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ABSTRACT

AN APPRAISAL OF CURVILINEAR FORMS IN ARCHITECTURE WITH AN
EMPHASIS ON STRUCTURAL BEHAVIOUR: A CASE STUDY ON CHANNEL
TUNNEL RAILWAY TERMINAL AT WATERLOO

C ng, Tuba
M.S., Department of Architecture

Supervisor: Assoc. Prof. Dr. Alhsan Unay

January 2007, 122 pages

Architectural curvilinear form has been on the scene since tleedtirtne first build-

ing sheltersCurveis the most common form in nature. This phenomenon inspired
human beings while they are building structures. Curvilinear formdeasloped
over centuries, via structural enhancements and aesthetic fesgtabolic meaning

is tailored to curvilinear structures such as useéoofhesn religious buildings. How-
ever, the difficulties in the construction process of these forwes Ibeen a challenge
for people throughout the history. Today, introduction of computer aided design
manufacturing technologies into building industry encourages the usewviinear

forms in architecture.

This study intends to explore the relationship between structure rahieatural

curvilinear form. The curvilinear form will be examined bagicaccording to its
\Y



structural potentials through its geometrical configuration. A coempubdel of the
roof of Channel Tunnel Railway Terminal at Waterloo is generatetdwith some
geometrical modifications for the configuration of the roof, nethestes of struc-
tures are obtained. An analytical comparison of structural behawvibeféiciency is

made via the computer model of the roof and these modified configurations.

Keywords: Curve, curvilinear form, structural behavior, structural trogleéWVater-

loo Train Terminal.
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M MAR DEK E R SEL FORMLARIN YAPISAL DAVRANI UZER NDEN
B R DE ERLEND RMES: WATERLOO TREN TERMNAL UZER NE B R
CALI MA

C ng, Tuba
Yuksek Lisans, Mimarl k Bolumu
Tez Yoneticisi: Dog. Dr. Alihsan Unay

Ocak 2007, 122 sayfa

E risel mimari formlar, ilk bar naklar zaman ndan bu yana gotrktedr. E ri,

do adaki en yayg n formdur. Bu olgu, insatanu yap ina ederken etkilemiir.

E risel formlar ytzy llar boyunca yap sal ilerlemeler véetk ilkeler do rultusunda
geli mi tir. E risel yap lara, dini yap lardeubbekullan m nda olduu gibi sembolik
anlamlar yuklenmtir. Fakat bu yap lar n yap m sirecindeki zorluklar, tarih boyunca
insanlar icin bir meydan okuma olntur. Ginimuzde, bilgisayar destekli tasar m ve
dretim teknolojilerinin yap endistrisine girmesi, risel formlarn mimaride

kullan m n tevik etmektedir.

Bu cal ma, yap ile mimari erisel formlar aras ndaki ilkiyi irdelemeyi
amaclamaktad r. Eisel form, temel olarak, geometrik kurgusu aragyla yap sal

potansiyellerine gore incelenecektir. Waterloo Channel Tunnel Baiierminal
Vi



yaps catsnn saysal modeli oturulacak ve cat kurgusunda baz geometrik
de i iklikler yoluyla yeni yap sal emalar elde edilecektir. Yap sal davrarve
verimlili in analitik bir kar la trmas, ¢catnn ve bu yenemalar n say sal modeli

yoluyla yap lacakt r.

Anahtar Kelimeler: Eri, e risel form, yapsal davran yap sal modelleme,

Waterloo Trenstasyonu.
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CHAPTER 1

INTRODUCTION

Sheltering, protection, feeding and perpetuation are considered a®shénstinc-

tive and vital components of the human life. Sheltering and protectothartwo,
recognizable as defining the character of the space in whichaihe life would
mostly take placé.Man has to shape certain materials and use them in certain quan-
tities to make his building stand up against the pull of the eantil, earthquakes,

fires etc, while he is building simple shelter for himseléoclosing large spaces for
hundreds of people. Moreover, from earliest times the man has hada sanse of
beauty, so the construction was also conceived according to ae#teeties, be-

sides the requirements of strength and economy.

Architectural curvilinear form has been on the scene since tleedtirtne first build-
ing shelters. “Curve” is the most common form in nature, and thpréts human
beings while they are building structures. In “On Growth and ForDiArcy
Thompson suggests that the shapes of living things are largelgsihié of adapta-
tion to physical forces, not behavior and di€orms found in nature are shaped for
maximum efficiency, transferring the required force with dpimum amount of
material and human beings are often inspired by these fundamentgblps of na-
ture. They imitate the aesthetical and sometimes structveal, fanctional qualities
that already exist in nature, to realize structures, piecag.dh some cases wings of
a bird, form of a wave or a drop of water can impress a desigoerever, not only
the aesthetic qualities of nature, but also structural, even functjoadties affect
the designer. There are also examples of curvilinear foresext by the nature it-

self. The arches in nature that are formed by erosion, wind anidt¢heré clear ex-

! Karaesmen, E. Architecture and Engineering,divil News, BoaziGi University, Department of
Civil Engineering(pp. 1-3). 2005, May.

2 Thompson, D’ArcyOn growth and formThe University Press, Cambridge. 1942.
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amples that impressed human beings. Thus, the first shelters of lnemgs had

their analogies from the nature.

Vernacular architecture, which is generally constructed ahe& curvilinear in
form by the nature of the materials and the construction technighesstiuctural
curved arch was discovered by early builders; there are 3200 gldansud brick
storage rooms built with arches that still survive in Egypt. Adizations devel-
oped, preference was given to linear forms, yet curved form contiouddvelop
over the centuries, initially as structural enhancements, latestete tenets. In the
East, simplicity and form were combined to create functional cueat structures.
A symbolic meaning is proposed to curvilinear structures such aefukamesin
religious buildings besides structural and aesthetic qualitie. & introduction of
need for uninterrupted larger spaces in churches, mosques, halls, annditand
like, designers became more interested in curvilinear formst@al &r long span-
ning. In the 19 century, new metallurgical materials led to new forms ofitoear
architecture. The later part of the century brought the Art Nauweavement, with
its fluid, curvilinear lines. Antonio Gaudi stated that “The stialme belongs to the
man, the curve to God.1n the 28' and 21st century, with the introduction of new
materials and structural developments, outstanding, mathemaficatiise optimal
load bearing curved forms emerged. The structural economyyadhiy the use of
curvature, in fact, has been appreciated since the days of Anciert Rastill ap-
plies when modern materials are used, because it is ultimageBssary to offer,
within the structure, a resistance moment equal to the moment apjiied loads.
This requires either curvature or thickness in the horizontadtsial members, and
over large spans, the latter is necessarily associatedeatty weight$.Briefly, the

curvilinear forms have been a challenge for builders throughout the history.

This study intends to explore the relationship between structure rahieatural
curvilinear form. It is obvious that there is no unique relationship dmtvstructure

and form if we mean simply the geometrical configuration of thecwire by form.

% Middendorf, J. Computer aided curvilinear architeal design, in: http://www.johnmiddendorf.com
/johnmfiles/TUNSW/CADarch/index.htm. Last accesse@®ecember 2006.

4 Cowan, H. JAn historical outline of architectural sciencElsevier Pub. Co., New York. 1966. p.
82.
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Different structural actions can be observed for the same loddifigrent strengths
and stiffnesses may be associated with a single extezpategry according to the
materials used, the internal detailing, the construction, andéte 3he geometrical
configuration is, therefore, only one aspect of structural fornigegshe wide range

of choice of materials and constructional techniques.

In this study, the curvilinear form will be examined essentitliough its structural
potentials according to its geometrical configuration. The structural adesndé the
curvilinear form will be explored via the computer-based structauralysis of Wa-
terloo Station as a case study. In the thesis, the affebeahaterial properties and
the construction techniques on the structural behavior will also be ®aloaefly
with some examples though they will not be the fundamental consotert the

study.

Curvilinear forms are responsive to the leading ideals of stalctut, efficiency,
economy and elegance, described by Billington in “The Tower anBridge”, es-
pecially when there is a need of long spanning. These forms haveteferred by
well-known designers throughout architectural history, who were lookinghdor
only statical necessities, economic solutions, the ease of coiwtrumit also were
in pursuit of satisfying appearance, the “beauty” in their desighsstructural de-
signs, both for long or short spans, are based on the same gemeeits. Yet, in
long-span structures, the relationship between dead weight, steerdyfiroportions
becomes critical. The design criteria have to be far momnidtin order to arrive at
safe, economical, and aesthetic solutions. Curvilinear forms dizedtin order to

optimize these criteria.

The concept of structure is defined in chapter 2, followed by stalgtl@als, which
are efficiency, economy and elegance stated by Onouye and Billington. The rela-
tionship between structure and form is examined and simple elenfmmbal are in-

troduced with an emphasis on curvilinear forms.

In chapter 3, the concept of curvature in structuring is presented. Curvaturbsiand t

mathematical background are represented as a prelude to strdatien methods.

3



The surface types are characterized according to thettaereaethods. The mathe-
matics of basic curved forms will be analyzed to be able torstaotel the nature of

their structural behavior.

In chapter 4, the development and utilization of curvilinear structomnas will be

discussed within an historical overview. The emphasis will be mostlgtructures
and structural elements that have marked significant stepsrtbiwavidening the
range of possible future choice, in history. A group of examples relevanttteethe

of the thesis is also introduced.

Chapter 5 focuses on the comparison of structural capacity of kmelacurvilinear
structures by analyzing the Channel Tunnel Railway Terminalaaéi@o, as a case
study. Background of the design survey of the terminal building botirébitecture
and for structure will be explored in accordance with the @#&dz process. The
computer model of the roof of the terminal building is generateasing Structural
Analysis Program (SAP) 2000 Nonlinear 7.1 in order to understand ta&ibe of
the structure. With some geometrical modifications for the configuraf the roof,
new schemes of structures are also generated in order to wraarcson to the

curved structure of the roof.

The computer model of the roof in this study is inspired by the roGhahnel Tun-
nel Railway Terminal at Waterloo but some modifications ardentluring the mod-
eling process in order to obtain a simplified model that woulddpeopriate solely
for this study. The aim of the study is to observe the outcorhdwese analytical
models and make comparisons, especially from the point of their ggotoatt ca-

pacity and efficiency.



CHAPTER 2

STRUCTURE AND FORM IN ARCHITECTURE

Many architects, structural engineers and designers defingtus&ruin their own
words in many ways; most of these definitions however stem fnensame princi-
ples. Onouye defines structure as, “something made up of interdepgadtsnin a
definite pattern of organization (Figure 1) —an interrelation dSpes determined by
the general character of the whole.” He also states that t&teuparticularly in the
natural world, is a way of achieving the most strength froneidist material through
the most appropriate arrangement of elements within a form suftabits intended

use.?

Figure 1. Radial, spiral pattern of the spider web

(Onouye, B.Statics and strength of materials for architectaned building constructionPrentice
Hall. Upper Saddle River, NJ. 2002.)

! Onouye, B.Statics and strength of materials for architectanred building constructionPrentice
Hall. Upper Saddle River, NJ. 2002. p. 1.
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The primary function of a building structure is to support and redicexts and
forces to the ground in a safe manner. Building structures are fde forces of
wind, the effects of gravity, vibrations, and earthquakes and like. Utjjecs of the
structure is all encompassing; everything has its own unique foraoud, a sea-
shell, a tree, a grain of sand, the human body-each is a nofesteictural design.
Buildings, as any other physical entity, require structurahésaiorks to sustain their

existence in a physical form.

To structurealso means tbuild —to make use of materials in a way as to assemble
an interconnected whole that creates space suitable to a parimdaon or func-

tions and besides, to protect the internal space from undesirable exterreaitsfem

NANLS

Figure 2. Metacarpal bone from a vulture wing and an open-stebl truss with web members

(Onouye, B.Statics and strength of materials for architectaned building constructionPrentice
Hall. Upper Saddle River, NJ. 2002.)

A structure, whether large or small, must be stable and durabs,satisfy the in-
tended functions for which it was built, and must achieve economyfioreety

(Figure 2). Structure is all about doing more with using lesemato support the

2 |bid. p. 2.
% Ibid.



given load or enclose a given volume. It is a matter of balanaiagtstal perform-
ance with the cost of achieving'ias Addis quoted from Isaac NewtorPsincipia:
“Nature does nothing in vain, and more is in vain when less will sesv@&lature is

pleased with simplicity, and affects not the pomp of superfluous causes.”
2.1 Structural Design

Structural design is basically a process with the applie@$caod the materials that
resist these forces. Structurally, a building must never collapder the action of
assumed loads. Moreover, tolerable deformation of the structure shoudeursst
material distress. Onouye briefs the general procedure mnitesg a structural sys-

tem with the following phases:

- Conceiving of the basic structural form

- Devising the gravity and lateral force resisting strategy
- Roughly proportioning the component parts

- Developing a foundation scheme

- Determining the structural materials to be used

- Detailed proportioning of the component parts

- Devising a construction methodology

After all these phases have been examined and modified in aivéeratnner, the
structural elements within the system are then checked mdtballyaThere are no
sets of rules to achieve “good design”. The iterative approach is most ofioyech
to arrive at a design solution. The structural principles influgheeform of the
building, and a logical solution (often an economical one) is allwaged on a cor-
rect interpretation of these principles.

It can be said that in these works (Gothic Cathedrals, Eitfelet, Firth of
Froth Bridge), forerunners of great architecture of tomortbe relationship
between technology and aesthetics that we found in the great buibditigs
past has remained intact. It seems to me that this relafooahibe defined

* Addis, B.The art of the structural engineekrtemis, London. 1994. p. 1.

® Onouye, BStatics and strength of materials for architectaral building constructiorp. 3.
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in the following manner: the objective data of the problem, technchngly
statics (empirical or scientific), suggest the solutions anddptine aesthetic
sensitivity of the designer, who understands the intrinsic beautyeadiality,
welcomes the suggestion and models it, emphasizes it, proportionsait, i
personal manner which constitutes the artistic element in architécture.

2.2 The Ideals of Structural Design

Karaesmen states that every building should fulfill these follgwiequirements:
functionality , safety andeconomy The functionality is the result of an architectural
engineering process in order to reach a higher level cffaetion proceeds to the
building. The safety is another basic requirement since theaficsthe most essen-
tial duty of a building consists to standing up properly without allgvainy structur-
ally hazarding fear and bad behavior. The economy is anothegpogstablishing a
discipline of efficiency in construction process aiming a lowet wahout conces-

sion from the safety and the standard of functionality.

Similarly, Onouye states that the main purpose of structur&rdés to make the
building “stand up”. In making a building stand up, the principles governingt#he
bility and equilibrium of buildings form the basis of structurahkimg?® According

to Onouye, the principal functional requirements of a building structure are:

Stability and equilibrium
Strength and stiffness
Economy

Functionality

S A

Aesthetics

The fundamental concept efjuilibrium is concerned with balancing of forces to
ensure that a building and its components will not move. In factyaditsres endure

some movement under load, but stable structures have relativelydsfioamations.

® Nervi, P. L. Aesthetics and technology in buildiftarvard University Press, Cambridge. 1965.

" Karaesmen, ECE 480 Introduction to architectural engineeringedture notesBo azigi Univer-
sity, Civil Engineering Department. Istanbul. 2006.

8 Ibid. p.10.



A “good structure” is one that achieves a condition of equilibriuth @wiminimum
effort.? Strength and stiffnessf materials are concerned with the stability of a build-

ing’'s component parts, wherestatic deals with the theory of general stability.

Economy is another fundamental in the structurally correct buildingso Kinds of
“economy” are present in buildings. One is based on expediency, aitgileibma-
terials, cost, and constructability. The other “inherent” econondicimted by the

laws of nature?

In On Growth and FormD’Arcy Thompson described how nature creates a great
diversity of forms from an inventory of basic principles, as a regptmshe action

of forces. Thompson points out that; “...in short, the form of an object egeadn of
forces; in this sense, at least, that from it we can judge deduce the forces that
are acting or have acted upon it; in this strict and particular sense, it granoia

To form as a diagram is an important idea in the applicationegptimciple ofopti-
mization(maximum output for minimum energy) clear example of optimization is

seen in the Nature; the honeycomb of the bee. These honeycombs are an arrangement
of hexagonal cells containing the greatest amount of honey withabsedmount of

bee wax and are the structure that requires the least energy for the beesuotcons

Functionality and aestheticsare two other principal functional requirements of a
building structure, which cannot be discussed separately, yetferedif circum-
stances, one of the concepts may have dominance on the other. &ocansthile
designing a car park, the functionality will be the first consitien since the struc-
tural design should obey some standards of parking. There will bg cnigeria as
for which types of vehicles will the car park will be used, theettisnons of the vehi-
cles, the optimum dimensions for a car to turn comfortably etcewd@tiding the
appropriate structural system and scheme for the identified dandhe main pur-

pose of the structure in this case is to response to the needdwidten. Aesthetic

° |bid.
1% bid. p. 3.
1 bid. p. 4.



considerations will contribute to the design process in very latesepha@n some
cases it will not be a consideration for that design atralthé design process of a
monument, a symbolic structure, aesthetics will become the t@ssideration and
the intentions of the designer will orient the structural designefadly the designer
have the virtual image of the monument, the form, in his/her mind, theheheill
seek for the appropriate structural system to be able to makerhd&sign “stand
up”. Sometimes the materials are chosen for the monument and thémgtte
structure that matches with those materials is searchedHeseTare generally ex-
treme cases for the contribution of function and aesthetics in Hignderocesses.
Thus, to achieve the “good structure”, the principl®gtimizationwill come to the

scene again.

Billington categorizes the leading ideals of structuralrdd three categories, which
is similar to Onouye’s principle®fficiency, economyandelegance He also calls
these principles as the measurements of three dimensionsicitisgr The first di-
mension of a structure is a scientific one, which is measureaffioiency. The sec-
ond dimension is the social dimension of the structdoenomy measures this di-
mension of structure. The third dimension is symbolic, and it isdimgnsion that
opens up the possibility for the new engineering to become struatiir&lthough
there can be no measure for a symbolic dimension, we recogsyrel®l by itsele-

gance and its expressive powef

Works of structural art flourish when the goals of freedom and diseipre held in
balance. The disciplines of structural art are efficiencyemmhomy, and its freedom
lies in the potential it offers the designer for the expressianpdrsonal style moti-
vated by the conscious aesthetic search for engineering edegéime engineers of
the nineteenth century had to find ways to use it as efficiastlyossible because of
the great cost of new industrialized iron. They were employed kb lawger and lar-
ger structures —longer-span bridges, higher towers, and wider-sgaruafs- all
with less material. They tried to find the limits of structure, to make fohatsvould
be light. They began to stretch iron, steel, and reinforced conprstes medieval

12 Billington, D. P.The tower and the bridge: the new art of structigagineeringPrinceton Univer-
sity, Princeton. 1983. pp. 16-17.
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designers had stretched stone into the skeletal Gothic cathedBaltain, the center
for early structural art, public works were under the contr@dhafreholders and in-
dustrialists. Thus, the engineer had always to work under the digcigdlieconomy
consistent with usefulne$3Economy has always been a prerequisite to creativity in

structural art.

