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Thi s Iheisewaeanteiwg astteesuct ure concept and its build
struecthatesanhbehboi s§hewttmateri al s.

Shell structures hape beenbattheasrcbddtectsesctande
due to it sbeearfiincg etnethadwiaodr and al so the el egant

decades,

i nnovational -sshterlulcst uarned csopnacteigpatls fsruacnhe v

have conthedoubéydpuel opmeaoatwwantfisshetbmptehebnsi
of structures which provides a better structur

This dissertati ednr iavregnu edse sfiogrn amentahtoadroilaolgyr @ f  t h

desi gnh tah-romedegr evi sit of the development of shel
new type of industrial materials has been sele
novel type of shells.

The research is based omaa e@aipmpll $ echad i vinv & nan aley
i ndustrial and architectur al desigsdh, as well a
behavior and the corresponding fabrication tec
A novel strultedmrgememateepd Wwisth al so the inspireze
structures.

The maus o6 the architectural analysis is the
structur e, i-fmcdliwmdi pgtobckeessst out ur al [ coypsi der at i
problem of thin materials, the possible simple
sheet form. At the same time, a coll aborative

better cooperation between both architects and
A nosvdll was finally buiastracstarceemomstepat oWi o th
which reaches a span of 5 meters and a height

paper boa

r

d as majpemarmagerciaplas, ttyhanfldotahhee const

cellular cavity structure is tested and evalua
Finally, through the comparison with the recen:
shell designs in the past several years, the ¢
ofl eeant reWeahchhéiahdbysis of the I imitation:
are also defined for the i mprovement and futur
Keywor ds:

Shell structure, thin s-heatdiesgtgenr ipalds,eidagelel ul a

vari ations, fabrication and assembly






pd 1T OOT AOGADET |
Tef irst d¢chapt eiismsterroadavecheosaopi ¢ of this Ph.D. re:
establishment of the research questions and th

The desi f§ynsohabseheanr easl ways consi dered as a speci
ar chiatlestigm and structural engineering. Howeve
and the ebbdarcimptbeélmavdsaorael wawi bkt b mse dreadatbwper su
both the architects and engineers.

Threesearshriuctubf@l sheklihgeasst ablusked various t oc
basic prototygpeti aaed, podbabiskcaeeinlti fic analysis o

mat eGpir @lpe r t yr vacrisdu Kt ehheaawmit dore . a cHoiweeweed , as t hi s r €
the high degree of abstraction of the structur
problems, most of the tools and the research m
anal yshies caandc utl ati on for some complicated shell

On the thenarahiytectutrrecheékpedesmgnmegaireheften s

poitrot ponogekty in the geometry formeewnd innova
designcomplasdiedesi gmet(hCAAdds). Such design tool s i
desamguesual ly individualized and based on the ge

Thtibesis seeks to find a possible way to estahb

structur e, wheremthet consaldms atawownlsefsi multane
a collaborative design procedure can be carrie
engi Mmeheer gg.o al i s to mapkoewearnh aill st eagirda ttihcero rd fe st e r
structuralthihdescgmpraeahensi ve criterion network
functi on, aest hetics, materialization and al so
p8p 4EAOCEO OOAOQOAI AT O

The desi grmngr csacagduregy of shell structures show
archittlte sstamulct Thias engmaiemrlry.due to the diffe
bjectives they have in the different design a

0

on ddheutracgsti matée bbakamnadutcd upreo wiatfge ahd maxi m
det er miwhdidiees chyt ect ufacusegnmerpaon the for mal
a

esthetical expressions due to the individual:@
't i s habdrrd dtgee fbienmdveae n t bhe mmavmp heaild snseTwnd ersd a
solve this probl em, a first series of research
--What is shell theorgwoarnkd? how do shell structu
- -Wh-atrtehe exi stthea@rnidesiugh di ng met hods of shell
--Howaeaesdédl | sgsdrewcetlworpeed and how did architects d

-How has the design methadged aheél Whatriustuhes
hange?

(@)

With the establishmentroflnddesde dridisveir @smentc ho fq |
1



the shell structure in the past decades has be:¢

design and the structural considerations and
desiTgmes .pi oneer wor ksi mft hhdaegpdassven |anstamusswealr et o
resear chamdiesds owel | expressed by th@hfeamous s

resistant virtues of the structures that we sec
they are stsadlef hbe bwkwar d 0gcAd Umwnl a& iZoanl eowfs Ki
2012)

The understanding of the most efficient way to

axi al f or cheesn dii mgyt ehaamst kthekh owenr vy f i r st and basic
structur al run. e Aofmor pd os b gl Ic aat aud e Iciama tail sro  dfe
widely found in the shell experiments by pione
Lui gi Nervi, Eduardo Torroja, Felix Candel a anct

of the shedclhatrhaecareyr,i sstuicch i s al so mentioned as
struéthheesmembrane behavior.

The met hod of mani pul ating t he axi al force f
mor phol ogical desigans bé tbhesbBHelrbdfohe first

coll aborating design procedure for the shell de
devel opmentf infditntge tfeawrhmi ques of shell structur
achitects a direct feedback wihtalbeteme cstnrtu smtuuarl d |
used by famous shell designers such as Antoni
Nowadays, with the rapid devel opnmefnttwaofe time (
architectur al design, many novel met h-ods for

i nformed design have been applied in the new t

However wewhamrdeevdi sit of the devel opmeaetpastthe

centi wragde, it ichootsiel la tarsd ct st ructure typol ogy
the form finding techniques. It is easy to dis
for sever al time due ¢oi dlhe iappt heatrohi Décthe
efficiency is always the center topic of shell
efficient way to transfer the | oad in an el ega
shel | aromer eyl awmneed by t he new forms which has b
The most traditional masonry shells have been
|l ow cost in the processing methods aheéltlse avali
have al so once tbiemebnesrheggrlliesic each db t htehes pati al fr am
and steel component because of the benefits of

the t@ab®uming fabrication of moulds and scaff ol

Tlecognbfi bhe 6immapga&ati adms t he typolhaglys o folhéeedhe shel
second series of research questions in this re

--How have different materials been used in pas
met wdod h t he consi deerradtoiroma nocfe ?mat eri al s

- -Artehere some modheawme tmali een alsed hian t he shell

--How could a structure concelpeghdwei ®rs?2 abl i shed

- -What shoul dpwoe ttamed montsiidmr ati ons i n the mor |
2



the generating of the structural form?

With this series of researdcthh eq uehsitni oénhse et meaw e
sel efcotredt he i nnovation stfucdamentahcmemectisamniocal
of such imeetsecrairaclhsed and the existing industrie
summari zed.

Based oabaeadanttilbpened i nternal | odgtihce, ctehlel unleaw sctary
strudcitsurest wbt hshaedt hor ough anal ysi s of i ts g
consideration of both the structure and the m
finding techniques is then analyzed and introd

For the mat erurae,i ttyh eo ff atbhrei csattrivocnt t ecdelnsoques of
di scussed with a final built experiment as a
concept .

Furthermore, the final pur pose of stihvies dsetsu dgyn i
procedure to enable a collaborative design be
al wemybti pland ra tceormpar o miesii rpgpoecsadtgientgh eaar chi t ect
despgoacess, an iteratiwdiadaasingn phapes Dpwi tmh zta
t he st riwmdtorreeeliddsfy dmrm i s summari zed as the fina

p8¢ -1 OEOAQGEITT AT A DPAOOGIT AT AAAECOI O A
The author is educated as an arbhstéecssaitatba
i s hence al so madeniinmnan perrcipietca d tvier. al

The initiaf rtebseeiavracthi oonnsi shélrlomst hecmaseéer st udy
in ChinpardHdacinpgeedr al digital depeiys projects
i nterest in the novel architectur al form and t

structures with double curvatures.

Thmotivation has also come from the reading an:i

met hods, whéiedsometfeathmi ques and the geometri
have been studied as case studies in the algor
The aim of this research is mainly to establis
of shell sheuthunes®eethhenamairn awsr k  wi | | be coi
geometrical analysis and Athet e nsamd i toinme,[f tthe
points mentioned in this disseagdtadbloonfs maeentl vy s
structure concept in this study.

Consequently, this researscbntdefboéesont soat mema
design experimentdofgpbpatbeasbkbemhdsttocmake. new
for the stofucdhigladl Fthewoawocessary structural an:
done onl panad ywehsel isfdatr uct ur al behavior of the ce
di ssertation. A feedback and communication wit|



cobbmative research i s c¢ohtfeare otehde adse sailgsno oafn tih
pavilion.

p8icAU OAOIETTITCU
Some I mportant terms and concepts which are fr
briefly introduced in this section.

Celllau Cavi ty

Thterm cellular cavity is the specific summar.i :
innovative structural concept. Unl i ke the trad
consi dernaotrieo nfsr oamm ea di s c rsehteel la ssppeaccte ,o0fi nvitemi.s Td
tessell ated into plenty of cellular structur al
structure. At the same ti me, the cellul ar el em
masonry shel  hceBéeécassdeshgned specifically for
form of the cells are generated into a holl ow
ficawi syused here in this dissertation.

Shel |l structure and membrane behavior

The shelmermsttiraurcddirien this di sserwaiicanwoeker s t
similarly witlteamni reg fohehawitorl.oalklue to the curve
thheoad can be trangflamreed t maeismsleys shtye atdheao fisrt enlel <
bending moments. This behavior is also called
i n den asielcti on 2.1.1. 1.

Structur al mor phol ogy

Thworidor phddoongeys originally from the Istame term
focusdgpnmdaihre study of the form and structure o
structurall nfedtturesent structuralthdmalmy sias and
been brought back firstly in thetliA$%S (Il nterna
Structures) workgroup. Such term describes a d
mani pul ating the variations of formbaccording
behavior.

Di screte and discretization

Thtedmns arnat edizsadrieoth here are used to define the
which are not described and analyzed as a cont

geometry. The discrete describes a way to desi
syssamh as particle system and meshees In the
structures from the aggregation of <cellular or
as screw and gluing. I'n the finalnndkicgdw:msi on o
applied to dedlfwirtmatti ben pasusied| &y t he bending
suppl ement of the construction details, but no

t hper er eqtii sheedesign process.

4



For mi nding
The terfm nfdoirnny i s used here firsffloyf nbrackierdg on t h

in shell struobtueatiespggtiemswhaeres of processe
principles of structural theemerane ¢ghewthlasarce
define the shape of shell structure.

There are mai nlfyi nndwion g ytpeecsh noif qaf ebsh ef qrh yssh eclall st r
met hod and digital met hods. Since ancient ti me
findindgsfareshelplied wsiuchh nmiasnryi (h@&d d U jma s2 G0 &)

Hei nz Chsilleeron & nlds |Ferfef. 2000HDhp)BYy observing the st

in nature and | earning its principles, it has

foll owing the efficielnfthowapys cof & nBdmrydiagid2 @1t 4 )u
met hods are established | ater acthod$ngand t he
modern developments mathematics are used to fu
finding techniques in digital waAvdssaeaeasirecent|
Bl ock, Veenendaal, & Williams, 2014)

For the cellular structures in this research,

procetdaurcket er mine the final form of the differe
is from talk srdédi mest urmportant to the final f

techniques are therefore also considered as a
Design procedure

The term debbsgnospidotteegruaated d t hyestgemmetri c anal y.

innovational structure concept. I't helps to des
considerations in the design process and their
in the shell struoectupamndaceygmr chonsil divéher a

designed form should be revised and i mproved c

of octrhieredi 8 he structural feedback in the desig
A design proceduragtiidtimecaaddbtagy af or kands of sh

Nowadays, the design procedure is becoming mor
in related fields winakian gs dphdgoeness sisrst, 0 i tnfcd udlé mig
coll aborative wor ki nggimmeetehrosd, fiosr aa rscoh ittheec tnsa i ann

research.



Start form finding

Considerations: Subdivision of surface

1
i :
i
i ‘ Input: initial form/force diagrams ‘ Form-finding of shell |
i
i i
o | =
i
i ‘ Output: tessellation mesh and dual force mesh | 1
1
i ]
i Initialization of tessellation and arrangement i
R )
[ . Considerations: Mesh optimization |
! Input: tessellation mesh ) i
H Dual pperation !
—i :
i
i ‘ Output: rib framewaork ‘ i
i Design of the geometry of rib frameworks |
i
g g

Considerations: Material instability

| Input: geometry of rib framework | Form finding

‘ Output: whole structure form ‘

i 1
: i
i i
! i

_ | Fohrication i
i
: !
\ Design of the geometry of covering membranes i

P
H Considerations: FEM analysis

1 ‘ Input: reasonable simplification of geometry Section design
i
i
i
i
i
i
i
i
1

[ Material thickness

‘ Output: structural analysis

Evaluation of the structural capacity

Satisfied form?

Yes

End form finding

SECPBOA 3EI DDAIAIALMOBEG 11T £ OEA AAOGECT DOI AAAOO
p8t 4EAOEO OOOOAOOOA
Chapter 2: State of research

I n the s eawenrdo ucnhdaecpdt educt i olma kg rtditen d ed tau ckides a'l
shell structure theory and the desaghasgiesebbpm
di scussion of the research.

Apart from the ordinary description of the she
according to the structur al mor phol ogy is made
design methodol ogyebbd vaideaotre etdhuec endat er i al

I n the | ast part, a speciiagntdreoveld o@dsthnd h iws t fhr @\
backgobuodder sbtaasnidsi nogf tthhee cel | ul ar system desi
studi es efnstphe endatmorreohogenesi s.
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Chapfundamentals of thin sheet materials

I n the third chapter an ar cchisted cetcureadl mandreamgdis
presented. In the first part, the application
i ndustrial design as well as the architectural
form |l anguage i s rmd mpnarmrt ,zetdhe |l eangihree esreicrog anal )
related |literature is reviewed. Tmhajsrmilarity
problems that need to be considered in the str
buckI| i ng pmpohbalseinz,edar e e

For a reasonable design of the cellular struct

approach for the idewdgeanstodd.suBRdt mattlreeg iqad smet r i
the fabrication method®darmnyg sit retnu fxibempwy eadFoc e lal
the joining technique andrdeheo choinTepssedfastithue
fundamentals of the establishment of the struc

Chapdeel |l ul arh€avtitycture concept

I n t hd hfagpuret he whol e devel opment and analysis
this dissertation are presented.

The sttihdbggsiogdn i s based on a building project wi

build a-ssmalel pfawli I i onc.t uTrhael feoxrpeegroiimegn tsst raund t h e
cellular cavity structure is firstly analyzed.
n the next sections in this chapter, the gene

—_— —

inding technigues are shown mg tthe cshinmpqg uee sd iaarger
ntroduced and al so evaBaasteddowi thedimuf e¢i@ht @
to define the form and the consideration of th

variations are also analyzed.

I n the stgiuctfuogralt memadtyabi l ity problem, both si
and pressingcaést phwsi batumbdel s are done and
the design/ fabrication difficulty and the sta
cocnl usi on.

In the Il ast part of this chaptasrt,r uac tcuornmep rceochnecnesp
is discussed. For a better coll abmrtetriavd vdkesi g

design process -iwiftohr nehdeo ospthraustithuareanl layr gued as a

ChapbkRuil ding experiment and construction detai
I n thehfchapter, a building experiment with a |
shoaws a demonstrator Boft ht dtabk &sntr réa uncet usreel eccotnecde pma.t
the structural analysis, the construction deta
illustrated in detail

Both the materi al tests and the structur al ana
col | abdoersaitgmevegr et ween the author and the mast e

7



the department of <civil engineering. The det ai
presented in the (Mastéar PHOdSbs of Werth

The fabrication process conceencterlaltse smaodne tvhiet hc ot
paperboard with 1mm t kpircokreess .ngT haen dg & chmee tfraiba ipc
are evaluated. At the same time, the final ass

Chapga@ancl usi on and future worKks

I n the | asrnclclhhaiparergof atlte contri butions of thi:
Furthermore, the recent research iism the rel ate
i nt r oadnudc ecdo mpar ed.

Il hhe | ast part, the | imitati onfsurotfh etrh irse sreeasrecahr
the key points are mentioned for the future jo
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This chapter reviews the development of shell
to this dissertsatdeofni.neTdh ebydiisnctursosduocni nig t he pr
and design mrrhemse @ |l ers twhe chngi neering definitio
iahell structures are then reviewed from a spe
comdeg ates itself on the architectural-backgrotu
based performativeidastphe meckeodolcedy.al ar str
presented to draw forth the main topic and key

(B0 OAl EHAQ Al £ OEAT T OEAT OU AT A OEAIT AAC
Shegl lbeing the most ancient and effective struc
by human beings, has al waysakantgtirnaecetresd woiotthh iatrsc
curved df oorumt sam-nedangnd ohedhavi or . Unli ke the ot
which are based on the 9orcthhibgwhatnalr |l oaeésar maly
the internahefpecéiad dwe m avi t h spatial possvhtar
derive a | ong s pavneroyf tthhien sctrrouscst usreec twiiotnh. Wi t h

someti mes cl assi f{ Edr ahsadn da &seaflc@flone e dsEimqgedtnutr e s
1997)

Shells have been researchedpeowsagdaysomnsharlbilc
geometry form finding to structure typology anc
part wil|l first introduce the basic research &
introduction ofythrealsysiucstamal dewelodpwpment s as |
Fotrhe first step to expand the discussion, t h e
introduced as bel ow.

