th e

durabilit y o f the cables , bu t i t als o serve s t o preven t stainin g of

adjoinin g fabri c material . Thi s i s mos t ofte n provide d throug h th e

use o f galvanize d wire . I f manufacture d to ASTM standards , rope s

with "Clas s A" zinc coatin g on al l wire s ar e generall y suitabl e fo r

interior an d mos t exterior applications , whil e severe exposure s ma y

employ Class B or C coatings on outside wires.

Stainless stee l cable, althoug h i t has highe r initia l cost , ma y be

used wher e a  highe r leve l o f corrosio n protectio n i s required , o r

where th e clea n an d high-tec h loo k o f the material' s brigh t silver y

finish is  desired .

The us e o f webbing eliminate s th e corrosio n dange r associate d

with steel cable . Durabilit y is limite d b y the effect s o f UV radiation

on the polyester material , however, generally limitin g its effectiv e lif e

span to 7 to 10 years.

Cable fitting s shoul d b e o f a typ e a s require d t o sui t projec t

detailing requirements (se e Chapte r 6) , and fitting s may be stainless

steel, galvanized, or painted, a s required t o suit aesthetic , budgetary ,

and durabilit y requirements .

Supporting Elements

Fabric roofs, like al l tension-base d structura l elements , requir e com-

pression an d bendin g element s t o suppor t the m an d brin g thei r

forces dow n to grade. Support s ofte n provide , a s well , a  mean s of

applying tensio n t o the fabric . Reinforce d concrete , wood , and met -

als al l hav e th e abilit y t o provid e tensio n an d bendin g resistanc e

economically, and each ha s foun d application s i n fabri c roof suppor t

(see the photographs on page 84) .

However, th e majorit y o f fabri c roof s rely fo r thei r suppor t o n

structura l steel, a  materia l tha t is readily an d economically availabl e

in cros s section s o f high bendin g an d compressio n resistanc e an d

that i s readil y transportabl e an d easil y erecte d i n th e for m o f over-

head arche s o r tall ground-supporte d masts . Anothe r factor weighing

in favo r o f the us e o f steel is the precisio n wit h whic h it can b e sho p

fabricate d an d therefor e interface d accuratel y wit h a  carefull y pat -

terned an d fabricate d fabri c membrane . Steel provides , a s well , an

appropriat e visua l marriag e t o fabric , wit h smoothl y texture d sur -

faces an d slender cros s section s tha t use the material' s hig h strength

to advantage .

One o f the definin g characteristic s o f tensione d fabri c roof s i s

the numbe r an d complexit y of thei r connections : fabric , multipl e

cables, and supportin g element s ar e ofte n joine d a t a  singl e point .

Steel, as a  materia l tha t can  readil y be  forme d in  varyin g cross sec -
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The Buckingham Palace Ticket Office

uses straight an d curve d timber

elements to gracefull y suppor t the

roof canop y of this seasonall y erected

structure.

tions, or cast, cut, bent, rolled, punched , welded, o r bolted, i s above

all else a  materia l tha t facilitate s th e comple x demand s o f connec -

tions. It may be this feature that provides the most compelling ration-

ale for the mergin g of steel wit h fabric .

The natur e o f tensioned fabri c roofs doe s no t generally creat e a

demand fo r steels othe r than the mil d carbon steel mos t common to

construction . Finishin g of the materia l can be critica l t o its success ,

however, particularl y i n application s wher e the supportin g structur e

is expose d t o th e weathe r o r i n unusuall y dam p interio r environ -

ments . Galvanizin g generall y doe s no t provid e a n appropriat e

appearance, s o painting must be done usin g materials an d processe s

that ensur e adequat e corrosio n resistance , an d fiel d worker s mus t

use specia l car e i n avoidin g impac t o r othe r damag e t o finishes .

Where stee l interface s wit h othe r materials , suc h a s aluminu m

clamp bars , specia l car e mus t be take n to isolate th e tw o material s

against th e effect s o f bi-metalli c corrosion . I n additio n t o potentia l

long-term effect s o n the strengt h o f the structure , corrosion present s

the dange r of unsightly staining on light-colored fabric s and mus t be

carefully guarded against in design.

84 TH E TENSIONED FABRI C ROO F

https://www.civilenghub.com/ASCE/143752345/The-Tensioned-Fabric-Roof?src=spdf


Contemporary tensioned fabri c roof structures are successors t o a tra-

ditio n o f ten t buildin g tha t date s bac k t o prehistori c time s an d

include s mor e recen t tent s fo r circu s an d militar y applications .