Minimal materials and costs may be necessary, but theyoéref course, sufficient.
A third ideal must control the final design: the conscious aestimgtitvation of the
designer. The elements of the new art form were, then, eifigiGninimum materi-

als), economy (minimum cost), and elegance (maximum aesthetic expré$sion).

2.3 Structure and Form

The shape of a body is defined as the set of points that repitsselmservable spa-
tial limits. These points form a line or a surface. We talk abwutform” of a body
when, in addition to its geometric properties, its other aspects aperpes are
taken into consideration. Thus, the form of the body is the charéctémnsge typi-
cally associated with it

In many cases, it is acceptable to use the téomms andstructureinterchangeably.
In some cases, however, a distinction between the two termshmuetdrified. The
termform is more suitable for an entity taken as a whole, wheredsmmestructure
should be used when the whole is analyzed by its components. As\iarrkss of
architecture are concerned, a clarification of the two tésmgeded. “Architectural
form” can refer either to an entire building or to one of its compisnas long as the
part displays a certain degree of autonomy. In this manner, thea@ceek temple,
the column, and the capital are all architectural forms. The ‘t&moncture”, applied
to a work of architecture, refers to those elements that comribuhe architecture’s

strength — load-bearing walls, beams, columns and $b on.

3 bid. p. 5.
% 1bid. p. 6.
1% Zannos, AForm and structure in architectur&an Nostrand Reinhold, New York. 1987. p. 9.

18 | pid.
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It is obvious that there is no unique relationship between structuréoandf we
mean simply the geometrical configuration of the structurthedefinition of the
form. Different structural actions, different strengths, and differeffhatises may be
associated with a single geometry. They will vary accordinthe materials used,
the cross-sections, the manner and sequence of construction, and the scale.
The geometrical configuration is, therefore, only one aspectuaftstal form; yet it
may still be regarded as the primary determinant. It detesnivhether equilibrium
is possible and, if possible, it determines which types of stalcauation are possible
and rules out others. The choices of materials, internal detadsconstruction tech-
niques develop some possibilitis.

2.3.1 Simple Elemental Forms

The basic classification is again primarily geometricahaalgh it is also necessary
to take into account the support provided and the manner of loading sirsteutize

tural potential is being considered.

There are two main geometrical distinctions apart from the obwpedetween the
essentially linear forms and the rest. The first relatesutwature. Of the curved
forms in Figure 3, (f) to (j) are singly curved; (k) to (amg doubly curved with both
curvatures of the same sense (known as synclastic); and(f))ace doubly curved
with the two curvatures of opposite senses (known as anticlasticketbead relates
to cross-sectional dimensions. The forms to the left of the Veliieaare of poten-
tial structural value with almost negligible thickness; and thosthe right of the
vertical line, though not incapable of acting in the manner assumbdawialmost
negligible thickness, do call, in practice for a significant thickrtesguard against
buckling. It will also be seen, from the point of view of the usesrthght be made
of them, that some forms are capable only of transmitting lo&tiey @irectly (a)

and (e) or indirectly (f) and (j), but that the remainder apabke also of enclosing

space’’

" Mainstone, R. Developments in structural forrvl.I.T. Press, Cambridge. 1975. p. 83.
18 |bid. pp. 83-84.
9 |bid. p. 85.
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Figure 3. Elemental structural forms

(Mainstone, R. JDevelopments in structural formvl.I.T. Press, Cambridge. 1975.)

LTSN Y

Figure 4. The primary internal actions for the loading indézhby full lines to denote compressions
and broken lines to denote tensions

(Mainstone, R. JDevelopments in structural formvl.I.T. Press, Cambridge. 1975.)
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In terms of structural actions, the main distinction betweerethasns is their pri-
mary action whether it is purely tensile, purely compressiva,aambination of ten-
sion and compression. As in Figure 4, the primary internal actiornthdoloading
assumed have been indicated by sketching the directions of the prisicgsses,

using full lines to denote compressions and broken lines to denote tefsions.

A further distinction relates to the way in which the tension andpoession, where
the primary action calls for both, are distributed over the depthickniess of the
cross-section. For all the forms shown in the figure, thegrgimaction calls only for
a uniform tension or compression throughout the thickness at anyipaimy given
surface direction. For the forms above the horizontal line, howevepyithary ac-

tion, being a flexural one, calls for both tension and compression within the’depth.
2.3.2 Curvilinear Forms

“Curve” is the most common form in nature, and it inspired human beings the
time they were building the first structures for shelte@ghe outset. As civiliza-
tions developed, besides the linear forms, curved form continues to develoghe
centuries, as structural enhancements, as an aesthetic, awalicyor religious
meaning. The need for larger spaces uninterrupted with the eleofestisictural
system as churches, mosques, halls, auditoriums and like lead destgberinter-

ested in curvilinear forms as a tool for long spanning.

Curvilinear forms are responsive to the leading ideals of stalctut, efficiency,
economy and elegance, described by Billington. As such, these larraseen pre-
ferred by well-known designers who were looking for not only ciatnecessities,
economic solutions, the ease of construction etc but were also ol s#aan “aes-

thetic” quality for their designs, throughout the history.

Pier Luigi Nervi was one of those designers who used the yoéldgrvilinear forms
in his buildings. The most spectacular of Nervi's buildings artaicdy the domes

20 |pid.
L |bid. p. 86.
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and barrel shells he built between 1935 and 1959. These are also kisdvabtbest
illustrate Nervi's preoccupation with very simple overall shapesle up on inter-

play of individual elements.

As Nervi stated “My early experiences had formed in me a loéisgarching for so-
lutions that were intrinsically and constructionally the moshemic, a habit which
the many succeeding competitions tenders (almost the tabélityy projects) have
only succeeded in strengthenirf§.At the same time, the economy was, for Nervi,
intimately connected with finding “the method of bringing dead andi¢éiads down

to the foundations...with the minimum use of materials.” Economy of caketi-
ciency of materials were, however, never enough, for as he contirlustil| fe-
member the long and patient work to find an agreement between tibenstaessi-
ties... and the desire to obtain something which for me would haa&sfying ap-

pearance? His expectations were materialized in the form of curve.

Figure 5. Sports Hall, Nervi

(www.architecture.uwaterloo.ca/faculty_project. Lascessed in December 2006.)

Gaudi is another well-known designer for his unique curvilinedrit@ature. He in-
tegrated the parabolic arch, nature's organic shapes, and umadhwdity into his
architecture. While designing buildings, he observed the forcesatygand related

22 Nervi, P. L.Aesthetics and technology in buildirtgarvard University Press, Cambridge. 1965. p.
24,

2 |bid. pp. 23-24.
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catenary principles. The saddle forms of Gaudi had some advawotagesiore tra-
ditional shapes. A saddle shape has opposite curvatures, a downwaid @mehdi-
rection and an upward arch in the other. Hence, a saddle-shaped rocé sirfaich
stiffer. Moreover, these saddle shapes contain straight linésnwiteir surfaces,
something impossible with a spherical surface. Certain imagipknyes, passed
through this surface, will intersect them in straight lines. ngperty of saddle
shells makes them easier to construct. For Gaudi, this geome&tpierty had a deep
religious meaning, which confirmed his sense of the naturalngbs &drm. He took
this form to be “a miracle of mathematics” and attributed habperties to the trin-
ity of straight lines which determine any surfaéé.”

v e
& b ¢

Figure 6. Sagrada Familia, Barcelona

(http://www.greatbuildings.com/buildings/Sagradamiie. html. Last accessed in December 2006.)

24 Collins, G.Antonio GaudiGeorge Braziller, New York. 1960. p. 23.
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All structural designs, whether for long or short spans, are lmastte same general
concepts. However, in practice, the proportions of short-span structurds often
determined by nonstructural requirements. On the other hand, in longsspa-
tures, the relationship between dead weight, strength and proportia@rmedsecriti-
cal, and the design criteria have to be far more rationabier ®o arrive at safe, eco-

nomical, and aesthetic solutiofts.

In order to optimize dead-load efficiency, long-span structures shavd their
shapes approximate a natural line of pressure, such as parabbjioraa catenary.
When this is done, the shear-and moment- resisting force alwiyatdahe center of
gravity. Hence, the use of curved forms is often efficentell as appealing. Since
there is theoretically only direct axial force in the systamd the material require-
ments are minimized, such curved systems are efficient betaeegield overall
structural depth for long spans without increasing sectional d&pth.

In contrast, long-span design of a beam would require much more skcigmtia
along its entire length, or at least much of it, because thellbrement increases
with L?, deflection with [. Therefore, ordinary long-span beams need a lot of addi-
tional material to maintain a flat surface. With curved s$tmas, the required mo-
ment-resisting forces can be controlled by increasing the ride @ag of the system
as a whole rather than by increasing the cross-sectional deptheAoverall struc-
tural depth is maximized, the thrust of an arch or the tensiorcable, as well as

local bending requirements, will be minimiz&d.

Long-span structures can be built using flat construction such asg/ lggrders,
trusses, space-frames. However, for spans approximately 30snofiém more eco-
nomical to build a system made up of curved memftfers.

% Lin, T. Y. Structural concepts and systems for architects amgineers\Van Nostrand Reinhold
Co., New York. 1988. p. 377.

28 |hid.
27 bid.
28 hid.
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However, curved systems have some disadvantages as well. Thebjetion to
curved systems is the complexities and difficulties faced duhegconstruction
processes in comparison to flat surfaces. In addition, the visuahizztihese forms
in three-dimensional renders has been a serious problem. Until nolivnitiations
of hand drawn architectural drawings sometimes led to lineatibgd that are eas-
ily rendered in 2D form, whereas three-dimensional curvilinaan ie facilitated by

three-dimensional rendering tools, not available until recently.

In this chapter, the concept fdrm and structureare explained from architectural
and engineering points of views. The relationship between structdréoan is ex-
amined, since the image of the building and the system that riekbsilding stand

up are complementary concepts.

Moreover, simple elemental forms are introduced with an emphasisirgiinear
forms, as understanding these forms is fundamental to grasp tlal ceecept of

curvature.
The structural ideals, efficiency, economy and elegance are eaprdseferring to

some authors. These concepts will be discussed further on thsismdlyaterloo

Station throughout its structure.
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CHAPTER 3

THE CONCEPT OF CURVILINEARITY IN STRUCTURING

A sheet of paper held in the hand, bends and cannot support its own weilgat. If
same sheet of paper is given a slight upward curvature,apabte of supporting its
own weight and some additional load (Figure 7). The upward curvaitneases the
stiffness and the load-carrying capacity of the paper becalosates some material
away from the “neutral axis,” so that the bending rigidity ofdheet is considerably
increased. As a result, the new carrying capacity of the padatained not by in-

creasing the amount of material used, but by giving it proper form.

Figure 7. Form-resistant structure

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

Structures in which strength is obtained by shaping the matecalding to the
loads they must carry are callEnm-resistant structures. For instance, membranes
are purely tensile form resistant structures as they dependreature and twist to
carry loads. If the same membrane were turned upside down, it Wwewdform-

resistant structure developing only compression, that is, the twendional antifu-

Salvadori, M. GStructure in architecturePrentice-Hall Inc., New Jersey. 1963. p. 322.
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nicular for those loads. Thin shells are another example for fagistaat structures
since they are thin enough not to develop considerable bending stiagsdsck
enough to carry loads by compression, tension, and shear. Thin dollsha&l eco-
nomical construction of domes and other curved roofs of varied form and exceptional
strength. They are among the most sophisticated expressions omnstaetural
design?

The form resistant structures mentioned above owe their effictencurvatures and
twist. In order to understand their structural action, a generavieweover their

purely geometrical characteristics should be done.

3.1 Curvatures

The curvature of a surface at a point is displayed by cuttingtht a plane rotated
around the normal to the surface at that point. The curvature varteg @lane ro-

tates. It may be up or down in all directions, or up in some and down in dthers.

The intersection of a dome with a plane passing through its nbamadownward
curvature. For spherical domes, the curvatures are all identicahd-other types of
dome, they change from a maximum to a minimum as the plane r{fajase 8).
Conversely, the curvatures of a dish are all up. Surfaces like domgishes, in
which the curvature changes value around a point but it always up or, coev
called synclastic. If we call downward curvatures positive and upward curvatures
negative, domes have positive curvatures and dishes negative curiratltebrec-
tions. Surfaces with positive or negative curvature at all poretaandevelopable
since they cannot be flattened without stretching them (FigurEh@)r stiffness and
strength stems, in large part, from their resistance to thdserdgions which tends

to flatten thent.

2 |bid.
% |bid. p. 324.
* Ibid.
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Normal
to surface vi

Radius of
curvature

Figure 8. Curvatures of a spherical dome

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

Figure 9. Development of a synclastic surface

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

The forms with the greatest natural stiffness are, in gertemsynclastic ones. In
the domical vault or shell continuously supported around its base (Figyreti
load may be carried entirely by compression (Figure 10b) or dynabination of
compression and tension (Figure 10a). A similarly shaped memigfesnee 3k)
must, however, act wholly in tension, because its negligible thickmiéissause
buckling under compression. It is difficult to ensure this purely leeraition if it
hangs from the supports as shown and the only loading is that of sgiftvpkis

varying and uncontrolled air pressures on both sides. Thus, unlesséddor the
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storage of liquids or weighed down by a heavy cladding, it is bedtingerted and
given a tensile prestress throughout by maintaining an intennakessure greater

than any likely external pressute.

Figure 10.Internal static equilibrium of domical shells.
Principal compressions are shown in the upper bkstby full lines and principal tensions are shown
by broken lines.

(Mainstone, R. JDevelopments in structural forivl.l.T. Press, Cambridge. 1975.)

Surfaces, like those of the barrel roofs or gutter channels, with curahiwags posi-
tive or always negative but vanishing in one direction, are cdikeeélopablesur-
faces. They can be flattened without stretching them. Developali&eass are no-

ticeably less stiff and strong than synclastic surfices.

If a horse saddle is cut with a vertical rotating plane itsature changes not only in
value, but also in sign. As the cutting plane rotates around its lagisutvature of
the saddle changes gradually from positive to negative values, anderga; thus,
the curvatures must vanish in two directions. Saddintclastic surfaces have, in
general, two directions of zero curvature which means that tveztdins along
which straight lines lie on the surface (Figure 11). They are also nondevelbpable

® Mainstone, R. Developments in structural formW.I.T. Press, Cambridge. 1975. pp. 88-89.
® Salvadori, M. GStructure in architecturep. 326.
" Ibid.
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Figure 11. Saddle surface and principal curvature lines dtiEasurface

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

Anticlastic forms, unless prestressed, will tend to act in cesgiwn in the directions
of maximum arch-like curvature and in tension in directions of maxiroatenary-
like curvature (Figure 30 and p). Ideally, if there is enough thicktesesist buck-
ling under compression and if the surface geometry is so choseralbkfty princi-
pal tensions and compressions of equal and uniform magnitudes throughsatj-the
dle form (Figure 3p) may be cut along lines midway betweenlitleetions of these
principal tensions and compressions and will then transmit only consiraraliuni-
form shears to the edge members (Figure 30). Again the memlmamemiust act
wholly in tension (Figure 3n), and this calls for tensile predtrigse the direction of
the arch-like curvature. Such prestressing may be applied throughuows rigid
edge members giving, if the curvatures are sufficient andoatpoession is elimi-
nated, the stiffest form of membrane. Alternatively, it can fiy@ied by means of

guy ropes as in a tefit.

To be able to envision the curvatures of a surface, the surfacecntwgith a plane
perpendicular to it. In Figure 12, it is shown that, a perpendicular plane parakel t
axis cuts the cylinder along a straight line in a cylindgme®enting a lack of curva-
ture in this direction. A cut at right angles to the axis has a large curvahile cuts

in any other direction show smaller curvatures. Thus, the sectiqogecurvatures
that vary from zero in one direction to a maximum value at righteartg it as the
cutting plane rotates around the normal to the cylinder. The tvpepeicular direc-
tions in which the curvatures become respectively maximum and minimum lace cal

the principal directions of curvature of the membrane surfack.we take an ele-

8 Mainstone, R. JDevelopments in structural formp. 88-89.
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ment of the cylinder with sides parallel to these principakctoes, it is seen that the
element has no twist. Nevertheless, an element with sides nii¢lpar¢ghe principal
directions has twist (Figure 13a and Tis property is not peculiar to cylinder. It is
convenient to mark principal curvature directions by the lack ddttwhat is, of

slope change-in these directichs.

- Normal to cylinder

‘-:ﬂ:“i"‘;j::—:i-:li‘; < S #
- 90" Principal

—

directions

Figure 12.Cylinder curvatures

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

No twist

(a)

Figure 13.Cylinder twist

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

® Salvadori, M. GStructure in architecturepp. 300-302.
24



The directions of principal curvature on a surface can be markedebmeans of
small crosses and the patterrlinés of principal curvature can be obtainedrigure

14 indicates the principal curvature lines for a general sutface.

Figure 14.Principal curvature lines

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

3.1.1 Rotational Surfaces

Rotational surfaces are described by the rotation of a plane atouad a vertical
axis (Figure 15). The plane may have a variety of shapetspsavides a variety of
domes. The most commonly used dome is spherical; its surface irsedbigy rotat-

ing an arc of circle around a vertical aXis.

Elliptical domes are described by half an ellipse rotatirauradt its vertical axis
(Figure 16a); their action is not as efficient as the acticansgherical dome because
the top of the shell is flatter, and the reduction in curvature intesdadendency to
buckle. In contrast, the parabolic dome (Figure 16b) has a sharper oeiaaits top

and offers structural advantages even in comparison with the Sphere.

19 bid. p. 302.
1 1bid. p. 328.
12 bid. p. 330.
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- Meridional
curve

Figure 15.Rotational surface

(Salvadori, M. GStructure in architecturePrentice-Hall Inc., New Jersey. 1963.)

(@ (b)
Figure 16.Elliptical and parabolic surfaces of revolution

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

A cone is a surface described by rotating a straight line arawmdtical axis. The
lack of curvature in the radial direction of the cone makes theirigrof cones in

reinforced concrete to some extent simpler than the forming of regular ddmes.

1 bid.
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Circular curved barrels are obtained by rotating around a JVeasticathe upper half
of a circle or any other curve not intersecting the axis. Sud¢acgsrare called torus
(Figure 17)*

Figure 17.Torus surface

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

3.1.2 Translational Surfaces

Translational surfaces are obtained by sliding a plane curvallyatiright angles to
the first, while maintaining it vertical. A cylinder is obtainley translating a hori-
zontal straight line along a vertical curve or vice versaebding on the curve, the

cylinder may be circular, parabolic, or elliptic (Figure 13).

