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ABSTRACT

THE EVOLUTION AND CHANGE OF BUILDING FACADES:
A RESEARCH FOR DEVELOPING ALTERNATIVE COMPOSITE
SURFACE MATERIALS

Cladding of buildings is an important and commonly applied activity area of
building sector. As it is known major purpose of cladding is to separate the indoor
environment from the outdoors in such a way that indoor environment conditions can be
maintained at level suitable for the buildings intended use. Therefore from the
functional point of view it can be defined as, the part of the building that is non load
bearing exterior wall that must defend the interior spaces against invasion by water,
wind, sun, light, heat and cold, and all the other forces of nature. Besides this it must
also fulfill the aesthetic, economic and security consideration.

The design of the building facade has become much more complicated with
development of new methods of construction, the requirements for a highly controlled
interior environments, stress on energy efficiency, advent of materials and new
production methods. But it seems that available technologies on ordinary building
sector relay on the analog production methods. Analog production process depends on
technical drawings and the interpretation of drawings. The human interpretation is the
basics of the systems. On the other hand, new design tools that introduced by computer
aided design programs proposes new conceptions of space that beyond the limits of
Cartesian understanding of form and construction.

It is known that computer aided design and production methods are applied
pervasively in numerous different sectors. Articulation of computer aided design and
manufacturing processes with digitally driven assemblage methods is an important task
that is expected to be solved by the building sector. Building envelope systems as being
one of the most important building component from the points of both identity and
utility of buildings, is has to be reconsidered as a part of the adaptation of whole
construction sector. It is also a measure of responsibility on the part of architects.
Besides material design, production processes, and connection details of the
components with the other parts of the building are the other important dimensions of

the envelope systems.



OZET

BINA CEPHELERININ EVRIMI VE GELISIMI: ALTERNATIF
KOMPOZIT CEPHE KAPLAMA MALZEMELERI GELISTIRMEK
ICIN BIR ARASTIRMA

Binalarin giydirilmesi insaat sektoru igin 6nemli bir uygulama alanidir. Bilindigi
gibi giydirmenin ana amaci bina i¢i ortami dis ortamdan yapinin kullanim amacina
uygun bicimde ayirmaktir. islevsel agidan bakildiginda, giydirme cepheyi su, riizgar,
gunes, 1s1k, sicaklik ve sogukluk gibi dis etkenlere karsi bina ici ortami koruyan, tasiyici
olmayan bina dis kabugu olarak tanimlamak mimkunddr. Bunlarin yaninda, giydirme
cephenin estetik, ekonomik ve guvenlik amaglarina da uygun olmasi gereklidir

Bina cephe tasarimi yeni insa yontemlerinin gelismesi, enerji tasarrufu baskilart,
ic mekandaki kosullarin denetimi ve yeni malzemelerin gelistirilmesiyle daha karmasik
bir hal almistir. Gelisen teknolojilerin insaat sektoriinde analog Uretim bigimlerini
zorladigr gorilmektedir. ~ Analog dretin sdregleri teknik c¢izim ve cizimlerin
yorumlanmasina dayanmaktadir. Insan yorumu sistemin temelini olusturmaktadir. Diger
taraftan, bilgisayar destekli tasarim yoluyla sunulan yeni tasarim imkanlar1 kartezyen
dizlemin sinirlarinin Gtesinde tasarim araglarini sunmaktadir.

Bilgisayar destekli tasarim ve dretim bircok sektorde yaygin olarak
kullaniimaktadir. Bilgisayar destekli tasarim ve Gretim slreclerinin sayisal olarak
yonetilen sureclerle Uretilmesi yapi sektériinin ¢ozim bekleyen énemli bir konusudur.
Bina kimligi ve kullaniminin énemli bir bileseni olan yapi kabugu sistemi bu streglerin
uygulanmasi igin 6nemli bir alandir. Uretim siirecleri, baglanti detaylari, diger yapi
bilesenleriyle iliskileri, baglanti detaylari gibi asamalar konunun ¢6ziilmesi gereken

diger hususlaridir.
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CHAPTER 1

INTRODUCTION

The effect of Industrial Revolution in building construction was so powerful that
the built environment totally changed in a short time. Not only the new techniques and
new materials but a new social system was determines this change. Mass and
mechanized production techniques, fabrication of building materials were the
significant faces of a new era in architecture. At the end of the 20th century, information
technology and spreading the usage of computers in all sectors creates a new revolution
effect in global scale. New apparatus in design and new methods in construction point
out new possibilities for built environment. Experimental and unique works in
architecture trying to search new possibilities in spatial constructs beyond the Cartesian
coordinates by using computer aided design systems are accomplished. Today the
digital generative processes are opening up new territories for conceptual, formal and
tectonic explorations articulating an architectural morphology focused on the emergent
and adaptive properties of form. Complex tectonic and surface which features
prominently in contemporary architecture brought to the fore the question of how to
produce and construct such complex forms. The answer of this question has come from
the other sectors such as aerospace automotive and shipping industries. The utilization
of digital production and processes control found in the automotive and aerospace
industries forced the construction sector to adapt its labor and working processes. For
example, assemblage becomes the major activity of the construction site. Digital
technologies also rearranged the relationships between design and production of
buildings.