Emerging technologies, however, make these contemporar y structures

fundamentall y differen t fro m thos e create d a s recentl y a s 3 0 year s

ago. Newe r materials ensur e fabri c lif e span s i n excess o f 20 years ,

even i n hars h environments , while meetin g stric t fir e safet y stan -

dards. Hig h ligh t reflectivit y and natura l da y lighting provide energy

efficienc y i n war m and brigh t climates , whil e evolution s in translu -

cent an d flexibl e insulatio n provid e th e opportunit y for improve d

energy performanc e in cold climates , a s well . Recen t design s hav e

provide d R  value s o f 1 2 o r greate r whil e maintainin g sufficien t

translucency to eliminate artificia l lightin g under ful l dayligh t condi-

tions. These development s have given tensioned fabri c roofs applica -

tion i n permanent , high-occupancy , enclose d structures , an d i n

buildings where energy-efficient , conditione d spaces ar e required .

While material s advance s hav e improved many measures o f fab-

ric roof performance , it is newer structura l design methodologies that

have been instrumenta l in the evolutio n of traditional tent s into high-

grade work s of architecture . Wit h thes e methodologies , a  construc -

tion genre tha t wa s once restricte d t o conventiona l ten t shape s and

hampered b y wrinkle d forms an d unreliabl e behavio r has evolved to

one o f porcelain smoot h surfaces of wildly divergent shape wit h pre -

dictable performanc e under all environmenta l conditions.

This chapte r provide s an overview of the shapin g and analysi s of

tensioned fabric membranes using methods that include hand compu-

tation an d physica l an d compute r modeling. The mathematica l com-

plexities o f these method s are o f limited interest t o most readers an d

are well documente d elsewhere; therefore , they are not included here .
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By measuring the form s of soa p films

stretched betwee n fixe d boundaries ,

designers learne d to mode l the

shapes o f uniformly tensione d

membranes .

Source: Larr y Medlin ; used with permission .

Non-numerical Shaping Techniques

Up t o the 1960s, ten t shapes emerge d fro m th e gradua l evolutio n of

previously realized forms , wit h model studies and simple hand calcu -

lations used to evaluate shapes an d structura l adequacy. The German

designer Fre i Ott o developed th e us e o f physical modelin g in mem-

brane roo f design . Hi s best-know n models wer e thos e mad e usin g

soap bubble s (show n above). Soap fil m models have several definin g

properties. First , i n stretching themselves between any rigid edges or

supports (analogou s to the cables , arches , o r masts i n a  roof) , the y

always for m th e shap e havin g the least potentia l energy. In essence,

the soa p fil m relaxes , findin g the shap e tha t minimize s the overal l

tension i n th e soa p membrane . These "minimum-energy " surface s

have tw o othe r interestin g properties : (1 ) the y provid e tensio n

stresses in the surfac e tha t ar e equa l a t al l point s and i n al l direc -

tions, an d (2 ) they have the minimu m surface area tha t will join th e

film t o its edges an d supports . B y stretching thin soap film s betwee n

any desired edge conditio n an d graphicall y recordin g th e resultin g

shapes, Ott o foun d tha t h e coul d replicat e th e shap e tha t a  fabri c

membrane or cable networ k would take in order to be stable an d uni -

formly prestressed over any proposed system of mast or arch supports .

Soap film model s continu e to provide a valuable tool for conceiv-

ing and visualizin g tension structur e forms , but thei r usefulnes s i n

design i s limite d b y the difficult y o f measurin g thei r shape s accu -

rately. Technique s also were developed usin g heat-shrin k poly vinyl-

chloride (PVC ) foil tha t cools to a fairly rigid model form fro m which

paper-cuttin g patterns can be taken. Otto developed th e techniqu e of

using fin e wir e and small cable clamps t o develop tensio n structur e

shapes. Th e latter metho d was used to obtain cable net and claddin g
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geometry, forces, and deflections for both the Wes t German Pavilion

(shown above ) an d fo r th e swimmin g pool roo f a t th e Munic h

Olympic Park (Liddell 1989).

Elementary Analytical Procedures

Analysis of the form s developed throug h wire models or other tech -

niques was carried ou t using simple hand calculation on two-dimen-

sional forms . These calculatio n technique s also illustrat e th e basi c

principles o f fabric membran e load carryin g tha t for m th e basi s of

the complex computer software used in contemporary design.

Under vertical loads, a  cable o r other tension element assumes a

catenary shape aki n to that of a suspension bridge cable (see [a ] in

the drawin g on the nex t page). Whe n these loads ar e uniform , lik e

most desig n liv e loads , th e catenar y shap e i s coinciden t wit h a

parabola, an d th e reaction s a t the end s o f the cable ar e calculate d

according to the following formulas:

For cables loaded perpendicula r to the line joinin g their end points

and wit h sa g ratio s (h/l)  o f 0.2 o r less, the tensio n forc e ma y be

approximated by the value of H.