The translation of a vertical parabola with downward curvature perpendicular
parabola with downward curvature generates a surface callgtipgic paraboloid,

which covers a rectangular area. Its horizontal sectionsllgoges; its vertical sec-
tions are parabolas (Figure 19). If the two parabolas are ideriiegaraboloid cov-
ers a square area, and its horizontal sections become cirieteslliptic paraboloid

was the first shape used to build a thin concrete shell in the beginning of 1900's.

14 | bid.
'3 |bid. p. 332.
18 | pid.
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Figure 18.Cylindrical surfaces

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

-Ellipse

Figure 19.Elliptic paraboloid

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

A hyperbolic paraboloid is obtained by translating a parabola with downward cur-
vature on a parabola with upward curvature (Figure 20a). Its horizeuabns are
two separate branches of a curve called hyperbola, whilesitEal principal sec-
tions are parabolas (Figure 20b). As for the saddle surfacesyegure of the hy-
perbolic paraboloid vanishes in two directions, but for a hyperbolic plaidithese

directions are the same at all points. The construction of suctcesrin reinforced

28



concrete is simple because of the use of the straight plartke idirection of the

lines of zero curvatur¥.

Hyperbola

(b)
Figure 20.Hyperbolic paraboloid

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

The principle of hyperbolic paraboloid is illustrated in Figure 2BCA is a square
on plan; F is vertically above C; and at the other diagonally oppusiter, E is ver-
tically above A; so that the original square has been “warpgd’tihe doubly curved
surface EBFD. If we divide all the sides into an equal number it pad join by
straight lines from BF to ED, and from EB to DF, the surfacenéat is curved in
two directions contrary to the straight lines. The curved line IRBtiates that the
surface curves up from the low corner B and then down to the othemlmerd,

forming a parabola. The cross-section cutting the two corners B asclidbwn in

Figure 19b. On the other hand, the surface curves down from the higdr €&and
then up to the other high corner F, forming a parabola, the crogsaseeing shown

at (c). All cross-sections parallel to the diagonals BD anareéfparabolic. Although

7 | bid.
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this doubly curved surface appears to require complicated formvinakptmwork
can actually consist of straight timber joists spanning albagtraight lines shown
in Figure 21%8

@)

E F
(b) ond(C) are not o scale \_/

Figure 21.The principle of hyperbolic paraboloid

(Morgan, W.Elements of structure; an introduction to the pipies of building and structural engi-
neering.Pitman, London. 1964.)

3.1.3 Ruled Surfaces

A ruled surface is the surface generated by sliding the two ends of a Istilaig
segment on two separate curves. The cylinder is a ruled sgémerated by sliding
a horizontal line segment on two identical vertical curves .Whetwbeurvesare
two straight lines askew in space, the ruled surface is aligipeparaboloid (Figure
22)1°

'8 Morgan, W.Elements of structure; an introduction to the pijes of building and structural en-
gineering.Pitman, London. 1964. pp. 179-180.

19 salvadori, M. GStructure in architecturep. 336.
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Figure 22. Straight-line generatrices of hyperbolic paraboloid

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

Conoidal surfaces are a different kind of ruled surfaces genebgtesliding a
straight-line segment on two different curves lying in parglahes. The conoid is
called circular, parabolic, or elliptic depending on whether its angeds an arc of a

circle, a parabola, or an ellipge.
3.1.4 Surfaces of Special Type

The elementary, mathematically defined surfaces may be codnipirifferent ways
to obtain surfaces that are more complex. Two cylindrical shedlg be intersected
at right angles to cover a rectangular area with a “gromaett” (Figure 23). Parallel
cylinders with curvatures generate an undulated roof similafdmed plate (Figure
23)#

Scalloped ringed roofs may be obtained by joining sectors of cotlecwiatures
alternately upward and downward. A parabolic cylinder may be undulateans-
form it into a surface with curvatures in two directions rathan in one, thus stiff-

ening it. Spherical domes may be undulated for the same purpose (Figtfre 24).

2 |pid.
%L salvadori, M. GStructure in architecturep. 338.
22 |bid. p. 340.
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There is no reason to limit the curvilinear forms to formsledsiffinable by geomet-
rical formulas. Structurally sound, “free” shapes may be inventdteltiesigner is
familiar with the structural behavior of the basic geometrim&rthen the bounda-

ries of his/her imagination will be widened.

Figure 23.Intersecting cylinders and undulated cylindricafasce

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

Figure 24.Undulated conical surface and undulated spherexzbs

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

3.2 Discussion of Structural Advantages for Arches, Vaults and Domes

Since the beginning of history, human beings have tried to span éstasiog arch

construction. Essentially, arch required materials resisting comypression, and

32



large quantities of materials like stone or mud bricks wesdyeavailable. Later,
fired brick, concrete, and steel were produced and used for arch constftiction.
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surface obtained with arch ribs surface obtained with solid
plus an infilling framework and arches, producing the vault

a surfacing material

horizontal thrusts m B ¥

may be resisted by ... internal ties or external bracing

Figure 25.Basic aspects of arches

(Ambrose, J. EBuilding structuresWiley, New York. c1993.)

2 Lin, T. Y. Structural concepts and systems for architects amgineersVan Nostrand Reinhold
Co., New York. 1988. p. 378.
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The arched forms have been recognized from early times mstpmvell resistant
structural components. Although, the concept of flexural or axial cosipeesesis-

tance was not known by the early contractors, they realizedrtletustl advantages
of the arched forms empirically. They preferred arched faates for a visual ef-

fect?*

The basic concept in an arch is to develop a spanning structtine bge of only in-
ternal compression (Figure 25). The profile of the “pure” arcpeismetrically re-
sulted from the loading and support conditions. For a single-span ahchonfixity
at the base in the form of moment resistance, with supports aathe level, and
with a uniformly distributed load on the entire span, the resulting fsrthat of a
second-degree curve, or a parabola. Various other curves —circulapticadli can

be used, but the basic form is the parabola if the load is primarily gfavity.

Figure 26.Funicular arch

(Salvadori, M. G Structure in architecturePrentice-Hall Inc., New Jersey. 1963.)

The parabolic shape assumed by a cable carrying loads unifdistijputed hori-
zontally may be inverted to give the ideal shape of an arch developiynwgompres-
sion under this type of load (Figure 26). The Spanish architect @atetmined the
form of the arches in the church of the Sacred Family in Barcelona by thisdf®t

4 Karaesmen, ECE 480 Introduction to architectural engineeringedture notesBo azici Univer-
sity, Civil Engineering Department. Istanbul. 2006.

% Ambrose, J. EBuilding structuresWiley, New York. c1993. p. 37.
%6 salvadori, M. GStructure in architecturep. 130.
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The basic issues of statics in arch design are illustrateédyune 27. A uniform load,
(w) units per linear foot, is supplied along the projected horizéertgth of the arch.
Due to the symmetry, the vertical component of the end reactidfrswd /2= W/2.

This load reaction is the same as for a simple beam and, rbjmiteere is no shear
across the midspan of the arch, as illustrated in the one-khlffrfeebody. Taking

the moment about the crown, we obtain

Mesis= Hh = wL/2 (L/2 — L/4) and C = H = wAl8h = WL/8h

Where C, H is analogous to the C, T forces in a beam and (h)as¢hal height of
the arch. Obviously, (h) is much larger than (d) for the beam des)€, H << C,T

for a beam and (H) can be tension or compres<ion.

Since equilibrium requires that H be constant across the arch,abopercurve
would theoretically result in no moment on the arch section. The aeswait V and
H follows the natural line of pressure, and the reaction atupposts is R = H? +
V2.28

In practice, it should be noted that an arch is not generallycdabjéo a uniform
load. First, there is usually a difference in the depth and #ighivof the arch per
meter of span. Then the weight per meter varies again beiteuseelination of the
arch rib itself varies. Furthermore, live load may acarather consideration. There-
fore, in final design, it is always necessary to design thle &rccarry a certain
amount of bending momefit.At any case, flexural moment is smaller than at the
case of straight lining beam because of the lateral compooktiie reaction force

as seen in Figure 27.

In modern arch construction, materials such as reinforced tormrsteel are used.

Since these materials can resist tension as well as caigorethey can carry local

"Lin, T. Y. Structural concepts and systems for architectsengineersp. 379.
% Ibid.
2 |bid. p. 381.

35



moments and arch ribs can be quite slender compared with the speeved, it is
often necessary to stiffen the ribs against buckiing.

™
b
rolE

Figure 27.The statics of a three-hinged arch

(Lin, T. Y. Structural concepts and systems for architectsemgineersVan Nostrand Reinhold Co.,
New York. 1988.)

To understand the structural behavior of an arch, it is necessary rstandehe na-
ture of its basic configuration. The three most common casekas® shown in Fig-
ure 28, which are the fixed arch (a), the two-hinged arch (b) andibe-hinged

arch (c)**

The fixed arch is used most commonly in reinforced concrete baicigeunnel con-
struction. It is not feasible for very long span arches to maitit@ fixed condition

at the base. So this form is generally used in short to medium spans. The fixed arc

%0Lin, T. Y. Structural concepts and systems for architectsengineersp. 382.
1 Ambrose, J. EBuilding structures.p. 38.
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highly indeterminate in its action and is subject to internakstand abutment forces

as a result of the thermal expansion and contraction. The two-harghds com-

monly used for long spans. The pinned base is more feasible faqyeadleh and is

not subjected to forces as a result of thermal change to theedbgtehe fixed sup-

port is. The three-hinged arch is generally preferred for medpan building roof
structures. The pinned bases are more easily developed thaoriegdnaking shal-

low bearing-type foundations rational for the medium —span structur@oven, the
thermal expansion and contraction of the arch segments will causmalvenove-

ment at the peak pin, but have no considerable effect on the bases. This simplifies the

foundation design. Construction can often be prefabricated.

Figure 28.Types of arches

(Ambrose, J. EBuilding structuresWiley, New York. c1993.)

In architecture, a vault means a roof or floor constructedcim form. The simplest
type of vault, shown in Figure 29, is known abaarel vault. Barrel vault is a long

arch thrusting against the supporting walls along their whole lefigibse walls

32 bid.
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have to be thick in order to resist the thrusts and the openings msistablenot to

reduce the efficiency of the abutmerits.

The introduction of thentersecting vault or groined vauis a great structural ad-
vance (Figure 29). Referring to Figure 30, where the two vaul&t, oerved inter-
secting lines callegroins are formed. These lines give an arch form as shown by
CDB. Assuming square bay and semicircular transverse and lomgitwidches, the
span of each arch is equal to the length of side of a square i @ AB). The
span of the “arch” CB, however, is equal to the diagonal of the esgasad if the rise

of the diagonal “arch” formed by the groin is equal to the risth@ftransverse and
longitudinal arches, then arch CDB is a semi-ellipse. thaesefore flatter than arch

AB.%*

«

Figure 29.Barrel and groined vault

(Morgan, W.Elements of structure; an introduction to the pipies of building and structural engi-
neering.Pitman, London. 1964.)

% Morgan, W.Elements of structure; an introduction to the pijies of building and structural en-
gineering. pp. 51-52.

*bid. p. 53.
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Figure 30.The groins and the arches forming the vault

(Morgan, W.Elements of structure; an introduction to the pipies of building and structural engi-
neering.Pitman, London. 1964.)

Ionqa'ud'mal arch
spn’-ngLn% point for

longl. & Trans. ribs

springin int for
Cﬁ qng po

oqo.nal rib

Figure 31.Stilted ribbed vault

(Morgan, W.Elements of structure; an introduction to the pipies of building and structural engi-
neering.Pitman, London. 1964.)

A new development in vaulting technique made the groins very impottantus-
ally. The development consisted in constructing ribs along the grois $inehat
these ribs formed load-bearing arches spanning diagonallyréFg1). It was an ad-
vantage to make these diagonal ribs or arches semicircutar teoreduce the thrust
in these arches. The transverse and longitudinal arches haddogiricted to give

a satisfactory structural and aesthetic roof. One expedientavstilt these arches,
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i.e. to make them semicircular by having their springing pdiigker than those of
the diagonal ribs or arches. In this type of ribbed vault alldhés are taken by the
constructional framework or skeleton formed by the ribs or archeshwrainsfer the
loads and thrusts to the supporting piers. The vault was completdtingyin be-
tween the ribs, and since this infilling had only its weight toygat could be made
only nearly 10 cm thick®
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Figure 32.Domes generated by rotation or translation

(Lin, T. Y. Structural concepts and systems for architectsemglneersVan Nostrand Reinhold Co.,
New York. 1988.)

% |bid. p. 54.
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If the single arch is rotated about its vertical axis, tienfgenerated is a dome (Fig-

ure 32). A dome can also be visualized as an arch translatedrmtaer arch (Fig-

ure 32b). This structural form is a circle in plan, in contrast to the vaulthwéliates

to a rectangle, or cross forfhThe primary action in a dome is similar to that in an
arch. Ideally, the main compressive force starts fromdpeot the arches and goes
down along the radial or orthogonal ribs to the support system. Howdwere

arches do not always overlap with the ideal line of pressurendetzl by the load
distribution on each arch unit. Therefore, the arches will bend uthlessome sur-

face is capable of providing circumferential hooping action to résisi bending
(Figure 32c). When this horizontal hooping action is present, the surface behaves as a

membrane and domes can be much thinner than simple dfches.

Figure 33 shows a radial ribbed spherical dome that carriegtiaal load. The line
of pressure must be redirected by horizontal forces to make it follow the radiafri
the dome. In this example, the necessary horizontal forces are prdwdkoop

compression. Consequently, the edge forces are transmitted into a suysgatem

along the bottom edge of the dome.

Dome surfaces behave this way because they are not “developaliéier words,
they cannot be flattened out under load (Figure 33b). Hence, they aralpatii-

cient and can reduce dead load to a minimum. A dome has the |egist ivé car-

ries only the membrane compression along the arches. Shapangptrant factor
and for a given dead load condition, it is possible to have the radiehsgs$ ribs of
a shape such that natural pressure line follows the surfaceuwervathout produc-
ing any bending moment. If this is done, no circumferential hooping fenequired
around the dome to carry the dead load. When live-load conditions alecemal
pared to dead load, only small hooping resistance is required andsthe demade

simpler®®

% Ambrose, J. EBuilding structures.p. 39.
3 Lin, T. Y. Structural concepts and systems for architectsengineersp. 397.

% |bid. pp. 397-398.
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Figure 33.Hooping action for domes

(Lin, T. Y. Structural concepts and systems for architectsemgineersVan Nostrand Reinhold Co.,
New York. 1988.)

3.3 Surface Structures

Surface structures are the structures consisting of thin, esdesgrfaces which

function structurally primarily by resolving only internal fosceithin their surfaces

(Figure 34). Figure 35 shows the difference between in-plane araf plane force

resolution. The wall in resisting compression, in stabilizing thedimgjlby resisting
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in-plane shear, and in spanning like a beam acts as a surfaarstr The vault and

the dome are real surface structutes.

The purest surface structures are the tension surfaces sigcar¢heften made of
materials capable of any significant out-of-plane resistaitoe.canvas tent and the
rubber balloon are all limited in capability to tension resistamtan the planes of
their surfaces. The forms they assume, then, must all be colypfmiee”. In fact,
the “pure” compression surface is sometimes derived by simgllé&tin reverse with
a tension surface. Compression surfaces must necessarily beigitbtean tension
ones, due to the possibility of buckling. Because of this increasess, they are

difficult to use in a way, which avoids developing out-of-plane bending and $hear.

<[ B

slab panel folded forms compesite forms
box, cell

pEERa TPy

vault conic surface dome hyperboloids

Y

inflated draped stretched

Figure 34.Surface structure —basic forms
(a) Flat surfaces (b) Curved surfaces (c) Tensinfases

(Ambrose, J. EBuilding structures primeiWViley, New York. 1967.)

%9 Ambrose, J. EBuilding structures primeWiley, New York. 1967. pp. 93-96.
% bid.
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Figure 35.Surface structures — force resolution

(Ambrose, J. EBuilding structures primeiWViley, New York. 1967.)
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Compression resistive surface structures having curved forntaked shells. The
egg, the light bulb, the plastic bubble are all examples of sh&lisfdRced concrete
Is the most appropriate material for these surfaces in thdirmiscale. Shells are
suitable for both simple and complex geometries. Edges, corners, gganih point

supports are potential locations of high stress and out-of-plane bendlihgs a con-
sequence, reinforcing is often necessary —usually consistingooblitiically cast

ribs in concrete. The existence of these stiffening ribs modifiespure surface

structure character of the shells and results in complex beh&Viors.



3.3.1 Development of Membrane Theory

A membrane resisting forces only within its surface (Fig@@ecan form a structural
member. A membrane does not require thickness to resist bendiwgstimg mo-
ments or transverse shear forces, so the membrane cardbeseng thin within the

constructional limitation&?

Figure 36.The forces is a membrane surface
A membrane can resist only those forces that atkirwits surface. The only possible membrane
forces are two tensile or compressive forcgsiNl N at right angles and shear forces V, as shown.

(Cowan, H. JScience and building: Structural and environmeiasign in the nineteenth and twen-
tieth centuriesJohn Wiley & Sons, New York. 1978.)

A really thin shell cannot be produced if there are substantial flexuralestr@sgure
37). The internal resistance moment of a section is formed by the flextusar and
compression, and the lever arm between their lines of actionshiglehas to be
thick enough to accommodate the lever arm. Corrugations may also lbé inosef

some case¥

A thin shell can exist without bending. This is easily demonstraith a soap film,
which is quite stable under tensile, compressive and shear fotogsgia the surface
of the membrane, but breaks immediately if subjected to bending. ekt are

statically determinate if there is no bending moments. Intipeaa shell cannot be

2 Cowan, H. JScience and building: Structural and environmerdakign in the nineteenth and
twentieth centurieslohn Wiley & Sons, New York. 1978. p. 151.

“ bid.
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supported to give statically determinate edge conditions; bubifioe geometric pro-
portions, the bending stresses can be restricted to thicker edges, théveshell is

supported

Figure 37.A thick shell
A “thick” shell can also resist bending momentsight angles to one another,nd M, twisting
moments at right angles to one anothey, &hd M, and transverse shear forceg,aQd Q.

(Cowan, H. JScience and building: Structural and environmeitasign in the nineteenth and twen-
tieth centuriesJohn Wiley & Sons, New York. 1978.)

The dome over the Planetarium in Jena was probably the firsbnedf concrete
structure deliberately designed as a membrane by Dischinger andf@klim 1923.
It is only 3 cm thick over a span of 14 m. Since it is a hemisg@iatame, its hori-
zontal reaction is fully absorbed by the hoop tension, which igeddy the rein-
forcement within the surface of the shell, which is differemnfthe heavy weight of

the traditional masonry donfe.