C8p'8EAOET OO EI ©O®EAI 1T OOOOAOOOA

p8uv8 A AOAT A AAEAOET O

A hsel | strsctheeergbaerti

very speci al met hod, alled th
membrane behavior. | f i d is add:¢
onto t he structur e, S wi ||
gener ated. In a thin ' S curvat
geometry, and as¢ogogre it = M ok, Ny

201a83s) Figure 2.1.1, a memhrane stress field wil
be caused and it enab FigurlMeamblane St .y, re ¢
the external even -ploa.. Shell (eRAlegwege, v p
nomal and shear stresses and then transfer it
possible stress which is normal to the structu
and is therefore negligible.

This mechani sm aids bwerryi nlgi ke htatvé ok o of t he memb
ef f iodbiecmtuse the membranes haveedbamrtel ey eaxntye rfdiexr

9
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gidity, the | oadswawpnphmanme!| gt bestseansfarshdl |
nloyt doent er mi ned by its small ratio of <cross
ometry itself.

e membrane befhfaiviioent sway moh &@nssluerhd iarsg biera mast, h

ruts and plates, as mowdh onorteh er ibguiididtiyn ga gnaait!
d contraction than bending. Hence that is al
eate a | araversyparhiwi tsh raurcltywr e . I n this sense
ructur al | iotwemdugthalhte a suitable and possible m
membr ane stress field can be maintained. Whe]
ternal |l oad cases, bending behaviororwil |l app
hBve

VBABAETI C AAEAOET O

e membrane behaviomucshhbeacéhedti shraocdureliess
e boundary conditions of | oad, support and g
mbr ane behawiodrh itrhet forgshkesl land defor mati on o
mai asampeaedi bl e, which means, the sudden cha
formation wil/l not be acceptable, other wise

e bendvhngr beb a compensation o0o§ twmhe nmembr a
stuobancsuch as an incompatible support or a
scontinuity or an appldilcoaad.onHowevar sudden I
mpenisimhseheed | structumsenlfy eigumeat svinalhlapmpdaei abov
sturbancandp poetahvesre fptabretes s hel | structure stil
is special characteristic alysom helnps at hangdh e
applied so frequently in nature and also in

e bending behavior as only a compensation re
mely the thin shell. Wheadei souwshsiche sheel | i e
n be more complicated that bendi nag esail the al
e design of shells also should try to satisf
oul d thme skmeagtT hivalliuessp a r equi rceummevnetd ogfe oamed a whb |
ell surfaces, from the traddur fomad) mad htehmatd a
rved geometry from t hfei rmpdiyrsg carl ,t hceo mpoupt calt o goinc
igure 2.1.2).

WE 1“”’ S|

s P v

SQECEGBH8sT BOOOAA CAi i AGOU 1T £ OEAI1T OOOOAOHO
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As it is described that the shell strwscture ha
under a membrane dtlrreedd ctomtse deirt tihe mMmoassomsans
the instability probl em, whi cThh e sb uaclksloi ncga |plreodb
comes from a mathematic bifurcation problem an
a sudddef bamgeion of the structural system und:
tensi on. I n shell structures, as the membrane
are mainly axial forces, similathpnoeklcemowmi | |
of the structural Ssystem.

-

CAJdap®. dzO1f Ay3d O0SKIFPA2NI 2F NRRaxz LXIFGSa

The buckloirngfbédhav isdhueel Itso crmaann yo crceuars on s , such a
material nonbdegeadatyoponthber maher i mperfections
material strength which is considered the most
shed Imudéch small eirs detncri ¢c-dokeh Bdherdu dtewcnt @ o N
Howeave it is hard to forecast the buckling beh
therefore the stability analysis of a shell wit
anamaterial test is also essenti al

08 SADECT #1 1 OEAAOAOQGEIT 1

De to the special characteristic of shells, th
dess gBecause the membrane behavior has shown i
the primary consideration fiinr gtheaiimidfi ad precp @
also to offer a possible membrane stress fiel
curved geometry of design.

At t he same ti me, considering the sensitive b
buckbeémagvior, more comprehensive structur al an
of the whole structure. When the initial desi gl
should be a proof of the desigoomsi dge rveet i soanmeo
structural optimization at some | ocal areas.
¢8p8¢ i AdoUu T £ CEAI1T OOOOAOOOA

Just as the i mportant role that memibma&neuplvays

geometry is vital tefrtdme ctthheet ieagrt uofal slaslplecs tsr ud
the geometry property of the curved surface wi

11
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Gaussian Curvature:and Average Curvature

The curvature of a curve olrcul astuerdf awiet hc amma t bhee

met hods in differential geometry. The Gaussian
the production of EtahreH pti acppi@etconvatsues$ace:
+ Qo 2
i
planes nomal By everoyn poimurved surface i
of princip . vector
SARENOE S ' space, a Cartesian <coordina
established with a wunit nor

wont ar bi tgeafri ned. (Figure 2.1.2
a therefore create a unique di
t o t he surface apbdarenabl es
perpendicular to the tangent

pl ane. With the original s u

FigurxPrd.nk.iple cur Normal pl anes, intersectior
(Linton, 201 9enerated. The principle cul

on this point are the maxim

values k1l andv&Rumodés.t hEherefore, they are al s

osculating circle r1 and r 2.

At the same time, the curvature can be also ca
K =

Classification of shell geometry

Through urhe axmualvagi s of the shell surface, a si
positive, z-€Graasasndannegatviavar e:

1, Syncl ashedcd rSuarcfeascewi t h positive Gaussian cur
surface, whicprimeanpl ebothvatheres have the san
shell will be traditi onstlheddnoeasd. tThhreo usgyhn ctlhaes tdi
form and mostly in ways of the meridian and ci

ishpe shear forces.

2, Monocl ast iCoft vsbhdeviell opuarbfl eeces whieal mavienca mpllye
curvaturmranobneodc | astic surfaces and also devel op
al ways one prtihhecgiupall es czudrrebantadirte ke rasd widfyiéxte s

in one direction. The developable surface has
reconstructed into a fIl at surface without any
devel opablesasd wrdfbaudeend si s hence very iOmpotrheant

ot her hand, t he smd waglsastni ened heldd nads o aarkk csheersi ,e st ho

12



membr ane behavior islyvhesemereasesdusedh &spa&clc
t heucstturr e wi | | be fhreangciel ea didn tao men adi rseucptpioan s s h.

3, Anticl adsnamtci Suastwice: surface is the surface
I n this case, t he behavior ofnathieons tafucaruahee sc al
compression and cables under tension.

4, Mi ni maTheBiumifraxle: sur f age ofs iswursgpsexcdealr yt yh o s
average curvature always e@lidlesn zomes.i dé@hed mth
efficienagllf ogtmr odt sthes and saves energy and mat

A, Synclastic B, Monoclastic C, Anticlastic

Figur3l2aslk. ficati ohPodr ddhrmdnn, g2@n&)t r y

e8L&PBOET OI OO CAT 1 AOGOU T £ OEAI1T OOOOAOHOA

The generation of the shell geometry ean be di
geotnrei ¢ met hod. They refer to two different me
geometry, modern geometry and also physical S i

classietalygtelwmen cur vedntsiumdawce sanémad mebangqéyern a
way where the generation of curves can be achi

curves and with some shaping method. The shape:
the standard geometry asbdeblFretdemiywantni nhi &ec
mai nly rotational, transl ational and rul ed s
mat hemati cal metPotdtsmarsn,f o020®W) ng.

Rotational Surfaces

rotational surfaces (also called the surfaces
with the simple principle of generation. They
calong a spadi d&lghloiume aas omxi ¢ he structure of t
defi medraes of circumferenti al circl es, whi ch
on the ordgiamabatis®seof meri di an curves, whi ch
section pl ane taaantd itnhcel ufdiensalt hseu raf xaicse s . (Figur
rotational sur f a@seesr iceasn oafl sooi rbcel esse eanndascur ves

each ot her.

The mathematicatli dredl resatsiyfo at so® igheet®it ot at i onal s ul
result of rotating a curve along an axis. I f a
Z-axi s, and bldeai d her ctamee eXZ hen t he ourve =can b
(x(v), 6tnke¢ ) final surface can also be defined
u,v) = x(v)cos(u)
u,v) = x(v)sin(u)

13



z(u,v) = z(v)

As the principle is easy, rotational surfaces
desigost cathedrals and doamshs$ pthiee ef ammd kdd i pes
At the same time, hygoly bud edalsh halviehlad sion braede n

A, Rotational Surface B, Translational Surface C, Ruled Surface

Figurd4sStZzandard curved surfaces (reBoatwmammnom2d0apr

Transl ational Surfaces

The generation of the transl ational surface ca
curves. | f adahldartewo nctuerrvsgesctt i ing @aes pioblne t o get
swiping either curve along the other curve as
on the transl ational surface can be calcul ated

are cad,ldevroetchtdl n g epareedtinyl,deeistcriive the surfaces
vecpangvhi ch ar e deu,pramiamed erys .t Hd tkaeldcur ves
t he yooni ntthe transbkhenownl tsanfase

x(u,v) = k(u) + | (v)

Thegl icnder is the most simple and classical type
translating a planar curve along a perpendicul
which are |l aid on two orthaogorhdbnagindghéecase us
At the same time, two types of special transl a
hyperbolic parabol oids, which are also rotatio

Rul ed Surfaces

Ruled surfaces lareamhbesdefancved Wwhi moving and
which can also be understood as swiping both e
2.1.4 C)

The gdmrmercal pti on oifs abyr ud escde escunri fmagcpeo i n t on t h

genegacimves. The possible form of the ruled s
curves can be infinite, because there are nume
curves.

As the ruled surface cans bedahrkeyfe aeyd arsd sefrfiiesi ¢
fabrication of most shell s. I'n most of the cl a
(hyperbololic paraboloids) are very popul ar an

14
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Modern geometry of shelanhewt wagt ofesanias yaewngl o p

of curved surfaces. I't is also catalkfyozremd by th
structures. In this part , methheodsy pancdali tcsa tdeegroirwe
will be introduced. Then the details can be be
Physical :Simulati on

Using physical models to find the suitable forr
Gauxwor k in his architecture wwirkidsd aemxplh@arse d eien
shell structures by Il ater arncChitleotns &Gamds | emgi 2¢

Frei(PBttOttoByriwibdg the structures in nature an
been researchedsitnhantat mary agter fotldroevi ng t he eff
strucThuompson & .Bonner, 2014)

Pneumat acteffeoramsci ent way of physical forms that
adding wate membranes it is possible to find t
pressure. This techniqgue has also been used by
Another form which is often usedpissihe mmubbina
films with prefixed boundaries. The film will ¢
i's mini mal andf heocenanfenmrgy

The most popular physical method in shell desi
neotr fabrics aspndtadeiegpyossgsbigbhlgegt totn |iye nfsoirom wi t h
a curved surface. As the net cafnrmeod dgemmettrhye de
al so be used in shell desiges2o0hbhly Ay making a

A z PN =4
Figur5Phd.si.cal simulation(A: hangi g @ntdoB: Hpneumat
& Mat sushB:(thki,| t1®w 48 )1 sl er, 2000)

B-Spline Surfaces :@and NURBS Surfaces

Al ong with the requirements$hiorwrduisntrer easntds ailns o
devel opment of the Computer Aided Geometry Desi
the generéaniceg oh eugineering -spploijreectandch aNER B
(n@ami form -spkioapl sBrfaces offfeor m 9w awae/s twon

froameries of splines which are defined by gr
al gohms of the control curves canh be derived
controlled or modified in a powerful way. With
CAM techniques in shell designs, thitdhemethledd i

geometry.

15



A: NURBS with lower weight B: B-spline with uniform weight C: NURBS with higher weight
b, ‘ b

FiguréeBs®».lli.ne and NURBS surfaces(re@d Pawhbmanam adDadg)
Mesh Surfaces

Al t houagthh sanor f aces can be pacroampeutteerri,zed awmid |c al

too much time to deal with so much liynfexcmpti on
f osrever al traditional surfaces, tihley clomipll i ceati €k
present technology. The mesh surface gives a s
di screte way to represent a smooth geometry.

surfaces, a grid system came bckefdienreidv eldy asmamet h

boundary polygons.

The mesh surface is the most popul ar computati
same ti me, due to its highly discrete propert
simul ations yfsars.stWattihc saaicmdn advantages, it i s
geometry analysis of recent shell research.

16
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I n this part, the basic desigmanpopuecleaur met hods
wi | be introduced.

ep8va&kduv ' ATi Abou AT A OEA A Oi

As it is mentioned in above sections that the
shel |l stabuoatewnrt éfooreidadi ng process also plays th
t he dddsisctrel dt ostarcudtviartee t hiisit sb ethoa vifiionrd. aT hseu iatianb

from which a proper membrane stress field can
boundarys c®&mdiitdiean form findinga wiHedl Idedterrund tnie

As the basic definition is explainedl hdaernt Chapt e
technigues of such met hods.

The physical form finding method is developed
to Heokedecatenary chain (Figure 2.1.7). Consi
especially under compression or tension, t his

compression state for the masonry or brick arc
mwoso. The hanging chaihy méemhwwtotpommde be e
# di menbyomsing a chain network or

i attached on each point. Under gr .
: ( can be derived and by inversing
""" compression form can be dfound. F
| masters, from Antoni G@ u doi to He
J have all used and done deep rese
form findi(Mm@hitletcdimi & ules!l er, 2000;
po /\ F Otto et al., 1974)

/ \ Howevéer, techhasuel sossebie | imitat
: g " f example, as also shown in Figure
B 0, cases can onl vy be the applicati
mextt” differently distributed load on |
Fi gur7®i mgt .an b.y strings. A wvariatitorni bouft itome |
. o : wi || totally Il ead to another for

simplificatior i i i
. : . combination of t he horizont al

finding techni ) )
. wind/ earthquake | oads which are c
drawing bRolPe ) ) )
: often i mpossible. At the same tin

Pol eni , 17 ] ] )

t he di scofet itzqhet i onr ved surfaces,
complicated behavior in a continuous shell wil
techniques.

With the same goals and method, architects and

more poweriftihl ttheolhselw obBi mompddéerm tiemdsn.i qWet h
mat hemat i ctafeomebtwodg, form finding methods are

Force Density THMet hodl §EDR8) of t he force density
rul e o% Hawkef elasticity with the goal of sol

17



By considering the original network as some po
get an equation system of t hehequiilliilriiwum off av
point can bd hece §od d bbavd inagil 1 fursdfrri ggtue e 2. 1. 8:

——J0 E ——20 0 7 WherCe —ﬁé( ap
Wi th the danaleyseigsuaadan on system, the aim of the
solution of the equmds stimb |9 Stee M. giudas d¢i vosnu ,cshyi stt @
i s -lniomear becauwgehbobhkbeddbet anteul ati edpslteihTihse FDM
problem by intrffducienoghbtnledt gnemanesptt he stresses
divided by the cable |l ength. I n ahddhaewmey t he e
easy to solve by giving eachhd oFbDM memnkod yc a@n a
for a rapid generation of the possible membran

a |linear matrix equation is required without &
density cannot ke meitmyl yrdaeaereicrheadchiics,g it i s of:
beginning of the sheldl designs. At the same ti.|
and t-dhhet ermi ned | oad at points, the solution i :

resero the distribution of the stress field.

Figur8ix.cr.etization of a shell surface (A) an
(BOAdri aenssens et al ., 2014)

DynamilcaxReé i on Mdtymadni cDR)e:l axati on method is &

computational form finding method |Iike the FDM

FDM Met hod, the DR method relies on a dynamic
used by Alistair Day i (DaglVvbhBa§geinmaryont heeBR e

soltvlee problem with a dynamic iteration to chec

smal | movement step by steplfadri osvsmalfl tthiememeitrha

mainly om Sewdmdad | aw and with onl yditrheec td aommp iansg

a degree of freedom. For a gifwdd otwi me t, the e
00 -»w O

By consideri nghié peoinmssph endgs yasiwé mh t he sti ffnes
and the dj sl aictenteannt be rewritten as:

0 0] 0 00 0 VW o
From the equatiamelicatrdet vieed ocodegvame tamangihreg

resi dual forces are changing with the displ ace
18



whole system of residual forces bowWlemvehge qu
time steplyssebeceed, tqhue cdadhjiveew ggde.n c®o mea nD B eme
hedeen well researched and the computiasti onal

available to be used (iVe]jmnawaAdldidaldagresss ggms seotf taMa.