The innovations of Frei Otto's West

German Pavilion for Exp o '67 were

made possible , i n part, by the us e of

wire model s with suspended loads.

Source: Larry Medlin; used wit h permission.

[LEFT] Exterior view.

[ABOVE] Wire model.
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The resultant force, F, in the cable is given by the formul a

F =  (V
2
 +  H

2
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and

https://www.civilenghub.com/ASCE/143752345/The-Tensioned-Fabric-Roof?src=spdf


A cabl e o r fabri c membran e wil l

assume (a ) a catenar y curv e under

vertical load s (dea d or live load) and

(b] a circular curve under loads

perpendicular to the surfac e (wind) .

[bl

Under loads perpendicula r t o the cable, such a s wind, the ele -

ment assume s a  circula r curv e (see [b ] in the drawin g above). The

cable tensio n is calculated accordin g to the formul a

where w is the applied forc e per uni t of length along the circular arc .

Returning to the parabolic element , the original arc length of the

cable ca n be approximated by the formul a

and the change in its arc length under load (5A) can be calculated by

the formul a
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where E i s the modulu s of elasticity o f the cable , calculated a s th e

ratio of stress t o strain (G/8) unde r load. Modulu s of elasticity i s th e

property mos t commonly used t o defin e the stiffnes s o f materials of

all types.

The new arc length, then, is

A' =  A + 84

Transposing the above formula fo r A, the sag of the membran e can be

recalculated b y the formul a

[a]
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The revise d sa g i s the n inpu t t o th e origina l formul a fo r F  t o

compute a  revised tensio n force . Because o f the increas e i n sag due

to the chang e i n ar c length , th e tensio n forc e wil l be less tha n com-

pute d originally , an d al l o f the formula s can b e cycle d throug h in

iterativ e fashio n unti l th e fina l geometr y an d force s ar e approxi -

mated . Th e change s i n geometr y tha t occu r unde r loa d ca n hav e a

dramati c effec t o n the fina l stresse s i n a  cable , an d calculatio n o f

these nonlinea r effect s i s an importan t part of the analysi s process. If

a fabri c membran e ca n b e viewe d a s a  networ k o f intersectin g

cables, we see tha t the deformatio n of a fabri c roof unde r load ha s a

significan t impac t on its interna l stresses .

Prior t o the availabilit y o f membrane analysi s software , th e sim-

ple analytica l technique s describe d abov e were applied usin g geom-

etry measure d fro m physica l models . Th e compute r automate s what

is a laborious process o f hand calculation , and accuratel y models the

effect s o f three-dimensiona l behavior , whic h i s fa r mor e comple x

than the two-dimensiona l model developed above .

A simpl e exampl e illustrate s th e methodolog y and th e effec t o f

geometry changes on internal forces . Consider a parabolically curve d

membrane segment wit h the following input parameters:

/ =  10.0 m

h =  0.5 m

w =  0.8 kN/m

E =1,20 0 kN/m

The initia l iteration yields the followin g results :

F =  20 kN

A =  10.067 m

&4 -0.168m

A' =  10.235 m

h' =  0.944 m

Following throug h wit h successiv e iterations , th e shap e con-

verges t o one havin g a rise (h')  o f 0.805 meters an d a  tensio n forc e

(F') o f 12.4 kN. In the example , then , usin g span-to-sag ratios , loads ,

and stiffnes s tha t ar e realisti c fo r a tensione d fabri c structure , con-

sideratio n o f nonlinea r effect s change s th e resultan t tensio n i n th e

membrane fro m 2 0 kN to 12.4 kN, a 38-percent reduction .

Computerized Techniques

The Munic h Olympic Park desig n represente d th e pinnacl e o f ten-

sion structur e design based o n physica l modeling . It also provide d a

bridge to the moder n era of computerized shaping, analysis , an d pat-

terning. As the elongatio n unde r prestress o f a 25-m-long cable may

be only 15 mm, a length error of 5 mm (very reasonable fo r geometry
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derived fro m a  carefull y constructe d wir e model ) result s i n a  pre -

stress error o f more tha n 30 percent . Notin g this, the Olympi c Park

engineers bega n t o seek greate r accurac y throug h purely analytica l

solutions , an d the y develope d softwar e in tim e to be successfull y

used i n the desig n o f the Sports Hal l portion of the Munic h complex

(Holgate 1997).