On the other hand, relations and methods of conventional production still
continue to exist. Because of this reason practice and production of most of the design
fields are still executed by the conventions established by industrial relations. The
adaptation of the field of architecture to the newly developing technologies inevitably,
brings about some adaptation problems and hybrid technologies. This study that
proposes a new kind of cladding system rises on this foundation. The demands of
designers who use digital technologies in designing stages are not meet by the existing
building sectors. Adaptations of the conventional cladding systems that based on mass



produced, planer elements, to customized and complex building envelope is the major
task of the study.

1.1. Problem Definition

Cladding of buildings is an important and commonly applied activity area of
building sector. As it is known major purpose of cladding is to separate the indoor
environment from the outdoors in such a way that indoor environment conditions can be
maintained at level suitable for the buildings intended use. Therefore from the
functional point of view it can be defined as, the part of the building that is non load
bearing exterior wall that must defend the interior spaces against invasion by water,
wind, sun, light, heat and cold, and all the other forces of nature. Besides this it must
also fulfill the aesthetic, economic and security considerations (Kolarevic, 2003).
Because of these reasons its design is an intricate process that merges the art, science
and craft to solve a very long and difficult list of problems. The design of the building
facade has become much more complicated with development of new methods of
construction, the requirements for a highly controlled interior environments, stress on
energy efficiency, advent of materials and new production methods. But it seems that
available technologies on ordinary building sector relay on the analog production
methods. Analog production process depends on technical drawings and the
interpretation of drawings. The human interpretation is the basics of the system. Analog
production process which depends on the drawing techniques begins in Renaissance era
and spread in industrial revolution is still constitutes the main form of the building
construction. On the other hand, new design tools that introduced by computer aided
design programs proposes new conceptions of space that beyond the limits of Cartesian
understanding of form and construction. Experimental examples of digital architecture
are basically produced by conventional methods. Whereas, it is known that computer
aided design and production methods are applied pervasively in numerous different
sectors. Articulation of computer aided design and manufacturing processes with
digitally driven assemblage methods is an important task that is expected to be solved
by the building sector. Building envelope systems as being one of the most important

building component from the points of both identity and utility of buildings, is has to be



reconsidered as a part of the adaptation of whole construction sector. It is also a
measure of responsibility on the part of architects.

The reason of limited use of computer aided manufacturing methods in
construction sector comparing with pervasive use in industrial production lies in the fact
that building is not a mass production object. Even if some components of them are
produced by industrial processes, buildings are principally constructed designs. Today,
in spite of marvelous contribution of technology, the act of constructing or building is
still close to its departure point. Manufacturing of digital data by the help of digital
production processes and assemblage of these components for the realization of
construction represents an important transformation in building production. It is
necessary to accept or foresee the require amount of time for the realization of
transformation in this scale. Governing of digital design and manufacturing methods
and their new relationships will probably have an important impact on the total
transformation of the built environment. Digital manufacturing and design methods with
in this enormous process of transformation will also generate important opportunities
for the construction market. In the light of ideas mentioned above, this thesis aims to
develop an appropriate cladding system, by evaluating techniques of digitally driven
industrial production and considering the adaptation problems with conventional
building components, without loosing unique characteristics of architectural end
product.

Computer aided design has been emerged as a method which provides eases and
speeds in drawing and modeling tools. In a short period of time, by the help of the
advanced technologies, the promise provided is increased rapidly. These technologies
provided to operate with non-Euclidian geometries by using tree dimensional modeling,
beyond the limits of conventional drawing techniques. In common practice however,
constructions of these buildings that are designed by the aid of digital technologies are
realized by ordinary or conventional technologies.

Starting from the post war era, when first exposed for sale in the construction
market, industrially produced curtain wall systems have still predominant mood in the
sector. Planer cladding techniques such as prefabricated panel production technologies
and glass and aluminum curtain wall systems are basically drives from construction
methods of the rectilinear design understanding of modernism.

Today double curvature forms of computer aided design methods are produced

by the technology transfer from the various fields of engineering as it has previously



been. In the experimental studies, in despite of their disadvantage of expenditure,
airship modeling and steel plate processing methods are applied. Another technology
transfer field is the naval constructions. Molding methods that are used in construction
of the chassis of ships are widely used in these exceptional cases. For example by the
help of high competency in workmanship, the unique surface components that forms
and cover the structure is produced depending on sequential basis (Zellner 1999).

It seems that cost is the major problem of these applications especially on
account of construction sector. For example, formative methods that used in aero-ship
or automotive industries become feasible for the reason that the mass production of
similar components. Since the subsequent objective of architectural design, without
regarding the design tool, is to create unique and contextual end products, it is not
possible to apply exactly the same of these manufacturing processes. In fact it can
obviously be observed that some building components are produced by using these
kinds of technologies. For example advanced digital technologies are applied in the
manufacture of sanitary equipments, lighting, and fenestration. But it is also obvious
that formation of building envelope is far from being this kind of market commaodity.
Today industrially produced building envelope systems are carried on by the planer
elements and their assemblages. However development of alternative cladding
technologies which able to convert data of the digital design processes into
manufacturing processes directly is inevitably required. As a result of the developments
in the digital technologies, it is possible to predict gradual dominancy of digital data
transfer systems over analog data transfer conventions. On the other hand as it has been
indicated before, the unique characteristic of architectural product is not convenient as
the manufacturing processes of the other sectors especially quantity and cost factors are
considered. The fact that, automation is only feasible under mass production conditions
of standard components automotive and aero-ship industries are not preferable for the
field of architecture. Because of these circumstances, it is rather preferable to adapt
construction methods from the shipping industry especially for the molding and
production processes of the cladding components.