While the membrane theory is stated by G. Lame and E. Clapelyeofirst applica-
tion to the architectural structures was made by F. Disching#928. He derived
the membrane stresses from the conditions of the equilibrium obritesfacting on
an element of the shell, and obtained simple solutions for domesyhandrical

shells base don the circle, parabola, ellipse, catenary and cycléitnénd added

the membrane solution for the hyperbolic paraboloid in 836.

* Ibid.
** |bid.

“® Ibid.
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The membrane theory applies only if the forces within thd ahelcompatible with
the reactions at its boundaries, which is a rare condition. In thispieenical shell of
the Jena Planetarium, the hoop forces are balanced within theaskethe meridi-
anal forces (at right angles to hoop forces) require only anzemis vertical reaction
around the circumference of the dome. If the dome is supported on ,athveall
boundary conditions are satisfied. Yet, a hemispherical dome findspp@rtunities
in the modern architectural applications. In a shallow dome, the hoap ifostill
absorbed within the shell; the meridianal membrane force, onotiteacy, requires
an inclined reaction, which is not supplied by the supports in most bulding
therefore normal practice to insert a ring tie. The ring tie,evew creates bending
stresses within the shell. In a shallow shell, the hoop sgetghe edge of the dome
are compressive so that the shell tends to contract on loading;thditee expands
when the dome is loaded. Since the tie is joined to the shellhé¢flesssubjected to
bending, and its thickness must be increased near the edge of the cgmoenoo-
date the flexural stresses. Since the bending stresses depdmal retative elastic

deformation of the shell and the tie, they are statically indeternfihate.

The same considerations are applicable for most shell formscylindrical barrel
vault, probably the most widely used architectural shell, requiaes\uerse ties for
stability in order to absorb the horizontal reaction of the arelhébe ends of the
shell. In shallow hyperbolic paraboloids, a load uniformly distributeglan gives

rise to membrane shear stresses, which are uniform over the entif& shell.

The bending stresses are generally important near the boundarigsaduodlly dis-
appear towards the inner portion of the shell. In that case, it s#bpo$o design the
shell by the membrane theory and increase the thickness ott®aad the quantity
of reinforcement empirically in the boundary regfdn.

47 Cowan, H. JAn historical outline of architectural sciencElsevier Pub. Co., New York. 1966. p.
87.

8 |bid.
“bid.
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3.4 Suspension Structures
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problems:
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Figure 38.Basic aspects of cable systems

(Ambrose, J. EBuilding structures primeiWViley, New York. 1967.)

Curved forms can also be created by the suspension strudioeesuspension struc-

ture was firstly used by primitive societies, using vinesti@ansls woven from grass
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or shredded bamboo as the material. Human beings achieved imprgssigeby
these structures at that time; footbridges of 35 m span have lweedec: Yet, this
system reached its peak for great span capability with theageneht of steel. This
system developed with the development of steel as chain and link, anthéatable

woven of drawn wire (Figure 385.

Structurally, the single draped cable is simply the inverse dadrttein both geome-
try and internal force. The compression-arch parabola is turned dgwadoce the
tension cable. Span-to-sag ratio and horizontal inward thrust at tpersupave
their parallels in the arch behavfor.

Flexible suspension structures are statically determingjar@=39). In a roof struc-
ture, additional cables are required at right angles to supporbdhesheeting, and
for stability, these cables must be interconnected as dmetesult is statically in-
determinate. A high-tensile steel cable spanning 50 m, whichiekatavely modest
span, tensioned to the stress of 500MPa, extends 125 mm, which ismall des

formation. Moreover, it is necessary to prestress the cahlghatangles due to their

sensitivity to thermal movemertt.

As a result, it is necessary to determine the geometry efveork of interconnected

cables under the combined action of loads and prestressing forces.

In this chapter, the concept of curvilinearity in structuring is@méed. Curvatures
and their mathematical background are explained briefly. The mathenratistrac-
tural advantages of arch, vault, dome, surface and suspension struciaralgzed
to be able to understand the nature of their structural behaviaghe&k mathemati-
cal background will be a prelude for the next chapter about the gevefd and
utilization of the curvilinear structural forms to make eagennderstand that struc-

tural evolution throughout the history.

0 Ambrose, J. EBuilding structures primeWiley, New York. 1967. p. 91.
51 H
Ibid.

®2 Cowan, H. JScience and building: Structural and environmerdakign in the nineteenth and
twentieth centuriepp. 178-179.
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Figure 39.The diagram of a cable
Cable provides a moment resisting the vertical derbecause it sags. The resistance moment is

formed by the horizontal reaction;Rhe cable tension T, and the sag s.

(Cowan, H. JScience and building: Structural and environmemtasign in the nineteenth and twen-
tieth centuriesJohn Wiley & Sons, New York. 1978.)
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CHAPTER 4

DEVELOPMENT AND UTILIZATION OF CURVILINEAR STRUCTURAL
FORMS: A HISTORICAL OVERVIEW

In outlining the development and utilization of curvilinear structtoahs through-
out history, the emphasis will be mostly on structures and struclaaents that
have marked significant steps forward in widening the range ofip@dsiture
choice. They illustrate in various ways the kinds of problems tovieecame in
structural design and the solutions for overcoming them. Moreover, theysiga
nificant steps in facing these problems and illustrate the ggoWweedom of choice

of form that has been acquired.

It is impossible to include every example of curvilinear strustiwere but a number
of themes relevant to the object of the thesis are selectadsIssated to layout and
structural forms are fundamental to the architect and enginken designing a
building of curvilinear structure, thus referring to examples duhegiesign process
may be helpful. When referring to examples, it is important to gtaiet the basis
of the design and its relationship to other developments. It is fordhson that em-
phasis has been placed on history and the evolution of technologickdphegat of

curvilinear structures. Examples hare selected to help to tadérthe overall pic-
ture of the evolution of the curvilinear forms as well as to@w®strate what is possi-

ble and what kinds of new developments may take place.

4.1 Arches

Arch, a fundamental construction system in architecture, used to lspapdce be-
tween walls, piers, or other supports and to create a roof dlirgcé&n arch is a

rigid span curving upward between two points of support. It appears inesyvaf
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structures, such as an arcade, formed by a row of arches, sdpppiftad-bearing
arches, a roof, a bridge, or as a single, freestanding triumphal or memnrial a

This chapter concentrates on developments that were structugaliffcant rather
than aesthetic or similar attempts, except where it isarteo the developments of
complete structural forms. Such developments, in the case oftctihensare ones that
allowed spanning wider gaps that permit to improve strengthtabdity and to re-
duce dependency on heavy abutments that took advantage of the poténmls

materials that facilitates constructibn.

Arches have been built since prehistoric times. The earlieshatis were probably
simple adaptations of naturally occurring forms like a falteg or a boulder wedged

between two others.

Rx R . e R

Figure 40.Bridge between Tiryns and Epidaurus (Left) and N&htrance, Pyramid of Cheops

(Mainstone, R. JDevelopments in structural forivl.l.T. Press, Cambridge. 1975.)

The brick and stone arch may be taken as the first examples for thisAomong the
early manmade forms that may have been contributed to thisogewaht are (1) an
entirely straight copy of the wedged boulder (Figure 40axh@pnlternative simplest

! Mainstone, R. Developments in structural form.l.T. Press, Cambridge. 1975. p. 97.
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form consisting of two long blocks of stone inclined inwards to meanasverted
V (Figure 40b); (3) the equivalent of the latter consistingnaf togs similarly in-
clined towards each other, or bundles of reeds set more veriitallg ground and
then bent over until their free ends met and could be tied togethertheshut (Fig-
ure 41)?

Figure 41.Domical huts

(Karaesmen, E. Architecture and Engineering,Gruil News, Boazici University, Department of
Civil Engineering(pp. 1-3). 2005, May.)

In the marshes of southern Iraqg, roughly parabolic “arches” up taréspan have
been made by setting bundles of giant reeds in the ground in twspaasd that far
apart, then bending their heads to meet one another and tyingafether? Their

action is not the purely compressive characteristic of pure attn but it was

probably a hint for using bricks instead of saplings or reeds.

Alongside these forms, it should be also noted the early and widdspmestruction
of “false” arches (Figure 42) because it seems likely thatarch was developed
from the use of corbels. In these arches, blocks or bricks are cantilevemahtabhy
on one another so that the succeeding layers reduced the span.eAtithibe two

2 |bid. p. 98.
¥ Maxwell, G.People of the reedsiarper, New York. 1957. pp. 162-163.
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sides meet at the centre. The corbels are subject to tensitve aipper face. This
form of construction was used more than three thousand years ago,teegsubter-

ranean Treasury of Atreus at Mycenae, ca. 1185'B.C.
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Figure 42.Internal static equilibrium of a false arch
(a, b); alternative details of construction (c,)ssible modes of collapse (d, f). Principal cozspr
sions are shown in a and b by full lines, and ppiaictensions by broken lines

(Mainstone, R. JDevelopments in structural forivl.l.T. Press, Cambridge. 1975.)

It was in Greece, Rome and Etruria that true voussoir archas begppear in stone
in about the fourth century B.C. There, they not only replaced tissivealintel but
also the false arch. Instead of a fairly direct copying ofbtiiek arches of Egypt or

farther east, a hint from the arch-like forms that tended toaa@ientervals in the

“ Cowan, H. JAn historical outline of architectural sciendglsevier Pub. Co., New York. 1966. p. 4.
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polygonal masonry often used for walls at the time, was takene Ties more ex-

perience in the use of timber.

Monumental works of the classical era were not constructed wathfarms acting
in pure compression. Although techniques of construction were known incalass
times, the statical function and the counterbalancing of the vosisdwoinsts did not
inspire the architects of the classical Greece to use them. Mycenaeaarghtembs
had triangular pseudoarches or corbelled arches, which do not act [imessian.
Wall gates of the classical era were constructed with arches, whosgenseacted as
real voussoirs, and with corbelled arches. Nevertheless, geomesign intentions

were still more important rather than statical function and its expresion.

West gate in the city wall at Falerii Novi, Italy (Figud3) shows that the early
arches were semicircular and had voussoirs of considerable depthfosveery
modest spans. The depth of voussoirs is close to two-thirds of the fadius.

Figure 43.Gateway (Porta di Giove), Falerii Novi

(http://spazioinwind.libero.it/popoli_antichi/ltaiiFalerii%20Novi.html. Last accessed in December
2006.)

® Boyd, T. D. The Arch and the Vault in Greek Areliture, in: American Journal of Archaeology.
(pp. 83-100). 1978, Vol. 82, No. 1.

® zannos, AForm and structure in architectur&an Nostrand Reinhold, New York. 1987. p. 21.
" Mainstone, R. Developments in structural formp. 102.
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As experience grew in the next two centuries and the greabesgss of these very
deep arches was recognized, designers became more daring. filag pfthese are
still circular arcs, but the depths of the voussoirs are not muetegtban one-tenth

of the radius for spans up to 25°m.

Apart from the type of arch seen at Falerii Novi, the Romatnsduced a number of
other innovations. They were; (1) the arch of pentagonal voussoirs bandetie

spandrel masonry alongside and above, or of flat-topped voussoirs consbtitting
arch and spandrel; (2) the flat or lintel arch; and (3) the arch of joggled vaissoir

Figure 44.Doorway, Sultan Han, between Kayseri and Sivas

(Mainstone, R. JDevelopments in structural forfvl.l.T. Press, Cambridge. 1975.)

In the first, the arch could not accommodate itself to a sprgaali its supports
brought out by its outward thrusts simply by hinging rotations ofvthessoirs. It
was more likely to do so relative slipping of the voussoirs. Thensewas a variant
of the first, with a horizontal instead of a curved soffit. Its dégd to be sufficient
to contain a thrust line in equilibrium with the loads. Moreover, it shook have

been so flat to cause the supports to be pushed apart far enoughit@ampaiapse.

8 Ibid.

° Clarke, SAncient Egyptian construction and architectuB®ver Publications, New York. 1990. p.
187.
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This meant that accommodation to actual spreading was again tolagzrly by
relative slipping of the voussoir. The use of joggled voussoirs was aomvenient
to reduce the possibility of slipping. An example is illustrateBigure 44. Joggling
would also have had the advantage of making construction easier lvéeheentring
was not completely rigid. Its value in earthquakes may have bemnpantant rea-
son for its widespread adoption in Turkish masonry arches of the Seljuk and Ottoman
periods. The extreme elaboration of the interlocking of the voussamamy of the

Ottoman examples must, however, be considered as purely decttative.

In the first century A.D., even in buildings in which concrete wgiensively used
for vaults, supporting arches were constructed of stone or brick ovefutheiidths.
Besides their proven strengths, such arches had overcome thtonsetfit form-
work and been ready sooner to stand on their own and carry other |bads. ad-
vantages probably were the reasons for their choice of use atusésl like the Ro-

man Colosseum (Figure 45) and the Panttéon.

43__}331
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Figure 45.Roman Colosseum

(http://www.greatbuildings.com/cgi-bin/gbi.cgi/RomaColosseum.html/cid_aj1299 b.html. Last ac-
cessed in December 2006.)

19 Mainstone, R. Developments in structural formp. 102-103.
M |bid. p. 105.
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In most of the important Roman monumental vaulted buildings, columns eime ar
traves coexisted with arches. As in all morphological construgttbescolumn and
the architraves were three-dimensional decorative elemeniglbfconstructions
whose openings were bridged with arches or vaults. In this construatidisso-
nance between form and statical function can be observed. Thistenflis when
the horizontal architraves are taken away and the arches agaatksis circular ar-
chitraves that transfer the loads directly to columns. This ealdéiter became a
primary structural or morphological characteristic of RomaneagdeByzantine ar-

chitecture'?

Besides the development of structural and architectural forme tirere various de-
partures from the simple circular-arc profile —usually adahi-circle— preferred by
the Romans. Structurally, the ideal profile will always be tostforms exactly to a
thrust line in equilibrium with all the loads (Figure 46). Ifstpreferred to minimize
the horizontal thrust, the rise should also be greater than ithe getnicircular arch.
If it is preferred to minimize the horizontal thrust, the sbeuld also be greater than
it is in the semicircular arch. Some of the profiles that haea betually adopted as
the pointed profiles of many Gothic arches and arched ribsynaaswered these
structurally desirable requirements. It seems more likedy the profiles were cho-
sen primarily for the advantages they offered in ease of catisin and in solving
some of the aesthetic problems associated with groined and ribbks kaving
semicircular transverse profilé$Roman arches and domes were almost invariably
circular. This may have been probably because of their strueivahtages for the
construction; but it is more likely that the circle was usexhbse it was regarded as

the most perfect cun/é.

12 7annos, AForm and structure in architectur@. 29.
13 Mainstone, R. Developments in structural form. 106.

4 Cowan stated in hian historical outline of architectural science tiaEven though structural evi-
dence was to the contrary, this view was reiteradedgeometric or religious grounds, up to the late
nineteenth century.” And quoted from John Ruskion8s of Venice:

“Many architects, especially the worst, have baogs in designing out-of-the-way arches-elliptica
arches, so called, and other singularities. Thelgoohitects have been generally content, and we fo
the present will be so, with God’s arch, the artthe rainbow and of the apparent Heaven, and which
the sun shapes for us as it sets and rises.”
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The idea to obtain the best profile by inverting a similargdied hanging chain ap-
pears to have been achieved at in the latter part of the seventeanthy. In the
eighteenth and nineteenth centuries, more scientific choice ofdodithe possibili-
ties of masonry construction got closer to their limits. In 1903, Ssgotwmpleted a
bridge in Luxembourg with twin arch ribs of 85 m span. By then, the masoain
lost its dominance. Iron, steel and reinforced concrete had all come irffo use.

7 R

Figure 46. Static equilibrium of the catenary and arch
Continuous lines drawn within the arches c to fgossible thrust-lines.

(Mainstone, R. JDevelopments in structural forivl.l.T. Press, Cambridge. 1975.)

5 Mainstone, R. Developments in structural form. 106.
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While the masonry arch remained dominant, the only alternatives tmaloer, and
from the latter part of the eighteenth century, cast iron. &tioel to stone, brick and
concrete, they have a better performance in tension. They coulevgfsargaps and

carry higher imposed loads as simple beams than a stone lintel was abt& to do.

The first major timber arches were built by Apollodorus of Dsena in A.D. 106.
They are represented in one of the reliefs on Trajan’s Column ireRooh accord-

ing to Dio Cassius, there were twenty-one spans that were more thah 30 m.

Some of the finest surviving medieval timber arches are in Wiestien Hall, Lon-
don (Figure 47). In this hall, each arch was built up from threeosétabers side by
side, originally held together by oak pins. The roof was complatéd02 when the

large timbers necessary for its span of 20.5m were still easily obtaffiable.

Figure 47.Westminster Hall, London

(http://moment.mit.edu/imageLibrary/images/largeagres/Figl8.JPG. Last accessed in December
2006.)

'8 |bid.
7 |bid. pp. 106-107.
18 |bid. p. 104.
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The first cast-iron arches either followed almost equallyetjothe existing timber
forms or masonry prototypes as the bridge over the Wear at Samdidnlilt be-
tween 1793 and 1796. In comparison with most masonry arches, a noticéfable di

ence was that, much shallower profiles could nearly be always addpted.

Wrought iron and steel, possessed higher tensile strengths and ld fotmlong
members of uniform cross-section which could be joined togethewéis ribolds,
welds to develop fully these tensile strengths, although ivweadker in compression
than cast iron. As a result of their introduction, it became postbteduce the
amount of material by the advantage of reduced liability to buckhag could be
achieved through a greater strength and stiffness in bendingg viveas needed to
span larger distances by the arched f8tifihe Gateway Arch at St Louis (Figure
48) has been an outstanding example of these type of arched fohas.d span of
192m and is 192 m high. The profile was chosen to give fairly unitmmmpressive

stress under dead load.

Figure 48.Gateway Arch, St Louis, Saarinen

(http://www.arrakeen.ch/usaaug98/098%20%20St.LoRl%ateway%20Arch.JPG. Last accessed in
December 2006.)

19 bid. p. 108.
2 |bid. pp. 108-109.
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New strong concretes made from artificial cements becaraahble in the nine-
teenth century. By the time that concrete arches of signifispan were again con-
structed, embedded steel bars or rolled sections was used ascesirént. Where
bars were used as reinforcement, the forms usually clossgmided masonry
forms. Where heavier rolled sections were used, the resultantfasmmesembled a
steel arch, simply covered with concrete for protection and to gldedalateral

stiffness?!

The development of new forms, based essentially on the use of igl¢étivesiabs,
as the most efficient elementary form for concrete reintbwigh bars, was largely
the work of three men towards the end of the nineteenth and in theleeades of

the twentieth century. They were Hennebique, Maillart, and Frey$Sinet.