Thrust Networ k ThrealThgiust( NeAWwor k Anal ysis (TNA

finding method which is an i mprovewaerdftuloft otohe
for the architects and engineers twatfiirnsitsh t h
introduced by Philippe Bl(OR.k A.n Q0Q7 &Bndckev ll
The TNA method introduced a more direct way to
the reciprocal relationship betweemrtkhe Afnadr m a
by solving the horizont al equilibrium at the f

applied in both the analyzing and designing pr
FDM met hod, where the vailtuy 94 adlelcd diredamdenteh @ efs
process in the TNA method can start with a graf
As a product and an applicati on AR nodvea daTINtA met |
been devel opevd deed d/ ius edl (iMha Rsiyhpepl ma ndne, s i 2g0n1s2 )

Par tSxrlieng sysf{EmomMps bo dArRecmremer novel met hod o
form finding metphod gi s ytg{hHTeh mPnayyesttdholdeLBa&en e he DR
met hoad sroeilti es on a dynamic analysis of- the nod
Spring model makes a similar and accurate syst
finding method in architectural deaimetwW kh a
the forces can be deflianne db fa ced carsd iacgstayooaHdolkeadws o

The PS imetrbyod i ke tama&hPR wmel ot he viscous dampi
the PS andarbeRt met hodnt er chtamge albhh & . adthdeeh 1S and v
the DR met hod. I't provides mainly a descriptio
not simply a way to solve the mathemati cal pr
met hod, the PS is laotwsi doef csoonlcveeprts icna nwhhec hused
probl ems can al so be solved. A recent popul a

Grasshopper has uspeprdi maisaggr éeémeaphriolcvers to ¢
si mulswit i lo ndiofafl eri ekretr , g 201 3)

A simple comparison of mnhgues¢ate @lhowmtbéloowm: f

Family MName Year Element type
Stiffress matrix Matural Shape Finding MNSF 1674,/1999 bar + surface (1992}
Geometric stiffness Farce Density Method FOm 197111974 bar + surface (1993}
Surface Stress Density Method 550M 1998/2004 surface
Thrust Metwork Analysis THA 20072007 bar
Updated Reference Strategy URS 19%2/2001 bar + surface (19%%)
Dynamic equilibrivm Dynamic Relaxation DR 19771977 bar + surface 97
Particle-Spring system P5 20052005 bar

Fi gur%eCo2nplari son of the state of( Adrti &emrsrs &n snda
al ., 2014)
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The strudctzateé oomptmemhod is the important pr oc ¢
efficiency of the design can be maxalmvazyesd wi t h
wor ks based on an initial design and aims to m
sentivities byyonsakdeagi ntgheprmdnd em i nto accoun
mat hemati cal tool s.

The structure optimization in architebkbéure ani

establishment of spacnibfsitcrsadgtrs cdirepdi ¢ hesst sed¢cteect a
defining const rsaainndt smaatnhde mak § ¢ aietmprih @gihzenmi ng.
optimization of the design model and the struc

I n this comprehensive procedure,nttsheviédt allwiasyh

affect the result of the structur al optimizat:i
i ssues in the design asdadamist emicdan omp toif mishatl il «
is often welcomed wWwiellk mel copkkédeb¢e¢adctsi mast a
compromi sing best design of the shell structur
Becatulsgh e | | structure has shown its efficiency
design met hods, it is oftenl possiuthitaer ¢ hadds o he
ri sk to beaxcmptmemiazne dovsetrructur e. The design whic
anal ysi s ahl whysehabstivity due to some small i
the 1l ocal concentrbaebavioard oaustehde bbyuctkkh é ngeon
i mperfections. I n this sense, a better optimiz
cause an improvement of the initial design.

1, Size Ophte@ umie astiizoen:opti mi z aitsi oomaionfl yt hae bsehtetlelr
of the thicknesst btéhetolreets hcaalll tshu refkatses sz dosfo,a s h
a better optimizatdemntiion ttoo raesdulcew tahe Eao vsisb |
capacity of thepesteibkbeuhdad ease.

Y=

! vl
:HT
w s |

Figurled@pdl ogical optimization of a structural
optimi zed s(hGaple alwddmaocom) Perry, & Ren, 20.
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, Topology/shapmetl@pt heni d adedleywgewdpr mofinding

hell stthbhetshape and topology optimization al.
hells. Actuabl promkessd osem $§hadenoptimizati on,

asesassuwhheen design i sbstamregdoffr o msaddadpenal S U
ptimization can bpl asedstoeoésfsestabebeAt erhens
pi mization can also be used in reducing the i

n such techniques, iteratifitet odtohger rpeatritcs alng otrl
nitial geometry, whoeocceungronas tftrirees sb eosrt | sooM usttiroens

Fi Quk.el0)

- 0O O O uw un N

: Materi al ThQiprnii tmi alat desi gsi sofal swlaglsl d®othreu omi urhe
bstraction of the objectives and constraints
0O some ewdre,nti.n Hoowme det ai | desi grucphr o eoderre s
re oftieaotakbenh with parameters suchstarsedsdhe ani
nd bucklIThmhg dppxltioodsst.i on of materiral usptil Myz ani
the specific material s( Stuedgimarsn t& eL wrodnp oz0 Q%) m

LY YW T

The struemiuamal oopodi ss hodltle ns ttrhuec tsyreeci fi ¢ part o
for a more efficient and accur ate acnrailtyesriisonor
optimization can also be applied tas fmamgl i ze
considerations as possi bl e. As ttahiilss iasr en cotmitthtee
this part.

08U 83POPOAOO0OAT AT AT UGEO
Same ashetHatrm finding and the optimization met

desi gm hefl [tshe t he structural analysis method pl
to verify the capadintsitefd thodighfd hpo schiebdll e sftaorumt afr
sur face, the analysis procedbrkaavaioms omone et aed
by understanding the possible stresses, strain:

the applied | oad.

The structural analysis is the main target in
to the posasitbhloen abfs t he sttrhieot bowi mgdekechhhnqtubést
introduced.

12D Force Diagr anbtaantAimotealpgh e Gnamkirous <creati ve

structure analysis, the graphicl awaifiycsh shas on
shown its application before advanced mat hemat
be consi dé mealnedsspntiheri met hod where the simple
are translated into .the geometrical representa

The met hpadl wgam of forces is the basic principl
is based&GorfiMswtdmw that an object either r em:
constant vel ocatagddeend yri fr kneos sfeoirédteash alt ance each

The graphical anal ysis is first used iin the
indeterminate cable system where the forces ar
that is construct etdh ewiwhho |bel osctkrsu cotfu rnea scoannr ybe ar
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syswemh dmpm@mldised aid on the center owhgchvisy of

imrequilibrium state, a force polygon can be c
graphi c iscthathiacss ,beven used wi del y b2y0 tahr ccheintteucrtys,
the equilibrium state of a system can al so be

(Fi @uf d1Vio)l f e, 1921)

For shells, the same analysis can also be appli
the i deal state of shells should be a field of
I't i s eastyhatd ipnreeasrunieor ce system should exist.
such 2D thrust l ines should show a solution f.
developed with mathemati cal met hods. Astually,

an extension of graphic statics and can al so b

However, dalhet godaphofc t hehed ekl manaltyosins alhs$ ah

abstraction of the shell behaviand sboluy dl bee &
behavior can be considered. Al t hough the grap
el egancy and simplicity of eshe phpydiicalt i menc daun
devel opment of the modermwithedhye @fowetr fuctt croeny
capacity of the computer, this method has been

in the desi godapgphteteeltles that this method can
in the firsthedeshgihl psoocecstsumné. t

E 1=
-1 ~ & e
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e il . : o 5t aull
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FigurleR.dtructur al anal(Whild eysilMR 1gr aphi c

2, Classical e haenadl ytshiesorwi tahnldtit rhahd idteiven @lp megead me tf

pure anadlyeslils sotfructure mechani sm, the most th
t heor ywafwhriscth establ i shed bys AEHr $ova#pomwvelBa&t w
1944)The shell theory is often considered as tt
t he vari ecsg i s@r fssaaogact ur es. The theory shows
establishment of the membrane theory of shells

i naoD problem by suggesting the nor mal directi
behavior.
The sheplewmddrenbyd mat hemati cal deduction and i

traditional geometry for most shells. A thorouc¢
shell and conical shdlhles.t hfesortyheo faredlayssiisciitsy,b d
of the materials has been taken into account a
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for the analysis of the real sheldl behavior.

Haowever, with tHe nemphadiastéer ghewmyinituhialseibe
and experiments that the theory has far undere
shel |l s .-walrher epsoesar ch has esdwahllhi sdheeadaill cetd o fe sewap|
buckling sensitidvibtoitéhs odf tthlei mpeoomeltlryy amd mat e
been coasddsueld research on the traditional fo

The shell theory analysis -Amrsusthowonsitdebatien
has becomehéehmobasnssofenti fic gsldsmaracth eosn. oMt tt
complicated mathematical <calculation and sever
first choice in the general analysis method in

3, Physi eaAsi Model sfiown before that the physical
t he most pépaurlcahri tmeectthsodi n t he design process, t
met hods to research the real behavior of shell

By many of theofpiohekrsarsand et sild@nisonlad |l ersc a
model s are not only wused to find the proper shi
of the (rlesdlers hell9983n FheOagye,lodltipdAys i acfslsiselmu st
many kinds of models have been invented to pr e
structure.

Unli ke the form finding process where only the
objectives of Bwephysefcal smeldle coul d be compl ex
from verifying an initisah!| depieghot mandcag chi n¢g h
behavior in the shell, the physical mo d e | sho
accugiamwel ati on for the real circumferences. I n
scale model sfehouhd bensisedcti on details. And

time performance and also the micro behavior a

The physical nodteg nse atroe hueslepd tilme at heor eti cal r e

test of shell s, mainly due to the |l ack of suit
test the behavior of the gi nbpeehrafveicotri omas dlh®eo o
enhance the theoretical researches in return.

4, Computat iThmalt eMegttrsodsn:d t he -frerqmi gheanelnt st rod c
have urged the development of a new power ful

Nowdays,edndlysais$s of the mechanism of an irregil
engineers with the help of nowmmuntyastao lowsa | p rmoekt [ heor
such as a | arge equat iloinn esayrs twdgh accro W@ lriisc at e

possible to @wef -Boem shebul atwbhh the new techn

The most popular computational ar&IMy si svhrmetehod
the whol di sysdtaedmiinssonealsle tc godpnertehads f i ngt e el eme
and the behavior is thus calculated by solving
boundary conditions. Tdansd shuabrddi vdiessicorni boafb |ae csotnn
sever al advant gganndswacltuaateheepassentati on of
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reasonabl e resul t with consideration of t he di

attention to the | ocal behavior and i mperfectd.i
However, compared to anal yweild, utslkee i WEM htea st 3 allc
used in the design of the shell structure. As
much professional knowledge in the structural ¢
by meshing aidheoi aanesdi madbele model for the calc
of the geometry, boundary condition and | oad c:
cases but cannot provide a general sgluesi on f ol
can only be considered as a useful tool in the

The FDM analysis is provislaendd nhoawsa dlaeyesn bws evdarwio
the final hevaladdtdiiary soffChtalpel | es &r Bat hee 2010)

08V 3PADEATI AT T OEAAOAQHIPIAG EHEGhO@K RABAQECT O

The principles of shell designs are mostly ba
mechani s ms. However, for an architecture desig
make a structuralized designing system for she
1, Thscandscross Steattihd ncekdneessisgni:s an i mportant
a paradoxi cal problem for shell structures. Be
requai rbenst aweé ioght structure whidhmlcamtbd hlruislatmew
the slenderness of the shell surfaces wil/l en
membr ane behavior. Neverthel ess, a shell struc

sehbsfverbehei mhgckhdng hemawi ovi |ldwbahgakgedoos$
extra | oad.

A thickness or <crsof$s o : ' me

at the first step of f\ 5, where

span, | oad cases and : y shoul d

al ways be considered l ‘ way of t
—— il t he

ma sroyn s hel | or the cit gns,

it hruedmetl hoeés | i ke t1I * +

arches ca(mFibgeur B g2d A Q

defining the differe cases ar
a proper subdivision \ ferent tt
i ne fieldseraard ba Hiss

geometri cadsltyr.ucFtoasroes *

el ement , according tu tne 1 uUuwe!l Lileuvr em, i f al
othe thrust | ine canFigurleXlectioenatdisfffyemhe vol ume
of the structure, a cagedseyman, 199 equilibr
can exbenai minai nede, lan tehfifsi csieennst shel | design
mi ni mum shell thickness buwtnidaomr malthad ctken esst idmis
For real built shells, the materi al property o
the <cctoisen sedesi gns andt hrdaitervati enda dlepten @ s o
architectur al requirements, such as t he reinf
technical requirements on the structcutruerse. It i
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thickness to avoid the | ocal stress concentrat
the supports.

2, Opening andheheengt henainghell structure sh
continuous surface or eatbtempreanbe ho@e dledhgpaw i Do

architecture design, the openi signeovri thaobllees foonr t
functionality of the structure. As it is ment.i
satisfy the ¢dadt hhe bdedilogabelravi or will c ome
whol e slitm ua tsbapedil mawrit hmembr ane behavior, the be
the | ocal area and wil!l rapidly vanrdlsthaddcoause
t hmeost part of the shell will stildl be kept in

I n the destihginsodfl esnh eolfl st,htehmed mBt anéabebawifor wh
caused by the discontinuity of geomentdiiyngshoul d

and structur al analysis process. A Il ocal chang
solutions to such problems. When the requireme
finding process or the strusdme el opdli maadjad $ ome
geometry can be derived. Wi th such changes a |
be generated. This mechanism can also be wundel
Sstructures. I'n most the Deometrygpdicagnexpbéerei hemp

either having edges caused by the point suppor
is easy to observe a change of curvature by su
me mbr ane lfdorwhea cfhi i s sui t a(bFHieg ufroer 2t.hle. 1n3e wA)g e 0 me

As it is not simple to take so many speci al co
sudden change of geometry is hard to accompli s
newclatrengt hentiongs cell veemetnhtes problem. Wi th a con
el ement , such as a compression or tension rin¢
behavior can be resisted and t h(eFilgouarde c2a nl .ble3 hE

Figurle3f@ometric and constructional s(OChiitlitooars & or t
|l sl er(A200M®ange in curvature by physical form f

3, Suppor tBsd e dmendlgeersss are the necessary parts
téh | oads to the supports. I n architecture desig
should be articulated to the gt ldeersd goms odt tsénrel d
both the positioning ofsttrhuectsiugprp oddat ainlds tsteo wsltoc
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Positi on:

As the membrane stre nsi der ed

as the force flows i : se > ure, whe
the supporting condi 2£ -'v,"““\jt‘ith t he
di fferent designs 0 "‘ ] edge

me mber s, tehe tmeemsbsr are ;
changed. In this se : ) f t he
position of the supp [ \ . e the mai
mechani sm of ®©hd). dldre \ MERON
cladesicgns of domes, ",uIIy
supported around the} J SUsivi tha
continuous arrangeme “\\ e = "'.'}:"'*-,f.,"'zl'lumns.
Such symmetancaasbshy i SEEEE Toora | |
asaseries of aalW@hiesrj gurasa.fferent sstwic
connection, wi t h Ordifferent supporting¢ and
circumferenti al Streé&upported shell, 1ikng with
the development ssohieéeyj|| have a regul ar |
interests, to show tstresses along the @Ind the f
edge wfhashdlelen popugjrections. Right: a
vitality(@addglrac&. 3 disturbance of the

Webb, 2007)

Desiogn shell with free edges always |l eads to th
which cannotogmai badiamcelde stability of the sh
form are required to transfer the | oads mainly
wi || occur at the suppettbngepoedwyebtddawiiebaha
wi der area of the shell. The most common way
strengthening at the free edges, such as a ten
same ti me, it i s al so utshee uflr eeeo e dhgcer earsea tthe ¢

bending stiffness or making a possible warped

Structural and construction detail s:

Designing a reasonable support construction i
beause a balanced design is always required acc
behavior. A shell can be statically =either de
common way is to create the ihs ostqaitiire sstteatee reft
the hinge connection between the shell body an

is that only saccahn halnwgaey sc oonfnfeecrt iaonpossi bl e tan
me mbr ane stoaaeuwssihnegi eehnoduitn gb mo me mtpse.r f Ect $s8OBt at
condition, the edge members should also be si
def ormation of the whole structure.
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Figurle®Si2mgdl e analysis off tbaeddifbesettbesbppéheid b

support will cause the | ocal bending behavior; Mi d
to the structure. However, the horizontahatstress wi
wi || be restricted by the support. The possibl e s m

i deal roller hinged support can provide the poss

As it is shoWwnlthhrpi Eiad umseut phgoddrssdhaery |be si mpl i fi ed
the three conditions. Because it is required t
smal | def or mati oo sthtoaitl dt ber eal il o wea ,betnhdei ng m
theoretical upopibmgoinmrecofi otvmtod §conlhy ntijlgdl)t sopport
Howevermcossthuction detail is always too hard
met hods are stildl usually used to simml ate the
certain stiffness against the possible moments

A tension ring method is the most popus$ ar pract
in the regular rotational geometry. I n such de:
conmieen between the shell and the ringn Nor mall
L.shaped groove to offer the horizont al and ver
deformati2an . )L @wurei mply strenghkeshegl t hedbe«i
it into the ring to edhabl)lk6 aBbending stiffness

I n some mor e ash
kinds of suppao
devel oped.i kA kiol
is always do-hien

way. Such as in )
technique, t he ey
shell and the t. A l B

5
made wit heiansgnad _

t hatstloead tangen # —
the shell geome \
ti me, the hinge :
simply iwindi sge.
whi clhl waffer a s
di spl acfeome b s b ¢ c o

behavior. 1( B)ég Cr, - _

T
—

Figureergpical supporti
shel |l cs(nMdlraircdagromn, 19
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The traditional and basic principlsdhowoft hehe s
fundament al requirement of stisevalheded tedali ot
architecture design mesanodd osl poagtyi.all ns trrewccetnur eyse at
into the topics of ar chciht,e cntoutr ad n layn ds heonwgii nnge ea |
traditional shel |l forms, é&meéer eafrsov aarci coounsp asntyri uncg
systems and forms inspired by the devel opment s
materi al s.