An important task that is to be considered in manufacturing processes is the
design and the selection of material spectrum. Alternatives of materials that are used in
conventional cladding applications are required to be developed, considering the
performance of the materials used in other sectors. The cost is also important factor in

the production of material of building components. In addition to cost factor, endurance



period is another factor for building components comparing with other sectors. That’s
why construction industry is being an important field of activity of chemical industry.
Particularly, petroleum derived polymer materials are used extensively for the purpose
of protection and adherence in edifice construction. The design of composite materials
which is prepared depending on a specific purpose is an important issue in these kinds
of matrix materials. Composite materials that are made of natural aggregates and fibers,
and also polymer adherences that bring them together are important subject matter of
construction sector. Besides material design, production processes, and connection
details of the components with the other parts of the building are the other important
dimensions of the envelope systems.

1.2. Scope of the Study

In this study it was aimed to exemplify changing production and manufacturing
practices of cladding systems with in the context of the changing dynamics of the
construction sector. Cladding and curtain wall technologies were improved after the second
half of the 20th. Century, are established some standards and codes. In other words the
criteria which is developed for the cladding systems that is freed from building structure and
expected to control environmental conditions, were for the controlling of the complicated
balance between inside and outside of the buildings (Quirouette 1982). Even if the design
and production moods changes, it is expected to maintain existing standards. During the
course of transition which complicated inputs of the design can not be succeeded by the use
of analog methods, examples that are going beyond the limits of being simple, shelter of the
building envelope come in to agenda. Beyond the conventional function of cladding that is
defined as to mediate between outdoor and indoor environment, factors such as color,
visibility or texture is expected to be controlled.

In spite of all these advanced applications mentioned above, the scope of this
study is limited with the search for appropriate alternatives to develop building
components with computer aided design data by using computer aided manufacturing
processes. It is known that some advanced technology and materials are used in some
distinguished example without considering cost criteria. But in common practice new

technologies can only accommodated by scrutinizing of cost and available labor skill.



Because of these imperative factors, the scope of the study has broadened as to contain
appropriate technology selection and material design.

1.3. Method of the Study

Appropriate computer aided design and manufacturing processes are examined
in a selected case. It can be observed that the selected project is not formed by using
double curvatures or in other words non-Euclidian geometries. In spite of the
possibilities provided by the use of computer, it was previously estimated or planned
that the building would be constructed and the data would be transmitted by
conventional methods. Today almost every building design or construction should be
considered as digital design product since their data is transferred by using computer
aided design tools. Besides this fact, it can easily be stated that the use of the computer
is rather limited with the drawing and presentation phases of the whole design and
construction processes. Even if so, the use of the digital data during the process of
computer aided manufacturing is investigated. Fallowing the realization of system and
assemblage details and material design of cladding, in the light of the selected project,
the performance of the developed building components and adaptability of them within
the frame of ordinary building construction sector is discussed.

To reach to this aim it was necessary to make a literature review of both
cladding systems which are commonly applied and digital application in architectural
practices. Historical frame is limited in the collection of data fort he facade cladding
techniques and criteria which relevant and valid. It is necessary to not that literature
review and classification of cladding methods that industrially produced since the
beginning of the 1950 has given weight in this thesis. Divergence of facade from the
structure and changing design criteria are accepted as the reference points of the

previously mentioned cladding systems.
1.4. Structure of the Study
This thesis is an inquiry into the adaptation of the digital technologies in

cladding systems of ordinary building sector. As it is known, advanced cladding

applications are widely applied all around the world. Whereas, cladding applications are



excessively expensive and requires high degree of competency in digitally designed
buildings. In other words, it investigates the transition from analogue to digital or from
orthographic to numeric way of production in cladding, in order to study the effects of
this transition on the changing relations between design and production.

Considering, this aim of the study it can be extracted that the main body of the thesis
must cover these two major aspects of the topic: cladding systems and digital design and
construction matters. Besides this it is required to propose a system that can be adapted to
the existing manufacture systems of the construction sector. That’s why the thesis consists
of five chapters. Following the ‘Introduction’ in Chapter I, Chapter 1l dwells on commonly
applied cladding systems. This chapter titled as ‘Facade Cladding Systems’ covers general
definitions and terminology of the issue. Besides this, historical background is summarized
starting from the pre-industrial era, to today’s advanced systems. Chapter also covers
various technical aspects of the cladding systems. This part of the second chapter
concentrates on design principles, types, moods of assembly, and materials. Further more,
these classifications has given the researcher the opportunity to clarify the terminology,
technique and method confusion in existing literature of claddings.

Chapter 111 titled as ‘Design and Construction with Digital Technologies’ is
occupied with the changing professional practices by the introduction of the digital
technologies both in design and construction fields. The chapter starts with digital
applications in design introducing the essential function of design tools. Besides this
existing computer programs and their working principles are introduced. Fallowing this
part, digital applications in manufacturing of different sectors is handled. Digital
fabrication methods classified as cutting, subtractive, additive, and formative is
explicated. Digital fabrication and rapid manufacturing in construction sector is
evaluated fallowing the explanation of the manufacturing systems. At the end of the
chapter 111, digital applications in cladding of buildings are categorized and exemplified.
According to this classification digitally driven cladding applications are examined
under the titles of, off setting, unifying, and conventional methods.

Depending on the information given on the first tree chapters, chapter IV is
allocated to the case study. In this chapter, it was aimed to develop a digitally driven
cladding system which was appropriate to the existing organization system of the
construction sector. The chapter includes the definition of the selected projects,
restrictions and objectives, development of cladding design, material and production

process selection design, and analysis of findings.