Today, arch-like forms are still preferred by designers ésibean bridge design.
Lusitania Bridge, Merida designed by Santiago Calatrava, cotesdrbetween 1988
and 1991, and has an expressive structural element, a huge cteel a4 m high,
that spans 189 m. Despite to the huge span, the structure stlldnaple, elegant
fluidity. %

4.2 Vaults

Longer spans were needed extensively through medieval periddsstmictural
components covering voluminous spaces. Vaelt representing a more advanced
structural from conceptually and technologically was developed igfystie needs

of those facilities®*

It is not easy to specify the date of the invention of the \atlibugh many ancient

vaults still exist. In Thebes, vaults can be found that date back to 22D0IrB

2 bid. p. 110.
22 |bid.
% Sharp, D, edSantiago CalatravaE & FN Spon, London. 1994. p. 37.

4 Karaesmen, ECE 480 Introduction to architectural engineeringgedture notesBo azici Univer-
sity, Civil Engineering Department. Istanbul. 2006.
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Europe, besides the well-known vault forms of Orchomenos and Mycenady whic
date from 3000-1500 B.C., there exist even earlier Neolithic renfa@® B.C.) in

the village of Khirokitia in Cyprus. In the classical Greek geaylts were used very
seldom, and mostly in technical rather than in architectural widirks not easy to
state exactly how the vault was invented. However, judging byrtieedf its use as
well as by its function, the “false” vault may be regardedhe forerunner of the
vault. Figure 49 shows the structures of vaults built in Mesopotduaniag the Par-
thian and the Sassanid eras. These examples show that ancient ildeted the

vault intuitively by way of the corbelled vadh.

Figure 49.Vault construction systems in Mesopotamia
The stones at the base are positioned as in allsathault system of construction, while near tbp t
they are placed almost like voussoirs.

(Zannos, AForm and structure in architectur®an Nostrand Reinhold, New York. 1987.)

Vault constructions had been used, mainly by the Sumerians, thanBeend the
Assyrians. The origins of Roman and Byzantine vault construction mssiuggt in
the East. The Roman contribution to vault construction came latelRdimans es-
tablished the vault not only as a system of construction but alsaresphological

element of monumental architectife.

Seljukian works should be referred as the most striking examplisgsaévolution.

Seljukian vault should be considered as a major step in the histognstruction.

%5 zannos, AForm and structure in architectur@p. 56-57.
% |bid. p. 31.
63



On Anatolia, few of them are still standing. There are aswains with partially in-
jured components through wars and disasters especially earthgkiakaay Medre-

sesi in Konya is of the outstanding examples at Anatblia.

While Roman architecture used the arch and the vault in non-existeacaithin a
post-and-lintel system, the vault became the dominant feature owiiog eras. The
statical function of the vault became the central theme of esipregn Byzantine,

Romanesque, and Gothic architectifre.

The early developments of groined vaults were closely patallble dome. To con-
struct them in cut stone introduced on the complex cutting of the biockang the
groins. This is well illustrated in the Tomb of Theodoric at RaserBasting
throughout in concrete prevented this difficulty. Groined vaults beamemon-
place in and around Rome during the first century A.D. Latebeeloied brick ribs
were introduced at the groins as they had been introduced into the consomous
faces of the concrete domes and barrel vaults. Examples carrb&ésSeveran sub-
structures in Palantine and in the Baths of Diocletian. Spareeéixg 20 m were
achieved’?’

While it was difficult to cut the stones for the groins of the yyaulvas more diffi-
cult to form adequate groins in a brick vault of the same sudaoeetry as the
Roman concrete vaults. Many Romanesque groined vaults were catstinich
manner not very different from early Roman concrete construdtiosm blocks were
laid as voussoirs, but were only roughly cut to shape before beingdbedtirge

quantities of mortaf°

The vault-construction system, established during the Roman periothiededs

most important expression in Byzantine and Gothic architecture. Wiikhngs of

" Karaesmen, ECE 480 Introduction to architectural engineeringedture notesBo azici Univer-
sity, Civil Engineering Department. Istanbul. 2006.

%8 |bid. pp. 31-32.
%9 Mainstone, R. Developments in structural form. 130.

%0 hid.
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the Byzantine, Romanesque, and Gothic styles are studied, itimedettlat vault-
construction systems can express the action of forces. The dbrimsse works tell
how forces balance, how they change direction etc. In these woskisetae appre-
ciation derives from the expression of statical function. Statical functiBgzaantine
architecture is, of course, expressed in a very different fveag that of classical
Greek architecture, because the statical function and geometrgsaf two systems
are so different. In classical Greek architecture, theudsted members of the build-
ing bring out the fact that each one functioned in a different ima§yzantine archi-
tecture, the entire building had a uniform statical function viswadbessible to the
observer. In Gothic architecture, creative expression was inspirée [art of trans-
ferring forces, but differently from Byzantine architecturethi@ West, the dominant
character was analytic and rational, seeking for the tedhpéséection. Thus, the
Romanesque style developed independently in the West and was tradsiotone
linear forms that became continuously thinner and taller. Vaults end gaults
were articulated into arches and ribbed vaults, walls separated skeleton of col-
umns. During the Renaissance, there was an increasing tendexgydss forces by
means of building forms. This tendency developed gradually until iyfidami-
nated and characterized Baroque architecture. The curve, in bothctiomseand
plans of the facade became an undulated curved surface in Bardojtecane. The
most important construction system of the Renaissance was ttieceastruction
system. It has been widely used since the ancient times and inm@otal struc-
tures, such as the domes of the Florence Cathedral and St. Peter's iff Rome.

In the simple groined vault, the support roles of the missing triangattions of the

two intersecting barrels are taken over by diagonal archatedrat the groins within

the thickness of the vault. These arches carry a much more concentrated load than the

rest of the vault. The groins are naturally stiff like anyeottrease in a surface, so
that there is a little risk of their bucklirig.

The alternative method was to construct diagonal ribs at thesgbefore filling in
the intervening webs or severies. This method was adapted by Gotlierdwand

% |bid. pp. 37-50.

%2 Mainstone, R. Developments in structural form. 130.
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had far-reaching consequences. Ribs constructed in this way, hadidegem the
Islamic world since the tenth century, only in connection with domesdamical
vaults (Figure 50). They were used in places where there wasddargehem struc-

turally.>®

Figure 50.Small vault of the library, Friday Mosque, Isfahan

(Mainstone, R. JDevelopments in structural forml.I.T. Press, Cambridge. 1975.)

When applied to a groined vault, such ribs had a much important raiallynthey
were used primarily as cover strips for irregularities ingtens, and secondarily as
aids to construction and as potential stiffeners in the vault. Asdalleloped in the
latter part of the twelfth and early thirteenth centuries, legame an essential con-

structional aid having importance both structurally and aesthetitlly.

The later elaboration of the basic diagonal rib system by addorg and more ribs
would similarly have helped during construction, as it reduced the sfzihe com-
partment between the ribs and as a result simplified the cotigirwof the webs. It
would also have stiffened the webs without the need to be arched wpdirdbtion

of spanning. In the fourteenth, fifteenth and sixteenth centuriesntral Europe,

% Godard, AThe art of Iran.Praeger, New York. 1965. pp. 259-325.
% Mainstone, R. Developments in structural form. 131.
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the continuity of the whole vaulting-system was emphasized byilikespreading

over its surface as a continuous ¥et.

Figure 51.Bibliotheque Nationale de Paris

(http://www.edithcaldwell.com/gallery.php?categofgad=73. Last accessed in December 2006.)

Some nineteenth-century works, such as the Bibliotheque Sainte-Gen¢\8433
and the Bibliotheque Nationale de Paris (1861) By Pierre Frahigmis Labrouste
are among the first buildings that made use of new matauals as iron. In these
buildings, iron replaced stone, but this change did not change the sfstenstruc-
tion and the form of the building: the bearing system is stilhefvault construction

type (Figure 515°

Viollet-le-Duc was a French architect and theorist, famous fordstorations of me-
dieval buildings. He had an important role in the Gothic Revival in Erasthe was
in the public discourse on “honesty” in architecture, which eventtralhscended all
revival styles, to inform the moving spirit of Modernism. Violletuc applied the
lessons he had derived from Gothic architecture, seeing beneatmtsplaeric ap-
peal that drew his British contemporaries to especially wlaatdmceived of its ra-

% Ibid.
% zannos, AForm and structure in architecturgp. 52-53.
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tional structural systems, to modern building materials suchstsron in vaults. His
approach to both medieval and modern architecture was severehataBasic in-
tervention theories of historic preservation are framed in thestualf the retention
of the status quo versus a “restoration” that creates somethingetrex actually ex-
isted in the past. Viollet-le-Duc wrote that restoration isredns to reestablish (a
building) to a finished state, which may in fact never have dgtealsted at any

given time.®’
4.3 Domes

Dome is the last step of a long walk starting from “arch” muading an intermediate
step at “vault”. As sheltering is one of the basic requiremintiuman beings to
survive, very simple dome-shaped huts constructed with reeds and ticobersd

with turfs etc. were probably the earliest man-made $6fnThe materials were
probably transformed to solid rammed earth or mud, then, into mud-briakner Isy

the time. The first conical domes of mud or mud-brick, have sunfreed as early

as the sixth or fifth century B.C. Stone is a more durable magtand was being
used for the dome by about the middle of the second century B.C. By 1330 B.C
monumental proportions for this time were achieved in “Treasurptogus” or
“Tomb of Agemennon” at Mycenae, with a diameter at the base of 144 this

time, it was getting widespread in southern and Western Europ¥&, too.

The early stone domes, in particular, were false domes, comestrlike the false
arches. They were always capped by a single larger €t@wmme early brick domes
were constructed in a slightly different way. The horizontal brackvwas arching
up a little at two opposite points on the circumference of thelairdase wall and
canting it forwards a little. Successive courses made two ¢daits that met each

other above the transverse diaméter.

%" Viollet-le-Duc, E.The foundations of architectur&eorge Braziller, New York. 1854. p. 195.
% Rapoport, AHouse form and culturérentice-Hall, New Jersey. 1969. pp. 19-20.

% Mainstone, R. Developments in structural form. 116.

% bid.

“! Frankfort, H.Tell Asmar and Khafaje; the first season's worlEshnunnalUniv. of Chicago Press,
Chicago. 1932.
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An advantage of these freehand methods of constructions was thatetfeeguiable
for to variations on the basic circular plan. It was not essential, for treohtai pro-

jections of the individual blocks of a false dome to be the samik thegoints in

each horizontal course right from the start. When covering a tioaihwas square in
plan, it was merely necessary to start the forward projeetianlower level in the
corners than elsewhere and then to extent it progressively tothardsenters of the
sides until a near-circular base was achieved and finally the doroempleted.

Dwellings with corbelled domes in Harran, Turkey are the lat@mples for this
technique (Figure 52%

Figure 52.Dwellings with corbelled domes in Harran, Turkey

(http://lostingrovont.typepad.com/photos/uncatezgmiharran.jpg. Last accessed in December 2006.)

The true dome of cut stone —with each stone bedded more or lggistangles to
the profile of the inner surface- come later than the voussoir anchdid not de-
velop directly from it. There were probably several reasonstfoDme was the
greater difficulty of cutting the blocks to fit closely eamther. Another was the fact
that individual blocks in the upper part of the dome would tend to slideafdsaun-
til it was complete. These reasons were probably responsiblieefdorig-continued

2 Mainstone, R. Developments in structural form. 117.
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use of the false form in places where its construction walsefugimplified by the
ready availability of a stone easily cut into long squared bldokaddition, there
were not a strong demand for the improvement of this form in the #e@cond and
first centuries B.C. Despite the wide distribution of simplewar hut forms, large

circular buildings or spaces within buildings were rare, at thatfime.

The early development of the concrete dome is a little obscureearhest surviving
of concrete domes are those of fhigidaria or cooling-rooms of the Stabian and
Forum Baths at Pompeii, constructed in the late second or eatlycdintury B.C.
They have a conical form with the open eye at the top that wadygdical of later

Roman concrete domes. They are about 6 m in diaffeter.

A hundred years later, this conical form had transformed into amatiemhemi-
spherical one, as in the Temple of Mercury at Baia. Besmabath, its dome again
rose to an open central eye from a circular base, but its span ah2jréatly ex-

ceeded the earlier domes at Pomfii.

To realize the architectural and structural potential of the lshsnical form, it is
necessary to look at to the period between the reconstruction undethidefol-

lowed the great fire in Rome in A.D. 64 and the completion of the Pantheon as it now
stands under Hadrian in about A.D. 128.

The dome of the Pantheon constructed between A.D. 118 and 126 had an internal
diameter of 43.3 m remained unequalled until the Renaissance. Interhatige
from its circular base as a hemisphere, though the mass \Wwgnbg in the lower
parts and its surface was broken up by five rows of coffers dinmgisn height to-
wards the top. As seen in the drawing (Figure 53), neither fiv@ggal drum that

supports the dome nor the dome itself is a simple solid mass oktanthe drum

3 bid.
“ vVitruvius, P.On architectureDover Publications, Inc., New York. 1960. pp. 160.
“5 Maiuri, A. PompeiiLa Libreria Dello Stato, Rome. 1949. pp. 241-253.

6 MacDonald, W. L. The architecture of the Roman EmpYale University Press, New Haven.
1986. p. 3.
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consists of eight bays, each with a large opening to the ingertbone of them open
also to the exterior for access, alternating with eight others with closedal voids.
All these openings and voids are bridged by deep arches. The lowkothine
dome, which is coffered internally but appears externally togimple continuation
of the drum, has corresponding internal voids, similarly arched over. Abege
voids, where it has a stepped profile externally, it is congitluict layers with pro-
gressively lightecaementaas it rises towards an open eye at the*tphis dome,
served as the model not only for most subsequent Roman concrete ludnaéso,

less directly, for many constructed of other materials.

The earlier architecture was firstly concerned with neas$ sculptural form rather
than the internal space. There were, of course, some tendenamephaseze the in-
terior as in assembly halls, basilicas etc but these tendenereslimited by the
spanning limitations of simple beam and truss types of roof. TdmeaR concrete
dome tackled with these limitations and permitted an architeofuegge unencum-

bered interioré®

Structurally the new forms were almost as revolutionaryt, ¥eey were still not
benefiting from the increased possibilities of structural actiahwere conferred on
them by their double curvature. Their thickness at the crowneowvag usually be-
tween one-tenth and one-fifteenth of the radius. Full exploitation of the double curva-
ture might have permitted a reduction of these thicknesses to abouf bf20@ ra-

dius provided that the other conditions were appropftate.

Transition from non-circular plans to domical forms had been alagy®blem. At
the small spans of the four supporting arches at Jerash, the pafeetransition
could be avoided, by making the radius of the dome itself consideraategthan
that of its circular springing-line at the level of the arobmas and simply carrying

it down with the same radius to the points where the archeswinetn this proce-

4 Mainstone, R. JStructure in architecture: history, design, and évation. Aldershot, Hampshire;
Brookfield. 1999. p. 150.

“8 Mainstone, R. JDevelopments in structural fornpp. 119-120.
9 Ibid. p. 120.
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dure is followed, the parts below the circular springing-line ofdinme proper are
referred to as merging pendentives. Its drawbacks were theasecin radius and

more difficult construction because of the flatter profile of the dfme.

Figure 53. The Pantheon’s internal structure seen in elevadimh vertical section and in plan at the
intermediate level and the springing level of tloeng

(Mainstone, R. JStructure in architecture: history, design, and éwation. Aldershot, Hampshire;
Brookfield. 1999.)

%0 |bid. p. 123.
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One way of avoiding these drawbacks was to build up similar partisghteiangu-
lar pendentives, but afterwards to continue construction with more vertical sgangi
and a reduced radius of curvature. This was the method adopted for hheesitry
early Byzantine dome of Hagia Sophia in Istanbul (Figure 54).otlher way, usu-
ally favored by Islamic architects was to first span theear of the ground plan by
means of secondary arches named as squinches as in the fergtetmntury Seljuk

dome of the Gunbad-i-Kharka in the Friday Mosque in Isfahan.

Figure 54.Dome of Hagia Sophia, Istanbul

(http://www.columbia.edu/cu/gsapp/BT/EEI/MASONRY/swaryl.html. Last accessed in December
2006.)

In overall design, there were two important innovations. The firstthescorpora-

tion of circumferential ties around the base. The second was thefdomed of two

distinct shells separated by a void. It had the advantages of digaveiathering sur-
face from the inner shell, and of reducing the weight. It alsmitted an increase in
the external size and height of the dome to make it more impesingut necessar-
ily increasing the internal height. The earliest known masdonble domes were
Iranian tomb towers from the eleventh centifry.

*1 bid.

%2 Creswell, K. A.Early muslim architecture: Umayyad, early Abbasiaisl TulunidsClarendon Pr.,
Oxford. 1932. pp. 65-131.
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Hagia Sophia, Istanbul, by Isidoros and Anthemios was constructed hefwBe
532 and 537 but the dome was replaced in 563 after an earthquake. athidogre
of the Hagia Sophia is 31 m in diameter. The church is alngostre in plan to the
level of the gallery roofs, if the later peripheral buttregsand of four ramps which
projected from the four corners to give access to galleriesligested. Above a
lesser square in the centre, with sides averaging 30.975 m. meastwvedrbthe
skirtings, the dome is carried on the arches and pendentives spanmwegrbéiur
main piers. At the east and west its outward thrusts are couatezed and carried
downward and outward by the inward thrusts of the two great seraglamich abut
the main eastern and western arches and are themselvesd cargecondary arches
spanning between the main piers and secondary piers lying furttieobahe ex-
tremities of the main square. The construction material of thdibgjlwith only mi-
nor exceptions is brick, with courses of stone inserted at thegsysof arches and

vaults>®

The dome of the Roman Pantheon marked the main peak of a period of intensive
velopment of wide-spanning concrete vaults. This dome was competate\ert
challenged in the subsequent years of the Western Empire. Imghelestinian’s
church of St. Sophia in Istanbul, where the central dome in whicle tere
crowned a complex system of billowing semidomes had a diamegety the two
thirds of that of the Pantheon.

The outstanding double dome in the West was Brunelleschi’'s octagonaatiom
vault over the crossing of Florence Cathedral, Santa Marigioded constructed be-
tween 1420 and 1436 (Figure 55). Brunelleschi created the dome 84 mthbove
ground with a diameter of 42 m and a rise of 32 m. the dome wagonetaon the
outside but covered up its true construction on the inside. He develoedeaviork

of nine circles within the external octagonal envelope of the ddm®.dome con-
sisted of two shells, which contained inner horizontal rings or aircches. The
components of the arch were held together by forces induced byteiweight
and when the arch was finished, it became stdtéith the completion of the dome

*3 Mainstone, R. JStructure in architecture: history, design, andadration.pp. 23-28.