A popul arr easr@damelcetnapi c of the shell structure
whi ch theans sgomi n meaning first f reosm tthltee bg tod by i
ot feorm and structure of organi smsr andartchtreiaf s

shell structures, it has''a¢sobushomwai nlty imdmute
wor ks of shell structures, where the new cou
emphasized by ¢(Ren®hko)}rdetst gthlke snew trend of
of the spatial stroét srtagasucamndet g seemsgamaevad a
mor phol ogy i s brought up again with the foun
Mor phol ogy Group" dmBMG)Ad nocdihet ilonnt eafna$hel | an
(I ASS) in 1991. Focusing on the relationship |
materi al and fabrication, | ot s hafb ereeqw dsotnreuct u

worl dwi de and oopfengldelal ndeew edrrofpimesds ovfi t bui | di
experiment s.

I n this part, more practical cased gnfd swnelhl de
a consideration of the structure morphol ogy. T
and replacement of the ketstctucntarecsnaweé pths tdfe
background devel apmeént aboufiolnda tnegr itaelcshnol ogi es a
theory. Finall vy, a new materi al teamdestyuati i a
clarified to |Ilead the main research objectives

¢ 88/ 0OECT OEA &1 OAA AT A &1 Oi¢q #&O0I T AOAEAO O
08080 AEAT O AATIOOEDAEIODT A 1T £ OEA OEAI 1T OUBPITI CU

To analyze the i mgormoanpcheo |l mfgyt he het mwedtadn anshi
f orcesefafmaf tt heet erenvailtsablida ticc take a revisit of

structures fRommmitvhiel i &mcii eomt, when t hseandir st do
cur v e dvenbaroifl st .

These domesheimmséedadnofa structur al considerat
previous part, are built in a relative intuitd.i
in the bui l-waduwlgtss ,oft @mmmandaonedn ts thuwpialsdertshest arted
experiment mainly based on an aesthetic idea a

the ancient constructions.

The Pantheon in Rome is famous today $0 be al:

sandiangdg it dtalse amasion |lbeui |l ding techniques of f ol
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P a
s h
fo
st
t h
st
by
co
de
an
st
h a
ma

nt heon, it shows the first typical structur e
el | s: the whole structure nserbiudrl ts doayf fpod Whrii
rmwor k; -ssphédr éhktohmlfhe structure was built I
ep until the 5.9m ocul us. It can be seen tha
e bottom ringsgamertehimakened dbyudaftbadeismes t o act
ress concentration. For the oculdssphayedpi ce¢
adding a compression ring which is made b,
mpr e sca motnr &toinon is therefore resisted. Althou
rived fr ®Rmmdbriue | aln migehedxsp esrhioewnecde i t s great st
d lead the structuoke octaocklsthavVien @adsmgs appeat
ructure. W th al/l the cracks in the meridian
s shown that | iwailsheahé tdaaeyisc aknndo wlheedvgset r uct ur e
inly based on geometry and experience.

Pp88HAOT T OU AOAEAO OI OEROEKEDAEI C 1T &£ A Oi AT A

Th
s h
ol
t h
st
b a

Th
fo

( Fi

st
of
me

Al
mo
mo
en
pi
go

e exempl @MDo mén SRo mépertebshednbtish ¢ st sveiddeappl i cati on
ell morphol ogy with its daoruchhlied slmgeyaies etdh s h el |
d casitguegs t etcthins i s not innovative because t
e drums and | anterns c d@&n dboemef oiunn dF lecarrel niceer an
ructure based on the arches are thareost cor
sed on the use ofRomacnuclrteutree . masonries i n the
e Stk hPoewteerer is so famous in the history of
'l owing stability analysis which | ead to the
gur,e and .ilt) i s also the first use of the sa
ruct wrmaep.plSuccaht i on has shown the powerful func
the coupling between forpmnamd fodr adlendrmod mh
thods of shebthmit @®OtBYre | ater.

&ECOO)S 88 c0BAOAO2 O $1T 1T A AT A EAEOBAOEAC ATTAQUOEOD
though the previous milestone has maneyat ed t h
re arch domes f rtonnet hteh ea nReei neanits sRacangaent Aed t he
dern dloelnMendewd th a change oft talpeg esatrr wotturlal
gineering use of iron and steels. The new st

oneer work i n tiHal Ir e aavrad k821 Yt hhoeu giho ciehnee i r o
t ite sSyYystwuemumai n-eyi shreenctus stolre -abordt hd ome s di ng
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which has been firstddeethmeiptbic emyt(udPriyaielfieb e& t d
Andr ews,, tlh9e8 9f)i r st i ron dome strucmtdire hfeoromdst i
arch and ring systems | ike the maweinglyt ,domegh b
ef ficient stf(EBcgure 2yPo2pgy.

&ECOOR7 I8 AT A OOAAT OOAAAAAREBDEADKE ADA&qOUDI 11

p8¢0808% AT A OOCAROEOARDBDANMZARGAARDET A

The truss system with iron and steel has opene
theiapatramework structures. However, it i s n
arrangement of the i r ésnhetrauss sb es ydsetveent otpheadt ftrhoem r
Based on the previous expédsr imeme sacdethihaaslt h d €
research of the spatial framework from August

concrete shell i s al so consiDdewi dfth gWmiokdhg urhee dev
2. 2.w8i tBn) t he tihdee il IS nml arfet arilumprolvelinlg ¢ h®2 D) d
concrete system, it offered a better way to bu
for the concrete séHietl ésbuBldi dwyspith@dus elileiadm
replaced the ohdge¢e eclkhriffqoeési wgs hor-bédsedwor ks.
geometry also |l ead the future devel ofpontemt s of

concrete structures and the numeri cal analysis
foll owkpyg @égbenotdhees dDixy dBumek mi nster Ful |l er.

&EGCOOM AEsxch8Al AO $T 1T A AT A OBAU EE@ A GORIDAT EMODEAT T AE O«

The first bang of the inventions of the reinfol
hi story, with summarifal lamwi pg atce ¢ kreisc alnids atl ism
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which had evolved in the tradiKiurem WZ0Oht 2t)d emat h
great amount of appwi-Maghods ohetbéodmisg of
structures has been twik8a!l yl s ptrieriag blookEsompeema
|l ot of i mprovements ammodr pehxopl eorgiymehnatvse obfe esnt riuncvteur
master works of many pioneers all over the wor

9898 OAPEEA OOAOEAO AT AAOEARA A DAEARROECT 1 AOE

Unl i kesthgepoé& modern concrete shells, where t|
theidatmtm on of the early shell theory and desig
desire of designer s att mo ;mreeva tme trheowd fodr msn d elr ustt
relationships between f or mGraamph ifcd réchesdtsitacist h ne

i mpressive tool in this background. The practi
came after a |l ong preparation of the theoretic:
equilibrium of forces,hdaoroyn ftrhem éddaadiki @s |h ma mn

Graphi sohe Wilah élkne oRnptrteehrensi ve graphical analy
i n bhoigg&knwendungen der 0Graphischen Statik

The milestone of the graphical awaifmdryessiesarafh sHe
the Guastaviz2n@) #i by WwHhiigihr d he graphi cal under ¢
had inspired a new way to design nbowariedds ci en
modern sheaelulc Amia®@me erGaawdtl eandewél opment of the
techniques.

Pier LudsgiwoN&rsvion shell structures are consi
mor phol ogi cal innovations of concrete shell s.

Maill artfelGuahdvEERHIi o Dieste raphthat isasneaamgteh «
fundament for the design and calculation of hi
stiffen the shell and.l28 ad 8tdh e nfaddbdivd db fit iHnomt oelse I(
with a | ow coehsamdngewaytwimeh pref-absicaged c
and erection of the lattice system;iwmasi ssiarpsioe .

proved by Nervi t hautr atlh ec ashdpfibamrdantsit curr bi ntthee sgtl rolbca
of the shEeNér \bieh& v DeSsuicdhesririg,Ibl 59 h®B)ve al so been
| ater designs amtd tbyepcoalnoeg ya no fi mphoer tcaoncr et e shel

o\‘!am' NG
a0

&QECOOR OAsxEsE A ATCAIOWAEETqrE BERT OEAOEI"Q@ AU A, EKODE OOA O
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Being the founder of tdtehel ArS, e rknd ucaorndcor eTtoer rsoh eal
in Spain and had also used graphic statics as
curved shel |l df ovi lhdh. Icootnmp | d fc alties wor k s, the firs
i n 9peien Al geciras Mar ket hall ((11998368) uasred the Z
concept of i sosweptoiscsilbilnee ss hteo |Ig efnoerrnmast ewitt h doub
to viesuwaalei 21 ow of forces referred to an origin
forces guided theéeidaskegf. @af5)he form.

&ECOOR OAscEsE A OEOOAI EUAOET T jlas OOEAMDZ A AUk /TOA T /B GAAAD ¢&
6 AOAh pwwwq
0808 A8 DAOOEAAT Al AGG@AOBDELAA @EEMDIT A&£ET AET ¢ OAAET EN
I n structur al mor phol ogy, the generation of th
and the forces. | n theés l|wvaotrekrs , s htehle gneaosmeetrr yF emeit
its dominantepbsidesdognenandehakiemat Bosieas mgihn emnl
forthcoming spread of sheltldsn al maoolwematihealwoaihc
educatasohooh founded by Torroja and | earned th
his dream to start a deep reseoddowiing- Dye keh é
Wi dmann, the Sfisambsiim @indi Il eWar him in another v

shell with hilshuwmiulmerohel( IEA B NEexXiOc & TORROJA,
Candela had a speci al preference in the HP for
special way of doing the designs with a domina
t he structur al behavior of t hewiHPh tthhen shtheellll
t heCyndel a &HFkabdrsi ghe6hlas &I met hotll ofvedh&of ot
mo d e | tests. With his successmajpfl eplman®er @luso s hel
risen of sheldl in the |l ater archobhesystemdes$ig
straight pl anks supported by another system o
building techniquegei whercd fier favioorg bHiymen
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other shell odesi gmédt uentclke psot he Swiss archi
nsidered as the founder of modern form findi
e Hatswpriged geomewcowms rlent ehishel |l designs bet we
Inevre nit ed several struct BlebkloadCEpRisiRp 7 Bhel l s
e expansifoonr g hehdlsl, s ,f riereverted membrane shel
alytical geometries. The numer oeulsl sn ehwa di nmeang i
ormous i mpact on the contemporary devel opmen
end of research of the strufftourmalf oh@dropso If gy
his thesijlsslienr IsAuStBmal 9 X3 i hmo rcplhaosl soigfyi caaft i ®me
eping the analytical and the experimental m ¢
sl er,wil9®B foithhee rc lolmeststad 0 i mpl i ed and predicted
the structural morphol ogyrirge hé&. dedrgl opmen
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The gedomingnt designtepophecepgpear amsel efadmore ¢
with free forms and also a tendenctyhet hsahte lalrsc.hi
This has &blbkctriictaesursieodn asi t uati on of the-shell de
designed desitdieatpe ot @dpdhseen.osmiecnnron occurred in tF
the Sydney Qplerrna fUideudsher BEBh d IPRps byohe Cor busi er
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195T8h.e di fferent understanding of the rule of f
from the architects ands epnegmspiesett &feo rFm eefe xtalme | €

shell tsai(iFmegtuzt2. 8 A) cannot provide an effici:
of the shell for both the prefabrication and s
yeaf r eowfi stitoen final shape and a gAletalt mwalstie of

both proj edthseheatnlde tfheer muafvature were neither ¢
behavior and caused the hard work to revise th
cooperation between archi tsecstusc caersd ewigihnetehres e
building and the reconsideration about the des

I n the design process, the design of shell s
coll aborat{ oeas egmanrmalud @abd &Julcaabor ati on, the shel]l
calcul aat itoenl plialsx the main solution to the probl
watshe role which the structural understanding
the architects toexiestdosod st hoef ftohremss tarnude ttulrea | m
materials such as the ribbed symbéemat homhef SHKI
shells with the physical form(Figdieg2t2c®nCgul

AR - I
LR G T R !
&ECOOW OEsxEsl Al AAOECT 1T &£ OEA 3UAT AU / PAOA AT A OEA
OEADPAO TAAGEAA ITAOGAOEAIT Oo AAEADAD RQiridhiK) GBOOEA p BDOEAE

(8¢ EOAPAOA 1 ETAAO OUOOAI ¢ OPAOEAI AEOAI AxT O

After the 1970s, the devel opment of concrete s
rel Bhuge cost of the formwork agdomemagw. pAwerth
same time, the emergence of -UBkagsthecspatbsahat

a new trendshfednlriulcé upbello adse r s dtaimael, 2011)
where the advantages of new materials and the
had presented its great i mpact on the history

P80 B3PAOEATI &OAI AxT OE OOOBEOROAOCAEAEADOABD AEAE A

The popul arization of the spatial framewor k st
with a proper structur al mor phol ogical design.
Schwebblmamd -Dgiws®Hame i n sleccaesrst besfed fr amewor k |
its structur al |l ogic mainly on the property an

theoretifttaadm® giptee,st abl i shment of t he spati al
Me nger i 1isg hsauunsneanr iaznadt is y S(tFe€ mpaptli, z at8i9®n Me,ngeri ngh
the mai hhteopew etructure theory has al so been
geometry | aws, the strucdur al |l aws and the con

The geometry constitution is in the central cor
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of t he fcace®dii sstcusnti nuous | inear system shoul d
of elsamemodossi ble. Bugemdesie?ddFImeahredFitglue ef ol | ow
studi es of the(Lephceadityhca ud eaw of spati al
(Mengeringh&tasen,nsp9r7r®d the first period of s
structures.

The use osifncompuwdetur al engineering has started
Strucmnhut éfeorfnm esehel | strectdevel o@snegn. oWi tmo dtelr n
geometry and the subdivision methods of the su
i's enablceodnt r-fodr m hset rfuceteur e and understand the
i nsi de. Hence aheeWwaegea pramjeewt s hoft stadi ums,
spaces with curved forms 2vh3a %) hBlanrGd ebsu igints ,warhled
conceptcsoimmfgrroeem bi oni c st hregeecoenmett rd/efanndi ti on of t
mor phol ogeyf owaes dtehfeirne d.

QO ! OAEBOEKDBOBODOAGETI T h ¢mppn &O1I 1 AOh +0AOOOAR QO , EA

The applispaitoal oframewor k made an interesting
where only the pure compression condition is w
Sstructure can be either in tensian noetaeamsnypsr € S S i
the computational form finding technology and
rapidly with the theory fromAmattthemastaimes tdmdk, c
structur al typol ogy al so got ridductdsy amhiagle darc
efficiently supplied in any I|linear for ms. Wi t h
material andsuwsdh uscttruvatlurread esr,e still widely uc

p808@@EAI I h PEUOEAAI A& Oi £ETAEI ¢ AT A OEiIi AAO AAE

The -gheldl is a morphological i nnovation of the
i nstar uctwiaryal ilssmcan bédecomstdeprmned st lodt t he shell
the possibsirembhnustAs| i mewhemteieneouws eshalflimnite
membrane fi edhel, | ithhd hme mdrlriddmfei et aasbyphred st ri ct
design pattern.