CHAPTER 2

FACADE CLADDING SYSTEMS

2.1. Definitions

Creating an enclosure to mediate the environment is one of the basic needs of
human being. Protection against excessive climatic conditions, natural disasters or other
humans or animals are the primary incentive of this need. Starting from this point on, it
can be stated that, the major purpose of cladding is to separate the indoor environment
from the outdoors in such a way that indoor environment conditions can be maintained
at level suitable for the buildings intended use. Therefore from the functional point of
view it can be defined as, the part of the building that is non load bearing exterior wall
that must defend the interior spaces against invasion by water, wind, sun, light, heat and
cold, and all the other forces of nature. Besides this it must also fulfill the aesthetic,
economic and security considerations. Because of these reasons its design is an intricate
process that merges the art, science and craft to solve a very long and difficult list of
problems. The design of the building facade has become much more complicated with
development of new methods of construction, the requirements for a highly controlled
interior environments, stress on energy efficiency, advent of materials and new
production methods. As a measure of responsibility on the part of architects the
envelope needs to be well designed.

The terms, cladding and curtain wall are sometimes confusing in the technical
literature. Even in technical dictionaries the terms cladding and curtain wall are defined
with similar properties i.e. non- load bearing wall of a skeleton frame (Osterle 2003).
made a distinction between solid and transparent facades. According to them, the non-
transparent area of the facade will be thermally insulated and then rendered or finished
with modern cladding systems. The cladding with a ventilated cavity to the rear is fixed
with carcass structure. Stone is one of the cladding materials used for these non —
transparent facades. According to the definition of curtain wall by Osterle, the curtain
wall is separated from the structure and its structure, suspended between the floors of
the buildings and facade elements can be prefabricated. The type of infill material is not

important in most of the definitions (Schaupp 1967). explained the development of



stone facades with stone adhered to the back structure to ventilated walls and he named
this ventilated stone wall as a curtain wall, but this should be called as stone cladding
since there is a direct connection of the stone panels to the backup wall (Musaagaoglu
2005).

But in most common sense the cladding wall is described as “the finish covering
of an exterior wall of frame building; the siding may be cladding material such as wood,
aluminum or asbestos cement (but not masonry) applied vertically or horizontally” in
the dictionary of architecture and construction, prepared by Harris (Harris 1993).
According to Linda Brock however, the term cladding denotes the visible materials on
the exterior of the wall. Cladding act as the primary whether barrier, and as such they
are sometimes called a rain screen. Some claddings such as insulated glass units
perform all of the walls functions (Brock 2005).

Allen also unites the concepts of curtain walls and cladding walls. According to
her, the name “curtain wall”” drives from the idea that the wall is thin and “hangs” like a
curtain on the structural frame (Most of curtain wall panels do not actually hang in
tension from the frame, but supported from the bottom at each floor level) The earliest
curtain walls were constructed of masonry The principle advantage of the curtain wall is
that because it bears no vertical load, it can be thin and light in weight regardless of the
height of the building, as compared to a masonry load bearing wall, which may be
become prohibitively thick and weighty at the base of a very tall building (Allen 2004).

But most of the definition is made in relations to the structure of the building.
For example; according to Ochshorn, the curtain wall is defined in terms of its
functional relationship to the building§ structure. It then refers to the cladding, or
enclosure, of a building as something both separate from and attached to the building§
skeletal framework (Ochshorn 2003). Where load bearing walls provide both structure
and enclosure, there can be no curtain wall. But difficulties emerge within this
definition when the question of "infill" is considered: are conventional windows (or
other infill material), when fixed inside the boundaries of a structural frame, considered
to represent curtain wall construction? Such construction is certainly "attached"” to the
structural frame, but not exactly "hanging"” from it. When is a window just a window
within a frame, and when does it transform into a curtain wall? The answer may have
more to do with one§ aesthetic bias than with the actual functional relationship between
cladding and structure. Another and more comprehensive definition of the curtain wall

is made by Quirouette; a curtain wall system is a lightweight exterior cladding which is



hung on the building structure, usually from floor to floor. It can provide a variety of
exterior appearances but characterized by narrowly spaced vertical and horizontal caps
with glass or metal infill panels. These systems provide a finished exterior appearance
and most often a semi-finished interior as well (Quirouette 1982). They are also
designed to accommodate structural deflections, control wind-driven rain and leakage,
minimize the effects of solar radiation and provide for maintenance-free long term
performance. Most of today § metal curtain wall systems are constructed of lightweight

aluminum, although some may be of steel.

2.2. Historical Background

Even walls present in building traditions since the beginning of human
existence, the intention of creating large openings on it was first seen in the gothic
architecture. But the concept of fully glazed wall developed fitfully soon after this
period. Therefore it was an architectural idea only awaiting necessary technology to
become a reality. According to the architectural historians who have studied on this
field, Bath Abbey and King’s College Chapel in Britain and La Sainte Chapel in Paris

are the first examples of this kind of facade treatments, in Figures 2.1. and 2.2.

Figure 2.1. Facade treatment of King’s Collage Chapel
(Source: Quirouette 1982)
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Figure 2.2. Treatment of La Sainte Chapel in Paris
(Source: Quirouette 1982)

In tree of these buildings, the windows were enlarged to the point of forming
virtually the entire wall that was not needed for roof support. During the sixteenth
century of England, large areas of glass brought into the design concepts, especially in
mansions. Bess of Hardwick House is one of the most well-known examples of this
attitude. The use of large windows in this building is appropriate to the logic of

cladding walls. This building is one of the earliest examples of the curtain walls.