* Margolius, I.Architects + engineers = structured/iley-Academy, Great Britain. 2002. p. 22.
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of Santa Maria del Fiore in Florence was the pre-eminendeedPantheon’s dome

lost.

Figure 55.The dome of Santa Maria del Fiore

(http://cv.uoc.es/~991_04_005_01_web/fitxer/cupigdllast accessed in December 2006.)

The domewas an engineering achievement with its dimensions and stitiiess$es
its symbolic and religious meaning in the Ottoman Empire; thus, uhavoidable
that throughout the history of Ottoman’s, Mimar Koca Sinan, who isstembuilder
with his outstanding arched and domed structures, worked as the rchigéc for

sultans Selim [, Stleyman |, Selim 1l and Murad III.

Sinan was interested in the concept of unity within his structuses,cansequence,
he burdened an active structural task for the members of the secetrdatyral sys-
tem as semidomes etc, and he integrated the secondary stragsiean with the
primary structure, the dome. Thehzade Mosque, constructed between 1543 and

1548, is an important example in the evolution of this principle inianadist man-
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ner. In Stuleymaniye Mosque, which has similarities with H&giphia in the struc-
tural manner, Sinan had improved the idea of unity in structure anchthiterence
resulted in a more dynamic relationship with the primary andngky structural
system. Edirnekap Mihrimah Sultan Mosque (Figure 56), which is omieeafnost
impressive buildings of Sinan, derives attention with its puritysimiorphology and
structure. Selimiye Mosque is the most nominative and hence thenmatste one
according to the structural system. Although the dimensions of Sidanies were
not as large as those in Pantheon or Florence Cathedral, devisimghitiscéure on

dome structures and his consistency provides him a privileged pdsition.

Figure 56.Mihrimah Sultan Mosque, Istanbul

(http://cmes.hmdc.harvard.edu/ecmes/photo/cultesahange. Last accessed in December 2006.)

The Saint Peter’s Basilica was completed in 1590 with the botivh of many de-
signers during the design process. The dome, out of masonry witlefmsion rings,

has a height of 137 m and diameter of 42 m. The original iron tenags placed in

*® Erzen, J. NMimar Sinan cami ve killliyeleri: tasarim siireci tine bir inceleme ODTU Mimarlik
Fakultesi, Ankara. 1991. pp. 69-78.
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the masonry dome by Michelangelo were apparently insufficienthat serious
cracking appeared in the dome by the 18th century. When crackseatourt. Pe-
ter's dome, Giovanni Poleni tried to check the shape of the domergyths sketch
shown in Figure 57 and by experimenting on its mirror image. Hercotest a scale
model of the antifunicular (inverted funicular) curve of the dome byeading balls
from a string; the weight of each ball was proportionatd¢oweight of the corre-
sponding voussoir. The publication of his findings in 1748 represented apfilst a
cation of a funicular curve to the design of the thrust line of a ddme method is

commonly used today to determine the shape of arch, shell or membrane stfictures.

Figure 57. Poleni's use of the catenary for the solution @& thasonry arch and his solution to the
correct line of thrust for the Dome of St. Peter’s

(Cowan, H. JAn historical outline of architectural sciendelsevier Pub. Co., New York. 1966.)

The majority of later double or multiple masonry domes were agtstt with more
widely spaced shells that were, structurally, independent of onBeaindtis gave
much greater freedom for the Baroque desire for impressive hexggrnally. St

Mark’s in Venice is an example for this.

% zannos, AForm and structure in architecturgp. 50-51.

" Mainstone, R. Developments in structural form. 129.
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While masonry domes and vaults of the traditional type werebsiill in the early

19" and 28" century, a number of remarkable curved iron structures, such as Joseph

Paxton’s Crystal Palace in London 1851 and Henri Labrouste’s Bildjoghation-
ale in Paris in 1868 were produced. Iron and steel construction was cedsadean
assembly of linear elements formed into curves as requiredhendmphasis con-
tinued at the time when the first curve reinforced concrete stasctvere built. The
dome of the Melbourne Public Library, at the time of its construgtioi911 the

largest reinforced concrete dome in the world, was designed as a ribbastsifuct

In the following year, the completion of the Centenary Hall in Breslau rdaxlkern-
ing point. It was the first concrete building which surpassedPtrgheon in size (in
steel this had been achieved half a century earlier), and thleeforext forty years
there was a marked tendency towards the reduction in weight eatéigelegance,
rather than an increase in span.

4.4 Shells

Although there were a few earlier experiments, the redhdurtievelopment of the
thin shell began with the construction of a planetarium dome and thdargieaand
flatter dome at Jena in the early 1920’s. These were constiugcteecting first tri-
angulated nets of light steel bars, then suspending interior fakrfreon these and
spraying on a thin layer of concrete. The concrete was only 3Chmknin the first
dome and 60 mm in the second for spans of 16 m and 40 m, respetBelyg a
hemispherical dome, its horizontal reaction is fully absorbethbyhoop tension,
which is resisted by the reinforcement within the surface oskie#i. This may be

contrasted with heavy weight of the traditional masonry ddme.

Afterwards, the theoretical and practical advantages of the Wbglpemparaboloid

having been realized (ideally a uniform state of stress throughewhell, coupled

%8 Cowan, H. JAn historical outline of architectural scienge. 82.
> Ipid.
% Mainstone, R. Developments in structural form. 134.

®3Cowan, H. JAn historical outline of architectural scienge. 85.
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with the possibility of generating the surface by straight lines orfiiy);shells of this
form were also constructed. Accordingly, by the mid 1930s, most dfasie possi-
bilities of using reinforced concrete to construct true shell $atmat benefited from
the inherent stiffness of double curvature had been explored, includingse of
prestressed ties where necessary. However, these developmebtehdanited in
the use of structures like factories and market halls, for a%me.

The main post-war development for the shells is the introduction sfressing,
which enables it to be lifted off the formwork; the creation of free shell f@ngsire
58) and a great increase in the maximum span. The most promisingnawhehell
forms are the hyperbolic paraboloid and the conoid. Both can be formsdaight

lines, which greatly reduce the cost of the formwork, different from the §dme.

Figure 58.Market Hall at Royan, France
A free shaped dome, 60 m in diameter.

(Cowan, H. JAn historical outline of architectural sciendélsevier Pub. Co., New York. 1966.)

Architectural interest was really awakened about twentysylser. (Gaudi’'s much
earlier proposals to use forms very similar to the hyperbolabjodoid for the vaults
remained unexecuted). This awakening started with the SaariKessge Audoto-
rium, Yamasaki's St Louis Air Terminal, and Candela’s ChurchhefMiraculous
Virgin, all constructed in 1954-%.

%2 Mainstone, R. DDevelopments in structural form. 134.
% Cowan, H. JAn historical outline of architectural scienge. 90.

% Mainstone, R. DDevelopments in structural form. 134.
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Candela broke the monopoly of academic science on thin shells, anddshowe
beauty and utility could combine and open up limitless new possiboitiesm. Af-
ter some early explorations, he settled on one type of fornhyberbolic parabol-
oid. Like all structural artists, Candela had some difficultigh some of his works
from which he learned and improved. His success came primaoity lfiis central
aesthetic motive and his recognition that thin shell behavior couidomnhe from
observations of full-scale structures in service. For Candela,hbihdesign was not
stimulated by thin-shell theory. He used only the simplest typeabfiematical the-
ory, called the membrane thedry.

The St Louis Air Terminal was roofed by three structural indepenithén-groined
vaults set side by side and separated by the triangular pzEfnglazing. The free
edges and the groins were stiffened and strengthened by extesn@ince the di-
agonal ribs collected the most of the loads, the four-point supportbfsbell was

quite adequaté®

Two years later, Nervi's smaller Sports Palace and Esqu@ll@NIT Hall (Figure
59) broke new ground structurally in two ways. In the former, Nervitadapo the
requirements of large flat domes to eliminate the need for soffit forkawhe entire
soffits were formed from precast units, which also servestiisning ribs for the

thin in-situ shells subsequently cast on tp.

In the CNIT Hall, a complete double shell was constructed to otitaimecessary
additional stiffness required for the great span of 206 m, thevediatow rise, and
the basic choice of form. The form approximated to a triangulangpiovault with
three horizontal ridges and very slight circumferential curvatoeéswy the ridges so
that the loads would be transmitted as directly as possible thréw supports. To

% Billington, D. P.The tower and the bridge: the new art of structieagineeringPrinceton Univer-
sity, Princeton. 1983. pp. 190-192.

% Mainstone, R. Developments in structural formp. 135-136.

®7 Billington, D. P.The tower and the bridge: the new art of structwagineeringpp. 176-181.
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make the two shells, only 60 mm thick, act in harmony, they were ctathat in-
tervals by precast concrete webs and transverse diaphragms of the samedffickne

Figure 59.CNIT Hall, France

(http://www.viaggiaresempre.it/Defense6.JPG. Lastased in December 2006.)

Saarinen’s TWA Terminal at Kennedy Airport illustrates tike&eet to which, a free
sculptural modeling of the form is possible without any needh®mtassiveness of
Roman concrete vaults. On the other hand, Utzon’s original proposals feydhey
Opera House serve as a reminder that there are limitsy $leé linevitable laws of
static equilibriun®®

Timber was another material used for the shell-like formsrA®tto had built some
relatively small domes in this way in the 1960s in EssedB®yr and Montreal, the
real demonstration of what could be done came in 1973-5 with the constroiction

large pavilion in Mannheim. This pavilion consists of two large hallscamtecting

% Mainstone, R. Developments in structural formp. 137-138.
% |bid. p. 138.
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walkways on an irregular curving plan, all covered by a singigirruously curved
roof. A hanging-chain model gave the essential configurafion.

Figure 60. TWA Terminal, New York

(http://www.greatbuildings.com/buildings/TWA_at_NeMork.html. Last accessed in December
2006.)

Although the use of shell roofs has spread in the last two dechddsigh cost of
the formwork and design difficulties always become important tbjec The crea-
tion of curved shapes composed of straight or linear elementsha@fore be re-

garded as a constructional advance, rather than as a return to older rffethods.
4.5 Catenaries, Slung Membranes and Cable Nets

Catenary can be described as a curved structural element, which sptressame
way as a hanging chain catenarather than the particular curve assumed by a freely
hanging uniform chain loaded only by its own weight. It is stnadly, the simplest

possible form after the straight fie.

0 |bid. p. 139.
™ Cowan, H. JAn historical outline of architectural scienge. 90.

2 Mainstone, R. Developments in structural form. 113.
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Slung ropes made from natural fibers serving as very sirapipdrary bridges or as
supports for tent-like shelters were probably the first man-roatéaries. The ma-
terials used in Mesopotamia such as mud-brick were not of high quaidythis
probably caused the discovery of the catenary arch, which alone ectstdjpure
compression under its own weight. For example, the Great Arch &ftlaee of Cte-
siphon built in 550 A.D. with mud bricks, lightly burnt, and set in claytarphas a
span of 27m and a height of 33.6m. Its survival for 14 centuries is kablaf® In
Roman times, catenaries were developed on quite a largefecdlee temporary

shade canopies of theatres and amphithe&tres.

The slung membrane is the first tensile counterpart of the doweutir and was not
seen until some time after the first simple domical huts. e sgiwidespread ex-
perience with sails, it had hardly developed beyond the largesedient until the
early 1950<°

This delay is related with some obstacles to be overcomeir§hevés the relatively

low tensile strength of most fabrics and the difficulty of mgkeffective joints to
transmit tension than of making joints subject primarily to congwas The second
was the natural flexibility of thin, singly curved tensile foramal the risk of flutter

and billow in the wind. The third was the difficulty of overcoming tlegibility by
adopting forms with marked double curvature without, thus, introducing excessive

tensions at some point3.

The much greater importance of fairly uniform stresses taeitililly the available
tensile strengths of the thin tensile membrane is its maiereifce from the com-
pression structure typified by the Gothic cathedral or Gaueissgd for the church
of the Sagrada Familia. In these structures, the thicknessesifficient to accom-

modate a satisfactory system of internal thrusts even & @wer considerable depar-

3 Cowan, H. JAn historical outline of architectural scienge. 5-6.

" King, R. Brunelleschi's dome: how a Renaissance genius eated architectureWalker & Co.,
New York. 2000.

> Mainstone, R. Developments in structural form. 140.
" Ibid.
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tures from an ideal geometry. Stresses are also low erfoughto matter little if

they are far from uniform. For the membrane, they do matter lamidecof surface
geometry is therefore more restricted. Moreover, the only doubledunembrane
that can match the ability of the singly curved membrane to &sautomatically an
ideal configuration is the soap bubble or soap film, ,which stretwhesntracts until
the surface tension is uniforfh.

The obstacle of limited fabric strengths has been overcome &®i0s. In earlier
large slung roofs, a continuous fabric had to be replaced as thiplarioad-bearing
medium by an equivalent network of wire cables, by singlelighstrands in singly
curved roofs, or by double-layer arrangements of cables heldk@puaertical struts

and tensioned against théf.

More frequently, cable networks have been used and their stiffnesseka pro-
vided by double curvature and prestressing. One set of cables maslineg be-
tween peripheral arches, cables or trusses to carry the wkabatwThe other set,
intersecting the first one at right angles, has been tensioned agarisild it steady
(Figure 3n). Constant curvatures are preferred for the avoidanbe ektessive lo-

cal tensiong?

Before computers came to scene in the design process, it wdsgtssachieve a
moderate satisfactory geometry by adjustments of cable lewnlgiiisg erection.
Otto, the pioneer design of such roofs, used preliminary models swedapdiims
stretched directly over wire frames or between flexible ttgghut it was too diffi-
cult to achieve this for large span roofs. So, computers becanmi@sies the more

accurate theoretical analys8s.

7 Ibid.
"8 |bid.
" bid.
8 |bid. pp. 140-141.
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4.6 Air Supported and Pneumatic Structures

The stretched membrane supported only by internal air pressuggufposes of
space enclosure came to scene later than the slung membrdrnesbbe nets. After
early successful experience with Radomes in the 1950s, it besmanmexpensive
choice for small temporary structures and for covering swimratgs and recrea-
tion halls. For this type of membranes, two possible forms.&xist one is the sin-
gle-skin air-supported structure held up by a pressure differenoedre the en-
closed space and the exterior. The second is the double-skin pnedraatice held

up by the stiffening effect of a higher pressure in the space between tHarts:8's

The ideal form is that of a floating soap-bubble, continuously tied dowrediase.
Other synclastic forms are also possible but will lead toingryensions in the
membrane as the curvature varies. The anticlastic curvaturgsossidle only as
transitions between zones of synclastic curvature just assveaistoccur in a child’s

balloon only between bulbous zorfs.

The most successful design up till now has probably been the Am@asdion for
Expo 70 in Osaka (Figure 61). It was constructed over a partlywa&techelliptical
area, 140 m long and 80 m wide. The U.S. Pavilion has five primanpauwents.
The roof is made of a translucent fiberglass fabric. The \madidormed by an earth
berm, which supports a concrete ring. The ring balances the ltadsl of the ca-
bles that span the roof and is superelliptical in shape. A systélowers maintains
internal air pressure and so provides the air columns that suppasbth&he vinyl-
coated fiberglass fabric was stiffened by a diagonal cablenaee from bridge
strand and anchored in a concrete compression ring at the top of rineTiher su-
perelliptical shape of the pavilion represents a relatively seuctural form. The
super ellipse was formulated only 12 years ago and published foirghénfie in

1959. The Osaka pavilion is a super ellipse with an exponent of 2.5.dkpoment

#10tto, F.Tensile structures; design, structure, and caldatapf buildings of cables, nets, and mem-
branes.The MIT Press, Cambridge. 1973.

82 Mainstone, R. Developments in structural formp. 143-144.
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were 2, the shape would be an ellipse. If it were to approach infinity, the shape would
become rectangul&?.

Figure 61. American Pavilion for Expo 70 in Osaka

(Villecco, M. The Infinitely Expandable Future ofirAStructures, inArchitectural Forum.(pp. 40-
43). 1970, September, vol. 133.)

4.7 Contemporary Curvilinear Structural Forms

The 19" and 28" century buildings, structurally speaking, have widened furtter th
range of choice for wide-span enclosures. Nevertheless, the ¢ypesof have
mostly paralleled fairly closely the earlier forms. Variounsltiple-arch forms have
replaced the barrel vault; doubly curved shells, cable nets mersbram# space

frames have replaced the dome and groined ¥4ult.

8 villecco, M. The Infinitely Expandable Future ofrAStructures, inArchitectural Forum.(pp. 40-
43). 1970, September, vol. 133.

8 Mainstone, R. Developments in structural form. 237.
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The integration of new materials and new construction techniqueshibeature as
post-tensioning, pre-tensioning the concrete, using timber, iron ribstesldrs ad-
vanced techniques offered different choices for wide-spanning. Acthially, this
new materiality brought new vision and expression to traditional lmg&ar form.
Structurally, these materials and techniques provided architettsragineers to en-
closure wider spans. Using steel trusses was one of thesyateens for wide span-
ning. Early trusses were out of timber especially utilizedabgient Greeks. From
19" century, architects and engineers utilize trusses out ofisteatious configura-
tions. Besides the steel trusses had linear schemes, desigeérsurved trusses so
as to utilize the structural potentials and aesthetic impressioarve. The curved

trusses were seen especially at glasshouses and train sheds.

The adoption of a simpler total form was first seen in largesiflouses or conserva-
tories in which the glazing was entirely carried by timberan ribs. The early ex-
amples being the Great Conservatory at Chatsworth built betweenab@&31840

and the Palm House at Kew built ten years |&ter.

The chief nineteenth-century development of the simple domed formbenegpre-
sented by dome of the Halle au Ble in Paris having a circh afiternal diameter of

39 m and the Albert Hall in London having an elliptical plan with aneit&r varying

from 57 m to 67 m. Like the dome of the Roman Pantheon, both of these stood di-

rectly on drum-like wall&®

Not long after the completion of the Palm House in 1848, the eventualfsiatn
of the arched form came with the great train sheds of raibtations, chiefly with at
St Pancras, built between 1868 and 1869. At St Pancras, the entirgvidi3h of the
terminal was spanned at intervals of 9 m by great-trusséésrising directly from
platform level (Figure 62

% |bid.
% |bid. p. 241.

8" Meeks, C. L. VThe railroad station; an architectural historyrale University Press, New Haven.
1956. pp. 197-222.
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In 1968, the great arched train shed of St Pancras Station was temmplesigned
by William Henry Barlow, it was the longest spanning roof up t¢ tinge, and re-
mained so until the Galerie des Machines was constructed in 1888hé&tichas a

span over 73 m with height of 30 m above the rails and a length of 359 m.