Thegr-sdel | has goauaed ewistthamalgafg tahned physi cal hang
finding techhiequenavatwionhl use ofts triensbeearr cnhat e

on the hargi nOg trogao fsUBndmar i atae d lomingua Beechbtructu
conceptshoefdrigr it ¢h en we getxapbelrsi gnheen®t t o eAf taddr. ,hil1974
sever al smahdl Isc awiet lgrtidmbgurandt BambboAayst | ar ge
gr-sdel |, the Mannhei m Mul tiigshoanlslied,erwas thuiblet til
appl i cat asotnr uocft usruec hc2o.n2c.elp& .B)( Fi gur e
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The appea o$heéhl goinndeoppt iimi rad tstobomber as materi
shells. Although the cohoepeladf cdes ibgen ianpgp |tiheed
materials theoretically, onl yl dihreg tt$swlerhsagtiag e f
they can def or mhearnedcphi soendt dur eagh tihte iisdeadls osh
di stinct characteristic of timber that the bui
l attice pattern iad ttharsefeolrde gmse ebdfetde.n Tihne qouadr i
that the deformation can appear. I n this sense
met hods with a chain net or fabric. After the
extodas rt o changat rtiheen paatt datelrgt iiehtloocal s.tiffness

- Sk A o e :_ ﬂ
SQECOOAROBED®/ AODAOCEI ABOA 1A OAICHEBEA - QIOBEEXAIT AACET -
Al 8h pwxtq

The -gheldl is welcomed by archit ebegwibtelc atutsee t h
architectural cédoiskows iftos mef aindi éncwyl with a s
After the Mannhei-snsheéMiull thasal besothbheegruded in
| andmar ks such as t(he oJaepan i Pawv idleisdm ni rb e WG n
and therenffiam Band Happ Wed)adh danvth sRauwn ( cooper
desi gn Ebdestawede BBut hi nanots and the engi BEeglkanfr om

The -ghaeldl is also widely researched nowadays v
optiizmti on, and also with its building techniaqu
it is also welcomed in contemporary building w
0803ABPET T GHOAGRAIOAART AOAT A AT A 4AT OACOEOU

Contrary tocdrnesrshmimgi shehal, tension structure
where only tensiongdt&o sftiedd tlhe hafsf it hieesti midara
mat est hat are stronger i n t esasnido nc a bslueash. s aAss tnhae
such as membr anwist lareco mproe seinen, the devel opmer
first started with the st #dntddrmgl mealhoédasey dtti
been realized by the sheilng pmeotnheoedrss, tthhaet hiann gtihn
a reverisichadf fieactersadbl eidndebkogmetr he -ocolnmyp rfersosm.o n
Afterward, other met hodvse aesluscon faosu ntdh eb ys oFarpe if iQtm
to generate tlke. mimirmals dwersfign of the Ger man)

Mont apretdie Ger man Ol ympic Stadium in Munich, sui
used. In | ater designs, the form finding has
analyzing met htdicks cloanpaud ati onal way and more op
2.2.11
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Al ) = —
FigurlelGe&rman Ol ympic $tAadiBdmt he Madéech membrane st

computati qrc@baadelst lginsg, 197 3)

The tension structure with membr amew taynwmle cafbl e

seddipporting structures, and based on the same
of the mosttobecentofesbarespatial structures. P
and Snel son, the tensegrity ssatsr utcheaur med wlraer ssh
supporting structure composed by a Ilinear sSys
di scong i qnawmpr e(sk.i oMo trrodd,isg20 @ 3T2h.e2 . t1le2nsAggr ity str
opned the new future of the structural mor phol
geometry |l ogi c. During the past 30 years plent
to expand its form diversity paunrde ptoetnesnetgirailtsy isnt

has not been completely amoeg¢p hioholbgacaet soalkcepde
bitmAny i nnowdtriuve cabsltemmdDemesuc h abhet Dey@pic S
i n At |l anSuas pdeonddet hea mMmanryeodnt Japanese and Chi ne
research fields, the desofnt ansegrailtcwul aé¢ mainn o
structur ali deenagsi neweaH mgsn tshe utteees sawid hf ol dab
tensegrity hdwe appiFd agraerde oi’kn 2. 12 B)

FigurleZen<egrity and its appl i(chastsioocni aitne sar c2hOiltle; c tHuel
& Snelson, 2009)

(8¢BABOBEI ¢ AXPAOBIROOAOOOATI -1 OPETIT CU
0803 N ADA OWOOROHOIOAD 0AT A1 EUAOEITT ¢
Due to the outstandingcwmemedanbebkebaandrthe de

and calcul ation of the | inear shellll ssytsrtuecn,u rtehse
as skins and casvtemicigrradt comptomamt . However, w
applications i st esmlndlp ggelealesls i n t he shell design,
became one of the topggsiof rebenstresearah. mai
point in the researchiattithbeegpoememenpt di sanebéezdi

anal ysis of pl ate acti amk9ahd, thwel Ineart erd sal albred
paperboard asdvatami desmi gms of domes to show t
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use panel materi al i (i ygus egRro@edi3c Ddome concep

— 8 _C R i D
Figar2. 13 Applications of p(Aaynanr, shE®3;s Kk uwl lagrc
199)

On the structur al si deet WEhsat esrp aptri cad o spe da tteh es t d wl
i near l attice system and suggested the <corre
Struc(tWersae.rEveh9840) recendt mestearalh,r slwenhhas bee
experiment of the TU- Stywtrtegdarsthetld bsi(itlred tthh eni rw
Magna, Wai mer, Wi tkKmitphpe rdsev l0d@ment saorfd ctohmput at

mesh metbkcecdibe durved surfaces in designs, the
because of the easgrémbedeadci omavbedi ahe. Sever
been proposed for thgemeropttiiom zat i angbbadiar pan
buil dingahdchhegudave enabled more experimenta

In the field of new sapdwaateumbals edomoe pth od @egiyg ha
the recent topic of the otrhe aarpplsitaaitcitamnr eo fwhti hcd
Sstrutni tsedevel opments both the computational g
met hods are used to develop new possibilities

PLATE MORPHOLOGY/
POSITIVE GAUSSIAN CUBVATURE

,,,,,,

PLATE MORPHOLOGY:
NEGATIVE GAUSSIAN CURVATURE A

“p
Figare. 14 Recent developmeneshpopigpéanforirzpl a
stru¢Kui eg et al ., 2015; La Magna et al ., 201
2015)
On the side of material application, the pl ane
of gl as<n plhetfaolmimn sé¢ r € noeeWester with his ideac:c
design with glass, the facettedhglhesesn dleslitledst
anrde s ecdsrecvheer al ti mes. Si nscse s1OeQl8l,s tchaemef rbaancek eismns
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of new possibilities of shell tsheetbesain@dadand s
Ger méddmpwnhaangehi,ge0é@&Bd. Bsyy®PhA)D. researsh of pla
the details of the form adidséddsnsdeaagdi debiga m
design of such(Baggég,FizguskpRedtdd. B C)

Figar®. 15 Application of placs@Aaghaasenn 20@8]
Bagger, 2010)

080 &POO®A Al 51 AMOBMRIAET ¢ OOOOAOO0AL

Wi tabh et tdeerr suthandi ng of the shell behavior and tF
structures are also coming back into the cent
exploring the fundamental relationstpiep thetsween
of shell and membransarse rwusedirtecday hrmorcarrared rmc
design of the shell structure. W th this aim,

pl enty ofiBaredilcggistaodct uriensy aorued dompl ay an i mpo

AnbendaicntgcVass owasdtreigamnmirz2ed and summari zed i n
to geaserndtlear structur al btethraovu ohr tl h & ee laa £thies &
mechani sm of nntaittelriieanih,arid. e& Koneil pipkeer st, h e2 Otlrdadi t
categori zatswhn chf i st rbuacstedr eon t hbke stheadt mmpgal m ¢
behavior,-achévbesdirngture offerisnhenewt sfr ameg
physical deformation and its derived &tructura
refer only to a trendstorfucvtaurieo ucso necneeprtgse nweietsh otf
or the dominance of physical understanding of t
a fruitful deers g @@ nwipeon enhhé astrnuwmct ur al anal ysis

are involbvedatnsva ponbtadure in the architectur
(Bollinger, Gr ohmann, & Tessmann, 2010)

I n the new expaercitmevret sstafuclhamdcisng structures be
soughttheanpdot enti al of elastic materials such as
The bercdiingg structures are hence a popul ar res
2.2). 16

Figar2. 16 Recent experdamenmntvied rsalse ssicgns of b
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Apart from the direct sguénér athieonunafer st amdt mmge

behaswirordesi gn scoinsi chanpat bbnthe recent shell d
expenents with some new materials, which are us
Ssystem. With the fast devel opment of the sci
techniques such as | aser cutting, CN@etwechniq
ecological and efficient materials are develop
However, this fever has brought not only some
a method of €xisesgtfroucntiunrgalt hceo maene pMtesn.g elsn dé 3 if §d
Yu and Ban in many countries, the old structur
systhemmbeen renovated with the application of |
techni{(unes Bell, 2001 ; Brownel |, Swackhamer,
Gramazi o, Kohl er ,Th& sLea nngoevneble ragt, arezniplt4gja yh aovfe sohpesin
designs to recall and i mprove anbew appdataonoal at

energet i(ckFiguwrrfddaedee2.th®) ess, when it is checked
efficiency adbédhahieomatarisalmpl e replacement of
mat eof abeE Urns a meaningless aepedth obssliyudesiegs.
which follows the structure morphology is henc
and even in the future.

Fi g2r2Rddent experimental structures with
(8¢B8T A¥OOET 1 ABDEDABEOEBAT 1T £ PAOAI OIf AOGEOGA A,
As it is shown in the previous r ¢Whdaeseme cotf afhe
structur al mor phol ogy, -cirti tiesr i a nc opnnporceehsesn soifv es hae

the design proellssstFoct ar @ ho @k € e pahbreuhoabvuiroorn | vy
be taken care of and properly {deoesicgnaeadalihbheg, g
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building and fabricatobhreghawvéilmBmieqguubeeandi mper mahn
Withtrohetsre analysis based oGpplty@madl ogi avall I m

rai se a great innovation of t hag raldeltli oxnt n sc tcwaad
mat edriiaen tradition of tKarsamal | Batrraudt umRe gheo
Van Der LAtanthe@04&mne t i mdo &s$ mfeolfloorwn aonfy sshienlgl e
such as functioorn, g efoommectersy,, nbauttura combi nati on
conclusion, the devsesopimepnt aohishefrly ofrubeuste
material, a ndlr iaM esro  tar amhitteirdmlof per f ormati ve de
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With material based design philosophy the morpt
met hodol ogy of the strucsurlal rmedrephsoltoogya onfews h

relati onséenrnd wtfr ufcotrum e, t hat a sntarku aitgu rpe ok e sisg
whiickhased on hierarchical commands of the struc
which comes outbl dgioan, tddewanatteow atllse mabteer i al fi

rul(ebse.Landa, 2004; Menges, 2012)

't i s the moslta sotige sgii gna | meatnhdo d oonfg ar chi t ectur e e
bei wgespeopbyp he strsichunat Goemby understanding |
and generati énheo8fyneeoDat iwb®t eémt utrhye mihde rel at
bet ween organid@r dlogansh asn db emeartsurmeeva esweeide mbtyi fhiucmaw
can al so be seenheldtsoantf f@fctreatdamun dienrsapsarneddi npg
and creati onsamdayr lalghbaveoa Kell hei 200&3r)ni ng about t he
principles of nat@reywdeat o gsh hwdrhk eigrs btyphed e ar |

cent(ufrhyompson & Bowher e thke®Tidyesnat hemati cs, geo
physics and his theory of transformation to ex|
bodies, cells, tissues and so on. This traditic
bi onics and especially theesmwmgpdhodagyesnesi s met ho

s, A N A~ o~ A o~ N

¢c8a8p #A11 01 AO OOOOAOO0OAOG ET OEAI 1 O0g OETTA,

@8x 3By | 31T 1T ARAGCARIOREMEQ] Ci vy AT A ox1 OAAM 1HATAT 1T A
i AAEAT EAO

Cells aretacohei dened al units and el emdegntas of n
simpl ehwawy t he numedbaosmsompl poateail yheife are

19709 hze@0s, a resear-wbighteséesucourehesl rghte:t
the establishment of Ssoenvdeermallo gsspeedriRg Ilc hEs peai ah |
in the SFB 64 ( esnt rlusbtygelUensipvaenr gsi utayh dSteuttst gfaaltl o w
program SFB 230 ( obny nlantiuvrearls ictoyn sS}ruutditgipdrntss aallo O

shell structur esfiamdgdt trhes ecaerldh efdo rwist haraen ar c hi
aspect. In both research areas, the morphogene
researched and the mechanics of cells are al so
Assmrchitect, Fr mpott hw swa ® pnmensaewri@she ehrish  dur i nc
the ti me. I n his book about shells in nature a

structure of diatom valves and honeycombs wer
mor phogenesfiosr nosf arhee( BEsetlHb ki BhehiaguBe 11984)
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1990)

The method of research by Frei Otto was mainly
the micro,amdal li tsyapdhmsi zed the gl obal mor phol
bearing behavior(Fig2rplerR gtrloiwgd hwapy ., octelses ear |l y st

cellul ar structure research bassesdasi e ff amkso
and the studies focused mostly on the typolog
techniqgue wi t h physical simulations wi t h net
coll oquium of fickeed | SHRicRhaBdI&ZBosiggwased!| g Schn
that the general morphogenesis of cells in plar
had al so proposed in his article his interests
the natural,ahdr hbasippt edi pi ssmet hod tso sftienmd t he
with cellswiah al epmgsi cal simulation with pneum

Figar@. 2 Diagrams of <cel |( Tforcmsnaamd &t Kengnt o wik it
1996)

o8x8EEp EA ARKNEICO OATIAE 11T AOI OO AOGEI AET ¢ OUOOAI

The result of the reseatakefirom Bahdi 8FBc64 danpnd

which explained most satf tthhet etnemgi agd salrsact af

architects and d@angisreeserod d& hleotc.el Thid afri idea wit
Sstructures can be conside® ednndwatriicon siynstleims

concrete shell. With the organic remeraeg ch and
energetiscweaatteshbUui |l t. Another innovation of 1t}
is the modular system in al/l kinds of& structur
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fiwal d bogoffnet he Ol ympic Stadium in Berlin with tl
(Fi Qurdg 3aAd alss oatTioermpotjsa i-inn $psihdeald g wi &thurseepar
triangul @Fi gueeneBdt 8.3 B)

é e : e

Figar&ed |l ul ar and mod¢gNachbughdli ng mebhhpd28013;
Konstruktionen, 1996)

However, t-heacnhoisntg faaprpde h cmmbidohsar ofmetshods happ

devel opment of ;idtweilsl ifmagnobuusi Itdhiantgst he modul ar bu
had brought the revolution and 2e®) Br@dition t

¢ 8c8AOAOEAI -1 OPET CANAGED AMd AOGOROMMAGGDOA AAOAI
The cellular strscitturedeveolrop hE ehsstr yicmaireé y2 0
to the restriction of materi al . With the most
and steel s, au orowrud airs bmettds et wel comed becaus
preferred a |l arge scale curved surface which s
system. Al though the natural i defitsd ePraowpee citns pi r

and t APaltd taghtei ceh asu alleiatdy t he pl ate gl ass domes,
experiments with cel |l scloame cooencceaigtesy tium ysthaeelt|R 1stth

new trend of materi al mor phogenesis and comput
Themercgoefn cel | usoafr sshterlulcst ugroet its appearance wit
and geometrical research of the structures whi
freerm spati al framework structurads,staustuuet
geometry with planar covering elements are stu
projbeegsirement . For B h eong exvanedrrdalc apr awjoecstud |t

strategies for freeform ggluaasdsr i ¢ tart o tad r epsl awmsirn
propdq<ée¢.mph, Shel den, Beccard04MuSmbbbelkt SO O 3
the strategy and the optimization method for t
These research for plate materials started t he
Sstructures whii &edbe rciaens boeb nosdeiklst t hpwer s of meshes
form plenty of cel guwankaldge. a®uc h hdotfuesiéedihri we men 0
i's then eEBottmasmedLi u, Wall nWirt h Bolbbhbe nk@ame &a War

as form tests in the architectur al studies of
built in building experbsmepte srnaaegl0@0j oinn awtk
hexagonal and vorono2. pf.o&r ms are tested. (Figur
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Figare&e#lhl|l i€d ames in triangular, hexagonal a