Computers had bee n use d fo r the analysi s o f fabric roofs befor e

this pioneerin g Germa n work , but th e engineer s usin g the m gener -

ally relied o n adaptation s of general-purpose structura l analysis soft -

ware tha t di d no t addres s certai n ke y aspect s o f fabri c structures .

Most important , the y assume d tha t th e shap e o f the fabri c wa s th e

same befor e and afte r loading , whe n actual deformation s were ofte n

large. The ne w software , though , had th e abilit y t o appl y load s i n

small increment s an d recomput e th e structure' s shap e afte r eac h

load applicatio n t o provid e an accurat e determinatio n o f the fina l

shape and stresses.

While th e Munic h structure s ha d acryli c roo f surface s sup -

ported o n stee l cabl e networks , the technolog y was adopte d an d

furthe r develope d b y engineer s i n th e Geige r Berge r offic e i n New

York Cit y for use i n designin g fabric membrane s withou t cable nets .

They learned that , by modeling a stri p of fabric as if it were a cable

havin g equivalen t axia l stiffness , a  goo d approximatio n o f th e

proper shapin g and stres s unde r load o f the fabri c membran e could

be realized .

By the mid-1970s, these compute r programs were as amazing for

their relative accurac y an d analytica l powe r as they were stupefyin g

in thei r cumbersom e method s of data inpu t and interpretation . Th e

programs were used i n the lat e 1970s to design th e Haj j Terminal ,

soon t o becom e th e larges t fabri c roof in th e world ; and analytica l

results abou t the forces in various members in the structur e were val-

idated withi n a few percent b y test results o n a prototype constructed

later. As par t o f the tea m of engineers preparin g tha t analysis , how-

ever, I spent many sleepless nights preparing inpu t data for computer

runs tha t cos t $5,000 to $10,000 each o n the firs t Cra y supercom -

puters. The programs were limited in thei r means for automatin g the

generation o f geometric data , an d eac h o f several thousan d "nodes"

defining the shap e o f the fabri c membrane was defined and inpu t by

hand. The graphic interfac e to plot this inpu t geometry and assist the

engineers in verifyin g it s numerica l accuracy was primitive .

The refinemen t of computing technology increased rapidl y there-

after, however , until by the mid-1980s, engineers ha d automate d th e

input of most data and could instantl y generate plots tha t showed the

structure' s geometr y and deformatio n under load. Engineer s a t Bir -

dair, America' s larges t fabri c structur e contractor , coul d si t a t th e

compute r wit h the owne r or architec t o f a propose d buildin g an d

"walk hi m around" th e structure—observin g an isometric plot of the
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shape fro m an y location, eve n moving inside th e buildin g in order to

get a sense o f its interio r volume (Huntingto n 1994).

There are several methodologies fo r finding or modifyin g shapes

on the compute r in common use today. One, derived fro m th e original

German method used a t Munic h and elsewhere, determine s minimum

energy/minimum surface shapes analogous to the Otto soap films . The

technique belies it s roots in cable ne t structures by modeling the fab-

ric as a gridwork of cables, eac h representing the stiffnes s o f a narrow

strip of fabric (shown above). If such a cable network is used to repre-

sent the membrane inside a  square, flat perimeter, all of the cables will

run in straight lines fro m side to side (see [a] above). A fabric roof that

is flat like thi s will be subject t o large deflection s unde r load, like a

trampoline, unless i t is highly tensioned in the manner of a drumhead.

If tw o corner s o f the perimete r ar e lifte d s o tha t th e edg e n o

longer lies i n a  plane, i t is no longer possible fo r all o f the cables t o

pass fro m sid e t o sid e i n straigh t lines . Two extremes o f shape ar e

possible wit h th e revise d suppor t configuratio n shown . In th e firs t

(see [b ] above) , cables i n directio n "x " remai n straight , a s i f they

were o f infinit e stiffness , whil e thos e i n directio n "y " kin k a t mid -

length t o accommodat e the impose d geometr y of the perimete r sup -

ports and "x" cables. In the second (se e [c ] above), the "y" cables

remain straight , a s i f their stiffnes s wer e infinite . The rea l structur e

will fin d a  shap e intermediat e betwee n thes e tw o extremes (se e [d ]

above), wit h bot h "x"  and  "y"  cable s deforme d such tha t ther e is  a

constant "density" of force (th e ratio between the load i n a  membe r

and it s length ) throughou t the structure . The elegantly curve d shap e

that results fro m thi s "force density " metho d is tha t which stores th e

minimu m tota l potentia l energ y in th e cables an d ha s th e minimu m

total cable length . The for m i s analogous to one o f Otto's minimum-

A cabl e ne t modele d b y the forc e

density method yield s th e

characteristic anticlastic tension

structure for m (d).
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