Figure 2.3. Bess of Harwick Mansion, large window openings from ceiling to floor
occupies the function of cladding wall (Source: Quirouette 1982).
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Because of the use of classical canons in Renaissance Architecture, large facade
openings precluded. The need for this kind of openings comes out again towards the
beginning of the nineteenth century. With the development of steel frame structures,
potential of combining iron and glass were discovered. Especially in building types such
as; exhibition halls, railway stations, greenhouses, pavilions experimental applications
were realized. The railroads and their civil structures quickly escalated iron and steel
capability. When directly applied to buildings, the composite metal and masonry
construction allowed more height with a more open bottom floor. These materials were
manufactured and connected easier than masonry and stone alone.

More expedient to construct, metal reinforcing strength reduced the masonry
mass with fast methods and less labor. The first adaptations of cast iron were actually as
storefront. But changed a frame, the metal skeleton could become structurally
independent of skin. Beyond simply applying ornaments to the facade, efforts then
slowly separated the skin as a system from the buildings structural frame (Lewis 1995).

Multistory framing systems originated in England in 1792. William Strut’s
Calico Mill used internal wrought iron posts instead of brick piers. By 1844,
refinements replaced the traditional load bearing masonry wall with thin infill behind its
iron structure in the Portsmouth Royal Navy Dockyard. In the design of a factory
building in New York, James Bogardus, introduced bolted connections to the iron frame
that had sufficient stiffness to omit bracing infill walls and cross-bracing. It was clad in
glass. After then, in 1851 Joseph Paxton glorified the glazing applications (Lewis 1995).

When large glazed walls came in to existence in multistory high rise buildings,
the problem of fire proofing also emerged. The applications of glass curtain walls can
be widely seen in Chicago and New York’s skyscrapers starting from the middle of
nineteenth century. Masonry fronts fell from favor to iron fronts through the 1850’s
American cities. Susceptibility fire kept them from being universally popular. Chicago’s
great fire reined buildings with unprotected iron frames, and ended unprotected
construction. Catastrophic failures caused codes to require proper resistance. This
motivated the ingenuity to encase the frames in masonry, whose structures survived the
fires. (Lewis 1995). Solving the fire proofing problem required the fireproofing to be
supported directly on the building frame. Because of this reason masonry reappears. In
this recurrence, masonry was adapted from being load bearing to being hanged on the
frame. Some new systems such as interlocking clay tile to encase framing members are

developed for the protection of the main structure. Another system, a wrapping system
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was developed by Chicago architect Peter Wight and terracotta producer Sanford Levis
in 1874 with a patent. This new technique reverses the previous role of metal and
masonry and oriented the mind set towards full masonry separation at the building’s
exterior wall. Masonry- supporting self angles first appeared in Le Roy Buffington’s
1880 proposed clouds scrapers using Gustav Eiffel’s riveted connections (Lewis 1995).
The concept was realized by Burnham and Root’s 1890 twenty-one storey Masonic
Temple in Chicago. Masonic Temple that is generally accepted as the first application

of the fully masonry curtain wall can be seen in the

-y

Masonic Temple, 1
Chicago, Il

Figure 2.4. Masonic temple
(Source: Lewis 1995)
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From this point onwards, architects experimented with different cladding
materials. At the first years of curtain wall applications alongside with the stone one of
the most preferred materials was terracotta stone. Terracotta stone were speared because
of its light weight, plastic and aesthetic qualities and also fire resistance. But it is
quickly noticed that  because of its porous surface and irregular glazing quality
weathered poorly though damaged easily, and was difficult to repair. Daily and seasonal
heat differences cracked stalled the panels. Water leaking disintegrated anchor straps,
corroded supported steel, and split the man made stone faces.

Literature of architecture assigns, Hallidie building (Figure 2.5., 2.6.) as the first
pure application of curtain was. This seven-storey building was constructed in 1918

and designed by James Polk. The suspended glass system was cantilevered from floor to
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Figure 2.5. Hallidie Building, 1918
(Source: Lewis 1995)

14



The distance between columns and the suspended, multifloor glass wall was
about 1meter. Narrowing to a mere 75mm. at the glass skin, the cantilevered floor also
provided a fire break (Brock 2005). According to Kenneth Frampton, Polk’s decision to
break away from the masonry of Richardsonian architecture was influenced by a desire
for natural light, a limited budget and a need to facilitate erection of the building
(Wigginton, 2002).

Figure 2.6. Facade Detail of Hallidie Building
(Source: Brock 2005)

Another big step was taken in Empire State Building by the architects Shreve,
Lamb and Harmon in1929 (Figure2.7.) in this building, aluminum spandrels which can
be seen in Figure2.7, were introduced for the first time. A year later Holabird and Rood
finished a building for the Smith Corporation of Milwaukee which was use largely of
glass and heavy aluminum extrusions. In Britain, William Crabtree’s building for Peter
Jones in Sloan Square, London, in the late 1930s had notably elegant curtain wall (Allen
1997).
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Figure 2.7. Empire State Building
(Source: Allen 1997)

Starting at the end of the Second World War, the 20th-century § ubiquitous metal
and glass curtain wall systems (repetitive grids of extruded aluminum mullions and
horizontal rails, fastened to a building§ structural skeleton, and supporting panels of
glass or metal) increasingly began to appear on commercial and institutional buildings.
The newly-invented float process made large areas of glass even more feasible
beginning in the 1950s.