With the success in building suchucstturruecst uhraevse,
focused on the potentialal béednewr pattreesns lohfh
research, more variations of the erxdcwitprmagcasltr u

struc(tSuwornegs .et Arad .i,n 28®drL8Hhi tectur al buil ding expe
al so being tested and the construction detail
(Scheurer, ScliiFndgluer, 2& 3Bbaach)

Figar&.5 Variation of cellular frames i

Besides the form desi gn matde rtihael igzeaotmeotnr i acrad trhe

technigues mpoetaihnhsoresearch topic nowadays. |t
research to find the possibility of new kinds
digital fabrtienmitalonn o the omampl ex design and
technigues and materials |ike rec3dpPlréectcangs, o
technigues ame |l Bdanamd tsesatl ed sitm u2c.tPu.rbet rheasse abrecehn.
argue hat the application of nefw rhrmatsehrelall ss tirsu cct

with their advant agesaflsruitehmaansds | eoans iceors tp, r eefnavhirrioc
the same ti me, the digital pmdcpabamadtsmiyc al d
shown the urgency to establisBkf @ar paroplirt eéletsu rgen.
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Figare&. 6 Experiments of cellular frames \
Since 2010, the shelll behawinori derr e dt haen ds taadtdiecd
new devel opments of the digital design and f ab

form finding technigues and design strategies
developments with sBbihgauit¥.tWiotnhalt htee cnhunlitgiupel e st r

software and plugins such as RhinoVault, Gr ass
structure forms can be achieved by a modul ar
However, suchedl ¢ bK eatcl®ingb owxdhrek desi gn process s
behavior and generating process stildl need to

Fi@2ar3.7 Recent developments of cellul ar s
The <cellul ar shel l strucpamrat icnogncampd d§a&ap ndWAA
architectur al design, geometry research and st
mat eGpirolperty and asppluictc atrieomonseph has al so st
the architectuhal |l reseacchrfodeshgns. As a re
morphol ogy for pl ate material s, new i&sues of
behavior and fabricati on, the structural mecha
to twmemtr gof an urgent research field in order
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Baseand the previous discsws$simadreiod eat heh a@lelved ®pimg

research aims tevéebopmeah Bahd meppéntadiions of
t htehi n s hedeatn dmattoe rdead elesp oamadneywy structure conc

newl yl ywp pllei ed material s, the thin sheest mater.
whi ch aerte fioor nssheand wusuall MownwBecympahi aed( s helrly
traditional materials in architecture. I n this

existing appkkpbanamns| wadd| ybefromft woewoeijnt hre
constructive and axromhkil tuesdtocni ct hsei ddeess.a gMms consi
i nnovattiramcdlur e concept lWwddsf béeéesommarichagpgtas.t
o8p 4EET OEAAO 1 AOGAOEAI O AT A OEAEO At¢
AEEOAAOOOA

o8p)Bpbl OAOGET T Al AT 1 OOOOAOQETIT ADAOEKRAAOCGI T £l &
OEET OEAAO i AGAOEAI O

The 20th century has witnessed a blooming deve
Until -18eh mcaeamlayuew, mat er i ad mplhavde ibneemonstr uct
architecture and the selection was highly 1 i mi
stone, wood, sand, safreamme t.anhdss o tr t hec d marget ea papn
steel and the moedmemt arahgteatunemmer of archi
resesatraconhetthe new possibilities of structure art
maters abhsredult, thécatredqonyechas eb envsintenr atales| y

new ematal types maenndbperrbed uemsr gi ng

I n the past decades, this explosion has come t
architecture and construbeéei adnscudsiadn dfs tmeet
manufactur i n(gKimertahro dé | ToignybaIr tl la & & gvhe?2 t0 linelo) feexgosl eoss i
materi al products has been exponenti al in the
materials in the architectur ee dtehsei glnass th agsu aorntleyr
past ae@ndtgtyadh relmati nse( Hiogyirleev3E.l1l

N
°
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The renovatommenatndofdeardt¢ha tecbseerbhatiadmsophi p
i ndust r,t Gneeioroantsitornuct i @ Iwdadsb nhqwe s hwahridctheer i st i c
new mal @beé ablAgphatr.t faresm hiterifeactaul & thieomewl y applied
materi al s havbeetistherraen @ef HIhcgeteet atngth to dens
and yieldwyggieqniefri csatmmtengt h than the traditiona
modernndusnamiudlacturing has also enabled a | arge
customi zation of buildinguclhmponeghastifcoHm teave
recent years, al ongdiwidtéemiltghe mied \heoldesp menrdt tdfe r ot
in architeewvweral-deavpeoghalbmni cat i 8D rtiencthinnigg u erso bsout
stone and wood cuthaealgsfof @@ aetaecchend quulees , t radit
building techniqgues and structure types of sev

Tlkei nnovational constructi on abwae felmerstst haen df oerxnp e
and building system of t h ea ndde vwil toftmatihhjeen eo f ar g
generation of a new traddsctibdmk A eidt orimxsnylO6 T ) i
i nnovational met hods of asbembl|l pensbichedsfthbm
use of met al nas) | sadnt woaldl gytchahged the tradi
wood ssamnud teuhemre rtrleesm denti al architecture.

The thin sheet materi al i sionarthpeeofutdbeamew
certain type of industr-fiahipsnboeddurcitasl si,n whhiicnh sahre
Alt houghs known that most of daily Ilife producH
from such mateéerci plasel iskanpgl a hin met al sheet s,

be popul ar i n archit etchtailmrar adcstisd rgaap. p ilcnc att h ion ®if
architecture wil lafba ndfeeatiyotned faodt heeddiascussi

I Y

c8p8Al OEAABOARDAGAO AT A ET AOOOOEAI ADPDI EA,

X8uLB®@AWVEAAOEAAOEIT AT A - AT OEAAOOOET C

As a type of materi al coll ection, the thin she
such as wood, steelT,heplbastiicc ,peglf oganaarced mmdp esru.
due to the ¢hreavacmetrarsitdalcssoft hat -mohdaussdensi ty,
atdli fferent | evel s. However, wi t ha ltshoe sshaanree f soor nme
simi leweint fe®dsm t he maAlulf atchtiunr isnhge eptr ontaetsesr.i al s ar
i ndustri al manufacturing process from the raw

typicédpblagpes, steedwi Igll alseda nnito raaiesiccags e r

p8Ax | A®DOADAIOAOGET 1

The raw materials for the thin sheet materials
ore fOFi gukedIBBPpolrigl mBmd pl ant (Fbebr2o08. wood
or paper srhee eatrse, @ sdosf distmreoeed mat pol gprisardtiikee rtahve

mat e(rhiagar 8 BSuch raw materials cannot be dire
architecture and need to be further treated.

I n t he r aw praataecrioioaplg h gcxait cal and chemical proces
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to prepare the sour e omdaitcarsi alf (fEdirg Litt Be) Bf, istBele t s

For exampl e, in the papers(mwalidng hpmpaeqesnd,l |t hhe
through tal/ mekkédminc &l pul ping process which s
process which increases the tfalcehxiiebviel igtoyo da nbdo ncda

and the ifngrelcefsisnitsoh add some other components
cémi cal s, t obaosbhetdaifnuraniwsaht errd a&Nd ys kfamre npa 2®rlr@g ki ng

&
‘ = oder Blasdiisen

Schlackenbinder

Sauerstoff I ‘ D ’ ;
! Kohlenwasserstoffe
-
X
Druckluft [ [
.
sickstoft || ) [ 1 / |
Stickstoff | | | 7
1 I VA

und/oder || A |, -
Argon L2

Fi gulr2e Raw Material s(Boldl it hge p-D® gAmMmahit taenk tonr, 2011 ;
Knipper s, 2010; Ni skanen, 2012)

¢&1 OF ET ¢ 00T AMGI AMOAMO A AOAOCET I

The raw mateirdisalf opd epveerdatbiyon he f or miengf iamadl pr e s

sempiroduct of the sheet material. I n the formin
(Fi gul)e wi I | be used to make the rmaksenanteer i al [
ot her preparation to improveéeothexpmpfer mance h

process ofdpfasetknotsheetessing steps and al so c
the polymer reactions and the end process of t
the differesnafheternfadremd-ppde st ti pelramot apltd s i rcg .

(Kni ppeAsd 20L0Wprfdeaduettiptr cecneds si ng teobni que var

&l 4 m —

L L 2 /i ¥
\~g-‘r;‘;1’ =t ['$’|I IJ l’. .-:!:»: &' .

ool s Ty el SRR

Fi gulr3®r®duction | ine ¢(NipkpaenmagQfiagturing
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Xx8u8@aDAT OACAO AT A E

The | arge increase

T AOGOOOEAT AbBPAI BAAOEITO 1T £ OEE

of building materials has n

has baonughtrease of other parameters which det
hence promotesmubHitaince wSonehbinfmbddt i onal i sm can &
seen from the construction industrybaandt utde ¢ hi

to the materi al s el

ection. Because of this, it

applicationsrofaltshifmrsh e¢astt eussiegre.n architectur

p8 AOAT OACAO 1 £ OEEI
300AT COE AT A 1 ECEOx
The | oad capacity i

construction mat aal
designer.

OEAAO 1 AGAOEAI O

AECEO

s usually the most i mportan
i ghttweitgtuhcd ug@med st iathes,0 bei ng

I n general, conventional materials have a rel af

of mast eareigauli r ed t o

yi el d( Kied radmbvé&rilya Ka ,tcdd 60 45)t r e

be seen 140, Ftibgruouweg B .t reen gd enveeslr d phnyegninia tomia it & Ir $ a |

more strength are i

nvented and recent popul ar

all s9hagrhemafvalhdée sariemgoh to density.

At the same time, the new tlhyihn nsshegoedts snrateemnrd atl Isi
enables a |ight weight of the structure unit.
ar et hfear ml wfc ks @&nd orhdsssi wecome too clumsy and ¢

10,0004
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The -efofsitci ency of construction materials invo

themsel ves but tales anamarfeacaluacu ng costs through

of the final products. Although it is true that

structur al strength per <cost (Figure 3.5), t he

itself a | ot with the consideration of mass pr
10601 [strength - Relative cost/volume Composites

CFRP \ SiNs  Tialloys Metals

v

Stainless
AlLO; steels SIC

Zinc alloys Mg alloys

Carbon steels W alloys

1000 <
Cast irons
Natural Alaloys wo
materials AN
100 5 -
Wood O\ peex  Technical
G GFRP ceramics

Nontechnical pe a2 = Siicon
ceramics E <
Rigid polymer
foams
Flexible
polymer
foams

Strength oy (MPa)

0.1+

C R MFA 09

0.01 4 = £ ; +
0.01 0.1 1 10 1000
Relative cost per unit volume C, o

Fi gulr5&t 8 e@@dsth di agram of (eAsghibnye e& i Giegb oma,t elr9 %3 )s

The idea of mass production introducedneby Henr
Ford Motor Company haaswagieeassanof nhlbe ait npomrat ant
i mhproduction of i nterchangeable parts, t he i c

efficiencyHmore meArtc,orlddidnsg)( Eoe &f ede dnGisadihon, 1
atransition comes not athariestsit@arghaoud wahi dheh &
tothe first great development of the construct.
and the high demand after war had also requir
i mproved t he matsasn dparroddi uzcattiioonn atnedc hsni ques .

Nowadays, the new innovationgawistoh champmwetde rcud nt
and ahdealasnad aasr irsaepni d r epl acement of mass custom
Apart from the aesdimens ap I¥eermdumerneomme ncta no fa lcsuos tf i r
with the | imitation of mat eri al s, tihmghfeabr i cat
concret e aewialnilreg dseffacgeodycost a concrete st

tgetifd oompl Ut efdlvoomilt whi cdhh cma n;habhicheitessa d

to a restricted form to satisfy the | arge quan
this sense, the advantage of mas a-deedeloonpezdat i o
industri al mat er i al showweiughltehidgnegh st eompal caf e
for manufacturing.
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Pl asticity and formability are al so tihael smost i |
widely wused in t hreowaodkasytseu d toirars  iwhd wcsht rayr e der
pl ashadetyme the popul ar psaemfdemésoeaofchptedd ot
in the | ast decades. The t &hap adieedeinr gmda efeorrina |l s ,
greatly satid@fuisead the designers

Compared to the trasducth oansalt hmea scsoi nvcer entaet earnida Ima s

i ssues, construction inefficiencies, emeight al
materials and c¢cladding materials are also more
assurface material or fa-ade material. For the
is not much improved becauseoocobsthekbgamplbyat e
speciuadlando compl ex hand work to cal$A, aBldn shape
contrast, the thowadbeshamedenminadl $§ocaed easily
l ot of-mamwelwd npr oc e & s@@,s) Damiddvhrdkes c3e.me t he most eff
new materials in both industrial and architect

| »
HENPR

Figurl@o83mability and forming ((€@adtnda qecas, olf adrhetn, silh
Ovando, 2015)

¢® 1 AOCOOOEAI OABRDPOERAIAOCEEAAO | AOGAOEAI O

The industrial appl i caarfeepanr loife rt hainnd swhiedeetr ntahtaen
architeatucrtallémcordset devel opment of the vehicle
t h1e9 30s that such materials as metal sheets hayv

aircraft wiknfghPandch@B&hPet( €O B9AeC) 3 Nowadays al so
the composite materials madeabg pattymeukatbedma
are gaining tuceh ra pppolpiud aatrii anyse i bne esemm adgu ctthielye ar e
and -WeigHtap-fmanh, 2001)
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Fi gulrié¢ n8ustrial appt i mat(éeBairkaelre f 2030mint rHta ¢@2p0i 0Oaln)

Apart fr omt ildaengaansuefsacitrur i ng i ndustry, thin she
widabgd in our daily | iifgeBi2B)ucmodel f maldi pgchnagd
the covering of sWharht phthoen e adiisdp ldeew el opment and
material s, t hap wad any san@mirreg awnge dmo raer cfthii dledcd ur a ¢ |
experimentation.

c8pB@DAOEI AT OO AT A APPI EAAODET OADAEEDEGAA O OG/

AT A 1 ECEOxAECEO OOOOAOOOA AAOECIT

Thexperimental architecturalssapplhibdatlio®d®sof julsi

after thleomnmgarwiatnhd nmassi ve rebuil ding movements
frame inspiration of architects to create mor e
form |l anguages. I n general, there are four typg
architecture designs: plastic and polymer comp

ti mber/ paperboards.

vel AOGOEA AT A pilui Ao AlibBi OEOAO

Buil di ng-fwibteh gpelaasftoirgdsad{ GFtRPr t ed wi th the | ar
of glfaisbers in 1932 and the discove(®Gentelunsat
& Voigt§ nebhoe5)1960ismerixapl buil dimmgédeantbupl asi n.
the USA and Europe.

The -kwedbwWwn and wisded Ppprasad c strubeouwkd 0 shoul d
Buckmi nssemalRyl lexperi ments with his geodesic d
radme which served as &wied e moghs tl ri tvadraytomedtas pr ot e

The specisanlowsunac tpiaornt i cul a&rt r usswhulicrde nmeunsit  fboer nseut
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free anbeltabhoobed by elsecltm ommhgr &t imen,dwgvoal sy me r
compagagjsudte satisfied this rleyidlodne madnitatnhentde re noafb | ¢
16. 8malwvaintilnat ed composisaadf epoxgyl a®8)i D wréifnignat e
the time there were mesewhham RO0O&O0DBuisuttchalsht r a
and it just stimulated the r(aGgeindz edegwe IV2On0ebnt o

Fi gur8®ka8ome structur e (bGe nBzueclk n& n\soti egrt , F u21010e5r)

Because the masufactsampwolge bttr pkhywag eshit he | ami
technigues and manuad depe mbbd erhapwreithatcedt alh ee Mg
produced and used in architecture with new for
hadtedat he design of a plastic house research
of Techumdl ddye n MHaod slewtiobfitre tChies ney( FKiad idAe rd.i a.