Figure 62.St Pancras Station

(http://www.usc.edu/dept/architecture/slide/ghim@D3/StPancrasStation.jpg. Last accessed in De-
cember 2006.)

The continuous arch tied down at its feet, as at St Pancras, dmlitsignificant
freedom of rotation there, was, however, a structure with a fagly degree of stati-
cal indeterminacy. An arch with a central pin and pinned suppogstatcally de-
terminate. In the latter part of the nineteenth century, this tia& sdvantages that
the stresses in it and the reactions at the support could be edsiiated and was
not highly affected by the little movements of supports or then@leexpansions and

contractions of the ardH.

The first large-scale example of the use of the three-gianeh was in the Galerie
des Machines built for the 1889 Paris Exhibition (Figure 63). It inndvidite struc-
tural principle of the three-pinned arch, pioneered the use of strusteehl The 3 m
deep trussed-arches spanned 114 m. Each trussed-arch was made ugecfibne

8 Wilkinson, C.Supersheds: the architecture of long-span, largeme buildings Butterworth Ar-
chitecture, Oxford. 1996. p. 8.

8 Mainstone, R. DDevelopments in structural form. 239.
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joined at the top with a pin. At the base, the trusses wereethpera hinged joint,
ensuring an exact distribution of the stresses and the material® used.

Figure 63.Galerie des Machines, Paris

(http://e3.uci.edu/clients/bjbecker/SpinningWebfada889galeriemachines7a.jpg. Last accessed in
December 2006.)

Examples of the further development of the arched form and the cdubarrel
form are the aircraft hangars built by Nervi between 1935 and d&9d A large exhi-
bition and two sports halls that were built between 1948 and 1960. Theffitss
three structures was exhibition hall in Turin. Both this and thlgetagports hall em-

ployed the type of the precast “voussait”.

The TWA Terminal, constructed between 1956 and 1962, was conceivddrgs-a
scale piece of sculpture. The roof was designed as fousskalth trapezoidal in
plan, symmetrical about a central ridge, and cantilevered out jirsirtwo points

symmetrically placed on each side of the ridge. As a rekalk is a continuous suc-
cession of smoothly-flowing curves and a spatial experiencerd¢nadins unique,

inside®?

% wilkinson, C.Supersheds: the architecture of long-span, lardame buildings.p. 6.
L Nervi, P. L.Structures F.W. Dodge Corp., New York. 1956. pp. 32-39 afeBa.

2 Mainstone, R. Developments in structural form. 245.
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The Waterloo Terminal, finished in 1993, built on a restrictedasitiegside an exist-
ing terminal has an axis of a continuous curve with a width 48.5 heaetminal
and 32.7m at the open departure end. The internal profile was highly uesyram
—much steeper on the outside of the curve in order to give adequasncieto the
trains with no platform on this side. For this reason, the arches again three-

pinned as in the Galerie des Machifes.

At the Kansai International Airport Terminal building (Figure @#)shed in 1994,
the main structure consists of trapezoidal trusses of tubuldmsteabers formed in
a gently rolling curve that arched main span of 83 m. their deptbsvadross the

section, extending to 4 m depth at the maximum $pan.

Figure 64.Kansai International Airport Terminal building

(http://www.aij.or.jp/eng/prizes/design/photo24.gdifst accessed in December 2006.)

In the Leipzig Neue Messe Glass Halls, designed by Margoof Gerkan Marg,
completed in 1996 with a span of 80 m, more conventional vaulted steelgruct
was used to enclose a huge wintergarden measuring 237.5 x 79 x 28 mihagh.
structure is composed of an external orthogonal single-layérspell of uniform

diameter steel tubes stiffened by primary arches at 25 m céhters.

% Davey, P. Waterloo International, isrchitectural Review(pp. 26-44). 1993, September.
% Wilkinson, C.Supersheds: the architecture of long-span, lardame buildings.p. 128
% Ibid. p. 140.
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Centre des nouvelles industries et technologies (CNIT) Buildingraatesd between
1956 and 1958 is a double thin shell made of reinforced concrete. The shell covers an
area of 22500 fand distance between supports is 218 m. The building is the largest

concrete shell in the world in terms of square meter of area covered per SBipport.

The Eden project, designed by Nicholas Grimshaw & Partners, housetbimer

china quarry in Cornwall, is a giant botanical garden opened to the jpuldiarch

2001. Stretching over 26,000m sq, the project comprises of eight geodesis dome
forming two biomes for trees and plants. Inspired by the laws ofe)atwe struc-

tures are made up of connecting hexagons, pentagons and tridogheisng a
sphere. The domes of the Eden Project are the largest geodesis Hait yet,
reaching 60m in height in places and spanning enough land to house 29 football
pitches. They are made of lightweight galvanized steel tubing gineasizes, cre-

ated and cut by a computér.

Figure 65.Eden project and section through the dome

(http://www.mckerracher.org/images/edenproject.Jpast accessed in December 2006.)

Yet the predominant architectural form in thé"2@ntury remained linear since the
limitations of hand drawn architectural drawings leads to lifeglidings that are

easily rendered in 2D form, whereas three dimensional curvilfoearis facilitated

%Structurae.Centre des nouvelles industries et technololigs//en.structurae.de/structures/data/
index.cfm?ID=s0000019. Last accessed in Decemb@s.20

" Arup. The Eden Projecthttp://www.arup.com/europe/feature.cfm?pageid=30&st accessed in
November 2006.
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by three dimensional rendering tools, which are not available angéhtly. Now, in
21st century, architectural curvilinear form rises again withirtkegration of tech-
nology and computer to the design and manufacturing process in arglkite&y

form that can be computed by means of digital mediums can now be constructed.

Figure 66.The Bubble, BMW's exhibition pavilion by Bernardafiken and ABB Architekten

(Kolarevic, B. Digital Morphogenesis, i#rchitecture in the digital age: Design and manuésmng.
(pp- 11-28). Branko Kolarevic, ed. Spon Press, Newk. 2003.)
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CHAPTER 5

ANALYSIS OF CURVILINEAR FORM THROUGH A
CONTEMPORARY STRUCTURE: A CASE STUDY ON
TERMINAL BUILDING, WATERLOO

International Terminal at Waterloo Station, London, designed by ttlateature
firm Nicholas Grimshaw & Partners, is a railway stationltbom a complex, con-
strained site. The International Terminal is an addition to Wette3tation, a London
train station built in 1922. The terminal was completed in May 1993s®#t®n is a
symbolic and actual threshold between Britain and the Continent, anfirghe
monument of a new railway age, when high-speed trains will convpéteaero-
planes as the most effective form of travel within Europehdlas Grimshaw views
the Channel Tunnel Railway Terminal at Waterloo as a “hesiiway station with
the same function as a 21st century airport.”

The terminal is a multifaceted transport interchange: aagilstation, which, basi-
cally, functions like an airport. Located in central London, it isased in a con-
strained urban setting and has an important mission to answer the demands of 15 mil

lion international rail passengers per year.

Channel Tunnel Railway Terminal at Waterloo is chosen for thdysntentionally
since the building has an outstanding attitude beyond the contemporafinearvi
structures. The structure owes this status to the achievem&maciiral design that
is clearly expressed with the curvilinear long span archediahmony between the
functionality and structural approach of the building, and the aesthetlities it ar-
ticulates.

! Powell, K.Structure, space and skin: the work of Nicholam@haw & partnersPhaidon, London.
1995. p. 26.
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In this chapter, the architectural and structural progresheoflesign process and
evolution of the construction period of the building will be explained. \ti¢ghpur-
pose of understanding the behavior of the structure, a computer meglietdnby
the roof of Channel Tunnel Railway Terminal at Waterloo wilgbaerated by using
Structural Analysis Program (SAP) 2000 Nonlinear 7.1. With sonmmggical
modifications for the configuration of the roof, new schemes of tstre are ob-
tained in order to make comparison to the curved structure of the roobutdwmes
of these comparisons will be analyzed from the point of their geometry, Ipaditya
and efficiency searching for the correspondence with the struatie@ls defined

deeply in Chapter 2, which aedficiency economyandelegance
5.1 Architecture of the building

The tight urban situation next to the existing Waterloo statiomeighboring build-

ings and live electric rails, the London Underground tunnels were time ¢oa-
straints at the outset of the design process. The severe constraintsitef biedped to
generate novel architecture and structure, which continues thigotmraafi innovative
British railway sheds that began in the nineteenth century in LondibnKing's
Cross (Lewis Cubitt, 1851-1852), Paddington (I.K. Brunel, 1852-1854) and St Pan-
cras (W.H. Barlow, 1863-1868) Statiohs.

The intention while designing the project was to build a 'stresaliterminal’
through which passengers could pass with the minimum fuss at maxspeed. The
site, adjacent to the existing national rail station, was ardiywide enough to ac-
commodate the necessary five tracks. Limited by live eledilie and shallow Lon-
don Underground tunnels beneath, the terminal needed to be 'streamlinédl-struc
ally, also to be 'streamlined' in terms of its internal orgaioizdtAfter extensive
analysis of the traffic and passenger flows, and detailetl <if the site geometry,

the initial design for the station was presented in mid-1988.

2 Margolius, I.Architects + engineers = structuredliley-Academy, Great Britain. 2002. p. 81.

% Grimshaw ArchitectsWaterloo International Terminahttp://www.grimshaw-architects.com/grim-
shaw/print/projectdata.php?id=36. Last accessé&tbirember 2006.

4 McGuckin, S.Project profile: Waterloo InternationalBritish Cement Association Publication,
Berkshire. 1994. p. 6.
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Figure 67.Aerial view of the 400 m long terminal roof in rétm to the surrounding cityscape

(Powell, K. Structure, space and skin: the work of Nicholasnhaw & partnersPhaidon, London.
1995.)

In its design, the station reflects the tradition of the raillvalis of the 19th century,
but at the same time, it is a symbol of a new age ofreaiet. The 400-m-long struc-
ture composed of 36 arched trusses follow the twisting line obtheay tracks. The
structure tapers in width from 48.5 m at the northern end to 32.7 m sbukieern

end®

This funnel shape was a consequence of the turning radius of thettrainenfines

of the busy city-center site and the limited width of the aite is carried through the
station’s four levels® One level is a basement that provides short-term car parking;
levels two and three house arrivals and departures respecawvelyievel four; the
upper floor is devoted to the platforrh@he platforms are located at the southern

® Bahnhof in London, inDetail. (p. 674). 1995, vol. 4.
® McGuckin, SProject profile: Waterloo Internationap. 6.
" Ibid. p. 3.
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end, at the upper level beneath the arched roof. Waiting areas, shopfficasdare
situated at lower levels, which are naturally lighted through the glazedagase®

Although the project is reminisced with the outstanding roof, almost&Qe pro-
ject is concerned with work carried out underground. This comprisesuked brick
vaults underneath the mainline station, some of which house the gatedrsupport
services, and others through which large crowds are guided, mfffdmit pleasura-
bly, through the spaces beneath the trdckke internal organization of the floors
has been arranged to provide easy orientation to passengeastuibeEpand Arrivals
are assigned a level each, to encourage a single directionsehgas movement on

each floor. For all customers, there is a clear, linear progression imrttieai

5.2 Structure of the building

A 1.8 m-deep basement floor slab, spanning the shallow London Underground Bak-
erloo and Northern lines, forms a raft foundation to the structimexeTlies arrivals
floor slab above, and the two slabs together form a heavily reidf@agcrete box,
which carries the track support and platform structures. The spaned by these

structures contains the arrival and departure dfeas.

Over 200 m long, this building extends from the concourse at Wat8thtion to a
series of road bridges over Leake Street. Its roof is foroyethe platform structure,
which extends a further 200 m on existing brick arches and is nibontsliding
bearings to accommodate thermal expansion. Concrete double-heightvslie are
located below the platforms, providing both longitudinal and transverig. fbhe
shear walls are exposed and compromised twin diagonal strugftidens enclosing
feature voids?

8 Bahnhof in London, inDetail. (p. 674). 1995, vol. 4.
° Powell, K.Structure, space and skin: the work of Nicholasi@haw & partnersp. 35.

19 Grimshaw ArchitectsWaterloo International Terminahttp://www.grimshaw-architects.com/grim
shaw/print/projectdata.php?id=36. Last accessé&tbirember 2006.

Y McGuckin, SProject profile: Waterloo Internationap. 6.

2 bid. p. 7.
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5.3 Construction period

During the construction process, many obstacles had to be faced aocohowefhe
narrowness of the site was one of the main obstacles. Construgtbnes limited
by the London Underground tunnels and height by the desire to keep gh¢ dfei
the new platform as close as possible to the level of the dorsésiien. Other ob-
stacles included a new Underground station concourse, a Britistumagl, four
banks of escalators, and neighboring buildings. In addition, there seathal hazard

of working close to the live electric rai3.

To ensure that none of the structures either beneath or bordeeirsgfd was dam-
aged by demolition, excavation or construction, an extensive geotdchuivay
was undertaken. This included drilling 40 boreholes to depths between 157 and
m; high quality sampling using thin wall tubes and rotary coringsitu testing; 20
trial pits next to the existing foundations; and 15 rotary coreeoéxisting founda-

tions. Before the basement could be built, 55086frexcavations were requiréd.

Foundations had to be completed in three stages as a consequenceesiritied

site. To begin, the first portion of the raft foundation was cagtenmiddle of the
site, from which the perimeter diaphragm wall and sheet-pilets wadre propped
during the second stage. Finally, when the perimeter works wesadihi the props
were removed and concrete poured to complete th&raft.

Construction of the track support structure began over the arcties mdrth end of
the terminal. Columns in this area were precast to shorten th&umios time.
Once the shear walls had been completed and tied into the slabmiherary re-
straining false work was taken away and moved forward for tke seetion. The
program required the track and platform structure to be finishedtdiratiow the

erection of the roof to begin on time. The departure floor slab, cotestrat a later

13 bid. p. 8.
4 bid.
'3 |bid. p. 9.
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stage, used traditional false work supported from the arrivdisbellbow and back-
propped to the basement sfb.

After assembly of the truss sections on the concrete deck, thelds avere posi-
tioned by mobile cranes. A new bay was started every two-Wveeks, and was clad
immediately after completiof.

5.4 The roof structure

The focus of both technical skill and architectural spectadteeisoof. The roof can
be lower and flatter since it does not have to compete with stedremoke, but the
result is not like that since it is a successor of Victotiam sheds. Yet it is not a
copy but a response to its own circumstance: its tapering spaits aragrow, sinu-
ous plan, is determined by site and the track lajblihe asymmetric form of the
trusses responding to the dictates of the site layout derestfre position of a sin-
gle track tight onto the western edge of the site where themosi rise more steeply
in order to accommodate the height of the traiiEhis western side is clad entirely
in glass with the structure of the roof clearly expressed.widstern side becomes a
public showcase for the trains, and allows arriving passengegisrpse Westmin-
ster and the River Thamé&s.

The Terminal’s main structure is a 400-m-long steel anssdlzbe that tapers from a
width of 48.5 m. to 32.7 m. The Terminal tube consists of 36 asymailedriches.
While they decrease in size as the structure tapers, thesaace identical in design.
The roof has an remarkable attitude since it interprets an infaaelistorted barrel
vault or a curved surface architecturally, yet, structurallylgpgait is a system of
36 arches.

18 |bid. p. 10.
7 1bid.
'8 powell, K.Structure, space and skin: the work of Nicholasi@haw & partnerspp. 28-32.

1 Grimshaw ArchitectsWaterloo International Terminahttp://www.grimshaw-architects.com/grim
shaw/print/projectdata.php?id=36. Last accessé&tbirember 2006.

20 powell, K.Structure, space and skin: the work of Nicholas@tiaw & partnerspp. 28-32.
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The filigree roof structure consists of pairs of bowstring #sigeined off-centre to
form flattened three-pin arches. The design is a complex var@tidimese bowstring
arches. A typical bowstring arch functions like a bow: A thick toemnis held in

curved compression by a tension cable.

Figure 68.Cross section of the terminal

(Powell, K. Structure, space and skin: the work of Nicholasn@dhaw & partnersPhaidon, London.
1995.)

Each arch was made from two prismatic bowstring trusses codnaci@ central
knuckle joint. The larger truss (major truss), located at themaside, had two tele-
scoping, hollow compression booms on its upper face and a single ssolteien-

sion bar beneath to stop the truss spreading under load. Due to asgransétpro-

file, the small truss (minor truss) was reversed, with tarsibn rods forming the
outer chord with a single, internal compression strut. The tops of laugses were
sheathed in glass and stainless steel cladding while theesrralises were fully

glazed on the inside of the chords showing the exposed outer ste&work.

To provide adequate space for train access at this point, the mindrusefs set

outside the glass envelope. The major truss consists of two tubulaconmeression

1 Bahnhof in London, inDetail. (p. 674). 1995, vol. 4.

22 Margolius, I.Architects + engineers = structuregp. 80-81.
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booms and a solid lower boom. As a result of the asymmetric geortiedrstresses
in the minor truss are reversed: the inner boom is in compressiotheatwlo outer

booms are in tensiofi.

Figure 69.Bow and the bow-string arch

(http://www.owlnet.rice.edu/~arch214/waterloo.plddist accessed in November 2006.)

The trusses derive their elegance partly from this inversiotraftsre and skin (and
of tension and compression members) as they pass from east tbwtedso from
the tapering of their members, created out of telescoping cirsetdions. This al-
lows the members to respond, with economy of material, to thebdisbn of forces

in each trusé?

A cable-strung bowstring arch operates like a typical bedra:upper member is in
compression, while the cable is in tension. Yet in the roof of Watdrérminal, the
trusses do not employ cables, which can resist tension. Instead atedd& bow-
string trusses utilize metal rods as the rods can resisimpressive force, the com-
pression and tension forces can switch. This switch occurs due to Nplifhally,
dead loads press down on the arch, causing the upper members to be essmmpr
and the lower ones in tension. Nevertheless, when wind loads push up #gainst
structure, the lower member goes into compression and the upper menmbten-

sion?®

23 Bahnhof in London, inDetail. (p. 674). 1995, vol. 4.
4 powell, K.Structure, space and skin: the work of Nicholas@tiaw & partnersp. 32.

% Rice University Information TechnologyVaterloo Station International Terminahttp://www.
owlnet.rice.edu/~arch214/waterloo.pdf. Last acaggséNovember 2006.
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Figure 70.The asymmetric arch

(Unay, A. . 2000)

Figure 71.Pin joint detail

(Powell, K. Structure, space and skin: the work of Nicholasn@dhaw & partnersPhaidon, London.
1995.)
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The two bowstring trusses are connected by a cast steel hitlystainless steel
bolts at the point where the roof glazing and cladding meet. Zeroemt is created
where bowstring sections meet other, because they allow timeestgto rotate
freely connection points. Each pair of arches is structurally independeningnthat

if any structural unit is damaged the others will still stdhdhe structure is
strengthened by diagonal tension rods in the plan of the lower boavedrethe
trusses on the western side. The whole structure is designedightbe weight and

to use a minimum amount of stéél.