Other panelized curtain wall systems also appeared as cladding options: these
included composite metal panels containing lightweight cores of honeycombed material
or foamed plastic insulation sandwiched between two layers of thin sheet metal
(aluminum or steel); precast concrete panels, custom-designed for each job, but still
manufactured within a rationalized, systematic production setting; and thin stone veneer
panels factory-cut to a thickness as little as one 2,5 cm. then attached to the building§
structure using proprietary metal clips and anchors (Ochshorn 2003). Even traditional
brick and stucco became integrated into manufactured curtain wall systems: brick as
part of layered cavity wall systems; stucco, most commonly in the form of exterior
insulation and finish systems (E.I.F.S.), consisting of thin polymer-based plaster lamina
applied with fiberglass reinforcing mesh to a surface of rigid foam insulation.

For example, after 1945 a major advance was made by Pietro Beluschi in his
Equitable Building (Figure 2.8.), in Portland. This was the first large building to be
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totally sheathed in glass and aluminum the first to be fully air conditioned and double
glazed and first to have traveling crane for window washing (Allen 1997).

Gordon Bunshaft of Skidmore Owings and Merrill, soon to be fallowed by
Harrison Abramowitz’s Building for the United Nations and the Seagram Building in
Figure 2.10 by Mies van der Rohe and Phillip Johnson. Development of extruded
aluminum frames began in the 1950’s.

Figure 2.8. Equitable Building is the first glass and aluminum clad building
(Source: Allen 1997)
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Figure 2.9. Lever Building
(Source: Allen 1997)

At about the same time, came the Lever Building in New York in Figure 2.9 by
Bolting glass together with small metal patches, a system called structural glass was
introduced in 1960’s. But the greatest change in the last fifty years took place in glazing
technology. Before the commercial use of float glass, it was pricey material if not

marred by imperfection (Allen 1997).

Figure 2.10. Facade detail of Seagram Building
(Source: Allen 1997)
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Today the curtain wall application realized all over the world. Especially glass
curtain walls are ubiquitous on office towers. Potential of this system is developing
systematically, for example glass cubes, curved glass, floating and flying forms of
transparent, reflective, translucent, colored and patterned glass are becoming more
common place. On the other hand new materials are developed by the market, such as
composites, artificial stones or PVC based materials. The design o the enclosure has
become much more complicated with the advent of modern synthetic and composite
materials, sophisticated new fabrication systems new methods of constructions, new
trends towards lighter and economical skins, stress on energy efficiency and the
requirement of highly controlled interior environment (Brock, 2005). Besides glass,
metal, composites even stone claddings are part of digital architecture that based on non
Euclidian geometries. It is clear that the use of the cladding systems are not limited with

the conversional construction restrictions.

2.3. Design Principles of Facade Claddings

Primary Functions of Cladding:

As it is known the most important purpose of cladding is the separation of the
indoor environment of a building from the outdoor. Because of this purpose the building
enclosure may be broadly defined as a set of interconnecting elements which separate
the outside from the inside. These elements would include exterior walls, a roof other
components such as windows and doors, and sometimes exposed floors. The function of
a building enclosure is to control the penetration of snow, wind, rain and sun to the
inside and to contain the desired indoor climate.

The enclosure must meet many individual requirements but for the purpose of
this thesis they are generally limited to the fallowing six as proposed by Quirouette and
Allen:

1. Control of Air Flow,

2. Control of Heat Flow,

3. Control over the Entry of Rain and Snow,

4. Control of Sunlight and other Form of Radiant Energy,

5. Control of Water Vapor Diffusion,

6. Accommodation of Building Movements.
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2.3.1. Control of Air Flow:

Air currents carry water, water vapor and conditioned air (heated and cooled);
pollutants and sounds are transported by air. However the movement of air through a
wall has positive as well as detrimental effects. Air circulation is essential to our well
being that’s why buildings are required by code to bring in fresh air. On the other hand,
as higher levels of insulation were added to walls condensation problems starts to occur.

Air pressure differentials produce air currents; the well known is wind. The wind
applies a positive pressure on the windward side, resulting in infiltration of the interior.
Gusting winds cause higher cyclic pressures. The natural phenomenon caused by warm
air rising in building is called chimney or stack effect. In heating climates, interior
pressure increases at the upper levels as the warm air rises, causing cooling air to be
drawn in at the lower levels. In cooling climates, with the air conditioned interiors, this
effect is reversed. Positive and negative pressures are also created by mechanical
ventilation systems (Brock 2005). It is generally assumed that negative pressure is

desired in heating climate and positive pressure in cooling climates.
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Figure 2.11. Air flow through the exterior wall is caused by one of the tree forces that
create pressure differentials. Air movement only occurs if there is an
opening in the wall (Source: Brock 2005).