B)Y With the patent (Bf FMo R0 cthdhaer URGoyido&eydd) | heard b e en
designed by a modul ar stiAutbonoeocasnd&phl|l and wa

1965 f oretmamas eschheahs metarn d tameaen wioiordst real i zec
GFRPFi gt9® >Swuch projects had shown a great fut
i nspired more architects to create their innov

Fi gulr9®r 3 fieocuts e ®#, BUufFd-yg@® s do@ne wi t GERRPI & Voi gt ,
2005)

Wi th the desstrreuwctaonihibey hricelrijttheact s had al so been

thinner mbeuerliddalng iexperi ments. However, it is
materials that the | oweatisdmdiwiiltly dveoihshe Ta i qirmnee:
solve such probl ems o ftaupravret sfhsaggng di hselwefgotg mlea miurs a&
withl e¢n®, the planar industrial sheets had start

Renzo Piano Architects aamdbdarhreelr essaewlrtc hb a svesd i dr
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FRPaneh rhombus form. Eweny 2p&@e¢ll RadpstrIe4 k3g. and
A,)B I n 1968, tfiite agenadaer Kungrhawpmf bbaskdr part he
structures for pH asne cswsihteael| @ afned st whiicndustr
built a pradtotypteurod &sSlucdh wi th theld@ji form GFRI

Fi gulrleAp3p.l i cati ons of planar she@drmszeln & hoiagtc,hi2CeC

The use of the planar | i ddhtes termeaf lg stahmien nselwe estt rpuacr
formschvhwer eonr otoheeslt dudéedre and combi-ned with
framework system. In the | ate 1960s, tshuech stru
Uni veofsi $¢Sneght | amaeraelldod 3neal i zed with a | ot c
building projects by architectslilsluyych as the Re

Fi gulrleSp3ati-bt amewdr ks wit H Gelnzredr &t WionmngsheD95)

il

The plastic thin sheets are nowadays also used
fa-ade el ement and cover i ng esskeinnts pfroorj enca nsy asntdr
such materials are being used in combination
supporting sttlux)tures. (Figure 3.

Fi gulrleMa3der n application of plasti csotrheahsf sheets i n
supportingKesippetsye?2010)

o8AOAT OEAAOQGO
Among all the thin sheaeetarmattehrei arhest tdemmoent ar
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architectur al tdangsthr uscttrieonng tchue Mea al component s
architectural designs wiemwed |t e vied dystdr ii anl trhev
't i s al mosatt itnh et hfeo ris®inOgnettehd h ,sihcereet s wer e wel |
thin sheets were also frosoft hbauti |tdiimey wsitdeulcyt uu s
furniturse, f samdiertawafe det ai | s.

For the oGepplli csahteoeadtmws deahdPbe one of the firsHt
forming and its early developments in architec
technigues and his artworks with iron and met
possibilalti etwietatif nneemt f abrsiscuathi mg tsé¢ ampii pyge wel
bending andwhiodH demdbiegfi ni shiac hylDspik@ad &) ma
t he triomdve®Rv éhtiemdd alefsi gns of saftdhmmeitadscahieest.

At first, experiments had been done in all Kkinc
(Figaxr®) 3The series of product st eahdgavhe kiomntehl
enough exmp&easioenec es mtad | building projecss I|ike w
(Figuxr® 3finally in 19209.

The building project Maison du Peuple in Clich
that wanstibuelly frsomoémet atlhwvagthted®int h t he edge be
techni gwaasPreutv® establish a rabbugte sproefuopect
roof, detailed canopy and dwirbaghea xfi amvand & ilele ment
by 4 sme(ftfild®) e 3.

Fi gulrle3 Project Mai somydanPRSphle®rd,&CIPY oln)y

Al most at the same time, structures of metal s
in the USA. Fascinated by the performance of a
gualities, long term duanabitlkentncer ecy plaamitl intgy
to design his fidtshe m2y md xdils@ nnheo Ws9¢r7oj &d¢ tt hough
sever adotdhBeg mgri on Hossaeyiighégiuel Ineort and finally nc
the exper iagseunuodoant dtoendtode sDgmaxi odrh aWa sah rsowornpr i si n
success and @& mpatuoee deasiegms significantly in

many intentions ifh. 1)hil&n ptrioijecpr oj(edtgurkul3l.er
packaggett wahsdachpodHledi eces of met allayardd .c dppgere
met al sheets were used dandds.s tTahnep endh op ree vsitoruuscltyu
210kpmplasomest ohdodds3addhe design has showalthedi mp:
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prfeabrication tékeckhdesgqge omet Radl and al so effect
Fuller for the |l ightweight structure with thin

Between 1944 and 1946, afsokertbevPymaxinew Hots$ e
protofypéde Dymaxion Depl owddersti gbreidt aind bDu4 0t B
prodtelted Wi chita HoladAMé BeblFedirse eXperiences with
metals skeét er tried to optimize tHe adieesi gn wi
aircraft industry and specialized structure cor
members within thehcetopsofogddieng otodibeanal ement s
framework, it al sat bst afhsgreaorpelrsd eco tdyopriske eseeb,uct ur
200(8Pi gur 2-B)3CThe maktWrcihdlt ai Hous e waasndnaiitnlwasal u
shapepgr eafnalbri cat ed i naftahcet oaiyr.craft industry 1in

The first exper smewes of sFprlkeéerence of for me
interesprsoduaCchuleleer Afft afl . hitdhd@P®)esnitcodome stru

such interests havel bgthagamef aséymbdal astelbemant
surfa@ztc¢e ve hybrid structures. I n his many | ater
tested and optimized in construction details f

1957, Bulghed -ldeydeoruebd estructure, wheré¢itzke crea:
the rhombusal s¢alucg uelel amé mh)d aMned. i(nFitghuer eUn3i.on T

Company Dome in 1958, 3mm planar steed plates
di ameterThodef r si@tyuwrteem and i @ saelgwaoynse ttrhye fkoerym as p e c
research by Full er, and tahsi sweclaln traaslc & @ temec losese n |

(Buckminster, 1954; Richard, 1959; Buckminster

. | ¥ =
~

Fi gulr.el43 . Applications of thin metal sheets in the
(Fuller et al ., 1999)
The aircraft industry andchmiequew faoanstmatct ool

the building technique in the USA,Li lbFeuwt!l ladrs,o0 c hs
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Hugo Junkers brougbhbheheséehoh aehtdhhvebtetet @bt

fuhdt al air cd alfits amvwin ogpoempeany. Accompanying Bau
as Okkokaan3Paewlfssend Ebeling, he opened his own
gr ouphimeotral 0Odhrodi st ar t asddma lol dmetedlopcabin in 1924
theast ofbyleskarshfor | isghWWawdieghtSchiEehed d ted ree z
Lamell enhalle was té@daebyi debhkénmnsgenstalP6, swhiuch
Zollinger structure concept for the -6mmtial fr
thick-3and obhg. 11%\i,JBurAs &. | arge scale experi me
Lamell enhall eekxasnpdlreowmratdreeatdvant ages of thi
prefabrication tephofglbeswalAl ohbygh sbhbs€Citute
form of wood and metal rods, the new t-echnique

production, high aszmud azysi mpwetasasanemlbritndgepgr oc

At the satame Lamell enhalle, innovational struct
being researdt ead e tlall ®igeaosape Bauhaulsy thmhepirec
si mul tiamweemwmtsihen Dy maxi on House by Full er, Junke
possibilitiecHadhmB8baXdh®ns 6 s etx pdeersiiegnnc ea nidn tah
forming techni gge Jafn ktelrasmo ismelttereltnesdhde ebtui | di ng sy
whewel | s, f | ooresg earbdmedtta hne st bhe asiypse cainadl ussterduct ur e
to improve their stsabnalsi tty. sTphaer et arhgee ts torfu cJt uunr ke
materials as much as possi bl gor Isnismpetagdh aodfd iunsg n
cr essesct it dinea todwiitad mi ngt Junker ssamrdewd tcehda sstder wecrt aulr e
al so hrod d towr esst. The most creative characteri st
membr ane sheetwi twhe ebbeoninddirneg bteencthni que and wer e
(Figbr#&53C,Bbyy Gdoing so, the surface nwauldd gai n
and with |l ocal stiffness by 1el tohpfa)r puesnidnigc uflialrl
supportsl.(IB5, gitthe 3tructure it(skedgo,woluwd3d3)be wel

Figure 3.15 Structures and patents of(Wonstructio
Schei ffele, 2016)

The pioneer twhe? XGd hkethsheseerst abl i shed an ingeniou

using tkheewmstabctur,alndmayalasgal f ol l owed by to
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architects to use such matthairei adesv eiltnhgimea it b wifl d
industry and the popular use of spatealsframew
are more and more widely used as cladding and s
(Figauxr®e,)B.ln recent years, a renaissance of re
wi t h me thalea rsrhieveettishraupe dt od ewvfe | @ipgnietn a | design tec
the new tradition of building with hmeedemateri al
forming techni gcuuetst,i ngyc hCN&Ls cluademg, and i ncr
technigues are usedrucg esadrede odwcseipgtnt hléd ghieons .  ( Fi
C-G)

Fi gulrleModder n architectural applications with thin m
t echn(iBjavielsl y et ak. Areb-DdkkuBeht anigen, 2011; Hachu

x &1 AO Cc1 AOGO OEAAGO

Al t hough it has been 20l0Bseck airms a1 ;miciet ddtaur g, at

technigue devel opment and the | me&enatdrdi adnenanuf

of the most moder n ibpiriddé mtg mmad errrn ddWsa mihti edcht ur
200Ngwadays, glemspewasi gwtthcapceupwresliue t o tF

architects for enhanced transparency. Wi th the
frameworks, glass was integrated mainly in man
mi ni mi zed t he asnd unatuerailalfiutnidt/id)fongl ass. (Fi gur e

Figurel n3t.elgrlasrti on of fl at gl ass qdhWauaetms 20 0t7he spa

| o hgel ass industry-ptrivpedruectasr esumehnyassdrhie gl ass bl
flat glass. Thermatdarei dll adi g¢ amBagd wthi ocp mat ef t &
Over 70 pat cklodissssfe df new bubhédieagsesvarion of ol d

59



(KI'indt & THleeidni,scluS®w7d)on in thtiesshipmardgl asss,nowhic
somethameseci al dafhincéhesswihan 1. 65mm due to t
as photos,salh@ntceran i 1lgi dnat er i a(l Go mmi sLsG D/nL, E D1 9d8i £
Because it iish hdei spcoussssiebdi lhietrye andseepéer mmeéer ahl
which all have similar properdsgt rmisalsuméan wafsa cat um
proceabtsmeds heet hfEosmeet glass (mostly manuf act
a specific definition in this part.

The use of sheet gl ass asi mdcarctt ud ed a ckd se,meain &

desidghe replace traditional structur al el ement
the col umn, b e a macmannsdt rfuidnttsi dims ¢ ihemce t he 1950s
started to be used to stabilizd ashkopewimsdowes

increasingly usé®Wuim, LAOE@TYT s NnudtO®rdes.t he first
subjected to bendint@gal wagd asseBoloit tAainhhP,airtsai b,
Schuler, & Sobek, 2007)

Since t he 1a9900ust, trhees esatrrcuhcthha sl bes®sstodr tsdied ewo
I n 1995, an expieom measalbugl asg opavielsearch in
traditional frame strucitlu& eamwd tlhl ghmas8* @R emenb
2*6mm roof and walhieses2mmthlnimosts ddunadultdhat t
provi dei eentsucfafpacci ty for structures with reas
compression ar eawiothld ¢ dyea tse rsutcd lwir Iég lzansddoooabe | n
pavilion was buifior b8t rlucEtkur(allnsSy stuegms and St
Sattgart withod®ds.I5ar gdospadrhehd ofvaf dvep aferedm VSG of
2*10mm TVG, 6 supportingt@etRPbirliibzatvied)8. &dREieg u t

Figure 3.1.18 Exper i mentpy oa fttidn{gedsrtmluac880F heet s i

Wi t h plexmptey iaonf@mperi ences for understanding th

structural formsfiwerehal spedeVVetopedf boromance o
experi ment al research, devel opments were mainl
corresponding structural system for the effici

I n such experi meat whd st hhgee nfearmstta bpprvédnscninpe nt  of  t F
structur al uses of flat gl asabrinthehimasardc¢ihicav
very sencsafnt aceé uaedsacddenldyd hwnsoeardi t abl e t o be u
hi erarchi cal structure where a sudden failure ¢
the whole structure. At the samemhameit dpeet er
compression to bending momentss,harccohnepsr,e sbhsairorne | o n

gr-sdel |l s apsdelfdaweedt edd to be developed in the
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structures.

Al t houghvewi twhiiSt tpetog ar di ng | 2a0sOsBpesfbleal the d gl ass cou
be able to wensutrrsctwi $helonlye¢ d@ddmmt i bi p&néedscan
spafi: 850, tchug vleadulglleass is still too costly f ol
Structur al and mowphohkagiec aolf itrhneo vpaltaindanr c har a
gl as s apdeenveellsmpveadd agach as t hewlhgilals swad br esn aweatt aud
the Lamell e shelllA)c oanncde ptt h e HAfilegicuerhet w3ad.s shas éd on
concept-pdfatleatdtuiadldl By )C B ad ggeurr,e 230.1 0)

Figure 3.19 Development of the recent applicati ons:c
proj(eWwutrsm, 2007)

Meanwhil e, cel | wlrmea df e td mhuactt bpaaensed wsh belc ome a tr en
the flat glass strucdnmucgept. fTihtes mealull awi tbhui tl e ni
sheet glass and the el emeadatts gd ars sb e nd as idli f feute
pol yhedral shape of the cells can be made with
achievadhesithhes and sol def(tsh.e Sliirsaxcea vitelrey vamrdk agfp
geodesi)c tdmenesel | ul ar forms started to be used
Renzo Piano invented a semicircuwhereaaituonef
vault was compoppdr toifng@d4s eserhednt s ,a eraocvwh ooff 1w2hi
pol ycarbonate pyr ami dhsi.n ¢glehde asrecghmasatt muucstwdea tthhart
aserieschbrdhbeawmsseupwhocthedr d¢gs gamud amt i ffened
polycarbonate AYyDPamimst hi(Fiway,e 8.compl ex cel l L
under mainly axi aldi xltouardes oafm dmashieeareitadblgs tahe i nnov
transparehn a0 @ rfiti eatl rgawindtthaha s pan of 8m was bui
and preasketedhibition Glasstec 2000. The struc
composed of tetorcdmédckrdomansaneéd nhdaldf€ b btnrduas sfeidx e d

ar i ghrle9 3Ehe shape was controlled with the se
wamai nly subj ect ed etnoa bcloemptrhees dwidiobrbise Lak@ doxti c& ur e

mmhe-atrengthened gl ass and fi xed Btyr vachteudriez ed a
today still an exwlird meing abedn @ w cednueikd efdarec tms  a n «
many vaaofi aftoresmuddt asl t he polyhedron plackd9 ng and

F) are being developed.
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Thin timber sheeéestandi papgrbesaddsnadeily indu:
to interior el ements such -bBasddirmatareal 94t arhg
byproducts wel comedesmasiuchy alsuet hteoi radrvealnattaigvel y
of r e ¢ yacnléanbviilriotnyme n t friendlinehsenal yeBessbofuastule
products have al so bew®end stthuadti eptlabppeard da nhda kcassrb b e ¢
shown to haweemgthogstability and stiffness in
buil ding( adleak alks975)

Meanwhil e, due to | imitations such as their vu
and temper attiumbee echi ahnpgeersb,oar d lkaeesresadi vel yar ge
archiatdestigm due to their weakness compared to
exper i menaesi gohft Isstgreubc tnuarteesr i al s were often appl
rel bgmael scalessin the | ast decade

S nce temmerfgiefmsctehe cardbbar HOWBAd | dpager boar d be
popul ar for tempor sarnyd eaxcpceorm moedrathaclo mbsu ipledoipid ge wa n
refu@g€@eistchlAdw,erl193h®) first uses of plastic pan
structures, in 1960 FDbhoméor déoekapéd Che miGeals
temporary buildings, which were mal280)ofThle2. 7 mm
paselwer ecnap otPgd ayer paper bprad a@dgn do nteh ef oort hweart efr
stabilizatbiedwe ewmhospacien was sprayed with PUR fo
efficiency wioB2abméowaambehdy d3dx lsl alrn 1966, Hir sh
and van der Ryn buil t b tah en ePM yedxoprmeer,i nfeort ari gsrt a nut
workers in Califfoboéderidashwhér evas puelt from a 10
a polyurethane c¢ceste.apphéeedtthet wre ghimi techni
structural design and enabled a veUSfokfFarcient

1AL

Y
Figure 3.1.20 Early applicatidsiofchtcawdbadaawv@):i

>

|l bot hhef Gelwmsmaeaxade t he Pl ydosvet teh ebagpipd i sctartu othur e
of fol dean phat ebser ved, whi ehopmentusagdd tthlee
structure built with Glawarnromatee dde si,c splcht a
i nnovation of csamplo ¢ihtee bpid Il Y% te®@r @ofmieth hr d g @ me

7))
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by D. G. .H nememreirci hc h 19 9/M0)Ho vGeewea rg,e s U ntlioglée t he 1¢
devel opment of the structurawassel oWv mai nl wolbéc
t he mameearei dbles ng researched by the specific ind
l'i mitations. Wiotfthhma her de v dle@@d@omen tpy sistele| eanany
building experiments in the 1980s and 1990s. D
built several -gdtormetst emd tdie a chees iSce I(pR iycdhoanred ,p alt %e5at)
and showed the new posabiubil Idii nige snadolf rit) miTrh e Fy @ o
di fferent projects in various scales all appli
t hendobeng behavior ofs the thin plywood sheet