Figure 72.The glazing of the curvilinear roof

(http://www.owlnet.rice.edu/~arch214/waterloo.plddist accessed in November 2006.)

% Ipid.
2" Bahnhof in London, inDetail. (p. 674). 1995, vol. 4.
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The glazing of this curvilinear roof was accomplished using starsized rectangu-
lar elements throughout. The glazing system is fixed to thendacy structure with
hinged stainless steel castirf§sThe minor part of the arch is clad on its underside
with overlapping panels of glass. Because each 3-pin assembighigyssmaller
than the one before, the glass gradually tapers. The cladding orajibreside of the
arch sits above the structure. In between, metal deckingnivard, providing easy

water drainage, and creating an undulating appeafance.

Figure 73.An inner view of the terminal expressing the glagzamd metal deck

(Unay, A. . 2000)

The arched roof of the train shed follows the curve of the railaag,increases in
span down the length of the station to accommodate the increasewrdthef the

platforms. The roof is supported by a series of three-pin archek. &eh and the
related cladding are different as the roof changes width alengurved tracks. The

variability of the arches is visible in both plan and isometric vigws.

%8 Bahnhof in London, inDetail. (p. 674). 1995, vol. 4.

% Rice University Information TechnologyVaterloo Station International Terminahttp://www.
owlnet.rice.edu/~arch214/waterloo.pdf. Last acaggséNovember 2006.

%0 Szalapaj, P. Parametric Propagation of FormAichitecture Weekattp://www.architectureweek.
com /2001/0919/tools_1-2.html. Last accessed ireDder 2006.
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The modeling of the tapering arched roof was an important phasme wWie whole
design process. Using conventional computer aided design (CAD) mgpdeth-
niques; a single arch form could be modeled and then duplicated 35 iittead-
justments for the curvature of the track in plan. A difficult precafsresizing indi-
vidual trusses and arches would then need to be carried out. The coynaleki
variation in the size and shape of the structural elements involvibe itnain shed
were possible because of the application of structural analyddst€chniques. In-
stead of modeling each arch separately, a single paramatdel of an arch was
modeled, so that it encoded the underlying design rules for the vdroligy of
arches. Afterwards, the complete roof model became a selilestaricesof this pa-

rametric arch, each with a different value for the span pararieter.

International Terminal Waterloo was completed in May 1993, within Hudge
(E130m). Since its completion, it has won a number of architectueaidawinclud-

ing the Mies van der Rohe Pavilion award for European Archite(i9@4) and the
RIBA President's Building of the Year Award (1992).

5.5 The computer-based structural analysis of the roof structure

A digital model of the roof arch is reproduced using Autodesk Au@Q@A00, in
drawing interchange format (dxf). With this representation,gd@metric layout of
the arch is aimed to be realized only with line segments. Timessegments would
represent the arch bow, compression and tension rods of the structusanike-
tion points of these members are abstracted as single nodes studlyi deals with

the overall behavior of the arch, and do not involve a finite element analysis (FEA).

Next step was to import the geometric data to the SAP (8Btal@&nalysis Program)
2000 7.1. All line segments were converted to a frame/cable elémig new me-
dium and was automatically assigned a constant frame sectidefipesl in the

software. At this stage, new frame/cable sections areedetiansidering thicknesses

31 bid.

%2 Grimshaw ArchitectsWaterloo International Terminahttp://www.grimshaw-architects.com/grim
shaw/print/projectdata.php?id=36. Last accessé&tbirember 2006.
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of different parts of the arch, which are assigned to the steutureflect the actual
member configuration. For the sake of simplifying the problem withouatprising

the essence of the behavior, seven different pipe sections aredd&fiinclude both
the thickest part of the major truss, which is defined as 600 naiamneter, and the

rods, 50 mm in diameter, used in the structtire.

Figure 74.The analytical model of the arch of Waterloo terahin

Support conditions of the two ends of the arch are set to refleextseng hinge
restraints. The hinge is restrained for translation in all thsess and only allowed
rotational movement in the longitudinal axis, which accuratelgcefithe actual be-
havior. Third hinge at the intersection of the two arch segmsratiso restrained to
allow one rotational movement and translational movement in three lsbogeover,
two ends of the tension/compression rods in the structure are cefeaseoment

forces to represent the connection type used in the actual structure.

Forces, on the other hand, are restricted as dead -including glamohgvind loads
for simplicity. Accumulating additional loads such as snow would notiderably
change the behavior, but affect the displacement values and miardmewvalues.
Dead load is calculated by the software itself as an agten$ material/section as-
signments to the frame/cable members. An additional glazingdb&bBkN/nt is
added to the dead load case. Wind load is calculated using the Tutkistaigls

% The model is based on the data that Assoc. Plbf.hsan Unay prepared for a previous study as
SAP90 text file.
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TS498. The structure is assumed to have a wind load (q) of 0.8%kNamcorre-
sponds to the height of 9 to 20 meters. Considering the 11-meteubiingltspans
between the arches, the resulting force is derived from the formula 0.8g as 7.04kN/m.
This value is influenced on the main members of the minor arch nubcpéarly.
Accordingly, major arch is loaded with 3.52kN/m as an uplift donehich corre-

sponds to the 0.4Q.

Figure 75.The detail of the hinges at the supports

(Powell, K. Structure, space and skin: the work of Nicholasn@dhaw & partnersPhaidon, London.
1995.)

Based on this accurate model of the roof arch, member definitiomaaaéied for
the analytical comparisons without changing the geometry. The tEkiighe arch
bows are unified through all sections, and they are relativehetein order to meet
the assumed loading conditions and to prevent an over design conditiontiH&ince
study will only involve dead load and wind load conditions, keeping thelaséc-

tion thicknesses that are obviously designed to withstand more loedlirtitions
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would render a result that the section has excess dead weightuahdmare struc-
tural capacity than the given loadings. This model will be labeled as M1 inutis st

Figure 76.The analytical model of M1

To compare with M1, two models having the same span were geneliasédddel
is a straight truss member that keeps the fundamental coniigueaid mean beam
depth constant throughout the section. The truss member sections afiedrtodi
equalize the overall weight of the beam with the base model. Tluasnparison of
displacements between two schemes is made in terms of the cohedfitiency.
The analysis involved the dead load condition, but not the wind load casieler-

ing the horizontal position of the check model. This model will be labeled as M2.

Second model is developed to represent a closer scheme to the bateTim®de
scheme is shaped with linear truss elements of the mean depbaskeatodel util-

ize. Member sections are modified as in the first case in ¢odkeep the overall
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weight equal to the base model. This case involved dead and wind loasksgtaa

gether. This model will be labeled as M3 in this study.

Figure 77.The analytical model of M2

There are some parameters to understand the behavior ofutterstr One of these
parameters is the displacement of nodes, which is a significluet fea the analysis
of a structure to display how the geometry of the elements armfitheal location

of joints had changed under that specific loading. There are som for the val-

ues of displacements, which are defined not only according tdawtliconcerns but
also according to serviceability conditions. When the values obtainetthdodis-

placement exceed a certain value, a failure is expected naisadgbebecause of the
structural insufficiencies but also functional inadequacies. Digpleceis a parame-
ter to understand the physical problems that are encounteredgDgise observa-
tions, the most critical points are considered because a strsbioumél be designed

according to the weakest point of the whole structural system.
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Figure 78.The analytical model of M3

In this study, first case involves the comparison of the displacerémnl and M2
under dead load. The displacement results are illustrated in Fi§uaed 80 for the

critical points of the trusses.

The displacement of the mid point of minor truss that is labeledbiag 1001 in
model M1 has a translation of -22.7mm in X direction, and 3.3mm in Z idinegn-

der dead load condition. Similarly, Joint 1002 and 1003 have a translation of -
13.7mm, -13.8mm in X, and -16.4mm, -31.6mm in Z direction, respectively. How-
ever, Joint 1002 on M2 has a translational value of -72.0mm in Z direchos, ihe
highest displacement value on M1, which belongs to Joint 1003, is lesthéhhalf

of the value of the displacement belonging to the most criticak poi M2. Having

the same span and amount of material used, two structures has obditiasint
displacements under same loading conditions, which can be elucidateel lise of

the curvilinear geometrical configuration. In this case, use ofeciads to a struc-

turally efficient form in terms of displacements.
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Figure 79.Deformed shape of M1 under dead load

Figure 80.Deformed shape of M2 under dead load

Table 1.Comparison of critical points of M1 and M2 undeaddoad case

" . Deflections
Critical Points T(mm)| 2 (mm)] 3 (mm
M1 1001 -22.69 0.00 3.27
M1 1002 -13.61 0.00| -16.38
M1 1003 -13.78 0.00| -31.57
M2 1001 -0.10 0.06| -71.97

In the second case, unlike the first one, a system that respohessioatial qualities
needed for the specific function is proposed. To satisfy this conditibne@hinged
system composed of linear trusses, which principally utilizes@nlzehavior as in
the case of inverted V discussed in chapter 4, is exposed to deadamd uplift

loads. Displacement of critical points of M1 and M3 are comparedr uhideload

cases and combinations. Figure 81-86 shows the results.
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Figure 81.Deformed shape of M1 under dead load

Figure 82. Deformed shape of M3 under dead load

Table 2. Comparison of critical points of M1 and M3 undesad load case
Deflections
1 (mm)| 2 (mm)| 3(mm
M1_ 1001 -22.69 0.00 3.27
M1_1002 -13.61 0.00| -16.38
M1_1003 -13.78 0.00| -31.57
M3_1001 2.42 0.00| -3.30
M3_1002 -6.10 0.00 4.01
M3_1003 -19.02 0.00| -50.03
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Figure 83.Deformed shape of M1 under dead load and windo@d |

Figure 84.Deformed shape of M3 under dead load and windo@d |

Table 3.Comparison of critical points of M1 and M3 undeadeand wind (1) load case
Deflections
1 (mm)| 2 (mm)| 3 (mm
M1_1001 -46.47 0.00 9.56
M1_1002 -29.40 0.00| -28.93
M1_1003 -30.00 0.00| -64.07
M3_1001 -14.78 0.00| 10.63
M3_1002 -16.34 0.00 9.09
M3_1003 -40.98 0.00 | -100.75
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Figure 85.Deformed shape of M1 under dead load and windbg)

Figure 86.Deformed shape of M3 under dead load and windo@ |

Table 4. Comparison of critical points of M1 and M3 undeadeand wind (2) load case

. . Deflections
Critical Points T(mm) | 2 (mm)] 3 (mm
M1_1001 -5.01 0.00| -1.76
M1_1002 -2.19 0.00| -7.21
M1_1003 -2.74 0.00| -10.14
M3_1001 24.21 0.00| -21.35
M3_1002 1.74 0.00 1.45
M3_1003 -5.35 0.00| -20.38
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Since the structural behavior of the inverted V system is gittaléhe behavior of
the arch, the values of displacements are lower than M2. Yetdplackment values

of M1 are lower than M3 except Joint 1002.

There are many considerations while designing a structure adodehdvind load,
snow load, earthquake etc. As the structure studied here is thefraoferminal
building, the uplift force becomes another important consideration ircélsis. As
discussed at the beginning of this chapter, a cable-strung bowattimgperates like

a typical beam: The upper member is in compression, while the isali tension.
However, at Waterloo Terminal, the bowstring arches utilizealretls as the rods
can resist to compressive force, the compression and tension darcesvitch. This
switch occurs due to uplift. Normally, dead loads press down on the arch, causing the
upper members to be in compression and the lower ones in tension. Negsrthel
when wind loads push up against the structure, the lower membengmesmpres-
sion and the upper member is in tension. In Figure 87 and 88, the resdiss of
placements of the critical points of M1 and M3 under the combinatiolead and

uplift loads are illustrated.

Figure 87.Deformed shape of M1 under dead load and upliftefor
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Figure 88.Deformed shape of M3 under dead load and upliftefor

Table 5.Comparison of critical points of M1 and M3 underndend uplift force

. . Deflections
Critical Points T(mm)| 2 (mm)] 3 (mm
M1 1001 -2.82 0.00 -0.77
M1 1002 0.59 0.00 -5.38
M1 1003 3.03 0.00 4.37
M3 1001 -12.41 0.00| 10.07
M3 1002 1.63 0.00 -4.13
M3 1003 7.92 0.00| 18.42

According to the interpretation of results represented in Tathles;urvilinear form

of the roof has lower displacements at the critical points umdedéfined loading
cases in comparison to the other systems generated with linesedr As expressed
in Table 1, M1 has lower displacements than M2 under dead load case.ZTabl
shows the results of the comparison of critical points of M1 and M3 wedet load
case. In Table 3, the results of the ccomparison of criticalpofri¥1l and M3 un-
der dead load and wind (1) case and in Table 4, the results of tparson of criti-
cal points of M1 and M3 under dead load and wind (2) case are express@dthe
results it is clear that M1, the curvilinear geometrical shrapeesents better results
than M2 and M3 having linear configurations. Table 5 shows the displaceofents
the points of M1 and M3 under dead and uplift force, and M1 expriesgesvalues
than M3. Since the analyzed building is a terminal building, the dplife is a vital
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criterion for the structural design. The curvilinear configuratianviples M1 better
stiffness under the combination of dead and uplift loads. The displatemeodes
is a significant value for the analysis of a structurdigplay how the geometry of
the elements and the original location of joints had changed undepéu#icsioad-
ing. The displacement values affect not only the structural conbatradso service-
ability conditions. Therefore, the lower values obtained by the aueaiti configura-
tion of M1 brings out structural achievement the terminal buildingidBeghe struc-
tural advantages, the curved shape provides the terminal building eleyahex-

pressive power.
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CHAPTER 6

CONCLUSION

Curvilinear forms have been recognized as forming well-resistamttural compo-
nents since the early times. Although the structural advantagesnsd from the
concept of flexural or axial compressive resistance was not kngwiheb early
builders, they recognized the structural potentials of this forpirarally. Moreover,

the construction of structural elements in curved forms wasyqasskible with ma-
sonry technique, which was the most widely used material atirtieat Curved form
developed over centuries as structural enhancements and adsthetisc With the
introduction of need for uninterrupted larger spaces, designers becaraanter-

ested in curvilinear forms. The structural economy achieved by éhefuurvature,
has always been applied through the history because it is ngcessdfer within

the structure a resistance moment equal to the moment of the applied loads.

In this study, a survey of curvilinear forms in architecture tbeen done with an em-
phasis on structural behavior. The curvilinear form has been exanmreadh its
structural potentials according to its geometrical configuratibe.doncept of struc-
ture and the structural ideals were reviewed and the relatpbsiiveen structure
and form was examined in regard to curvilinear forms. The conceptraature in
structuring was also presented since the mathematical backgr@snd prelude to
understand the nature of their structural behavior. The developmentlaadion of
curvilinear structural forms has been discussed briefly withihistorical overview
with emphasis on structures that have marked significant eps of widening the
range of possible further choices in the history. The study atzsséd on the com-
parison of structural capacity of linear and curvilinear strestly analyzing the
Channel Tunnel Railway Terminal at Waterloo, as a case stuabkgBund of the
design survey of the terminal building was explored through dkitactural and

structural processes.
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An analytical model of the roof of the terminal building was geeédrayet some
modifications are made during the modeling process in order tanabtsimplified
model keeping the geometrical configuration constant that would be agpbeoqniy
for this study. The thicknesses of the pipe sections used in tineancai vary in the
structure, but in the model proposed, M1, the sections are unified under $wr ba
types. Two models having the same span were generated in ordekéocompari-
son to the curved structure of the roof to be able to observe the estcomsidering

their geometry, load capacity and efficiency.

When these analytical models are analyzed, the results expatgbe curvilinear
form of the roof has lower displacements at the critical pointsrihdedefined load-
ing cases in comparison to the two other systems composed ofthmeses using
the same span, same materials, and same dead weight. The displacare higher
in model M2, which is a trussed beam. They get lower when theombai beam is
modified to a three-hinged system labeled as M3, yet the trussedfahe terminal,

M1, has the smallest displacement values.

The interpretations of the results reveal that the curvilineactare was inspired by
the arch of the terminal are utilized efficiently in termslisiplacement under the de-
fined loading cases. Considering one of the essential conceptsabfsidecture,
economythe curvilinear structure demonstrates accomplished outcomes|mirere
displacements are achieved with the same amount of mateldl. iRurthermore, in
the original structure of the terminal, the thicknesses of thieomss of the main
arches vary considering the required structural capacity antligeet where possi-
ble.

Efficiencyis another quality of a structure, which is a scientific coexistent with
economysince the efficient utilization of structure corresponds withetigediency,
cost, constructability; in short, the economy of the structure, andirtherent”

economy dictated by the laws of nature. The curvilinear streics more efficient in
comparison to the linear configurations with respect to the results of disglatsem
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The third quality is symbolic, and it is this concept that opens updhbsibility for
the new engineering to be structural art. Ehleganceand its expressive power ex-
hibit the symbolic dimension. Although there can not be a single soligromes-
thetic consideration, the International Terminal Waterloo is widelepted as an
outstanding elegant example among the contemporary curvilineaustsugtith its
alliance of architecture and structure, form and function and ustlexpressive

power as a building.

It is obvious that the geometrical configuration affects the sgcoéthe structure.
Concerning these three important qualities, in this study, thelinear form dis-
plays successful results in terms of these qualities underaes aefined in the
study. As examined in the case study, the structural advantages the “curve” ggropose
even in the situation that the architectural considerations sugatal ind aesthet-
ics are ignored, are indispensable for the designers. Therefosttubeiral stability
provided by the geometrical configuration afrveis utilized by contemporary de-
signers in not only traditional forms but also free-formed contempatanctures.
Besides the structural advantages, the symbolic and aesthletss that curvilinear
form proposed have always appeal the designers’ interest. Thesgag@gawiden
the imagination of the designer and offer possibilities for exdrdesigns. The unde-
niable contribution of utilization o€urve to the field of architecture broadens the

structural limits further and new projects are accomplished.

Despite the structural and aesthetic advantages and effidiesicthe curved form
provides, the limitations of hand drawn architectural drawings haedlifficulties
faced during construction processes leads the linear formsthe lpgedominant ar-
chitectural forms until 20 century. Yet, in the Zicentury, curvilinear form arises
again with the developments in construction techniques and innovative gragres
manufacturing techniques and construction materials. These develspappdal
contemporary architects and engineers to curved three-dimensiomglexity espe-
cially in the case of long-spanning buildings having a symbolaatter. Unusual
forms are attempted in our days with the returrcuive to architecture. Some of
these modern challenges are questioned from aesthetic and skrpointraf view

but they could generally be qualified as impressive achievements.
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