The cladding must prevent the unintended air floor between the indoor and the
outdoor environment. It must also regulate the air velocities with in the building. The
requirement for air tightness and consequently air leakage control is met by most curtain
wall systems because the air barrier of the wall is inherited in the structural properties of
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glass and aluminum or steel tubes that comprise the system (Quirouette 1982). But in
some cladding applications that is made of composites, stone or artificial stone, air
leakage problem can be seen. Smaller air leakages are harmful because they waste the
conditioned air, carry water through the wall, and allow noise to penetrate the building
from out side. Sealants, gaskets, whether strips and air barrier membranes of various
types are all used to prevent air leakage through cladding (Allen 2004). The continuity
of the air barrier is achieved by the continuity of the glass panel through the air seal at
the shoulder flanges of the tubular mullion, and through the aluminum section to the
other flange surface. The air seal between the lower shoulder flange of the curtain wall
mullion and the metal pan of the spandrel panel provides continuity of air tightness to
the air barrier metal pan and on to the next mullion connection. Such assemblies are
regularly tested using air pressure to determine the structural properties of the glass,
metal, and seals and to determine the equivalent leakage area (RLA) that remains. In
addition, the Architectural Aluminum Manufacturers Association imposes upon its
members many other requirements including a specification that the system must not
leak more than 30 L/s per m2 of wall at a pressure difference equivalent to a 40 km/h
wind (Quirouette 1982).

2.3.2. Control of Heat Flow

The transfer of heat, whether from the hot exterior environment to air-
conditioned interior or from a heated space to the cold outdoors, occurs by convection,
conduction or radiation. There are different mechanisms for controlling of each kind of
heat transfer. Air flow, initiated from air pressure differences causes the loss of
conditioned air either heated or cooled (Allen 2004).

The control of heat flow is generally achieved through the use of insulation.
Although it is not apparent from the exterior, the curtain wall system uses considerable
insulation usually behind spandrel glass or any opaque panels. Because of the materials
used in the structure, i.e., glass and metal, which are highly conductive, the system must
also contend with potential condensation on the interior surfaces. To curtail this effect,
most curtain wall systems incorporate two distinct features: first, a sealed double glazed
window or an insulated metal pan and second, a thermally broken mullion, usually with

a PVC plastic insert and mare recently, a foamed-in-place polyurethane connection. A
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sealed double glazed window unit can accommodate an indoor humidity up to about 35
% at an outdoor temperature of -25 C with little condensation appearing on the glass,
Similarly, the thermal break in the aluminum at steel mullion ensures that the surface
temperature of the structural mullion will remain well above the dew point temperature
of the air for most building types, except for high humidity indoor environments such as
in swimming pools or computer centers. The thermal break also ensures that the
structural mullion is thermally stable, that is, not subject to extremes of expansion and
contraction.

One of the roles of the cladding wall is the regulation of radiant heat flow from
the sun. Interior surfaces of building should not get to a state of radiant discomfort.
According to Allen; a very could interior surfaces will make people chilly when they
are near the wall even if the air in the building is warm to a comfortable level. A hot
interior surface or direct sun light in summer can cause over heating the body despite
the coolness of the interior air. These kinds of problem can be solved by using external
sun shading devices, adequate thermal insulation and thermal breaks, and appropriate
selection of glass. He also states that the cladding of building must resist the conduction
of heat into and out of the building. This requires not merely a satisfactory overall
resistance of the wall to a passage of heat, but the avoidance of thermal bridges, wall
components such as metal framing members that are highly conductive of heat and
therefore likely to cause localized condensation on interior surfaces. Thermal insulation,
appropriate glazing, and thermal breaks are used to control heat conduction through
cladding (lano 2004).

2.3.3. Control over the Entry of Rain and Snow

Water has harmful effects on materials. For example wood, it rods oxidize metal,
it provides a medium for mold and mildew. Some wet building materials or components
do not function properly. Besides these, water causes swelling and expansion of some
materials and can transport harmful substances or pollutants. It also dissolves the salt in
side of the material. Continual freezing and thawing of wet materials adds additional
forces. As it is known water expands its volume 4% as it freezes.

Water can enter a wall from rain or snow or ice melt. Improperly adjusted

sprinkler heads that direct water to the exterior wall and poorly functioning or designed
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gutter systems and scuppers are other forces of water entry. Building envelope, because
of its form or articulation system can help or hinder the control of water, flow down the
surface of the exterior finishing material. There are other reasons of penetration of water
through the wall. For example air pressure differences and capillary suction across the
wall can draw water through the wall. Condensation of vapor from interior or exterior
sources produces water. Wet construction applications such as pouring concrete floor
toppings, dry walling, and some sprayed on- on insulation such as cellulose add
moisture to a wall (lano 2004).

One of the major functions of building claddings is to prevent the water entry in
to the inside of building. Water in the form of snow, rain and ice is often driven by
wind and can penetrate in side of the cladding or wall not just in a downward direction
but in every direction, even upward. As the wind blow, it causes the raise of air
pressures and velocities. Water penetration problems are much more acute in high rise
buildings. Because wind velocities are comparatively high at altitudes than at ground
levels, it is required to drain a huge amount of water from the windward facade of tall
buildings during a heavy rain storm. During this kind of storms water pushed by winds
tends to accumulate in crevices and against projecting mullions, where it will rapidly
penetrate the smallest crack or hole and enter the building.

To control rain penetration through exterior walls the conventional approach is
to seal the exterior facade of the building. However, experience has shown that it is
unreasonable to expect perfect sealing of a facade; most sealing strategies require
continuous attention and maintenance. Studies of the rain penetration problem have
revealed a better solution than the facade sealing approach. If the air that leaks in and
through cracks and crevices of a facade during a rain storm were limited or stopped,
most of the water impinging on the facade would migrate straight down the surface and
little would penetrate the wall. This is the essence of the "Rain Screen” principle. If an
air tight element is positioned behind a facade, the cavity formed between the exterior
cladding and the airtight element may reach the same air pressure level as is exerted on
the cladding surface, thus removing the force which causes air to flow through any
facade opening. The "Rain Screen Wall" is therefore characterized by a cavity behind
the exterior surface that is connected to the exterior but sealed tightly or as tightly as
reasonably possible, to the interior. The inner surface of the chamber is usually referred

to as the air barrier of the wall.
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In most curtain wall systems the joint between the infill panel (i.e., window or
spandrel panel) and the structural mullion is usually designed to be part of a rain screen
system.