Figure 3.1.21 Appli cdtoirann aogfc hb e retctplryawo edck piem i fm

Pioneered by the previousl@argeaevwdtnsesaed amnt.i
emergefncsuch expewi méntpalotptgygjpescst with the thin

and paperboards. And with the new development
fabrication techniqube tboemrétndahgr eamdlat bk ab
assembrniygues hwere tested in different projects.
whiickhhr ought by the wusing of thin sheets are of
formability to create impressivejspasecwintbeas
in the Winnipeg skating &22),t ewharme Ctame dza |i any €r(
pl ywoeagslsed and bent into a shelter form to acc

seen in the temporary 20i13d Fdlg@Re Swhar €opedhdrc
high structur-@2mwap| Yowloabkdr ifgaramth@NZ wicthimi gane. Such
bending form of the materials has also inspir
t ypodtohgey b-antdi wg sbhrubeuPbsD. di sserLtiatnihoanr dof J
& Kni pper st,he20Osltdryuctsandl pcbpeactsaewpsetanalfyfzeoednmn
finding techniques, structur al a naasltyrsuicst uamd t
concept was also tested in thlidrClDdrldl KE Krisem e
2013 )which covered thmos@atcleamwitwelavedi meneers a@iic
using only 6.5 millimeter tahcitni vbei rscthr upcltyuwoeo di ss
popul ar r egisre alricchh ttwepiigcht structure research, m:
bending behewdonbheeaantiaopgadci ty of materials and
materials to be used in | arge scal e-gotimwctures
research -babthe sBs8imbetures l1lf RP@ptEh del & BOI &t ¢ Fy g
ti mber constr dpand oanl od tthhe rEePsFdar ch pavilion f
Zur i clhFilguwr2e F3. G
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Figure 3.1.22 Modern applications of timber sheet

Si mitlobdhreentecappl i cati ons iafownldyawoo da,| spa pnva rdbed ayr du
experiment al projects foilthotghheh wern gqthltensta fuc tva
pr ®o md@nmo iuspr o ofjotrhe papernpetwediuct soli sed, such m
heel ready been useand nt @ nporoax psd g itAncd ditbser e

Dar mstadt , structur al cardboard has been wused
speci al st swecrteu rseu gcgoenscteepdt, analyzEedilauipe tHe st ed
AtTongj i University, a worl dwi chd cavcea d/e nyiecars ttrou

promote the structure jamdvadrn omearwd thasnelwe ema
sever al yBals22AF| dhyeop@apehbopard is too weak
its mechanic perfor mhanyca,edi comositgat @aslecamualbioia

cardboard are used to derive a better stabiliz
still to be dedwveelnamdd.prlon otttyepeexogdeprapesbdasdert
is used to build a |l arge scale dome structure.
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08-cAOAGEAE ODAHIAO PEUOEAAT AEAOAAOAOEOOEAO
Theéevel opment of a structure system relies on
mat eGcihalracteristics. And after rappleiwe atgi @a me ie
both ialddsarchitectural designs, it is the aim
of t he émadraniad &l and tpihcyss.i cTahle cthaarrgeectt ersi st o ma
the materials and further data collection and c
and b upcrkd bwiggml be characterized and the geomet
techniqgues Heaste &s loln Baechendawdeacead.m Bs to use

understanding to develop a novel structure sys
and empirical deduction from both t he pi one:
Comprehaosualki mat b hawelhlerazal cul ati on and tests
the tool for deduction of &6t thasiumsderbuttanvdildg noort

devel oped.

s A oz 0~ z

oc8¢8pg AOAT AEAOAAOAOEOOEAO i &£ | AOCAOEAI

As it is dprsewsissedtilmeadthlkei n sheet materials ar
categories: the met al sheet, pol ymetrhasred pl ast
materials. There is a wide range of materi al p
(see Table 3.1) Met al i s stiafnfdoagpdchestienbi gt ae
and flexible. However, from the case studies

adequate for structural postegyaatl sohehatreusbmea

I n structur al desiigs ahavamat aricaimpselcatctidoneci
wi t hphoerlittieri a to seek the bestanthatbbkb pbebweeni d
the material aéBHhbymi&g@Ae bhmg pbelm@ckginon of the pr o«
of materi alas beanereshlot ce of magsiemdgwll &r tfhaant a@ro
t he mechani(lail erblredradv i & rikhi ppensso20hé) reason w
are popul ar widehs ¢amuortvhgebdg eb erndll igfaairgrmeé Yanordgu | u s ,

the concomitantenhiiggh eyideff dr snat e oph g nidehh dei ¢ oad

Obj ectives antdhec ommasitnr aii mper taaanet f actors that d
antdhgeeometri cal structure mor phdsl obgoyo ko fo fa rnecahti etrei
sel ectiag@nesalchpri ncihpltéenei smed chodr itlbe ke vwmiltuat e t
the struct(uAssHbyl &meé®bena DAa®BPWing or a struct

are considered to be the structural el ement s,
heat and store the energyogéelthteerdiddmpeand tshe u:
system. I n a structhmakbhgdpsebgassthkesaeegaabasn
performance,ftwhiocdheter mi ned by several factor
requirements, the dmrroonkd bg sng da ntdh es onmaett el rmeasl st h e
consi kceorfattiloen section design and coh&stesection
el ements can be simply written as the foll owin
O R b g 0 5 Sl oo >
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An optimum design is bDobhéhecoialda badt st rseltect
maxi mi ze ®&bymaannaréwsirsli ng tco mbh e adii fofnesr eorfit t he f

objectives and constraints. Il n rever se, for a
proper designtddet nhet greo mednm yplofmh @&epanadymandc é
of the structural el ement s.

Fo thin sheet materi al s, as the initial f or ms
calculation methods of panels are usually appli

objectives ar et bskttreunc ttuhree esrta tfifenregstshaofThber ef or e,
yield strength and &f Ineoxdunrleaubsu asét lrye ngh b, m¥sdang m
mechani cal parameters of such matéepirabent Adt ab
bel ow:

Densit)( VYield St Youd g Modu

( M&P) (GPa)
Met al
Cast irons 7.409525 216590 16580
Carbon ste 7 .-78. 9 250155 20D16
Stainl ess 7 .-86. 1 17-D000O0 183210
Al All oy 2 .-5. 9 3600 6 82
Cu All oy 8.83914 3600 11-248
Mg All oy 1.1495 76400 4247
TAIl oy 4 -44. 8 250245 9a 20
Zn Al l oy 4.95 8150 6&5
Gl ass
Borosilica 2 -2. 3 263814 6 16 4
Slica GI as 2.2722 114600 68 4
Sodd me GI ¢ 2.2449 6 8 2

Pol ymer and Polymer Composite

PC 1.1421 590 2-2. 44
PVC 1.-13. 58 3582.1 2.4414
PE 0. 0603.99 6 17-29 0. 602.189 6
PET 1.294 56-62. 3 2.4614
PP 0.8991 20-37. 2 0. 819.65 5
ABS 1.4121 1853 1.-22.9
PMMA 1.1622 53-72. 4 2.-348
CFRP 1.-15. 6 550050 69450
GFRP 1.1597 11-D92 128

Nat orn dler

Wood

OSB Pl at e 0.55 11. 9 4. 3
Hardboard 0.85 26 4. 8
Medi um boa 0.65 9 3.1
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MDF Pl at e 0.65 18 3.1

Bamboo 0 .-06. 8 354 1820
Paperboard 0.8 2130 2.835
paper)

Talb8. 1: basic mechanical pehemebablstbhfe thibheslheet tr

(Ashbyo®&, CdBdBgde -119999%63 and 1999, and also the other

622,3,5, DIN 17721 and DIN 12369. For glass the con
as it is more relevyant in the structur a

X898 03 EAILD AT EEGIRAOOT B

Not aslhleetth emait ®citicad i sscaocken dpi t depends on the <c¢h

the raw materials and the manufacturing proces

For most of -héhxee dhadhigeatl nrmdtberianpka,p esbotaras , wd d

mechani cal perfor mancebethwensthi atehagtriearnt s dp & if &lr lee
perpendicular to the arrangement of the grains
fiber, thel smsoomesotfopm the formi h@gmpgenesss S
shrinkage caumethdodg ithptheddegohgt herantdhi n woo
paperboard manufacturing.

For the other materials whichenamheoutgpnetawor k
mol ecul ar networks( h&ktte bewmagbaspci dsesrmaed tetr
gl ass goltelcatilre arr angeimefntte nn ni rtrheeg unhaattehrei nad st hi
a
r

overall perfor maalces witfe cdpheh gmatsesr isdileet s are ol
mat eri atlyspa.n t hi s

Met al and polymer plastiaccompaosheadgsid at henomatatl k
networks with irregular arrangemenitsaqitchoepnce t
property before the forming pnocepissecesiowelvetrhe
manufact ur i-mmegt,h otdh ewhrioclhl eids used for the met al S
extrusion of the ther mal plastic also- makes tt
call ed sqgum®pperty mppsate mateonials such as | a

fifwern nforced plwasthifcfse r elLnatrmimeatmeerdiaanli ss odmr opi ¢ ma
in different directions, theldineapr ppedtuctiButwi
an i soutfrlospniec (obending) property.

Thani sioaaoopre of mat dr@a adisf foefrteennt rsetsruelntgst h and
manufacturing didiercetcit@gmdandi shal comodeads to an
performance ofaphéomambecieakanSbehobserved with

--T-he strength of materials in tha hnrheen ucfraocstsur i |
direction. Tihhmestdi EAseesnteéenear with a factor.
happenneans swiMbhd utlhues B n both directions.

- For the manuf actMordiud gu sd ii rne dtoit din tthkreo oEE M Ir € ssi v
very similar and can be considered the same in

For the architectural e gi dm momiceidiercegielridty i s
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of some materials in advatntma.t e&diirareéeacstoinoanb | ien atr |
structure system will possi bly enhance the per
i' s possible eothbhéeeantiymmtecpmmhot#t hrough the shap
i's usually too hardad thesguyeas aedid@lolnh ewtinan eai abn
prefabrication process (such as cadlnopal de xc anseesst i n
ogeometry for the structure is needed.

The anipsrootpretrpnieact e ¥ i al i s usually more i mportant
analysis process. The d& f Madenn tdiifelrd ndt rdd mgtch
cause a desotmplsi cantde strain state and also the
material s. I n this case, for the anisotropic
applied in the structuratianamnhyasMitsheBsdYdrmeotr o]
Traas can bandppbiretihe ani sodrriapdich m¥ag eTdadis, Vva

Hill, and maxi mum stress can be wused in differ
Al though the failure criterion methoidt caangi ve
still only be wused in |imited simplified case
mat @ idailr ecti on dappt headcompl oédamaterials in thr
t he <comprsoumipstiinogn @osfotar afpg a R id, where for the o

materials the arithmedpircopmadry uasl we edf itnhd& hmats
I n the cooperation resaeamethoofi $shiappldiesederi natt
structur al anaadysve péavihieoklembaabntdp adpi esrcbuosasri do.n s
se(eWerth, 2015b)

X 8 ¢ 80BMI CIOKE OOE £&I AOO

Strength and stiffness are the most i mportant |
it is listed in the tabl e odmentaetresr i afl praa ppeamretti
chosen from sceseraf dest gaplaired i rnggl ama toenrsiha lps . a |
combination of materi al parameters determine |
structur e. For each di fdlesg,entdi fofbgreernti v matod h etsh
properties are required. A practical and effe

introduced by Ashby to useifitthhee gnuaitdeeriGaanié porfo pdeers
fit he seandl rHeaeqidoat ke sadegdi on of materi al s W
requirememhy . & Céhonhele@@mpdgmre owéquirement of
paméhe fatal fAOEFaits ohesdci @t ed and the better chi
visualized wi tf mheAsphrboyp e&r tCye becongr t1 99 3)

Similarly, &Gi thtalr @ crhaetr @ rsth & It daiscet ¢)i eveet o$dnnt wi ontd wt rcheesl

by Lignhemchard & Knitphperssuff2@14nt strength of
prerequisite of the structure with bendabl e ma
usual |l yi mpher tmorstt probl ems deeneuwse oinral md otr md angPe S
sheets (such as folding and bending) and the | ¢
causesttrmdtaud ure at firéhehaFaror s uictdh c hnsast eeli e day sd
Lienhard that the &tbep¥Otodkensatceammdnd raomperdiyv
materials into(difhdredt &c Ainadigpaielresdru s2s0 lodi )t

the elastic and hWémscdilmg aelld heaev inerx twislelcth eon
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Nat ur élasfeidberat eri als such as timber and paper
to theiusmdont ent caomdadawatt ke s ame ti me, the struct
materi &lfe dbiyed he mo i ,satnudr ed ecfoonrtneartti on s such as
shrienkwigl | occur. kaperamdl Bebbdebdbyatbe mol ecul
cells, ombeywt bached by the kHydrugpgege nofbotnhdes d el |
components, espéRidbuynthr@aoa@ehbl utomber, such ac
may be blocked by the extractives within the
removal of these will Skmarea2@l1l®2he hygroscopic

Natur al raw materials have a | arge amount of nm
of pl ywood and paperboard the raw mafterials a
examphe drying process removes the moistures
proee®asthe paper production, t he oex ttrhaec tniavteusr asl
fibers. These treat mentysarogfe thhyeg rsohseceotps cri & syu lotf
and a great capacity to absorb the moisture co

The hygroscopicity makes the thimnshéets!|fi mame
conditions and sensitive to the sudden change
temperature). When the hygroscopicityhiencrease
materials and makes t,bd Wwendéndeofetabesfibersto:
and stiffness of .Asdomwmat ¢thicealdecfliager e@ef3.s2 r en
wood an@8. BAsBgetwlee deciMoaué usf albd tensile streng:
At the same wamer d,boaoamteptditedim®r martcéronsi cvaHhi ctho t h
structure will also occur.

The hygroscopicity also affects the viscoel ast
relative humidity wil!/| increasent hEspgeoiwahbytu
t hheost § me st abdtaldnad geumpriessi on | oads, it has &
progress and creep value of such materials are
than the(Bohl Wiap®8 0 )araedluictttsl e di fferent to the
fameaddeni iluanm ¢fe ri tyr. ahrey rtecactt i onovbeweod!| phAopeks

odays, it reacts very fast with the changes o
al ways necessary-proomoncéserta hies avladtee t he str
moi stFamagsaelrsi such as timber and paperboard, S 0

use or being developed.
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The special chamrdecltaexraitsitoinc sohfo wsr esehpet p reo pteirmea e s
dependenthdrd iswhegpe nence of the mechanical respyg
timealses from microseconds to decadavye Atotvery
started, most of the materi altsi 9w dllesapptetaay bwii
appear more ductile and compliant.

Sudrehavior appear sofr etnhaer ksahbel eet omma tneorsital s excep

al so shows the special viscoelastic (plastic)
compliance and relaxation smoegwsilsusandantbai human
directi ansur et e mmedr moNisd lua reelno,o n2h@ 132 ).r e sear c h, t
dependent behavior i s consiéGberheadvi a3, amspétiat
par amettleea dtorruct ural cal cul altiimenar Amatae rmieaslul lieh
t he -depreendent del ay -tdfmes tarpail n sawdd @sdt fr lreessstetsn g ,F o a ¢
and steel under a high stress odrvitoaimpreeaart ur e,

behaowdooum st het sairasdi agr)2ms @F imghtehemd3mbhgg i s of
mat er i 8nass;t etolveet hod can be usabde htawimahe memairbe st
expression -brnaasi mpphemashrguiti.veiktam €oabr2 a1 2)e

materi al such as gl ass, although it i s demons/
under bending, ttihd deodf srmmadtli arss tios be i n the nal
of @matheri al can beviunded¢Md otodo ia,s $d meeiami , & Mo

Figur ©r8i a2y tisetnrsaiilne csotdrvegssssatkl efoth)g sai went gt rods sa
70¢°Kmaftpaper in the (Marmskfamethyr i20d 2Di rect i or

The fatigweéesef atndeerciyalleiran llendgd it hge f ati gue pro
someti mes need to be considered in the elasti:
problems are not deeply considered and only t he
as a reduction of ssatfreeasys flaicmiotr aicnc odredsiinggn .t o a

According to bhelLPihbDbanbdas adarkc Krdin@pBPams 2014)
exampl e, r eoéod chedts e@mm cjlsehcotvse d t hat a given maxi mu
approxi matfeltyh e6 Qo e% mi s sniobtl el esatdr etsos etsh ewofualtdi gue |
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