It comprises a pressure-equalized cavity, connected to the exterior by the drain
holes in

The exterior caps, and a pressure equalized rain deflector seal between the
outside surface of the glass and the mullion cap. The chamber portion of the cavity is
composed of the air seals connecting the inside face of the window glass and the
spandrel panel metal pan, to the shoulder flanges of the structural mullion and other
parts of the structural section. Thus the set of elements comprising the window glass,
the air seals, and the aluminum section and metal pan perform the air barrier function
for this wall assembly. This design configuration for curtain wall sections has proven

successful and has become widely accepted (Quirouette 1982).

2.3.4. Control of Sunlight and other Form of Radiant Energy

Solar radiation falling on building surfaces may have two distinct effects: the
first is to cause a significant change in temperature of the facade elements and the
second is the slow but destructive effect of ultraviolet radiation impinging an all
materials, particularly organic. On curtain wall systems the most important concerns
with solar radiation have been the thermal expansion and contraction of curtain wall
components, in particular those forming the outside cladding, and the effects of solar
radiation on the glazing elements. A warping of glass occurs due to differences in
temperature between the inner and outer panes, while pumping results from expansion
and contraction of the air in the cavity of the sealed units. Daily and seasonal
temperature differences can also cause this effect. The action of the window (thermal
pumping) is particularly stressing to the inner air seal; however, serrated edges or
recessed flanges keep the seals from pumping out. Most of the ultraviolet-sensitive
materials in curtain wall systems are located in the pocket and cavity areas of the joints
and are partly shaded by metallic and glass components (Quirouette 1982).

On the other hand, cladding of a building is expected to control the passage of
light, especially the sun light. Sunlight is useful for illumination but is undesirable if it
causes to glare within a building. Sunlight includes destructive ultraviolet wavelengths
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that must be kept off human skin and away from interior materials that will fade or
disintegrate. Windows should be placed and proportioned with these considerations in
mind. Cladding systems sometimes include external shading devices to keep light and
solar heat away from windows. The glasses in windows or glass panels in cladding are

often selected to control light and heat transmission from the building openings.

2.3.5. Control of Vapor Diffusion

Vapor diffusion is hard issue to solve. The direction of this movement may
change from season to season. Human occupation is another factor that affects the
amount of vapor. This flow, created by vapor pressure differentials, moves vapor
through very small pores in the components by the mechanism of diffusion. This is also
depended on both the air temperature and concentration of water vapor in the air. Vapor
retarders prevent the vapor from diffusing the cooler parts of the wall where it may
condense. They do not necessarily stop the transmission of vapor by air leakage.
Excessive humidity can damage some building components. As the amount of vapor
increases the vapor drive increases along with the condensation risk.

Understanding the direction of vapor drive is critical in cladding system. The
cladding of building must retard the passage of water vapor. In the heat of the summer
or cold of the winter, vapor moving through a wall assembly and cause problem of
staining lost insulating value and corrosion. The cladding must be constructed with
adequate levels of thermal insulation, suitable vapor retarders, and sealed seams, cracks
and holes to prevent condensation of moisture. The migration of water vapor through
an assembly of materials is not a serious problem in itself, provided it does not
condense to liquid form in the material or wall. If water vapor is likely to condense in a
wall, the principal defense is to restrain its migration by using, a "vapor barrier" with a
high water vapor flow resistance, positioned on the warm side of the insulation material
or wall assembly. Common vapor retarders include polyethylene and vapor resistant
paints. Components less likely to be identified as vapor retarders include some
insulations, peel-and-stick, foils, paints, interior finishes, metal or vinyl sidings, and
exterior sheathing.

The migration of water vapor through a curtain wall assembly is checked by the
vapor barrier qualities of the glass and aluminum, as these materials have near perfect
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vapor flow resistance for all practical purposes. Thus the inner pane of the sealed double
glazed unit and the aluminum or steel inside surfaces of the mullion provide the
necessary water vapor diffusion control, sealants also contribute to the continuity of the
vapor barrier. The migration of water vapor through a curtain wall assembly is checked
by the vapor barrier qualities of the glass and aluminum, as these materials have near
perfect vapor flow resistance for all practical purposes. Thus the inner pane of the
sealed double glazed unit and the aluminum or steel inside surfaces of the mullion
provide the necessary water vapor diffusion control, sealants also contribute to the

continuity of the vapor barrier.

2.3.6. Accommodation of Building Movements

Movements of the structural elements of a building must be determined prior to
the design of an exterior wall system. Movements may be grouped into three types:

a. Live load deflections due to occupancy loads, earthquake or peak wind loads
on the building fagade, and dead load deflections of the building structure

b. Expansion and contraction of materials as a result of temperature, radiation
and sometimes hygroscopic loading

c. Slow but inexorable movements due to gradual deformation such as creep in
concrete, foundation settlement, etc.

As the buildings move, the structure and components of the exterior wall expand
and contact, shrink and swell, exacerbated by climate and time. Wind and earthquakes
induce lateral forces to the buildings. Aesthetic, insulation and water proofing capacity
of cladding system is considered as the most critical functions of building cladding
systems. Resista